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PREFACE

Recent advances in psychiatry and neurology have led to the realization
that many brain disorders result from neurodevelopmental insults or neu-
rodegenerative processes at the regional and cellular levels. Nevertheless,
the majority of drugs used to treat these conditions primarily alter brain
neurochemistry rather than the underlying deficits in cells and circuitry.
In addition, there is now greater appreciation for the fact that plasticity
in the adult brain includes not only the remodeling of synaptic connec-
tions and dendritic morphology, but also the birth and integration of
new neurons—a process known as neurogenesis. The important role of
neurogenesis during development is long established. The possibility
that continuous generation of new neurons in adults contributes to normal
brain function may offer novel therapeutic strategies. In fact, emerging
evidence suggests that some of the clinical improvement observed in
patients treated with antidepressant and other psychotropic drugs is due
to the induction of neurogenesis by these drugs. A less dramatic therapeu-
tic goal would be to optimize neuronal energy metabolism, promote cell
survival, and enhance neuronal function (e.g., neurite outgrowth and
synaptic activity). This overall strategy has previously been referred to as
neuroenhancement. The idea is to maximize functional activity in defec-
tive neurons, and to prevent the loss of cells and/or neurites and dendrites
in degenerative diseases or following brain injury.

The aim of this volume is to review the cutting-edge research related to
pharmacological aspects of neurogenesis and neuroenhancement. The
first two chapters are more general in nature and set the stage for the
subsequent reviews. Greenberg and Jin begin with a comprehensive over-
view of neurogenesis, including the role of this process in evolution and
development as well as neurodegenerative diseases and stroke. The article
concludes with a series of thought-provoking questions and issues that
must be resolved by future studies. The chapter by Azmitia introduces
the important relationship between neuroplasticity and homeostasis and
the role of serotonin in maintaining dynamic interactions in the brain.
The trophic actions of serotonin in the brain offer encouragement
that small-molecule approaches to neuroenhancement should be possible.
The next three chapters deal with the use of small molecules (e.g., cAMP)

xi
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or drugs to promote regeneration (Hannila et al.), survival (Li and Xu),
and plasticity and neurogenesis (Schloesser et al.). More specifically,
Hannila et al. discuss various factors that control the regeneration of
axons in the CNS, the effects of cAMP and the antidepressant, rolipram,
on axon regrowth, and the latest findings concerning cell-based strategies
for regeneration. The chapter by Li and Xu is an excellent summary of
the effects of antipsychotic drugs on neuroprotection and neurogenesis.
This includes insight into mechanisms of action and implications for the
treatment of psychotic disorders. Schloesser et al. review recent studies
showing that drugs used to treat bipolar disorder stimulate neurogenesis
and enhance neuronal function, which may contribute to their therapeu-
tic benefits. The chapter includes an illuminating discussion of possible
targets and cellular/molecular mechanisms involved in the response to
mood stabilizers. The final three chapters examine present and future
efforts to discover new drugs for neurodegenerative and neurodevelop-
mental disorders based on neuroprotection and neuroenhancement.
O’Neill et al. report exciting progress in the discovery of new drugs for
the treatment of Parkinson’s disease. Their chapter describes the potential
of trophic factors and small molecules that modulate trophic factor activity
(e.g., AMPA receptor potentiators) to provide protection in animal models
of Parkinson’s disease. Kraemer and Schellenberg review promising efforts
to establish the model organism, Caenorhabditis elegans, as a tool for drug
discovery in neurodegenerative disease. A goal of this research is to use
mutant strains undergoing neurodegeneration to identify neuroprotective
drugs in large-scale screening of compound libraries. Finally, Dwyer and
Dickson describe the application of structure-based drug design to the dis-
covery of novel drugs that produce neuroenhancement. Drugs from this
effort may be useful in the treatment of neurodevelopmental disorders,
including schizophrenia, Rett syndrome, and autism.

I wish to thank Elsevier Press for their support and encouragement for
this project and, in particular, Cindy Minor and Rogue Schindler for all
their fine efforts. I would also like to express my gratitude to the various
authors and coauthors of the chapters. Their hard work, creativity, and
steadfast dedication to research that challenges prevailing concepts and
dogma made this volume possible. Collectively, we acknowledge other
researchers in the field whose work was cited here and who have made sig-
nificant contributions to this area of investigation. We all wish to thank the
readers of this volume for their interest in our work and desire to learn
more about the field. It is our hope that the ideas presented here will
stimulate further discussion and future investigation of the therapeutic
potential of neurogenesis and neuroenhancement.
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Recent discoveries related to adult neurogenesis suggest that the long-sought
goal of regenerating injured adult brain tissue may be achievable in principle.
A variety of human neurological diseases and rodent models of these diseases—
including stroke, Alzheimer’s disease, Huntington’s disease, Parkinson’s disease,
and amyotrophic lateral sclerosis—are associated with an increase in the brain’s
neuroproliferative capacity. In some cases, this capacity can be enhanced further
by growth factors or drugs. Therefore, therapeutic manipulation of endogenous
neurogenesis may be feasible. In addition to its potential clinical utility, the study
of injury-induced adult neurogenesis is helping to reveal mechanisms of neuronal
proliferation, migration, and differentiation that may also operate during normal
development.

l. Introduction

The regeneration of human tissue has been a theme since antiquity. Osiris, the
Egyptian god of earth and vegetation, was murdered by his brother Seth, and Osiris’
body was thrown into the Nile. When Osiris’ sister Isis recovered the body, Seth
chopped it into 14 parts, which he scattered. However, Isis searched for and found
these parts, which she reassembled to resurrect Osiris. In Greek mythology, the titan

INTERNATIONAL REVIEW OF 1 Clopyright 2007, Elsevier Inc.
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2 GREENBERG AND JIN

Prometheus stole fire from the gods on Mount Olympus and gave it to man. For this
and other offenses, Zeus ordered that Prometheus be chained to a rock, where the
eagle Ethon would eat out his liver; the liver grew back each day, only to be eaten again.

Tissue regeneration is a well-known phenomenon to the zoologist—as ex-
emplified by the ability of creatures like sponges, hydra, flatworms, annelids, sea
stars, newts, and salamanders to regrow body parts. It is also recognized in
clinical medicine, where it occurs in the setting of wound healing. In some organ
systems of vertebrates, however, the conventional wisdom has been that little or
no regeneration can take place, and this is perhaps nowhere more commonly
held to be the case than in the central nervous system (CNS).

In the 1960s and 1970s, Joseph Altman and colleagues at Purdue University
mapped the development of the rodent brain, using [*’H]thymidine to birthdate
neurons. They found that in some brain regions, the birth of new neurons could
be observed well into adulthood. However, this insight seems to have receded
from attention until relatively recently, when it provided the basis for a new field
of investigation—that of adult neurogenesis.

What makes adult neurogenesis more than just a biological oddity akin to the
regrowth of a sea star’s arms is the possibility it suggests for therapeutic applica-
tion. The CNS is notoriously difficult to repair, and injuries or diseases that affect
it often dramatically change a patient’s quality of life. One has only to see a
quadriplegic victim of spinal cord injury, an individual with profound amnesia
due to alcoholic Korsakoff’s syndrome, or a survivor of stroke who can no longer
comprehend or produce language, to be impressed with the extent to which brain
damage can depreciate life.

A substantial body of evidence indicates that cerebral injury of several types can
stimulate neurogenesis in the adult brain. The most compelling outstanding issue
regarding the potential clinical importance of this phenomenon is to determine if
it can generate functional neurons that contribute to enhanced recovery.

Il. Neurodegenerative Diseases: Therapeutic Targets for Neurogenesis

Acute and chronic neurodegenerative diseases are common, disabling, and
poorly responsive to current treatment. Stroke, the most frequent cause of acute
neurodegeneration, has a prevalence of ~4.8 million and an incidence of
~700,000 individuals per year in the United States, where it is the third leading
cause of death (American Heart Association, 2004). Even among those who
survive stroke, disability due to hemiparesis, gait disorders, aphasia, and other
syndromes is common, and ~20% of these patients require institutional care at
6-months poststroke. This long-term disability contributes to the average lifetime
cost for stroke care of ~$140,000 and an annual national cost of ~$54 billion.
The only major recent advance in treatment, the use of thrombolytic agents to
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dissolve clots in the acute aftermath of stroke, has had limited impact because it
appears to be effective only within about the first 3 hours after onset of symptoms
(Brott and Bogousslavsky, 2000).

Chronic neurodegenerations include Alzheimer’s disease (AD), Parkinson’s
disease (PD), hereditary polyglutamine disorders like Huntington’s disease (HD),
and amyotrophic lateral sclerosis (ALS). These diseases affect different (albeit
overlapping) regions of the CNS and vary in prevalence, from ~4.5 million cases
in AD to ~1.5 million cases in PD, and ~30,000 cases in HD and ALS in the
United States. However, all typically culminate in an extended period of func-
tional disability preceding death. Except for PD, in which drugs and surgery are
available to reduce symptoms, at least temporarily, even symptomatic treatment
for chronic neurodegenerations is extremely limited at present. In AD, acetyl-
cholinesterase inhibitors and the N-methyl-D-aspartate (NMDA)-type glutamate
receptor antagonist memantine exert modest behavioral effects in some patients
(Cummings, 2004). In ALS, another NMDA antagonist, riluzole, has provided
minimal benefit (Rowland and Shneider, 2001). Perhaps most notably, no treat-
ment exists for any of these diseases that can restore lost function.

Impaired brain function in acute and chronic neurodegenerative diseases
results primarily from cell (especially neuronal) loss. One reason for the limited
responsiveness of neurodegenerative diseases to treatment may be that it is more
difficult to overcome the loss of cells than the impairment of selected cellular
functions. As an example, among neurological disorders, the greatest therapeutic
successes have come in conditions where cell loss is not a major feature, such as
epilepsy and migraine. Even in PD, where cell loss is relatively circumscribed,
pharmacological restoration of a key cellular function like dopaminergic neuro-
transmission, without the temporal, spatial, and stimulus-coupled regulation that
a cellular context provides, has been an imperfect stratagem.

Based on this experience, it is reasonable to conclude that cell-replacement
therapy, technically challenging though it may be, is worth pursuing. In addition
to the prospect of more completely restoring brain function, cell-replacement
therapy has the further advantage that it might be effective at later stages of a
disease. This is an important consideration not only in disorders like stroke,
which often evolve too quickly for acute treatment to be instituted, but also in
chronic neurodegenerations, where cell loss is already extensive before the onset
of symptoms.

lll. Building Brains: Evolution and Development

Evidence for the feasibility of cell replacement in the brain and principles to
guide cell-replacement research come from several sources, including evolution
and development. The challenge of cell replacement for neurodegenerative
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diseases 1s, in simple terms, to (re)build the brain. This is a task that is faced in one
form or another: (1) in evolution, as brain size increases and (2) in ontogeny, as
the brain develops from the neural tube.

As larger brains evolved, they appear to have done so primarily through an
increase in neuron number, rather than, for example, neuron size or proportional
connectivity (Streidter, 2005). This suggests that supplying new cells might also be
the principal requirement for brain rebuilding. The evolutionary principle of
epigenetic population matching suggests that trophic influences of surviving brain
cells may help direct new neurons to reestablish appropriate connections.
A related concept, the parcellation hypothesis, predicts a mechanism for pruning
of exuberant axonal connections to help restore normal patterns of circuitry.
Finally, the phenomenon of connectional invasion presages a capacity for restor-
ing connections over an altered neuronal landscape and, perhaps, forming
alternative, compensatory circuitry.

Development is the most extensively employed archetype for studying adult
neurogenesis, providing voluminous information about mechanisms and patterns
of neuronal proliferation, migration, differentiation, and settling (Bayer and
Altman, 1995). For example, molecular mechanisms of trophic factor stimulation,
cell cycle regulation, programmed cell death, and neurodifferentiation, as well as
pathways for the migration of newborn neurons, appear to be highly conserved
between ontogeny and adult neurogenesis. These observations do not imply that
principles guiding evolution or development are necessarily transferable to re-
generation, only that they offer biological precedents that may be useful starting
points for investigation.

IV. Endogenous and Exogenous Sources of New Neurons

At least two sources of cells for neuronal replacement after neurodegenera-
tion can be envisioned: (1) cells mobilized from within the affected individual and
(2) cells obtained from an exogenous source, or donor, and transplanted into a
recipient. In either case, the stage of differentiation of the cells employed could
vary as well, from pluripotent, self-renewing stems cells to more developmentally
restricted progenitor or precursor cells. The possibility that endogenous cells
might be available to achieve cell replacement is based on the now well-
established principle that new cells continue to be produced throughout life,
not only in organs (such as bone marrow, skin, and intestines) where cell turnover
1s rapid, but also in tissues like the brain, where cell turnover is more limited.

Endogenous and exogenous replacement of brain cells both have theoretical
advantages and disadvantages. Endogenous cell replacement is inherently less
invasive, circumvents immunologic compatibility problems, and makes maximal
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use of endogenous mechanisms that direct cell proliferation, survival, differentia-
tion, migration, settling, and functional integration. With exogenous replacement
strategies, on the other hand, larger numbers of cells can be obtained, many
sources of cells can be used (e.g., embryonic vs adult stem cells), and the state of
precursor cell differentiation can be optimized ex vivo prior to transplantation into
the recipient.

V. Endogenous Adult Neurogenesis

The need to produce new cells continues beyond the primary period of
development, as cells succumb to use or injury, and must be replaced. This is
accomplished through the activity of adult stem cells, which preferentially recon-
stitute cells of the tissues in which they reside. The best-known examples are
found in organs, such as bone marrow, skin, and intestine, where cell turnover is
rapid and continues throughout life. However, new cells are also produced
throughout life in tissues like the brain, where cell turnover is more limited.

Proliferating neuronal precursors can be identified by labeling with [*H]
thymidine or bromodeoxyuridine (BrdU), transfection with viral vectors, or
immunoreactivity for proliferation markers such as proliferating cell nuclear
antigen (PCNA). As newborn neurons mature, they express successive waves of
developmentally regulated proteins, including polysialylated (embryonic) nerve
cell adhesion molecule (ENCAM), neuronal differentiation antigen NeuroD,
BllI-tubulin, and Hu. As they migrate to their ultimate destinations, they can
be identified by antibodies for doublecortin (DCX), and eventually NeuN and
MAP-2. In rodents, adult neurogenesis occurs primarily in two brain regions—
the subventricular zone (SVZ), especially it is in most rostral extent along the
anterior horns of the lateral ventricles (Kirschenbaum and Goldman, 1995; Lois
and Alvarez-Buylla, 1993; Luskin, 1993), and the subgranular zone (SGZ) of the
hippocampal dentate gyrus (DG) (Altman, 1963). Neurons arising in the SVZ
migrate primarily along the rostral migratory stream (RMS) to the olfactory bulb
(OB), where they replace granule and periglomerular cells, although the human
SVZ may not have this capacity (Sanai et al., 2004). Alternative pathways for
migration from the adult SVZ, such as the lateral cortical stream (Nguyen-
Ba-Charvet ef al., 2004) and ventral migratory mass (De Marchis et al., 2004),
have also been described. Neurons arising in the SGZ migrate into the adjacent
DG granule cell layer (GCL). Although its physiological role is incompletely
understood, adult neurogenesis has the capacity to generate functional neurons
(Song et al., 2002; van Praag et al., 2002), which may help to replace cells lost to
physiological cell death. Some reports suggest that additional brain regions may
also generate new neurons in the adult brain (Gould et al., 1999; Lie et al., 2002;



6 GREENBERG AND JIN

Markakis et al., 2004), but the extent to which this occurs under physiological
conditions in primates is controversial (Kornack and Rakic, 2001).

Neurogenesis undergoes physiological regulation by glucocorticoids, sex
hormones, growth factors, excitatory neurotransmission, learning, and stress
(Cameron et al., 1995, 1998; Horner and Gage, 2000), and can be stimulated
by drugs, including lithium, antidepressants, antipsychotics, NMDA antagonists,
phosphodiesterase inhibitors, anti-inflammatories, and statins. Neuronal precur-
sor cells can be cultured i vitro and several growth factors stimulate neurogenesis
in such systems, including epidermal growth factor (EGF) (Reynolds and Weiss,
1992), basic fibroblast growth factor-2 (FGF-2) (Ray et al., 1993), brain-derived
neurotrophic factor (BDNF) (Kirschenbaum and Goldman, 1995), erythropoietin
(EPO) (Shingo et al., 2001), stem-cell factor (SCF) (Jin et al., 2002a), heparin-
binding EGF-like growth factor (HB-EGF) (Jin et al, 2002b), and vascular
endothelial growth factor (VEGF) (Jin et al., 2002¢; Sun ¢t al., 2003). In addition,
some studies have shown that cultured progenitor cells (Kilpatrick and Bartlett,
1993; Taupin et al., 2000; Temple, 1989) or tissue explants containing axons that
project to neuroproliferative zones (Dechay et al., 2001) release factors into
conditioned medium that can regulate neurogenesis. Administration or over-
expression of EGF (Kuhn et al., 1997), FGF-2 (Kuhn et al., 1997; Wagner et al.,
1999), insulin-like growth factor-I (IGF-I) (O’Kusky et al., 2000), BDNF (Benraiss
et al., 2001; Pencea et al., 2001; Zigova et al., 1998), SCF (Jin et al., 2002a),
HB-EGF (Jin et al., 2002b), or VEGF (Jin et al., 2002c¢; Sun et al., 2003) has also
been shown to enhance neurogenesis in neuroproliferative zones of the adult
brain n viwo.

VL. Injury-Induced Neurogenesis

Pathological processes can also stimulate neurogenesis in the brain (Gould
and Tanapat, 1997; Snyder et al., 1997), and appear in some cases to redirect the
migration of nascent neurons from normal routes like the RMS and toward the
site of pathology. For example, apoptotic degeneration of corticothalamic neu-
rons in mice is followed by the restoration of corticothalamic connections, and
appears to involve neurogenesis, because the cells that make these connections
can be labeled with the cell-proliferation marker BrdU and express immature
neuronal markers such as DCX and Hu (Magavi et al., 2000). Similarly, seizure-
induced brain injury resulting from status epilepticus in the rat both stimulates
neurogenesis and diverts neuronal precursors from the RMS and into the
affected forebrain (Parent ¢t al., 2002a). Injury-induced neurogenesis, which has
been observed in excitotoxic damage (Gould and Tanapat, 1997; Yoshimura
et al., 2001), seizures (Parent et al., 1997), oxidative stress-induced apoptosis
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(Magavi et al., 2000), and global (Liu et al., 1998; Takagi et al., 1999) or focal (Gu
et al., 2000; Jin et al., 2001) cerebral ischemia, may contribute to CNS recovery
and repair.

One of the most striking features of injury-induced neurogenesis is its ability
to redirect migrating neurons away from their normal transit (e.g., from SVZ to
OB) and into the region of injury. This is observed in epilepsy (Parent et al.,
2002a) as well as in cerebral ischemia (Arvidsson e/ al., 2002; Jin et al., 2003;
Nakatomi et al., 2002; Parent et al., 2002b). How migration is redirected by injury
is unknown, but the altered migration of SVZ precursors into the ischemic
cerebral cortex via the lateral cortical stream is reminiscent of the partial redirec-
tion that occurs in Skt/ knockout mice, which lack normal Slit/Robo chemor-
epulsive signaling (Nguyen-Ba-Charvet et al., 2004).

Whether different forms of cerebral injury trigger neurogenesis through the
same or different mediators is unknown. Even the role of cell death in stimulating
neurogenesis is uncertain—on one hand, if neurons proliferate to replace cells
that are lost through injury or disease, cell loss might be a prerequisite for
neurogenesis. On the other hand, neurogenesis can be increased by seizures,
which do not necessarily kill cells, by sublethal forebrain ischemia, and by
physiological stimuli such as exercise, so cell death may not be a sine qua non for
injury-induced neurogenesis. Neurogenesis induced by injury in the absence of
cell death cannot replace cells, but it might have other functions. For example,
these new neurons could provide surviving but damaged neurons with trophic
factors, or set up parallel neuronal connections to bypass or supplement
malfunctioning circuits.

In addition to general attributes shared by injury-induced neurogenesis from
diverse causes, unique features of neurogenesis are also likely to arise in different
diseases. This makes finding a universally applicable approach to therapeutic
neurogenesis unlikely, but may facilitate tailoring therapy to specific disease
contexts.

As illustrated in Table I, neurodegenerative diseases exhibit differences in
time course, tissue distribution, cellular vulnerability, and etiology. Understand-
ing how injury stimulates neurogenesis in each of these models will provide
information about the temporal, spatial, cytopathological, and pathophysiological
requirements for eliciting neurogenesis in response to brain injury.

The intrinsic differences among the diseases in question also dictate that the
approach to cell-replacement therapy is likely to require modification depending
on the disease being targeted. For example, the new cells produced will need to
be directed toward different phenotypic fates and regional destinations if they are
to have a functional impact.

An important question that has received little attention is whether endoge-
nous neural precursor cells that might be mobilized for brain repair are them-
selves affected by the diseases against which they are to be targeted. For example,
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TABLE I
DISTINGUISHING FEATURES OF SELECTED ACUTE AND CHRONIC NEURODEGENERATIONS

Time
Disease course Distribution Cells affected Etiology
Stroke Acute Focal, unilateral; Neurons, glia, Ischemic
vascular territory endothelium
Alzheimer’s Chronic  Diffuse; cortical Neurons Sporadic > genetic
Parkinson’s Chronic  Focal, bilateral; Dopaminergic Sporadic > genetic
nigrostriatal tract nigrostriatal
neurons
Huntington’s Chronic  Focal, bilateral; Medium spiny Genetic
striatum and cortex neurons
Motor neuron ~ Chronic  Focal, bilateral; upper, Anterior horn Sporadic > genetic
disease and lower motor neurons cells

such cells might be functionally impaired ab initio or destined for an early death. If
this were the case, it might suggest that in these diseases, approaches employing
exogenous sources of replacement cells will be preferable.

VII. Neurogenesis in Stroke

Stroke results from interruption of blood flow to a region of the brain
(cerebral 1schemia), usually due to thrombotic or embolic arterial occlusion,
producing localized cell death and corresponding loss of brain function. Stroke
is the third leading cause of death in the United States, with an incidence of
~500,000 events per year and a prevalence of about 4 million individuals. Brain
pathology in stroke is characterized by focal necrosis, with loss of neurons, glia,
and endothelium. The pathophysiology of stroke is incompletely understood,
but excitotoxicity, intracellular calcium overload, and loss of energy and ionic
homeostasis have been invoked, leading to a combination of necrotic and pro-
grammed cell death. Current treatment options are limited, consisting for the
most part of preventive measures, such as antiplatelet agents and anticoagulants,
and acute thrombolysis, for which only a small percentage of patients are
candidates because the time window of therapeutic opportunity is only about
3 hours. Animal models of stroke, such as intravascular suture occlusion of the
middle cerebral artery, can recapitulate the pathophysiological and histopatho-
logical features of stroke, although they have been less successful in predicting the
success of experimental therapeutics.

In addition to intracellular adaptations that promote the survival of ischemic
cells, such as increased expression of anti-apoptotic proteins, the brain may also
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FiG. 1. Mechanisms that may be employed to survive or recover from cerebral ischemia include
mobilization of cell-survival (e.g., anti-apoptotic) programs, recruitment of a new vascular supply via
angiogenesis, and replacement of dead neurons through neurogenesis.

respond to ischemia with increased production of cells that can restore blood
supply (angiogenesis) or replace dead or damaged neurons (neurogenesis) (Fig. 1),
or glia (gliogenesis). Both of these cell types are lost after focal cerebral ischemia
of sufficient severity to produce infarction, and both also continue to be produced
in the adult mammalian brain throughout life.

Early studies on injury-induced neurogenesis showed that excitotoxic or
mechanical injury to the DG GCL in the rat increased proliferation of granule
neuron precursors in the adjacent SGZ, as shown by enhanced incorporation of
[’H]thymidine and BrdU, induction of PCNA, and coexpression of mature neuronal
markers in [*H]thymidine-labeled cells (Gould and Tanapat, 1997). Seizures were
also shown to trigger neurogenesis in the SGZ, with BrdU-labeled cells expressing
the neuronal markers turned on after division, 64 kDa (TOAD-64), S11I-tubulin, and
microtubule-associated protein 2 (MAP-2) (Parent e/ al., 1997). Moreover, apop-
tosis induced by oxidative stress in mouse corticothalamic neurons increased BrdU
labeling in cells that went on to express the neuronal markers DCX, Hu, and NeulN
(Magavi et al., 2000). These observations suggested that other forms of injury,
including ischemia, might similarly elicit increased production of brain neurons.

Several studies were undertaken to test this possibility. In global cerebral
ischemia in the gerbil, neurogenesis was increased in the SGZ (Liu et al., 1998),
with enhanced BrdU labeling of cells coexpressing the neuronal markers NeuN,
MAP-2, and calbindin. These cells migrated into the GCL, where they took on
phenotypic attributes of mature neurons. Global ischemia also enhanced prolif-
eration of BrdU-labeled neuronal precursors in mouse DG (Takagi et al., 1999).
One study of neurogenesis in focal cerebral ischemia used a photothrombotic
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model of stroke in the rat, and showed enhanced incorporation of BrdU in
periinfarction cortex, with some labeled cells coexpressing MAP-2 or NeuN
(Gu et al., 2000).

In studies that employed the middle cerebral artery occlusion (MCAO) model
to investigate ischemia-induced neurogenesis, MCAOQO increased the proliferation
of neuronal precursors, identified by BrdU labeling and the expression of imma-
ture neuronal (DCX) and cell-proliferation (PCNA) markers, in both DG and
SVZ (Jin et al., 2001). This study revealed two potentially important features of
ischemia-induced neurogenesis. First, neurogenesis occurred in areas that were
not themselves affected by the injury, suggesting that a mechanism must exist to
couple injury to neurogenesis over a distance. Second, unilateral injury produced
a bilateral neurogenesis response, which is likely to have implications for the
manner in which the existence of an injurious lesion is conveyed to the brain’s
neuroproliferative zones.

Other studies have demonstrated increased numbers of BrdU/Musashil-
immunopositive cells in DG (Takasawa e al., 2002), or of BrdU or ENCAM-
immunoreactive cells in SVZ and cerebral cortex ipsilateral to MCAO (Zhang
et al., 2001), or at longer (1—2 months) postischemic intervals, an increase in
BrdU-labeled cerebral cortical cells that also expressed the immature neuronal
marker SllI-tubulin or the mature neuronal marker MAP-2 or NeuN (Jiang
et al., 2001; Takasawa et al., 2002).

Additional interesting observations regarding ischemia-induced neurogenesis
include the finding that a large percentage of newborn neurons produced in the
setting of focal cerebral ischemia may undergo programmed cell death (Takasawa
et al., 2002), which is also the case during basal neurogenesis (Ekdahl et al.,
2001; Pompeiano et al., 2000), and that (global) ischemia-induced neurogenesis
occurs not only in rodents, but in nonhuman primates as well (Tonchev et al.,
2003). Others have reported that neural stem cells found in the medial SVZ are
preferentially resistant to hypoxic-ischemic death, compared to more differen-
tiated ENCAM-positive neuronal progenitors in the lateral SVZ (Romanko et al.,
2004), which could have implications for the ability of different populations of
neuronal precursor cells to survive as they migrate into an ischemic microenvi-
ronment. Finally, regarding the mechanisms involved in ischemia-induced
neurogenesis, MCAO has been shown to shift the orientation of mitotic cleavage
in SVZ neuronal progenitors to favor symmetric over asymmetric cell division
(Zhang et al., 2004b).

Several studies have explored possible mediators of ischemia-induced neuro-
genesis (Fig. 2). Hypoxia stimulated proliferation and enhanced survival and
neuronal differentiation of E12 rat mesencephalic cells in culture (Studer et al.,
2000), and this was associated with increased expression of EPO, which was
shown subsequently to promote neurogenesis @ viwo (Shingo et al, 2001).
MCAO-induced neurogenesis, measured by BrdU incorporation and staining
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F16. 2. Elements of ischemia-induced neurogenesis. The factors that mediate injury signaling,
precursor cell proliferation, migration and differentiation of newborn neurons, and the assumption of
mature neuronal functions are being investigated.

for NeuN, was reduced markedly in FGF-2-knockout mice, and restored by herpes
simplex virus, type 1 (HSV1) amplicon-based FGF-2 administration (Yoshimura
et al., 2003). Intraventricular infusion of a tyrosine kinase receptor B-Fc fragment of
immunoglobulin G (TrkB-Fc) fusion protein, which complexes BDNF and thereby
decreases free BDNF levels, had no effect on the total number of BrdU-positive
cells, but increased BrdU/Hu- and BrdU/NeuN-positive cells in DG 2-6 weeks
after global ischemia, which was interpreted as evidence for inhibition of ischemia-
induced neuronal differentiation by BDNF (Gustafsson ez al., 2003), but which is at
odds with data from other groups supporting a positive effect of BDNF on basal
neurogenesis (Benraiss ¢f al., 2001; Louissaint et al., 2002; Pencea et al., 2001).

In another study, signaling factors that might be involved in ischemia-induced
neurogenesis were sought by preparing cerebral cortical cultures from embryonic
mouse brains and depriving them of oxygen to simulate ischemia in vitro ( Jin et al.,
2002a). Hypoxia increased BrdU incorporation into cells that expressed cell-
proliferation and immature neuronal markers, but which did not show DNA
damage or caspase-3 activation. Hypoxia-conditioned medium (HCM) also
stimulated BrdU incorporation into normoxic cultures, suggesting the presence
in this medium of one or more neurogenesis-promoting factors. Candidate
factors present in HCM at levels above those in control medium included SCF
(Jin et al., 2002a) and HB-EGF (Jin et al., 1998, 2004d), both of which repro-
duced the neurogenesis-promoting effect of hypoxia i vitro and of 1schemia in vivo.
VEGTF, another growth factor that is induced by hypoxia or ischemia, also
stimulated neurogenesis (Jin ¢t al., 2002¢; Sun et al., 2003).

One of the most striking features of ischemia-induced neurogenesis is that
after they proliferate, newborn neurons migrate into ischemic brain areas. In a
study of transient global forebrain ischemia in rats, BrdU/NeuN-immunopositive
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cells that appeared to arise from nearby periventricular precursors appeared to
migrate to the hippocampus and replace CAl pyramidal neurons killed by
ischemia (Nakatomi et al., 2002). Unilateral focal ischemia produced by transient
MCAO in the rat was associated with migration of BrdU-labeled cells that
coexpressed DCX, and later NeulN, from the SVZ into the ischemic striatum,
but not into the ischemic cerebral cortex (Arvidsson et al., 2002). In another rat
study, SVZ neurogenesis, measured using BrdU and immunostaining for cell
type-specific markers, was greatly increased 10-21 days after transient MCAO,
and chains of newborn neurons appeared to migrate from the SVZ to the
ischemic striatum. Some of these cells expressed markers characteristic of medi-
um spiny neurons, which are preferentially vulnerable to ischemia, consistent
with differentiation toward a phenotype appropriate for cell replacement (Parent
et al., 2002Db).

The migration of cells labeled by cell-proliferation markers and antibodies
against neuronal proteins was mapped for up to 2 weeks after a 90-min episode of
focal cerebral ischemia caused by occlusion of the middle cerebral artery (Jin
et al., 2003). DCX-immunoreactive cells in the rostral SVZ migrated into the
ischemic penumbra of the striatum and cerebral cortex. Thus, these cells were
diverted from their normal transit from the SVZ, via the RMS, to the OB. How
does this occur? First, some newborn neurons appear to migrate en masse directly
into the adjacent striatum. Others enter the RMS, but then branch off in chains
to enter the striatum. Neurons destined for the ischemic cerebral cortex also
depart the RMS to reach their destination; in so doing, they migrate rostrocaud-
ally, just dorsal to the corpus callosum in a trajectory that resembles develop-
mental migration in the lateral cortical stream, and then toward the cortical
surface. Thus, one feature of cell migration in injury-induced adult neurogenesis
appears to be the reuse of largely vestigial migratory pathways. Interestingly,
although we observed increased neuroproliferation in DG after focal cerebral
ischemia, new neurons arising there did not appear to migrate into the ischemic
brain regions.

Studies of neuromigration in ischemia have also been conducted using
transplanted cells. In one study, rat embryonic stem (ES) cells expressing green
fluorescent protein (GFP) were labeled with a magnetic resonance imaging (MRI)
contrast agent and grafted into the cortico-callosal border, contralateral to an
ischemic lesion produced by transient MCAO 2 weeks earlier (Hoehn et al.,
2002). These cells migrated along the corpus callosum and into the opposite
hemisphere, where they differentiated primarily into NeuN-positive cells, and
accumulated in the ischemic striatum. In another MRI study, SVZ cells isolated
from young adult rats were labeled with ferromagnetic particles and injected into
the cisterna magna of adult rats, 48 hours after embolic MCAO (Zhang ¢t al.,
2003). These cells, which showed phenotypic neuronal features by light and
electron microscopy, migrated, at ~65 pm/hour, into the striatal and cortical
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ischemic penumbra, in preference to the same regions of the nonischemic
hemisphere. Human CNS stem cells transplanted into the ischemic rat cerebral
cortex after MCAO migrated transcortically as much as 1.2 mm, into the
ischemic penumbra, expressing DCX and SlII-tubulin in sequence (Kelly ez al.,
2004). These and the previously described studies on neuromigration in the
ischemic brain suggest that endogenous mechanisms exist to guide such cells
toward ischemic brain lesions.

Numerous factors are likely to be involved in the migration of newborn
neurons in response to ischemia. For example, neuronal migration under normal
circumstances depends on the assembly and disassembly of microtubules, which
are thought to be involved in nuclear translocation within the migrating neuron.
Microtubule-associated proteins regulate microtubule structure and function by
promoting polymerization or depolymerization of microtubules, and we have
demonstrated roles for the microtubule-stabilizing protein DCX and the
microtubule-destabilizing protein stathmin in neuromigration in the nonischemic
adult rat brain (Jin e al., 2004b). Reelin (Reln), an extracellular matrix (ECM)
serine protease involved in the migration of newborn neurons during develop-
ment, appears to have a continuing role in neuromigration in the adult brain,
including the ischemic brain (Won et al., 2006).

Ischemia-induced neuroproliferation and neuromigration are both likely to
involve responses to factors released from injured brain tissue. In the case of
proliferation, additional information that regulates, for example, the lineage along
which cells will differentiate, may also be encoded in the identities and the relative
amounts of different factors that are released. Neuromigration in response to
1schemia may be more complex, requiring extracellular signposts provided by the
ECM and by other cell types to direct migrating cells in transit. Studies on ischemia-
induced neuromigration point to some general principles of ischemia-induced
neuromigration. For example, newborn neurons can migrate long distances, even
from one hemisphere to the other, to reach ischemic brain lesions. In so doing, they
appear to rely on more or less stereotypical pathways, which include not only routes
observed normally in adult neurogenesis, like the RMS, but also pathways associated
with developmental neuromigration. Alternative routes for migration from the adult
SVZ include the lateral cortical stream (Nguyen-Ba-Charvet ez al., 2004) and ventral
migratory mass (De Marchis et al., 2004).

In an efort to address whether neurogenesis induced by cerebral ischemia
results in the production of functional neurons, whole-brain ionizing radiation
(two 5-Gy doses separated by 7 days) was used to ablate dividing neuronal
precursors in the SGZ of guinea pigs, 2 weeks prior to 5 min of global cerebral
ischemia (Raber et al., 2004). As had been documented previously (Mizumatsu et al.,
2003; Monje et al., 2002; Parent ¢t al., 2002a), this treatment inhibited neurogenesis,
although no effect on microvascular morphology or dendritic profiles was
observed. One month post-ischemia, the number of BrdU/TuJ1 double-labeled
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cells in the dentate GCL was reduced by ~80% in irradiated animals. These
animals also showed impaired performance on a water—maze task, suggesting that
1schemia-induced neurogenesis contributed favorably to outcome in nonirradiated
subjects. Others have shown that treatment with cytosine arabinoside (Ara-C) also
inhibited SVZ neurogenesis after focal cerebral ischemia produced by MCAO in
rats (Arvidsson et al., 2002; Zhang et al., 2004a), although functional outcome was
not assessed.

VIIl. Neurogenesis in AD

AD is the most common cause of dementia, a syndrome characterized by
progressive loss of cognitive function, and affects about 4.5 million people in the
United States. Its incidence increases steadily with advancing age. Pathological
features of AD comprise cerebral cortical (especially temporoparietal) atrophy
from loss of neurons and neuropil, and characteristic histological lesions including
extracellular senile (neuritic or amyloid) plaques and intracellular neurofibrillary
tangles, which contain (-amyloid (A) and hyperphosphorylated tau proteins,
respectively. Most cases of AD are sporadic, but autosomal dominant, familial
AD is seen with mutations in G-amyloid precursor protein (G-APP), presenilin-1
(PSI), or presenilin-2 (PS2). How any of these mutations (or the underlying
abnormality in sporadic AD) produces the disease is unclear, but toxic effects of
cleavage products of 3-APP (especially AfB,9) have received most attention. Cur-
rent treatment for AD is marginally effective in most cases and consists of acetyl-
cholinesterase inhibitors and the use-dependent, NMDA-type glutamate receptor
antagonist memantine. Experimental approaches including vaccines directed
against A and metal chelators are under investigation. Animal models that
express mutant proteins associated with familial AD in humans, such as 3-APP
and presenilins, exhibit some but not all features of the clinical disease.

One potential approach to treating AD involves using endogenous neuronal
precursors to replace lost or damaged cells. Compared to controls, AD brains
showed increased expression of immature neuronal marker proteins that signal
the birth of new neurons in the hippocampus of AD patients such as DCX,
ENCAM, NeuroD, and TUC-4 ( Jin et al., 2004c). Expression of DCX and TUC-4
is associated with neurons in the neuroproliferative SGZ of the DG; the
physiological destination of these neurons in the GCL; and the CAl region of
Ammon’s horn, which is the principal site of hippocampal pathology in AD.
These findings suggest that neurogenesis is increased in AD hippocampus, and
may generate replacements for neurons lost in the disease.

Studies of neurogenesis in animal models of AD have yielded conflicting
results. In one study, 11- to 14-month-old transgenic mice that express APP with
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the Swedish (APP695[K595N/M596L]) mutation showed reduced numbers of
BrdU-, ENCAM-, and BrdU/ENCAM-positive cells in DG or SVZ, consistent
with impaired neurogenesis (Haughey et al., 2002). In another study, 24-month-
old APP23 (APP751[K670N/M671L]) mice (Sturchler-Pierrat et al., 1997)
showed a large increase in BrdU labeling in cerebral neocortex, but BrdU-
immunopositive cells were NeuN-immunonegative (Bondolfi et al., 2002), and
neither DG nor SVZ was studied. Evidence supporting a role for APP in
neurogenesis includes the finding that soluble APP increased EGF-dependent
neurogenesis in the SVZ of the adult mouse brain (Caille e al., 2004). PS1 has
also been implicated in neurogenesis, in that increased expression of wild-type,
but not familial AD mutant, PS1 increases hippocampal neurogenesis (Wen ¢t al.,
2002), and environmental enrichment-induced (but not basal) neurogenesis is
impaired in DG-SGZ of PS1 knockout mice (Feng et al., 2001).

PDGF-APPg,, 1,4 transgenic mice (Hsia et al., 1999) express human APP
isoforms APP695, APP751, and APP770 with the Indiana (V717F) and Swedish
(K670N/M671L) mutations driven by a platelet-derived growth factor-3 (PDGF-3)
promoter. APPg,, 1,q mice exhibit extracellular deposits of A that can be de-
tected beginning at 6-9 months of age, as well as synaptic loss and astro- and
microgliosis, but neither neurofibrillary tangles nor notable neuronal loss. They
differ from APPg,, and APP23 mice in that both of those lines lack the APP
Indiana mutation. The effect of AD on neurogenesis can be reproduced in PDGF-
APPg,, 1nq mice, which show increased incorporation of BrdU and expression of
immature neuronal markers in DG and SVZ (Jin e/ al., 2004a). These changes,
consisting of approximately twofold increases in the number of BrdU-labeled cells,
were observed at age 3 months, when neuronal loss and amyloid deposition were
not detected. Moreover, introducing an additional Asp—Ala (D664A) mutation in
this model, which prevented caspase cleavage at this site, hippocampal synaptic
loss (defined by synaptophysin staining), and dentate gyral atrophy, but not A
production or amyloid plaque formation, blocked the induction of neurogenesis
(Galvan et al., 2006). Because enhanced neurogenesis occurs in both AD and
an animal model of AD, it appears to be due to the disease itself, and not
confounding clinical factors. Since neurogenesis is increased in PDGF-APPg;, 1,q
mice in the absence of neuronal loss, it must be triggered by more subtle disease
manifestations such as impaired neurotransmission.

IX. Neurogenesis in HD

HD is an autosomal dominant disorder with complete penetrance and anticipa-
tion, which produces choreoathetosis, dementia, and psychosts, usually with onset in
middle age. It affects about 30,000 individuals in the United States. The brain in HD
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shows atrophy of the caudate nucleus, putamen, and cerebral cortex; medium-sized
spiny neurons in the caudate and putamen are preferentially affected. In all cases
of HD, the disease results from mutations in huntingin (HT'T), a ubiquitously
expressed protein found at highest levels in neurons. The responsible mutations
are expanded trinucleotide (CAG) repeats that code for N-terminal polyglutamine
tracts, which confer a toxic gain of protein function. Mutant forms of HTT are
subject to aberrant folding and aggregation, and may be found in intracytoplasmic
or intranuclear inclusions. Whether these inclusions promote cell death (by, e.g.,
complexing the transcription factor binding partner cyclic AMP response element-
binding protein (CREB)-binding protein, or CBP), or cell survival (by sequestering
potentially toxic mutant HT'T), is uncertain. The only available therapy is symptom-
atic treatment for choreoathetosis or psychosis. The most widely used animal models
are transgenic mice that express mutant human HTT or a fragment thereof.

HD might be ameliorated by replacing dead neurons, perhaps achievable by
stimulating the proliferation of endogenous neuronal precursors and their migra-
tion into damaged regions of the brain. In one human postmortem study, the
number of cells that express the cell-proliferation marker PCNA and the imma-
ture neuronal marker SIII-tubulin was increased in the subependymal layer near
the caudate nucleus in brains of patients who died with HD (Curtis et al., 2003).
Considering this, and given that growth factors are neuroprotective in some
settings and can also stimulate neurogenesis, HD transgenic R6/2 mice were
treated from 8 weeks of age until death with subcutaneous FGF-2 (Jin et al.,
2005). In comparison to wild-type littermates, HD transgenic R6/2 mice showed
a small increase in the number of BrdU-labeled, Dcx-expressing proliferating
cells in the SVZ. FGF-2 further increased the number of proliferating cells in the
SVZ by ~30% in wild-type mice and by ~150% in HD transgenic R6/2 mice.
FGF-2 also induced the recruitment of new neurons from the SVZ into the
neostriatum and cerebral cortex of HD transgenic R6/2 mice. In the striatum,
these new neurons were DARPP-32-expressing medium spiny neurons, consis-
tent with the phenotype of neurons lost in HD. FGF-2 was neuroprotective as
well, since it blocked cell death induced by mutant expanded HT'T in primary
striatal cultures. FGF-2 also reduced polyglutamine aggregates, improved motor
performance, and extended lifespan by ~20%. Thus, FGF-2 improves neurolog-
ical deficits and longevity in a transgenic mouse model of HD, and its neuropro-
tective and neuroproliferative effects may contribute to this improvement.

X. Neurogenesis in PD

PD is a neurodegenerative disorder that is usually sporadic, but may also result
from mutations in proteins like a-synuclein, parkin, DJ1, or PTEN-induced kinase 1
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(PINK1), or from exposure to toxins like 1-methyl-1,2,3,6-tetrahydropyridine
(MPTP). The disease affects ~1.5 million patients in the United States. Clinical
features include rigidity, akinesia, tremor, and postural instability, and some
patients eventually exhibit dementia as well. The most prominent pathological
feature in the PD brain is depigmentation of the substantia nigra pars compacta,
which results from selective death of dopaminergic neurons projecting to the
caudate and putamen. Other catecholaminergic tracts are also involved. Affected
neurons may show inclusions, called Lewy bodies, which stain for a-synuclein and
ubiquitin. Nigrostriatal degeneration in PD leads to an increase in the inhibitory
output of the striatum. Several approaches to treatment are available, although
their efficacy tends to wane as the disease progresses. These include levodopa—
carbidopa combinations, dopamine receptor agonists, muscarinic anticholinergics,
and monoamine oxidase (MAQO) or catechol-O-methyl transferase (COMT)
inhibitors. Surgical procedures are also available, including pallidotomy and
deep brain stimulation. Transplantation of human adult adrenomedullary or hu-
man fetal mesencephalic tissue has also been tested, but remains experimental.
Animal models of PD include both toxin (6-OHDA, MPTP, paraquat, and rote-
none) and transgenic (mutant a-synuclein or parkin) mouse models, although these
genetic models are not associated with death of dopaminergic neurons (Fernagut
and Chesselet, 2004; Goldberg ¢t al., 2003) and levels of the abnormal proteins they
express may not correlate well with clinical involvement in PD (Parkkinen
et al., 2005).

Work on neurogenesis in PD has addressed a number of important questions,
but has produced conflicting results. As to whether neurogenesis occurs in the
adult substantia nigra, the rat substantia nigra was found to contain progenitor
cells, identified by labeling with BrdU, that gave rise exclusively to glia in situ,
but which when cultured in the presence of FGF-2 or FGF-8 wn vitro, or trans-
planted into the dentate hilus i viwo, produced cells that expressed immature
(61II-tubulin) or mature (NeuN) neuronal markers (Lie et al, 2002). Another
group reported that the mouse substantia nigra contained a small number of
tyrosine hydroxylase (TH)-expressing cells that could be labeled with BrdU, and
which were thought to originate in the SVZ, because they also took up intra-
ventricular Dil (Zhao et al., 2003). However, others could not replicate these
results, finding that TH and BrdU were present in adjacent, rather than the
same, nigral cells, and that Dil reached this region by retrograde transport along
the nigrostriatal tract (Frielingsdorf e al., 2004).

Conflicting results have also been obtained regarding whether animal models
of PD, like animal models of other neurodegenerative disorders, stimulate endo-
genous neurogenesis. Thus, after unilateral injection of 6-OHDA into the medial
forebrain bundle of the rat, no BrdU-positive cells that expressed [III-tubulin,
NeuN, or TH could be detected (Lie et al., 2002). Contrarily, administration of
6-OHDA into the substantia nigra and ventral tegmentum, combined with



18 GREENBERG AND JIN

intrastriatal infusion of transforming growth factor-a: (TGF-a), led to expansion
of the EGF receptor-positive cell population in the rat SVZ, and migration of
these cells toward the site of infusion (Fallon et al., 2000). Moreover, some of
these migrating cells could be labeled with BrdU, and expressed immature
(61I-tubulin, DCX) or dopaminergic (TH, dopamine (DA) transporter) neuronal
markers. Following a single subcutaneous dose of MPTP, the number of
TH-positive nigral cells that incorporated BrdU was increased (Zhao et al.,
2003). Nevertheless, no such change was observed when 6-OHDA was injected
into the medial forebrain bundle (MFB), with or without concomitant adminis-
tration of BDNF (Frielingsdorf et al., 2004) or TGF-ov (Cooper and Isacson,
2004), and the previous result was attributed to failure to distinguish adjacent
6-OHDA-positive and TH-positive cells by three-dimensional confocal analysis
(Frielingsdorf et al., 2004).

The discordant results of studies to date suggest that the relationship between
neurogenesis and parkinsonism may be complex, and differences in the animal
models employed or in the severity or duration of disease may explain some
disparities. Dopaminergic input from the substantia nigra to the SVZ has a
proneurogenic influence (Baker ¢t al., 2004; Hoglinger et al., 2004), which would
be expected to be lost as the disease progresses, and might mask any tendency
of PD itself to stimulate neurogenesis. The development of new animal models of
PD provides an opportunity to resolve some of these issues. For example, trans-
genic models of PD are now available (Feany, 2004; Fernagut and Chesselet,
2004), and these could shed light on possible effects of abnormal protein
products like a-synuclein on neurogenesis, independent of cell death. Transgenic
models may also more closely recapitulate the chronic course of most human
cases of PD.

Investigations that involve transplantation of exogenous stem cells or their
progeny may also provide important information to help guide studies of endog-
enous neurogenesis in PD. For example, the survival and neuronal differentiation
of mesencephalic stem cells grafted into rat striatum is enhanced in the 6-OHDA-
treated, dopamine-depleted striatum (Nishino et al., 2000), suggesting that as in
other disease models, the lesion may help to orchestrate its own repair. Unilateral
implantation of murine neural stem cells into the midbrain of aged, MPTP-
treated mice led to biochemical and functional reconstitution of the injured
nigrostriatal pathway, although few of the cells observed were donor derived
(Ourednik et al., 2002); this suggests that the beneficial effect of endogenous or
exogenous stem cells may not be limited to cell replacement, but might also
derive from rescuing injured neurons, perhaps by secreting trophic or protective
factors. Finally, studies in mice (Kim et al., 2002) and nonhuman primates (Kim
et al., 2002) indicate that cells derived from ES cells, and transplanted into the
brains of animals with experimental PD, can adopt phenotypic features of
dopaminergic neurons and relieve parkinsonian symptoms.
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XI. Neurogenesis in Motor Neuron Disease

ALS 1is the best-known example of motor neuron disease in which lower
motor neurons in the brain stem and anterior horn of the spinal cord and, in
some cases, upper motor neurons in motor cortex degenerate, producing weak-
ness, muscle atrophy, and fasciculation. ALS affects ~30,000 persons in the
United States and typically leads to death from intercurrent infection within
5 years. The spinal cord shows loss of large neurons in the anterior horns; in cases
with upper motor neuron involvement, there 1s also loss of Betz cells in the motor
cortex and degeneration of the corticospinal tracts. Most cases are sporadic, but
familial ALS can result from mutations in, for example, Cu/Zn superoxide
dismutase (SODI) or alsin. In some instances, a defect in the trophic effect of
VEGF may be involved. Current treatment options are disappointing, consisting
of the NMDA-type glutamate receptor antagonist riluzole, which affords little
benefit and supportive care. The most popular animal models of ALS are
transgenic mice that express an SOD1 mutation, such as G93A, found in some
families with the hereditary form of the disease.

Neurogenesis appears to occur in the adult spinal cord, although several
studies showing this have been conducted i vitro (Kehl et al., 1997; Weiss et al.,
1996) or have required transplanting spinal cord precursor cells to neuroproli-
ferative zones of the brain (Shihabuddin e a/., 2000). Motor neurons can be
produced from human ES cells (Li ez al., 2005; Miles et al., 2004; Wichterle et al.,
2002), and transplantation of human (Cummings et al., 2005) or murine (Teng
et al., 2002) neuronal precursors can attenuate spinal cord injury. Spinal cord
neurogenesis has been reported to be increased in rodent models of multiple
sclerosis (Danilov et al., 2006) and ALS (Chi e al., 2006). In the latter case, mice
expressing a Lacg reporter gene driven by the nestin promoter were crossed with
mice expressing a mutant superoxide dismutase (SOD199%4 gene found in some
pedigrees with familial ALS. The authors found increased proliferation of LacZ-
positive cells in the lumbar spinal cord, with migration to the dorsal and then
ventral horn. Some of these cells stained with antibodies against neuronal lineage
marker proteins such as Hu, Tujl, and NeuN.

XIll. Convergent and Divergent Features of Injury-Induced Neurogenesis

By examining the neurogenesis response to a range of brain injuries, it is
possible to discern patterns of both similarity and dissimilarity across pathologies.
This information is likely to be useful not only for understanding the basic biology
of adult neurogenesis, but possibly also for fashioning therapeutic approaches to
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Alzheimer's
disease
(PDAPP)

Stroke
(MCAOQ)

Chronic injury
Diffuse injury
Little cell loss

Acute injury
Focal injury
Multicell loss

Injury-induced
neurogenesis

Parkinson’s
disease
(MPTP)

Huntington's
disease
(R6/2)

Chronic injury Subacute injury
Multifocal injury Focal injury
Little cell loss Pure neuronal loss

FiG. 3. Interrelationship between studies of neurogenesis in specific neurodegenerative diseases and
the principles of injury-induced neurogenesis that they elucidate.

additional disorders. As illustrated in Fig. 3, studies of ischemia have shed light on
the bilaterality of neurogenesis induced by unilateral lesions, which may be
related to adaptation and repair processes distant from the lesion site. Mouse
models of AD have shown that cell death is not a prerequisite for injury-induced
neurogenesis, which may instead be triggered by subtler changes in neuronal
(perhaps synaptic) function. Transgenic mice bearing a mutation for human HD
tell us that growth-factor replacement may be required for neurogenesis in some
circumstances, possibly because the disease process produces a local state of
growth-factor deficiency. Table II summarizes some of the shared and distinctive
features of neurogenesis in these models.

Xlll. Unanswered Questions

Work in this field to date points to many basic questions about injury-induced
neurogenesis that are unanswered, and which are likely to be important in the
eventual design of therapeutic strategies.
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TABLE II

Disease-SPECIFIC FEATURES OF INJURY-INDUCED NEUROGENESIS

FGF-2 required

Projection of

Spontaneously for markedly Migration of new new neurons Functional

increased increased neurons to site of to appropriate replacement of

Disease Mouse model neurogenesis neurogenesis injury targets depleted neurons
Stroke MCAO Yes, SVZ > DG No Yes, striatum e ?

and cortex

Alzheimer’s APPg,, 1na Yes, DG > SVZ No ? ? ?
Huntington’s R6/2 Slight, SVZ Yes, SVZ Yes, striatum Yes, striopallidal ?
Parkinson’s ? ? ? ? ?

MPTP, 6-OHDA

“?, unknown.
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What stimulates ijury-induced neurogenesis? Adult neurogenesis is increased in a
variety of neurological diseases and animal models of these disorders, but the full
spectrum of brain insults capable of eliciting such a response is uncertain.
Similarly, the relationship of lesion size, location and character to the magnitude
and location of increased neurogenesis is unknown.

How s injury-induced proliferation triggered in target neuronal precursor cells? The
nature of injury sensing by neuronal precursor cells has yet to be explored in
any detail. In addition, very few studies have addressed the likely heterogeneity of
neuronal precursor cell populations within SVZ or SGZ, and whether cell
subpopulations respond differently to injury in general or to different types of
injury. Similarly, the early molecular steps that translate injury sensing into
neuroproliferation have received little attention. Finally, although most patholog-
ical stimuli to adult neurogenesis identified thus far seem to increase cell prolifer-
ation, it 1s also possible that other such stimuli may act by inhibiting programmed
death of neuronal precursors.

How are the spatial and phenotypic fates of injury-induced new neurons determined?
Differentiation and migration of newborn neurons are likely governed by a host
of regulatory factors, only a few of which have been identified. The relative
contribution of endogenous (cell-autonomous) and exogenous (extracellular) cues
in these processes 1is also unknown.

To what extent does injury-induced neurogenesis yield functional neurons? There
are various aspects to this important question, including how fully adult neuro-
genesis can replicate cells lost in disease, the extent to which these cells can
assume normal neuronal functions, and whether newborn neurons can exert
beneficial neurotrophic or neuroprotective effects even before they become
mature neurons.

Does injury-induced neurogenests contribute to improved functional outcome? Even if fully
functional neurons arise through injury-induced adult neurogenesis, we do not
know if they can halt disease progression or restore lost function.

How can endogenous neurogenesis be modified to improve outcome afier iyury? Ultimately,
if functional neurogenesis occurs in response to injury but is insufficient to alter
the course of disease, can this process be stimulated to supraphysiological
levels by growth factors, drugs, or other treatments so that clinical benefit is
achieved?
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Neurotransmitters are chemicals released by the presynaptic endings of
neurons that have specialized actions through specific receptors on the mem-
brane potential of postsynaptic neurons. However, these chemicals have more
complex functions both within the neuron and on its varied cellular targets.
These functions include changes in metabolic activities that have consequences
on the plasticity of the neurons. Serotonin is an ancient chemical synthesized
from an indole-containing precursor, tryptophan. A review of the evolution of
this chemical within biological systems helps appreciate its holistic actions on
brain homeostasis. In plants serotonin and its allied indole-containing molecules
5-hydroxytryptophan, auxin, and melatonin regulate many of the processes
involved in cell differentiation: mitosis, migration, and maturation [Pasternak et al.
(2005). J. Exp. Bot. 56, 1991-2001; Kolar and Machackova (2005). 7. Pineal Res.
39, 333-341]. In animals, in addition to these trophic properties, 5-hydroxy-
tryptamine (5-H'T) participates in most biological functions, especially those asso-
ciated with limbic and brainstem circuits. The precocious development in the
center of the brainstem, its response to a plethora of stimuli and its extensive
connection to all areas of the brain provide the framework for 5-HT contribution
to holistic functioning of the brain. The fine anatomy of the axons and their
exquisite sensitivity to environmental trophic and toxic molecules encourages the
dynamics of 5-HT innervation pattern and density. The ability to modify itself by a
process called neuroplasticity makes it suited to serve as a regulator in brain
homeostasis, and predicts its involvement in many brain disorders, especially those
concern with depression and dementia.
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I. Introduction

This chapter presents evidence that the neurotransmitter serotonin (5-hydroxy-
tryptamine, 5-H'T) functions as a global factor involved in brain homeostasis. The
carly appearance of 5-H'T axons and their projections throughout the brain and
spinal cord occurs prior to the differentiation of most neurons and their participation
in functional circuits. The emphasis of the chapter will be on 5-HT’s activation of the
5-HT A receptor to release the glial neurite extension factor, SI00B. S100B acts to
stabilize the microtubules which form the main framework of the cytoskeleton of
neural cells, including neurons and astrocytes.

One of the most dynamic and pervasive neuronal systems is the brainstem
raphe serotonergic neurons. The actions of 5-HT on cellular metabolism, move-
ment, and reproduction evolved from its first appearance in aerobic unicellular
organisms and plants to its current restricted neuronal localization in the brain-
stem of humans. In the most primitive organism, 5-HT acts within the cell to
regulate cell oxidation largely due to its indole core structure, a unique ring
configuration. The indole ring captures light energy and converts it to biological
energy by loss of an electron (oxidation). The indole ring is now an oxidizing
agent and is reduced by absorbing an electron, usually from a metal ion. The
indole ring now functions as antioxidant by acting as a reducing agent that
can easily lose this electron. In the cell, serotonin, melatonin, auxin, and many
indole-alkaloids act as powerful antioxidants. In addition, 5-HT synthesis by the
hydroxylase enzyme directly captures free oxygen and serves the important role
of reducing the concentration of this reactive molecule.

In the animal kingdom, while retaining this important antioxidant and
differentiating properties, 5-HT begins in crustaceans to influence higher brain
functions such as dominance in a social grouping. In the human brain, the 5-HT
neurons from the raphe nuclei make connections innervating the entire brain and
spinal cord, which builds on its functional impact to include a link in humans
to suicide.

The interactions of 5-HT neurons with neuronal and nonneuronal systems
are covered with an emphasis on the diversity of the cells receiving released
5-HT: neurons, glial cells, endothelial cells, ependymal cells, and endocrine cells.
The diversity of these cellular targets argues for a broad function for 5-HT in
brain. The ability of 5-HT to promote brain plasticity and stabilization by acting
on the cell cytoskeleton is discussed in the context of homeostasis. The important
action of 5-HT on the 5-HT' 5 receptor in releasing the glial protein S100B is the
basis of this regulation of morphological plasticity. The chapter, as a whole,
supports the key idea expressed by Cannon in his discussion of homeostasis
that “slight instability is the necessary condition for the true stability of the
organism.” Neuroplasticity is a necessary attribute of a homeostatic system, but
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early development and global interconnections make this system holistic in scope.
The ability to change morphology, stimulate neurogenesis and differentiation, or
promote cell survival 1s influenced by acetylcholine, catecholamines, GABA,
EAAs (glutamate and glycine), and neuropeptides. However, only serotonin
(5-HT) has the evolutionary and anatomical properties to serve as a global
regulator unifying the whole brain into a cohesive biological system.

II. Evolution: From Unicellular to Humans

A delay in our appreciation of the diverse actions of neurotransmitters
was the focus on electrophysiology which dominated the study of the brain in
the early twentieth century. The chemical substances released by neurons were
considered to be mediators of the electrical current across the synapse, thus the
word “neurotransmitters.” The focus of many early neuroscience studies in
the twentieth century was to determine if neurotransmitters were excitatory or
inhibitory electrical influences on the membrane potentials of postsynaptic cells.
Neurotransmitters by acting on specific receptors were considered to be iono-
trophes capable of opening specific ion channels. They traveled in fixed circuits
and the notion of neurons and synapses being plastic was not considered until late
in the 1950s (Liu and Chambers, 1958).

The reality of the situation is “neurotransmitters” predate the formation of
nervous tissue. Serotonin is found in all animals, plants, and most unicellular
organisms (Garattini and Valzelli, 1965). It 1s synthesized from the amino acid
tryptophan by the action of two enzymes, tryptophan hydroxylase, and aromatic
amino acid decarboxylase (Fig. 1). Tryptophan is synthesized by a variety of
enzymes (Zhao and Last, 1996). The creation of the indole structure served an
important function in the start of acrobic life on the earth. The conversion of
energy (photons) derived from the sun into biological energy requires capturing a
light wave and the loss of an electron. Interestingly, the indole ring is the most
efficient molecule for doing exactly this and most sensitive to blue light (450 nm)
(Borkman and Lerman, 1978). Most proteins are endowed with an intrinsic UV
fluorescence because they contain aromatic amino acids, specifically phenylala-
nine, histamine, tyrosine, and tryptophan. Of these aromatic amino acids, tryp-
tophan has the highest fluorescence quantum yield overshadowing markedly
the emissions of the other two. Tryptophan emission maxima in proteins can vary
from 332 to 342 nm depending on the protein. Free tryptophan has a charac-
teristic fluorescence emission at 350-360 nm (Borkman and Lerman, 1978).
Absorption of blue light waves is able to excite the indole structure so that it
loses one of the electrons from its indole ring structure, it becomes oxidized.
This single electron begins a directed journey jumping from heavy metals to
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Fic. 1. The synthesis of serotonin from tryptophan involves two enzymes, tryptophan hydroxylase
and aromatic amino acid decarboxylase.

finally produce reduced chemical cofactors, such as NADH and NADPH, and
generates Oy from HyO as a by-product. The production of Oy is the most
relevant for life on the earth, since our atmosphere on the earth contains 20%
oxygen, and supports all acrobic organisms. Tryptophan’s ability to capture light
is used by nearly all proteins (e.g., chlorophyll, rhodopsin, and skin pigment cells)
which capture light and convert it to biological energy (Angiolillo and Vanderkooi,
1996). These proteins have tryptophan as the core amino acid for their function.
Cells such as blue-green algae, molds, and plants became very adept at producing
oxygen. A critical problem developed in these cells: What to do with all the
reactive oxidizing agents produced during the generation of oxygen?

One of the solutions for dealing with excess oxidation was to use the
biological machinery employed before Oy was available, and the atmosphere
was nearly all CO,. Anaerobic cells had developed a variety of enzymes for
converting COy into biological energy in the form of glucose. The most common
process was to produce the sugar, glyceraldehyde-3 phosphate, a three-carbon
sugar produced by three molecules of CO,. The first enzymatic step in this
reaction involves the attachment of a molecule of COy to the five-carbon sugar,
ribulose bisphosphate (RuBP). The reason this step is emphasized is that
the enzyme which catalyzes this initial reaction, and possibly the most abundant
enzyme on the earth, is RuBP carboxylase, also known as rubisco. The carbox-
ylase at the very early stages of life on the earth primarily attached to COo,
however as Oy levels increased it was shown that this compound could react
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more favorably with oxygen (Smith, 1976). This was the first enzyme to attach
oxygen to a substrate [such as tryptophan to produce 5-hydroxytryptophan
(5-HTP)], a process termed hydroxylase because only a single oxygen is used
and the other forms water. Furthermore, RuBP carboxylase has the same
phosphate-binding site sequence found in tryptophan biosynthetic enzymes
(Wilmanns et al., 1991).

The substrates for the primitive hydroxylase enzyme were tryptophan, tyro-
sine, and phenylalanine, all of which can capture light (Boularand et al., 1998;
Grenett et al., 1987; Wiens et al., 1998). The hydroxylase enzyme gave rise to a
very large number of complex alkaloids in plants, all of which are potent anti-
oxidants in their own right. As we now know, cellular oxidation is important
for cell maturation and division, but excess oxidation results in cell death. The
synthesis of pharmaceutically important monoterpenoid indole involves the
hydroxylase as well as decarboxylase enzymes (Facchini et al, 2000). 5-HTP,
the immediate precursor of serotonin, is formed from tryptophan hydroxylase.
This molecule is rapidly converted to serotonin by the ubiquitous working in
reverse to function as a decarboxylase. Thus, serotonin is produced from trypto-
phan by enzymes commonly used in anaerobic organisms before Oy was formed
inside cells. Besides the algae, fungi, and molds, the most efficient generator of
Oy and serotonin is plants. The levels of serotonin inside plants far exceed those
seen in the animal brain by 100 x; banana skin (40 pg/g) versus rat hippocampus
(0.4 pg/g) (Garattini and Valzelli, 1965; Sparks and Slevin, 1985). Interestingly,
the immediate precursor of 5-HT, 5-HTP accounts for 20% of the total fresh
weight in seeds from Gryfonia simplicifolia, a tropical shrub of west Africa, which
has potent medicinal properties (Lemaire and Adosraku, 2002).

Tryptophan was always a key to life because of its ability to convert solar
energy into biological energy. The consequence of this process made tryptophan
and its associated molecules involved in all aspects of the organism’s life: mitosis,
movement, and maturation. As oxygen began to be a major component of the
atmosphere of the earth, enzymes that served a central function in conversion of
COy into glucose now evolved to hydroxylate many substrates. Hydroxylation
leads to 5-HTP and 5-HT as well as to many indole alkaloids used for medicinal
purposes today (Fig. 1).

A closer look at plants provides evidence that serotonin and its products, such
as melatonin and auxin, serve crucial actions in the life and organization of
plants. Plants are complex, multicellular organisms that have specialized cells that
function as a unit, a holistic organization. Plants evolved a specialized intracellu-
lar organelle, the chloroplast, not only to capture light, but also as the source of
tryptophan synthesis. All the enzymes for making tryptophan were localized in
these specialized organelles and could only be converted into their mature form
when inside the chloroplast (Zhao and Last, 1996). Plants are extremely efficient
at capturing light because they were extremely efficient at making tryptophan.
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Plants do not have neurons or muscles, but they are nevertheless capable of
limited movement by rotating their leaves toward light and sending their roots
deep into the soil to capture HoO and nitrogen. Both the movements of leaves
and roots depend on compounds similar to serotonin such as auxin (Ivanchenko
et al., 2006). Auxin and other tryptophan derived compounds are transported
inside the plant cells and regulate the fast tracing of leaves toward the shifting
source of light. The turning of the leaf to its source of energy depends on the
rearrangement of the cells cytoskeleton inside the leaf cells. In the root, the
emersion into the soil is produced by regulating cell division and maturation.
These two forms of producing movement, mitosis, and maturation of plant cells
are similar to that seen in unicellular organisms and fungi (Eckert et al., 1999).
The actions of serotonin on the cell cytoskeleton and differentiation forecast the
actions of serotonin in neuronal development and adult neuroplasticity in mam-
mals (Azmitia, 1999). Receptors for serotonin and other “neurotransmitters” are
found in plants. One can assume that receptors are a necessary component for
the integration of specialized cells in a multicellular organism, and it appears that
their action is concerned with the coordinating metabolic processes.

Animal cells lack chloroplast, an organelle so central to plant photosynthesis
and tryptophan synthesis. This lack of a key evolutionary mechanism of life
promoted animals to develop a number of traits in order to survive. Animals had
to move to capture organism that contained tryptophan and develop specialized
cells for extracting Oy from the atmosphere. 5-HT- and 5-hydroxytryptamine-
derived alkaloids are found in sponges, the most primitive form of animal
life (Salmoun et al., 2002). This specie does not have a nervous system and feeds
by filtration. In hydra, the most primitive animal with a specialized nervous
and motor system, 5-HT appears to be localized to sensory cells scattered along
the epithelium of the organism (Fig. 2). When 5-HT is applied to hydrazan
larvae, the animal undergoes a pronounced metamorphosis in which it
develops a variety of specialized cells involved in feeding and movement
(McCauley, 1997). This maturation process is triggered by 5-HT release and a
receptor action that has protein kinase G (PKC) in its pathway and is blocked by
both ketanserine and clozapine. These steps and inhibitors act on human 5-HT
receptors (Azmitia, 2001a). When a distinct nervous system 1s seen, such as in
the flatworm (S leucops), serotonin neurons are localized there (Wikgren and
Reuter, 1985).

Serotonin in animals is produced in very low quantities because of the
limitation of tryptophan and this may explain the very few cells that contain
5-HT. As seen in hydra and flatworms, these specialized 5-HT cells are never-
theless ideally localized and have pronounced actions on the life of the organism.
As these organisms evolved a neuronal center for responding to their
complex environment, serotonin continues to serve a key part. In Aplysia, there
1s a primitive brain with only a few rudimentary behaviors mainly concerned with
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F16. 2. Cells of lizard spinal cord; illustration demonstrates the changes in neurofibrillar network
according to season and temperature. Cajal (1899) used the reduced silver nitrate method. (A and D)
Cells of lizard kept in warm or cold for several hours. (B and C) Cells of a lizard in a state of
hibernation in lizards. He observed not only was the neuron smaller in size and branching, but there
were also fewer connections on its surface.

movement, eating, defense, and reproduction (Marois and Carew, 1997). “The
results indicate that the first serotonergic cells emerge at mid-embryogenesis and
that a total of five cells make up the entire serotonergic system by hatching. These
cells are part of a newly discovered ganglion in Aplysia, called the apical
ganglion.” The serotonin released from these neurons interacts with specific
receptors to increase or decrease the firing rate of its target cells involved in
sensory and motor processing. In addition, serotonin changes cAMP and Ca’"
levels in its target neurons and influences their transcription rate and modifies cell
morphology (Pettigrew et al., 2005). The changes in neuronal morphology are
particularly intriguing because they affect neuronal connectivity (Glanzman ez al.,
1990). 5-HT by increasing cAMP and P-CREB mediates a trophic response that
may underlie both maturation and memory formation in this lower animal.
Thus, in much the same way as serotonin and its derivatives influence the process
and organelles of photosynthesis to move in order to tract the source of light, in
animals serotonin influences the morphology of sensory and motor neurons
involved in neuronal networking in order to tract the source of relevant stimuli.

As we continue to ascend the animal kingdom, the synthesis of serotonin
remains restricted to a few cell types (e.g., mast cells and neurons), involved
in promoting differentiation and regulating many key biological functions.
Serotonin-producing cells served a defense mechanism (stinging) in coelenterates
and in many insects (Horen, 1972; Weiger, 1997). Actions of serotonin on sexual
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activity and reproduction are seen in Nematodes (Boyle and Yoshino, 2005).
In lower animals, serotonin neurons are primarily sensory neurons (activated by
external stimuli) and influence food intake, defense withdrawal, and complex
locomotor behaviors such as swimming (e.g., in sea urchins, Yaguchi and
Katow, 2003). In the ganglia of Annelids, serotonin is first found in interneurons,
which permits better regulation of complex behaviors such as swimming
(Kristan and Nusbaum, 1982) and possibly learning and memory (Moss et al.,
2005). In Caenorhabditis elegans, 5-H'T is involved in modulating feeding behavior
by rapidly altering a chemosensory circuit (Chao et al., 2004). Serotonin in
arthropods (lobsters) regulates socially relevant behaviors such as dominance-
type posture, offensive tail flicks, and escape responses (Kravitz, 2000). The actions
of serotonin thus extend from those of antioxidant through morphogenesis and
ascend to being involved in complex behaviors such as position in a social
hierarchy. 5-HT-regulated social and mental behaviors increased in number and
complexity in vertebrates. In these higher animals, 5-HT continued in its role of
a homeostastic regulator in adjusting the dynamic interactions of these many
functions.

lll. Holistic Brain Function Starts at Development

A few cells in the body are serotonergic, expressing the enzymes tryptophan
hydroxylase, aromatic amino acid decarboylase, 5-HT transporter (5-HT'T), and
the 5-HT s receptor. These are found in the brainstem, in the enteric nervous
system, and in mast cells scattered throughout the body. Serotonin influences
cells in all stages of development and in all organs. In the human brain, serotonin
neurons are more numerous (>250,000) than in other species and form a tight,
small cluster along the midline of the brainstem (Tork, 1990). The projections
from these clusters are more restricted than the diffuse projections seen in rodents
(Fig. 3). The axons in rats and mice are predominately thin, highly branched, and
unmyelinated. In primates, highly myelinated fibers are common compared to
the rodents where they are rare (Azmitia and Gannon, 1983) (Fig. 4). Thus, the
organization of the serotonin neurons is more evolved in the primate. In Aplysia,
a few giant cells contain serotonin, and these cells have dense projections to both
sensory and motor centers. In rodents, serotonergic neurons act by mass action,
with large number of neurons acting in concert. In the primate brain, the
serotonergic cell bodies collect into small clusters and appear to have established
more discrete target.

The overall function of serotonin is fairly similar in vertebrates with most bio-
logical processes (movement, breathing, reproduction, and temperature regulation)
under the strong influence of serotonin. The activity of brainstem serotonergic
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neurons in rodents and cats has a slow and rhythmic pattern of firing. This pattern
produces a constant release of serotonin, ideally suited for the distribution of a
trophic molecule rather than a neurotransmitter system involved in point-to-point
rapid activity (Jacobs and Azmitia, 1992). In higher animals, serotonin continues to
be involved in many behavioral activities, including aggression, sleeping, cating,
locomotor activity, attention, learning, memory, sensitization, and sexual activity. It
also regulates physiological mechanism such as temperature, feeding, respiration,
blood flow and clotting, osmolarity, and hormone secretion. These functions act in
concert and there combined function can be described as holistic.

The organization of the 5-HT neurons in the human brain has been exten-
sively reviewed (Azmitia, 1978; Jacobs and Azmitia, 1992; Parent, 1981; Tork,
1990) (Fig. 4). Initially, there are two large groups of serotonergic neurons which
appear early in development. The serotonergic phenotypic is induced by the
external transcription spacer, Pet-1 (Hendricks ef al., 1999). Pet-1 is regulated by
the LIM homeodomain and the transcription factors Mashi and Gata-2, after the
functional loss of the Nkx2.2 homeodomain. Pet-1 in turn is the transcription
factor for 5-HT 5 receptor, tryptophan hydroxylase, and the 5-HTT which are
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expressed around gestational day 12-14 in the mouse brain (first trimester in
humans). The two distinct groups of 5-HT neurons appear to have distinct
maturational and migrational patterns (Lidov and Molliver, 1982; Wallace and
Lauder, 1983). The anterior group (DRM, dosal raphe nucleus; CSD, centralis
superior nucleus, pars dorsalis; CSM, centralis superior nucleus pars medianus,
supraleminiscal nucleus) projects predominately rostrally to the forebrain, thala-
mus, and hypothalamus, while the caudal group (RO, nucleus raphe obscurus;
NRPa, nucleus raphe pallidus; RM, nucleus raphe magnus; VR, nucleus raphe
ventricularis) projects caudally and ventrally to innervate the spinal cord and
cerebellum, respectively.

Besides having a number of similar proteins under the control of Pet-1, the
various 5-HT neurons share a similar neuronal appearance (large soma, multi-
polar shape, and largely unmyelinated, highly varicose thin axons) (Cajal, 1899;
Scheibel et al., 1975; Steinbusch, 1981). The dendrites from these neurons have
spines and are associated with blood vessels and glial cells (Azmitia, 1978). The
axons show a propensity to follow myelinated fiber tracts in order to innervate a
wide variety of targets by a process termed epiphytic guidance (Azmitia, 1978).
Both the dendrites and axons are seen crossing the ependymal layer to enter and
exit from the ventricular system. The neurons share a distinct firing pattern
which is high during the day when the animals are mobile and very slow at night
when the animals are sleeping (Jacobs and Azmitia, 1992). The raphe neurons
are sensitive to glucose, pH, blood CO, and O,, and body temperature (Azmitia,
1999; Severson et al., 2003). The serotonergic neurons not only affect the
morphology of neurons, but also glial cells (Chang et al., 2005).

Most functions attributed to serotonin have centered on its effects on specific
neurons and distinct receptors. For example, electrophysiological studies indicate
these neurons are all sensitive to COy (Severson et al., 2003) and may participate
in the process of respiration, and correlate with behavioral arousal and may
participate in motor activity (Jacobs and Azmitia, 1992). Sensitivity to COy and
behavioral arousal can be interpreted to be homeostatic, but not holistic. The
next discrete function for serotonin neurons was their involvement in respiration.
Using Golgi-stained brainstem material, a close relationship is seen between the
raphe reticular neurons and blood vessels. Scheibel ez al. (1975) wrote nearly three
decades ago after they found raphe neurons in contact with blood vessels:

A chemosensitive role for these raphe elements represents a reasonable extension of putative
reticular function. Proactive evidence already available suggests that some brain stem
neurons may be sensitive to blood COy levels, and to the osmolarity of the circulating
medium. Indeed, it is conceivable that raphe neurons themselves may be sensitive to one or
another of these ... given their intimate neurovascular position and their apparent
obligatory role in the onset of sleep, they may be capable of detecting circulating substances
such as plasma cortisol and ACTH, etc., whose concentrations are time-locked to circadian
rhythms and possibly to the shorter rest-activity cycle of Kleitman.



42 EFRAIN C. AZMITIA

More recently, carbon dioxide chemoreceptors were found in both the medul-
lary and midbrain raphe serotoninergic neurons (Severson e/ al., 2003). Previously,
these chemosensitive cells were believed to be confined to the medulla. This
finding is reminiscent of the diurnal rhythm in raphe firing (Jacobs and Azmitia,
1992). The cells contain similar transcription factors to make, release, and detect
serotonin (Hendricks ez al., 1999) and the fetal innervation of common targets in
spinal cord and hippocampus (Azmitia and Whitaker-Azmitia, 1987). Severson
et al. (2003) suggest their results are relevant to sudden infant death syndrome
(SIDS), panic disorder, and migraine headaches. They write that “despite a
tendency to study these neurons in relation to only a shared brain function or
disease, their highly divergent projections and the homogeneity of their cellular
properties (Jacobs and Azmitia, 1992) suggest that there may be a shared function
of serotonergic neurons.” These studies show a similar function of the midbrain
and medullary raphe neurons although these cells develop in different areas of the
brainstem, as the rostral and caudal groups seen at gestational day 14 (Scott et al.,
2005; Wallace and Lauder, 1983). These shared structural, metabolic, develop-
mental, anatomical, and functional characteristics suggest the raphe neurons,
whether located in the midbrain, pons, or medulla, share a holistic action on
brain function, irreducible to the sum of its parts (Azmitia, 2004).

IV. Homeostasis of Brain

Historically, many scientists have proposed general (holistic?) functions for
serotonin. Brodie and Shore (1957) proposed a holistic metabolic role for seroto-
nin in the neuronal activity of the brain. In their hypothesis, norepinephrine and
serotonin modulated opposite systems in the brain based on Hesss (1954)
concept of the functional integration of the autonomic system with the central
nervous system (CNS). Serotonin was the modulator of the trophotrophic system,
which integrates behavioral patterns that are recuperative in nature. This was
considered a recessive system, which normally functions during sleep or hiberna-
tion. This idea was similar in nature to Cajal’s view that sleep represented a time
of neuronal rest characterized by a withdrawing of the neuronal connections.
This idea comes close to a holistic regulator, the metabolic control may be
consistent with a neurotrophic role for 5-HT and NE, and their interactions
can be viewed as homeostatic in nature. However, the framework for this system
was faulty. Serotonin was considered to function during sleep, although the firing
rate of the raphe nuclei is silent during sleep. Furthermore, Brodie and Shore
supposed the main interactions were between neurons, and failed to acknowledge
the role of nonneuronal cells: glial, ependymal, endothelial, and hormonal. Despite
these shortcomings, which mainly reflect the state of neuroscience in 1957,
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the theories of Brodie and Shore are worth revisiting. A few years after Brodie
and Shore (1957), serotonin alone was proposed to be essential for normal mental
health (Woolley, 1961). This hypothesis was based on its similar structure to
d-lysergic acid diethylamide (LSD), discussed more fully by Whitaker-Azmitia
(1999). This idea was not well received and most current mental health profes-
sionals do not consider mental health to be a holistic disorder. Mental disorders
are thought to be a local dysfunction due to a specific deficit, such as reduced
levels of dopamine or serotonin, in a localized region of the brain such as the
hippocampus, prefrontal cortex, or cingulate.

We now propose that the globally projecting raphe neurons have the anato-
mical and functional characteristics to coordinate the physiology of the whole
brain. Although specific actions of 5-HT are local, nevertheless the scope is
global. The disruption of one group of raphe neurons impacts the system as a
whole. The role of 5-HT as an integrating component of neural tissue emphasizes
the importance of neuroplasticity. 5-HT neurons show morphological and func-
tional responses to a variety of neuronal and nonneuronal factors. The dynamic
view of a plastic 5-HT brainstem system with neurotrophic actions encompasses
the concepts of Woolley (1961), Brodie and Shore (1957), and Severson et al.
(2003). The serotonin neurons evolved from plants as general regulatory system
which responds to external stimuli to produce structural changes to meet those
signals, be they the source of light or temperature. The system modifies itself to
achieve the instability needed for homeostasis. This function of serotonin can be
observed in plants and unicellular organisms, long before the advent of neurons.
The fluctuations in serotonin levels are broadcast throughout the brain and serve
to dynamically integrate and stabilize CNS structure and function. In a previous
paper, we introduced the concept that 5-HT raphe neurons might participate in
the process of brain homeostasis. The maintenance of a stable nervous system in
a dynamic environment is certainly a holistic function since it is difficult to
imagine this process being a sum of its component parts. Homeostasis implies
not only stability of a given set point or function, but more importantly the
dynamic equilibrium seen around that set point.

Proposing 5-HT raphe neurons are involved in homeostasis may be consid-
ered a truism, but there are certain implications of this statement that make it
interesting to consider. First, a homeostatic regulator needs to sense all the
pertinent variables necessary to achieve and maintain an equilibrium. The
5-HT distribution in the brain reaches all areas and includes target cells in the
vascular, neuronal, and endocrine systems. The function of 5-HT neurons serves
to integrate all cell types in all areas of the brain. The global framework serves to
receive and integrate the varied pertinent variables into a holistic unit (Fig. 5).
Second, a homeostatic regulator needs to adjust the activity and architecture of
the systems involved in equilibrium. 5-HT neurons can produce rapid changes in
postsynaptic neuronal firing, glial activity, blood flow, breathing, temperature,
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Fic. 5. The 5-HT projections in the human brain (modified from Azmitia and Gannon, 1986).

and hormonal secretion. 5-HT promotes cellular mitosis, migration and matura-
tion of neurons and glial cells, and change how these cellular systems interact.
Third, a homeostatic regulator should be able to adjust its own set point to
accommodate changes in input to more efficiently reduce fluctuations. 5-HT
neurons modify their own cellular architecture in response not only to sensory
neuronal inputs, but also to glial cells (Azmitia et al., 1990; Nishi et al., 2000),
hormonal levels (Azmitia et al., 1993; Chamas e al., 2004; Cordero et al., 2001),
neuropeptides (Davila-Garcia and Azmitia, 1990), and glucose (Martin-Cora
et al., 2002). Some of the effects of nutrition can be directly traced to the supply
of the essential amino acid tryptophan. “These relationships between precursor
availability from the periphery and brain neurotransmitter synthesis may ulti-
mately provide the brain with information about peripheral metabolic state”
(Fernstrom, 1977).

The ability to change activity and shape in response to external factors has
important implications with respect to homeostasis. It is interesting to quote
Professor Walter Cannon, who first elucidated the concept of “fight or flight,”
and whose research on the PNS and neurotransmission led to the concept of
homeostasis. “By an apparent contradiction, it maintains its stability only if it is
excitable and capable of modifying itself according to external stimuli, and
adjusting its response to the stimulation. In a sense it is stable because it is
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modifiable—the slight instability is the necessary condition for the true stability of
the organism” (Cannon, 1929). We coined the phrase neuronal instability to refer
to the tendencies of neuronal cytoskeleton to shrink in the absence of stabilizing
molecules such as S100B and glucocorticoids (Azmitia, 2002; Azmitia and Liao,
1994). The morphology of granule neurons in the adult hippocampus decreased
when circulating glucocorticoids were removed (Liao et al., 1993). This could be
seen by measuring the size of the dentate gyrus and was accompanied by a loss of
5-HT 5 receptor mRNA.

The 5-HT;5 receptor is an ancient molecule, estimated to be about
800 million years old (Peroutka and Howell, 1994). This is an intronless receptor
protein that was mentioned earlier as being induced by PET-1, an external
transcription spacer seen in 5-H'T neurons prior to their phenotypic differentia-
tion. Thus, the loss of granule neuronal phenotype and 5-HT 5 receptor mRNA
may be molecularly and evolutionarily linked. The very early developmental
expression of the 5-HT' 5 receptor protein mRINA is seen at fetal day 15 in the rat
(Hillion et al, 1993). At this very early period, which is prior to neuronal
differentiation in most of the forebrain, the levels of the 5-HT 5 receptor mRNA
are higher than at any other time in the life of the animal. In the immature
cerebellum of the rat, the 5-HT, receptor protein expression is seen on
neurons and astrocytes (Matthiessen et al., 1992). A similar, but lower, glial
expression of the 5-HT o receptor protein was seen in the adult hippocampus
(Whitaker-Azmitia et al., 1993). What is the significance of this early expression,
and why on both neurons and glial cells?

The action of astrocytes on neuronal survival and differentiation is complex.
First, cortical neuronal precursors are believed to form from radial glial cells and
astrocytes during early development (Alvarez-Buylla ez al., 2001). The astrocytes
provide glucose from stored glycogen, a process under the control of the 5-HTgx
receptor (Azmitia, 2001a). Glial cells release protein factors involved in neuronal
survival (e.g., NGF), attachment (e.g., laminin), and extension (e.g., S100B).
These cells contain many different neurotransmitter receptors to control the
availability of these factors, and the 5-HT, receptor is particularly related to
S100B release (Ahlemeyer et al., 2000; Eriksen et al., 2002; Whitaker-Azmitia
et al., 1990) (Fig. 6). S100B is a neurite extension factor (Azmitia et al., 1990;
Kligman and Marshak, 1985). The ability to promote neurite extension is
attributed to its ability to prevent the phosphorylation of MAP proteins by
PKC (Baudier and Cole, 1988; Sheu et al., 1994). This is an MAP-specific
inhibition since SI00B does not inhibit PKC phosphorylation of histones (Sheu
et al., 1994) and may be related to the ability of S100B to directly interact with
MAPs (Donato ¢t al., 1989). The route from the astrocytes where S100B is made to
interact with the neuronal cytoskeleton may involve the receptor for advanced
glycation endproducts (RAGE) (Hofmann et al., 1999; Rong et al., 2005). RAGE
can translocate extracellular S100 into human endothelial cells (Hsieh ez al., 2004),
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F1G. 6. A schematic representation of 5-H'T' raphe neuronal interactions with the key systems of the
brain (modified from Azmitia, 1999).

and we can assume a similar translocation occurs with neurons that have
the RAGE receptor. Interestingly, AGE molecules that are elevated in diabetes
block this translocation.

The interactions between the 5-HT 5 receptor and S100B thus provide the
mechanism for modifying not only the serotonergic neurons themselves but the
neurons throughout the brain. The first to show a 5-HT-induced loss of target
cell morphology were the late Dr. Okado and his students (Okado et al., 1993).
p-chlorophenylalanine (PCPA) a serotonin synthesis inhibitor was given to adult
chicks for 1 week, and the nonserotonergic axodendritic synapses in the cortex
were shown to be dramatically reduced. When the studies were repeated in adult
rats, the number of synapses in the hippocampus was significantly reduced and
the animals showed memory loss (Matsukawa et al., 1997). 5-HT loss by either
PCPA or para-chlorophenylalanine produced loss of neuronal dendrites and
terminals in adult rat brains (Azmitia ef al, 1995; Whitaker-Azmitia et al.,
1995), and the injection of a 5-HT;A receptor agonist reversed these losses
(Azmitia et al., 1993). The loss of the target morphology not only was reversed
by injections of the 5-HT', agonist, but was shown to involve the glial protein
S100B (Eriksen and Druse, 2001; Wilson et al., 1998). These and other changes in
adult morphology indicate that 5-HT has a central function in regulating the
morphology of adult neurons, either by increasing SI00B or by direct action of
the 5-HT 5 receptor (Azmitia, 2001b). Furthermore, the strong actions of 5-HT
during development indicates these trophic actions of serotonin are present at
birth and persist throughout life (Mazer et al., 1997; Whitaker-Azmitia, 2005).
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Cannon said: “In a sense it is stable because it is modifiable.” Thus, if 5-HT is
directly involved in regulating homeostasis of the brain, it produces stability
because it functions to release S100B and is also regulated by it (Fig. 7). The
direct receptor-mediated stability from 5-HT' 5 receptor inhibition of C-AMP is
developed in a previous review (Azmitia, 1999). 5-HT, as mentioned earlier, is
found in all plants and animals. 5-HT from maternal blood begins to bathe the
developing fetus from conception, providing a very early start to its functioning as
a homeostatic regulator in the dynamic emerging connections of the brain. But
what happens when 5-HT is lost? Short-term decreases in 5-HT occur almost
every night when we sleep and muscle movement is inhibited (Trulson and
Jacobs, 1979). This is consistent with the notion that neuronal connections
are unstable and labile during sleep, an idea supported by Cajal that is over
100 years old (Azmitia, 2002). Since serotonin levels fluctuate over the year
(Singh, 1964; Wirz-Justice et al., 1977), we can expect, although it has not been
shown, that the capacity for learning and memory may show a similar fluctua-
tion. What has been shown to fluctuate is the incidence of suicides (Bjorksten
et al., 2005; Dreyer, 1959).

V. Clinical Implications of Loss of Homeostasis

Selye (1956) proposed a unified theory to explain why stress, and a
corresponding loss of homeostasis, could impair general health. A few years later,
Wooley (1962) suggested a more specific hypothesis that serotonin was the
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principle factor involved in regulating mental health. His theory was based on his
work with serotonin and LSD. He had shown a strong structural similarity
between serotonin and LSD, despite the fact he was blind. He also was the first
to show that serotonin and LSD both had similar functions in the brain. It is
intriguing that Dr. Woolley considered that a single chemical could assume a
function so large, so important, as regulating mental health. He did not write of
neuroplasticity nor of homeostasis, but his scope was certainly holistic. If 5-HT is
a regulator of homeostasis, then a dysfunction of serotonin should have major
consequences. One consequence of lowered serotonin is depression. Suicide, the
act of an individual voluntarily ending his or her own life, is the ultimate rejection
of the evolutionary drive to survive. In suicide brains, 5-HT neurons are smaller
in size and number (Underwood ¢t al., 1999).

A decrease in 5-HT levels in the brain is thought to contribute to major
depression (Anderson, 2004; Meltzer et al., 2003; Neumeister, 2003; Owens, 2004).
The 5-HTT protein is believed to be directly related to the presence of 5-HT
fibers, and in the brains of depressed patients there is a reduction in the both
levels of 5-HTT (Malison ¢t al., 1998) and 5-HTT-IR axons (Austin e al., 2002).
Serotonin-specific reuptake inhibitors (SSRIs) have proved beneficial in a
wide variety of affective disorders in addition to depression: panic disorder,
obsessive-compulsive disorder, social phobia, and generalized anxiety disorder
(Den Boer et al., 2000). All these affective disorders appear responsive to 5-HT
dysfunction.

However, if homeostasis is lost, somatic and cognitive diseases, as well as
affective disorders are impacted. There are several reports of an underlying
disorder of the 5-HT system in neurological disorders: Pick’s disease (Sparks and
Markesbery, 1991), Parkinson’s disease (Halliday ez al,, 1990; Menza et al., 1999),
Alzheimer’s disease (AD) (Marksteiner et al., 2003), ischemic heart disease (Stout
et al., 2003), spongiform encephalopathies (Fraser e al., 2003), and diffuse Lewy
body dementia (DLBD) (Ballard ez al., 2002). In DLBD, Lewy bodies occur in the
dorsal raphe nucleus (Langlais et al., 1993) and marked reductions of serotonin
levels are reported in the striatum (Langlais ez al., 1993), neocortex (Ohara et al.,
1998), and frontal cortex (Perry et al., 1993). Major depression occurs in at least
30% of individuals suffering from DLBD (Klakta et al., 1996), with an association
between the depressive disorder and reduced 5-HTT (Malison et al., 1998).

Neurological disorders all have separate causes and distinct characteristics
which can be easily identified by the experienced clinician. Depression, the sign
of a 5-HT dysfunction, is considered secondary to the primary neurological
disease. This type of thinking is illustrated in the following passage from the
seventh edition of “Adam’s and Victor’s Manual of Neurology.” “Moreover,
the anatomical substrate of the many diseases causing intellectual decline involve
different parts of the cerebral cortex .... It is not surprising, therefore, that the
dementing diseases may also cause a number of non-cognitive disturbances, such
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as loss of emotional control, changes in behavior and personality .. .” (Victor and
Ropper, 2002, p. 170). This implies the underlying pathology of the dementia
and the noncognitive disturbances are the same.

However, if the dementing diseases are causing the affective symptoms, one
would assume that cognitive problems would normally precede the noncognitive
symptoms. But neurodegenerative disorders often exhibit affective symptoms as an
initial presentation of the neurodegenerative disease (Kessing and Andersen, 2004),
which can dominate the initial clinical presentation (Ballard et al., 2002). A history of
major depression, without specification of episode-related cognitive impairment,
appears to be a risk factor for subsequent onset of dementia (Kessing and Andersen,
2004). This is supported by early work with twins, which found that depression
and psychiatric illness were risk factors for developing dementia (Wetherell et al.,
1999). Depression is also known to be a risk factor for the onset of ADs (Chen
et al., 1999; Green et al., 2003; Kokmen et al., 1991; Kral and Emery, 1989). Finally,
psychiatric deficits may be improved by treatment, but impaired patients’ cognitive
functioning often does not completely normalize, especially in the areas of memory,
executive function, and information-processing speed (Nebes ¢ al., 2003).

Depression can have a neuropathological consequence. Dr. Varham
Haroutunian and colleagues found that the brains of AD patients with a lifetime
history of depression showed significantly higher levels of both plaque and tangle
formation within the hippocampus than brains of AD patients without a lifetime
history of depression (Rapp et al., 2006). This suggests that depression comorbid
with AD may act synergistically, while comorbidity of DLBD with AD does not.
Could the loss of 5-HT, associated with depression, be a key factor in brain
deterioration? Many serotonin researchers over the last 50 years have argued for
a larger, more global (holistic) function for serotonin. In unicellular organisms
and plants, this may be related to regulation of oxidation. The same appears to be
true in mammals (Munoz-Castaneda et al., 2006). These early functions of 5-HT
can be envisioned to now include neuroplasticity which disrupts brain homeosta-
sis. Clinically, the eventual result of this holistic dysfunction of the serotonin
system is depression. 5-HT loss, associated with depression, leads to increases in
the occurrence and severity of neurological disorders. The ultimate breakdown of
brain homeostasis results in the destruction of many neurological networks, and
in extreme cases, results in suicide, the ultimate rejection of life.
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In the last 25 years, there has been an extraordinary change in our perception
of spinal cord injury repair and the resulting scientific advances have been
nothing short of revolutionary. It had been believed since the time of Cajal that
central nervous system (CNS) axons were incapable of regeneration, but the
pioneering work of David and Aguayo overturned this dogma by demonstrating
that transected spinal cord axons could regenerate long distances through pe-
ripheral nerve grafts. This suggested that the CNS environment played a key role
in limiting regeneration, and soon CNS myelin and the glial scar were identified
as inhibitors of axonal growth. In this review, we describe several of the pharma-
cological strategies that have arisen from these findings and how they have been
used to encourage axonal regeneration in the injured spinal cord. These include
the administration of agents that reverse the inhibitory properties of CNS myelin
and the glial scar, the transplantation of cells that create a permissive substrate
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for axonal growth, and the implantation of artificial scaffolds that have been
designed to guide regenerating axons through the injury site.

I. Introduction

Once development was ended, the founts of growth and regeneration of the axons and
dendrites dried up irrevocably. In adult centers the nerve paths are something fixed, ended,
immutable. Everything may die, nothing may be regenerated. It is for the science of the
future to change, if possible, this harsh decree.

Santiago Ramon y Cajal

At the time these words were written, Cajal had made several fundamental
observations that would come to define our perception of axonal regeneration in
the central nervous system (CNS). Having devoted most of his career to proving
the neuron theory of nervous system structure, Cajal turned his attention to
studies of nerve regeneration in the first decade of the twentieth century. With the
assistance of his student Francisco Tello, Cajal described the anatomical features
of peripheral nerve regeneration in great detail. Together, they demonstrated
that regeneration was initiated by axonal sprouting at the proximal end of the
severed nerve and that growth cones were present at the tips of regenerating
peripheral axons (Cajal, 1928). Transected axons in the brain and spinal cord
also displayed growth cones, but after the axons had extended short distances,
regeneration was abruptly halted and axonal morphology was dramatically
altered. Instead of maintaining a linear trajectory, regenerating CINS axons
rapidly became dystrophic and assumed a tortuous, stunted appearance (Cajal,
1928). In addition, the growth cones of these axons were transformed into
distorted structures called retraction bulbs (Fig. 1). Cajal described this phenom-
enon as “abortive regeneration” and it led him to pose the question, “Why, once
the reconstructive movement is initiated, do the nerve sprouts lose their energy
and suspend their growth?” Tello attempted to address this quandary by
performing an experiment in which segments of sciatic nerve were grafted into
the injured cerebellum and optic nerve. Using the histological techniques devel-
oped by Cajal, he observed axons growing into the grafts, thereby demonstrating
for the first time that CNS axons had the capacity to regenerate when provided
with a permissive environment (Cajal, 1928). This prompted Cajal to rethink his
earlier position and state that their new observations “refute the generally
accepted dogma of the essential irregenerability of the central pathways.” Seventy
years later, a similar experiment would confirm their findings and launch the
modern era of CNS regeneration research.

Somewhat ironically, the optimism that Cajal had expressed was overshadowed
by his authoritative statements regarding regenerative failure in the CNS, and it was
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FiG. 1. Diagrams of retraction bulbs observed in the adult mammalian CNS following injury.
[Fig. 190, p. 493, from Chapter “Degeneration and Regeneration of the White Matter” from “Cajal’s
Degeneration & Regeneration of the Nervous System,” edited by DeFelipe, Javier and Jones, Edward
G. (1991), by permission of Oxford University Press, Inc.]

widely believed in both the scientific and medical communities that CNS regenera-
tion simply was not possible. Consequently, there was little interest in conducting
research on CNS repair, but there were a number of prescient studies that produced
evidence of innate CNS plasticity. In the dorsal horn of the spinal cord, widespread
collateral sprouting of nociceptive dorsal root axons was observed following rhizo-
tomy (Goldberger and Murray, 1974; Liu and Chambers, 1958). Similarly, Anders
Bjorklund demonstrated that lesioned noradrenergic and cholinergic neurons were
capable of extending axons over long distances within the brain and spinal cord
(Bjorklund ez al., 1971, 1975; Katzman et al., 1971).

The turning point for CNS regeneration research, however, was the publica-
tion of two landmark papers from the laboratory of Albert Aguayo. By applying
the new technique of horseradish peroxidase (HRP) tracing to Tello’s peripheral
nerve transplantation experiment, Aguayo’s group provided unequivocal proof
that regeneration of CNS axons was possible. In the first of these studies, small
segments of peripheral nerve were grafted into the injured spinal cord and axons
were then retrogradely traced by injection of HRP into the graft (Richardson
et al., 1980). Visualization of the tracer revealed substantial axonal growth within
the graft, and more importantly, staining of neuronal cell bodies within the spinal
cord, which demonstrated that these axons were CNS-derived (Richardson et al.,
1980). Samuel David, a postdoctoral fellow in Aguayo’s laboratory, then used a
highly innovative approach to verify their findings: rather than implant small
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segments of peripheral nerve, he constructed long sciatic nerve “bridges.”
The ends of the sciatic nerve grafts were implanted into the medulla oblongata
and spinal cord, while the rest of the nerve was positioned extraspinally (David
and Aguayo, 1981). The advantage of this approach was that it did not require
extensive lesioning of the CNS and therefore did not produce paralysis in the
animals, which greatly facilitated their postoperative care. After a postsurgical
survival period of 22—-30 weeks, HRP was applied to the ends of the transected
grafts, which allowed both anterograde and retrograde labeling of axons.
The extraspinal application of the tracer and removal of the ipsilateral dorsal
root ganglia (DRG) virtually eliminated the possibility of obtaining false-positive
results through diffusion of HRP or sprouting of peripheral axons. Large num-
bers of labeled neurons were observed in the medulla and spinal cord, providing
compelling evidence that many of the axons within the grafts had originated in
the CNS (David and Aguayo, 1981). It was estimated that some of these axons
had extended at least 30 mm, which established that axons in the spinal cord
had the capacity to regenerate over long distances (David and Aguayo, 1981).
Using similar experimental paradigms, Aguayo’s group would later demonstrate
that axons in the cerebral cortex (Benfey and Aguayo, 1982) and optic nerve
(Vidal-Sanz et al., 1987) could regenerate in a similar manner. The importance of
these studies cannot be overstated, as they not only confirmed that CNS axons
were capable of regeneration, but also reinforced a concept that has driven
virtually all subsequent research in this field: that the CNS environment inhibits
axonal regeneration following injury.

Il. Growth-Inhibiting Properties of the Glial Scar

The glial scar is one major factor that contributes to the inhibitory environ-
ment of the injured CNS, serving as a physical and biochemical barrier to axonal
regeneration. Its formation is correlated with expression of inhibitory molecules
by reactive astrocytes (Silver and Miller, 2004). CNS injury induces expression
of several inhibitory extracellular matrix molecules, including chondroitin
sulfate proteoglycan (GSPG), keratin sulfate proteoglycan, NG2, and cytotactin/
tenascin ( Jones et al., 2002; Martin et al., 2001; McKeon et al., 1991; Silver and
Miller, 2004). In vitro assays have confirmed that reactive astrocytes up-regulate
and secrete proteoglycans that are inhibitory to axonal outgrowth (Canning et al.,
1993; Dou and Levine, 1994; McKeon et al., 1991; Smith-Thomas et al., 1994).
In vivo, CSPGs are rapidly secreted by reactive astrocytes after injury, which leads
to increased glial scarring in the brain and spinal cord ( Jones et al, 2003a;
McKeon et al., 1999; Tang et al., 2003). The mechanism underlying the inhibitory
effects of CSPGs appears to be signaling through the Rho/Rho-associated kinase
(ROCK) pathway (Borisoff et al., 2003; Dergham et al., 2002; Monnier et al., 2003;
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Fig. 2), as inhibition of Rho GTPase enhances neurite outgrowth when primary
cortical neurons are plated on CSPG substrates (Dergham et al., 2002). It is
believed that the glycosaminoglycan (GAG) side chains are the inhibitory com-
ponents of proteoglycans, as enzymatic removal of the GAG chains attenuates
CSPG inhibitory activity (Fidler et al.,, 1999; McKeon et al., 1995; Moon et al.,
2001; Zuo et al., 1998). In vivo, delivery of chondroitinase ABC can promote
axonal regeneration and significant functional improvement after spinal cord
injury (Bradbury et al., 2002). Administration of a DNA enzyme directed against
xylosyltransferase-1, the enzyme responsible for initiating GAG chain synthesis,
also enhanced axonal regeneration (Grimpe and Silver, 2004).

lll. Inhibition of Axonal Regeneration by CNS Myelin

A. IDENTIFICATION OF MYELIN-ASSOCIATED INHIBITORS

Cajal was the first to suggest that CNS white matter could block axonal
regeneration, and it is now known that myelin contains several inhibitory factors
(Fig. 2). In 1988, Martin Schwab’s laboratory isolated 35 and 250 kD protein
fractions from CNS myelin and showed that these proteins inhibited neurite out-
growth (Caroni and Schwab, 1988a). They subsequently raised a panel of mono-
clonal antibodies against these fractions and determined that one specific antibody,
named IN-1, allowed neurites to grow on a myelin substrate when administered
in vitro (Garoni and Schwab, 1988b). In vivo, administration of IN-1 enhanced
regeneration of transected corticospinal axons and recovery of specific reflex and
locomotor functions (Bregman et al., 1995; Schnell and Schwab, 1990, 1993).

A protein now known as Nogo was eventually identified as the antigen of the
IN-1 antibody (Chen et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000). Nogo
exists in three isoforms (A, B, and C) and is a member of the reticulon family of
proteins that normally associate with the endoplasmic reticulum. Nogo-A, -B, and
-C share a common C-terminus that contains a double lysine endoplasmic reticu-
lum retention signal, a feature that is present in several myelin membrane proteins
(Chen et al., 2000). RNA transcripts for all three Nogo isoforms have been detected
in several regions of the CNS, including the optic nerve, spinal cord, and cerebral
cortex; however, only Nogo-A is enriched in oligodendrocytes (Chen et al., 2000;
GrandPre ¢t al., 2000; Prinjha et al., 2000). Recombinant Nogo-A inhibits DRG
neurite outgrowth in a dose-dependent manner and this can be neutralized by
IN-1. The inhibitory effects of Nogo have been mapped to 66-residue extracellular
domain that is shared by all three transcripts, and this domain, deemed Nogo-66,
can collapse DRG growth cones (Chen et al., 2000; GrandPre et al., 2000; Prinjha
et al., 2000). Nogo-A also has a unique inhibitory domain called amino-Nogo that
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can induce growth cone collapse (Chen et al., 2000; GrandPre ¢t al., 2000; Prinjha
et al., 2000). It 1s believed that Nogo-A has two membrane topologies, and these
variants could have different extracellular and intracellular functions (Oertle
et al., 2003). Although further work is required to clearly understand the topology
of Nogo-A, it is possible that disruption of myelin by injury could expose
both Nogo-66 and amino-Nogo (Filbin, 2003; Oertle ef al., 2003). Intriguingly,
amino-Nogo independently inhibits axonal outgrowth and spreading of fibroblasts
(Chen et al., 2000; Fournier et al., 2001), a unique function that is not shared by
Nogo-66 (Fournier ¢t al., 2001; Oertle et al., 2003).

Prior to the identification of Nogo-A, myelin-associated glycoprotein (MAG),
another well-known myelin protein, was shown to be a potent inhibitor of neurite
outgrowth in culture (McKerracher ef al, 1994; Mukhopadhyay e al., 1994).
MAG is a member of the immunoglobulin (Ig) superfamily and it contains five
extracellular Ig-like domains (Salzer et al., 1987, 1990). It 1s also a sialic acid-
binding protein and its first four Ig-like domains are homologous to the Siglec
family of sialic acid-binding Ig-like lectins (Kelm ez al., 1994). These residues are
not critical for its inhibitory function, but could potentiate its effects (Kelm et al.,
1994; Tang et al., 1997). Within the first Ig-like domain of MAG, the sialic acid-
binding site maps to arginine 118 (R118), a residue that is conserved in other
members of the Siglec family (Tang et al., 1997). Mutating R118 eliminates the
binding capabilities of the sialic acid residues and the inhibitory function of
soluble MAG. Membrane-bound MAG, however, is unaffected by mutation of
R118, as neurite outgrowth is strongly inhibited when primary neurons are
cocultured with MAG-expressing COS cells. This suggests that there are two
distinct sites on MAG that are recognized by neurons, one that binds sialic acid
and another that mediates inhibition (Tang et al., 1997).

Intriguingly, MAG seems to be bifunctional, in that it promotes neurite
outgrowth from young neurons, but acts as an inhibitor for older neurons (Cai
et al., 2001; de Bellard and Filbin, 1999; Johnson et al., 1989; Mukhopadhyay
et al., 1994; Turnley and Bartlett, 1998). For instance, DRG neurons are not
inhibited by MAG up until P3—4 and these younger neurons also have higher
levels of endogenous cyclic AMP (cAMP), whereas in P5 DRG cAMP is barely
detected (Cai et al., 2001). In all neuronal subtypes that have been tested to date,

F16. 2. Schematic representation of intracellular signaling pathways involved in mediating and
overcoming inhibition of axonal regeneration in the CNS. CSPGs and other components of the glial
scar inhibit growth through activation of Rho and its downstream effectors. Myelin inhibitors mediate
their effects by binding to the receptor complex composed of NgR 1, LINGO-1, and a member of the
TNF receptor family (p75~™ or TROY). Activation of this receptor complex culminates in the
activation of Rho in a PKC-dependent manner, rearrangement of the actin cytoskeleton, and
cessation of axonal growth. Elevation of cAMP leads to activation of PKA, which may inactivate Rho
directly, and CREB, which transcribes genes such as Argl. These events block myelin inhibition and
promote axonal regeneration.
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neurite outgrowth is initially promoted by MAG, and then the response switches
to inhibition during development; however, the age at which the switch occurs
varies among different neuronal subtypes (de Bellard et al., 1996; Mukhopadhyay
et al., 1994; Turnley and Bartlett, 1998).

In 2002, oligodendrocyte myelin glycoprotein (OMgp), a glycosyl-
phosphatidylinositol (GPI)-linked protein with a leucine-rich repeat (LRR)
domain, was identified as a third myelin inhibitor (Wang et al., 2002a). OMgp
1s a minor component of CNS myelin and it is expressed not only on oligoden-
drocytes, but also by neurons (Habib et al., 1998; Mikol and Stefansson, 1988;
Mikol et al., 1990). Like MAG and Nogo-A, OMgp is a potent inhibitor of neurite
outgrowth and induces growth cone collapse (Wang et al., 2002a).

Recently, a fourth myelin-based inhibitor of neurite outgrowth has been
described (Benson et al.,, 2005). Luis Parada’s laboratory investigated whether
ephrin-B3, a midline repellant for axons of the corticospinal tract (CST) during
development, could also inhibit neurite outgrowth in adults. Ephrin-B3 expres-
sion was detected using an ephrin-B3 reporter mouse, where reduction in the
expression at the midline began at postnatal day 5 (P5). In the white matter of the
spinal cord and corpus callosum, expression of ephrin-B3 persisted into adult-
hood, with high levels of expression around the mature GST (Benson et al., 2005).
Using primary cortical and cerebellar granule (CGN) neurons, it was shown that
ephrin-B3 did inhibit neurite outgrowth and that this effect was dependent on the
P75 neurotrophin receptor (p75Nvl‘R). Furthermore, myelin inhibition could be
reversed by the addition of a soluble recombinant form of either p75™ '™ or
EphAd4, the receptor for ephrin-B3.

B. RECEPTORS FOR MYELIN-ASSOCIATED INHIBITORS

In 2001, the first receptor capable of binding myelin inhibitors was cloned from
a mouse expression library using a soluble form of Nogo-66 (Fournier ¢t al., 2001).
The Nogo receptor (NgR 1) is a GPI-linked protein that contains a signal sequence,
followed by eight LRR domains and an LRR C-terminal domain (Fournier et al.,
2001). Interaction of Nogo-66 with NgR1 was required to induce growth cone
collapse (Fournier et al., 2001). Initially, NgR1 was not thought to mediate inhibi-
tion by amino-Nogo, but recently, a 24 amino acid sequence of amino-Nogo
(Nogo-A-24) was shown to bind to NgR1 with nanomolar affinity (Hu et al,
2005; Oertle et al., 2003). In spite of this ability to bind to NgR 1, Nogo-A-24 does
not inhibit axonal outgrowth or cell spreading; however, fusion of Nogo-A-24 and
Nogo-66 creates a bivalent ligand for NgR1 with substantially enhanced affinity
for NgR1 (Oecrtle et al., 2003). Clearly, further work is required to elucidate the
actual topology of Nogo-A and how these two inhibitory regions may interact with
NgR1.
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One year later, both our laboratory and the laboratory of Steven Strittmatter
demonstrated that MAG could also bind to NgR1, and that this binding was
independent of the sialic acid residues (Domeniconi et al., 2002; Liu e al., 2002).
A soluble form of MAG was able to precipitate NgR1 from primary neurons,
and more importantly, MAG binding to NgR1 mediated inhibition of neurite
outgrowth. Neutralization of NgR1 function through addition of NgR1 antibody,
soluble NgR1, or dominant-negative NgR1 each prevented inhibition of neurite
outgrowth by MAG, which confirmed that this receptor was required for MAG
inhibition. It was also shown that MAG and Nogo-66 compete for binding to
NgR1, suggesting that myelin inhibitors may bind to a common site on the
receptor.

When OMgp was identified as an inhibitory component of CNS myelin, the
same study demonstrated that it was also capable of binding to NgR1 (Wang et al.,
2002a). Expression of exogenous NgR1 conferred responsiveness to OMgp and
inhibited neurite outgrowth in neurons that are normally unresponsive to myelin
(Wang et al., 2002a). The discovery that NgR1 could bind to three different
myelin-associated proteins with no obvious sequence homology came as quite a
surprise to the field.

In an attempt to eliminate binding by all three inhibitors to NgR1, the
Strittmatter laboratory has devised a competitive antagonist to NgR1 called
NEP1-40, which is derived from the N-terminal fragments of Nogo-66. NEP1-40
blocks Nogo-66 or CNS myelin inhibition of neurite outgrowth i vitro (GrandPre
et al., 2002). More importantly, the delivery of NEP1-40 to rats with spinal cord
injury results in significant axonal growth in the CST and improved functional
recovery. Since the locations of the binding sites for MAG and OMgp on NgR1 are
unknown, it is conceivable that NEP1-40 could prevent the binding of MAG or
OMgp as well.

Recently, NgR2, a related molecule of NgR1, was identified as another
receptor that can selectively bind MAG (Venkatesh et al., 2005). NgR2 is
expressed in the adult rat brain and can mediate inhibition, but unlike what
has been previously reported for NgR1, this binding is sialic acid dependent
(Venkatesh e al., 2005). This raises the possibility that still other receptors for
myelin inhibitors may exist.

Although NgR1 is capable of binding MAG, Nogo-66, and OMgp, it cannot
transduce inhibitory signals across the membrane due to its GPI linkage, and this
suggested that another transmembrane protein was associating with NgR1.
p75™ ™ was identified as a coreceptor interacting with NgR1 to mediate inhibi-
tion (Wang et al., 2002b). p751\HR is a member of the tumor necrosis factor
receptor superfamily and it was first identified as a low-affinity neurotrophin
receptor (Rabizadeh and Bredesen, 2003). In addition, p75™'® has a death
domain and has been shown to mediate programmed cell death (Rabizadeh
and Bredesen, 2003). Prior to the discovery that MAG could bind to NgR1, it
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was already known that p75™ "% was the transducer for MAG, since MAG did
not inhibit neurite outgrowth from DRG and CGN cultured from mice deficient
in p75™™® (p75MF~/7; Yamashita et al., 2002). In the same report, MAG was
coimmunoprecipitated with p75~'™® from neurons, but they could not show a
direct interaction between the two, presumably because of what we know now of
NgR1 binding to MAG. p75‘\”R can be coprecipitated by MAG, Nogo-66, or
OMgp and NgR1 was also present in these complexes (Wang et al., 2002b; Wong
et al., 2002). The fact that all three known myelin inhibitors bind to NgR1
suggests that just one of these inhibitors would be sufficient for transducing an
inhibitory signal and implies that there is functional redundancy in the receptor
complex formed by NgR1 and p75™ ',

Studies on the ectodomain crystal structures of NgR1 suggested that the
LRR region with its concave exterior surface could contain degenerate ligand-
binding sites (He et al., 2003). There is also a deep cleft in the C-terminal base
that could provide a site for NgR1 to associate with p75™'~ (He et al., 2003).
Crystallographic analysis has shown that protein complexes similar to the
NgRl/p75NTR complex have some degree of receptor or ligand promiscuity
and this is often accomplished by structural adaptation of a highly accessible and
hydrophobic surface (DeLano, 2002; He et al.,, 2003; Kossiakoff and De Vos,
1998). There are two hydrophobic surface “hotspots” within the concave face
of NgR1 (He et al., 2003); however, further structural and biochemical analysis
is required to better elucidate how NgRI1 could bind to MAG, Nogo-66,
and OMgp.

In 2004, Mi et al. identified LINGO-1 as another component of the NgR1
and p75™'™® receptor complex. LINGO-1 is a highly conserved protein that is
nervous system specific with a transmembrane domain, 12 LRR motifs, 1 Ig
domain and a short cytoplasmic tail that contains a canonical epidermal growth
factor receptor (EGFR)-like tyrosine phosphorylation site. The cytoplasmic tail of
LINGO-1 suggested it could be involved with signaling, and when a truncated
form of LINGO-1 that was incapable of signaling was transfected into P7 CGN,
diminished responses to inhibitory substrates were observed. The reverse was also
true, in that transfecting CGN with full-length LINGO-1 or using a soluble
LINGO-1 made the neurons more responsive to myelin and attenuated neurite
outgrowth (Mi et al., 2004).

Soon after p75™'® was identified as the transducing component of the
receptor complex, it was noted that expression of p75™ '™ in the intact mouse
CNS was very low (Park e al., 2005). However, it has also been shown that
p75NTR expression is significantly increased in both neurons and glia following
spinal cord injury (Dubreuil ¢t al., 2003). This indicates that p75™ X likely plays a
major role in mediating the inhibitory effects of CNS myelin. Nevertheless, the
fact that p75™"™ is not widely expressed in the CNS suggested that another
transmembrane receptor was associating with NgR1 in these regions. Two labs
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simultaneously showed that TROY (also known as TA]J) could associate with
NgR1 and LINGO-1 to form a functional complex receptor that mediated the
inhibitory activity of myelin-based inhibitors (Park et al., 2005; Shao et al., 2005).
Like p75™"®, TROY is a member of the TNF receptor family and is expressed
at high levels in the adult mouse brain (Kojima e al, 2000). CGN and
DRG neurons from TROY/TA]J-deficient mice were less inhibited in the pres-
ence of OMgp and Nogo-66, and exogenously adding TROY to wild-type
neurons i vilro reversed neurite outgrowth inhibition. Expression of truncated
TROY in rat DRG neurons disinhibited neurite outgrowth in the presence of
Nogo-66, while infection of full-length TROY enhanced the inhibition (Park
et al., 2005; Shao et al., 2005). Future @ viwo studies are required with the
TROY/TAJ-deficient mice to fully determine the role of this receptor in axonal
regeneration.

Recently, activation of the EGFR has been implicated in the inhibitory func-
tions of both myelin and CSPG (Koprivica et al., 2005). Nogo-66, OMgp, and
CSPG were shown to phosphorylate EGFR in a calcium-dependent manner, and
inhibiting the kinase activity of EGFR promoted neurite outgrowth on myelin,
Nogo-66, MAG, and CSPG substrates (Koprivica et al., 2005). In vivo, inhibiting
EGTR kinase activity does promote regeneration in the optic nerve after crush;
however, it was estimated that only a small number of retinal ganglion axons
regenerated beyond the lesion site. EGFR did not directly bind myelin inhibitors
and it was not coupled to NgR1 or p75Nv1VR; however, EGIFR activation is NgR1-
complex dependent (Koprivica et al, 2005). It was proposed that the EGFR
phosphorylation by the myelin inhibitors could be through transactivation of the
receptor, by means of signaling pathways downstream of the NgR1.

C. Lessons FRoM KNockouT MICE

MAG-deficient (MAG~’~) mice were the first to be utilized in regeneration
studies. Using MAG™' “mice, one study showed that there was only a small
amount of spontaneous axonal regeneration in the CST, while another study
reported no detectable regeneration after lesioning the optic nerve or spinal cord
(Bartsch et al., 1995; Li et al., 1996).

Three Nogo knockouts generated using different strategies have been used for
studies of axonal regeneration in the spinal cord (Kim ¢t al., 2003; Simonen ¢t al.,
2003; Zheng et al., 2003). Kim et al. (2003) used retroviral gene trapping to
knockout both Nogo-4 and -B and performed CST lesioning. They observed robust
axonal sprouting with long distance growth and improved functional recovery in
young adult Nogo-A/ B knockout mice (Kim et al., 2003). The Schwab group used a
more conventional approach to generate MNogo-A knockouts, and in response to
elimination of Nogo-A, they observed up-regulation of the shorter Nogo-B
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transcript in the CNS (Simonen e al., 2003). However, they did not see extensive
regeneration after CST lesioning, and this could potentially be attributed to the
up-regulation of Nogo-B. Marc Tessier-Lavigne’s laboratory has generated two
lines of knockout mice, one lacking Nogo-A/B and the other lacking all three
isoforms of Nogo (Zheng et al., 2003). Unlike Kim ez al. (2003), they did not observe
any spontaneous regeneration after GST injury, suggesting that eliminating Nogo
alone is not enough to induce regeneration after spinal cord injury. This supports
the redundancy hypothesis, since both MAG and OMgp are intact in all of
these knockout mice and can still mediate inhibition through NgR1.

Two different types of ngrl-deficient mice (ngr/ ~’~) have also been generated.
They first deleted the ngr/ gene by targeted homologous recombination (Kim et al.,
2004). DRG neurons from ngr/ =~ mice cannot bind Nogo-66 and the growth
cones of these neurons were less sensitive to collapsing in the presence of Nogo-66,
MAG, OMgp, and myelin. In vivo studies in these mice showed that there was
some recovery of motor function after dorsal hemisection or complete transection
of the spinal cord with regeneration of some raphespinal and rubrospinal fibers;
however, there was no regeneration of CST axons (Kim et al., 2004). Surprisingly,
Marc Tessier-Lavigne’s laboratory has shown that P7 CGN and P10 DRG
from ngrl~’~ mice generated by genetic deletion were strongly inhibited by
myelin and Nogo-66 and virtually indistinguishable from wild-type neurons
(Zheng et al., 2005). In the same report, they utilized p75NTR '~ and observed
that DRG neurons from these mice were less inhibited. Neurite outgrowth from
75N/~ C.GN, however, was inhibited very strongly. In addition, there was a
lack of significant regeneration in the CST of either p75" %~ or ngrI™’~ mice
after injury. This study suggests that additional receptors for Nogo-A, MAG, and
OMgp may exist. The lack of regeneration observed in these ngr/~/~ mice could
also be due to the presence of ephrin-B3 in myelin, which binds to EphA2
receptor, or amino-Nogo, whose receptor is unidentified.

It is important to mention the etiological differences that are encountered
when rat and mouse models are used in spinal cord injury studies. Within 1 week
of a crush injury, the primary lesion sites in mice show far less destruction and
cavitation compared to rats (Guth et al., 1999). After 8 weeks, the tissue damage
and cavitation in mice have decreased dramatically and healing is observed, but
in rats, the primary lesions consist of several huge cavities (Guth ef al., 1999).
Intriguingly, in rats the administration of steroids is required to attenuate the
progressive necrosis and encourage wound healing; however, mice have consid-
erable tissue repair occurring without the addition of steroids. An obvious
advantage of utilizing mice is the ability to conduct genetic studies using knock-
outs, but conversely, the cyst formation and cavitation observed in the rat model
1s more consistent with what is observed in human spinal cord injury.
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D. MEcHANISMS OF MYELIN SIGNAL TRANSDUCTION

Even before the receptor complex for the myelin-based inhibitors was identi-
fied, members of the Rho family of small GTPase proteins had been shown to
play a role in mediating inhibition (Lehmann et al., 1999). The Rho family of
small GTPase proteins is known to regulate the actin cytoskeleton by causing
actin polymerization ( Jaffe and Hall, 2005). Lisa McKerracher’s laboratory
showed in PC12 cells that either enzymatic inactivation of Rho or transfection
with dominant-negative Rho promoted neurite outgrowth on an inhibitory
substrate (Lehmann et al., 1999). Subsequently, several other labs have reported
that inactivation of Rho promoted neurite outgrowth i vitro on all the myelin-
based inhibitors (Nogo-66, MAG, and OMgp) and CSPG (Dergham et al., 2002;
Fournier ¢t al., 2003; Niederost ef al., 2002; Vinson et al., 2001). This work was
further supported @ viwo when adult rats were treated with C3 enzyme to
mactivate Rho following optic nerve crush (Lehmann ez al., 1999). This treatment
allowed severed axons to transverse the lesion and grow into the distal white
matter of the optic nerve (Lehmann et al., 1999). More importantly, administra-
tion of C3 enzyme or an inhibitor of Rho’s downstream target, ROCK, after
spinal cord injury promoted significant axonal regeneration in mice and
functional recovery after just 24 hours (Dergham et al., 2002). Although some
of this growth and quick functional recovery was attributed to the neuroprotec-
tive action of C3, inactivation of Rho seems to be a critical component of
promoting regeneration (Dergham et al., 2002; Filbin, 2003).

The last several years have yielded further insight into the signaling events
that occur downstream of the NgR1/p75N"™®/LINGO-1 receptor complex
(Fig. 2). For example, it is now known that interaction of myelin inhibitors with
the receptor complex leads to activation of Rho in a protein kinase C (PKC)-
dependent manner (Sivasankaran et al., 2004). Activation of Rho is also depen-
dent on p75NTR, as MAG and Nogo-A have been shown to enhance interaction
of p75™"™® with Rho GDP dissociation inhibitor, an event that allows Rho to
assume its active GTP-bound state (Yamashita and Tohyama, 2003). Recently,
we showed that MAG binding to primary CGN-induced cleavage of the p75™ '~
extracellular domain by a-secretase. This was followed by a PKC-dependent
y-secretase cleavage within the transmembrane domain, which releases the
intracellular domain into the cytoplasm. These cleavage events are necessary
for both activation of Rho and inhibition of neurite outgrowth (Domeniconi ez al.,
2005). After treatment with pharmacological inhibitors of - and ~y-secretase,
CGN are no longer inhibited by MAG and activation of Rho is blocked
(Domeniconi e al., 2005). This work suggests that preventing p75™ '® cleavage
could serve as a means of overcoming inhibition  vivo.
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E. RorLE oF cAMP 1IN OVERCOMING MYELIN INHIBITION

Another approach to overcoming inhibition is to alter the intrinsic state of the
neuron so it no longer responds to myelin. Elevation of cAMP overcomes
inhibition by MAG and myelin (Cai et al., 1999 Fig. 2), and it is also effective
in switching repulsion to attraction in a growth cone-turning assay (Song et al.,
1998). There are several different means by which cAMP can be elevated
including addition of a nonhydrolyzable, membrane permeable analogue, such
as dibutyryl cAMP (dbcAMP), and activating adenylyl cyclase with forskolin (Cai
et al., 2001; Kilmer and Carlsen, 1984). Alternatively, elevation of cAMP can be
achieved by inhibiting phosphodiesterase 4 (PDE4), the subfamily of enzymes
that degrades cAMP in the nervous system (Jin et al, 1999). Rolipram is a
specific inhibitor of PDE4, and has been shown to elevate cAMP levels in the
spinal cord when administered i viwo (Pearse et al., 2004a).

Our lab has further investigated the downstream mechanisms that mediate
reversal of inhibition, and it appears that there are two phases to the cAMP effect
(Qiu et al., 2002). In the initial phase, PKA is activated after elevating cAMP (Qiu
et al., 2002). PKA does interact with the cytoskeleton and could possibly be
nactivating Rho (Howe, 2004). This initial up-regulation in cAMP is acute and
transcription independent (Filbin, 2003). In the second phase, the effects of cAMP
become transcription-dependent (Cai et al., 2002), and one protein that has been
shown to be up-regulated by cAMP is Arginase I (Argl), which is believed to play
an anti-apoptotic role in neurons (Cai e/ al., 2002; Esch et al., 1998). Argl is a key
enzyme in the synthesis of polyamines, which are organic compounds that contain
two or more amino groups (Seiler, 2000). It is believed that polyamines play a
role in nervous system development (Slotkin and Bartolome, 1986).

High levels of Argl are expressed in young DRG neurons that are not inhibited
by MAG, but when they reach the critical age of P5 there is a decrease in
Argl levels that corresponds with the onset of inhibition by MAG (Cai et al.,
2002). Our lab has shown that overexpression of Argl or exogenous addition of
polyamines can overcome inhibition by MAG and myelin. The importance of this
pathway is underscored by the fact that inhibiting either Argl or ornithine decar-
boxylase, another critical enzyme in the synthesis of polyamines, can abrogate the
effects of dbcAMP (Cai ¢t al., 2002). We are currently working to elucidate the
molecular mechanism underlying the ability of polyamines to overcome inhibition
and their role in spinal cord injury.

Another means of elevating endogenous cAMP levels is by priming with
neurotrophins (Cai et al,, 1999). Priming is the term used in our laboratory to
refer to experiments where neurons are first treated with neurotrophins on a
permissive substrate and subsequently exposed to inhibitors such as MAG and
myelin. Neurons primed with neurotrophins can overcome inhibition by MAG
and myelin (Cai et al., 1999, 2001). By contrast, direct addition of neurotrophins
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to neurons on inhibitory substrates does not increase neurite outgrowth, but
when we add neurotrophins directly in conjunction with pertussis toxin (PTX)
inhibition by MAG and myelin are blocked without priming (Cai et al., 1999).
PTX inhibits the G;/G, protein that can inhibit adenylyl cyclase and decrease
intracellular levels of cCAMP, and this suggests that MAG and myelin may directly
activate G;/G,, though the receptor and molecular mechanism behind this
remain undefined.

It should be noted that neurotrophins do not commonly act through cAMP
signaling (Gao et al., 2003), but instead utilize a dual receptor system consisting of
the Trk receptor tyrosine kinases and p75™ '™ (Teng and Hempstead, 2004). Neu-
rotrophins overcome MAG inhibition by activating the Trk receptors, but not
p75~ "™ (Gao et al., 2003), and can elevate cAMP by extracellular signal-regulated
kinase (ERK)-dependent inhibition of PDE4 (Gao et al., 2003).

The PDE4 inhibitor rolipram has proven advantageous for use i vivo since
it can readily cross the blood—brain barrier (BBB; Krause and Kuhne, 1988).
Neurons must be primed with rolipram to overcome inhibition on MAG
and myelin i vitro (Gao et al., 2003; Nikulina et al., 2004), but delivery of rolipram
i viwo to P30 rats using osmotic pumps promotes neurite outgrowth when
DRG neurons are cultured on MAG (Nikulina ef al., 2004). More importantly,
subcutaneous delivery of rolipram 2 weeks after a C3/4 hemisection lesion and
implantation of embryonic spinal cord tissue increased the number of serotoner-
gic fibers within the transplant (Nikulina et al., 2004). Not only did rolipram
promote regeneration, but it also decreased the extent of reactive gliosis as
demonstrated by decreased glial fibrillary acidic protein (GFAP) staining in the
area of the transplant (Nikulina et al., 2004). When administered in combination
with transplantation of Schwann cells or neurotrophin-expressing fibroblasts,
rolipram significantly improves axonal regeneration after spinal cord injury (Lu
et al., 2004; Pearse et al., 2004a). Clearly rolipram has tremendous therapeutic
potential for use in human spinal cord injury because of its ability to readily cross
the BBB, promote regeneration, and decrease the extent of glial scarring.

F. TrHE CoONDITIONING LESION EFFECT

DRG neurons are the only neurons that have projections in both the CNS and
PNS, and this provides a unique opportunity to study the molecular changes that
underlie axonal regeneration. Lesioning the peripheral process of a DRG neuron
enhances the intrinsic growth state of the neuron, and this is reflected in the
increased expression of regeneration-associated genes such as growth-associated
protein 43 (GAP-43; Schreyer and Skene, 1993). Conversely, GAP-43 expression
does not increase when DRG central processes are lesioned, and these axons fail
to regenerate (Schreyer and Skene, 1993). Numerous i viwo studies have now
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demonstrated that regeneration of DRG central axons into a peripheral nerve
graft can be increased significantly if the peripheral branches of the neurons are
transected at the same time (Chong e al., 1996; Oudega et al., 1994; Richardson
and Issa, 1984). This effect is referred to as “conditioning” of the DRG neurons,
and it was also shown that optimal regeneration was obtained if the conditioning
peripheral lesion was performed 1 week prior to the transection of the axons in the
spinal cord (Oudega et al., 1994; Richardson and Issa, 1984). Together, these
studies firmly established that a conditioning lesion enhances the regenerative
capacity of sensory axons in the CINS.

In 1999, Neumann and Woolf utilized the conditioning lesion paradigm to
study regeneration of dorsal column axons, but with one important difference:
the experiments were performed in the absence of peripheral nerve grafting. The
first group of animals received simultaneous lesions of the sciatic nerve and dorsal
column, and axons were anterogradely traced 68 weeks later. Animals that did
not receive a conditioning lesion showed no signs of axonal regeneration into
the lesion site, and this regenerative failure persisted up to 1 year after injury.
By contrast, animals that received concomitant central and peripheral lesions
displayed abundant growth of axons into and beyond the lesion site. Consistent
with earlier findings (Oudega et al., 1994; Richardson and Issa, 1984), performing
the conditioning lesion 1 week prior to the dorsal column lesion produced the
most extensive regeneration, as axons were observed within the white matter
several millimeters beyond the lesion site (Neumann and Woolf, 1999). While the
extent of axonal regeneration was impressive, one of the most intriguing aspects
of this study was the fact that the conditioning lesion allowed axons to regenerate
within the inhibitory environment of the injured CNS. This suggested that a
conditioning lesion not only increases the overall growth capacity of DRG
neurons but also induces changes at the molecular level that render the neurons
unresponsive to myelin inhibitors.

We now know that 24 hours after a conditioning lesion, cAMP levels in the
DRG cell bodies have increased twofold and the neurons are no longer inhibited
by myelin, while by 1 week post-lesion, cCAMP levels have returned to baseline
(Qiu et al., 2002). Consistent with our findings with dbcAMP, the enhanced
neurite outgrowth on myelin by DRGs 24 hours after a conditioning lesion is
PKA-dependent. At 1 week post-lesion, neurite outgrowth on myelin is further
enhanced but it 1s now PKA-independent (Qiu et al., 2002). Also consistent with
our earlier observations is the fact that following a conditioning lesion, neurite
outgrowth from DRG neurons switches from being transcription-dependent to
transcription-independent, and there is substantial elevation of Argl at 30 hours
post-lesion in these neurons (Filbin, 2003). Lastly, injection of dbcAMP into the
DRG 1, 2, or 7 days before ex viwo transplant on myelin or a dorsal column lesion
mimics the conditioning lesioning effect and enhances axonal regeneration (Qiu
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et al., 2002 Fig. 3;). These important findings demonstrate that directly elevating
cAMP in the cell body is sufficient to promote regeneration and reproduce what
1s observed in the conditioning lesion model (Filbin, 2003).

In 2004, Gao et al. demonstrated that cAMP’s ability to overcome inhibition
by myelin and MAG requires activation of the transcription factor cAMP
response element binding protein (CREB). Activation of CREB in response to
brain-derived neurotrophic factor (BDNF) and dbcAMP is detected within 5 min
of treatment and is maintained for at least 2 hours. Furthermore, activation of
CREB is PKA-dependent and leads to enhanced expression of Argl and
polyamines (Gao et al., 2004). Injection of constitutively active CREB into DRGs
in adult rats is sufficient to promote regeneration of lesioned dorsal column
axons into and beyond the lesion site, which suggests that CREB transcribes a
variety of genes that are involved in overcoming myelin inhibition (Gao
et al., 2004).

IV. Cell-Based Strategies to Promote Regeneration

The inhibitory properties of CNS myelin have led many researchers to
explore cell transplantation as a means of creating a more permissive environ-
ment for regeneration following spinal cord injury. In the last 15 years, these
approaches have focused on two major cell types: Schwann cells and olfactory
ensheathing cells (OECs). Genetically modified fibroblasts, bone marrow stromal
cells, embryonic spinal cord tissue, and neural progenitor cells have also emerged
as candidates for transplantation in studies of spinal cord injury.

A. ScHWANN CELL TRANSPLANTATION

While the injured CNS fails to regenerate, it has been well documented that
peripheral nerves have the ability to regenerate fully after injury, and Schwann
cells play a key role in this process. Following peripheral nerve transection and
Wallerian degeneration, Schwann cells proliferate within the endoneurium and
form channels that physically guide regenerating axons to their targets (Fawcett
and Keynes, 1990). In addition, Schwann cells respond to injury by up-regulating
expression of nerve growth factor (NGF), BDNF, and ciliary neurotrophic factor
(CNTF; Heumann et al., 1987; Meyer et al., 1992). These neurotrophic factors
stimulate axonal growth and provide trophic support to the injured neurons.
Growth-promoting extracellular matrix components and adhesion molecules,
such as laminin, L1, neural cell adhesion molecule (N-CAM), and N-cadherin,
are also produced by Schwann cells (Bignami et al., 1984; Bixby et al., 1988;



74 HANNILA et al.

F1G. 3. Regeneration of dorsal column axons induced by injection of dbcAMP. Dorsal column
lesions were performed 1 week after injection of saline (A—C) or dbcAMP (D-F) into L5 DRGs.
Nissl-stained horizontal sections through the lesion site after injection of saline (A) or dbcAMP (D)
depict areas enlarged in darkfield photomicrographs below. Dorsal column axons (DC) were
transganglionically labeled with HRP 1-2 weeks after dorsal column lesion and no axons were
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Martini and Schachner, 1986). These characteristics underlie the ability of
peripheral nerve grafts to support the regeneration of CNS axons (Benfey and
Aguayo, 1982; Bixby et al., 1988; David and Aguayo, 1981; Fawcett and Keynes,
1990; Richardson et al., 1980; Vidal-Sanz et al., 1987) and make Schwann cells
logical candidates for transplantation in spinal cord injury studies.

One of the first transplantation experiments involved grafting of rat Schwann
cells into the demyelinated spinal cords of immune-suppressed mice (Duncan
et al., 1981). Remyelination of the dorsal columns was observed over a period of
several weeks, demonstrating that Schwann cells purified from peripheral nerve
retain their ability to form myelin (Duncan et al., 1981). Several years later,
Kromer and Cornbrooks (1985) transplanted Schwann cells grown on a collagen
substratum into the brains of rats following a lesion of the septo-hippocampal
pathway. The engrafted cells survived within the brain, and regeneration of
cholinergic axons across the lesion site was observed within 14 days (Kromer
and Cornbrooks, 1985).

Initially, Schwann cells were isolated from neonatal peripheral nerve (Brockes
et al., 1979; Montgomery and Robson, 1990, 1993), but in the early 1990s,
several laboratories developed techniques for purifying Schwann cells from adult
rat and human peripheral nerve, an advance that raised the possibility of
autologous Schwann cell transplantation (Morrissey et al., 1991; Rutkowski
et al., 1992). In the protocol developed by Richard Bunge, explants of sciatic
and phrenic nerve were not mechanically dissociated immediately after dissec-
tion; instead, the tissues were repeatedly plated over a period of 5—6 weeks
(Morrissey et al., 1991). This allowed contaminating fibroblasts to migrate away
from the explants, resulting in a significantly higher yield of Schwann cells
(Morrissey et al., 1991). Rutkowski et al. (1992) used a similar approach to isolate
adult human Schwann cells in which segments of sural nerve were treated with
cholera toxin for 7 days prior to dissociation. They also demonstrated that
subsequent addition of forskolin and glial growth factor inhibited fibroblast
proliferation and produced highly enriched populations of Schwann cells
(Rutkowski ez al., 1992). Cells purified using these methods, which have become
standard protocols for the isolation of Schwann cells, have been widely used for
grafting in studies of spinal cord regeneration.

present at the midpoint of the lesion site in animals injected with saline (B). In animals that received
dbcAMP, axons were observed traversing the lesion site (E). There was abundant labeling of axons
caudal to the lesion site in both saline-injected (C) and dbcAMP-injected animals (F), which indicated
that axonal labeling was equivalent in both treatment groups. [Reprinted from Neuron, 34(6), Qiu, J.,
Cai, D., Dai, H., McAtee, M., Hoffman, P. N., Bregman, B. S., and Filbin, M. T., Spinal axon
regeneration induced by elevation of cyclic AMP, 895-903, copyright 2002, with permission from
Elsevier.]
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More recent approaches to Schwann cell transplantation have often involved
embedding the purified cells within polymer tubes, which then serve as channels
for growing axons. Montgomery and Robson (1990, 1993) implanted polycar-
bonate tubes filled with Schwann cells into the thalamus and after 4-16 weeks,
they observed myelinated and unmyelinated axons within the tubes. Thalamic
neurons were retrogradely labeled when HRP was applied to the distal ends of
the tubes, confirming that these axons had originated in the CNS (Montgomery
and Robson, 1990, 1993). This technique was then further refined and applied to
spinal cord injury in the laboratory of Mary Bunge. In one of their early studies,
10-mm polymer channels were filled with a suspension of purified Schwann cells
and Matrigel, which provided a three-dimensional substrate for axonal growth
(Xu et al., 1995a). Adult rats then received a spinal cord injury in which segments
T9-T11 were excised, and the rostral end of the spinal cord was inserted into the
guidance channel (Xu et al, 1995a). While very few axons were present in
channels filled with Matrigel alone, extensive axonal growth was observed within
the Schwann cell-filled channels, and ultrastructural analysis showed that many
of the axons were myelinated (Xu ef al., 1995a). Retrograde tracing revealed that
virtually all of the axons originated from DRG neurons and spinal cord inter-
neurons (Xu e al., 1995a). This indicated that regeneration of major descending
tracts had not occurred, and this was confirmed by an absence of serotonergic
and catecholaminergic markers (Xu e al., 1995a).

This lack of supraspinal regeneration was addressed in a study published that
same year in which implantation of Schwann cell guidance channels was com-
bined with administration of BDNF and neurotrophin-3 (NT-3; Xu et al., 1995b).
BDNTF has been shown to enhance regeneration of rubrospinal axons (Kobayashi
et al., 1997), while NT-3 significantly improves regeneration of corticospinal
axons after spinal cord injury (Schnell et al., 1994). Infusion of the neurotrophins
into the channels produced a significant increase in the regeneration of myelin-
ated axons, which extended for several millimeters within the grafts (Xu et al.,
1995b). More importantly, tracing experiments and immunohistochemical stain-
ing revealed that many of the ingrowing axons had originated in the raphe and
vestibular nuclei of the brainstem, demonstrating that regeneration of supraspinal
axons could be enhanced by the combination of Schwann cells and neurotro-
phins (Xu et al., 1995b). Regeneration of serotonergic and noradrenergic axons
was also observed when Schwann cell grafting was combined with administration
of methylprednisolone, an anti-inflammatory agent that purportedly reduces
secondary damage and improves neurological outcome when administered after
spinal cord injury (Chen et al., 1996).

In these studies, only the rostral end of the spinal cord was inserted into the
channel; the other end of the channel was capped, preventing contact between the
distal spinal cord and the Schwann cell matrix (Chen ez al., 1996; Xu et al., 1995b).
To test whether Schwann cells could promote regeneration of both ascending and
descending axons, the rostral and caudal ends of the transected spinal cord were
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placed within Schwann cell guidance channels (Xu e al., 1997). The engrafted
Schwann cells formed a bridge between the spinal cord stumps and by postsurgical
day 30, it was estimated that 17,000 axonal processes had extended into a single
graft (Xu et al, 1997). Anterograde and retrograde tracing revealed that the
majority of these axons originated from propriospinal neurons within cervical
and sacral segments of the spinal cord (Xu et al., 1997). There is no question that
this approach produced extensive axonal regeneration, but it is critical to note that
it also revealed a problem that is frequently encountered in Schwann cell trans-
plantation studies. Even though the open-ended channels provided continuity
between the spinal cord and the Schwann cell grafts, regenerating axons remained
within the grafts and very few axons reentered the distal spinal cord (Xu et al.,
1997). This lack of long-distance regeneration greatly limits the potential for
functional recovery and indicates that Schwann cell transplantation alone is not
sufficient to mediate axonal regeneration in the distal spinal cord.

In an attempt to encourage regeneration beyond the Schwann cell grafts,
subsequent studies have often used Schwann cell transplantation in combination
with neurotrophins and other agents capable of inducing axonal growth. Based
on carlier observations showing that infusion of BDNF and NT-3 promotes
axonal regeneration into Schwann cell-filled channels (Xu ez al., 1995b), several
groups have used retroviral vectors to generate genetically modified Schwann
cells that express a variety of neurotrophins (Sayers et al., 1998; Tuszynski et al.,
1998). When transplanted into the uninjured spinal cord, Schwann cells expres-
sing NGT survived for up to 1 year within the CNS and were able to myelinate
CNS axons (Tuszynski et al.,, 1998). The amount of NGF secreted by these cells
was also sufficient to induce collateral sprouting of NGF-responsive axons into
the grafts (Tuszynski et al,, 1998). In rats with spinal cord injury, transplantation
of NGF-expressing Schwann cells led to enhanced regeneration and myelination
of axons from the locus coerulus (Weidner et al., 1999). Implantation of BDNF-
expressing Schwann cells into the injured spinal cord not only induced growth of
reticulospinal and vestibulospinal axons into the grafts, but also allowed these
axons to cross from the graft into the distal spinal cord (Menei et al., 1998).
A combination of open-ended Schwann cell channels and administration of
BDNF and NT-3 also significantly increased axonal regeneration and reentry
into the CNS following spinal cord hemisection (Bamber et al, 2001). These
findings confirmed that the addition of neurotrophins enhances the capacity of
Schwann cells to support axonal growth within the CNS.

Astroglial scarring and myelin inhibitors may also play key roles in preventing
axonal reentry into the CNS following Schwann cell transplantation, and several
different approaches have been used to overcome these barriers. Immuno-
histochemical analysis of CGSPG expression following Schwann cell transplanta-
tion revealed high levels of CSPG immunoreactivity at the boundary between
the graft and the caudal spinal cord, which suggests that these molecules may
limit the ability of axons to reenter the CNS (Plant et al., 2001). Infusion of
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chondroitinase ABC into the distal ends of Schwann cell-filled channels greatly
reduced GSPG expression and allowed axons to regenerate up to 5 mm within
the caudal spinal cord (Chau e al., 2004).

OECs, which will be discussed in detail in the next section, have also been used
to facilitate the transition between Schwann cell grafts and the spinal cord. In the
first of these studies, implantation of Schwann cell channels was followed by
injection of OECs into the rostal and caudal stumps of the spinal cord (Ramoén-
Cueto ¢t al., 1998). Axons were traced using multiple injections of wheat germ
agglutinase (WGA)-HRP at 6 weeks after surgery and it was observed that
regenerating axons were able to overcome inhibition by the glial scar, traverse
the OEC and Schwann cell grafts, and extend for long distances within myelinated
regions of the spinal cord (Ramoén-Cueto et al., 1998). This approach has sub-
sequently been used in conjunction with the administration of methylprednisolone
and interleukin-10 (Pearse ¢t al., 2004b) or chondroitinase ABC (Fouad et al., 2005)
to demonstrate enhanced recovery of locomotor function in spinal cord-injured
rats.

As described in the preceding section, increasing intracellular cAMP through
administration of dbcAMP or rolipram reverses the inhibitory effects of CNS
myelin and enhances axonal regeneration  viwo (Nikulina et al., 2004; Qiu et al.,
2002). These findings led Pearse ef al. (2004a) to hypothesize that combining
elevation of cAMP levels with Schwann cell transplantation would augment the
regenerative response. In this study, adult rats received Schwann cell grafts and
intraspinal injections of dbcAMP 1 week after a moderate spinal cord contusion,
a model of injury that is considered more clinically relevant than spinal cord
transection. Rolipram was delivered subcutaneously either at the time of injury
(acute) or at 1 week after the contusion (delayed). Animals that received acute
delivery of rolipram combined with Schwann cell grafts and dbcAMP displayed
significantly higher levels of cAMP in the CNS at 14 days after injury. This in
turn led to enhanced sparing of myelinated axons, greater myelination of spinal
cord axons by the engrafted Schwann cells, and an overall increase in the
number of axons within the grafts (Fig. 4). The enhanced tissue preservation
observed in the spinal cords of animals that received rolipram, dbcAMP, and
Schwann cells attests to the neuroprotective effects mediated by this treatment
strategy (Fig. 4). While regeneration of corticospinal axons was not observed,
there were significant improvements in the regeneration of serotonergic axons
across the lesion site and in hindlimb locomotor recovery as measured on the
Basso—Beattie—Bresnahan scale (BBB; Basso ez al., 1995). These findings demon-
strate that elevation of cAMP levels increases the regenerative capacity of GNS
axons following spinal cord contusion, and that rolipram and dbcAMP promote
significant tissue sparing when administered in conjunction with Schwann cell
grafting. The improved axonal regeneration and functional recovery observed in
this and other studies confirm that Schwann cell transplantation, particularly
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FiG. 4. Schwann cell transplantation in combination with elevation of cAMP promotes tissue
sparing and axonal regeneration after spinal cord contusion injury. Transverse sections of control

spinal cords at 11 weeks after injury (A) showed extensive cavitation, but in animals that received
Schwann cell grafts (B) or Schwann cells plus dbcAMP and rolipram (C) there was greater tissue
preservation. Analysis at higher magnification revealed that densities of central and peripheral
myelinated axons were significantly increased in animals that received Schwann cells, dbcAMP, and
rolipram (F, I) or Schwann cells alone (E, H) compared to control animals (D, G). [Adapted by
permission from Macmillan Publishers Ltd.: Pearse, D. D., Pereira, F. C., Marcillo, A. E., Bates,
M. L., Berrocal, Y. A., Filbin, M. T., and Bunge, M. B., cAMP and Schwann cells promote axonal
growth and functional recovery after spinal cord injury. Nature Medicine 10, 610-616, copyright 2004.]

when combined with other agents that reduce inhibition or promote growth, is a
viable therapeutic strategy for the treatment of spinal cord injury.

B. TranspLaNTATION OF OECS

While regenerative failure is commonly observed throughout the brain and
spinal cord following injury, there is one area of the CNS that does support
axonal regeneration. Neurons in the olfactory epithelium are constantly renewed
through a cycle of apoptosis and neurogenesis (Graziadei and Graziadei, 1979a,b;
Graziadei and Monti-Graziadei, 1980; Holcomb et al., 1995), and the axons of
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these neurons form the olfactory nerve (cranial nerve I). The unmyelinated axons
of new olfactory neurons extend through the olfactory epithelium to the olfactory
bulb, where they form synapses on mitral and tufted cells within the glomeruli
(Shipley and Ennis, 1996). Olfactory neurogenesis is also induced by injury, such
as transection of the olfactory nerve, and the axons of these newly generated
neurons are able to regenerate and reinnervate their normal targets in the
olfactory bulb (Doucette et al., 1983; Graziadei and Monti-Graziadei, 1980).
Unilateral removal of the olfactory bulb stimulates the differentiation of olfactory
neuron precursors as well and the olfactory axons are able to project into the
overlying cerebral cortex, where they arborize extensively and form synapses
with the dendrites of cortical neurons (Graziadei ef al.,, 1978). These axons are
therefore able to enter the CNS and grow relatively unimpeded within this
normally hostile environment (Doucette, 1991; Doucette et al., 1983; Graziadei
et al., 1978).

The unique ability of olfactory axons to cross the PNS—CNS transitional zone
has been attributed to the presence of specialized glial cells known as OECs
(Doucette, 1984, 1990, 1991; Raisman, 1985; Ramoén-Cueto and Valverde,
1995). OECG:s surround olfactory axons as they exit the olfactory epithelium and
remain associated with the axons as they extend into the CNS and innervate their
targets within the olfactory bulb (Doucette, 1984, 1990; Raisman, 1985). It is
believed that OECs create a permissive environment for regeneration by physi-
cally shielding olfactory axons from myelin and other inhibitors (Ramén-Cueto
and Avila, 1998) and by expressing growth-promoting extracellular matrix
molecules (Doucette, 1990). OECs display many features characteristic of
Schwann cells, including the expression of adhesion molecules such as L1,
laminin, and N-CAM (Doucette, 1990; Franceschini and Barnett, 1996;
Miragall et al., 1989), the Schwann cell marker S100 (Franceschini and Barnett,
1996; Pixley, 1992) and p75MR (Gong etal., 1994; Franceschini and Barnett, 1996;
Pixley, 1992). OECs also express and secrete neurotrophic factors such as NGF,
BDNF, CNTT, and glial cell line-derived neurotrophic factor (GDNF; Lipson et al.,
2003; Woodhall et al., 2001). Interestingly, OECs also have many properties that
are normally associated with astrocytes. OECs help to form the glia limitans in the
olfactory bulb (Barber and Lindsay, 1982; Doucette, 1984), a function that is
performed by astrocytes in other regions of the CNS (Shearer and Fawcett,
2001). Astrocytic proteins such as GFAP and vimentin are also expressed by
OECs (Barber and Lindsay, 1982; Franceschini and Barnett, 1996; Pixley, 1992;
Schwob et al., 1986). This distinctive combination of phenotypes has made
OLEG:s attractive candidates for transplantation in studies of spinal cord injury.

OECs are located in the nerve fiber layer of the olfactory bulb and this
structure 1s a commonly used source of OECs for transplantation. Typically,
olfactory bulbs are harvested from either fetal (Devon and Doucette, 1992, 1995)
or perinatal rats (Barnett e al., 1993; Chuah and Au, 1993), and the nerve fiber
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layer is simply peeled away (Chuah and Au, 1993; Devon and Doucette, 1992,
1995). OECs have been obtained from adult animals by isolating the nerve fiber
and glomerular layers of the olfactory bulb (Ramén-Cueto and Nieto-Sampedro,
1992). For fetal rats, mechanical dissociation of the tissue and plating of the cell
suspension are sufficient to yield a pure culture of OECis as the nerve fiber layer is
populated exclusively by OECs at that timepoint (Doucette, 1995). As the
animals age, additional purification is required and fluorescence-activated cell
sorting for the O4 antigen has been used to produce highly enriched populations
of perinatal OECs (Barnett ez al., 1993). Adult OECs are prepared in the same
manner as fetal OECs and prior to purification, two major populations of OECs
can be identified: A-cells and S-cells (Li ¢t al., 1998). While OECs often display
features of both astrocytes and Schwann cells (Doucette, 1990), in A-cells a
combination of astrocyte and fibroblast characteristics is predominant; these
cells express GFAP, vimentin, and fibronectin but not p75™ '8 (Li ef al., 1998;
Ramoén-Cueto and Nieto-Sampedro, 1992). S-cells closely resemble transplanted
Schwann cells and stain positively for p75™ '™ and S100 but not fibronectin (Li
et al., 1998; Ramon-Cueto and Nieto-Sampedro, 1992). Eight days after the
initial plating of the cells, adult OECs can be purified by immunopanning with
p75N™ antibodies (Ramoén-Cueto and Nieto-Sampedro, 1992), and this tech-
nique has been used to isolate S-cells for transplantation (Ramoén-Cueto and
Nieto-Sampedro, 1994; Ramén-Cueto et al., 1998; Richter et al., 2005).

Olfactory axons remain unmyelinated as they extend from the olfactory
epithelium to the olfactory bulb, and so, it is generally accepted that OECs do
not normally myelinate axons i vwo (Boyd et al., 2003; Doucette, 1984, 1990;
Raisman, 1985). However, it has been shown  vitro that OECs can assume a
myelinating phenotype when cocultured with DRG neurons (Devon and
Doucette, 1992, 1995). This response is characterized by increased expression
of myelin basic protein and Py, establishment of basal laminae, and formation of
myelin sheaths around the neurites (Devon and Doucette, 1992, 1995; Lee ¢t al.,
2001). Ultrastructural analysis revealed that the myelin produced by OECs is
very similar to PNS myelin (Devon and Doucette, 1992), which suggests that
OECs switch to a Schwann cell-like phenotype in the presence of axons. It must
also be emphasized that these observations were not the result of Schwann cell
contamination as the DRG cultures were pretreated with the antimitotic agent
fluorodeoxyuridine to eliminate nonneuronal cells prior to the addition of the
OECs (Devon and Doucette, 1992, 1995).

These findings have prompted other groups to use OECs in CNS remyelina-
tion studies. Franklin e al. (1996) produced areas of focal demyelination in the rat
spinal cord by irradiation and injection of ethidium bromide. OECs derived from
a clonal cell line were transplanted into the lesion sites and within 3 weeks, large
numbers of axons had been remyelinated by OECs expressing Py (Franklin ef al.,
1996). In a similar experiment, extensive remyelination of dorsal column axons
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was observed following implantation of OECs into the demyelinated spinal cord
(Imaizumi et al., 1998). More importantly, electrophysiological recordings showed
that the conduction velocities of the remyelinated axons were significantly
increased, which indicates that myelination by OECs can restore normal physio-
logical function (Imaizumi ez al., 1998). Together, these studies demonstrated that
OEC:s are capable of myelination i vivo, which has implications not only for the
treatment of spinal cord injury but also demyelinating diseases such as multiple
sclerosis.

The first experiments examining the ability of OECs to promote axonal
regeneration were performed by Ramoén-Cueto and Nieto-Sampedro (1994).
In this study, adult rats received a unilateral rhizotomy of the T10 dorsal root,
and OECs were injected into the dorsal root entry zone (DREZ) at the level of
the injury. Olfactory and dorsal root axons both originate in the PNS and form
synapses with CNS neurons, but unlike olfactory axons, dorsal root axons are
unable to regenerate across the PNS-CNS transition zone following injury
(Cajal, 1928; Carlstedt, 1985). Given their vital role in promoting the growth of
olfactory axons, it was hypothesized that OECs may have the ability to improve
regeneration of dorsal root axons as well (Ramoén-Cueto and Nieto-Sampedro,
1994). By postsurgical day 21, large numbers of regenerating axons were
observed within the spinal cords of animals that received OEC transplants
(Ramoén-Cueto and Nieto-Sampedro, 1994). These axons were immunoreactive
for calcitonin gene-related peptide (CGRP) and GAP-43, which confirmed that
they were primary afferents originating from DRG neurons (Ramén-Cueto and
Nieto-Sampedro, 1994). In a later study involving rhizotomy of multiple dorsal
roots, enhanced regeneration of CGRP-positive dorsal root axons was once again
observed following implantation of OECs (Navarro et al., 1999). Two months
after OEC grafting, these animals showed marked improvements in axonal
conduction velocity and recovery of withdrawal reflexes, suggesting that the
regenerating axons had formed functional connections with spinal cord neurons
(Navarro et al., 1999).

When OECs were transplanted immediately after unilateral electrolytic lesion
of the CST, the cells formed a continuous mass within the lesion cavity and
migrated into the rostral and caudal ends of the damaged spinal cord (Li et al.,
1997, 1998). Axons were anterogradely traced by injecting biotin dextran into the
sensorimotor cortex and by postsurgical day 10, numerous CST axons had
extended across the lesion site. Bundles of regenerating axons were myelinated
by Schwann cell-like OECs, and these processes maintained a linear, unbranched
trajectory along the longitudinal axis of the spinal cord. At 2—3 months after
surgery, axonal bundles were no longer present and individual axons were
myelinated by OECs at a ratio of 1:1, a pattern virtually identical to that of
Schwann cell myelination. By this time the axons had grown up to 1 mm into
the distal spinal cord and as the axons made the transition from the OEC graft to
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the CNS, they became myelinated by oligodendrocytes. Recovery of motor
function was tested using a forelimb reaching task, and while control rats did not
regain use of the affected forelimb, animals that received OEC transplants were
capable of performing the task with either forelimb. This indicates that there was
significant recovery of fine motor control in these animals (Li et al., 1997, 1998).
Histological analysis revealed that OECs extended across the entire lesion site in
rats that displayed improved motor function, suggesting that they had enabled
functional regeneration of CST axons to occur (Li et al., 1997, 1998).

In collaboration with Mary Bunge, Ramoén-Cueto et al. (1998)\ demonstrated
that implanting OECs at the ends of Schwann cell-filled guidance channels
enhanced axonal regeneration in the spinal cord, lending further support to the
hypothesis that OECs can facilitate axonal reentry into the CNS. To build on
these findings and determine whether OECs alone were capable of supporting
regeneration, they injected Hoechst-labeled OECs at multiple sites in the spinal
cord following a full spinal cord transection (Ramoén-Cueto et al., 2000).
The transplanted OECs extended across the lesion site and migrated into the
glial scar at the rostral and caudal ends of the spinal cord. Locomotor recovery
was assessed from 3 to 7 months after surgery by testing the rats’ ability to climb
an angled wire grid. Correct paw placement and proprioceptive responses were
also measured. Injured rats that received control injections of DMEM showed no
recovery of sensorimotor function, but animals with OEC transplants were
capable of supporting their body weight and consistently displayed improvements
in voluntary hindlimb movement and motor reflexes. At 8 months after surgery,
serotonergic and noradrenergic axons were visualized by immunohistochemical
staining. These axons crossed the lesion site and grew several millimeters beyond
the glial scar in the ventral columns and horns of the distal spinal cord. Regenera-
tion of injured CST axons was also observed in OEC-transplanted animals,
but instead of growing within the dorsal funiculus, these axons exited the spinal
cord and extended for long distances along the pial surface, accompanied by
migrating OECs. Eventually, some CST axons reentered the ventral columns of
the spinal cord; however, the majority remained associated with the meninges.
There was a strong correlation between functional recovery and the length of
regenerated axons (Ramoén-Cueto et al,, 2000), but in light of these unusual
observations, it was unclear as to whether OEC-mediated regeneration of CST
axons contributed to the dramatic functional recovery reported in this study.

Recently, a new approach to OEC transplantation has emerged in which
OECGs 1solated from the lamina propria of the olfactory epithelium, or pieces
of the olfactory lamina propria (OLP) itself are implanted into the CNS (Lu ¢t al.,
2001). Lamina propria OECs (LP-OECs) are the first OECs encountered
by olfactory axons as they exit the olfactory epithelium, and they share many
phenotypic characteristics with olfactory bulb OECs, including expression of
p75~ "R 8100, and GFAP (Au and Roskams, 2003). LP-OEC:s also express several
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unique markers such as CD-44, betal integrin, Notch 3, and vascular endothelial
growth factor (Au and Roskams, 2003; Carson ¢t al., 2006). The primary motiva-
tion for using these cells in spinal cord injury studies has been the fact that the
olfactory epithelium is far more accessible in humans compared to the olfactory
bulb, raising the possibility of autologous transplantation (Lu ez al., 2001, 2002).
Unlike olfactory bulb OECs, LP-OEGCs did not promote regeneration of dorsal
root axons following dorsal root rhizotomy (Ramer et al., 2004a), but implantation
of LP-OECs or OLP following spinal cord transection did produce regeneration of
serotonergic axons and partial recovery of hindlimb function (Lu et al., 2001).
It was subsequently shown that delaying transplantation of OLP until 4 weeks after
injury had a similar effect on growth of raphespinal axons (Lu et al., 2002). Further
characterization of LP-OEC morphology and migration @ viwo revealed that
LP-OECs were capable of migrating longer distances within the spinal cord, and
that they interact with astrocytes to reduce glial scar formation and cavitation
(Ramer et al., 2004b; Richter ez al., 2005). It is believed that these unique abilities
contributed to the enhanced axonal sprouting and regeneration that was observed
in these studies (Ramer ¢t al., 2004b; Richter et al., 2005).

Although OECs have shown great promise for therapeutic use in spinal cord
injury, many questions remain regarding their ability to promote regeneration.
One of the most pressing concerns is the lack of reproducibility that has emerged
with recent attempts to replicate observations made in earlier studies. For
example, contrary to the findings of Devon and Doucette (1992, 1995), Plant
et al. (2002) found that OECs were unable to myelinate DRG neurites i vitro
when similar culture conditions were used. This inevitably raises questions as to
whether the axonal remyelination that has been observed i vivo was truly the
result of myelination by OEGCs. In these studies, it was noted by the authors that
the pattern of remyelination strongly resembled that of Schwann cells (Li et al.,
1997, 1998) and so, the possibility of myelination by infiltrating Schwann cells
must be considered.

Takami et al. (2002) compared the abilities of Schwann cells and OECs to
promote regeneration following spinal cord contusion. In this clinically relevant
model of spinal cord injury, both cell types increased tissue sparing and axonal
growth, but regeneration into the distal spinal cord and functional recovery were
greater in animals that received Schwann cell transplants (Takami et al., 2002).
This suggested that Schwann cells might be a more effective means of promoting
functional axonal regeneration following contusion injury (Takami et al., 2002).
It should be noted, however, that in a subsequent study that used the same
model, functional outcome was greatly improved by delaying OEC transplanta-
tion for 1 week, which indicates that immediate OEC transplantation does not
elicit an optimal response (Plant et al., 2003).

Lastly, a newly published study by Steward et al. (2006) attempted to replicate
the OLP transplantation experiments published by Lu et al. (2002). In accordance
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with the published experimental methods, adult rats underwent spinal cord tran-
section and received OLP transplants 30 days later. Recovery of motor function
was monitored for 10 weeks, but none of the OLP-transplanted rats showed any
significant improvements on the BBB scale. In addition, injections of Fluorogold
into the distal spinal cord did not retrogradely label any axons and immunostain-
ing revealed only minimal growth of serotonergic axons beyond the OLP grafts.
It was therefore concluded that OLP transplantation do not robustly stimulate
axonal regeneration following spinal cord injury (Steward et al,, 2006). These
results are particularly troubling in light of the fact that human clinical trials using
autologous OLP transplantation have already begun (Feron et al., 2005).

Because OECs express proteins that are commonly found in Schwann cells
and astrocytes (Doucette, 1990; Franceschini and Barnett, 1996), reliable visuali-
zation of the implanted cells is another problem that is regularly encountered in
OEC studies. Initially, OECs were labeled with Hoechst or Cell-Tracker dyes (Li
et al., 1997, 1998; Ramon-Cueto ¢ al., 1998, 2000), but it has been reported that
phagocytosis of the pigments can produce misleading cell survival and migration
data (Boyd et al, 2004; Ruitenberg et al, 2002). Adenoviral and retroviral
expression of reporter genes such as LacZ (Boyd et al., 2004; Ruitenberg ¢t al.,
2002) or using OEGs isolated from mice expressing green fluorescent protein
(Ramer et al., 2004a,b; Richter et al., 2005) have proven to be more reliable
methods of tracking OECs i viwo. In a study by Boyd et al. (2004), clip compres-
sion injury of the spinal cord was followed by delayed transplantation of LacZ-
expressing OECs, and staining for 8-galactosidase at postsurgical day 21 showed
that large numbers of OECs survived within the lesion site. Electron microscopy
revealed that the OECs did not form myelin and did not contact axons directly,
but rather ensheathed bundles of regenerating axons that were myelinated by
Schwann cells. While earlier studies had reported that OECs can remyelinate
axons following demyelinating lesions of the spinal cord (Li ef al., 1997, 1998),
these results provided strong morphological evidence that OECs do not myeli-
nate axons following spinal cord trauma. The lack of interaction between axons
and OECs also suggested that these cells might not play a direct role in promot-
ing axonal regeneration (Boyd et al., 2004). It was therefore proposed that OECs
help to create a permissive environment for growth by facilitating migration of
Schwann cells into the injured spinal cord (Boyd et al., 2004). A new study by
Boyd et al. (2006) has now identified the actin-binding protein calponin as the first
true phenotypic marker for OECs. Proteomic analysis revealed that Schwann
cells do not express calponin, but it is found in OECs both i viwo and in vitro (Boyd
et al., 2006). When OECs were transplanted into the spinal cord and immuno-
stained for calponin, it became apparent that the OECs retained the non-
myelinating phenotype that they express within the olfactory system (Boyd
et al., 2006). This lends further support to the hypothesis that OECs do not
promote axonal regeneration directly, but rather enhance growth by providing
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physical support for infiltrating Schwann cells (Boyd et al., 2006). In light of these
findings and the many conflicting reports that have been produced regarding the
efficacy of OEC transplantation, the scientific community must thoroughly
reevaluate the therapeutic potential of OECs and clearly define their role in
mediating functional recovery after spinal cord injury.

C. OTHER METHODS OF TRANSPLANTATION THAT HAVE BEEN
ApPLIED TO SPINAL CORD INJURY

Fibroblasts that have been genetically modified to express neurotrophic
factors have been generated in an attempt to provide both trophic and physical
support to regenerating axons. In one early study, fibroblasts expressing NGF,
BDNTF, or NT-3 were transplanted into the uninjured spinal cord (Nakahara et al.,
1996). Grafts of NGF- and N'T-3-expressing cells induced sprouting of nocicep-
tive and catecholaminergic axons, but no effects on motor axon growth were
observed, which indicates that these intact axons are less responsive to neuro-
trophic stimulation (Nakahara et al., 1996). Implantation of NGF-expressing
fibroblasts after spinal cord injury elicited a response similar to that seen in the
uninjured spinal cord, as extensive sprouting of NGF-responsive axons was
observed within the grafts (Grill et al., 1997a; Jones et al, 2003b; Tuszynski
et al., 1996). While BDNF-expressing fibroblasts had no effect on axonal plasticity
in the uninjured animal (Nakahara et al., 1996), transplantation of these cells after
spinal cord hemisection promoted regeneration of rubrospinal axons, which
extended within the caudal spinal cord and reached their normal target regions
(Liu et al., 1999). Regeneration was confirmed by relesioning of the spinal cord,
which eliminated the improved forelimb motor function that had been observed
(Liu et al., 1999). Similarly, transplantation of fibroblasts expressing NT-3
enhances survival of axotomized neurons, promotes regeneration of corticospinal
axons, and partially improves motor function (Grill ¢ al., 1997b; Himes et al.,
2001; Tuszynski e al., 2003). Fibroblast-mediated expression of GDNT within the
lesion site induces regeneration of ascending dorsal column axons and migration
of Schwann cells into the affected area, which led to remyelination of the
ingrowing axons (Blesch and Tuszynski, 2003). Because of their ability to pro-
mote growth in several major motor tracts, BDNF and NT-3-expressing fibro-
blasts have often been used in combination. Studies using a variety of spinal cord
injury models have reported that implantation of BDNF and NT-3-expressing
fibroblasts enhances axonal regeneration and remyelination, neuronal survival,
and recovery of bladder function (McTigue et al., 1998; Mitsui e/ al., 2005; Tobias
et al., 2003). It should be noted that restoration of motor function has been limited
in some cases and it has been suggested that cell grafting further damages the
spinal cord (Shumsky ez al., 2003), but overall, these studies have demonstrated
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that providing trophic support to injured axons and neurons is a critical component
of promoting functional recovery after spinal cord trauma.

Bone marrow is a source of pluripotent hematopoietic stem cells, and it has
been shown that marrow stromal cells (MSCs) can differentiate into neurons
when transplanted into the CNS (Brazelton et al., 2000; Mezey et al., 2000, 2003).
A study by Castro e al. (2002) disputed these results, claiming that no differentia-
tion occurred when MSCs were transplanted following injury to the brain.
In studies of spinal cord-injured rats, implantation of MSCs 1 week after contu-
sion injury significantly improved functional recovery (Chopp et al, 2000;
Hofstetter e al., 2002). The transplanted cells formed tissue bridges that spanned
the lesion site, which suggests that they may support axonal regeneration
(Hofstetter et al., 2002). MSCs genetically modified to express BDNF support
growth of axons into, but not beyond, the site of injury, and as a result, functional
recovery was not observed (Lu et al., 2005). An earlier study combined transplan-
tation of MSCs with dbcAMP and NT-3 (Lu et al., 2004). dbcAMP was injected
into the L4 DRG prior to injury, while N'T-3 was injected into the injury site and
caudal spinal cord immediately after dorsal column lesion. MSCs were also
transplanted after injury. The goal of this approach was to replicate the condi-
tioning lesion effect i viwvo by stimulating neuronal cell bodies with dbcAMP,
while simultaneously providing trophic support to the transected axons. Animals
that received the combination of dbcAMP, NT-3, and MSCs were the only ones
that displayed axonal regeneration beyond the lesion site (Fig. 5), but there was
no recovery of sensorimotor function as measured by tape-removal, horizontal
ladder, and rope-walking tests (Lu et al,, 2004). Clearly, the benefits of MSC
transplantation have not yet been fully elucidated, but the regeneration observed
in this study emphasizes the benefits of combinatorial approaches to spinal cord
injury repair.

An alternative to transplanting dissociated cells into the injured spinal cord is
implanting segments of embryonic spinal cord tissue, and this has been shown to
have many beneficial effects. These include inducing growth of rubrospinal,
raphespinal, coerulospinal, and CGRP-expressing nociceptive axons (Bernstein-
Goral and Bregman, 1993; Houle and Reier, 1988, 1989; Reier e al., 1986),
promoting survival of axotomized neurons (Bregman and Reier, 1986; Bregman
et al., 1998; Himes et al., 1994), and reducing glial scar formation (Houle, 1992).
Administration of BDNF and NT-3 in conjunction with tissue grafting can
further enhance regeneration of axons originating in the brainstem and motor
cortex (Bregman et al., 1997; Coumans et al., 2001). One particularly unique
aspect of this technique is that it can extend the critical period of plasticity for
developing corticospinal axons and thereby enhance their growth following
injury (Bregman et al., 1989). Functional recovery is significantly improved when
embryonic tissue 1s implanted into neonatal and adult rats after spinal cord
overhemisection or complete transection (Bregman et al., 1993; Diener and
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FiG. 5. Axonal regeneration induced by a combination of elevated cAMP, NT-3, and MSC
transplantation. At 1-3 months after dorsal column lesion, animals that received intraganglionic
injection of dbcAMP, MSC grafts (g), and intraspinal injection of N'T-3 (IS) displayed regeneration of
axons within and beyond the lesion site (A). Axons labeled with cholera toxin B are present within the
MSC graft (B), and reenter the host tissue (h) rostral to the graft (C). These axons extend up to
0.7 mm beyond the lesion site (D) in both the ventral and dorsal (E) aspects of the spinal cord.
[Copyright 2004 by the Society for Neuroscience.]

Bregman, 1998a,b; Miya et al., 1997), and it was later shown that delaying
transplantation of embryonic tissue until 2—4 weeks after injury further improves
motor function (Coumans et al., 2001). This approach has proven to be a very
valuable experimental model, but it would be difficult to implement a similar
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strategy in human spinal cord injury due to the ethical questions that would
inevitably be raised by the use of human fetal tissue.

The newest candidates for transplantation in spinal cord injury are multi-
potent neural progenitor cells, which can be derived from embryonic stem (ES)
cells or 1solated from embryonic CNS tissue (Cao et al, 2002a; Gage, 2000;
McDonald et al., 2004). The cells can then be expanded by treatment with
fibroblast growth factor-2 or EGF, and differentiated by withdrawal of these
mitogenic factors (Gage, 2000; Ray et al., 1993; Reynolds and Weiss, 1992;
Reynolds et al., 1992; Richards et al., 1992). The addition of platelet-derived
growth factor or retinoic acid induces ES-cells to differentiate into oligodendro-
cytes and these cells are capable of remyelinating axons when implanted after
chemical demyelination or spinal cord contusion (Briistle et al., 1999; Keirstead
et al., 2005; Liu et al., 2000). It has been shown that while ES cells were able to
differentiate into both neurons and glia  witro, only glial cells were produced
when undifferentiated ES cells were transplanted following spinal cord injury
(Cao et al., 2001). In addition, the majority of these cells displayed an astrocytic
phenotype, which suggested that differentiation prior to transplantation was
required to obtain oligodendrocytes (Cao et al., 2001). Infection of embryonic
glial-restricted precursor cells with retroviruses expressing the multineurotrophin
D15A substantially increased the percentage of oligodendrocytes, and by 6 weeks
after transplantation into the contused spinal cord, these cells expressed myelin
basic protein (Cao et al., 2005). This led to axonal remyelination, restoration of
motor-evoked potentials, and recovery of hindlimb motor function (Cao e al.,
2005). Neuronal-restricted precursor cells differentiate into neurons expressing
BllI-tubulin, GABA, and glutamate within the uninjured spinal cord, but
curiously, they fail to do so when implanted following injury (Cao et al., 2002b).
This finding illustrates the difficulty of replacing damaged neurons, but neuronal
differentiation has been observed when mouse ES cells were transplanted into the
spinal cord 9 days after a contusion injury (McDonald et al., 1999). Animals that
received these transplants showed improvements in weight bearing and motor
coordination (McDonald et al., 1999). More recently, Nakamura et al. (2005)
demonstrated that embryonic neurospheres differentiated into neurons and oli-
godendrocytes within the spinal cord, and that regeneration of corticospinal,
raphespinal, and coerulospinal axons was consequently enhanced. Motor reflexes
and locomotion were also improved, indicating that functional recovery had
occurred (Nakamura et al., 2005).

Neural precursor cells are also present in the adult CNS, particularly in
regions with high rates of neurogenesis such as the subventricular zone and
hippocampus (Gage, 2000; Gage e al., 1995; Reynolds and Weiss, 1992; Weiss
et al., 1996). In an attempt to avoid the ethical concerns raised by the use of fetal
tissue, these cells are now being isolated for use in transplantation. Oka et al.
(2004) have obtained neural precursor cells from the subventricular zone in
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mature nonhuman primates and transplanted these cells into the demyelinated
spinal cord. They observed substantial remyelination of CNS axons within
3 weeks, which suggests that autologous transplantation of adult neural precursor
cells could be an effective treatment for demyelinating disorders (Oka et al., 2004).
A newly published study from the laboratory of Michael Fehlings has now tested
the ability of adult neural progenitor cells to promote functional recovery after
clip compression injury of the spinal cord (Karimi-Abdolrezace et al., 2006).
Axonal regeneration was not assessed, but delayed transplantation of neural
progenitor cells did produce axonal remyelination by precursor-derived oligo-
dendrocytes and significant improvements in motor function as measured by grid
walking tests and the BBB scale (Karimi-Abdolrezaee ez al., 2006). This field is still
in its infancy, but it is clear from these results that neural progenitor cells hold
great promise for the treatment of spinal cord injury.

V. Future Directions

As interest in spinal cord injury research has grown, therapeutic approaches
have become increasingly innovative. Advances in biomedical engineering
have led to the creation of artificial scaffolds designed to support axonal regener-
ation when implanted into the spinal cord. Unlike the nondegradable polycarbon-
ate and polyvinylchloride tubes used in earlier studies of Schwann cell
transplantation (Montgomery and Robson, 1990, 1993; Xu et al., 1995a,b, 1997),
these scaffolds are composed of resorbable, nonimmunogenic polymers such
as polylactic acid, polyhydroxybutyrate, or agarose (Moore et al., 2006;
Novikov et al., 2002; Oudega et al., 2001; Stokols and Tuszynski, 2006; Teng
et al., 2002). The biodegradable nature of these materials means that they can be
engineered to deliver neurotrophins, and it has been shown that agarose scaffolds
containing BDNF can effectively promote axonal regeneration following an
aspiration lesion of the spinal cord (Stokols and Tuszynski, 2006). It has been
hypothesized that the microscopic channels present within the scaffolds may
allow the organization of spinal cord tracts to be preserved, and this is partially
supported by the observation that the regenerating axons maintained a linear
trajectory (Stokols and Tuszynski, 2006). The channels can also be seeded with
Schwann cells or neural stem cells to further enhance axonal growth and
guidance (Hurtado et al., 2006; Moore et al., 2006; Oudega et al., 2001; Teng
et al., 2002). Animals that underwent spinal cord hemisection displayed regener-
ation of corticospinal axons into the caudal spinal cord and recovery of hindlimb
function following implantation of scaffolds containing neural stem cells (Teng
et al., 2002). In studies using scaffolds seeded with Schwann cells, only modest
axonal regeneration and functional recovery have been reported and this has
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been attributed to collapse of the scaffold and poor survival of Schwann cells
within the channels (Hurtado et al., 2006; Oudega et al, 2001). Clearly this
technique is not yet optimized, but as the procedures for manufacturing and
implanting these scaffolds become more refined, the therapeutic value of these
devices will undoubtedly increase.

The last 15 years have seen unprecedented advances in the field of spinal
cord injury repair, particularly in the identification of factors that limit axonal
regeneration. As a result, the scientific community no longer asks whether rege-
neration is possible, but rather how regeneration can be achieved, and new
strategies aimed at accomplishing this goal continue to emerge. It was recently
shown that expression of retinoic acid receptor 32 increases levels of cAMP
within DRG and allows axons to regenerate through the dorsal root entry zone
i vivo (Wong et al., 2006). Administration of interleukin-6 after dorsal column
lesion also reverses myelin inhibition and enhances axonal regeneration in the
spinal cord (Cafferty et al., 2004; Cao et al., 2006). These two agents join the many
others that are capable of promoting regeneration, but it has become clear that
no single drug will provide a cure for spinal cord injury. This realization has
led to increased collaboration between researchers and the development of
new combinatorial therapies that target multiple barriers to regeneration.
As described herein, the results of recent combinatorial studies have been
extremely encouraging and there is every reason to believe that this approach
will eventually yield effective treatments for spinal cord injury. Developing these
treatments 1s the task that now falls to the science of the future.
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Schizophrenia is a severe psychiatric disorder, and its etiology, pathophysiology,
and mechanism of antipsychotic treatment remain to be elucidated. Although
the first neuroleptic drugs (chlorpromazine, reserpine, and haloperidol) have
revolutionized both the theory and the therapy of schizophrenia, the dopamine
hypothesis is being challenged by recent advances in schizophrenia research. This
chapter examines recent advances in the exploration of neural mechanisms of
antipsychotic drugs, putting emphases on @ witro and m vwo evidence of their
neuroprotective effects. Specifically, the chapter deals with the effects of antipsychotic
drugs on neurotrophins and their receptors in the brain, the regulation of brain
neurogenesis by antipsychotics, as well as the cytoprotective/neurotrophic effects of
atypical antipsychotics in cell culture and animal studies. In addition, data from
clinical research reports are included, which support the neuroprotective hypothesis
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of antipsychotic drugs. All the data considered in the chapter, taken together, should
provide new insights into the principal mechanisms of action of antipsychotic drugs
and the pathophysiology of schizophremnia.

I. Introduction

Schizophrenia is one of the most severe psychiatric disorders, affecting about
1% of the population. It is characterized by: positive symptoms (hallucinations,
delusions, and disorganization), negative symptoms (social withdrawal and lack of
emotion), cognitive impairment (poor learning and reasoning ability), and
depressive symptoms (Andreasen, 1995; Andreasen et al., 1994; Lublin et al.,
2005). In addition, some patients may show aggressive or suicidal tendencies
(Keck ¢t al., 2000; Perenyi and Forlano, 2005; Sharif, 1998).

A large number of drugs belonging to different chemical classes have shown
therapeutic efficacy in patients with schizophrenia, and have been defined as
antipsychotic drugs. These drugs are categorized into typical (conventional) and
atypical (novel) antipsychotics. Typical antipsychotics, represented by chlorprom-
azine and haloperidol, are effective in reducing positive symptoms. Atypical
antipsychotics, including clozapine, olanzapine, quetiapine, and risperidone,
are not only effective in treating the positive symptoms of schizophrenia, but also
reduce negative symptoms and cognitive deficits (Breier, 1999; Lindenmayer,
1995; Meltzer et al., 1994; Weiss et al., 2002).

Antipsychotic drugs block multiple amine receptors in the brain. Typical
antipsychotics are highly D, receptor selective, whereas atypical antipsychotics are
broad-acting agents with affinity for many neuroreceptors. Of particular interest
is their stronger affinity for 5-HT9, receptors than for Dy receptors. The blocking
of Dy receptors in mesolimbic areas is believed to be responsible for the therapeutic
effects of antipsychotic drugs on the positive symptoms of patients with schizo-
phrenia (Ellenbroek, 1993; Lyne et al, 2004; Meltzer et al., 1999; Weiss et al.,
2002). However, the mechanisms underlying the improvement of negative and
cognitive symptoms by atypical antipsychotic drugs remain to be elucidated.

The purpose of this chapter is to review recent advances in exploring the
neural mechanisms of antipsychotic drugs, with emphases on i vitro and i viwo
evidence for their neuroprotective effects. In Section II, we describe the effects
of antipsychotic drugs on expression of the neurotrophins (NTs) and their
receptors in the brain, with a special emphasis on the modulation of brain-
derived neurotrophic factor (BDNF) by the drugs, because BDNF is mainly
expressed and distributed in brain neurons. In Section III, we delineate the
regulation of brain neurogenesis by antipsychotics, emphasizing hippocampal neu-
rogenesis, which is highly relevant to learning and memory functions of the brain.



NEUROPROTECTIVE EFFECTS OF ANTIPSYCHOTIC DRUGS 109

Section IV highlights the cytoprotective and neurotrophic effects of atypical anti-
psychotics in cell culture and animal studies, and also lists combinations of atypical
antipsychotics and antidepressants used in animal studies and clinical practice. The
data provide new insights into the principal mechanisms of action of antipsychotic
drugs, as well as the pathophysiology of schizophrenia.

Il. Altered Levels of NTs and Their Receptors by Antipsychotic Drugs

A. NT's AND THEIR RECEPTORS

NTs are growth factors that act directly on neurons to support their growth,
differentiation, and survival (Yuen and Mobley, 1996). The NT family includes
nerve growth factor (NGF), BDNF, N'T-3, and NT-4. N'Ts bind to the tyrosine kinase
(Trk) family of receptors (including TrkA, TrkB, and TrkC) and to the p75 NT
receptor (p75N1‘R), a member of the tumor necrosis factor receptor family (Huang
and Reichardt, 2001). NGF signals primarily through TrkA, BDNF and NT-4
through TrkB, and N'T-3 through TrkC. All of the N'Ts bind to p75™ ' X with similar
low affinities. The Trk receptors are responsible for most of the survival and growth
properties of NTs. The p75™ '™ is the first identified dependence receptor. In the
presence of ligand, it enhances NT-mediated Trk receptor activity leading
to survival, differentiation, or migration. In the absence of a ligand, it initiates
or amplifies a signal for programmed cell death (Mehlen and Bredesen, 2004; Roux
and Barker, 2002).

B. AvLTERED LEVELS OF NGF IN THE BRAIN BY ANTIPSYCHOTICS

Pilot studies on NGF levels in patients with schizophrenia and on effects of
antipsychotic drugs on NGT levels in the brain showed that acute haloperidol
treatment (10 mg/kg) in adult mice decreased the levels of NGF protein in the
hypothalamus (Alleva ez al., 1996). These studies reported that NGF plasma levels
in patients with schizophrenia are lower compared to healthy controls (Bersani
et al., 2000, 2004), pointing to a potential role of NTs, particularly NGF, in the
pathogenesis and treatment of schizophrenia.

Other studies found that chronic antipsychotic treatment with haloperidol or
risperidone increased NGF levels in the hypothalamus of rats and decreased
NGF levels in the striatum and hippocampus (Angelucci et al., 2000a). Similarly,
haloperidol (in drinking water for 45 days, 1 or 2 mg/kg/day) reduced NGF
immunoreactivity in the rat hippocampal dentate gyrus (DG), CAl, and CA3
areas (Parikh e al., 2004b). In mice, however, haloperidol induced NGF mRNA
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expression in a dose-dependent fashion in the hippocampus, piriform cortex,
striatum, and nucleus accumbens. Another Dy antagonist, (—)-sulpiride, showed
the same effect. The haloperidol- and (—)-sulpiride-induced NGF mRNA expres-
sion attained a maximum level 120 min after injection and returned to control
levels 24 hours later (Ozaki et al., 1999). The same laboratory also reported that
chronic administration of haloperidol or (—)-sulpiride increased NGF protein
levels in the same brain regions (Ozaki, 2000).

In recent studies, effects of the atypical antipsychotic olanzapine on NGF
levels in the brain were observed. It was shown that olanzapine (5 or 10 mg/kg,
given in drinking water for 45 days) increased levels of NGF in the hippocampus
(Parikh et al., 2004a). In another study, olanzapine (3 or 15 mg/kg) was adminis-
tered for 29 days and shown to increase NGF levels in the hippocampus, occipital
cortex, and hypothalamus (Angelucci et al., 2005). Given that schizophrenia is
considered to be a developmental disorder of the cerebral cortex (Raedler et al.,
1998), NGT plays a crucial role in the survival and function of forebrain cholin-
ergic neurons (Mobley et al., 1986) and mesencephalic dopaminergic neurons
(Chaturvedi et al., 2006), and that NGF is involved in mechanisms regulating
neuronal death (McCollum and Estus, 2004), determining the role of NGF in the
pathogenesis and treatment of schizophrenia is of significance theoretically as
well as for clinical practice.

C. ALTERED LEVELS oF BDNF AND TRK RECEPTORS IN BRAINS OF PATIENTS
WITH SCHIZOPHRENIA

BDNT has a wide distribution in the brain. It is synthesized predominantly in
neurons and is expressed at highest levels in the hippocampus and the cerebral
cortex (Ernfors et al., 1990; Hofer et al., 1990; Katoh-Semba et al., 1997; Wetmore
et al., 1990). In addition to providing neurotrophic support for cholinergic
neurons, BDNF has been proposed to have a potential role in promoting
the functioning and survival of dopaminergic, GABAergic, noradrenergic, and
serotonergic neurons (for review see Connor and Dragunow, 1998; Nagtegaal
et al., 1998). The expression of both the BDNF gene and its corresponding
protein has been shown to be regulated by a number of factors, including
neuronal activity, seizures, restraint stress, neurotransmitter actions, and second
messenger cascades such as cAMP (Condorelli ¢f al., 1994; Humpel et al., 1993;
Lindefors et al., 1995; Nibuya et al., 1995, 1996; Smith et al., 1995; Vaidya et al.,
1997; Wetmore et al., 1994; Xu et al., 2004).

Takahashi et al. (2000) determined levels of NTs and their receptors in the
postmortem brains of schizophrenic patients and normal control subjects. Among
the NTs examined, levels of BDNF were elevated specifically in the anterior
cingulate cortex and hippocampus of schizophrenic patients. This observation
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led to further studies to determine the levels of BDNF and its receptors in patients
with schizophrenia. In one study, the BDNT content in cortical areas of brains of
schizophrenic patients was significantly higher than in controls. In the hippocam-
pus, the opposite effect was observed: the BDNF concentrations were significantly
lower in schizophrenia cases than in normal controls (Durany et al., 2001).
In contrast, other studies detected a significant reduction in BDNF mRNA and
protein in the dorsolateral prefrontal cortex (Weickert et al., 2003), and in the
prefrontal cortex (Hashimoto et al., 2005) of patients with schizophrenia compared
to normal individuals, and showed higher BDNT immunoreactivity in the hippo-
campal formation in schizophrenic patients (Iritani et al., 2003). Serum BDNF
levels in patients with schizophrenia were also inconsistent, while some studies
showed that BDNF levels were significantly reduced in the serum of schizophrenic
patients (Pirildar et al., 2004; Toyooka et al., 2002), another study reported that
there were no significant differences in serum BDNF levels among antipsychotic-
naive and medicated patients and normal controls (Shimizu et al., 2003).

TrkB and TrkC receptor levels in brains of schizophrenic patients were also
altered. In most studies (Hashimoto e/ al., 2005; Iritani et al., 2003; Takahashi
et al., 2000), the expression of TrkB receptor was reduced in the hippocampus
and the prefrontal cortex, but one study showed that TrkB immunoreactivity in
the hippocampal formation of schizophrenic patients was more intense (Iritani
et al., 2003). TrkC mRNA levels in the frontal and prefrontal cortices of patients
with schizophrenia were lower as compared to controls (Schramm et al., 1998;
Weickert et al., 2005).

The data described above suggest that the expression of BDNF, TrkB, and
TrkC in the brain is implicated in the pathophysiology of schizophrenia. How-
ever, it is not known whether antipsychotic treatment is related to these changes.
In addressing this question, animal studies have provided meaningful insight
described below.

D. ErrecTs oF ANTIPSYCHOTIC DRUGS ON THE EXPRESSION oF BDNF AND TRK
RECEPTORS IN ANIMAL BRAINS

Chronic administration (29 days) of haloperidol and risperidone triggered a
decrease in BDNF levels in the prefrontal cortex, occipital cortex, and hippo-
campus of rats. Haloperidol also significantly decreased TrkB immunoreactivity
in neurons of the hippocampus, substantia nigra, and ventral tegmental area,
whereas the effects of risperidone were not statistically significant (Angelucci ez al.,
2000b). These effects of haloperidol on BDNF and TrkB were further confirmed
in a recent animal study in which chronic exposure to haloperidol (2 mg/kg/day
for 45 days) significantly reduced the levels of BDNF and TrkB receptors in
the hippocampus (Parikh et al., 2004a). Acute administration of haloperidol also
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produced evident effects on basal levels of BDNF in the brain. Three days of
haloperidol administration (0.5 mg/kg) dramatically decreased BDNF immuno-
staining in the neurons and fibers of the prefrontal cortex, hippocampus, extended
amygdala, and ventral tegmental area (Dawson et al., 2001). Similarly, following
3 days of haloperidol treatment (1 mg/kg), the density of BDNF-immunoreactive
fibers and cells were reduced in most forebrain and midbrain areas, including the
cortex and amygdala. In the ventral pallidum, BDNF immunoreactivity was
reduced to a level almost below detection. The treatments markedly reduced
tyrosine hydroxylase (TH)-immunoreactive labeling throughout the ventral
pallidum and induced fiber and terminal degeneration in this brain area (Meredith
et al., 2004).

The effects of atypical antipsychotic drugs on the expression of BDNF in the
brain differed in various studies. In one study, olanzapine (3 or 15 mg/kg, for
29 days) decreased BDNF in the hippocampus, frontal cortex, and occipital
cortex (Angelucci et al., 2005), while in another study, olanzapine (10 mg/kg,
for 45 days) did not alter BDNF levels in the hippocampus (Parikh ez al., 2004a).
The latter study also showed that posttreatment with olanzapine markedly
restored the haloperidol-induced reductions in both BDNF and TrkB receptors
in the hippocampus.

In some studies, effects of antipsychotic drugs on the expression of BDNF
mRNA 1n the brain were measured. A single dose or 28 days of clozapine
(10 mg/kg) and haloperidol (0.5 and 1 mg/kg) reduced BDNF mRNA levels in
the hippocampus of rats, but did not lower its expression in the prefrontal cortex
(Lipska et al., 2001). Our team, however, found that chronic administration
(28 days) of clozapine (10 mg/kg) and olanzapine (2.7 mg/kg) up-regulated
BDNF mRNA expression in the hippocampus, whereas haloperidol (1 mg/kg)
decreased BDNF mRNA levels in the same brain region (Bai ez al., 2003; Fig. 1).
In another animal study, we confirmed that chronic administration (19 days) of
haloperidol decreased hippocampal BDNF mRNA in comparison to controls
(Chlan-Fourney et al., 2002). Furthermore, in the same study we observed a
dose-dependent regulation of BDNF mRNA levels by atypical antipsychotics.
Specifically, a higher dose of risperidone (4.11 mg/kg) significantly decreased
BDNF mRNA levels in the hippocampus, whereas a lower (0.066 mg/kg) and an
intermediate (0.67 mg/kg) dose of the drug were without effect. A lower dose of
clozapine (1.3 mg/kg) increased BDNF mRNA levels, whereas a higher dose
(27 mg/kg) produced opposite effects (Chlan-Fourney et al., 2002; Table I). This
dose-dependent effect provided a reasonable explanation to those inconsistent
results described above. With the same, it can be explained why neither acute nor
chronic clozapine treatment affected the expression of BDNF mRINA in any brain
area investigated by Linden et al. (2000).

All of the data described above strongly suggest that antipsychotic drugs do affect
the expression of BDNTF and TrkB and TrkC receptors in the brain. Directions of the
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CA1

CA3

DG

Vehicle Haloperidol (1mg/kg) Clozapine (10 mg/kg) Olanzapine (2.7mga/kg)

Fi1G. 1. Animals were given daily injections of vehicle, haloperidol, clozapine, or olanzapine for
28 days and were sacrificed 18 hours after the last injection. Brain sections were hybridized with 35S-
labeled BDNF RNA probes and dipped into photographic emulsion. Low- magnification (2.5X)
photomicrographs show BDNF mRNA expression in the hippocampus (top row). High-magnification
(40x) photomicrographs show detailed changes in silver grain density in the CAl, CA3, and DG
regions compared with the control.

regulation may be related to the dose of the drugs used, the experimental paradigms,
brain regions, animal species, and a number of other variables.

E. DECREASED EXPRESSION OF p75NTR BY ANTIPSYCHOTIC DRUGS

In an earlier i vivo study evaluating effects of antipsychotic drugs on levels of
NGF and its receptor, Alberch ez al. (1991) administered haloperidol (2 mg/kg, s.c.)
to pregnant Sprague-Dawley rats daily for 11 days beginning on E10, and found
a decrease in NGI receptor mRNA in the neonate forebrain. Furthermore,
they showed a decrease in the Ay value (74%) and the B, value (63%) of the
low-affinity binding sites, but did not find any changes in the high-affinity binding
sites. In 1999, we examined effects of atypical antipsychotics on p75™~ ' ® mRNA
levels in PC12 cells (Li et al., 1999). Using the PC12 cell i vitro model, we showed
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TABLE 1
THE ErrecTs oF CHRONIC ANTIPSYCHOTIC ADMINISTRATION ON BDNF MRNA BY Iv Si1v
HYBRIDIZATION ANALYSES”

Brain region

Treatment” Dentate CAl CA3
Control 100.00 £ 6.1 100 + 3.0 100 £ 1.3
Haloperidol *65.00 + 7.3 85 + 3.7 77 £ 4.6
Risperidone low 99.00 = 12.2 93 £2.9 99 £ 7.6
Risperidone intermed” 107.00 &+ 9.1 96 £ 1.1 99 £ 6.2
Risperidone high *81.00 + 2.4 96 £ 8.0 92 £5.2
Clozapine low #115.00 + 5.5 113 £ 8.0 102 £5.1
Clozapine intermed 101.00 = 11.1 104 £ 5.0 96 £ 3.1
Clozapine high #86.00 & 5.8 103 + 3.9 95 + 4.2

“Measured as dpm/mm?, expressed in the Table as percentage control + SEM.

"Doses: rats received either vehicle (0.8% glacial acetic acid in 5% glucose), haloperidol (1 mg/kgi.p.),
risperidone (0.066,0.67, and 4.11 mg/kgi.p.), or clozapine (1.3 ,9.0, and 27.0 mg/kg1i.p.) daily for 19 days
(n=4).

‘Intermediate dose.

*Significantly different vs control, p < 0.05; **vs CON, p < 0.01; *clozapine high vs clozapine
low, p < 0.05.

that olanzapine decreased p75™ '® mRNA levels in PC12 cells. This effect held true
for other atypical antipsychotics, including clozapine, quetiapine, and risperidone
(Bai et al., 2002). In a more recent study, haloperidol showed the same action of
down-regulating the expression of p75™ % in PC12 cells (Bai et al., 2006). These
results suggest that both haloperidol and atypical antipsychotic drugs have the same
action of decreasing p75NTR mRNA expression. As mentioned before, p75NTR isa
common NT receptor and has been shown to be capable of mediating programmed
cell death (Rabizadeh and Bredesen, 2003). Therefore, down-regulation of p75™ ' X

mRNA may have cytoprotective potential.

lll. The Regulation of Neurogenesis by Antipsychotic Drugs

Neurogenesis is a process of generating functionally integrated neurons from
progenitor cells (Ming and Song, 2005). In most mammals, active neurogenesis
occurs throughout life in the subventricular zone (SVZ) of the lateral ventricles
and in the subgranular zone (SGZ) of DG. Newborn neuronal cells in the SGZ
migrate to the granular cell layer of DG, integrate into the existing hippocampal
circuitry (Cameron and McKay, 2001; van Praag et al., 2002), and play important
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roles in learning and memory formation (Gould et al., 1999; Shors, 2004; Shors
et al., 2001).

The newborn neurons can be detected and identified by using exogenous and
inherent markers. The most commonly used exogenous markers are [H3] -thymidine
and bromodeoxyuridine (BrdU), both of which can be incorporated into newly
synthesized DNA and then passed on to cell progeny. The incorporated [H”]-
thymidine marker can be detected autoradiographically (Rogers and Lietman,
1977), while the BrdU marker can be detected with immunohistochemistry and
allows for both phenotypic analysis and stereological quantification of newborn
cells. In addition, some specific inherent markers, such as PSA-NCAM (poly-
sialylated neural cell adhesion molecule), Tuji (B-tubulin isoform II), CRMP
(collaspin response-mediated protein 4), and DCX (doublecortin), have been used
for identifying immature neurons (Ming and Song, 2005).

A. CHANGED CELL PROLIFERATION BY HALOPERIDOL

A number of studies have been done to explore the teratogenic potential of
neuroleptic drugs based on evidence that substances which act as neurotransmit-
ters in the developed brain may also function as neurohumoral agents involved in
the regulation of both brain growth and development (Hohmann and Coyle,
1988; Lauder, 1983; Patel and Lewis, 1988; Whitaker-Azmitia and Azmitia,
1989; Williams et al., 1992). It was hypothesized that haloperidol might have
effects on cell proliferation as it had been believed to act primarily on receptors of
dopamine which might exert a trophic effect on early brain development. Indeed,
in vivo and in vitro data showed that haloperidol produced a significant depression
on the rate of [’H]-thymidine incorporation into the DNA of brain cells
(Backhouse et al., 1982; Barochovsky and Patel, 1982; Holson et al., 1994; Jurand
and Martin, 1990; Williams ez al., 1992). In these studies, the doses of haloperidol
were in the range of 10-20 mg/kg for acute or subchronic maternal exposure
(Backhouse et al., 1982; Holson et al., 1994), 2.5-5 mg/kg for chronic prenatal
exposure (Williams et al., 1992), or 1-1000 uM for slice culture (Barochovsky
and Patel, 1982; Holson et al., 1994). At these relatively high doses, it is difficult to
estimate human reproductive risks from these animal data for human therapeutic
doses. Other caveats are: (1) the growth stunting produced by prenatal neuroleptic
exposure was not restricted to dopamine-rich areas of the brain (Holson et al., 1994)
and (2) although agonists and antagonists both showed similar inhibitory effects, the
action of agonists was reversed by the appropriate antagonists (Barochovsky and
Patel, 1982).

In male gerbils, Dawirs e al. (1998) reported that four doses of haloperidol
increased the mean individual mitotic activity in SGZ by about 75%. Following
this study, investigators were not able to replicate the same effect in animals that
received subchronic or chronic haloperidol treatment (Schmitt et al., 2004;
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Wakade et al., 2002). In vitro studies, however, showed that Dy antagonists,
including haloperidol, blocked the inhibition of cell proliferation by dopamine
(An et al., 2003; Arita et al., 1998). Therefore, the failure to establish a clear link
between haloperidol and cell proliferation can be attributed to the use of different
protocols to detect cell genesis that is sensitive to mixed or different populations of
proliferating and maturing cell types. With this consideration, a more recent
study (Kippin e/ al., 2005) examined the effect of haloperidol on neural stem cells
(NSCs), the ultimate precursors for adult cell genesis. The authors showed that
haloperidol increased NSC numbers, resulting in more progenitors and more new
neurons and glias in the adult rat brain (Fig. 2). They suggested that this effect was
done by antagonizing dopamine at Dy receptors on NSCs, as Dy receptor stimula-
tion i vitro inhibited NSC proliferation, which was reversed by haloperidol.
Furthermore, Dy™’" mice that received haloperidol had increased numbers of
neurospheres, but D, /™ mice that received haloperidol did not show an increase
in the numbers of NSCs.

B. INCREASED BRAIN NEUROGENESIS BY ATYPICAL ANTIPSYCHOTIC DRUGS

Wakade et al. (2002) reported that both olanzapine and risperidone induced a
significant increase in BrdU™ cells in SVZ. The atypical antipsychotics stimulated a
two- to threefold increase of BrdU™ cells when compared to controls. The expres-
sion of a neuronal marker, NeuN, in BrdU™ cells in rats treated with olanzapine or
risperidone also suggested that these compounds might modulate i vwo differentia-
tion of neuronal progenitor cells even within a day of BrdU injection. In another
study, chronic (21 days) olanzapine administration increased the number of new-
born cells in DG of adult rats. The treatment also increased the number of
proliferating cells in the prelimbic cortex (Kodama et al., 2004). Similarly, olanzapine
increased both the total number and density of BrdU-labeled cells in the prefrontal
cortex and dorsal striatum (Wang et al, 2004), and increased cell proliferation of
PC12 cells (Lu et al., 2004). Clozapine, another atypical antipsychotic, in a low dose
(0.5 mg/kg) and chronic treatment (28 days) paradigm, increased the number of
BrdU™ cells in DG by twofold (Halim et al., 2004). These results suggest that
atypical antipsychotic drugs may increase brain neurogenesis.

C. FAacTORS INVOLVED IN THE REGULATION OF NEUROGENESIS
BY ANTIPSYCHOTICS

Although the mechanism by which antipsychotic drugs stimulate neurogenesis is
not clear, current data suggest the involvement of the following factors in the
regulation of brain neurogenesis by antipsychotic drugs.
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F1G. 2. Haloperidol increases the number of CP cells in the subependyma, neurogenesis in the
olfactory bulbs, and gliogenesis in the striatum. (A) Left, photomicrograph of progenitor cells after
haloperidol treatment. Right, haloperidol increased BrdU™ cell numbers in lateral ventricle
subependyma. (B) Left, photomicrograph of neurogenesis in the olfactory bulb. Right, haloperidol
increased BrdU™/NeuN™ cell numbers in the olfactory bulbs. (C) Left, photomicrograph of
nonneuronal cell genesis in the striatum. Right, haloperidol increased BrdU™/NeuN™ cell numbers
in the striatum. Single and double arrowheads indicate BrdU™/NeuN™ and BrdU™/NeuN™ cells,
respectively. All data are presented as mean & SEM. Scale bars, 50 pm. *p < 0.05.

1. Dy receptors. By binding to Dy receptors, antipsychotics may block the
inhibition of cell proliferation by dopamine (An et al., 2003; Arita et al., 1998; Kippin
et al., 2005).

2. 5-HT A receptors. In recent studies, atypical antipsychotic drugs have shown
their capacity of occupying and activating the 5-HT' 5 receptors (Chou et al., 2003;
Chung et al., 2004; Cussac et al., 2002; Diaz-Mataix et al., 2006; Newman-Tancredi
et al., 1998, 2001). Injections of the 5-HT 5 agonists increased the numbers of the
BrdU-labeled cells in the rat DG (Santarelli ez al., 2003). In adult rats, three different
antagonists of the 5-HT;5 receptors (NAN-190, p-MPPI, and WAY-100635)
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reduced the numbers of newborn cells in DG by about 30% (Radley and Jacobs,
2002), whereas the activation of 5-HT' o heteroreceptors produced similar increases
in the number of BrdU-labeled cells (Banasr et al., 2004).

3. BDNF is another important contributor. In support of this notion, incubation
of cultured progenitor cells with BDNF was reported to increase the differentiation
of cells into neurons (Palmer et al., 1997). There are also i viwo studies showing that
increasing BDNF levels via different approaches lead to increased numbers of new
neurons in the brain (Pencea et al., 2001; Scharfman et al., 2005). By affecting BDNF
levels in the brain, antipsychotic drugs may regulate brain neurogenesis.

4. The cAMP response element-binding protein (CREB). Previous studies have
shown that increased cell proliferation is accompanied by phosphorylation of CREB
in granule cells of DG (Nakagawa et al., 2002). Furthermore, activation of CREB
stimulates neurogenesis in the adult DG (Zhu et al, 2004) and increases the
differentiation of newborn cells into neurons (Palmer ez al., 1997). In line with these
previous results, we found that quetiapine administration (for 7 or 21 days) resulted
in parallel increases in BrdU-labeled cells and phosphorylated-CREB™ cells in DG
of rats, suggesting that this drug might activate CREB, which in turn stimulates
hippocampal neurogenesis (Luo et al., 2005). Indeed, in hippocampal neuron
cultures, the levels of CREB phosphorylation significantly increased after treatment
with haloperidol (50 nM/liter) and risperidone (50 nM/liter) (Yang et al., 2004).

In addition to the above factors, some atypical antipsychotic drugs have unique
actions, which may contribute to enhanced neurogenesis. For example, acute or
chronic administration of clozapine produced a selective increase of fibroblast
growth factor-2 (FGF-2) mRNA and protein in the striatum (Riva e al., 1999).
The FGF-2 is believed to increase neurogenesis, exemplified by the findings that
subcutaneous administration of FGF-2 to newborn rat pups promotes neuroblast
proliferation in regions still undergoing neurogenesis, including the hippocampus
and the granule layer of the cerebellum (Tao et al., 1997), and that chronic infusion of
FGF-2 into the lateral ventricle of adult rats results in an increase in the population
of proliferating precursors in SVZ and a subsequent increase in the number of
neurons migrating from the SVZ to the olfactory bulb (Kuhn ¢ al., 1997).

IV. Neuroprotective Effects of Antipsychotic Drugs

A. CyToPROTECTIVE/ CYTOTROPHIC EFFECTS OF ANTIPSYCHOTIC DRUGS
IN CELL CULTURES

Ueda et al. (1997) reported that the phenothiazine derivatives chlorpromazine, pro-
methazine, and trifluoperazine inhibited toxicities of S-amyloid peptide [AB25-35]
in primary cultures of rat cortical neurons and PC12 cells. Chlorpromazine
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dose-dependently inhibited the AfB95 35-induced decrease in cell viability and
Ca”" uptake in both types of cell cultures. Since promethazine, which has the
phenothiazine structure without neuroleptic effects (Nyback and Sedvall, 1976),
also reduced Afs5 35 cytotoxicity, the protective effects of phenothiazine deriva-
tives could be attributed to structure specificity, rather than to neuroleptic effects
(Ueda et al., 1997). This extrapolation is applicable to haloperidol, which did not
show cytoprotective effects (Qing et al., 2003), even induced cytotoxicities in recent
in vitro studies (Galili-Mosberg et al., 2000; Sagara, 1998; Ukai et al., 2004).

Given the demonstrated action of Af395_35 to produce reactive oxygen species
(ROS), which in turn increase Ca®", thereby inducing neurotoxicity (Harris et al.,
1995; Hensley et al., 1994), the cytoprotective effects of chlorpromazine and
trifluoperazine might be the reflection of their antioxidant potential. Indeed, in
lipid peroxidation induced in microsomal membranes, chlorpromazine and
trifluoperazine acted as very good antioxidants, and in aqueous solution they
appeared particularly effective in the bleaching of crocin (Dalla Libera et al.,
1998). In the same study, clozapine also showed antioxidant properties, which
were more evident in a hydrophobic environment.

Our team has carried out a series of i vitro experiments in recent years and
the results further demonstrated that atypical antipsychotics have antioxidant
capacity. We found that the atypical antipsychotics clozapine, olanzapine, que-
tiapine, and risperidone increased the gene expression of superoxide dismutase
(SOD,), while they decreased p75™ " ® mRNA levels in PC12 cells and prevented
the cells from death after serum withdrawal (Bai ¢t al., 2002; Li et al., 1999). These
drugs also reduced the N-methyl-4-phenylpyridinium ion (MPP™)-induced apo-
ptosis and DNA fragmentation in PC12 cultures (Qing et al., 2003) and decreased
cell death induced by hydrogen peroxide HyO9 or Af395-35 in PC112 cultures (Wei
et al., 2003a,b). Consistent results were also reported by other investigators, who
revealed that olanzapine enhanced the survival of PC12 cells, SH-SY5Y cells,
and 3T3 preadipocytes, and protected neuronal cells from death induced by
serum and glutamine deprivation, S-amyloid peptide, and fluphenazine (Lu ¢t al.,
2004). The cytotoxic insults mentioned above have in common the capability of
causing oxidative stress, as indicated by overproduction of HyO, and changes in
antioxidant enzymes following the treatments (Lee et al., 2002; Qing et al., 2003;
Wei et al., 2003a; Xiao et al., 2002). Therefore, it may be concluded that these
atypical antipsychotics have a common antioxidant action responsible for their
cytoprotective effects in the circumstances described above. In support of this
notion, one of our recent studies showed that olanzapine and quetiapine pre-
vented PC12 cells from Afs5 35-induced apoptosis (Fig. 3) and the overproduc-
tion of intracellular ROS (Fig. 4); attenuated A5 35-induced changes in
activities of the antioxidant enzymes SOD, catalase, and glutathione peroxidase
(Fig. 5); and blocked Afss5 3s-induced decrease in mitochondrial membrane
potential in PC12 cells (Wang et al., 2005; Fig. 6).
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Olanzapine, quetiapine, and clozapine, also enhanced neurite outgrowth
induced by NGF in PC12 cells, increased the number of cells bearing neurites, the
length of primary neurites, and the size of the cell body of NGF-differentiated PC12
cells, and induced sprouting of neurite-like processes in PC12 cells in the absence of
NGT, suggesting that these drugs have neurotrophic potential (Lu and Dwyer, 2005).
These effects appear to involve the phosphatidylinositol 3-kinase (PI3K)/Akt and
extracellular signal-regulated kinase (ERK) signal transduction pathways that play
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Fic. 3. Olanzapine and quetiapine diminished the Af355 35-induced apoptosis. Cells were pretreated
with vehicle Dulbecco’s modified eagle’s medium (DMEM), 50 uM of olanzapine or quetiapine for
24 hours, followed by exposing to 0 or 20 pM of Af35 35 in the absence or presence of 50 uM of
olanzapine or quetiapine for another 24 hours. (A) Photographs a—f are from control, AfBss 35,
olanzapine, olanzapine + Afgs5 35, quetiapine, and quetiapine + A5 35, respectively. Arrows indicate
apoptotic cells with condensed nuclei. (B) The results of quantitative analyses. Data are presented as
means + SEM. *» < 0.05, ¥ < 0.01 compared with control. **p < 0.01 compared with cultures
exposed to Afys5 5. Ola, olanzapine; Que, quetiapine; A3, AfBos5 3.
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Fic. 4. Olanzapine and quetiapine prevented the Afy5 s5-induced overproduction of intracellular
ROS. Cells were pretreated with vehicle (DMEM) or 50 pM of olanzapine or quetiapine for 24 hours,
followed by exposing to 0 or 20 pM of Afy; 35 in the absence or presence of 50 pM of olanzapine or
quetiapine for another 6 hours. Then, intracellular ROS accumulation was measured. (A) Photographs a—f
were from control, Af3y5 35, olanzapine, olanzapine + Afys 35, quetiapine, and quetiapine + Af95 35,
respectively. (B) The results of quantitative analyses. Data are presented as means = SEM. *¥) < 0.01
compared with control. ¥ < 0.01 compared with cultures exposed to A 35 alone.

important roles in neuronal cell growth, survival, and differentiation (Ciani ¢t al.,
2002; Dudek et al., 1997; Lawlor and Alessi, 2001; Vaudry ¢t al., 2002). In line with
this explanation, atypical antipsychotics stimulated phosphorylation of Akt and
ERK (Cussac et al., 2002; Lu et al., 2004); olanzapine, quetiapine, and clozapine
significantly enhanced ERK phosphorylation induced by NGF in PC12 cells; and
PI3K inhibitor LY294002 decreased the positive effects of antipsychotics on NGF-
induced neurite outgrowth (Lu and Dwyer, 2005). In addition, the selective 5-HT'
receptor antagonist WAY-100635 abolished the phosphorylation of ERK by
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Fic. 5. Olanzapine and quetiapine prevented the Afg5 35-induced changes in antioxidant enzymes
SOD (A), CAT (B), and GSH-Px (C). Cells were pretreated with vehicle (DMEM) or 50 uM of
olanzapine or quetiapine for 24 hours, followed by exposure to 0 or 20 UM of A5 35 in the absence
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atypical antipsychotics, suggesting the involvement of the receptors in these actions
(Cussac et al., 2002). Indeed, all of these atypical antipsychotic drugs have relative
high affinities for the 5-H'T' 5 receptors, as discussed before.

B. ProTECTIVE EFFECTS OF ANTIPSYCHOTIC DRUGS IN ANIMALS

Chlorpromazine is the first neuroleptic drug introduced into clinical practice
that has revolutionized both the theory and the therapy of schizophrenia, and has
been known for its cytoprotective effects on cell injury. Results from earlier studies
show that this drug effectively prevented cell necrosis in experimentally induced
ischemic liver and heart disease (Chien et al., 1979; Farber et al., 1978; Saville et al.,
1988), markedly lessened the degree of structural and functional impairment seen
in mercuric chloride or N-(3,5-dichlorophenyl) succinimide (NDPS) (an agricul-
tural fungicide)-induced acute renal failure in rats, and increased the rate of

Fic. 6. Olanzapine and quetiapine prevented the Afs5 ss-induced decrease in mitochondrial
membrane potential (DCm). Cells were pretreated with vehicle (DMEM), 50 uM of olanzapine or
quetiapine for 24 hours, followed by exposure to 0 or 20 UM of Af355 35 in the absence or presence of 50 pM
of olanzapine or quetiapine for another 12 hours. Photographs a—f are from control, Af5_35, olanzapine,
olanzapine + Afy;5 35, quetiapine, and quetiapine + A(y5 35, respectively.

or presence of 50 pM of olanzapine or quetiapine for another 16 hours. Data are presented as means
+ SEM. #) < 0.05, #*p < 0.01 compared with control. *p < 0.05, *p < 0.01 compared with cultures
exposed to Afy; 35 alone.
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recovery (Dobyan and Bulger, 1984; Rankin et al., 1991). The protective effects of
chlorpromazine have been attributed to its ability to antagonize Ca®" influx into
cytoplasm and/or intracellular Ca?"-dependent processes (Chien et al., 1979;
Rankin et al, 1991; Saville e al, 1988). This explanation is consistent with the
understanding of the cytoprotective effects of chlorpromazine and trifluoperazine
in cultured cells that suffered from oxidative stress, as discussed above.

The cytoprotective effects of chlorpromazine in peripheral tissues seemed to be
nonsignificant, as patients with schizophrenia have no neuronal necrosis in their
brains. However, recent advances in schizophrenia research suggest that the
pathophysiology of this disorder involves abnormal neuronal formation, apoptosis,
oxidative damage, and neurodegeneration, leading to dysfunctional neural
synaptic activity, which results in cognitive impairment (Dakhale et al., 2004;
Jann, 2004; Yao et al., 2001). In fact, cognitive impairment, including deficits in
attention and memory function, has been considered to be one of the core
features of schizophrenia (Weinberger and Gallhofer, 1997). Numerous clinical
and multicenter trials using open-label conditions and real-world situations have
demonstrated consistent improvement in various cognitive symptoms with atypical
antipsychotics (reviewed by Jann, 2004). In light of the above, one may speculate that
atypical antipsychotics restore or help recover pathological/pathophysiological
changes in the brain, and thus exert beneficial effects on cognitive functions of
patients with schizophrenia. In the following paragraphs, we will describe some
of the recent studies relevant to this proposal.

It has been found that phencyclidine [PCP, a noncompetitive antagonist of
the N-methyl-D-aspartate (NMDA) subtype of glutamate receptor| and various
other NMDA receptor antagonists including ketamine and MK-801 (dizocil-
pine), which trigger psychotic reactions in humans, induce cytopathological
changes in cerebrocortical neurons in the adult rat brain (Corso et al., 1997;
Ellison, 1994; Ellison and Switzer, 1993; Fix et al., 1993; Olney et al., 1989).
Recent studies have shown that atypical antipsychotic drugs produced protective
effects on the NMDA receptor antagonist-induced changes in animals. For
example, the dizocilpine-induced delayed alteration impairment in rats was
prevented by pretreatment with clozapine (Hauber, 1993). Also clozapine protected
against NMDA-antagonist neurotoxicity reaction in rats (Farber e al, 1993;
Hashimoto ¢ al., 2000). Although traditional antipsychotics (e.g., loxapine,
haloperidol, and thioridazine) showed similar effects, their neuroprotective
action was not attributed to the drugs’ binding affinity to dopamine receptors, as
sulpiride, an agent that binds to dopamine receptors only, did not significantly
reduce MK-801 neurotoxicity at doses up to 30 mg/kg. However, DTG
[di(2-tolyl)guanidine] and rimcazole, which bind to o receptors without app-
reciable binding to dopamine receptors (Largent et al, 1988; Weber e al.,
1986), both prevented MK-801-induced cerebrocortical neurotoxicity (Farber
et al., 1993).
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Similar to clozapine, other atypical antipsychotic drugs, such as olanzapine,
quetiapine, risperidone, and ziprasidone, also prevented PCP or MK-801
neurotoxicity in rats (Dickerson and Sharp, 2006; Farber e al., 1996; Fumagalli
et al., 2004; He et al., 2006). These drugs not only have affinity to Dy receptors,
but also have effects on other receptors, including other dopamine (D}, D3, Dy),
serotonin (5-HT9,, 5-HT;4, and 5-HT3¢ receptors), and alpha-1 adrenergic
receptors (Miyamoto e al., 2005; Richelson, 1999; Tatsumi et al., 1999). Since
dopamine receptors are unlikely to be involved in neuroprotection, other
receptors are worthy of consideration. As indicated by the following findings:
(1) 5-HT9a,9c agonists (£)-1-(2,5-dimethoxy-4-bromophenyl)-2-aminopropane
(DOB), (£)-1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane (DOM), (£)-1-(2,5-
dimethoxy-4-iodophenyl)-2-aminopropane (DOI), and d-lysergic acid diethylamide
(LSD) all dose-dependently prevented MK-801 neurotoxicity; (2) lisuride, a selective
5-HT agonist, potently protected against MK-801’s neurotoxic action; and (3) SDZ
SER-802, a selective 5-H Ty antagonist was ineflective in reversing DOI’s blocking
action (Farber et al., 1998), 5-HT 95 receptors are likely involved in the neuroprotective
actions of atypical antipsychotics.

In addition, atypical antipsychotics also showed neuroprotective actions
against other neurotoxic effects induced by amphetamine, kainic acid, okadaic
acid, NMDA, or surgical lesions. Risperidone, for example, was shown to reverse
memory deficits in kainic acid-lesioned rats (Csernansky et al., 2001). Similarly,
quetiapine was effective in ameliorating deficits in contextual fear conditioning
and cued fear conditioning in kainic acid-treated animals (Martin ef al., 2005).
In a recent study, we found that chronic pretreatment of rats with olanzapine
effectively attenuated methamphetamine-induced neurotoxicity that includes the
methamphetamine-induced mortality, hyperthermia, and decreases in TH and
Bcl-2 immunostaining in the caudate putamen (He ez al., 2004). In another study,
chronic administration of quetiapine significantly attenuated the d¢/-amphetamine-
induced hyperthermia and the anxiety-like behavioral changes in the light/dark
box and in the open field tests (He et al., 2005a). Acute injections of clozapine to
pretrained rats improved memory in animals with fimbria-fornix lesions (Addy
et al., 2005). In the absence of pretraining, chronic administration of clozapine
improved performance in the delayed spatial alternation task in rats with direct
damage (by infusion of NMDA) to the hippocampus (Bardgett e al., 2006). The
above data suggest that these atypical antipsychotic drugs have primary cognition-
enhancing effects in animals with neuropathy in the brain.

The cognition-enhancing effects of atypical antipsychotics in animals with
neuropathy in the brain suggest that these drugs may exert direct protection on
brain lesions. Evidence supporting this notion has been emerging. For instance,
at a pharmacological dose, clozapine and olanzapine blocked the neuropatho-
logical changes (neuronal vacuolization) and the expression of Fos-like protein
and ¢-fos mRNA induced in the rat retrosplenial cortex by administration of
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dizocilpine (Fujimura et al., 2000). In a follow-up study, this protective effect on
the dizocilpine-induced neuronal vacuolization was confirmed and extended to
zotepine, another atypical antipsychotic (Okamura ¢t al., 2003). In a recent study,
we showed that olanzapine significantly attenuated the spatial memory
impairment (Fig. 7) and hippocampal cell death induced by okadaic acid
(He et al., 2005b; Fig. 8). Moreover, clozapine, ziprasidone, and aripiprazole
decreased kainic acid-induced striatal lesion volumes in mice (Cosi ¢t al., 2005).

The aforementioned protective and therapeutic effects of atypical antipsy-
chotic drugs in animals with neuropathy in the brain and behavioral changes are
of significance to patients with schizophrenia, since neuropathy has been
observed in brains of schizophrenic patients (Antonova et al., 2004; Arnold,
2000; Csernansky et al., 2002; Knable ¢t al., 2004). Explicitly, these protective
effects may contribute to therapeutic effects of these drugs on negative and
cognitive symptoms in patients with schizophrenia.

C.. EFFECTS OF ATYPICAL ANTIPSYCHOTICS ON THE ACTIVITY OF HPA AXIS AND
THE STRESS-INDUCED CHANGES IN THE HippocAMPUS

Many psychiatric illnesses are known to be associated with cortisol dysregulation
(Corcoran et al., 2001). There has been evidence linking the dysfunction of the
hypothalamic—pituitary—adrenocortical (HPA) axis to schizophrenia (Kaneko et al.,
1992), indicated by higher basal cortisol levels and/or the cortisol/dehydroepiandros-
terone ratio in patients with schizophrenia than in normal controls (Lammers et al.,
1995; Ritsner et al., 2004, 2005; Ryan ¢t al., 2004; Taherianfard and Shariaty, 2004).
Moreover, atypical antipsychotics have been shown to be effective in treating
corticosteroid-induced psychosis (DeSilva et al., 2002; Siddiqui e al., 2005), reduce
cortisol excretion in healthy subjects (Cohrs ¢t al., 2004; Meier et al., 2005), and reverse
increased cortisol levels in patients with schizophrenia while improving patients’
symptoms (Breter et al., 1993; Mann et al., 2006; Wik, 1995; Zhang et al., 2005).

High levels of cortisol and stress have been demonstrated to be harmful to the
brain, especially to the hippocampus, in animal and human studies. Patients with
schizophrenia showed smaller hippocampi than control normal subjects (Wright
et al., 2000). Postmortem studies also demonstrated abnormal cytoarchitecture,
lower cell counts, disorientation of pyramidal cells, and smaller neurons in the
hippocampi of patients with schizophrenia (Jonsson et al., 1999; Weinberger,
1999). Likewise, functional imaging showed reduced hippocampal activation in
schizophrenic patients during verbal episodic memory retrieval and odor discrimi-
nation (Heckers et al., 1998; Malaspina et al., 1998).

A plausible inference from current knowledge, as described above, 1s that atypical
antipsychotics may protect the hippocampus against stress insults. In support of this
notion, we found that chronic administration of quetiapine prevented the decrease in
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Fi. 7. Olanzapine did not affect the spatial working (A) and reference (B) memory formation before
okadaic acid (OA) or saline microinjection in the radial arm maze task in rats. However, olanzapine
significantly attenuated the OA-induced impairment in animals’ working (C) and reference (D) memory,
which was measured by the radial arm maze task 1 week after the microinjection of OA or saline into the
right hippocampus. Results are expressed as means &= SEM (r = 67 in each group). ***p < 0.001 vs
control (CON), #p < 0.05 and #*¥p < 0.001 vs OA, and Tp < 0.05 vs Ola0.5 + OA.

hippocampal levels of BDNF (Xu et al, 2002), and reversed the suppression
of hippocampal neurogenesis caused by repeated restraint stress (Luo et al., 2004).
In addition, chronic administration of quetiapine prevented the stress-induced
decrease in hippocampal levels of heme oxygenase-2 (HO-2; Chen ¢ al., 2005),
which is an isoform of HO, and could be down-regulated by prolonged exposure to
the adrenal glucocorticoids in rats (Weber et al., 1994). Olanzapine, other atypical
antipsychotic, showed similar effects of accelerating the recovery processes of
changed BDNF and Bcl-2 levels in hippocampi of stressed rats (Lu et al., 2004).
Further studies are ongoing in our laboratory to extend the current results and
explore possible mechanisms responsible for these neuroprotective effects.

D. COMBINATIONS OF ATYPICAL ANTIPSYCHOTICS AND ANTIDEPRESSANTS
In clinical practice, the atypical antipsychotics clozapine, olanzapine, quetia-

pine, and risperidone were added to antidepressant treatment in cases of depres-
sion that had not responded to antidepressant treatment alone. For example, in
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Fic. 8. (A-D, A"-D’) Representative photomicrographs of TUNEL staining in the injected
hippocampus of the rats in the CON (A, A’), OA (B, B'), Ola0.5 + OA (C, C’), and Ola2.0 + OA (D,
D’) groups. The high magnification of right photomicrographs (A-D’) were picked up from A-D,
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magnification images. In the hippocampi of OA-injected groups (B, B'; C, C/; D, D), the TUNEL-
positive cells are visible in different frequency, whereas there are almost no TUNEL-positive cells in
the hippocampus of the control rat (A, A’). The scale bar represents 300 pm in A-D, and represents
30 mm in A’-D’. (E) Quantitative analysis of the effect of olanzapine on the OA-induced increase of
TUNEL-positive cells in the injected hippocampus. The number of TUNEL-positive cells in the
hippocampus was counted at 400x magnification. Results are expressed as means == SEM (n = 6-7
in each group). “p < 0.001 vs CON, ##) < 0.01 vs OA, and Tp < 0.05 vs Ola0.5 + OA.
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the case of a 48-year-old woman with recurrent depressive disorder, resistant to
antidepressants and to electroconvulsive therapy, a marked improvement was
achieved when a combination treatment of clozapine and maprotiline (an anti-
depressant) was commenced (Hrdlicka, 2002). There are many more clinical
reports on the addition of olanzapine for treatment-resistant depression (Pitchot
and Ansseau, 2001), psychotic major depressive disorder (Barbee et al., 2004;
Matthews ¢t al., 2002), and posttraumatic stress disorder (Stein e/ al., 2002). Similar
reports have also been published on quetiapine (Barbee e al., 2004; Calabrese
et al., 2005) and risperidone (Barbee et al., 2004; Ghaemi ¢t al., 2004; Hirose and
Ashby, 2002; Tani et al., 2004). In fact, accumulating evidence suggests that these
atypical antipsychotics produce antidepressant eflects (Ghaemi et al., 2000; Ishak
et al., 2004; Klein et al., 2004; McIntyre and Katzman, 2003; McIntyre e al., 2004;
Sajatovic et al., 2002). Atypical antipsychotic drugs have also been used in other
mental disorders such as Alzheimer’s disease (AD; De Deyn et al., 2004; Fujikawa
et al., 2004; Negron and Reichman, 2000) and treatment-refractory obsessive-
compulsive disorder (OCDj; Adityanjee and Schulz, 2002; Bogan et al., 2005; Carey
et al., 2005; Denys et al., 2002, 2004).

Although determining the precise mechanism of the synergism of the combi-
nation of atypical antipsychotics with antidepressants is a daunting challenge, the
clinical efficacy of atypical antipsychotic drugs in schizophrenia, depression, and
mood disorders, all of which have their own unique pathogenesis, suggests that
these drugs may share some common targets at the molecular levels. There is
increasing evidence suggesting that mood stabilizers and antidepressants have
neuroprotective properties (Bachmann e al., 2005; Cavus and Duman, 2003;
Chuang, 2004; Duman, 1998; Duman et al., 1997; Haynes et al., 2004). Recent
studies, as described in this chapter, also suggest that antipsychotic drugs may
have neuroprotective capacity. Therefore, it may be postulated that a combina-
tion of atypical antipsychotics and antidepressants enhance their neuroprotective
effects. In support of this reasoning, Maragnoli et al. (2004) reported that a
combination of fluoxetine and olanzapine produced higher levels of FGI-2,
a neurotrophic molecule that is highly expressed in the mature brain and is
protective for a wide range of neurons (Dono, 2003), in prefrontal cortex than
either drug alone. In a more recent study, we found that the combination of
quetiapine and venlafaxine produced a synergistic effect in preventing the stress-
induced decrease in hippocampal levels of HO-2 (Chen et al., 2005). The same
combination synergistically prevented the stress-induced decrease in hippocam-
pal levels of BDNF and neurogenesis (Xu et al., 2006). Hopefully, these results will
promote further research, since neuropathies in the prefrontal cortex and hippo-
campus are common features of depression, schizophrenia, and AD, and in turn,
these disorders show similar negative and cognitive behavioral changes
(Keshavan et al., 2005; Krystal e al., 2001; Mcllroy and Craig, 2004; Miyamoto
et al., 2003; Shinosaki et al., 2000; Vaidya and Duman, 2001; Zubenko, 1997).
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In recent years, clinical research findings indicate that mood disorders, such
as bipolar disorder (BPD), are associated with abnormal structure and function
of the central nervous system (CNS). Dysfunctions in neuroplastic processes
are implicated as the underlying cause for these impairments. “Neuroplasticity”
subsumes diverse processes such as dendritic remodeling, axonal sprouting, neur-
ite extension, alterations in synaptic strength, and even neurogenesis. By these
active mechanisms the brain reorganizes itself in response to environmental
stimuli. Psychotropic drugs commonly used to treat mood disorders modulate
several different forms of neuroplasticity, including neurogenesis. This chapter will
discuss the role of neuroplasticity in the pathophysiology and treatment of
BPD by reviewing literature from both clinical and preclinical arenas. Clinical
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data clearly support the role of abnormal CNS function and structure in BPD.
Preclinical studies parallel these findings by providing us with possible mechanisms
that underlie the abnormalities found in clinical research. Understanding both of
them together as a whole will help generate hypotheses to further our studies
in BPD and mood disorders in general.

I. Introduction

The ability to adapt to complex environmental stimuli, not anticipated by
genetic programming, is vital for higher organisms and their social groups.
Learning and memory, homeostasis of complex physiology, as well as advanta-
geous adjustments of behavior rely on the ability to change in response to
external and internal influences. The term neuroplasticity addresses biological
correlates for these types of adaptive mechanisms found in the CGNS. Neuro-
plasticity enables the brain to reorganize itself by forming new neural connections
and altering the attributes of existing ones through modifications in synaptic
strength, variations in neurotransmitter release, and modeling of axon and
dendrite architecture. In addition, even in adulthood the brain still produces
new neurons and glial cells derived from pluripotent precursors. Qualitative,
quantitative, and temporal characteristics of stimuli determine the nature of these
adaptations. For instance, chronic or repeated stimuli lead to different effects
than acute stimuli or a single stimulus (Hyman and Nestler, 1996) and changes in
the brain due to certain stimuli are dependent on the developmental phase in
which they occur.

In recent years, clinical research as well as cellular and molecular biology
associated mood disorders with structural and functional impairments in several
regions of the CNS. Furthermore, psychotropic drugs commonly used to treat
these conditions can modulate neuroplasticity. The goal of this chapter is to
discuss the role of neuroplasticity in the pathophysiology and treatment of bipolar
disorder (BPD). We will first examine the nature of BPD’s course. Then we will
look at biological correlates found in clinical imaging and postmortem patho-
logical research. Finally, we will explore preclinical research on cellular and
synaptic plasticity and their related underlying molecular mechanisms.

BPD is a severe, chronic illness that affects about 1-6% of the general
population (Judd and Akiskal, 2003). Patients afflicted with this condition typi-
cally alternate between episodes of depression and mania. Depressed mood,
anhedonia, and despair, taken together with cognitive impairments, changes in
psychomotor behavior, and neurovegetative symptoms, including distinctive
disturbances of sleep, characterize bipolar depression. Patients in manic stages
present a hyperaroused state with either euphoric or dysphoric mood, motor
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activity elevations, racing thoughts, impaired judgment, and decreased sleep as
well as a decreased need for sleep. During the chronic course of the disease many
patients experience episode relapse, residual symptoms, and impairments in
cognitive and psychosocial functions. Suicide is the cause of death in 10-15%
of patients. BPD frequently manifests with many other deleterious nonpsychiatric
conditions such as cardiovascular disease, diabetes mellitus, and obesity (Kupfer,
2005). The World Health Organization has listed BPD as a leading cause of
disability worldwide and has projected a greater impact for the future (Murray
and Lopez, 1997). The cost associated with disability and premature death due to
BPD comes close to tens of billions of dollars annually in the United States alone.

Patients with BPD are generally treated with a class of medications referred to
as “mood stabilizers.” The prototypic agent of this class is lithium. More recently,
a variety of anticonvulsant agents, most notably valproic acid, have been
effectively used as mood stabilizers (Bowden et al., 1994; Pope et al., 1991). Mood
stabilizers are efficacious for the treatment of mania (Macritchie et al., 2003;
Poolsup et al., 2000) and may also possess antidepressant properties. In addition,
they exert prophylactic effects in preventing the relapse of manic or depressive
episodes. However, a great number of BPD patients do not adequately respond
to mood stabilizer treatment plus unfortunately medication adherence is often
quite poor due to side effects (Nemeroff, 2003). Even in individuals who do
respond and comply with the treatment regimen, relapse is common (Keck and
Manji, 2002). Therefore, further research on the underlying causes and
treatment of this disorder needs to be pursued. The role of neuroplasticity in
BPD is an avenue of investigation with great potential and is likely to lead to
additional, improved treatments of the disease.

Il Clinical Evidence for a Role of Neuroplasticity in BPD

A. COURSE AND PRECIPITATING FACTORS OF THE ILLNESS

The pathophysiology of BPD is likely based on complex interactions of
multiple susceptibility and protective genes and environmental influences. Family
and adoption studies show the importance of genetics (Craddock and Jones,
1999; Smoller and Finn, 2003), but psychosocial environment clearly plays a
significant role (Brown and Harris, 1989). Current data suggest that high
levels of stress can increase the risk of a new episode (Ellicott et al, 1990;
Malkoff-Schwartz et al., 1998, 2000) or the severity of symptoms (Johnson,
2005; Johnson et al., 2000). Early psychosocial stress (i.e., abuse during childhood)
can cause an adverse course of the illness (Leverich et al., 2002). Furthermore,
individuals with BPD seem to sensitize to stress after repeated episodes of
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depression or mania (Hlastala et al., 2000) and relapse becomes more frequent
with the number of prior hospitalizations (Post, 1992).

A growing number of studies indicate significant impairments of cognitive and
psychosocial functioning even during remission. The course of the illness impacts
the severity of neuropsychological dysfunction, whereas the degree of depressive
symptoms determines social impairments (Fagiolini et al., 2005; Robinson and
Ferrier, 2006). These findings along with the descriptions of stressor and episode
sensitization suggest biological residues left by the disease that are likely evidence
for impairments in neuroplasticity.

B. HPA Axis anp BPD

As implied by the precipitating factor of stress, there is considerable clinical
evidence for dysregulation of the stress response in BPD. Many studies focus on
abnormalities of the hypothalamic pituitary adrenal (HPA) axis. The HPA system
is the central endocrine system for the regulation of stress. Stress is defined as the
body’s nonspecific response to any demand, physical or psychological. During
stress several cortical and limbic brain areas cause the hypothalamus to secret
corticotrophin-releasing hormone (CRH). CRH acts on the pituitary to stimulate
adrenocorticotropin hormone (ACTH) release into the bloodstream. ACTH
triggers the production and secretion of cortisol, a glucocorticoid, by the adrenal
glands. Two nuclear receptors subsequently mediate glucocorticoid eflects, the
high-affinity type I receptor or mineralocorticoid receptor (MR), and the low-
affinity type II or glucocorticoid receptor (GR). Negative feedback ensures HPA
axis homeostasis. This is achieved by suppression of ACTH from the pituitary
and the regulation of the hypothalamus and other brain areas by cortisol.

Many clinical studies report HPA hyperactivity in patients with mood dis-
orders such as unipolar depression or BPD. In bipolar patients, hyperactivity of the
HPA axis has been demonstrated and is found in particular in patients with
depressive and mixed episodes (Gold et al., 1984; Goodwin and Jamison, 1990;
Vieta et al., 1997). HPA axis function is frequently assessed by measuring changes
in cortisol, ACTH, and CRH in response to dexamethasone (DEX) alone or in
combination with CRH. DEX, a synthetic glucocorticoid, has high affinity to GR
receptors and in normal individuals suppresses the release of ACTH and cortisol.
Reports of nonsuppression to DEX in both unipolar and BPD as well as enhanced
response to CRH (Vieta et al., 1999) suggest primary abnormalities in HPA axis
inhibition (Zhou et al., 1987). Additionally, magnetic resonance imaging (MRI)
studies show decreases in pituitary volume in patients with BPD (Sassi et al., 2001).
The potential hyperactivation of the HPA axis in mood disorders might be
causative for the regional brain atrophy observed in many patients with BPD
(see imaging in Section II.C). To what extent these findings represent the sequelae
of the biochemical changes (e.g., in glucocorticoid levels) accompanying repeated
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affective episodes remains to be elucidated. The notion that changes in glucocorti-
coid levels correlate with brain atrophy is also supported by observations that
chronic stress or glucocorticoid administration produce atrophy and cell death in
hippocampal neurons of rodents and primates. Another consideration is that
chronic excessive secretion of glucocorticoids, as seen in patients with ACTH- or
cortisol-secreting tumors (Cushings syndrome), has been associated with mania,
depression, and cognitive dysfunction (Sonino and Fava, 2001). The incidence of
manic or hypomanic episodes during the course of Cushings syndrome is about
30% (Haskett, 1985; Hudson ¢t al., 1987) and current MRI studies reveal reduced
hippocampal volumes in patients with Cushings syndrome (Starkman et al., 1999).

(. IMAGING AND ACTIVATIONAL STUDIES

MRI, fMRI, PET, and SPECT technologies enabled researchers over the last
two to three decades to collect data on volumes, flow, and metabolism rates as
well as activational differences in human BPD patients compared to healthy
volunteers. These measurable changes in the brain are somewhat indicative of
changes in neuroplasticity, lending further support to a role for neuroplasticity in
the etiology of BPD.

Regarding the brain in its entirety, gray matter volume is not different in BPD
(Brambilla ez al., 2001; Schlaepfer et al., 1994; Zipursky et al., 1997); however, many
studies found reductions in specific regions. The majority of the differences found were
in the frontal lobes of the cerebral cortex. Some studies found volume reductions in the
left subgenual region 24 (SG24), a structure in the anterior gyrus ventral to the genu of
the corpus callosum (Drevets ¢t al., 1997), but others have not (Brambilla ¢t al., 2002).
Other studies indicate reductions of gray matter in three other important areas of
the frontal cortex, the left dorsolateral prefrontal cortex (DLPFC) (Brambilla et al.,
2002), the ventral PFC, and the orbital PFC (Frangou ez al., 2002).

Temporal lobe structures such as the hippocampus and amygdala have not
been as thoroughly researched as the frontal lobes. No volume differences related
to BPD have been observed in the hippocampus (Altshuler et al., 2000; Swayze
et al., 1992); however, in one study on monozygotic twins discordant for BPD a
reduction of volume in the right hippocampus was indicated in the affected twin
(Noga et al., 2001). In contrast, the amygdala data are convoluted. One study
indicated reductions in volume on the left (Pearlson et al., 1997), another found
no difference (Swayze et al., 1992), and many others found an enlargement of
both left and right or just the left (Altshuler ez al., 1998; Brambilla e al., 2002,
2003; Frangou et al., 2002; Strakowski e al., 1999).

With regards to white matter measurements, BPD patients appear to have a
reduced amount of white matter (Brambilla ¢t al., 2001; Strakowski et al., 1993;
Zipursky et al., 1997) and increases in white matter hyperintensities (WMH).
WMH are defined as bright spots in T2-weighted images that are considered to
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be an indication of vascular degeneration. WMH are typically found in normal
aging as well as in cardiovascular diseases; however, they are seen in BPD patients
of all ages, even in adolescents (Botteron et al., 1995; Lyoo et al., 2002; Pillai et al.,
2002). In mood disorders this seems specific for BPD, in unipolar depression it is
only seen in elderly patients (Soares and Mann, 1997). The relevance of these
WMH is unknown, but they are correlated with the severity or chronicity of BPD
(Moore et al., 2001).

Resting state studies using 18F-FDG-PET have been utilized to measure glucose
metabolism in depressed BPD patients. Two studies highlight two different areas:
one study found a decrease in the left dorsal anterolateral PFC, whereas the other
study reported decreases in the right insula, claustrum, anteroventral caudate/
putamen, and temporal cortex, but higher metabolism in the anterior cingulate
(Baxter et al., 1989; Dunn et al., 2002). Another study using similar methods reported
an increase in glucose metabolism in the amygdala in BPD-depressed patients
(Drevets et al., 2002). This study also demonstrated that mood stabilizers normalize
glucose metabolism. Other resting state studies using 99m-hexamethylpropylenea-
mine oxime (HMPAO) SPECT report a decrease in CBF in the PFC, limbic, and
paralimbic areas (Ito e/ al,, 1996). Many studies have parallel findings in manic
patients (Migliorelli et al., 1993; Rubin et al., 1995) with the exception of one study
that found an increase in the temporal lobe (O’Connell et al., 1995). Likewise, using a
different SPECT method resulted in the observation of an increased perfusion of the
superior anterior cingulate and the left orbitofrontal cortex (OFC) after lithium
withdrawal and relapse in BPD patients (Goodwin et al., 1997).

Brain activation studies report decreased right rostral and orbital PFC activa-
tion in manic patients undergoing a word generation task (Blumberg ¢t al., 1999)
and reduction of regional cerebral blood flow (rCBF), when compared to controls,
in the prefrontal but not the left temporal regions of the cortex while being given a
verbal fluency paradigm. Studies using fMRI in BPD patients performing the
color-word Stroup task show a smaller response in the right ventral PFC during
manic episodes in comparison to a smaller response in the left ventral PFC during a
depressed episode. Fearful facial affect recognition paradigms report reduced
activation in the DLPFC and increased amygdala activation in BPD patients
(Yurgelun-Todd et al., 2000). Similarly, other studies using happy stimuli find a
decreased striatal response in depressed patients and an increased striatal response
in mania (Blumberg ¢t al., 2000; Keedwell et al., 2005).

D. MAGNETIC RESONANCE SPECTROSCOPY
Magnetic resonance spectroscopy (MRS) is based on the same principles as

MRI but can extract i viwo biochemical information from body tissue. N-acetyl
aspartate (NAA), a marker for neuronal viability, shows a decrease in the PFC
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(Cecil et al., 2002; Winsberg et al., 2000) and the hippocampus (Bertolino et al.,
2003) of BPD patients. Choline-containing compounds (Cho) signal has been
thought to reflect neuronal membrane metabolism. Studies indicate BPD
patients have decreased signals in the OFC (Cecil ¢t al., 2002), increased signals
in the basal ganglia (Kato et al,, 1996), and a reduction in the right anterior
cingulate cortex (ACC) (Moore ¢t al., 2000a,b).

Treatments of BPD influence MRS findings. Lithium increases NAA levels
in various cortical regions, but valproic acid does not (Moore et al., 2000a,b;
Silverstone et al., 2002). Lithium and valproic acid reduce myoinositol concentra-
tions, important in the phosphoinositol (PI) second messenger system (Section III.H)
(Moore et al., 1999; Silverstone et al., 2002). Additionally, other important modula-
tors of second messenger systems such as phosphor-monoesters (PME) and phos-
phodiesters (PDE) appear to be altered in BPD as well. PME are decreased in
temporal and frontal regions of the brain (Deicken et al., 1995a,b; Kato et al.,
1994a,b), while PDE is increased in the frontal lobes (Deicken et al., 1995a,b).

E. PosSTMORTEM BRAIN ANALYSES

Postmortem studies have concentrated greatly on the DLPFC and SG24
areas in the brain due to the high number of findings in imaging studies over
the years. In the DLPFC, there is a reduction of neuronal density in glutama-
tergic (Rajkowska et al.,, 2001) and GABAergic neurons (Beasley e al., 2002).
Additionally, glial cell density is greatly reduced which correlates with a reduction
in volume (Rajkowska et al., 2001). A significant reduction of GFAP labeling in
the PFC has been reported ( Johnston-Wilson et al., 2000). In the SG24, similar
reductions in glial density and number (but not size) have been found (Ongur
et al., 1998) as well as reductions of neuronal densities (Bouras et al., 2001),
particularly a reduction of interneurons (Benes et al., 2001a,b).

Studies in postmortem tissue implicate other areas of the brain such as the
anterior cingulate (BA 24B), suggesting that it may be a site of abnormalities in
synaptic plasticity resulting in a decrease of the synaptic proteins: synaptophysin,
complexin 2, and GAP43, in BPD patients (Eastwood and Harrison, 2001).
Corresponding with those decreases another researcher finds decreases in spine
density in the subiculum of the hippocampus, which is known for being a target
for anterior cingulate axons (Rosoklja ef al., 2000). Hippocampal reductions of
GABAergic interneurons have also been found (Benes and Berretta, 2001;
Heckers et al., 2002). Other brain areas such as the amygdala and the raphe also
present reduced numbers of glia or neurons, respectively (Baumann et al., 2002;
Bowley et al., 2002). However, the locus coeruleus, best known for its role in
norepinephrine release, shows an increase in neuronal numbers in BPD patients

(Baumann ez al., 2002).
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Based on neuropsychological findings in humans and animals, two systems for
emotional perception and regulation of the affective state have been pro-
posed (Phillips ez al., 2003). A ventral system that is important to identify emotional
significance and a dorsal system that is used for executive functioning (i.c., selective
attention, planning, and effortful regulation of affective states). The ventral system
includes the amygdala, insula, ventral striatum, ventral anterior cingulate gyrus,
and prefrontal cortex. The dorsal system encompasses the hippocampus, dorsal
ACC, and prefrontal cortex. The pattern of structural and functional abnormal-
ities reviewed above could help explain the prominent mood swings, emotional
lability, and distractability observed in BPD. However, a more thorough under-
standing of the neurobiology underlying these abnormalities requires research in a
preclinical setting in order to allow analysis and manipulation on a cellular and
molecular level. Throughout the rest of the chapter we review preclinical research
focusing on the role of cellular and synaptic plasticity in the pathophysiology and
treatment of BPD.

lll. Preclinical In Vivo and In Vitro Studies

The imaging and postmortem neuropathological findings reviewed above
strongly suggest functional and cellular impairments related to BPD patho-
physiology. The data also suggest that mood stabilizers bring about their salutary
actions by attenuating or reversing these defects. Repair of existing damage requires
mechanisms that increase trophic support or cellular proliferation and improve the
resilience of neuronal cells against harmful events. Preclinical research provides
further insight into these neuroplastic mechanisms. Animal and cell culture models
allow a close look at the proposed pathophysiology that can be useful in discovering
potential molecular targets of mood stabilizers.

A. CELL PROLIFERATION AND DIFFERENTIATION

Although the adult CNS contains predominantly fully differentiated neurons
and glial cells, it also continues to give birth to new immature progenitors
throughout life and into old age. These proliferating cells can be detected in
subcortical white matter (Nunes ¢t al., 2003) and cortical regions of the brain
(Goldman and Sim, 2005). There are two germinal zones that contain self-
renewing, multipotent neural stem cells, the subventricular zone (SVZ) of the
lateral ventricles and the subgranular zone (SGZ) of the hippocampal dentate
gyrus (DG) (Fig. 1). Multipotency describes the ability to differentiate into all three
neural lineages: neurons, astrocytes, and oligodendrocytes. New born cells from
the SVZ migrate into the olfactory bulb where they differentiate into new neurons.
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Fi. 1. Neurogenesis in the adult hippocampus.

Cells from the SGZ of the hippocampal DG migrate into the hippocampal granule
cell layer where they preferentially differentiate into granule cell neurons that
subsequently develop dendrites and extend their axons toward the CA3 region of
the hippocampus. During their differentiation these cells express several markers
that make it possible to distinguish different stages of maturation (Fig. 1). The
putative stem cell expresses both the glial cell marker GFAP and the stem cell
marker nestin. Young migrating neuroblasts express doublecortin. Postmitotic
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young neurons express the markers calbindin and calretinin and finally become
positive for the neuron-specific marker NeuN (Kempermann et al., 2004). Newly
born neurons are very plastic as measured by their high sensitivity to the induction of
long-term potentiation (LTP) (Schmidt-Hieber ez al., 2004), but once matured their
electrophysiology is indistinguishable from older granule cells (van Praag et al., 2002).
In the field of mood disorder research, adult hippocampal neurogenesis has drawn a
lot of attention due to the fact that it is modulated by environment, stress, and
psychotropic drugs. Additionally, the hippocampus is the region with the highest
expression of GRs (Lopez et al., 1999) and has been the most studied area in adaptive
plasticity. This is due to the well-defined and easily studied neuronal populations of
the hippocampus.

B. StrESS DECREASES ADULT HippocaMPAL NEUROGENESIS

Different types of acute and chronic stressors provoke depressive-like behav-
ior in animal models. Most of these stressors can decrease hippocampal
progenitor cell proliferation (Table I) (Czeh et al., 2001, 2002; Gould et al.,
1998; Tanapat et al., 1998; van der Hart ¢t al., 2002). Quality, quantity, and
chronological characteristics of stressors are important factors controlling the
permanence of these effects. Rats subjected to chronic and intense uncontrollable
stress in adulthood show prolonged inhibition of cell proliferation leading to
a prolonged decline in new neuron production (Czeh e al., 2002; Heine e al.,
2004; Malberg and Duman, 2003; Pham et al., 2003; Westenbroek et al., 2004).
In contrast, decreased proliferation due to acute stress recovers within a 24-hour
period (Heine et al., 2004) and active avoidance learning, which is stressful but
nonetheless controllable, does not affect DG cell proliferation (Van der Borght
et al., 2005). This is very similar to the role of negative life events in human
affective disorders where the controllability of the employed stressor is important
to outcome measurements of mood changes. Stress during development can have
long-lasting effects on adult hippocampal neurogenesis. In pregnant animals,
stress induces a decrease of proliferation in the DG of the offspring which extends
into adulthood (Lemaire e/ al., 2000, 2006). Interestingly, postnatal stimulation
of pups from prenataly stressed mothers can oppose this effect (Lemaire et al.,
2006), while maternal separation stress during the early postnatal period
mhibits cell proliferation later in life (Mirescu et al., 2004).

HPA axis activation and glucocorticoid levels are important mediators of stress-
related decreases in adult neurogenesis. Inhibition of the HPA axis by surgical
(Cameron and Gould, 1994; Cameron and McKay, 1999; Gould ¢t al., 1992; Tanapat
et al., 2001) or pharmacological (Alonso ¢t al., 2004) means increases cell proliferation
and neurogenesis in the DG. In contrast, administration of corticosteroids suppresses
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TABLE I
Moob STaBILIZER EFFECTS ON CELL PROLIFERATION AND DIFFERENTIATION”

Proposed
Drug Model Findings mechanism References
In vivo
Lithium  Mouse Increase in new born Bcl-2 increase Chen et al. (2000)
(C57/Bl6) cells, no change in
neuronal differentiation
Lithium  Rat (SD) Increase in new born ERK pathway Kim et al. (2004),
cells, increase in Son et al. (2003)
neuronal differentiation
Lithum  Rat (SD) Increase in new born Yu et al. (2003)
old age cells, no mature
neuronal phenotype
VPA Mouse No difference in ERK pathway Hao et al. (2004)

(C57/BI6) proliferation, increase
in new born cells
after 6-week survival
VPA Rat (F344) Decrease in proliferation, ~ HDAC inhibition — Hsieh e al. (2004)

increase in neuronal

differentiation
In vitro
Lithium  CGC, CC Increase in proliferation Hashimoto et al.
(2003)

VPA aHPC Decrease in proliferation, =~ HDAC inhibition = Hsieh et al. (2004)
increase in neuronal
differentiation

VPA reNSC, Increase in neuronal Laeng et al. (2004)

heNSC differentiation,

GABAergic phenotype

“SD, Sprague-Dawley; F344, Fischer 344; CGC, cerebellar granule cell culture; CC, cerebral
cortical culture; aHPC, adult hippocampal progenitor cell culture; reNSC, rat embryonic neural stem
cells; heNSC, human embryonic neural stem cells.

adult neurogenesis (Cameron and Gould, 1994; Gould e al, 1991; Wong and
Herbert, 2006). It is not fully understood through which mechanisms glucocorticoids
decrease neurogenesis. Direct effects through GRs (Garcia et al., 2004) as well as
indirect effects mediated by the surrounding environment are both possible. Increased
glucocorticoids do stimulate glutamate release and alter NMDA receptor expression
which in turn decreases granule cell precursors proliferation (Cameron et al., 1998).
Furthermore, glucocorticoids negatively modulate expression of neurotrophic factors
such as brain-derived neurotrophic factor (BDNF) (Schaaf e al., 2000). BDNF plays
an important role in adult neurogenesis as it increases proliferation and modulates
survival of new neurons.
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Several drugs of abuse, such as alcohol and nicotine, but also morphine
and psychostimulants, decrease adult hippocampal neurogenesis (Eisch and
Harburg, 2006).

C. ANTIDEPRESSANTS ACTION ON ADULT HippOCAMPAL NEUROGENESIS

In contrast to stress and glucocorticoids, many classes of antidepressant drugs
increase neurogenesis in the adult hippocampus. In humans, antidepressants require
several weeks of treatment in order to reduce symptoms, and interestingly, a similar
timeframe is required to increase neurogenesis (Malberg ez al., 2000; Manev et al.,
2001; Nakagawa et al., 2002; Santarelli ez al., 2003). Moreover, chronic antidepres-
sant treatment blocks the effects of stress on hippocampal neurogenesis (Alonso et al.,
2004; Czeh et al., 2001; Lee et al., 2001; Malberg and Duman, 2003; van der Hart
et al., 2002). However, there is one study that indicates antidepressant treatment not
only increases proliferation but also increases apoptosis of granule cells in the DG.
Thus, antidepressant treatment might accelerate the turnover of cells rather than
just increasing the total number of granule cells (Sairanen e al., 2005). Other
nonpharmacological antidepressant treatments similarly affect neurogenesis. Elec-
troconvulsive seizures (ECS), an efficacious treatment against major depression
as well as bipolar depression (Grunhaus e al., 2002), increase the number of new
neurons in rodent models; however, the changes with ECS occur more rapidly than
with antidepressant drugs (Madsen e al., 2000; Malberg ¢t al., 2000). The data on
sleep deprivation, another treatment known to reduce depressive symptoms, is less
consistent. Some studies show a decrease in cell proliferation after forced deprivation
of sleep (Guzman-Marin et al., 2005; Hairston et al., 2005); however, one study does
find an increase in proliferation (Grassi Zucconi et al., 2006). These contradictory
results might easily be explained by the confound of stress that is inevitable in sleep
deprivation studies.

The mechanisms by which antidepressants bring about these effects are not
well understood. Modulation of serotonin (5-HT) transmission by several anti-
depressant drugs seems to be one important factor. Inhibition of 5-HT synthesis,
in vivo, decreases the number of newborn cells in the SVZ and the DG (Brezun
and Daszuta, 1999). Conversely, 5-HT-producing neurons grafted into the
hippocampus increase cell proliferation (Brezun and Daszuta, 2000). 5-HT 5
receptors in particular appear to have a critical role in mediating these effects
where several specific antagonists have been tested and shown to decrease
neurogenesis (Radley and Jacobs, 2002), while agonists appear to increase cell
proliferation (Banasr et al., 2004). Furthermore, 5>-HT1A knockout mice show a
decreased rate of adult neurogenesis (Santarelli et al., 2003).

Other proposed mechanisms through which antidepressants increase
neurogenesis involve the up-regulation of BDNF and other growth factors.
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Stress decreases the levels of BDNF expression in the hippocampus while several,
but not all, antidepressant treatments including ECS increase BDNYT (for review
see Duman and Monteggia, 2006). Chronic BDNF infusion into the hippocam-
pus increases neurogenesis; however, this treatment also induces seizures, which
can also increase neurogenesis (Madsen et al., 2000; Radley and Jacobs, 2003).
Interestingly, a recent report found that the physiological diurnal rhythm of
glucocorticoids is necessary for the selective serotonin reuptake inhibitor fluox-
etine to stimulate neurogenesis (Huang and Herbert, 2006), thus reiterating
the involvement of the HPA axis in adult hippocampal neurogenesis.

D. MooD STABILIZERS

Most studies report that chronic lithium treatment increases adult hippo-
campal neurogenesis in rodents (Chen et al., 2000; Son et al., 2003); however,
one study in aged animals found an increase in new born cells, but these cells
did not obtain a mature neuronal phenotype after 28-day survival (Yu e al.,
2003). Pharmacological doses of VPA increase the number of newborn neurons
in the hippocampus of adult mice (Hao et al., 2004); however, in another study
using a higher dose of VPA, a decreased proliferation of progenitor cells was
seen (Hsieh et al., 2004). Lithium stimulates the proliferation of progenitor cells
in rat primary neuronal cultures and additionally prevents the loss of prolifera-
tion induced by glutamate, glucocorticoids, and haloperidol (Hashimoto et al.,
2003). However, it is still unclear whether mood stabilizers increase neurogenesis
in vwo through changes in proliferation or prolongations of cell survival.
Additionally, both lithium and VPA selectively induce neuronal differentiation.
Neural stem cells, derived from embryonic hippocampi, show an increase in
neuronal as opposed to glial differentiation when treated with lithium. Likewise,
lithtum- and VPA-treated animals have both been shown to induce neuronal
differentiation of progenitor cells i viwvo (Hsieh et al., 2004; Kim et al., 2004).
This acceleration in differentiation and maturation could lead to more efficient
incorporation of newborn cells into the neural circuitry. The specific types of
neurons these treatments are influencing are still unidentified. One study found
that, @ oo, VPA treatment of human and rat embryonic stem cell
cultures produce a tenfold increase of immunostaining for GABA and the
GABA-synthesizing enzyme GAD65/67 (Laeng et al., 2004); however, whether
mood stabilizers induce a GABAergic phenotype of new born neurons i vivo is
not known. Although most newly generated neurons in the DG are excitatory
glutamatergic granule cells, GABAergic interneurons derived from adult pro-
genitor cells have been found (Liu et al., 2003). Moreover, researchers finding
neurogenesis in the rat cortex have proposed these cells to be distinctively
GABAergic interneurons (Dayer et al., 2005) and adult excitatory granule cells
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can take on a GABAergic phenotype when treated with BDNF or after induction
of seizures (Gomez-Lira e al., 2002, 2005). These data along with the human
postmortem findings indicating decreased hippocampal GABAergic interneurons
in subjects with BPD (Heckers et al., 2002) give us good reason to further evaluate
the role of GABAergic neurogenesis in BPD.

In contrast to classical antidepressant drugs, mood stabilizers do not appear to
have major direct interactions with cell surface receptors and are likely to exert their
effects directly or indirectly through modulation of intracellular targets. Chronic
lithium and valproate treatment raise levels of the anti-apoptotic protein Bcl-2 in
many regions of the adult brain, including the frontal cortex (Chen et al., 1999), the
striatum, and the DG of the hippocampus (Maniji ¢t al., 2000). Bcl-2 attenuates
apoptotic cell death through several molecular mechanisms, such as the sequestering
death-driving caspases, and by preventing the release of mitochondrial apoptogenic
factors such as calcium and “cytochrome C.” Bcl-2 acts on mitochondria to stabilize
membrane integrity and to prevent opening of the permeability transition pore, and
protects neurons from various insults both i vitro and in vivo (Adams and Cory, 1998;
Bruckheimer et al., 1998). Besides these well-known anti-apoptotic properties, Bel-2
accelerates maturation of neuroblasts (Middleton et al., 1998; Suzuki and Tsutomi,
1998) and regulates neuronal differentiation (Zhang et al., 1996). Neural stem and
progenitor cells express Bcl-2 and the major neurogenic zones of the adult brain
have higher levels of Bcl-2 than nonneurogenic zones (Bernier et al., 2002). Mice
overexpressing Bcl-2 in immature neurons show reduced apoptotic cell death,
higher production of new granule neurons, and a larger pool of differentiating
progenitor cells, but interestingly, no changes in progenitor proliferation (Kuhn
et al., 2005). Another molecule related to Bcl-2 is Bcl-2-associated athanogene
(BAG-1). BAG-1 is up-regulated by both lithium and valproic acid. BAG-1 can
potentiate the anti-apoptotic actions of Bcl-2, but is also similar to Bcl-2 in that it is
essential for the differentiation of neuronal cells (Gotz et al., 2005). BAG-1 is also
involved in the translocation of GRs to the nucleus where they regulate transcrip-
tion. Mood stabilizers can attenuate this translocation through modulating BAG-1.
Given the important role of glucocorticoids in modulating adult neurogenesis, this
mechanism could increase the resilience of new born cells against deleterious effects
induced by high levels of glucocorticoids.

Similar to antidepressants, chronic mood stabilizer treatment can increase BDNF
levels in rodent brains (Einat ¢f al., 2003; Fukumoto et al., 2001). Furthermore, both
lithium and valproate activate the extracellular signal-regulated kinase (ERK) signal-
ing pathway (Section IIL]J), one of the major pathways activated by neurotrophic
factors (Einat ef al., 2003; Yuan et al., 2001). ERK increases the activation of several
transcription factors. One of these transcription factors is CREB. CREB activation
increases Bcl-2 and BDNF expression and may be involved in the mechanism of
antidepressant action (Duman, 2002).
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E. ATYPICAL ANTIPSYCHOTICS

Clinical reports show that atypical antipsychotics are effective treatment
choices for BPD (Ghaemi and Goodwin, 1999). Atypical but not typical anti-
psychotics have antidepressant effects in behavioral models for depressive-like
behavior (Weiner et al., 2003). Similar to antidepressant and mood stabilizers,
chronic treatment with antipsychotics increases proliferation of adult neural stem
cells i vitro and in vivo. Some argue that this effect is specific to atypical anti-
psychotics (Halim e al., 2004; Malberg et al., 2000; Wakade et al., 2002; Wang
et al., 2004), while others find a similar result with the typical antipsychotic
haloperidol and explain the increase through a blockade of D2 receptors which
are expressed on neural stem cells (Kippin et al., 2005).

F. FuncTIONAL/BEHAVIORAL CONSIDERATIONS

Along with its role in memory consolidation, some include the hippo-
campus as part of a regulatory system for affective states and emotional-related
responses in physiology and behavior (Phillips ¢t al., 2003). The hippocampus
partly inhibits stress and the HPA axis via its connections to the hypothalamus
(Lopez et al., 1999). Observations of impaired extinction in animals with hippo-
campal lesions generated theories highlighting behavioral inhibition of defensive
behavior, and hippocampal lesioned animals display reduced anxiety levels in
several behavioral tests (Davidson and Jarrard, 2004).

The functional role of adult neurogenesis in the hippocampus is not yet under-
stood. Existing studies suggest that adult born neurons can contribute to some forms of
hippocampal-dependent learning and memory (for review see Leuner et al., 2006),
whereas inhibition of adult neurogenesis leads to deficits in spatial memory task
performance weeks after training (Snyder ¢t al., 2005). In the context of emotional
behavior many studies found several forms of stress leading to both behavioral despair
and a decrease in neurogenesis, but these findings are merely correlative rather than
causative. Not all studies find correlations between adult hippocampal neurogenesis
and depressive-like behavior. For instance, in one study the rate of hippocampal
neurogenesis was not reduced in rats bred for depressive-like behavior (Henn and
Vollmayr, 2004). Therefore, it is not clear whether the changes seen in adult hippo-
campal neurogenesis are causative for responses to stress or just epiphenomenal.
However, one study reported that depletion of neurogenesis by irradiation ameliorates
the actions of antidepressants. This study indicated that mice irradiated at the level of
the hippocampus failed to display anxiolytic responses to chronic antidepressant
treatment in the novelty suppressed feeding task (NSF) (Santarelli et al., 2003). This
behavioral paradigm is one of the few available tests that mimic the situation in
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humans where only chronic but not acute administration of antidepressants exerts
effects. Therefore, the authors conclude that antidepressants, at least in this task,
require adult hippocampal neurogenesis. Recently, however, using a similar approach,
the same group reported that environmental enriched housing conditions, known to
increase neurogenesis, have similar anxiolytic effects in the NSE, but do not require
hippocampal neurogenesis (Meshi et al., 2006). It is noteworthy that hippocampal
lesions have behavioral effects consistent with reductions, rather than increases, in
anxiety, and rats with hippocampal lesions show reduced hyponeophagia, as tested
in the NSI and therefore less anxiety. Interestingly, mice with increased survival and
neurogenesis due to Bcl-2 overexpression (see above) show reduced anxiety-like
behavior (Rondi-Reig and Mariani, 2002; Rondi-Reig ¢ al., 1997), whereas mice
heterozygous to Bcl-2 (KO mice) display increased anxiety responses. However,
the Bcl-2 overexpressing mice also show impaired performance in a hippocampal-
dependent learning task (Rondi-Reig ¢t al., 2001), and therefore, clarification of the
role of adult hippocampal neurogenesis on affective like behavior needs further
research.

G. CELLULAR Prasticity IN OTHER BRAIN AREAS

Even though the hippocampus has been an excellent model for adult
neuroplasticity, one must remember that other less-studied regions of the brain
may be important targets for affective disorders such as BPD. However, the
question of whether adult neurogenesis takes place in regions other than the
hippocampus and the olfactory bulb, such as the cortex or the striatum, is
somewhat controversial. Some researchers observed neurogenesis is in the
neocortices of adult rats and macaques (Bernier et al., 2002; Dayer et al., 2005;
Gould et al., 1999, 2001) but not all (Kornack and Rakic, 2001; Koketsu et al.,
2003; Rakic, 2002). Others found neurogenesis in the adult striatum (Bedard
et al., 2006), while others found neocortical neurogenesis only after cortical injury
(Gu et al., 20005 Jiang et al., 2001; Magavi et al., 2000; Tonchev et al., 2005)
and still others have simply failed to find neurogenesis (Benraiss et al., 2001;
Pencea et al., 2001; Teramoto et al., 2003). Despite the conflicting data, the
prevalence of adult born cells within the adult neocortex is unquestioned.
The real question is what kind of cells are they? Proliferation is found in
cortical regions (Arsenijevic e al., 2001; Palmer ef al., 1999) and subcortical white
matter. Most of these cells express the proteoglycan NG2 and the progenitor
marker nestin but do not express GFAP (Dayer et al., 2005; Goldman and Sim,
2005). Therefore, these cells are distinct from GFAP-expressing neural stem cells
found in the SVZ or DG. NG2 has commonly been considered as a marker for
oligodendrocytes precursors that reside in the subcortical white matter. However,
these cells seem to be potent not only of generating myelinating oligodendrocytes,
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but also giving rise to other not as well-characterized cells. In the postnatal
hippocampus, cells that express NG2 have displayed spontanecous synaptic
currents and fire action potentials (Belachew et al., 2003). In vitro these cells produce
all three neural cell lineages (Nunes et al., 2003). Therefore, NG2 positive cells
might form a multipotent i situ progenitor pool in cortical and white matter
regions of the adult CNS. The adult brain environment rather than the cells
themselves seem to restrict them to a certain lineage (Goldman and Sim, 2005).
Some studies report on NG2-positive progenitors with antidepressants. Repeated
ECS treatments nearly doubles the number of proliferating cells in the frontal
cortex of rodents and after 4 weeks ~40% of these cells have differentiated into
oligodendrocytes, none of them being astrocytes or neurons (Madsen ez al., 2005).
In addition, ECS induces proliferation of NG2-expressing cells in the amygdala
where after a survival period of 3 weeks most cells were still NG2 positive but some
had differentiated into oligodendrocytes (Wennstrom et al., 2004). Similarly,
chronic treatment with either the SSRI fluoxetine or the atypical antipsychotic
olanzapine increased proliferation of these cells in the frontal cortex, but not in
motor cortex or SVZ. This increase was not stable over a 4-week period, suggest-
ing these cells might have a transient short-term function (Kodama et al., 2004).
At the present time, no data 1s available on the effects of mood stabilizers on cell
proliferation or differentiation in cortical regions. However, the finding in humans
that gray matter increases in volumes of patients on lithium therapy points toward
a possible role of lithium on cortical cell proliferation.

Despite the lack of findings regarding newly generated astrocytes in the studies
reviewed above, it is known that gliosis, the hypertrophy of astrocytes, can take
place as a response to numerous forms of destructive events such as physical
trauma, hypoxia, or hypoglycemia. Moreover, changes in astrocyte morphology
have been observed following learning (Matsutani and Leon, 1993), environ-
mental enrichment (Sirevaag and Greenough, 1991), and sensory deprivation
(Hawrylak and Greenough, 1995). One recent study looking at the hippocampus
of the adult tree shrew reported that psychosocial stress decreases the number and
the volume of GFAP-positive astrocytes. Additionally, chronic antidepressant
treatment prevents the stress-induced effects on cell number, but not on cell
volume (Czeh et al., 2006), whereas chronic lithium induces gliosis and modifies
astrocyte morphology in the adult rat hippocampus (Rocha ¢t al., 1998).

The findings reviewed above give reason to contemplate dysfunctions of cell
proliferation and neurogenesis as critical in the pathophysiology of BPD. Howev-
er, the functional consequences of alterations of glio- or neurogenesis are not well
understood. Therefore, future research is warranted to elucidate electrophysiolog-
ical and behavioral effects of modifications in cellular plasticity. Transgenic animal
models could help to specifically ablate proliferating cells in different areas of the
adult brain (Imura et al., 2003; Maeda et al., 2006; Mathis et al., 2000) and could
therefore shed light on the role these events play in CNS function and behavior.
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H. NEURITE GROWTH, SYNAPTIC MECHANISMS, AND DENDRITIC REMODELING

Another important structural correlate of neuroplasticity is the cellular mor-
phology of neurons including their characteristic axonal and dendritic architec-
ture. In neuronal cell cultures, growth and development of axons can be observed
and quantified. Lithium and other mood stabilizers have significant effects on
cellular morphology and neurite outgrowth (Table II). A lively debate is under
way about which molecular mechanisms or pathways are underlying these
effects, as outlined below (Fig. 2).

Therapeutic levels of lithium directly mhibit several key enzymes of the
PI signaling pathway (York et al., 1995). One of them, inositol-monophosphatase
(IMPase), metabolizes inositol-1,4,5-trisphosphate (IP3) into myoinositol. IMPase is
rate limiting for recycling IP3 back to phosphoinositide phosphate (PIP-2). Inhibition
of this recycling leads to decreased availability of PIP-2. The PI signaling cascade starts
with phospholipase C (PLC) activation by certain G proteins. PLC then catalyzes the
hydrolysis of PIP-2 into two intracellular messenger molecules diacylglycerol (DAG)
and IP3. DAG activates protein kinase C (PKC) that, among many other effects,
activates myristoylated alanine-rich C kinase substrate (MARCKS). Lithium and
VPA treatment both decrease levels of phosphorylated and total MARCKS (Chen
etal., 1994; Lenox et al., 1992; Watson and Lenox, 1996) and heterozygous MARCKS

TABLE II
Moob STaBILIZER EFrFEcTs ON NEURITE GROWTH AND MORPHOLOGY”

Proposed
Drug Model Findings mechanism References
In vivo
Lithium  Rat (SD) Prevention of stress-induced Blockage of Wood et al. (2004)
dendrite remodeling in CA3 glutamate
In vitro
Lithium, DRG Increase in growth cone PI signaling Williams et al. (2002)
VPA spreading cascade
Lithium  CGC Increase in axonal spreading GSK-3 Lucas et al. (1998),
and branching, synapsin Lucas and
clustering Salinas (1997)
Lithium  reHSC Increase in axon number GSK-3 Jiang et al. (2005)
Lithium, DRG Increase in axonal branching, ~ GSK-3 Hall e al. (2002)
VPA synapsin clustering
VPA SH-SY5Y  Increase in neurite growth ERK pathway  Yuan et al. (2001)
VPA CC Increase in neurite growth ERK pathway  Hao et al. (2004)
Lithium  RGCs Axonal regeneration Bel-2 Huang et al. (2003)

“SD, Sprague-Dawley; DRG, rat dorsal root ganglia explants; CGC, cerebellar granule cell; CC,
cerebral cortical culture; reHSC, rat embryonic hippocampal stem cells; SH-SY5Y, human
neuroblastoma cells; RGCs, retinal ganglion cells; PI, phosphoinositol.
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Fic. 2. Signaling cascades affected by mood stabilizers.

knockout mice display impaired LTP in hippocampus and spatial learning deficits
(Hussain et al., 2006; McNamara et al., 2005). Lithium, VPA, and another mood
stabilizer, carbamazepine, cause increased spreading of growth cones which are the
dynamic actin-supported extensions of a developing axon seeking its synaptic target
but notably can be prevented by exogenous myoinositol (Williams et al., 2002). Stress,
as well as psychostimulants, can trigger manic episodes in susceptible individuals and
induce manic-like symptoms in animals via the activation of PKC. Stress-activated
PKC leads to cognitive impairments related to prefrontal cortical function in rhesus
monkeys and can be blocked by mood stabilizer treatment (Birnbaum ez al., 2004).

I. GSK-3 INHIBITION AND Wnt PATHWAY

Another important pathway controlling axonal remodeling, the Wnt path-
way, 1s modulated by mood stabilizers through inhibition of glycogen synthase
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kinase 3 (GSK-3). In the Wnt signaling pathway, Wnt glycoproteins interact with
the frizzled family of receptors to stimulate the disheveled-mediated inactivation
of GSK-3. Inhibition of GSK-3 prevents 3-catenin phosphorylation and thereby
inhibits degradation of this transcription factor. This leads to increased trans-
cription of [-catenin-dependent genes. Wnt proteins induce axonal spreading
and branching in neuronal cell cultures and lithium mimics these effects (Lucas
and Salinas, 1997; Lucas et al, 1998). Also, inhibition of GSK-3 activity by
lithium increases the number of axons in hippocampal neuron cultures (Jiang
et al., 2005) and both mood stabilizers, lithium and VPA, increase axon branch-
ing in cultures derived from dorsal root ganglia (Hall ez al., 2002). Wnt signaling
also regulates synapsins, a family of proteins involved in neurotransmitter release,
synaptogenesis, and axonal transport (Greengard e al., 1993). Lithium as well as
VPA increases the clustering of synapsin 1 in neuronal cell cultures and pontine
explants which extend mossy fibers i vitro (Hall et al., 2002; Lucas and Salinas,
1997) through a GSK-3-dependent mechanism. Inhibition of GSK-3 by phar-
macological compounds attenuates amphetamine hyperactivity similar to lithium
(Beaulieu et al., 2004; Gould ¢t al., 2004). Interestingly, animals treated with these
drugs, as well as heterozygous GSK-3 knockout mice, show antidepressant-like
behavior in the forced swim test, a model frequently used to assess antidepressant
actions (Beaulieu et al., 2004; Gould et al., 2004; Kaidanovich-Beilin ¢t al., 2004;
O’Brien et al., 2004). It seems that GSK-3 inhibition uniquely mimics these effects
of lithium on behavior relevant to both mania and depression.

J. ERK PaTHWAY

The ERK pathway mediates intracellular signaling of receptor tyrosine kinases
(Trk). Neurotrophins such as nerve growth factor (NGF), BDNF, and NT-3/4 bind
to specific Trks. Ligand binding to Trks causes intracellular cascade activation
regulating downstream signaling molecules as well as gene regulatory proteins.
This can cause an up-regulation of BDNF and the anti-apoptotic protein Bcl-2
(see above). The resulting changes in gene expression and protein activity lead to
complex changes influencing neurite growth and remodeling among other
neuroplasticity-related events (see cell proliferation in Section III.A) (Patapoutian
and Reichardt, 2001; Poo, 2001). Chronic treatment of rodents with either
lithium or VPA activates several members of the ERK pathway such as ERK,
RSK1, Bad, and CREB (Chen and Manji, 2006; Ghribi et al., 2003; Hao et al.,
2004). VPA increases the growth of neurites in human neuroblastoma SH-SY5Y
cells (Yuan et al., 2001) and primary cortical cells in culture which both depend on
ERK pathway activation (Hao et al., 2004). VPA improves axonal regeneration
and recovery of motor functions after sciatic nerve axotomy in adult rats (Cui
et al., 2003) and lithium supports retinal ganglion cells (RGCs) axons regeneration
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after axotomy (Huang et al., 2003). These effects seem to be due to increases of
Bcl-2 because it was shown that depleting the expression of Bcl-2 in RGCs blocks
the effects of lithium.

Animal behavior studies show that pharmacological inhibition of the ERK
pathway results in increased activity (Einat ez al., 2003) and disruption of latent
inhibition (Lewis ez al., 2004) that is similar to the effects of psychostimulants that
may reflect increased distractibility. Depending on the brain area, activation of
the ERK pathway by infusion of recombinant BDNF can lead to both anti-
depressant-like as well as pro-depressant-like effects. Infusions into the hippo-
campus result in behavior (measured 3 days later) similar to behavior induced by
antidepressants (Shirayama et al., 2002; Siuciak et al., 1997). However, infusions
into the ventral tegmental area-nucleus accumbens circuit, in which chronic
stress increases BDNF expression, lead to depressive-like behavior (Eisch et al.,
2003). Taken together, these data imply a brain region-specific regulation of
behavior by the activation of the ERK pathway.

Alterations of neurite morphology and function clearly play an important role
in the GNS. However, most available data examining these mechanisms has so
far been obtained only from i vitro cell culture models. More data on mood
stabilizer effects on neurite morphology i viwo 1s clearly needed. However, one
study did find that lithium was efficacious in preventing the structural remodeling
of CA3 pyramidal neurons by chronic restraint stress (Wood et al., 2004).

K. CiLL DEATH

A dysfunction in cell proliferation and maturation in the adult brain is one
possible explanation for the findings of cell loss and atrophy in postmortem brains
of patients with affective disorders. However, the brain is highly sensitive to
several kinds of neurotoxic events leading to cell death by apoptosis. Therefore,
another important means to ameliorate the course of the disease could be
augmentation of cellular resilience against deleterious events. Indeed, mood
stabilizers prevent cell death in multiple preclinical in vitro and in vivo models.
These neuroprotective properties i vitro have been found in several different cell
culture systems. In cerebellar granule, cell cultures lithium-induced apoptosis in
immature neurons, but promoted survival of mature neurons (D’Mello et al.,
1994). GABAergic neurons from cerebellum and cerebral cortex survived also
longer in culture when treated with lithium (Volonte et al., 1994).

Additionally, an important promoter of neurodegeneration in stroke,
Huntington’s disease, ALS, brain trauma, and possibly Parkinson’s and Alzheimer’s
disease 1s glutamate-induced excitotoxicity (Yuan and Yankner, 2000). Too much
glutamate release can be destructive and excite a neuron to death. Neurotoxicity
follows as a response to overactivation of calcium-dependent enzymes and the
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generation of reactive oxygen species leading to apoptosis. Long-term lithium
treatment protects cerebral granule cells in culture against glutamate-induced ex-
citotoxicity (Nonaka et al., 1998) and lithium as well as VPA reduce brain damage
induced by transient focal cerebral ischemia in rats after middle cerebral artery
occlusion (Nonaka and Chuang, 1998; Ren et al., 2003, 2004). Besides decreasing the
size of the infarct, mood stabilizer treatment also improves neurological deficits,
including abnormal posture and hemiplegia. Lithium also protects against neuro-
degeneration in rodent models for Alzheimer’s (De Ferrari et al., 2003), Parkinson’s
(Youdim and Arraf, 2004), and Huntington’s disease (Senatorov et al., 2004; Wei
el al., 2001). B-Amyloid (Af), the main constituent of amyloid plaques in various
neurological disorders, most prominently Alzheimer’s disease, can induce cell death
of neurons i vitro and in vivo. A( is produced by cleavage of amyloid precursor
protein (APP). Lithium, as well as VPA, inhibits the production of AZ in cell cultures
models and in brains of APP-overproducing mice (De Ferrari et al., 2003; Hoshi et al.,
2003; Phiel et al., 2003; Su et al., 2004). Another common pathological feature of
many neurodegenerative disorders including Alzheimer’s disease is neurofibrillary
tangles. Abnormal phosphorylation of tau is one of the pathogenic mechanisms
leading to tangle formation. Treatment of transgenic mice overexpressing mutant
tau with lithium resulted in lower levels of tau phosphorylation and reduced levels of
aggregated, insoluble tau (Noble ez al., 2005; Perez et al., 2003). The effects of mood
stabilizers on Af production and tau phosphorylation might be due to inhibition of
GSK-3. Tau is a direct target of GSK-3, mediated by phosphorylation thus explains
noted effects. Other important mechanisms by which lithium and VPA reduce
neurodegeneration are the enhancements of anti-apoptoic factors such as Bcl-2
and neurotrophic factors such as BDNF and activation of the ERK pathway
discussed above.

Cell death and atrophy causing dysregulation of the CNS functions are
further likely candidates in the pathophysiology of BPD. More research is
warranted to clarify the functional role of cell death and to categorize specific
cells that are most at risk for cell death in the brains of BPD patients.

IV. Conclusions

Emerging results from a variety of clinical and preclinical experimental studies
suggest an important role for neuroplasticity in the pathophysiology of BPD.
Understanding the biological mechanisms underlying structural and functional
abnormalities in the brains of BPD patients will provide us with greater oppor-
tunities to develop next generation therapeutics. Increasing evidence supports
regional reductions in brain volume are most likely a consequence of impairments
in neuroplasticity and cellular resilience. Thus, optimal long-term treatment of
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these severe illnesses will require therapeutic treatments that enhance neuroplas-
ticity. Mood stabilizers, such as lithium and VPA, currently are the most effective
available medications used in BPD, and many studies report remarkable effects
on cellular plasticity and signaling cascades related to these medications.
To understand the pathophysiology of BPD, more research is needed to elucidate
the relevance certain impairments in neuroplasticity have on brain function
and emotional behavior. Furthermore, discovering the biological targets of
mood stabilizers is critical for the development of new and better therapeutics.
The growing appreciation of the relevance of neuroplasticity to the pathophysi-
ology of mood disorders has opened new doors to a better understanding of
these conditions and holds great promise for the future development of novel
therapeutics that could improve the lives of millions.
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Parkinson’s disease (PD) is a movement disorder resulting from neurodegenera-
tion of the basal ganglia. PD 1s usually diagnosed at ~55—60 years of age and affects
~1% of the population over 60 years. Primarily, dopaminergic projections whose
cell bodies are located in the substantia nigra and terminals extend to the neostria-
tum are affected. This dopaminergic system degenerates slowly and displays a large
compensatory capacity such that ~60% of cells are already lost when clinical motor
symptoms first become evident. In addition to the classic triad of PD symptoms,
resting tremor, muscular rigidity, and bradykinesia, abnormalities in postural re-
flexes, dementia, and depression are important comorbid conditions. Current
therapies are aimed primarily at replacing dopamine with the dopamine precursor
L-3,4-dihydroxyphenylalanine (levodopa or L-DOPA) or by the use of direct acting
dopamine receptor agonists. Adjunctive treatments with monoamine oxidase
(MAO) inhibitors, catechol-O-methyl transferase (COMT) inhibitors, and amanta-
dine are also used. While providing reasonably effective symptomatic therapy in
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carly stages of the disease, these agents fail to halt disease progression, resulting
in significant worsening of the quality of life for PD patients 5-10 years after
diagnosis. Therefore, in order to maintain an acceptable quality of life for pati-
ents with PD, therapies that provide not only symptomatic improvement but also
slow or stop disease progression are greatly needed. In the present chapter, we will
summarize briefly current understanding of the etiology of PD, clinical treatment
options, and major unmet medical needs followed by specific discussion of various
neurotrophic approaches for the disease. Under the neurotrophic approaches, the
chapter will include a discussion on stem cell transplantation, biomolecules such as
glial-derived neurotrophic factor (GDNF), and brain-derived neurotrophic factor
(BDNF), as well as small molecule strategies targeting the orphan nuclear receptor,
Nurrl. Finally, we will discuss a small molecule drug discovery approach undertaken
at Eli Lilly, which targets the c-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA) receptors in the brain. In particular, we have focused our efforts on a series
(LY404187, LY450108, and LY503430) of systemically active allosteric AMPA
receptor potentiators. Data indicates that these molecules increase BDNF levels in
cortical and hippocampal primary neuronal cultures and provide functional and
histological improvements against a severe 6-hydroxydopamine (6-OHDA) lesion of
the nigrostriatal pathway. These improvements appear to be trophic in nature as the
effect(s) was observed when administration of AMPA receptor modulators was
mitiated 1, 3, or 6 days after infusion of 6-OHDA into the substantia nigra. Studies
to address the cellular mechanisms underlying the trophic effects of AMPA receptor
potentiators are ongoing. However, small molecule agents that were capable of
producing trophic effects have the potential to revolutionize treatment of PD.

I. Introduction

Parkinson’s disease (PD) is an age-related, progressive neurodegenerative dis-
order that was characterized first in 1817 by James Parkinson in “An Essay on the
Shaking Palsy” (Parkinson, 1817). The disease affects 1:1000 of the general
population, which increases to 1:100 in people over 50 years and the prevalence
continues to increase with age at least until about 90 years (O’Neill and Siemers,
2002; Zigmond and Strickler, 1989). The mean age of diagnosis of PD 1s 55 £ 11
years (Bezard et al, 1998). The predominant clinical symptoms of PD include
resting tremor, muscle rigidity, akinesia, and bradykinesia as well as postural
instability and gait abnormalities. It is well recognized that these motor symptoms
are caused by the progressive degeneration of the pigmented, dopamine-containing
neurons of the substantia nigra pars compacta (SNc). Thus, currently available
therapeutic agents primarily target reduction of symptom severity via drugs that
directly or indirectly enhance dopaminergic neurotransmission. However, these
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agents do not affect the underlying neuropathology, have limited efficacy in late
stages of the disease, and are encumbered by severe side effects. Thus, there
remains a critical unmet medical need to treat PD, especially with strategies that
address the neurodegeneration associated with PD. This chapter focuses on current
investigative approaches aimed at providing trophic support to dopaminergic
neurons. Recent advances in drug delivery technology, gene therapy, and small
molecule therapeutics that may stimulate endogenous trophic factors make neuro-
trophic approaches an especially promising strategy to address the unmet medical
needs of this devastating disorder. To establish appropriate context, we will begin
with a brief description of the pathology, associated symptomatology, and the
etiology of PD, followed by a section on current therapies and then discuss specific,
investigative neurotrophic and neurorestorative approaches.

A. PATHOLOGY AND CLINICAL MANIFESTATIONS

The progressive loss of dopamine neurons in the SNc leads to dopamine
depletion in the nigrostriatal pathway. Thus in 1960, Hornykiewicz and coworkers
found that dopamine levels in the postmortem brains of PD patients were
only about 10% of normal (reviewed by Hornykiewicz and Kish, 1987). As
mentioned in the Introduction, the chronic depletion of dopamine underlies the
characteristic motor symptoms of PD. Parkinson’s sufferers can also exhibit immo-
bile or rigid facial features (hypomimia), respiratory problems, fatigue, and psychi-
atric disturbances, including depression and cognitive decline (Lang and Lozano,
1998a,b). Interestingly, of all patients who exhibit parkinsonian symptoms, only
80% have idiopathic PD, while the remaining 20% have other forms of parkinson-
ism such as progressive supranuclear palsy, diffuse Lewy body disease, and olivo-
pontocerebellar atrophy (Hingtgen and Siemers, 1998; Rajput and Rajput, 2002;
Siemers, 1992). Indeed, PD could represent several pathological processes that
converge in a common pathophysiology, resulting in similar clinical maifestations
(Schapira, 1999).

Cell death also occurs in many other areas of the central nervous system (CNS),
including the cortex, olfactory bulb, hypothalamus, and brain stem nuclei. Degen-
eration of cortical structures and, in particular, the nucleus basilis of Meynert leads
to a reduction in ACh activity throughout the forebrain which, particularly in
elderly sufferers, may be responsible for the cognitive defects such as dementia
which is associated with late-stage PD (Ruberg et al, 1982). Cell death in the
hypothalamus and areas of the spinal cord has been implicated in autonomic
defects in the disorder. Similarly, depletion of the noradrenergic locus coeruleus
(which projects to the cortex and limbic structures) and serotonergic (5-hydroxy-
tryptamine, 5-HT) nuclei, such as the dorsal raphe nucleus and amygdala,
may account for the intellectual impairment and high prevalence of depression
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in PD (Agid et al., 1989; Javoy-Agid et al., 1984). However, although multiple
neurotransmitter systems are affected in PD, degeneration of dopaminergic
neurons in the SNc is the defining characteristic of the disorder.

In addition to the dopamine cell death, intracellular proteinaceous aggregates,
termed Lewy bodies (LBs) and Lewy neurites, in the areas of neurodegeneration
form the hallmark of PD pathology. First described by Lewy in 1912, these diffuse
inclusions are found postmortem in the cytoplasm of surviving neurons (reviewed in
Dunnett and Bjorklund, 1999; Holdorff, 2002). LBs appear as spherical intracel-
lular aggregates, 5-25 pm in diameter, with a central core and lighter halo (Lang
and Lozano, 1998a,b). LBs also appear in several neurodegenerative diseases
related to PD, each with its own peculiar symptomatology and pathology, such
as incidental Lewy body disease, multiple system atrophy, dementia with LBs, and
Alzheimer’s disease with LBs (Kotzbauer e al., 2001; Salloway et al., 2002). PD may
be one of a number of LB diseases, although the relationship between the LB
pathology of these disorders to the clinical features remains uncertain.

Il. Etiology of PD

The etiology of dopamine cell death in PD remains unknown despite the
intense interest it has received. Both environmental and genetic factors have
been implicated with an emerging view being that most cases may result from an
interaction between environmental insults and genetic susceptibility (Abou-Sleiman
et al., 2006; Betarbet ¢t al., 2006; Burke, 1998; Burke and Kholodilov, 1998; Dawson
and Dawson, 2003; Farrer, 2006; Hardy et al., 2003; Jenner and Olanow, 1998;
Przedborski and Vila, 2003; Scott e al., 1997; Singleton et al., 2003; Tanner and
Langston, 1990). A variety of cellular processes, such as oxidative stress, mitochon-
drial impairment, defects in ubiquitin-proteasomal activity as well as excitotoxicity
have been hypothesized to contribute to the neurodegeneration associated with PD
(Abou-Sleiman ¢t al., 2006; Beal, 1998, 2003; Jenner, 1998, 2001; Jenner and
Olanow, 1996, 1998; McNaught et al., 2001). Apoptosis, rather than necrosis, is
ultimately associated with neurodegeneration in PD (Andersen, 2001; Tatton and
Kish, 1997).

Among the exogenous environmental toxins, the heroin analogue, 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rapidly induces a PD-like syndrome
in humans (Langston et al, 1983) and, hence, has been used to understand the
mechanisms underlying dopaminergic cell loss. MPTP-induced nigral cell death
results from its metabolism to N-methyl-4-phenylpyridinium ion (MPP"), by mono-
amine oxidase (MAO)-B, in dopamine neurons (Przedborski ¢t al, 2001). MPP" in
turn causes inhibition of mitochondrial complex I (Abou-Sleiman et al., 2006; Jakowec
and Petzinger, 2004; Przedborski et al., 2000), thereby closely mimicking one aspect of
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the human pathology of PD. Because of these similarities, the MPTP-treated mouse
and primate models of PD are now among the most frequently used to study the
disorder (Jakowec and Petzinger, 2004; Miller ¢t al., 2005; Przedborski and Vila, 2003;
Sundstrom et al., 1990). Numerous industrial compounds and agrochemicals are also
associated with an increased risk of PD (Semchuk ¢ al., 1992; Tanner and Langston,
1990; reviewed by Sherer et al., 2002). For example, the pesticide rotenone, another
mitochondrial complex I inhibitor, produces PD-like pathology when infused into
rodents (Betarbet et al., 2000). Postmortem, these rats not only have severe degenera-
tion of the dopaminergic nigrostriatal tract but also exhibit LB-like inclusion bodies
previously unseen in rodent models of PD.

Although PD is generally a sporadic disease, a small number of individuals
show Mendelian inheritance of the disease (Farrer, 2006; Hardy et al., 2003;
Olanow and Tatton, 1999). Recent advances in molecular genetic studies of
the familial PD cases have led to linkage of 11 genetic loci to the disease
and identified pathogenic mutations in at least five genes, SNCA, PREN,
D7F-1, PINK-1, and LRRE? (Moore et al., 2005). These genes respectively encode
a-synuclein, parkin, DJ-1, PTEN-induced putative kinase-1 (PINK-1), and
leucine-rich repeat kinase-2 (LRRK2, also termed dardarin). In addition, muta-
tions and variants in several other genes (e.g., MAPT-encoding microtubule-
associated protein tau) are associated with the clinical syndrome of parkinsonism
(Ross and Farrer, 2005). Of these, both SNCA and LRRE? mutations show
autosomal dominant inheritance in familian PD and the mutations appear to
cause gain of function (Farrer, 2006; Gloeckner et al., 2006; West ¢t al., 2005).
A set of coding sequence mutations in LRRK? gene have received significant
attention recently since they represent the most common cause of Mendelian
inheritance of PD and appear to be associated also with some cases of sporadic
PD (Farrer, 2006; Gosal et al., 2005; Skipper et al., 2005) and LB dementia (Ross
et al., 2006; Toft et al., 2005). In contrast, mutations in parkin, DJ-1 and PINK-1
are recessive, include large deletions or truncations and appear to cause loss of
function of these proteins. Not surprisingly, a highly active area of current research
on PD etiology is focused on understanding whether the proteins identified
through molecular genetic studies function in a common biochemical pathway
leading to the disease. Indeed, the shared phenotype resulting from different
genetic mutations lends support to the possibility that the distinct mutations
may converge on to a discrete, unifying pathophysiological mechanism underlying
PD, the identification of which could provide insights into the pathophysiology
of sporadic PD and offer new therapeutic targets. Interestingly, recent biochemical
studies on disease-causing mutations in a-synuclein, parkin, DJ-1, and PINK-1
continue to support a role of defects in cellular processes such as proteasome
activity, mitochondrial function, and oxidative stress in dopaminergic neuronal
loss associated with PD. However, the reasons underlying the relatively higher
vulnerability of dopamine neurons to these defects or the contribution of protein
misfolding and aggregation to progressive neurodegeneration remain speculative.
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ll. Current Treatment for PD

A. A REVIEW oF CURRENT MEDICATIONS

Based on the relationship between pathophysiology affecting the nigrostriatal
dopaminergic system and clinical symptomatology, a number of approaches have
been developed to restore the lost dopaminergic activity in the striatum (Dunnett
and Bjorklund, 1999; Johnston and Brotchie 2004, 2006). Dopamine replace-
ment therapies are the most effective pharmacological symptomatic treatment of
PD. 1-3,4-Dihydroxyphenylalanine (L-DOPA), a dopamine precursor, is consid-
ered the “gold standard” symptomatic treatment for PD. L-DOPA is the most
common and effective therapeutic strategy used to restore dopaminergic neuro-
transmission in the basal ganglia and can dramatically alleviate parkinsonian
symptoms (Marsden and Parkes, 1977). L-DOPA is coadministered with carbido-
pa or benserazide, peripheral dopamine decarboxylase inhibitors, which inhibit
the conversion of L-DOPA to dopamine outside the brain and thus reduce
unwanted peripheral side effects such as gastrointestinal upset. The MAO-B
inhibitor selegiline, which prevents the breakdown of dopamine, can also be
coadministered with L-DOPA or as a monotherapy and can reduce both the
unwanted motor response fluctuations and dosage requirements for L-DOPA
discussed below (Golbe et al., 1988; Lew, 2005; Lieberman et al., 1987; Tetrud
and Langston, 1989). Another MAO-B inhibitor, rasagiline, has recently been
launched, which may also have putative neuroprotective properties (Henchcliffe
et al., 2005; Rascol, 2005; Schapira et al., 2005; Youdim et al., 2005).

Dopamine receptor agonists can also mimic striatal dopamine receptor func-
tion to relieve symptoms of PD (Factor, 1999; Hurley and Jenner, 2006). These
compounds activate the postsynaptic dopamine receptors on striatal GABAergic
medium spiny neurons. Bromocriptine has a high affinity for D2 receptors and is
a weak antagonist at D1 receptors. Pergolide has approximately equal affinity for
both D2 and D1 receptors (Pezzoli et al., 1994). Other dopamine agonists in
clinical use include lisuride; ropinirole, a D2 receptor agonist; and pramipexole, a
D3 receptor agonist (Goetz and Diederich, 1992; Shannon et al., 1997; Tulloch,
1997). PD patients who are given either pramipexole, ropinirole, or pergolide
rather than L-DOPA show a delay in the onset of motor fluctuations and these
drugs can serve as an alternative treatment for patients in need of an increased
dose of L-DOPA or whom exhibit severe motor fluctuations (Hundemer e al.,
2000; Rascol et al., 2000).

Long-term use of L-DOPA and many dopamine receptor agonists can lead to
dyskinetic and psychiatric side effects coupled with periods of so-called “on—off™
motor response variations. The “on” periods occur when antiparkinsonian drugs
are effective and “off” periods when there is no symptomatic response. At times
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when plasma and brain levels of L-DOPA are relatively high, patients can also
experience dyskinesia, chorea, or dystonic movements. The efficacy of L-DOPA
1s also inversely proportional to the progression of neurodegeneration and
thus becomes less effective as the course of PD continues. It was always consid-
ered that dopamine replacement therapies for PD, which produce significant
improvement in motor function, appear to have little effect on the progression
of neurodegeneration. Nevertheless, there are also several lines of evidence
(Schapira, 2003) to suggest dopamine receptor agonists can have some form of
protective effects i vitro (Presgraves et al., 2004) and i viwo (Iravani et al., 2006;
Joyce et al., 2004). Ropinirole and pramipexole have been evaluated in disease-
modifying trials (Parkinson Study Group, 2002; Whone et al., 2003) and while
mild disease-modifying effects were reported, there is debate as to whether these
effects were real. Both compounds were compared to L-DOPA and there has
been debate as to whether L-DOPA might in fact increase the rate of decline
(Fahn et al., 2004, 2005). Another issue is that dopamine agonists may interfere
with some of the imaging techniques used in the trials (Brooks, 2004; Brooks et al.,
2003) or there may be some disconnects between Unified Parkinson’s Diease
Rating Scores (UPDRS) and imaging endpoints. It may also be that dopamine
agonists would only provide protection if administered very early in the course of
the disease. For example, recent studies have reported that pretreatment, but not
posttreatment, with pramipexole protects against MPTP toxicity in nonhuman
primates (Iravani et al., 2006).

COMT inhibitors such as tolcapone and entacapone have also been used
to treat PD, particularly as an adjunct to L-DOPA therapy. These compounds
increase the plasma half-life of L-DPOA, allowing more to cross the blood—brain
barrier leading to a higher level of L-DOPA in the brain. In terms of L-DOPA-
mediated motor fluctuations, COMT inhibitors consequently prolong “on” time
and reduce “off” time. Tolcapone was the first COMT inhibitor to be used
clinically but was associated with hepatic toxicity (Colosimo, 1999). However,
entacapone, a newer COMT inhibitor, appears to reduce motor response fluc-
tuations without any reported toxicity (Ruottinen and Rinne, 1996; Smith et al.,
2005). In the presence of monoamine inhibitors, the required dose of L-DOPA is
markedly less since dopamine reuptake in the synaptic cleft is inhibited causing
an increased concentration of active free dopamine.

Several surgical approaches have been tried as an alternate treatment of PD
aimed at restoring normal pallidal-subthalamic-nigral neurotransmission in the
basal ganglia (reviewed by Marsden et al, 1997). Ablative surgery including
pallidotomy or subthalamotomy or lesion to the ventral intermediate nucleus of
the thalamus can significantly alleviate parkinsonian symptoms. Similarly, deep
brain stimulation of the internal segment of the globus pallidus, subthalamic
nucleus (STN), or thalamic ventral intermediate nuclei can also alleviate the
motor symptoms of PD and may dramatically lessen dyskinesia and reduce
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response fluctuations. However, as with dopamine replacement therapies, surgi-
cal techniques do not slow disease progression and these neurosurgical techni-
ques have other additional limitations (availability, cost, accessability, and the
intrusive nature of the treatments).

B. Tue UNMET MEDICAL NEED

In summary, most current pharmacological treatments for PD increase dom-
pamine levels or directly stimulate dopamine receptors in the brain. However,
following chronic use “on—off” fluctuations and various adverse clinical symp-
toms develop (Marsden and Parkes, 1977; Nutt, 2002). Coadministration of
adjunctive therapies such as MAO-B inhibitors and/or COMT inhibitors can
delay and reduce these unwanted complications as can initiating treatment with
doopamine agonists rather than L-DOPA. However, the main issue with current
therapies is that they do not halt the advancing disease. Additional symptoms also
start to develop that do not respond to dopamine replacement strategies. Among
the most problematic of these are a cognitive decline and diminished postural
reflexes. Surgical techniques can alleviate dyskinesia and improve fluctuations in
motor response but do not slow PD progression and do not improve cognition,
postural reflexes, or late-stage motor symptoms (Marsden et al., 1997). Further-
more, these neurosurgical techniques have numerous limitations such as patient
suitability, technique availability, cost, accessability, and the intrusive nature of
the treatments, not to mention increased mortality risk.

Thus, a pharmacological treatment for PD, which can slow or halt the rate of
neurodegeneration and improve the physiological function of the remaining
neurons would be ideal. Postmortem studies of PD patients and imaging studies
using positron emission tomography (PET) or single-photon emission computed
tomography (SPECT) scans suggest that neuron loss in the SNc appears about
4-5 years before symptoms manifest (Brooks, 2004). The development of neuro-
protective and neurorestorative drugs that could be used during the early stages
of PD when the rate of cell loss appears to be more rapid would be of great value
to retain and amplify the remaining dopamine activity in the striatum.

IV. Rodent Models of PD Used to Evaluate Putative Neuroprotective Therapies

A number of animal models have been developed to model the dopaminergic
degeneration for use in understanding the disease and to aid in the discovery of
improved symptomatic, neuroprotective, or neurorestorative agents. The direct
application of neurotoxins such as 6-hydroxydopamine (6-OHDA) into either the
cell bodies or terminal fields of the nigrostriatal pathway has been used to generate
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the neurodegeneration of this pathway, a process that is a hallmark of PD (Beal,
2001; Emborg, 2004; Zigmond and Strickler, 1989). The 6-OHDA model pro-
duces a discrete lesion that can be used to study neurotrophic agents. Systemic
injection of MPTP produces a bilateral dopaminergic depletion in mice (Beal,
2001; Jakowec and Petzinger, 2004; Przedborski and Vila, 2003) and indeed in
larger nonhuman primate species ( Jakowec and Petzinger, 2004; Przedborski et al.,
2001). Various MPTP dosing protocols have been used in mice. These range from
acute (4 injections over 24 hours) or subacute treatments, which do not represent
the slow progressive nature of the disease to long-term treatments over weeks, that
may have better validity (Fornai ¢t al., 2005). The MPTP model has good face
validity because MPTP-induced parkinsonian symptoms in nonhuman primates
resemble those of clinical, idiopathic PD in humans.

Acute 6-OHDA and MPTP (acutely or subchronically) produce relatively
rapid dopaminergic damage but do not have cytoplasmic, LB-like inclus-
1ons. More recently, it has been reported that slow minipump infusion of rote-
none (Betarbet et al., 2000), MPTP (Fornai ¢t al, 2005), or periodic systemic
injections of a proteasome inhibitor (McNaught et al., 2004) produces a slow
progressive degeneration with presence of inclusion bodies. Thus, these recent
chronic infusion models do seem to offer advantages over the multiple systemic
injection models in that a low dose of toxin is constantly stressing the system and
this may be closer to the human condition. Although these models may be better
suited for testing neuroprotective agents, they are relatively new and require
further validation and characterization as well as assessment of “standard”
neuroprotectants. In addition, a number of transgenic mouse (Maries e/ al.,
2003; Masliah et al., 2000; Richfield et al., 2002) models based on genetic
etiology (a-synuclein overexpression, parkin knockout), which reproduce some
of the PD pathology have been generated and characterized (reviewed by
Fleming et al., 2005).

V. Approaches to Brain Repair in PD

A. TRANSPLANTATION AND STEM CELLS

PD represents an attractive target for transplantation strategies (Olanow et al.,
1997) because of the fairly localized degeneration of a specific cell type, and the
existence of established toxin-based animal models, which provide a route to test the
behavioral and histological outcome of the grafting procedures. Transplantation is
usually performed by grafting dopaminergic (DAergic) neurons into the putamen,
where these cells integrate into the patient’s brain, and could provide additional
benefits such as physiologically controlled release of dopamine and improved clinical
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efficacy and side effect profile over conventional pharmacological treatments,
especially in the late stage of the disease.

Following the initial animal studies, transplantation of human fetal ventral
mesencephalic (VM) tissue to the striatum of PD patients was performed first in
1987, and since then over 300 patients have received similar treatment in various
clinical settings (Lindvall and Bjorklund, 2004). These studies served as a proof of
principle to show that the grafted neurons can not only survive and form functional
neuronal circuits in the patients’ brain, but more importantly, the grafting proce-
dure can result in a measurable clinical benefit. The extent of the clinical benefit
varied between 10% and 40% on the UPDRS and in most cases the L-DOPA
requirements could be reduced significantly (Brundin et al., 2000; Hagell
et al., 1999; Hauser et al., 1999). The changes in UPDRS have been more modest
(18% vs 40%) in double-blinded placebo-controlled trials compared to the open-
label ones, but were still significant (Freed et al.,, 2001). Grafting provided a
reasonably long-lasting benefit; usually lasting several years, in exceptional cases
it was over 10 years (Piccini et al, 1999). In some trials, the UPDRS scores
returned to their preoperative values after 16-24 months, probably due to
insufficient immunosuppression (Olanow et al., 2003). It is also worth noting
that after extensive studies, there has been no evidence suggesting that the
grafted cells, once they got integrated, would be affected by the parkinsonian
degeneration ongoing in the host, confirming that transplantation can be a
disease-modifying treatment strategy for the long term.

However, the above studies also pointed out the limitations of the fetal VM
tissue transplantation strategy. First of all, the need for three to six human fetuses
per PD patient to be grafted made it clear that transplantation of fetal grafts
cannot be a successful strategy for thousands of patients and also raised ethical
concerns. The survival, differentiation, and integration of the grafted neurons
and the extent of the clinical benefit showed great individual variation among
patients, depending on a variety of different factors such as the age of patient, the
disease stage, postmortem delay regarding the grafted tissue, surgical procedure,
and solid versus dissociated grafts just to list a few. In addition, in several clinical
trials, transplantation resulted in the development of graft-induced dyskinesias in
a significant number of patients—15% according to Freed et al. (2001), while
others reported up to 56% (Olanow et al., 2003). Although their precise cause
remains to be elucidated, the appearance of the dyskinesias indicates that grafts
cannot completely recreate the same high-level organization of DAergic circuitry
needed for the normal functioning of the striatal signaling.

Two of the major obstacles of fetal human VM tissue transplantation—Tlack of
sufficient amounts of graft material and the requirements of standardization of
the quality of the transplanted tissue—prompted several laboratories to find better
tissue sources for grafting PD patients. Neuronal progenitor cells from human
fetal VM tissue expanded and differentiated in vitro then transplanted to the PD
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patients’ brain could help solve the above limitations. Although a few reports have
described the generation of tyrosine hydroxylase (TH)-positive neurons from
human mesencephalic neuronal progenitors, appropriate culture conditions,
which would allow the extension and DAergic differentiation of these cells at scale
have not yet been developed (Jin et al., 2005; Riaz et al., 2002; Wang et al., 2004).

Multipotent adult stem cells found outside the CNS, such as bone marrow
cells or stromal cells could easily be isolated from patients, alleviating problems
with tissue rejection. While there are reports showing the appearance of certain
neuronal and even DAergic markers on these cells after differentiation i vitro
(Jiang et al., 2002; Zhao et al., 2002), there is only limited evidence for the
development of functional neurons (Sigurjonsson et al., 2005).

As opposed to neuronal progenitor cells and adult stem cells from outside the
CNS, rodent embryonic stem (ES) cells can not only be produced and main-
tained at scale i vitro, but they can also be differentiated to functional DAergic
neurons. Deacon et al. (1998) were the first to report that rodent ES cells can
differentiate into DAergic neurons and can correct the phenotype in a mouse
model of PD. McKay and colleagues developed detailed protocols to differentiate
mouse ES cells into neurons i vitro by embryoid body formation combined with
retinoic acid treatment, and showed that further addition of sonic hedgehog (shh)
and fibroblast growth factor-8 can commit the progenitors toward DAergic
differentiation (Lee et al., 2000). These neurons resemble the specific A9 type
DAergic neurons of the SNc, which are the most affected ones in PD, and they
express all appropriate DAergic markers such as Nurrl, Lmx1b, Ptx3, Girk2, and
others. Neurons generated by the above differentiation method demonstrated to
be effective in an animal model of PD (Kim et al., 2002). Alternative methods
using coculture of mouse ES cells and stromal cells have also been developed, and
successfully used to generate DAergic neurons, which after transplantation
proved to be beneficial in animal models of PD (Barberi ¢ al., 2003).

Kawasaki et al. (2002) used primate ES cells to generate DAergic neurons
by coculturing them with PA6 mouse stromal cells, and the grafted neurons atte-
nuated the behavioral and histological consequences of MPTP administration in
primates (Takagi et al., 2005). Despite successful attempts with rodent and primate
ES cells, DAergic differentiation and transplantation of human ES cells have
resulted in limited success so far. Although the basic mechanisms of DAergic
differentiation seem to be the same as for rodent and primate ES cells, human ES
cells are more difficult to culture, and their survival is limited as a graft in animal
models of PD. From transplantation studies with fetal VM tissue, it is estimated that
at least 100,000 DAergic neurons need to be surviving in the graft in each human
putamen to get a measurable clinical benefit [restoring dopamine (DA) uptake to
50% ofnormal] in PD (Hagell and Brundin, 2001). A few studies reported problems
with DAergic differentiation of human ES cells using the established methods
(Buytaert-Hoefen et al., 2004; Thomson et al., 1998); others were able to generate
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DAergic neurons, these cells did not survive in sufficient numbers after transplanta-
tion and consequently provided little or no benefit in the animal models (Park ez al.,
2005; Perrier et al., 2004; Schulz et al., 2004; Zeng et al., 2004).

A possible solution to boost the survival and i vitro differentiation of ES cells is to
genetically manipulate them to express factors relevant to DAergic lineage commit-
ment, as shown in the case of mouse ES cells and Nurrl (Chung ez al., 2002; Kim
et al., 2006) or overproduce anti-apoptotic factors like Bcl-xL (Shim e al., 2004). In
fact, Bel-xLi has been shown to significantly (1-2 orders of magnitude) increase the
capacity for spontaneous DAergic differentiation of human neuronal stem cells
in vitro and also in viwo in a rat PD model (Liste ¢t al., 2004). Similarly, expressing
growth factors relevant to DAergic survival and differentiation, such as glial cell-
derived neurotrophic factor (GDNF) or BDNEF, could also be a very promising
approach (Ostenfeld ¢t al., 2002). Genetic engineering can also provide potential
solutions for a more precise control of DAergic differentiation, switching on tran-
scription factors such as Nurrl at the right time, using regulated gene expression
systems such as the doxycycline-dependent tetracycline (TET) system (Sonntag ez al.,
2004). In the future, conditionally expressed transgenes could help control the fate of
the graft, switching the proliferation or growth factor production of transplanted
cells off] or turning on apoptotic pathways to eliminate grafts causing unwanted side
effects (Thomis et al., 2001). More recently, the observation that the homeobox
transcription factor, Lmxla, crucially determines dopamine cell fate has provided
further promise to this approach (Andersson et al., 2006).

It has been shown recently that neurogenesis does occur in rodent, primate,
and also human substantia nigra, confirming the presence of adult stem cells/
neuronal progenitors potentially capable of repair (Lie ¢t al., 2002; Yoshimi et al.,
2005; Zhao et al., 2003). This finding offers yet another neurotrophic strategy in
PD, to trigger endogenous neuronal progenitor cells in order to enhance their
proliferation and subsequent differentiation, which could eventually lead to the
repair of the degenerating DAergic region. This approach would avoid many
of the potential problems associated with the transplantation of ES-derived
cells: potential tumor formation, rejection of the grafts, even the surgery itself.
Although some of the pathways mediating enhanced progenitor proliferation
and/or differentiation have been reported, finding small molecules capable of
crossing the blood—brain barrier and inducing neurogenesis or sprouting specific
for degenerating DAergic neurons represents a major therapeutic challenge in
the future (for review see Longo et al., 2006).

B. GrowtH FACTORS

In recent years, there has been extensive research into the role of neurotrophic
factors as a possible neurorestorative treatment in PD (Bradford et al., 1999).
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In particular, these peptides can promote neuronal differentiation and growth
during brain development. Exploiting the neurotrophic ability to induce axonal
elongation, neurite outgrowth, and synaptogenesis in dopaminergic projections
as well as to provide support to the surviving dopaminergic neuronal perikarya
may modify disease progression while simultaneously providing symptomatic
relief.

1. Ghal-Derived Neurotrophic Factor

The neurotrophic ability of GDNF, a member of the transforming growth
factor- superfamily, as a potential treatment in PD has been extensively studied.
GDNF appears to act preferentially on dopaminergic neurons. For instance, a
single injection of GDNF in a rat produces a profound increase in striatal
dopamine content (Hoffer ¢t al., 1994). Numerous studies report that the presence
of GDNF facilitates the survival of dopamine neurons in culture (Hudson et al.,
1995; Lin et al., 1993) and protects mesencephalic primary neuron cultures from
6-OHDA- or MPTP-mediated cell death (Hou ez al., 1996). These results have
also been confirmed i vivo using rodent models of PD (Fox et al., 2001). GDNF
was effective at protecting and restoring dopaminergic neurons and terminals in
both the 6-OHDA-lesioned rat and MPTP-treated mouse models (Kearns and
Gash, 1995; Kearns et al, 1997). Furthermore, postlesion infusion of GDNF
was able to restore TH activity in the striatum and improve locomotion in
6-OHDA-treated rats (Hoffer et al., 1994; Lapchak et al., 1998; Tomac et al.,
1995). Thus, GDNF appears to be one of the major components of neurotrophic
activity in the dopamine-depleted nigrostriatal tract (Nakajima et al., 2001).

The restorative effect of GDNF has also been replicated in nonhuman
primate models of PD (Gash et al., 1996; Zhang et al., 1997). The antiparkinsonian
action of GDNF in MPTP-treated monkeys was demonstrated with behavioral
assessment using a primate-adapted version of the UPDRS. Postmortem TH
analysis showed repair of the dopaminergic nigrostriatal system in the GDNF-
treated monkeys (Gash et al,, 1996; Tomac e al., 1995). Neuroprotection was
clearly demonstrated after intracerebroventricular (icv) infusion of recombinant
GDNF into the lateral ventricles in the MPTP-treated monkey (Grondin et al.,
2002). Moreover, the treated monkeys needed significantly less L-DOPA and
exhibited a reduced incidence and severity of treatment-associated dyskinesia
(Miyoshi et al., 1997).

Viral vectors have also been used to deliver and induce striatal GDNF
expression in PD rodent models and nonhuman primates lesioned with MPTP
(Bilang-Bleuel et al., 1997; Choi-Lundberg et al., 1997; reviewed by Kordower,
2003). These studies have been performed using replication-deficient adenovirus
(Lapchak e al., 1998) and lentivirus constructs expressing GDNF (Bjorklund et al.,
2000). Kordower et al. (2000) demonstrated that lentiviral vector delivery of
GDNTF into the striatum of healthy monkeys significantly increased local GDNF
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levels and raised dopamine activity as assessed by F'*-DOPA PET imaging.
In the same study, GDNF expression induced by lentiviral administration was
neuroprotective in primates treated with MPTP as measured using an adapted
version of the UPDRS and postmortem tyrosine expression in the striatum
and substantia nigra. Moreover, functional improvements in arm reaching
were reported accompanied by a normalization in striatal F'*-DOPA uptake.
These studies have also been mimicked in rodents using adenoviral vectors or
microspheres to deliver the GDNF.

Several human PD trials of treatment with GDNF have also been undertaken
(Kordower et al., 1999; Nutt ez al., 2001). The method of GDNF administration
has been the subject of much debate since, unfortunately, the peptide does not
easily cross the blood—brain barrier and systemic administration in human causes
deleterious side effects (Zurn et al, 2001). icv administration of GDNF via an
implanted catheter produced no improvements in parkinsonism as measured by
UPDRS and neuropathological evidence. Furthermore, there were significant
side effects, including loss of appetite, nausea, tingling, depression, hallucinations,
and “inappropriate sexual conduct” (Kordower et al., 1999). However, commen-
tators have cast doubt on whether the concentration of GDNF was sufficient and
that the duration of the trial was too short. The ability of GDNF to reach the
target site following icv administration was also a subject of debate. Since patients
receiving GDNF experienced quite serious side effects, it can be deduced that the
delivery of GDNF to the lateral ventricles was centrally acting in proximal
regions such as the hypothalamus but probably not in the striatum and substantia
nigra located deeper.

More recently, Gill et al. performed a more successful PD clinical trial
by infusing GDNT directly into the putamen via a catheter pump into five
patients. After 12 months, there was a 48% improvement in activities of daily
living scores in the UPDRS and a significant reduction in L-DOPA-induced
dyskinesia (Gill ¢t al., 2003). Striatal dopamine uptake/activity was also increased
in the putamen up to 18 months into the trial as assessed using functional imaging
with F'-DOPA. After 2 years on GDNF infusion, the patients had a 57%
improvement in their off-medication motor and a 63% improvement in UPDRS
(Patel et al., 2005). Thus in these small studies, GDNF, when delivered locally in
the basal ganglia but not when administered distally via the ventricles, appeared
to be sufficient to restore dopamine nigrostriatal activity and improve UPDRS
scores. This small trial has been followed up with a larger (Amgen-sponsored)
randomized study (34 patients) in which recombinant GDNF was perfused
into the putamen of PD sufferers for 6 months (Lang et al., 2006). Dopaminergic
activity in the striatum of subjects given GDNF was significantly increased
as measured by F'®*~DOPA uptake. Despite this, the UPDRS scores in those
patients given GDNF improved, but were not significantly different from those
receiving placebo.
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There has been much debate about the difference in methodology and results
between the small open-labeled studies (Gill e/ al., 2003) and the larger double-
blinded trials (Lang et al., 2006). Some recent review articles have summarized
the data with GDNF (Sherer et al., 2006) and the challenges in the therapeutic use
of growth factors (Kotzbauer and Holtzman, 2006). The lack of any clear efficacy
in the double-blinded study (Lang et al., 2006), together with unusual cerebellar
toxicity in monkeys treated with high doses on GDNF (Sherer e al., 2006) led
Amgen to withdraw the treatment until further information was obtained. In
addition, 10% of patients participating in the trial developed antibodies to
human GDNF (Sherer e al., 2006). There has been a flurry of public debates
on the ethical implications of terminating the clinical development of GDNF by
Amgen, which underscores the severe unmet medical need of PD patients (see
editorial in Lancet Neurology 4, 787 (2005) and responses to the editorial in Lancet
Neurology 5, 2000-2003 (2006) and Barker, 2006).

2. Brain-Derived Neurotrophic Factor

Brain-derived neurotrophic factor (BDNF) is a small, homodimeric member
of the neurotrophin (NT) family of secreted growth factors that are vital for
trophic support of neurons within both the peripheral nervous system and the
CNS. BDNF signals through at least two different receptors—the higher affinity
tyrosine kinase receptor B (TrkB) and the lower affinity p75 NT receptor
(p75NTR)fand is abundantly and widely expressed in the adult mammalian
brain in both neuronal and glial cells (for a review of BDNF localization in the
human brain see Murer e/ al., 2001). Within the adult nigrostriatal pathway,
BDNTF is both synthesized by dopaminergic neurons (Seroogy et al., 1994) and
used by the same cells as a potent survival and growth factor, first demonstrated
by Hyman et al. (1991). It is also important to remember that BDNF is subject to
both retrograde and anterograde transport within the CNS (Mufson ¢t al., 1999;
Siegel and Chauhan, 2000), so it may have effects at sites some distance from
where it is synthesized.

Among the growth factors of potential therapeutic utility in PD, BDNF, and
GDNF are the most studied, though a role for other factors such as the recently
discovered mesencephalic astrocyte-derived neurotrophic factor (MANF; Petrova
et al., 2003) or other, as yet undiscovered factors, cannot be excluded. There is a
large body of data showing that BDNF promotes the survival of dopaminergic cells
in culture (Hyman et al., 1991; Presgraves et al., 2004; Spina et al., 1992a,b). Several
molecular pathways involved in this trophic effect of BDNI have been implicated,
including activation of glutathione reductase and activation of P3K-AKT or
MEK/mitogen-activated protein kinase kinase (MAPKK) pathways. Similarly,
BDNF promotes the survival of rat fetal ventral mesencephalon tissue (Hoglinger
et al., 1998). Other studies have suggested that BDNI actually induces a dopami-
nergic phenotype, for example increased TH and dopamine production, in rat and
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human fetal cortical cells during development (Theofilopoulos et al., 2001; Zhou
et al., 1998).

The trophic effects of BDNF seen i vitro translate into efficacy in i vivo
models. Thus, BDNF can induce striatal neurogenesis in adult rats with 6-OHDA
lesions (Mohapel et al., 2005), while maturation of nigrostriatal dopaminergic
neurons is diminished in BDNF-deficient mice (Baker ez al., 2005; Baquet et al.,
2005). Similarly, rats treated with antisense oligonucleotides to inhibit BDNF
production show significant loss of nigral dopaminergic neurons and a phenotype
that closely resembles classical animal models of PD (Porritt e al., 2005).

Considering the above evidence implicating BDNF in the survival and
development of dopaminergic neurons, it is not surprising that several groups
have studied whether polymorphisms in the BDNF gene may be responsible for
causing PD. The most frequently studied polymorphism is G196A (Val66Met),
for which there are several case-control studies producing contradictory results.
However, a recent meta-analysis of all studies to date did not support an
association of this polymorphism with the risk of developing PD (Zintzaras and
Hadjigeorgiou, 2005).

Irrespective of whether or not polymorphisms in the BDNF gene play a
causal role in PD, there is growing evidence that reduced neurotrophic support
is a significant factor in the pathogenesis of a number of neurodegenerative
diseases, including PD. Many studies have shown that BDNF (and other NT)
levels are reduced in human PD brains when compared to healthy controls
(Chauhan et al, 2001; Howells et al., 2000; Imamura et al., 2005; Mogi et al.,
1999; Murer et al., 2001; Nagatsu et al., 2000; Parain et al,, 1999). Similarly, the
number of TrkB mRNA-containing neurons is dramatically reduced in the SNc
and ventral tegmental area of PD patients compared with healthy controls
(Benisty et al., 1998). However, this study showed that the level of TrkB mRNA
in the remaining neurons in diseased brains is unchanged. This is clearly an
important point; both BDNF and TrkB are expressed in the very nigral dopami-
nergic neurons that are lost in PD. Thus, it is evident that the levels of these two
proteins would be expected to decrease in the PD brain, complicating the inter-
pretation of these studies and questioning whether the loss of BDNF/TrkB is a
cause, or the result, of PD. Nevertheless, the fact that the remaining dopaminergic
neurons in PD brain still express TrkB offers hope that one day therapy that
increases BDNF levels may be effective in this disease. Indeed, one study has
even suggested that glial BDNF expression is endogenously up-regulated in
PD brain in response to signals released from failing nigral neurons (Knott
et al., 2002).

An interesting link between a-synuclein, the major component of LBs in
PD, and BDNF was recently made by Kohno et al. (2004). It was suggested
that a-synuclein increases BDNF production from glial cells while mutant
forms of a-synuclein, such as A30P and A53T, known to be associated with early
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onset PD, did not. This loss of stimulation of BDNF production was there-
fore implicated in the onset of disease in patients with these mutant forms of
a-synuclein.

Despite the wealth of data linking BDNF to the etiology of PD, there are still
numerous Issues pertaining to delivery and treatment regimens in humans that
need to be addressed prior to any clinical application of BDNT itself. One of the
greatest problems is achieving optimal delivery of the peptide to the human brain
without using direct intracerebral injection, since N'Ts do not cross the blood—
brain barrier. Recent novel approaches, such as conjugating BDNF to antibodies
specifically engineered to cross the blood—brain barrier, may offer hope in this
regard (Pardridge, 2002). Many pharmaceutical companies are taking a different
approach, aiming to find small, brain-penetrant molecules that act upstream
of BDNF to increase its expression levels in the human CNS. Indeed, expression
of the BDNYF gene can be altered by many physiological signals and regulation of
BDNTF levels and/or activity has been implicated in the biological actions of a
vast array of small molecules and treatment regimens.

Several groups have shown that direct application of BDNF is efficacious in
a variety of animal models of PD. The first such study showed that chronic
infusion of BDNF above the substantia nigra protected against 6-OHDA-
induced behavioral deficits in the rat (Altar et al, 1994). Subsequently, it was
shown that similar efficacy could be achieved using daily intrastriatal injections
(Shults ez al., 1995). Details of efficacy in MPTP models of PD soon followed, both
in Japanese monkeys (Tsukahara et al., 1995) and in neonatal rats (Kirschner et al.,
1996). Isacson and coworkers confirmed that it is also possible to prevent
neurotoxicity in the rodent MPTP model using implantation of fibroblasts that
have been genetically engineered to secrete BDNF (Frim et al., 1994; Galpern
et al., 1996).

In an effort to study the effects of long-term exogenous BDNF expression,
Klein et al. (1999) employed somatic gene transfer to express the protein in the
SNc for up to 9 months following a single injection of a recombinant BDNF
adeno-associated virus in rats. This study showed that while exogenous expres-
sion of BDNF could prevent 6-OHDA-induced rotational behavior, it was
without significant effect on nigrostriatal dopaminergic neuron survival, tempting
the authors to speculate that the efficacy of BDNF may be the consequence of a
modulatory influence on remaining dopaminergic neurons rather than as a result
of any neuroprotective effect, at least in this particular model. Others, however,
have found a clear protective effect of BDNF on neuronal survival, even at sites
distant from the primary injury location in PD. For example, supranigral infusion
of BDNF in rats given striatal-pallidal excitotoxic injections of ibotenic acid
prevents the loss of nigral GABAergic neurons (Volpe et al., 1998).

Few studies have directly compared the relative efficacy of BDNF with
other growth factors, such as GDNF, in animal models of PD. This prompted
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Sun et al. (2005) to compare the effects of viral expression of these two growth
factors in the rodent 6-OHDA model of PD. The results showed that GDNF is
significantly more effective in correcting behavioral deficits and protecting
nigrostriatal neurons than expression of BDNF, at least in this particular model.
In agreement with previous work by Klein e al. (1999), while BDNT was able to
support behavioral correction, it failed to provide protection of nigrostriatal
neurons. Interestingly, expression of both neurotrophic factors together was no
more effective than GDNF alone, suggesting that there are not synergistic effects
from expressing the two growth factors together.

C. SMALL MOLECULE APPROACHES

Although recent advances is gene therapy and drug delivery devices make
biomolecule therapies approachable, several issues related to optimal and con-
trollable drug delivery remain. Additionally, these approaches are invasive and
require technical skills that are not yet widely available. It should be noted that
small molecule agonists of growth factor receptors such as ret-A or TrkB have
not met with success likely due to the size and complexity of the ligand-
binding pockets of these receptors. A promising alternative approach relies on
discovery of small molecules that stimulate endogenous trophic factors that
support dopaminergic neurons.

1. Nurrl and shh Pathway

Developmental studies have identified two key druggable factors required for
dopamine neurons, shh (Tsuboi and Shults, 2002) and Nurrl (Chu et al., 2006;
Jankovic et al, 2005). Nurrl, a transcription factor belonging to the orphan
nuclear receptor superfamily, is thought to play a critical role in the development
and maintenance of the dopaminergic system. It is expressed in developing and
adult ventral midbrain neurons and appears to regulate expression of phenotypic
markers of dopamine neurons such as TH and dopamine transporter (DAT)
AADC, VMAT?2, and cRet in ES cells as well as primary neuronal cultures
(Hermanson et al. 2003; Iwawaki et al. 2000; Jankovic et al., 2005; Martinat et al.,
2006; Sacchetti ef al., 2001; Wallen et al., 2001). Experimental studies in Nurrl
knockout mice indicate that Nurrl haploinsufficiency leads to reduced levels of
Nurrl protein and dopamine and inability of the embryonic dopamine neurons
to innervate striatal fields (Saucedo-Cardenas et al., 1998; Zetterstrom et al.,
1997). Additionally, these mice are significantly more sensitive to MPTP than
the wild-type littermates (Jankovic et al., 2005; Le et al., 1999). Nurrl expression is
reduced during the course of normal aging (Chu ¢ al., 2002) and this is especially
evident in a-synuclein aggregate-containing neurons in autopsied brains from
PD cases (Chu et al., 2006). Furthermore, mutations in the gene encoding Nurrl,
NR4A2, are associated with sporadic PD (Le e al., 2003) and transcription of
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NR4A2 is reduced by overexpression of a-synuclein in neuroblastoma cells
(Baptista et al, 2003). Although Nurrl does not appear to have a classical
ligand-binding domain, it can partner with other nuclear hormone receptors
such as RXR to regulate target gene expression (Zetterstrom et al., 1996). Taking
advantage of this property, several groups have identified Nurrl-RXR hetero-
dimer activators, which increase dopamine or TH levels @ vitro and in viwo
(Wallen-Mackenzie et al., 2003; WO 20047072050 Al, WO 20037015780 A2).
Although the small molecule activators of Nurrl-RXR heterodimer have not
been tested i vivo in models of PD, validation of this therapeutic approach is seen
in preliminary evidence of protection of dopamine neurons following viral-
mediated transduction of Nurrl expression in rats and monkeys (Apostolakis,
2001). However, it is critical to point out that potential liabilities of systemically
administered Nurrl activators remain unknown. This is an issue worthy of
consideration for empirical testing since recent studies indicate a pleiotropic role
of Nurrl as a transcription regulator in a number of cell types (Hsu e al., 2004;
Martinez-Gonzalez and Badimon, 2005).

shh, a member of the hedgehog (hh) family of signaling molecules, is necessary
for normal axial patterning and cellular differentiation in the developing CNS. shh
has been reported to promote survival of cultured neural progenitor cells (Rafuse
et al., 2005) and induce a dopaminergic neuronal phenotype in the midbrain
(Hynes et al., 1995). Intrastriatal (Tsuboi and Shults, 2002) and supranigral (Dass
et al., 2002) admisitration of shh has been reported to provide protection against
neurotoxin-induced toxicity in rats and marmosets. More recently, adenoviral
vector delivery of shh has also been reported to protect dopaminergic neurons
against 6-OHDA toxicity in rats (Dass e al., 2005). It may also be possible to target
shh pathways using small molecule approaches. For example, Curis Inc. has
reported small molecule modulators of hh signaling and identified shh receptor
agonists and antagonists (Frank-Kamenetsky et al., 2002).

2. AMPA Receptor Polentiators

AMPA receptors are one class of ionotropic glutamate receptors that control
fast synaptic transmission and play a role in neuroplasticity phenomena such as
long-term potentiation (LTP). At Eli Lilly, we have explored allosteric agonists of
AMPA receptors termed AMPA receptor potentiators (O’Neill e al., 2004a) as
neurotrophic agents in animal models of PD (Murray et al., 2003; O’Neill et al.,
2004b, 2005). For the rest of the chapter, we will summarize the rationale and data
supporting the use of biarylpropylsulfonamide class of AMPA receptor potentia-
tors as neurorestorative agents for PD. All positive, allosteric modulators of AMPA
receptors (i.e., AMPA receptor potentiators) lack direct agonist effects at the
AMPA receptor but augment the effects of an agonist such as AMPA by blocking
desensitization or deactivation of the channel (O’Neill ¢t al., 2004a; Quirk and
Nisenbaum, 2002). However, these agents differ in their potency and eflicacy to
potentiate agonist effects as studied by Ca”" flux using fluorescent imaging plate
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FiG. 1. Effects of LY503430 and CX-516 on native AMPA receptor activity i vitro (A), BDNF
levels in cortical neurons (B), and functional improvements in 6-OHDA model (C). (A) The
concentration-response profile for LY503430 (0.03-10.0 uM) potentiation was assessed by measuring
the responses of acutely isolated substantia nigra dopamine neurons to 5-uM AMPA alone and in
the presence of potentiator. The plots show the average degree of potentiation by LY503430 (0.03—
10.0 pM) and CX-516 (0.3-3.0.0 mM) as a percentage of the 5-uM AMPA response for each
concentration of compound tested in acutely isolated substantia nigra dopamine neurons. Data points
in plots represent mean £ SEM. (B) The concentration-response profile for LY503430 (0.1-10.0 pM)
at increasing BDNF expression in cortical neurons. (C) The effects of chronic treatment with
LY503430 (0.2 and 0.5 mg/kg p.o. for 10 days starting 1 day after infusion of 6-OHDA into the
nigra) on rotational behavior. Results indicate that both doses of LY503430 provided a significant
correction of apomorphine-induced rotational asymmetry after unilateral infusion of 6-OHDA into
the substantia nigra. Data are based on eight animals per group. ***p < 0.001 vs baseline rotations;
Th < 0.05, TTp < 0.01 vs vehicle treated animals.

reader (FLIPR) in cloned and native cells, patch clamp techniques (Miu ¢t al., 2001;
Quirk and Nisenbaum, 2002), or i viwo using both electrophysiological and
behavioral tests (Murray et al, 2003; O’Nelill et al.,, 2004a,b; Vandergriff et al.,
2001). This is exemplified in the comparison of efficacy of CX-516 versus
LY503430 at potentiating AMPA-mediated Ca’" flux in native cells (Fig. 1A).
One of the downstream effects of AMPA receptor-mediated transmission
appears to be induction of expression of the NT, BDNF i vitro (Hayashi et al.,
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Several signaling pathways have been implicated in linking AMPA receptor
activation to increases in BDNF
AMPA receptor
potentiators
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I16. 2. An illustration of the pathways by which AMPA receptor modulation can increase the
expression of genes and proteins from the BDNF family. The calcium-dependent pathway is shown
on the bottom of the slide. Many of the biarylpropylsulfonamides (LY404187, LY503430) increase
BDNF when given alone, suggesting that the Lyn tyrosine kinase pathway (center) may be predominant
in some neuronal preparations [adapted from Hayashi et al. (1999) and Wu et al. (2004)].

1999; Zafra et al., 1990; Fig. 1B). Mechanistic studies demonstrated that AMPA
receptor-mediated increases in BDNF can be mediated via at least two distinct
intracellular signaling pathways (Fig. 2). The first pathway involves increases
in intracellular calcium concentration through voltage-gated L-type calcium
channels activated as a consequence of the AMPA receptor-induced membrane
depolarization. Increases in intracellular calcium lead to an increase in BDNF
gene expression through calcium response elements on the BDNF promoter
regions (Hardingham et al., 1998; Tao et al., 1998; Zafra et al., 1990, 1992). The
second pathway for BDNF production depends on activation of Lyn, a member
of the src-family of protein tyrosine kinases, which can physically associate with
AMPA receptor subunits. Lyn activates the MAPK pathway leading to increased
BDNF expression (Hayashi ez al., 1999).

It has been demonstrated that biarylpropylsulfonamides can increase BDNF
expression in both cerebellar granule, cortical and hippocampal neurons i vitro
(Legutko et al, 2001; Fig. 1B). The increases in BDNF observed with AMPA
alone or in combination with a potentiator were blocked by L-type calcium
channel blockers (nimodipine), while the increases produced by the potentiator
alone were reduced by an MAPK inhibitor (PD 098059), suggesting that both
pathways may contribute to the increased production in BDNF (Legutko et al.,
2001). It is also interesting that the biarylpropylsulfonamides alone can produce
substantial BDNF increase in primary neuronal cultures (Fig. 1B). The data
suggest that either there is sufficient glutamate in the media to induce the calcium
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Different classes of AMPA potentiator may have different
in vitro and in vivo profiles
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FiG. 3. Various AMPA potentiators have different in vitro and in vivo profiles. These differences could
be used to help further our understanding into the mechanism of action of AMPA potentiators in
the 6-OHDA model. The top panel shows some examples of AMPA potentiators that we have termed
Type 1 and Type 2. Both classes potentiate AMPA responses in cloned and native cells, but only Type 1
increases BDNF levels in cortical neurons and shows efficacy in 6-OHDA model. The data demonstrate
that various AMPA potentiatiors appear to have differential effects on downstream/secondary-signaling
pathways. It is possible that by evaluating the genes expression profiles (bottom panel) of these
potentiator classes, we may gain further insight into their neurotrophic actions.

signaling or that the calcium-independent mechanisms are the predominant
mechanism for inducing BDNF levels. We have also discovered a series of AMPA
receptor potentiators that flux Ca”" and potentiate AMPA responses at cloned
and native AMPA receptors, but do not increase BDNF levels in cell cultures
(Fig. 3). We are profiling these compounds together with compounds (such as
LY404187, LY503430) that do increase BDNF to try to further characterize the
mechanisms by which these agents increase BDNF (Fig. 3).

It has also been demonstrated that subchronic treatment with AMPA recep-
tor potentiators increases BDNF mRNA (Lauterborn et al, 2000; Mackowiak
et al., 2002) and protein (Mackowiak et al, 2002) in the rat hippocampus. The
in vivo induction in BDNF mRNA is dose and treatment paradigm dependent and
shows specificity with respect to brain regions. In addition to their effects on
BDNF levels, the biarylpropylsulfonamide class of AMPA potentiatior has also
been demonstrated to increase cell proliferation (Bai ez al., 2003) in the rat brain.
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TABLE I
THE ErrecTs OF A RANGE OF BIARYLPROPYLSULFONAMIDE AMPA RECEPTOR POTENTIATORS IN THE
6-OHDA MoDEL

Compound Rotation score Ventral TH-I Dorsal TH-I EDs( (mg/kg)
LY404187 Active Active Active <0.5
LY503403 Active Active Active 0.081
LY450108 Active Active Active 0.093
LY451395 Active Active Active <0.5

Based on the observation that AMPA receptor potentiators increased BDNF
expression and potentially neurogenesis, we hypothesized that AMPA receptor
potentiators may have neurotrophic actions in PD models. The results of a series
of studies indicated that both LY404187 and LY503430 protect against MPTP-
induced neurotoxicity in mice and provide functional and histological improve-
ment after infusion of 6-OHDA into the substantia nigra or striatum of rats
(Murray et al., 2003; O’Neill ¢t al., 2004b, 2005). The most robust functional and
histological improvements were observed with subchronic AMPA potentiator
treatment (10-14 days) initiated after a unilateral 6-OHDA lesion of the sub-
stantia nigra (Murray et al., 2003, O’Neill ez al., 2005). Dose—response studies with
a range of biarylpropylsulfonamides (LY404187, LY450108, LY451395, and
LY503430) in the nigral 6-OHDA model were carried out (Table I). The results
indicated that all compounds showed efficacy at 0.5 mg/kg and the EDj for
rotational behaviors ranged between 0.081 and 0.110 mg/kg p.o. A detailed
review of the effects of LY503430 in various PD models has recently been
published (O’Neill ez al., 2005).

Molecules were administered for 10 days with the first injection 24 hours
after infusion of 6-OHDA into the substantia nigra. All molecules provided a
significant correction of apomorphine-induced rotational asymmetry and im-
provements in both the dorsal (caudate) and ventral (accumbens) TH immuno-
histochemistry. The EDj5q values listed in Table I are for rotational behavior
(n = 8-10 per group).

Since the subchronic treatment of the AMPA receptor potentiators was ini-
tiated after 6-OHDA infusion, it appears that recruitment of some neuroplastic/
neurotrophic pathway underlies the protective eflects of these compounds in the
rat model of dopaminergic neurodegeneration. The exact biochemical pathway(s)
involved remains to be elucidated, but a brief summary of the key data to date is
provided below.

1. Extensive profiling of LY503430 (0.5 mg/kg s.c.) indicates that acute
administration does not affect either baseline rotational behavior or L-DOPA- or
pergolide-stimulated rotations in 6-OHDA-lesioned rats (O’Neill et al., 2005).
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This observation is consistent with the lack of evidence that activation of AMPA
receptors would directly alter dopamine release and implies that the AMPA receptor
potentiator is unlikely to have acute symptomatic effects in PD. However, it cannot
be ruled out that AMPA receptor potentiators may modulate other parts of the
basal ganglia circuitry and this may not be evident from the experiments carried
out using 6-OHDA.

2. The functional and protective actions of LY404187 and LY503430 appear
to require some form of chronic dosing. Thus, 10-14 days dosing is robustly
effective, but dosing for shorter periods (1 or 4 days) does not provide any
functional or histological improvements. These data suggest that a repeated
stimulation of the AMPA receptor is required to see the effect. The data also
suggest that either a cascade of events is required for efficacy (activation of
gene expression and/or downstream signaling pathways) or that some form of
response to injury occurs over a 10- to 14-day period.

3. We have evaluated a number AMPA receptor poteniators in the nigral
6-OHDA that have similar potency at potentiating cloned and native AMPA
receptors, but do not increase BDNF levels i vitro. These compounds failed
to show eflicacy in the 6-OHDA-lesioned model. This suggests that in addition
to increasing calcium influx, the compounds that show efficacy in 6-OHDA have
some additional downstream effects. BDNF expression i vitro appears to be a
surrogate measure of efficacy i vwo.

4. The functional and protective actions of LY404187 and LY503430 appear
to be associated with an increase in growth-associated protein-43 (GAP-43)
expression in the striatum (O’Neill et al., 2004b). It is well established that
GAP-43 is involved in neuronal repair and sprouting and transgenic animals
that overexpress GAP-43 exhibit increased sprouting and repair after exposure to
lesions. It might be that AMPA potentiators such as LY503430 and related
compounds may be responsible for initiating the biological cascade toward its
production.

5. The preservation of striatal TH immunoreactivity was observed also when
administration of AMPA receptor modulators was initiated 3 or 6 days after
infusion of 6-OHDA into the substantia nigra (Murray et al., 2003; O’Neill ¢t al.,
2005). Importantly, the degree of TH immunoreactivity (preservation of term-
inals) was similar whether the drug was administered as cells start to die (1 day) or
after severe dopamine depletion (80-90% loss of nigral cell bodies at 6 days after
6-OHDA infusion).

6. The functional and histological improvements were still present when
animals were tested 28 days after “washing out” LY503430 (Fig. 17 in O’Neill
et al., 2005). One interpretation of these data is that LY503430 treatment for
10-14 days produced sprouting of the striatal terminals, which continue to
remain intact even after the drug administration is stopped. Obviously, in this
preclinical model, the neurotoxin (6-OHDA) was administrated once at the start
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of the experiment, while in PD there is a progressive degeneration of the neurons,
which will likely require long-term therapy with an AMPA receptor potentiator
to maintain the trophic response.

7. Ongoing experiments to look at the effects of AMPA potentiators on
gene expression i vitro and m vivo may help further elucidate the key signaling
pathways leading to the large functional improvements after nigrostriatal lesions.

In summary, the data we have outlined above suggest that AMPA receptor
potentiators may have both neuroprotective and neurotrophic actions in rodent
models of PD. Thus, positive modulation of AMPA receptors may provide a
means of both halting the progression and perhaps reversing the degeneration
in PD. It should be noted that PD patients do not present with symptoms until
60—70% of the substantia nigra is damaged. So an agent that produced reinner-
vation and increased striatal terminals could in theory reverse the functional
deficits. The molecular mechanism(s) of these effects are poorly elucidated but the
involvement of a growth factor such as BDNF is possible. A number of ongoing
studies (Fig. 3) aim to look at the types of mechanisms that could be contributing
to these functional and histological improvements we have observed in the
6-OHDA model. The lesion models used in the studies to date do not fully
mimic PD (e.g., do not have inclusion/LBs), but do produce large dopamine
depletion in the relevant brain structures. It would be of interest to study these
molecules in other models based on genetic etiology. Regardless of the mechan-
isms of nigral cell death in PD and whether Lewy bodies are contributing to the
damage or helping protect the brain, it is likely that an agent that is able to
produce reinnervation of the striatum would be of benefit.

V1. Summary and Conclusions

There has been a large amount of research into the mechanisms of cell death
in PD, producing new and refining exisiting animal models of PD and evaluating
methods of providing neurorepair after nigrostriatal degeneration. Many of the
earlier transplantation and GDNF animal studies have now progressed into the
clinical setting with mixed results. Fetal cell transplants provided some improve-
ment in symptoms (UPDRS), but this was often associated with delayed side
effects (dyskinesia or dystonia). GDNF has been administered in open trials and
provided improved functional outcome and some improvement in F-dopa uptake
in the caudate. However, this has yet to be replicated and debates over delivery
methods (e.g., type of cannula, site of delivery) continue.

There are still many challenges to overcome, but in the last 3—4 years several
new genes have been linked to familial PD and these developments coupled with
newer models that show a “slower” progressive degeneration should allow new
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drug targets to be studied more robustly prior to progression to the clinic. Many
other lines of research (i.e., evaluation of new trophic factors, understanding the
delivery and integration of new cells into the brain, developing stem cell lines that
can secrete trophic factors, and small molecule approaches to brain repair) are all
progressing. Finally, the small molecule approaches described above may bear
fruits and address the major unmet medical need of PD patients by arresting
disease progression.
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Human neurodegenerative diseases share common pathological features
including protein aggregation, necrotic or apoptotic neurodegenerative changes,
and loss of neurons. The nematode Caenorhabditis elegans has proven a useful
model for both studying homologous human disease gene function and generat-
ing transgenic models of neurodegenerative disorders. Here we summarize
progress in modeling aspects of human neurodegenerative diseases using
C. elegans. Potential neuroprotective strategies arising from work with these
models are also discussed.
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I. Introduction

The use of animal models to study human disecase has been a productive
approach for gaining new insights into disease mechanisms. In the past decade,
this approach has been extended to the study of neurodegenerative diseases using
the worm Caenorhabditis elegans. 'This model organism offers a number of distinct
experimental advantages for modeling human diseases, including small size, short
generation time, rapid transgenics, robust classical genetics, accessible reverse
genetics, a simple well-characterized nervous system, and well-studied behavior.
For many disorders, the utility of worm models for disease remains unclear.
However for other models, investigation into the function of worm genes has
clearly illuminated the function of human disease genes. Models of both types will
be reviewed here in the context of models for neurodegenerative disorders.

Il. C. elegans Models of Neurodegenerative Disorders

A. NECROTIC NEURODEGENERATION

Both programmed cell death and necrotic cell death occur in neurodegen-
erative disorders. While programmed cell death is necessary for a variety of
developmental decisions and proper wiring of the developing nervous system,
necrotic cell death only occurs after a genetic or environmental insult to the
neuron that causes extreme cell stress. Necrotic cell death is characterized by
swelling of the dying cell, mitochondrial dysfunction, rapid depletion of energy
stores, membrane rupture, and spilling of cytoplasmic contents, resulting in an
inflammatory response. The severity and type of cellular insult as well as the
relative vulnerability of the cell contribute to a range of responses that includes
aspects of either apoptosis pathways, necrotic pathways, or in some cases both
(Artal-Sanz and Tavernarakis, 2005). Necrotic cell death can be induced by
hypoxia, ischemia, stroke, trauma, Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS) (Artal-
Sanz and Tavernarakis, 2005). Thus, understanding the molecular pathways
mnvolved 1n necrotic cell death is of therapeutic importance in a wide range of
neurodegenerative disorders.

Chalfie and Wolinsky (1990) reported the first genetic model for neurodegen-
eration in C. elegans (see Table I for a summary of nontransgenic models of
neurodegenerative disease). They isolated a single dominant allele of the deg-1
gene that caused degeneration of the PVC interneurons. Death of the PVC cells
causes worms to be touch insensitive. Other neurons also degenerate in deg-/
mutant larvae, including IL1 sensory neurons, AVD interneurons, and the AVG
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interneuron, but these do not contribute to the touch insensitive phenotype. All of
the cell deaths appear necrotic in nature with excessive swelling and vacuolation
of degenerating neuron. deg-/ encodes a non-voltage-gated ion channel whose
abnormal activity leads to osmotic imbalance and subsequent neurodegeneration.
Dominant mutations in a homologous gene, mec-4, also cause a neurodegenerative
phenotype (Driscoll and Chalfie, 1991; Herman, 1987). mec-4 encodes another
non-voltage-gated ion channel of the DEG/ENaC family. Driscoll and Chalfie
(1991) dissected the nature of the molecular defect in mec-4 mutants using
transgenic expression of many mec-4 variants. The dominant mec-4 mutations
encoded T442A or V442A changes. Expression of T442A or V442A mutant
MEC-4-encoding ¢cDNAs in wild-type worms produced a Deg phenotype in
transgenic animals. Likewise, expression of other MEC-4 changes that produced
similar steric hindrance effects at position 442 (D442A, R442A, F442A, 1442A,
P442A) all recapitulated the Deg phenotype, while changes to nonsterically
hindering amino acids (G442A, S442A, C442A) fail to cause a Deg phenotype.

Dominant mutations in deg-3, another ion channel gene, also cause a neurode-
generative phenotype (Treinin and Chalfie, 1995). deg-5 encodes a nicotinic acetyl-
choline receptor a-subunit that causes touch cell degeneration similar to what is
observed for mec-4 and deg-1 dominant mutants. The Deg-3 phenotype can be
partially suppressed by treatment with nicotinic acetylcholine receptor antagonists.

A single genetic suppressor of deg-1 and mec-4 was identified by Xu et al.
(2001). Loss-of-function (If) mutations in ¢r¢-7 ameliorate the toxic effects of mec-4
and deg-1 mutations, and partially suppresses expression of constitutively active
heterotrimeric G protein a-subunit (Goy)-induced toxicity. ¢rt-1 encodes the
worm homologue of calreticulin, a protein chaperone, and Ca®*-binding protein
localized to the endoplasmic reticulum (ER). CRT-1 participates in maintenance
of intracellular Ca*" stores. Reduction of calnexin expression also partially
suppressed mec-4-induced cell death. ¢rt-1 suppresses mec-4 neurotoxicity both
by reducing MEC-4 protein levels and by altering neuronal Ca*" balance.

Two similar transgenic models where expression of constitutively active
heterotrimeric Go causes necrotic neurodegeneration have also been described
(see Table II for a summary of transgenic models of neurodegenerative disease)
(Berger et al., 1998; Korswagen et al., 1997). Korswagen ¢ al. (1998) demonstrated
that the worm heterotrimeric Gay gene, gsa-1, is essential for viability. Mosaic loss
of gsa-1 caused uncoordinated locomotion (Unc) and egg laying defective (Egl)
phenotypes consistent with GSA-1 regulating those behaviors. Transgenic over-
expression of GSA-1 induced hyperactive locomotion and Egl. Korswagen
et al. (1997) also employed a constitutively active mutant gsa-/ transgene under
control of a heat shock promoter that produced an inducible neurodegeneration
phenotype similar to those described for deg-1, deg-3, and mec-4. Berger et al.
(1998) describe a similar model where transgenic expression of the rat Ga, cDNA
in worms using the glr-1 glutamate-responsive cell-specific promoter causes
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TABLE I

NONTRANSGENIC (. ELEGANS MODELS OF NEURODEGENERATIVE DISEASE

Molecular
Disease” Mutant gene Pathology Phenotype Genetic modifiers modifiers Reference(s)
AD PS1, PS2 Amyloid plaques, Egg laying spr-1, spr-2, Eimer et al., 2002; Jarriault
neurofibrillary defective (Egl) spr-3, spr-4, and Greenwald, 2002;
tangles, suppresses spr-5 suppress Lakowski et al., 2003;
neurodegeneration lin-12(d) Egl defective Levitan and Greenwald,
phentoype 1995; Levitan et al., 1996;
Li and Greenwald, 1996;
Steiner et al., 2001;
Wen et al., 2000
Necrotic None Necrotic Dominant mec-6, crt-1 (If) Chalfie, 1993; Chalfie and
cell death’ neurodegeneration neurodegeneration suppresses Wolinsky, 1990; Driscoll,
of PVC, IL1, AVD, neurodegeneration 1992; Driscoll and
and AVG neurons Chalfie, 1991; Driscoll
and Gerstbrein, 2003;
Hall et al., 1997; Hong
and Driscoll, 1994;
Huang and Chalfie,
1994; Syntichaki et al.,
2002; Treinin and
Chalfie, 1995
NPC NPC1 Accumulation of Constitutive dauer DAF-9 overesxpression Progesterone Li et al., 2004;
unesterified larvae, reduced suppresses enhances, Sym et al., 2000
cholesterol brood size, high cholesterol
causing sensitive to suppresses

neurodegeneration

cholesterol

deprivation

dauer formation
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PD DJ-1

PD Parkin

PD None’

SCA2 Ataxin2
(polyQ)

DAergic neuron loss

DAergic neuron loss

DAergic neuron loss

Degeneration
of purkinje

neurons

B0432.2
(RNA)

pdr-1

None*

atx-2

Hypersensitivity to
mitochondrial
complex I inhibitors

Hypersensitive to
proteotoxic
stress, hypersensitive
to mitochondrial
complex
I inhibitors

6-OHDA-induced

DAergic neuron loss

Germ cell
proliferation and
germ line

masculinization

TUDCA, probucol

suppress
SNCA TUDCA, probucol
overexpression suppress
causes lethality
dat-1 required for Amphetamine,
neurotoxicity imipramine
suppress

Ved et al., 2005

Springer et al., 2005;

Ved et al., 2005

Nass et al., 2002

Ciosk et al., 2004

“Human diseases: AD, Alzheimer’s disease; PD, Parkinson’s disease; NPC, Niemann-Pick type C1 disease; SCA2, spinocerebellar ataxia type 2.

bas . . . . P . . . . . .
Necrotic cell death is not a specific disease, but a more general description of a pathologic process brought on by stroke, ischemia, brain trauma, and so on. As such it has no specific

associated mutations.

“The majority of PD is thought to be idiopathic; likewise, this model uses environmental toxicity to model DAergic neuron loss.
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TABLE II

TransGeNIC C. ELEGANS MODELS OF NEURODEGENERATIVE DISEASE

Transgene Molecular
Disease” Pathology Worm transgene(s) expression Phenotype Genetic modifiers modifiers Reference(s)
ALS Motor neuron myo-3:SOD1 Body wall muscle Paraquat Ocda et al., 2001
degeneration hsp-16::SOD1 or inducible hypersensitivity
AD Amyloid plaques, unc-54::A3(1-42) Body wall muscle Uncoordinated Boyd-Kimball et al.,
neurofibrillary locomotion, 2006; Butterfield
tangles, paralysis, amyloid et al., 1999;
neurodegeneration formation Cottrell e al., 2005;
Drake et al., 2003;
Fay et al., 1998;
Fonte et al., 2002;
Gutierrez-Zepeda
et al., 2005; Hu
et al., 2000; Link,
1995, 2001, 2005;
Link et al., 1999,
2001, 2003, 2006;
Yatin et al., 1999
AD Amyloid plaques, aex-3::tau All neurons Unc, tau Kraemer e al., 2003
neurofibrillary phosphorylation,
tangles, tau aggregation,
neurodegeneration neurodegeneration
AD mec-7::tau Touch neurons Mec, tau HSP70 homologue Miyasaka et al., 2005
phosphorylation, suppresses

neurodegeneration
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HD polyQ aggregation,
neurodegeneration
HD polyQ aggregation,
neurodegeneration
HD polyQ aggregation,
neurodegeneration
PD DAergic neuron loss
in substantia nigra
Necrotic Necrotic
cell death” neurodegeneration
Necrotic Necrotic
cell death” neurodegeneration

myo-3::polyQ-GFP

mec-3::polyQ-GFP

osm-10::polyQ-GFP

aex-3:SNCA

hsp-16::gsa-1

mec-7::Gay

Body wall muscle

Touch neurons

Body wall muscle

All neurons

Many neurons
and other cells

Touch neurons

Paralysis, age-dependent

polyQ aggregation

Mec, axon
morphology
abnormalities

polyQ aggregation,
ASH neuron
degeneration,
nose-touch
defective

Unc, DAergic dendritic
abnormalities

Neurodegeneration,
gsa-1 (If) is lethal

Necrotic touch cell

degeneration

HSP104, TOR-2
overexpression
suppresses, 186

genes enhance

torsionA
overexpression
suppresses
SIR-2.1 Resveratrol,
overexpression fisetin suppress

suppresses defects
pge-1 enhances

neurodegeneration

sgs-1 suppresses
neurodegeneration

acy-1 suppresses

Caldwell et al., 2003;
Gidalevitz et al.,
2006; Morley
et al., 2002; Nollen
et al., 2004
Satyal et al., 2000

Parker et al., 2001,
2005

Faber et al., 1999,
2002; Gurvitz
et al., 2000

Lakso et al., 2003

Korswagen et al.,

1997, 1998
Berger et al., 1998

Human diseases: AD, Alzheimer’s disease; ALS, Amyotrophic lateral sclerosis; HD, Huntington’s disease; PD, Parkinson’s disease.

b. . . s . o . . . . . .
Necrotic cell death is not a specific disease, but a more general description of a pathologic process brought on by stroke, ischemia, brain trauma, and so on. As such no specific disease-

causing mutations are known.



226 KRAEMER AND SCHELLENBERG

paralysis and neurodegeneration. This neurodegeneration is of a similar necrotic
nature to those described above and likely occurs by a similar mechanism of
osmotic stress as Gay 1s thought to regulate ion channel activity among other
cellular processes. Berger et al. (1998) also identified a genetic suppressor of
the Gaginduced neurodegeneration, acy-I. Thus ACY-1, an adenylyl cyclase
implicated in a wide variety of signaling pathways in other organisms, is required
for Gag-induced neurodegeneration.

Work with C. elegans models of necrotic neuronal cell death suggests a couple of
potential strategies to protect neurons. These models suggest that osmotic imbalance
may be the ultimate cause of neurodegeneration. In all cases, these are dominant
toxic gain-of-function mutations that can be ameliorated by blocking gene expres-
sion. Likewise, specific suppressor mutations can inhibit neurodegeneration of a
given type. The question remains how specific some of these suppressors might be.
For ¢rt-1, suppression of both deg-1 and Gay suggests perhaps a common suppression
of necrotic neurodegeneration. However, ¢r¢-1 fails to suppress deg-3, indicating that
its suppression may be specific to the degenerin family of ion channels (if acy-1 acts
through degenerins). Also, whether acy-/ mutations suppress a variety of neuro-
degenerative phenotypes or only those of overactive Ga, remains unknown.

B. ALZHEIMER’S DISEASE AND TAUOPATHY

AD is the most common aging-related neurodegenerative disorder and is
characterized by progressive loss of memory and dementia. Two pathological
hallmarks, amyloid plaques and neurofibrillary tangles (NFTs), define a positive
diagnosis of AD. Human genetic evidence from familial early-onset AD and
frontotemporal dementia with parkinsonism chromosome 17 type (FTDP-17)
kindreds suggests that both lesions can play a causal role in neurodegeneration
in addition to serving as markers for disease.

The amyloid deposits seen in AD consist primarily of extracellular aggregates
of the AJ peptide which is derived from the proteolytic processing of the amyloid
precursor protein (APP). Presenilin 1 (PS1) and PS2 are homologous proteases
and form the core constituents of the y-secretase, a complex involved in the
cleavage of A@ peptide from the unprocessed APP molecule. Dominant muta-
tions in APP, PS1, and PS2 can cause carly-onset AD either by increasing the
total amount of Af3 produced or by altering the C-terminal cleavage site. In the
latter case, a longer A molecule is formed (A 1-42) which aggregates more
rapidly than the shorter form (AG 1-39).

The other pathological hallmark of AD is the NFT which consists of insoluble
filamentous aggregates of hyperphosphorylated tau protein. In the normal brain,
tau binds to and stabilizes axon microtubules in neurons. Tau is alternatively spliced
into six major isoforms expressed in brain; both exonic and intronic mutations
that disrupt the normal splicing regulation of tau can cause FTDP-17. Likewise,
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some FTDP-17 mutations change the primary sequence of the tau protein and
reduce its affinity for microtubules and/or increase propensity for self-aggregation.
Abnormalities in tau protein function cause neurodegeneration in FTDP-17. Tau
lesions from many FTDP-17 cases cannot be distinguished from those seen in AD
(Sumi et al., 1992), demonstrating the shared pathological features of the two
disorders. The chief pathological feature that differentiates other tauopathies
from AD is the lack of amyloid pathology and hippocampal involvement.

1. Amylowd Pathology

One transgenic model for amyloid pathology has been described (Link, 1995)
and extensively characterized (Boyd-Kimball ¢t al., 2006; Drake et al., 2003; Fay
et al., 1998; Fonte et al., 2002; Link, 2001; Link e al., 1999, 2001, 2003; Yatin et al.,
1999). In this model, an A3 1-42 peptide-encoding minigene is expressed as a
fusion with a secretory signal sequence in the body wall muscle cells of the worm
using the unc-54 promoter. High levels of A expression was observed in essentially
all body wall muscle cells as well as coelomeocytes. Notably, A expression caused
a clear Unc phenotype characterized by progressive paralysis. Coelomocyte
expression is consistent with A3 peptide being scavenged from secreted muscle
cell-derived AB. Thioflavin S, an amyloid plaque stain, labeled deposits of AS
in transgenic animals indicative of authentic aggregation of amyloid in worm
muscle. Cloexpression of A and transthyretin peptides reduced the number of
these thioflavin S-positive deposits consistent with previous i vitro studies where
transthyretin reduced Af3 aggregation (Link, 1995; Schwarzman et al., 1994).

Fay et al. (1998) utilized the transgenic worm model for A3 aggregation as an
in vivo assay to analyze the propensity of a variety of A variant peptides to
aggregate. They observed that A variants “17° and 35 both reduce amyloid
formation @ wviwo, presumably due to disruption of the typical aggregated
AB-pleated [-sheet structure by the introduced changes in A primary sequence.
Closer examination of amyloid deposits in transgenic worm body wall muscle
using immunoelectron microscopy showed that worms share the characteristic
fibrillar structure of authentic amyloid plaques from postmortem AD brains.
Furthermore, worm amyloid deposits stained positive with X-34 (a Congo red
derivative) even in living animals (Link et al, 2001). Fonte ¢t al. (2002) used
coimmunoprecipitation to identify six proteins that associate with amyloid in
worms. Among these Af-interacting proteins were a variety of chaperone
proteins, including worm homologues of mammalian HSP70C (BiP), the cyto-
plasmic HSP70A, small glutamine-rich tetratricopeptide repeat-containing
protein (SGT), and three aB crystallin homologues. Fonte et al. (2002) further
demonstrated that expression of the normal A 1-42 peptide induced a prominent
paralysis phenotype and up-regulated expression of the six chaperones listed
above, while an intramolecular A3 dimer induced only weak paralysis and no
chaperone expression.



228 KRAEMER AND SCHELLENBERG

Link et al. (2003) updated the previous model of amyloid pathology in
C. elegans by utilizing a temperature inducible construct for A3 expression that
resulted in a strain giving approximately fivefold induction of AS 1-42 (Link
et al, 2003). Animals exhibited paralysis on induction of A expression as
previously reported for the constitutive expression of A3 but no aggregated A3
deposits occurred. Furthermore, while A induction caused paralysis, it did
not cause accumulations of aggregated amyloid, as in the constitutive model.
This demonstrates in worms that AZ pathology precedes accumulation of frank
aggregated fibrillar amyloid deposits. This system allowed Link ez al. (2003) to
examine changes in mRNA abundance using microarray analysis. Sixty-seven
genes were up-regulated and 240 genes down-regulated on A8 induction. Drake
et al. (2006) used the same inducible lines for AS expression to monitor the
accumulation of oxidative damage in Af-expressing animals and found that
Af induction caused an increase in protein carbonyl levels up to twofold
above non-Af animals under identical conditions. Using a proteomic approach,
Boyd-Kimball et al. (2006) further explored the role of oxidative damage as a
potential driver of amyloid pathology by examining specific proteins oxidized in
the induced A worm model. The analysis of Af3 targets of oxidation revealed 16
specific proteins involved in energy metabolism (e.g., short- and medium-chain
acyl-CoA dehydrogenases), proteasome function (e.g., proteasome « and [
subunits), and scavenging of oxidants (glutathione S-transferase sigma).

While the expression of A peptide in muscle is not a precise model of AD, it
approximately models one of the pathological hallmarks of AD and does more
accurately model another disorder called inclusion body myositis (IBM) (Link,
1995). Nonetheless, the pathological consequence of A3 expression in worm
muscle share similarities with the neurodegenerative pathology in AD, including
fibrillar aggregation of A8, up-regulation of chaperon proteins, increased protein
oxidation, and dysfunctional energy metabolism. Results from this model suggest
that neuroprotective strategies should focus on the preaggregation state of AS
rather than the prevention of aggregation, as cellular dysfunction occurs prior to
amyloid fibril formation.

2. Presemilin Function

When initially cloned, nothing was known about the function of PS1 and PS2
as components of the 7y-secretase. The identification of se/-/2 as a worm homo-
logue of PS1 and PS2 provided an immediate arena for exploring presenilin
function. To this end, Levitan and Greenwald (1995) observed that sel-72
functions in the lin-12/Notch signaling pathways and shares sequence homology
with human PS1. To probe topology of the predicted sel-12 transmembrane
domains i viwo, Li and Greenwald (1996) made SEL-12::lacZ gene fusions at
various points along the length of the SEL-12 peptide sequence. Taking advan-
tage of the relative inactivity of lacZ in the extracellular environment relative to
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cytoplasm, the authors were able to deduce the overall topology of SEL-12 and
its membrane-spanning domains. Furthermore, the authors observed endo-
proteolytic cleavage of SEL-12, both observations borne out for PS1 in
subsequent human studies. The functional similarity of PS1 and SEL-12 was
demonstrated directly by rescuing the se/-/2 mutant phenotype by expressing a
human PSI ¢cDNA under control of the se/-12 promoter (Levitan et al., 1996).
The presence of AD causing point mutations in PS1 ¢cDNAs reduced their ability
to rescue the sel-12 phenotype relative to the wild-type PS1 ¢cDINA sequence,
indicating that PS1 mutations cause a partial loss of function rather than a toxic
gain of function. Li and Greenwald (1996) went on to identify another worm PS
homologue in HOP-1. hop-1 transgenic rescue experiments demonstrated that
it can functionally replace SEL-12. Likewise, reducing /op-/ function in the
background of sel-12 loss of function resulted in lethality, suggesting that fkop-/
and sel-12 are both functionally redundant and essential for viability (as are PS1
and PS2 in mammals). Five genetic suppressors of se/-/2 have been identified,
termed spr-1 to spr-5 genes. The spr genes all appear to act at the level of
repressing transcription of sel-12 and/or downstream ln-12/Notch signaling
pathway components (Eimer et al., 2002; Springer et al., 2005; Wen et al., 2000;
Yatin et al., 1999). Thus while experiments in C. elegans with both worm and
human homologues of the presenilins have not directly modeled human patho-
logy, they have been extremely important for understanding the normal
biological function of presenilins.

3. Tau Pathology

Two different transgenic C. elegans models for tau pathology have been
described (Kraemer et al., 2003; Miyasaka ¢t al., 2005). In both models, human
tau expression causes neuronal dysfunction, resulting in progressive behavioral
abnormalities. In one model, Kraemer ¢t al. (2003) drove expression of the IN4R
isoform of human tau in all neurons using the aex-3 promoter, while the other
model of Miyasaka et al. (2005) employed the mec-7 promoter to drive expression
of human tau isoforms ON4R and ON3R in the six mechanosensory neurons.
Likewise, Kraemer et al. (2003) used normal and FTDP-17 mutant tau sequences
V337" and "301", while Miyasaka et al. (2005) used "301" and *406". Despite using
different tau isoforms and FTDP-17 mutations, both models yielded similar, but
complimentary findings in regards to the effects of neuronal tau expression.

Kraemer ¢t al. (2003) observed that pan-neuronal expression of tau caused
a pronounced Unc phenotype that worsened as animals aged. Furthermore,
FTDP-17 mutations exacerbated the severity of the Unc phenotype. The lifespan
of tau transgenic animals was reduced by up to 40%, with no significant difference
in lifespan between normal and FTDP-17 mutant tau transgenic lines. Tau
expression also caused impairment in presynaptic cholinergic neurotrans-
mission. Tau transgenic animals were found to contain detergent insoluble tau, a
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pathological hallmark of AD. Insoluble tau did not begin to accumulate until late
larval stages/adulthood and was most prominent in animals with Y337 mutant
tau. Neuronal dysfunction preceded the appearance of aggregated tau, indicating
that, at least in worms, the toxic species most likely i1s not large tau aggregates.
Likewise, tau was phosphorylated at many of the sites observed in AD brain,
including the phosphoepitopes for 12E8, AT8, AT270, CP13, PHF1, and pS422.

Kraemer et al. (2003) observed that tau was expressed in both the axons and cell
bodies of virtually all neurons consistent with the expected aex-3 promoter-driven
expression pattern. Age-dependent neurodegeneration was directly observed in
green fluorescent protein (GFP)-marked GABAergic neurons. Initially, young
animals have structurally normal and intact GABAergic motoneurons, but as they
age axons become disrupted, fill with large inclusions, and exhibit exaggerated
varicosities. Animals also showed some GABAergic neuronal loss with age.
Both normal and FIT'DP-17 tau lines were similar except near the end of life where
FTDP-17 mutant lines exhibited a more severe level of axonal degeneration.
Evidence of neurodegeneration was also evident in electron microscopy (EM) of
aged worms. Degenerating neurons showed clearing of the axonal compartment,
membranous infoldings, and amorphous tau-positive aggregates.

Consistent with the model described above, Miyasaka et al. (2005) observed that
human tau expression in touch cells caused a progressive impairment in the touch
response. As above, FTDP-17 mutations exacerbated the impairment in mechan-
osensation phenotype (Mec), while normal tau caused a modest defect relative
to nontransgenic animals. Furthermore, the ON3R tau isoform caused a modest
defect in mechanosensation similar to that seen for the ON4R isoform. Animals also
exhibit morphological abnormalities, including tortuous processes, branching of the
process, multiple processes, and meshwork-like neurites. These morphological
abnormalities appear to be much worse in FTDP-17 mutant lines.

Miyasaka et al. (2005) observed that tau transgenic animals exhibited a
loss-of-touch cell-specific tubulin as animals aged consistent with neuronal loss;
loss of neurons appeared most severe in FTDP-17 mutant lines. As above, tau
phosphorylated at the AT8, HT7, and PHF-1 epitopes accumulated in neurons,
both in neurites and cell bodies of touch neurons. EM analysis confirmed the
finding of abnormal or absent microtubules (MTs) in many touch cells. Miyasaka
et al. (2005) tested the role of apoptotic pathways in the neurodegeneration
phenotype caused by tau and found that neither ced-3 nor ced-4 loss-of-function
mutants showed any effect on the tau phenotype. Heat shock of tau worms
exacerbated the tau-induced Mec phenotype, while overexpression of HSP70
in the absence of heat shock partially ameliorated the Mec phenotype. Worm
homologues of four known tau kinase genes (gsk-3, cdk-5, jkk-1, mek-1) were tested
for their ability to modulate the tau-induced Mec phenotype. Only overexpres-
sion of gsk-5 was shown to change the tau phenotype as it caused a mild
enhancement of the tau-induced Mec phenotype.
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The two models for tauopathy described above recapitulate many features
of authentic human disease, including impaired behavior, abnormal neuronal
morphology, decreased neurotransmission, accumulation of insoluble tau, phos-
phorylation of tau at pathological phosphoepitopes, axonal degeneration, and
neuronal loss. Miyasaka et al. (2005) correlate functional impairment with fine
structure morphological changes in neurites, while Kraemer ez al. (2003) correlate
functional impairment with accumulation of insoluble tau. Both of these changes are
associated with progression of AD as dendritic pruning and NFT pathology increase
as the disease progresses. Furthermore, the results of Miyasaka et al. (2005) suggest
that the ultimate cause of neurodegeneration is of a necrotic rather than apoptotic
nature. While tau becomes phosphorylated abundantly in both models, the role
of phosphorylation in neuronal dysfunction and neurodegeneration remains
unclear. The only directly neuroprotective strategy suggested by either model is
the partial rescue of the tau-induced Mec phenotype by HSP70 overexpression. This
result 1s consistent with HSP70 collaborating with carboxy terminal HSC70 inter-
acting protein (CHIP) to mediate tau degradation as has been observed previously
(Petrucelli ¢t al., 2004; Sahara et al., 2005; Shimura et al., 2004).

C. PARKINSON’S DISEASE

Another common progressive neurodegenerative disorder is PD. PD is a
movement disorder characterized clinically by slowness of movement, rigidity,
postural instability, and resting tremor. Selective degeneration of dopaminergic
(DAergic) neurons in the substantia nigra causes these deficits in movement. Most
cases of PD are sporadic with the underlying cause of DAergic neurons loss is
unknown, but both rare autosomal dominant and recessive mutations can cause
PD as well. Mutations in SNCA, PREN, PINK, DF-1, and LRRE2 have all been
associated with familial forms of PD. Like AD, PD exhibits distinctive pathological
lesions in degenerating neurons. In PD, these spherical protein aggregates are
called Lewy bodies (LB) and are composed primarily of fibrillar deposits of SNCA.
However, some variants of PD exhibit DAergic neuronal loss in the absence of LB.

1. DAergic Neurodegeneration

Nass et al. (2002) developed a system whereby they monitored DAergic
neurons for the effects of 6-hydroxydopamine (6-OHDA) exposure. 6-OHDA is
a DAergic neuron-specific neurotoxin in a variety of model systems. In worms,
acute exposure to 6-OHDA caused neurodegeneration of DAergic neurons. The
DAergic neurons CEP and ADE proved to be the most vulnerable with rounding
of neuronal soma and blebbing occurring within 2 hours of exposure to toxin.
Dopamine transporter (DAT) activity is required for this neurodegeneration as
worms exposed to DAT antagonists (imipramine or nisoxetine) were protected
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from 6-OHDA neurotoxicity. Furthermore, dat-/ mutants were highly resistant to
6-OHDA. EM ultrastructural studies revealed advanced degenerative changes,
including loss of CEP sensilla, shrunken dendritic endings, vacuolation, and
nuclear condensation consistent with apoptotic cell death. However, genetic
ablation of genes necessary for conventional apoptosis did not prevent 6-OHDA
neurotoxicity. Likewise, no membranous whorls or cellular swelling indicative of
necrotic neurodegeneration were evident. The authors suggest a novel apoptotic
pathway may be responsible for 6-OHDA-induced neurodegeneration.

2. SNCA Pathology

Expression of human SNCA in worm neurons causes a variety of defects
(Kuwahara et al., 2006; Lakso et al., 2003; Ved et al., 2005). Lakso et al. (2003)
demonstrated that pan-neuronal or motor neuron-targeted expression caused
an Unc phenotype with reduced motility in liquid media. Expression in DAergic
neurons alone did not cause an Unc phenotype. Both the wild-type and mutant
SNCA transgenes caused defects in locomotion and induced neurodegenerative
changes. Ved et al. (2005) describe a model where pan-neuronal expression of
SNCA, knock down of the homologue of DJ-1 (B0432.2), or loss of the Parkin
homologue (KO8E3.7) cause an increase in vulnerability to mitochondrial com-
plex I inhibitors, including rotenone, fenperoximate, pyridaben, and stigmatellin.
Susceptibility was measured as survival relative to untreated and nontransgenic
animals. Treatment with either drugs that activate mitochondrial complex II
(D-B-hydroxybutyrate, DBHB) or drugs that inhibit apoptotic response
(taurosodeoxycholic acid) protected worms from SNCA-induced toxicity and
DJ-1 knockdown.

Kuwabhara et al. (2006) report a model of a-synucleinopathy where overexpres-
sion of wild-type or mutant SNCA using the dat-1 promoter causes degeneration of
the neurites of CEP DAergic neurons. These animals also exhibit defects in food
sensing and locomotion response to food. No LB pathology was detected by EM,
but SNCA expression did cause significantly reduced dopamine content in trans-
genic animals. Furthermore, growth of SNCA transgenic worms on media sup-
plemented with dopamine rescued the food-sensing defect, consistent with the
clinical use of levodopa to treat some forms of PD.

3. parkin

The C. elegans homologue of PREN is pdr-1. To study the genetic function of
PREN in worms a series of deletion mutants in pdr-1 were generated (Springer
et al., 2005). pdr-1 encodes the functional protein domains of PRE), including a
ubiquitin-like domain (UBD), unique parkin domain (UPD), two RING finger
domains, and an in between RING finger domain. They observed PDR-1
expression in all embryonic cells and in both muscle and neuronal cells in larvae
and adults. Springer et al. (2005) demonstrated a physical interaction between
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PDR-1 and the C. elegans protein degradation machinery, as PDR-1 binds E2
enzymes (UBC-18, UBC-2, UBC-15) and an E4 ubiquitin ligase (CHN-I).
Furthermore, PDR-1 is competent to self-ubiquitinylate in the presence of
ubiquitin, E1, E3, and E4 enzymes. pdr-I mutants are homozygous viable, but
exhibit mild hypersensitivity to ER stress. One particular in-frame deletion
mutant lacking most of the UBL and UPD domains, pdr-1(lg103), is strongly
hypersensitive to ER stress. This hypersensitivity to ER stress 1s attributed to pdr-1
(lg103) encoding an aggregation-prone mutant version of PDR-1. Springer et al.
(2005) also show overexpression of SNCA in a pdr-1(lg!/03) mutant background
causes larval arrest and lethality, independent of the ER stress response. Since
pdr-1(lg103), an in-frame deletion, is cytotoxic, while simple loss-of-function
alleles of pdr-1 have no cytotoxic phenotype, the authors suggest PREN mutations
may be detrimental not because they eliminate parkin function, but because they
cause parkin to misfold or aggregate.

The models for PD described here focus on the function of worm homologues
of PD genes, toxic protein aggregation, and DAergic neuron degeneration. The
ultimate causes of protein aggregation or neurodegeneration in these worm models
appear diverse as either protein aggregation or chemical insult independently can
cause DAergic neuron dysfunction and death. Similarly, the role of PD-related genes
seems diverse because normal function of Df-1 and PREN appears to protect worms
from toxic stress while SNCA or misfolded parkin causes protein aggregation and
cytotoxicity. These results suggest that the relationship among the growing list of
PD-related genes will be complex. Perhaps future studies with the worm homologues
of PINKT and/or LLRR? will shed light onto how all of these genes interrelate.
Alternatively, mutations in the various PD-causing genes may act through divergent
mechanisms with the similar endpoint of DAergic neuronal death.

D. PorLYGLUTAMINE DISORDERS

The polyglutamine disorders are a constellation of diseases sharing patho-
logical deposits of aggregated polyglutamine encoded by expansion of coding
CAG trinucleotide repeats found in the exons of a variety of different genes that
cause neurodegeneration. These disorders include HD, spinal and bulbar mus-
cular atrophy (SBMA), and a number of spinocerebellar ataxias (SCAs). These
disorders share a disparate set of symptoms caused by progressive neurodegen-
eration induced by polyglutamine peptides. While the underlying pathological
mechanism of these disorders seems shared, the genetic causes are divergent
(i.e., the CAG expansions are found in different genes). Pathologically, the
expanded polyglutamine stretches appear to be causal for disease, as the length
of polyglutamine expansion correlates with the severity of disease and rate of
disease progression. Typically, onset is in mid-life, but extreme CAG expansions
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can cause more severe forms of disease including juvenile-onset forms. Further-
more, evidence from animal models indicates that a polyglutamine expansion
placed in a variety of different genes is sufficient to cause neurodegeneration.

Faber et al. (1999) described the first model of polyglutamine (polyQ))-mediated
neurotoxicity in worms using a 150 amino acid poly(Q) tract derived from a mutant
human huntingtin (HT'T) ¢cDNA driven by the osm-70 promoter. Expression of
the Q150-HTT transgene in worm ASH sensory neurons caused mild late-onset
structural defects in neurite structure or ciliary endings. Shorter polyQ2, polyQ23,
or polyQ95 tracts failed to cause any measurable defect. Likewise, polyQ)
150-expressing animals typically exhibited cytoplasmic aggregates of Q150-HTT
by day 8, while shorter poly(Q) stretches fail to aggregate. Animals coexpressing
polyQ and GFP exhibit an enhancement in ASH defects. Furthermore, worms
coexpressing Q150 and osm-10::GFP also exhibit defects in the nose touch response
consistent with ASH neuronal dysfunction. Expression of Q150 also caused over
10% of 8-day-old ASH neurons to undergo apoptosis. To further understand the
mechanism of polyQ-induced neurotoxicity, Faber et al. (2002) conducted a screen
for genes that normally protect neurons from polyQ) toxicity. They identified a
polyQ enhancer gene (pge-1). In a pge-1 mutant background, poly(QQ 150 causes both
neuron morphological abnormality and neuronal death phenotypes in most ASH
neurons. PQE-1 is a nuclear protein that contains a QQ/P-rich domain that is
sufficient to suppress polyQ 150 toxicity when overexpressed.

Another model for polyQ) disorders utilized yellow fluorescent protein
(YFP)-Q82, or YFP-Q19 fusions expressed in body muscle cells via the myo-3 pro-
moter (Satyal e al., 2000). This model resulted in cytoplasmic muscle cell inclu-
sions of protein aggregates in Q82-expressing lines, but not in Q19-expressing
lines. Also, Q82-expressing lines exhibit delayed larval development. The mobility
of polyQ) proteins under polyacrylamide gel electrophoresis were reduced indica-
tive of protein aggregation. Furthermore, Q82-GFP induced a constitutive heat
shock response as assessed by heat shock protein reporter constructs. Expression of
HSP104, a molecular chaperone, both restored the larval growth defect and
prevented Q82 aggregate formation. To explore the polyQ) tract length necessary
to aggregate, YFP-polyQ fusions of Q0, Q19, Q29, Q33, Q35, Q40, Q44, Q64,
and Q82 were tested. PolyQ) lengths of Q35 or less did not form aggregates,
while those Q40 or longer did form aggregates (Morley ¢t al., 2002). Furthermore,
as polyQ length increased so did the number of aggregates per worm and the
severity of motility defects induced by polyQ), Likewise as age increased so did
the number of poly() aggregates and severity of the Unc phenotype. Extension of
lifespan using the age-/ mutant delays the accumulation of aggregates and onset
of polyQ toxicity. Hsu e/ al. (2003) extend this finding by demonstrating that
knockdown of daf-16, hsf-1, or DAF-16/HSF-1 regulatory targets exacerbate this
aggregation phenotype. To explore the effects of polyQ on cellular capacity for
protein folding, Gidalevitz et al. (2006) placed polyQ transgenes in the background
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of a variety of temperature sensitive (ts) mutations. Ts mutations typically intro-
duce changes into a protein sequence that partially disrupt it structurally, resulting
in a properly folded functional protein at the permissive temperature, but a
misfolded nonfunctional protein at the nonpermissive temperature. Gidalevitz
et al. (2006) demonstrate that when a variety of C. elegans ts mutations are placed
in a polyQ-expressing background, they display mutant phenotypes at the nor-
mally permissive temperature. This indicates that in general proper protein folding
is impaired in polyQ-expressing worms. Furthermore, ts mutations enhance the
protein aggregation of polyQ transgenic animals.

A third type of polyQ) aggregation model was devised by Parker et al. (2001)
where polyQ19, polyQ88-GFP, or polyQ1238-GFP constructs were expressed in
touch neurons using the mec-3 promoter. PolyQ88 and polyQ128 constructs
caused touch receptor dysfunction as measured by mechanosensation assays with
both being significantly impaired as compared to non-polyQ-expressing animals.
Expression of polyQ-GFP fusions caused accumulation of aggregates to form in
the axonal processes of PLM neurons. Likewise, the morphology of axonal pro-
cesses in PLM neurons is abnormal in Q128 animals. Thus, polyQ aggregates
correlated with severity of Mec phenotype and abnormal morphology of PLM
neurons consistent with polyQ-inducing neuronal dysfunction via toxic polyQ)
protein aggregates. To identify worm proteins that interact with polyQ, Holbert
et al. (2003) screened a yeast two-hybrid C. elegans cDNA library. They identified
one gene, KO8E3.3, that binds HTT in a polyQ sensitive manner. The human
homologue of KO8ES3.3 is cdc42-interacting protein 4 (CIP4). They demonstrated
that human CIP4 binds HT'T both i vitro and in vive. CIP4 is up-regulated in brain
tissue from HD patients and expression of CIP4 induces cell death in cultured rat
striatal neurons.

A model exploring the normal function of the worm homologue of ataxin-2,
ATX-2, has been described (Ciosk et al., 2004). Although the role of ataxin-2 in
disease appears to be mediated through an expansion of CAG repeats encoding
polyQ, its normal function remains unknown. In worms, knockdown of atx-2 by
RNAI causes a small gonad without oocytes. The ATX-2 protein is expressed in
the cytoplasm of germ cells and interacts with poly(A)-binding protein. The Atx-2
phenotype is due to reduced GLP-1/Notch signaling. Furthermore, abnormal
derepression of germ line mRNAs may be responsible for the Atx-2 phenotype as
mme-2 mRNA is expressed abnormally in atx-2 RNAi-treated animals. Thus,
Ciosk et al. (2004) suggest ATX-2’s normal function is one of translational
regulation and by analogy human ataxin-2 may function similarly.

The nature of polyQ) toxicity has been explored in a number of diverse
transgenic models where polyQ) has been expressed in different sets of neurons
or even muscle cells. The length of polyQ) expansion determines the severity of
cytotoxicity, protein aggregation, and general severity of phenotype both in these
worm models and in human polyQ) disorders. The underlying mechanism of
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toxicity remains unclear, but appears to involve misregulation of protein folding,
at least in worm muscle. Sirtuin activation appears to be protective in neuronal
models of polyQ toxicity, but the mechanism of this also remains unclear.
Perhaps identification of suppressor genes for polyQ) toxicity will provide more
insight into the mechanisms of polyQ) cytotoxicity.

E. AMYOTROPHIC LATERAL SCLEROSIS

ALS is an adult-onset neurodegenerative disorder with involvement of motor
neurons of both the spinal cord and cerebral cortex. Like the other disorders
described above, it exists in both familial and sporadic forms. Familial ALS has
been shown to be caused by dominant mutations in the Cu/Zn superoxide dis-
mutase 1 gene (SOD1). SODI catalyzes the conversion of Oy to Og and HyOs.
Familial ALS patients also exhibit an increase in oxidative damage to macromole-
cules. Despite this, the mechanism whereby SOD1 mutations cause disease remains
poorly understood.

To model SODI1-mediated toxicity, Oeda et al. (2001) expressed either
normal or mutant human SOD1 ¢DNAs in C. elegans using either the mpo-3
muscle-specific promoter or the inducible Zspl6-2 promoter. Both wild-type and
mutant transgenic SOD1 showed activity similar to that seen for native human
SODI1 (Oeda et al., 2001). When challenged with oxidative stress from paraquat
treatment, only SOD1 mutant-expressing strains exhibited hypersensitivity rela-
tive to nontransgenic animals. Oxidative stress delayed the turnover of transgenic
SOD1, but mutant SOD1 was degraded more rapidly than wild-type SODI.
Oxidative stress also caused aggregates containing both GFP and mutant SOD1
to form in body wall muscle cells, but wild-type SOD1 did not aggregate under
identical treatment, suggesting that mutant SOD1 toxicity might involve protein
aggregation. Thus, SOD1 mutations may induce neurotoxic protein aggregation
as seen in AD, PD, and the polyQ) disorders described above.

F. NiEMANN-Pick TyPE C1 DISEASE

Niemann-Pick type C1 disease (NPC) is caused by autosomal recessive muta-
tions in the NPC! gene. It is a neurodegenerative condition with a wide range of
clinical phenotypes and severity. Onset typically occurs in childhood, but may
manifest anytime from birth to early adulthood. The disease typically exhibits
liver, lung, and neurological involvement. Neurological symptoms may include
loss of coordination, muscle weakness, and difficulty in swallowing. The most
prominent cellular defect is one of lipid trafficking. Internalization and hydrolysis
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of low-density lipoprotein occurs normally, but further transport of unesterified
cholesterol appears defective. This results in free cholesterol accumulation in the
late endosomal and lysosomal compartments. The exact role played by NPC1 in
mediating proper cholesterol transport remains poorly understood.

Sym et al. (2000) reported a genetic model of NPC1 function in C. elegans.
Worms have two genes homologous to NPC1 named ner-1 and ner-2. Sym
et al. (2000) generated deletion mutants for both ner-1 and ner-2. Since wild-type
C. elegans cannot synthesize cholesterol, they require it exogenously in the growth
media. Normal worms grown in the absence of cholesterol will survive and
reproduce, but their progeny die as larvae from cholesterol starvation. ner-1
and ner-1;ner-2 double-mutant animals are hypersensitive to cholesterol starvation
as they usually fail to develop past the L3 larval stage and never produce progeny
in the absence of cholesterol. ner-1 and ner-1;ner-2 double-mutant animals also
exhibit retarded development during embryogenesis and at each larval stage such
that the time from embryo to adulthood is extended by about 24 hours relative to
wild type. Egl is constitutive in ner-/ and ner-I;ner-2 double-mutant animals.
Dauer larvae are an alternative developmental pathway for third-stage larvae
induced by stressful conditions. The ncr-1;ner-2 double-mutant animals constitu-
tively form dauer larvae inappropriately, while either ner-1 or ner-2 mutations
alone follow the normal nondauer developmental pathway under routine growth
conditions.

Li et al. (2004) further explore the roles of ner-1 and ner-2 in C. elegans develop-
ment. The ner-1; ner-2 animals exhibit many of the pleiotropic phenotypes of dauer
formation defective (dgf) mutants, including partial dauer formation, abnormal
vulval morphology, reduced brood size, reduced lifespan, gonad migration, and
seam cell defects (Li et al, 2004). While ncr-1; ner-2 animals are hypersensitive to
cholesterol deficiency, media containing high cholesterol partially rescues the dauer
and reduced lifespan phenotypes. Li et al. (2004) also demonstrated that progester-
one treatment of ner- worms mimics cholesterol deprivation, indicating that proges-
terone inhibits cholesterol trafficking in worms, as in mammalian cells. ner-1 1is
expressed in many cell types, including intestine, somatic gonad, many neurons,
XXX cells, muscle, and hypodermis. ner-2 is expressed in the gonadal sheath
and XXX cells. XXX expression is consistent with the Daf phenotype as ablation
of the XXX cells induces dauer formation. The ner-1; ner-2 phenotype is suppressed
by overexpression of DAF-9, while overexpression of NCR-1 or NCR-2 failed to
suppress daf-9; indicating that daf-9 1s upstream of ner-1 and ner-2. To determine the
role of n¢r-1 and ner-2 in neuronal development, the morphology of ASER neurons
in ner-1; ner-2 animals was examined and found to be abnormal. This model of
the human NPC1 disorder differs from the other models for neurodegeneration
previously described in that no abnormal or aggregating proteins are present to
cause the phenotypes observed. However, no frank neurodegeneration was
described for this model despite the presence of changes in neuronal morphology.
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lll. Identifying Candidate Modifier Genes of Neurodegeneration

A. GENETIC MODIFIERS OF NECROTIC NEURODEGENERATION

To identify genes required for necrotic neurodegeneration, Xu et al. (2001)
employed a classical genetic screen to find genes that modify mec-4(d)-induced
neurodegeneration (Syntichaki et al, 2002). To this end, transgenic animals
expressing an unc-8::mec-4(d) transgene in motorneurons were engineered, result-
ing in worms that exhibit extensive motoneuron degeneration and a strong Unc
phenotype. They then screened for transgenic animals with suppression of the
Unc phenotype. This screen yielded multiple alleles of a single genetic suppressor
of both the Mec-4 and Deg-1 phentoypes. Loss-of-function mutations in ¢rt-/
ameliorate the toxic effects of mec-4 and deg-1 mutations in addition to partially
suppressing Ga-induced toxicity. ¢rt-1 encodes the worm homologue of calreti-
culin, a protein chaperone, and Ca*"-binding protein localized to the ER involved
in maintaining intracellular Ca®" stores. Reduction of calnexin expression also
partially suppressed mec-4-induced cell death. ¢rt-1 suppresses mec-4 neurotoxicity
both by reducing MEC-4 protein levels and by altering neuronal Ca*" balance.
From this, Xu et al. (2001) hypothesize that mutant Mec-4 and other channels
cause cellular stress signaling, which causes active release of Ca®* stores from the
ER via calreticulin leading to increased cytoplasmic Ca*", which in turn initiates
necrotic cell death.

B. GENETIC MODIFIERS OF POLYGLUTAMINE AGGREGATION

To determine whether poly() modifiers identified in other systems can modify
polyQ aggregation in the worm model, zsp-1 and hsf-1 were tested for their ability to
exacerbate polyQ) aggregate formation (Nollen et al., 2004). Both were found to
increase polyQ foci. To identify genes that normally prevent polyQ) aggregation,
Nollen et al. (2004) conducted a genome-wide reverse genetic screen using RINAi
testing for genes whose knockdown caused an increase of discrete polyQ) protein
aggregate foci. Knockdown of 186 genes caused an enhancement of polyQ
aggregation. The enhancer genes were distributed into five classes: genes involved
in RNA metabolism, protein synthesis, protein folding, protein transport, and
protein degradation. A subset of modifiers from each class was tested for the ability
to form biochemically insoluble poly() aggregates, with most causing an increase
in detectable insoluble polyQ) aggregates. The authors propose a model for
how each class of modifiers increases polyQ) aggregates. They hypothesize that
the RNA processing and protein synthesis classes of modifiers increase production
of misfolded proteins while the protein folding, protein transport, and protein
degradation classes of enhancers decrease clearance of misfolded proteins.
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C. TorsioN PROTEINS AND NEURODEGENERATION

Autosomal dominant mutations in the human TORIA gene cause torsion
dystonia, a disorder characterized by involuntary muscle contractions and
twisting postures without detectable neuropathology or neurodegeneration.
The worm genome contains two homologues of human torsion proteins called
TOR-1 and TOR-2. Human torsions and TOR-1 and TOR-2 all belong to the
AAA+ family of ATPases implicated in protein folding and turnover as well as a
variety of other cellular processes. Galdwell ¢t al. (2003) reported exploring worm
TOR-2 protein function in the context of polyQ) aggregation. They demonstrate
that TOR-2 overexpression modestly decreases the level of polyQ proteins,
while dramatically decreasing both the number and size of polyQ) aggregates.
A TOR-2(A368) deletion mutant that mimicked a mutation found in human
torsion dystonia kindreds failed to modify polyQ) aggregate size or abundance,
but did slowdown the growth of poly(Q) aggregate-bearing worms. Normal TOR-2
overexpression strongly inhibited polyQ) aggregation, while a TOR-2(A368)
mutant mildly exacerbated polyQ) aggregation. Both TOR-2 and ubiquitin
localized to polyQ aggregates within muscle cells. However, TOR-2 is localized
to the ER in the absence of polyQ) proteins (Li e al., 2004).

Cao et al. (2005) explored the role of torsion proteins in protecting worm neurons
from cellular stress. They employed 6-OHDA to mediate DAergic neuron neuro-
degeneration (Nass et al., 2001) and assayed the effect of TOR-2 overexpression
as described above for polyQ) toxicity. Both TOR-2 and human torsionA protein
overexpression ameliorated 6-OHDA neurotoxicity, while mutants incapable of
binding ATP gave only modest protection from 6-OHDA (Cao et al, 2005).
Note that nontransgenic worms express no endogenous TOR-2 in DAergic neu-
rons. Dominant-negative mutants of torsionA reduced the ability of normal torsionA
to protect from 6-OHDA toxicity. TOR-2 and torsionA also protect DAergic
neurons against neurotoxicity caused by human SNCA overexpression. Thus, at
least when overexpressed, torsion proteins can prevent neurotoxicity caused by
molecular insult (6-OHDA), poly(Q) aggregation, or human SNCA.

IV. Molecular Inhibitors of Neurodegeneration

Parker et al. (2005) used their model of polyQ-mediated cytotoxicity to test
compounds for the ability to prevent mutant polyQ) cytotoxicity. They demon-
strate that the Sir2-activating drugs resveratrol and fisetin partially rescue the
Mec phenotype of polyQ128 transgenic worms. Likewise, overexpression of
sir-2.1 rescues the Mec phenotype, demonstrating that SIR-2.1 activation either
pharmacologically or genetically is sufficient to ameliorate the effects of polyQ)
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expression. This suppression of polyQ) toxicity occurs in the absence of a change
in polyQ protein expression. However, the number of axonal aggregates and
dystrophic processes in polyQ19 and polyQ128 is down-regulated by SIR-2.1
activation to a similar extent, suggesting that neither is the cause of neuronal
dysfunction. daf-16 is the terminal regulator in the daf-2/insulin signaling
pathway in worms in which mutations mediate dramatic extension in worm
lifespan. Protection from polyQ toxicity by SIR-2.1 requires daf~16 as mutants
failed to respond to either SIR-2.1 overexpression or resveratrol treatment.
The Sir2 activation findings were confirmed in a murine cell culture model of
polyQ disorders where striatal neurons bearing an HT'T-Q111 transgene were
partially rescued by resveratrol treatment.

In a model for PD, Ved et al. (2005) report a variety of compounds
that partially protect against the toxicity of mitochondrial complex I inhibition.
They show that the antioxidant probucol significantly reduced rotenone toxicity
in their model (Ved et al., 2003). Likewise, treatment with compounds hypothe-
sized to bypass rotenone toxicity by increasing substrates for mitochondrial
complex II was partially successful in ameliorating rotenone toxicity. DGHB
protected worms against rotenone toxicity at a concentration of 50 mM.
Furthermore, treatment with a putative inhibitor of apoptosis, tauroursodeoxy-
cholic acid (TUDCA) gave dose-dependent protection against rotenone-induced
toxicity. Similarly, probucol protected worms from paraquat toxicity.

V. Neuroprotective Strategies

Work with animal models of disease has begun to suggest possibilities for
intervening in neurodegeneration. In particular, the worm models for neurode-
generation outlined above have potential for rapidly testing a wide array of
candidate therapeutic approaches. Of course, the limitation of these models is
the potential lack of correspondence between the worm model and the authentic
disease state in humans. For instance, the worm’s lack of a mammalian-like
inflammatory response suggests that any model will be a significant simplification
for neurodegeneration disorders. However, given the relative dearth of knowl-
edge about the pathogenic mechanism underlying many of these disorders, this
may actually turn out to be an advantage for identifying root causes of neurode-
generation. Even if these simplified systems do fully recapitulate the neurodegen-
erative phenotypes of the authentic disease state, this drawback is offset by the
experimental advantages and speed of worm models. The key to demonstrating
the veracity of these worm models will be to extend the findings in worm models
to other mammalian cell culture or animal models, or indeed to the genuine
disease state itself. In some cases (Holbert et al., 2003; Parker et al., 2005; Springer
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et al., 2005) findings have already been extended to mammalian systems, but in
most they have not.

Work from these worm models suggests specific interventions that might
warrant investigation in mammalian tissue culture or even animal model systems.
For instance in ner-I;ner-2 mutant worms, exposing worms to high cholesterol
rescues the dauer defect. Since more cholesterol rescues worms from loss of
ner function, perhaps a high cholesterol diet would be therapeutic for loss of
NPC1 function in mammals. This could be explored as a therapy in NPC1
knockout mice. Likewise, Ca®" release from ER stores appears necessary for
necrotic neuronal death in worms and is partially alleviated by Ca*" chelation.
This suggests drugs that act to restore Ca”" homeostasis may be useful against
necrotic cell death in stroke, ischemia, or trauma. Overexpression of torsion
proteins has been shown in worms to prevent both polyQ) and SNCA neurotox-
icity. Possibly, molecular activators of AAA+ proteins should be considered as
therapeutics for these aggregation diseases. Clearly, sirtuin inhibition in worms
can rescue poly(Q) toxicity in neurons; the question is will they be of use in treating
human polyQ disoders. Testing of these compounds in mouse models of polyQ
disorders should be the next step. With well-tolerated compounds like resveratrol,
drug trials in patients could be considered. A strategy that may have application
in multiple aggregation disorders is one of boosting cellular resistance to proteo-
toxic stress. Activation of chaperones can boost resistance to poly(Q) in worms; it
may be that careful small molecule manipulation of mammalian chaperones will
likewise prove beneficial. Treating worms with DAergic neuron dysfunction
using exogenous dopamine rescues the DAergic neurons, suggesting at least some
therapies that work in humans (treating PD with levodopa) also work in worms.
This observation should encourage the testing of successful worm therapies in
mammalian systems.

VI. Utility of HTS for Drugs in Worms

One distinct advantage of C. elegans over other multicellular model organisms
for neurodegeneration is capacity to grow them in standard 96-well microtiter
plates. While, neurons can be cultured in this format, this is not in the context of
the whole organism. Growth in a 96-well format allows application of high-
throughput screening (HTS) technologies developed for drug discovery. These
technologies were initially devised for use with i vitro enzymatic or even cellular
assays, but in principle could also be adapted to the study of worms. The chief
barrier to implementing this approach is one of image analysis. HTS methods
need to be developed for data capture, measurement, data classification, and
evaluation of worm behavior and/or morphology in solution. “Machine vision”
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has been developed and employed to address similar problems for plate pheno-
types of C. elegans (Back et al., 2002; Feng et al., 2004). However, for these methods
to be applied to HT'S, architecture compatible with standard HTS hardware and
screening practice needs to be developed. At present any drug screen using live
worms 1s limited by the number of wells humans can score in a day. Considering
small molecule collections can contain several million compounds, the time and
resources needed to exhaustively screen a large collection is prohibitive. Given an
appropriately flexible system for real-time HTS imaging and image analysis,
many of the worm models for neurodegenerative disease could potentially be
used to screen large collections of compounds for small molecule inhibitors of
neuronal dysfunction and/or neurodegeneration. However, without advances in
HTS methodology, large-scale drug screens will not be possible and the utility of
the worm disease models described above will be restricted.

VII. Conclusions

Thus far, worm models for human neurodegenerative disorders have yielded
some valuable insights into the potential pathological mechanisms underlying a
variety of diseases. From these models we can extract some ideas to test as
candidate therapeutic approaches. Indeed, in some cases individual genes or
molecules that suppress neurodegeneration of a given type have been identified.
However, the potential of many of these models has yet to be fully developed.
The robust forward and reverse genetics available in studies using C. elegans has
only been employed for a fraction of the models reviewed here. The identification
of more genes that suppress neurodegeneration will likely shed further insight
into disease mechanisms and suggest additional neuroprotective strategies. The
development of automated high-throughput methods for quantitatively screening
worm phenotypes would allow testing of existing compound libraries used in
drug discovery for compounds that ameliorate the disease phenotypes in these
worm models. Such screens will be needed to realize the full potential of the
disease models described here.
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Currently, few drugs are available to effectively restore neuronal function
in neurodevelopmental disorders, such as autism, or to prevent the cell loss and
functional decline associated with neurodegenerative diseases. To address this
situation, new drugs need to be developed that promote neurite/dendrite
outgrowth, optimize glucose metabolism, and enhance neuronal viability, or collec-
tively produce what has been called neuroenhancement. This chapter will review
efforts and strategies aimed at the discovery of novel neuroenhancing drugs.
In addition, the term metabolic flexibility is introduced to describe how cells manage
the dynamic utilization of different fuel sources for energy production. Initial studies
of antipsychotic drugs revealed that olanzapine stimulated glucose metabolism,
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enhanced neurite outgrowth, and promoted cell survival i vitro. The chemical
structure of olanzapine served as the template for structure-based screening of
chemical libraries for additional compounds with these properties. Small molecules
have been identified that are neuroprotective based, in part, on activation of the
serine—threonine kinase, Akt (or protein kinase B), which regulates cell proliferation
and glucose metabolism. In addition, the compounds enhance neurite outgrowth
from the PC12 cell line, and promote metabolic flexibility as judged by protection of
cells against glutamine and nutrient deprivation. Although the mechanism of action
has not been fully characterized, the compounds appear to act through G proteins
and downstream kinase signaling pathways. Ultimately, this research may lead to
the development of novel drugs that produce neuroenhancement. These drugs may
prove valuable in the treatment of neurodevelopmental disorders, including schizo-
phrenia and autism, and neurodegenerative conditions such as Alzheimer’s disease.

I. Introduction

Neurodevelopmental disorders and neurodegenerative diseases adversely
affect a significant proportion of the world’s population. For example, schizo-
phrenia (a neurodevelopmental disorder) afflicts roughly 1% of the population
(Lewis and Levitt, 2002; Mueser and McGurk, 2004), whereas Alzheimer’s
disease has an annual incidence rate of 7-8% in individuals over 65 (Ferri
et al., 2005). Nevertheless, few truly effective treatments are available to correct
or ameliorate these serious conditions. Drugs that are available typically provide
only modest improvement in those patients who show any positive response. This
is not surprising because the drugs mainly treat the symptoms of the disease and
not its underlying cause, for example failure of neuronal migration/synapse
formation, or outright loss of neurons in particular brain regions. This situation
calls for a dramatic reevaluation of our current therapeutic approaches and
highlights the need for novel strategies for the treatment of neurodevelopmental
and neurodegenerative disorders. For the purpose of this chapter, we will refer to
these conditions collectively as brain deficit disorders. This chapter will summa-
rize recent developments that suggest new approaches for the treatment of brain
deficit disorders. The goal of these novel therapeutic strategies is to move beyond
superficial treatment of symptoms by addressing fundamental deficits in neuronal
function and survival. We will focus most of our attention on schizophrenia
because the brain defects in this disease are representative of other neurodeve-
lopmental disorders that are less well understood. Potential therapeutic targets
will be discussed, and a plan will be outlined for discovering new drugs that
provide neuroenhancement, that is, that enhance neurite outgrowth (function),
optimize energy metabolism, and promote neuronal survival.
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Il. Brain Deficit Disorders: The Challenges

Various neurological and neuropsychiatric conditions can broadly be considered
brain deficit disorders, including the neurodevelopmental disorders—schizophrenia,
Rett syndrome, and autism—and the neurodegenerative diseases—Alzheimer’s,
Parkinson’s, and Huntington’s. Although these disorders have very different
origins, they share certain pathological features that present great clinical challenges.
Brain deficit disorders are characterized by functional loss of neurons, which may be
quite localized (e.g., loss of cholinergic neurons in the basal forebrain in Alzheimer’s
disease) or highly diffuse (as in Rett syndrome). In addition, there is typically
poor neuronal connectivity, including reductions in neurite arborization, dendrite
output, and synaptic connections (Gonatas and Moss, 1975; LeBlanc, 2005;
McGlashan and Hoflman, 2000; Zoghbi, 2003). The impoverished connectivity
may result from a failure to establish proper neuronal geometry and communication
during development, or from a loss of cells and processes over time as a function of
aging or the disease process. Moreover, the brain deficit disorders all show signs of
impaired energy metabolism in the CNS (Blass, 2002; Chugani ¢t al., 1999; Dwyer
et al., 2001; Heininger, 2000; Yoshikawa et al., 1992). This impairment may be a
primary deficit, or may arise secondarily from diminished trophic support or general
neurotoxic effects.

Of course, there are also striking differences between these two major classes of
brain disorder. In the neurodevelopmental conditions, the lesion or defect is usually
manifested at an early stage of development. Even if clear-cut symptoms only
emerge somewhat later in life (as in some schizophrenics), the underlying deficits
are thought to arise in the developing brain before it achieves full maturity. Disrup-
tion of normal brain development may occur i ufero or in relation to developmental
milestones, for example, at the onset of speech in children or during the establish-
ment of higher order circuitry involving the frontal cortex in adolescents. The lesion
itself is viewed as a mostly static fixture of the brain, although the expression of
resulting deficits may be dynamic (Neul and Zoghbi, 2004; Palmen et al., 2004;
Weinberger, 1987). By contrast, the neurodegenerative disorders typically emerge in
adulthood with aging as a contributory factor. There is apparently normal brain
function (and development) up until the time that symptoms are expressed. The
lesion(s) is progressive with ongoing cellular loss or deterioration of functional
activity of neurons (Bertram and Tanzi, 2005). The progressive nature of the disease
presents a moving target for therapeutic intervention.

Brain deficit disorders may result when there has been a disturbance in:
(1) neurogenesis, (2) neuronal migration and/or differentiation, (3) neurite/dendrite
outgrowth, (4) functional stabilization of synaptic connectivity, and (5) neuronal
survival. The first two processes do not contribute significantly to causation of the
neurodegenerative diseases. The biological processes listed here are quite complex
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compared with more typical targets of therapeutic intervention, namely enzyme
activity or receptor binding. Given this complexity, a superficial analysis might
consider extensive restoration of brain function in these disorders an unlikely
therapeutic prospect. However, there are hopeful signs on the horizon. Neuro-
trophic factors have shown some promise in early clinical studies (Allen and
Dawbarn, 2006; Apfel, 2002; Freeman, 1999). For example, nerve growth factor
(NGF) was recently found to improve cognitive function and measures of brain
glucose metabolism in Alzheimer’s patients who received implants of cells
producing the growth factor (Tuszynski et al., 2005). The results with NGF in
the treatment of neuropathies have been mixed (Apfel, 2002; Freeman, 1999;
Schifitto et al., 2001), as have trials of brain-derived neurotrophic factor (BDNF)
for amyotrophic lateral sclerosis (ALS) (Beck et al., 2005; Wellmer et al., 2001).
However, achieving and maintaining therapeutic doses of the protein neuro-
trophic factors have been major issues. Interestingly, psychotropic drugs used to
treat bipolar disorder, depression, and schizophrenia produce trophic-like effects
as judged by imaging studies in patients (Lieberman et al, 2005b; Molina et al.,
2004; Moore et al., 2000), brain morphology studies in animals (Duman, 2002;
Law et al, 2004; Wakade et al., 2002; Wang et al., 2004), and observations of
neuroprotection m vitro (Bai et al., 2002; Dwyer et al., 2003a; Wei et al., 2003).
These positive actions are unintended consequences and are not the primary
reason for administration of the psychotropic drugs, which must be considered
low-potency neuroenhancing agents at this point. Nevertheless, these findings
encourage efforts to screen for compounds which produce neuroenhancement
i vitro, and to develop high-potency analogues as part of a new drug discovery
program for brain deficit disorders.

lll. Treatment Objectives

What biological activities would be desirable in a new drug aimed at treating
brain deficit disorders? As mentioned earlier, these conditions are characterized
by functional loss of neurons (reduced cell viability), poor synaptic connections,
and impaired energy metabolism. Therefore, a new efficacious drug would
ideally provide trophic support for neurons, promote neurite/dendrite outgrowth
and stabilization, and optimize glucose metabolism, thus enhancing neuronal
function. Previously, we have used the term neuroenhancement to describe this
novel treatment strategy (Dwyer et al., 2003b). We argued that the antipsychotic
drug, olanzapine, and the vitamin, thiamine, represent low-potency prototypes
of a neuroenhancing agent. These agents enhance neuronal function, in part,
by stimulating phosphorylation of the serine—threonine kinase, Akt, and
up-regulating glucose transport.
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A. NEUROPROTECTION AND NEURITE OUTGROWTH

Neurotrophins are endogenous trophic factors that protect neurons from
various insults and promote neuronal differentiation. NGF is an original member
of the neurotrophin family with well-characterized actions on cultured neurons
and in the brain (Levi-Montalcini and Angeletti, 1968; Sofroniew et al., 2001).
However, it does not pass the blood—brain barrier on its own, which makes
delivery to the CNS problematic. Therefore, it would be advantageous to
develop small molecule drugs that produce a similar spectrum of biological
effects, but that easily reach the brain from systemic circulation. Several neuro-
protective drugs have been developed for use in the treatment of ALS, Alzheimer’s
disease, and Parkinson’s disease. Riluzole is approved for ALS and produces a
modest extension of life span and an increase in quality of life measures (Bensimon
and Doble, 2004; Gordon, 2005). It is presumed to act by inhibiting release of
glutamate (McGeer and McGeer, 2005). The neuroprotective agent, xaliproden
(Ruigt et al., 1996), was recently evaluated in clinical trials for ALS and the results
were generally disappointing (Meininger et al., 2004). Sabeluzole improves mem-
ory function in some Alzheimer’s patients, although its precise mechanism of
action is not known (Feldman et al., 2005; Mohr et al., 1997). Finally, pramipexole,
a dopamine agonist used in Parkinson’s disease (Tolosa, 2003), was shown to have
additional neuroprotective effects i vitro (Gu et al., 2004). Therefore, the overall
strategy of using small molecule drugs to produce neurotrophic effects has been
validated even if the positive clinical benefits of this approach have been modest
thus far.

In most brain deficit disorders, there 1s a simplification of neuronal processes (less
branching and fewer neurites) and a reduction in dendrite output. Clearly, these
pathological features will have an adverse impact on learning, memory,
and cognitive function (Hickmott and Ethell, 2006). It is well established that
learning and brain activity are associated with changes in the number and
complexity of dendrites on neuronal cells (Greenough et al., 1985; Tailby et al.,
2005). Furthermore, exposure to enriched environments increases dendrite out-
put and stabilizes more complex arborization patterns in neurons (Kolb and
Whishaw, 1998; Volkmar and Greenough, 1972). In brain deficit disorders, the
relative paucity of neurites/dendrites may also contribute to the behavioral
symptoms, which include cognitive impairment, alterations in mood, and
diminished social interactions. Conversely, therapeutic strategies aimed at increasing
neurite/dendrite outgrowth may correct some of these defects (Duman, 2002;
Hickmott and Ethell, 2006; Rosoklija et al., 2000). Over the past 15 years,
a number of small molecule compounds have been reported to stimulate neurite
outgrowth from neuronal cell lines and primary cultures of neurons, or
to enhance outgrowth in concert with NGF or other growth factors
(Dago et al., 2002a,b; Nozawa et al., 2002; Paul et al., 1990; Riese et al., 2004;
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Sanjo et al., 1998). Some of these compounds (e.g., MS-818 and NS 1231)
showed protective effects in animal models of nerve damage (Jiang e/ al., 1995)
and ischemic injury (Dago ef al, 2002a), but none have progressed through
clinical evaluation in patients. The lack of a precise understanding of how
these compounds stimulate neurite outgrowth has hindered clinical drug
development efforts.

B. ENHANCEMENT OF GLUCOSE METABOLISM

Glucose is required for both neuroprotection (Delgado-Esteban et al., 2000;
Dwyer et al., 1999a; Gupta et al., 2001; Moley and Mueckler, 2000) and enhance-
ment of neurite outgrowth (Cohen, 1959; Morelli ¢t al., 1986; Waki et al., 2001).
Glucose is needed for several important metabolic processes: (1) to generate energy
(ATP) through glycolysis and oxidative phosphorylation; (2) to supply reducing
equivalents nicotinamide adenine dinucleotide phosphate (NADPH) and precur-
sor molecules via the pentose phosphate pathway (PPP) for the synthesis of lipids,
sterols, and nucleotides; and (3) to serve as a precursor for the synthesis of various
neurotransmitters (Ames, 2000; Baquer et al., 1988). The role of glucose in neurite
outgrowth and neuronal differentiation was first demonstrated by Cohen (1959)
who showed that this sugar was required for the full expression of the response to
NGF. Others confirmed that NGF stimulates a dramatic up-regulation of glucose
utilization (Morelli e/ al., 1986; Waki et al., 2001). Conversely, withdrawal of NGF is
accompanied by a rapid decline in glucose transport that precedes any loss of cell
viability (Deckwerth and Johnson, 1993). As a general rule, growth factors up-
regulate glucose transport and metabolism (Berridge and Tan, 1995; Vander
Heiden et al., 2001). While some of the increase in glucose uptake during
differentiation of neurons is used to provide additional energy, a significant
proportion is diverted for metabolism in the PPP (Angeletti et al., 1964; Baquer
et al., 1988). This finding 1s consistent with the increase in nucleotide production
(Morelli ez al., 1986) and lipid synthesis that accompanies neuronal differentiation
(Levi-Montalcini and Angeletti, 1968). Moreover, increased glucose metabolism
via the PPP is associated with renewal of neurons in the olfactory bulb (Ninfali
et al., 1999) and maintenance of synaptic functioning in neurons (Appel and
Parrot, 1970; Biagiott ¢t al., 2001; Hothersall ¢t al., 1982). The role of the PPP in
synaptic function may reflect the requirement of NADPH for neurotransmitter
synthesis, metabolism of biogenic amines via monoamine oxidase (MAO), and
regulation of the local redox state, in particular reduction of protein sulthydryls
involved in signaling (Baquer e al., 1988; Hothersall ¢/ al., 1982).

Glucose that 1s needed to support neuronal differentiation and function enters
cells through glucose transporter (GLUT) proteins residing in the plasma mem-
brane (Maher et al., 1994). The expression pattern and functional aspects of
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GLUT expression in brain have been reviewed previously (Dwyer et al., 2002b).
Relevant to the present discussion, it is worth noting that the ability of cells to
survive harmful injury is closely related to the capacity for glucose uptake and
efficient utilization of glucose for energy (Berridge and Tan, 1995; Dwyer ¢t al.,
1999a; Goossens et al., 1996; Kan et al., 1994; Moley and Mueckler, 2000). Thus,
overexpression of GLUT1 in the brain with viral vectors protected rats against a
variety of insults, including ischemia and seizures (Lawrence et al., 1995, 1996).
Similarly, neuronal precursor cells were protected against alcohol toxicity if they
preferentially used glucose over glutamine to meet their energy needs (Dwyer et al.,
1999a). For some of the uses mentioned in this section, only glucose in its original
form will suffice. For example, the PPP requires glucose as does the synthesis of
nucleotides, and glycoproteins. On the other hand, various byproducts of glucose
(e.g., lactate, pyruvate, and glutamine) can be consumed as fuel in addition to the
sugar molecule. This is an important distinction as will be argued below.

During development, the mammalian brain shifts from a reliance on the use
of ketone bodies for energy in the neonate to essentially exclusive use of glucose in
the adult (Sokoloff, 1976). There is often a misconception about what this
observation means. The strict reliance on glucose was demonstrated by the
finding that glucose could not be replaced as a fuel by other potential substrates
in the blood, including lactate and pyruvate (Sokoloff, 1976). However, once in
the brain, glucose may be converted to other energy substrates that are readily
consumed by neuronal cells. For example, the glucose—lactate shuttle refers to the
uptake of glucose by astrocytes, metabolism to lactate, and export of lactate to
neurons to support oxidative phosphorylation (Pellerin ¢t al., 1998). To a lesser
extent, pyruvate may experience a similar fate. A second shuttle, involving
glutamate and glutamine, provides additional substrates for the tricarboxylic acid
(TCA) cycle (Hertz and Dienel, 2002). In this case, glutamate is released by
neurons during synaptic transmission; it is taken up by astrocytes, which convert it
to glutamine via glutamine synthetase. The glutamine is then exported to neurons
where it can be reused as glutamate or enter the TCA (as a-ketoglutarate)
for energy consumption. Thus, at a given moment a neuron might use glucose,
lactate, pyruvate, and glutamine to supply its energy needs. During severe
starvation, ketone bodies can be added to this list (Hawkins et al, 1971).
The use of lactate, pyruvate, and glutamine as alternative sources of energy
1s entirely consistent with the strict dependence of adult brain tissue on glucose,
so long as these alternative fuels are derived from glucose that crossed the
blood-brain barrier (Hertz and Dienel, 2002).

The nature of the regulation of energy metabolism is quite complex and
specific. Metabolites generated along a certain pathway often provide feedback
control over rate-limiting enzymes in that pathway. Moreover, the cyclical
behavior of the TCA and PPP requires that entry of substrates into these cycles
at some point along the pathway must be matched by removal of substrates at
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another point in the cycle. This is referred to as an anaplerotic sequence (Owen
et al., 2002). Taken together, these properties mean that conditions in the cell that
are optimum for metabolism of glucose will be different from those that are
optimum for the use of lactate or glutamine as energy substrates. Thus, if a
neuron is to use an alternative fuel for energy, it must adjust its metabolic
machinery accordingly. If more glutamine is being used in the TCA, more
glucose may be shunted for other purposes besides oxidative phosphorylation,
and so forth. In order for the neuron to continuously operate at its maximum
level of efficiency and productivity, it needs to maintain a flexible posture with
respect to the metabolism of different sources of energy. We refer to this as
metabolic flexibility. Neurons with greater metabolic flexibility will sustain higher
functional activity and remain viable over wider fluctuations in the availability of
energy substrates. There is emerging evidence that drugs and small molecules can
shift glucose and energy metabolism to match the supply of fuel (Dwyer e al.,
2003a). Enhancement of metabolic flexibility with small molecules is one goal of
the drug discovery effort outlined here.

IV. Application to Neurodevelopmental Disorders: Schizophrenia

A. PatHOLOGY, ETIOLOGY, AND TREATMENT OF SCHIZOPHRENIA

Collectively, the neurodevelopmental disorders reveal a glaring lack of treat-
ment options for correcting or alleviating brain deficits wrought by abnormal
development. We will use schizophrenia as an example of a neurodevelopmental
disorder that is amenable to the application of compound screening and
structure-based design for the discovery of novel therapeutic agents.

Schizophrenia is now widely viewed as a neurodevelopmental disorder with
psychiatric symptoms (Feinberg, 1982; Lewis and Levitt, 2002; McGlashan and
Hoffman, 2000; Weinberger, 1987). Various lines of evidence support this notion.
In comparison to normal subjects, schizophrenics show increased ventricle size
(decreased brain size) (McGlashan and Hoffman, 2000; Weinberger, 1987),
altered cytoarchitecture in the prefrontal and entorhinal cortex (Arnold et al.,
1991; Benes et al., 1986, 1991; Glantz and Lewis, 1997), axon/neurite simplifica-
tion in postmortem brain sections (Benes et al., 1986; McGlashan and Hoffman,
2000), migration deficits in the olfactory bulb (Arnold et al., 2001; Moberg et al.,
1999), and loss of gray matter in childhood-onset schizophrenia (Thompson
et al., 2001). In addition, the incidence of schizophrenia is higher in cohorts of
subjects who experienced famine i ufero and in relation to season of birth,
which may reflect detrimental effects of infections during pregnancy (Davis and
Bracha, 1996; Hulshoff Pol ¢t al., 2000; Lewis and Levitt, 2002). Genetic studies
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recently identified an assortment of genes that may confer an increased risk of
developing schizophrenia (Harrison and Weinberger, 2005; Millar et al., 2005;
Ujike and Nakata, 2003). The genes can roughly be classified as to whether they
affect neuronal growth and survival (Aktl, calcineurin, and neuregulin), neurite
outgrowth (DISC1 and NTF3), or G protein-coupled signaling (R GS4 and PDE4B).
These findings are generally consistent with the hypothesis that schizophrenia may
originate from growth factor deficiency (Moises et al., 2002).

Currently, schizophrenia is treated with antipsychotic drugs that mainly
antagonize the actions of dopamine and serotonin at their receptors (Meltzer
et al., 2003; Strange, 2001). The first-generation drugs (e.g., chlorpromazine,
haloperidol, and fluphenazine) show higher affinity for dopamine than serotonin
receptors, whereas the second-generation drugs (e.g., clozapine, olanzapine, and
quetiapine) show the opposite profile. The second-generation drugs were touted
as superior to the older drugs when they were first introduced into clinical
practice. However, a large, long-term study revealed that, with the possible
exception of olanzapine, there was no difference in the efficacy of first- and
second-generation antipsychotics (Lieberman et al., 2005a). In addition, this study
found that nearly 75% of patients discontinued their medications over the course
of the 18-month trial. Of the patients who stopped taking their drugs, nearly 35%
cited lack of efficacy as the reason for discontinuing therapy. Many of the patients
who are considered responsive show only a modest 20-30% reduction in
symptoms according to rating scales, and their relapse rates remain high.
These shortcomings of the current antipsychotic drugs should not be surprising
because these medications were never designed to treat the underlying neuro-
developmental deficits (e.g., aberrant neurite outgrowth and poor synaptic
connectivity) that give rise to schizophrenia. The drugs should be considered
symptomatic treatments rather than true therapeutic agents.

Recent findings with olanzapine offer some hope for the future. Neuroimaging
studies showed that olanzapine, but not haloperidol, prevented loss of gray matter
in schizophrenic patients (Lieberman et al., 2005b; Molina et al., 2004). In addi-
tion, this second-generation antipsychotic produced positive effects on cognition
(Keefe et al., 2006) and on brain metabolic parameters detected by magnetic
resonance spectroscopy (Renshaw et al., 2003). In rats, olanzapine was reported
to stimulate neurogenesis in the hippocampus (dentate gyrus) and prefrontal
cortex (Kodama et al., 2004; Wakade et al., 2002; Wang et al., 2004), and to
increase dendritic markers and the output of dendritic spines (Law et al., 2004).
In wvitro, olanzapine and certain second-generation antipsychotics protected
neuronal cells against a variety of insults, including serum/nutrient deprivation
and oxidative stress (Bai et al, 2002; Dwyer e al., 2003a; Wei et al., 2003).
In addition, olanzapine, quetiapine, and clozapine enhanced neurite outgrowth
from PC12 cells in combination with NGF (Lu and Dwyer, 2005). Taken together,
these findings provide support for the feasibility of using small molecule drugs
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to produce positive functional outcomes in schizophrenia. Of course, depending
on the nature of the brain deficits and the timing of their expression (e.g., i ulero), it
may be impossible to fully restore neuronal function in a patient by the time
psychosis 1s manifested. Nevertheless, it may be possible to correct some of the
enduring defects and to optimize functional activity in affected neurons.

B. INITIAL SCREENING OF COMPOUND LIBRARIES

With this rationale and the structure of olanzapine as a starting point, our
group initiated screens of chemical databases to identify compounds that shared
structural features with olanzapine and that would be good candidates for
evaluation in phenotypic assays. The chemical structure of olanzapine is shown
in Fig. 1 together with fluphenazine, a first-generation antipsychotic, which tends
to antagonize the positive effects of olanzapine in our system. Automated
searches and visual inspection of chemical databases provided an initial panel
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Fic. 1. Chemical structures of olanzapine and related molecules. Olanzapine, ziprasidone, and
risperidone are second-generation antipsychotic drugs, whereas fluphenazine is a first-generation
drug. Telenzepine and pirenzepine are selective M1 muscarinic receptor antagonists, and the negative
compound, WAY-100635, is a 5-HT' 5 serotonin receptor antagonist.
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of compounds for biological screening. Because the positive effects of olanzapine
on neuronal viability and neurite outgrowth could not be attributed to the
established pharmacology of this drug (i.e., actions at serotonin or dopamine
receptors), we could not use receptor-based assays in screening for analogues.
Instead, we have used two phenotypic assays for screening: (1) protection against
glutamine-free, low serum growth conditions and (2) enhancement of neurite
outgrowth in the presence of suboptimum concentrations of NGF.

There are several advantages to phenotypic assays over highly selective
screens based on binding to a particular target molecule. Compounds identified
in phenotypic screens clearly produce the desired biological outcome, for
example enhancement of cell viability or neurite outgrowth. These assays are
unbiased, that is, they are not focused on a single receptor or enzyme target.
Consequently, it is possible to turn up interesting leads that were unanticipated
based on the known pharmacology of the system. With cell-based assays, cyto-
toxic compounds can be weeded out at an early stage of evaluation. The major
disadvantage of phenotypic screens is that the precise mechanism of action is not
known, that is, a compound could theoretically protect neuronal cells through a
number of different pathways. Our strategy is to rely on phenotypic assays as an
initial screen and to then confirm that positive compounds (“hits”) from screening
act through the relevant pathway (discussed in more detail in Section V.A).

For the initial studies presented here, PC12 cells were switched from normal
Dulbecco’s modified Eagle’s medium (DMEM) with 10% horse (HS) and 5%
fetal bovine serum (FBS) to glutamine-free DMEM with 1% HS and 0.5% FBS
and were incubated for 3 days in the absence or presence of compounds
from chemical libraries. Cell viability was measured by conversion of MTS dye
reagent to formazan as described in detail elsewhere (Dwyer et al., 1999a,b,
2003a). Control cells received solvent alone and compounds were tested over a
range of concentrations typically from 5 to 160 pM. Under these conditions,
olanzapine and quetiapine protect cells against serum and nutrient withdrawal.
The data presented in Fig. 2 show that two compounds with a structural
resemblance to olanzapine, pirenzepine, and telenzepine (Fig. 1) also provide
neuroprotection in our system. Other structurally related compounds (including
WAY-100635) were negative in the assay. Thus, we have identified additional
neuroprotective compounds on the basis of structural similarity to olanzapine.

Our recent findings that olanzapine, quetiapine, and clozapine enhanced
neurite outgrowth in PC12 cells encouraged us to evaluate two other second-
generation drugs, ziprasidone and risperidone, for their effects on PC12 cell
differentiation. For the studies reported here, we used a variant of the PC12
cell line derived in our laboratory. These cells were isolated on the basis of their
greater adherence to plastic surfaces in the absence of any adhesion substrata
such as poly-L-lysine. The variant, referred to as PC12.XL, rapidly responds to
NGF and exhibits a fully differentiated phenotype in as little as 2-3 days after
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F1G. 2. Protection against low serum, glutamine-free growth conditions. PC12 cells were incubated
for 3 days in solvent (DMSO; controls) or compounds at the concentrations indicated. Cell viability
was measured and the data are expressed as the percentage of the control values. Significant
differences from control are indicated by asterisks for telenzepine (*y < 0.05) or plus symbols for
pirenzepine (*p < 0.05, *Tp < 0.01). WAY-100635 represents a structurally similar compound that
showed no positive effects in the cell viability assay. Other muscarinic antagonists were negative in the
cell viability assay (not shown).

addition of NGF. The effects of the drugs in the presence of suboptimum
concentrations of NGF were quantified as described previously (Lu and Dwyer,
2005). We analyzed the number of cells (in six randomly chosen fields) that
responded (i.e., sprouted neurites longer than one cell diameter), and the average
length of the longest process extended. As seen in Fig. 3, ziprasidone produced
significant enhancement of neurite outgrowth (both the number of responding
cells and the average neurite length), whereas risperidone did not. Structurally,
ziprasidone displays greater similarity to olanzapine than risperidone (Fig. 1),
which suggests there might be a common mechanism of action with defined
structural requirements. Furthermore, these data provide additional support for
the notion that the second-generation drugs produce positive effects on neuronal
growth and viability through mechanisms other than dopamine and serotonin
receptors because the established pharmacology does not explain our results.

C. ROLE OF AKT IN SCHIZOPHRENIA AND THE ACTIONS OF
ANTIPSYCHOTIC DRUGS

Akt [also known as protein kinase B (PKB)] is a serine—threonine kinase that
1s critical for the regulation of cell differentiation, growth, metbabolism, and
survival (Hajduch et al., 2001; Lawlor and Alessi, 2001; Whiteman et al., 2002).
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I16. 3. Effect of ziprasidone and risperidone on neurite outgrowth in PC12 cells. PC12.XL cells were
grown in the presence of solvent alone (control), suboptimum concentrations of NGF (20 ng/ml) (NGF),
or NGF plus ziprasidone or risperidone at the concentrations indicated for 3 days. Photographs were
taken and neurite outgrowth was quantified as described previously (Lu and Dwyer, 2005). Significant
differences from the control group are indicated by asterisks: ¥y < 0.05, ¥y < 0.01.

The Akt pathway comprises a complex array of signaling molecules. Upstream of
Akt 1s phosphatidylinositol 3-kinase (PI3K) (Vanhaesebroeck et al., 2001), and
important downstream targets include glycogen synthase kinase 33 (GSK3/3), the
tuberous sclerosis complex protein (T'SC2), forkhead transcription factors, Rafl,
Bad, and Mdm2, to name a few (Brazil ¢ al., 2002; Lawlor and Alessi, 2001; Plas
and Thompson, 2005). This pathway coordinates a variety of cellular processes,
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including nutrient (glucose and amino acids) transport and protein synthesis, to
foster cell growth and cell division. The fact that Akt stimulates both cell division
and differentiation appears paradoxical at first. However, cellular differentiation
typically requires one last round of cell division in order to initiate specific genetic
programs. Thus, Akt may function in both capacities.

For the present discussion, the role of Akt in the regulation of glucose
metabolism and cell size is particularly relevant. Akt is best known for its
involvement in insulin signaling, specifically up-regulation of GLUTs at the cell
surface in insulin-responsive tissues (Hajduch et al,, 2001; Lawlor and Alessi,
2001; Whiteman et al., 2002). This produces an increase in glucose disposal
and a reduction in blood glucose levels. However, Akt also regulates several
other aspects of glucose metabolism. Akt signaling increases association of
hexokinase with mitochondria as part of a protective, anti-apoptotic response
(Gottlob et al., 2001). In addition, it was recently reported that Akt orchestrates
conversion of cellular energy metabolism from oxidative phosphorylation to
aerobic glycolysis (Plas and Thompson, 2005). Moreover, Akt stimulates expres-
sion of glucose-6-phosphate dehydrogenase, the rate-limiting step in the PPP
(Wagle et al., 1998). Recent findings with Akt knockout mice confirm that this
signaling pathway exerts significant control over glucose metabolism. In particu-
lar, mice lacking the Akt2 isoform are insulin-resistant and develop a type 2
diabetes-like syndrome (Cho et al., 2001a). There are disturbances in glucose
tolerance and hepatic glucose output in these mice. By contrast, Aktl knockout
mice maintain normal glucose tolerance and insulin responsiveness, but are
significantly smaller in size than wild-type counterparts (Chen et al., 2001; Cho
et al., 2001b). Interestingly, Akt3 null mice have normal glucose metabolism and
overall body size; however, their brains are selectively decreased in size by 20%
compared to controls (Easton ef al., 2005). Brain cells are smaller in the Akt3
knockout mice and are fewer in number. The TSC1/2-mTOR pathway appears
to be involved in these brain-selective effects.

Previous studies by our group revealed that Akt plays a significant role in the
neuroprotective effects of olanzapine (Lu et al., 2004) and in neurite outgrowth
elicited by the combination of NGF and second-generation antipsychotic (Lu and
Dwyer, 2005). In early 2003, we (Dwyer ¢t al., 2003b) proposed that Akt may be a
fruitful target for drug discovery in schizophrenia. We suggested that activation of
Akt with therapeutic agents may enhance glucose metabolism in cells thus
providing neuroprotection and maximizing neuronal function. Subsequently,
Emamian et al. (2004) identified Akt as a risk factor for schizophrenia. They
found decreased levels of Aktl in the brains and peripheral blood lymphocytes of
schizophrenic patients in comparison to control subjects. Moreover, they identi-
fied a particular genetic haplotype consisting of single nucleotide polymorphisms
(SNPs) that was associated with schizophrenia (about a twofold increase of the
haplotype in schizophrenics). We reported that olanzapine, quetiapine, and
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clozapine stimulated Akt phosphorylation (Lu and Dwyer, 2005; Lu et al., 2004)
and that inhibition of Akt with a selective inhibitor abolished the neuroprotective
effects of olanzapine. Similarly, the positive effects of certain second-generation
antipsychotics on neurite outgrowth were blocked by inhibition of PI3K (Lu and
Dwyer, 2005). Thus, the PI3K-Akt signaling pathway appears to be highly
relevant for both the neuroenhancing effects of antipsychotic drugs and possibly
the pathology of schizophrenia.

On the basis of these findings with Akt, we evaluated “hits” from screening
for their ability to stimulate Akt phosphorylation to ensure that the compounds
worked through the same molecular mechanism. This information is important
for structure-activity relationship (SAR) analysis in support of structure-based
drug design (Section V.B). For these studies, PC12 cells were incubated overnight
in serum-free medium to reduce background (growth factor-induced) levels of
phosphorylated Akt (pAkt). The cells were grown in 96-well tissue culture plates
treated with 100 pg/ml of poly-L-lysine to promote tight adherence. Phosphory-
lated and total Akt were then detected with specific antisera in the fast-activated
cell-based ELISA (FACE) from Active Motif (Carlsbad, CA). Drugs or com-
pounds were added for 20—30 min prior to rapid and direct fixation of cells in the
wells with an 8% formaldehyde solution. The results of the FACE assays for a
select group of compounds are shown in Fig. 4. Several of the compounds are
referred to here by the numbers assigned during screening due to proprietary
nature of the structural information at this point. The main positive control for this
assay was NGF, which elicited a six- to tenfold induction of pAkt. Olanzapine and
quetiapine stimulated Akt phosphorylation as demonstrated in previous reports
based on Western blot analysis or ELISAs on cell extracts (Lu and Dwyer, 2005;
Lu et al., 2004). The neuroprotective compounds, LSU-14, LSU-31, LSU-36,
and LSU-40, also produced activation of Akt in the FACE assay. Therefore,
compounds selected for testing on the basis of their structural similarities to
olanzapine proved to be neuroprotective and to activate Akt similarly to the
prototype drug.

The neuroprotective drugs, olanzapine and quetiapine, promoted neurite
outgrowth from PC12 cells in combination with NGF. Therefore, we examined
whether the hits from neuroprotection screens enhanced neurite outgrowth in
our system. For these experiments, PC12.XL cells were employed. As seen in
Table I, several compounds from the screen enhanced neurite outgrowth in the
presence of suboptimum concentrations of NGF as anticipated. Although the
precise mechanism of action is not known, we showed previously that pertussis
toxin (a selective modulator of G;,, proteins) and inhibitors of PI3K abolished
the effects of second-generation antipsychotics on neurite outgrowth. Therefore,
a signaling pathway involving G proteins, PI3K, and Akt may contribute to
the positive effects of the drugs in our phenotypic assays. The results are very
encouraging thus far because they suggest that small molecular weight compounds
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FiG. 4. Stimulation of Akt phosphorylation by compounds from screening. PC12.XL cells were
cultured for 20 hours in serum-free medium in wells treated with poly-L-lysine. Compounds or NGI's
(100 ng/ml) were added for 20 min and the plates were rapidly fixed by exchanging medium with 8%
formaldehyde solution. The FACE assay was performed using antibodies specific for the
phosphorylated form of Akt (Ser473). The values from the assay were normalized to total cell
numbers derived from crystal violet staining of the wells and the data are expressed as the percentage
of control cells. The dotted line represents the control values. The assays were performed in duplicate.

can effectively protect neuronal cells from harmful insults and enhance neuronal
functionality by promoting expression of neurites.

D. PossiBLE ROLE oF G PROTEINS

How do the drugs/compounds activate PI3K-Akt? Published data from our
group suggest that at some level G proteins may be involved in the overall
signaling pathway (Lu and Dwyer, 2005; Lu et al., 2004). A role for G proteins
in the neuroenhancement responses is quite intriguing in view of the fact that two
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TABLE I
ErrecTs oF COMPOUNDS FROM SCREENING ON NEURITE OUTGROWTH

Number of cells Average length of
with neurites (£S.D.) process (um) (£S.D.)
Control NGF 5.8 (2.5) 29.8 (5.3)
LSU-14 5 uM 14.0 (4.3)" 31.8 (4.0)
80 uM 13.7 (4.8)" 33.4 (7.8)
Control NGF 17.7 (3.7) 28.9 (5.1)
LSU-36 80 uM 29.5 (6.5)" 28.7 (1.9)
Control NGF 19.0 (6.5) 31.3 (3.7)
LSU-145 80 uM 38.2 (7.4 37.0 (1.7)"
160 uM 46.8 (13.9)" 40.5 (2.9

“PC12.XL cells were incubated with NGF (20 ng/ml) or NGF plus compounds from screening at
the concentrations indicated. After 3 days, neurite outgrowth was quantified as described previously
(Lu and Dwyer, 2005). The data represent averages (£ the standard deviation, S.D.) from at least
six randomly chosen fields. Significant differences from control are indicated by asterisks: *» < 0.03,

) < 0.01.

genetic risk factors for schizophrenia code for G protein-related molecules,
namely RGS4 (Chowdari et al., 2002; Mirnics et al, 2001) and PDE4B
(Millar et al., 2005). RGS4 is a direct regulator of G protein signaling and binds
to G/, and Gqa subunits (Hollinger and Hepler, 2002). PDE4B is a phosphodi-
esterase that hydrolyzes cAMP, a product of G protein signaling. This enzyme
interacts with another protein implicated as a risk factor for schizophrenia,
namely disrupted in schizophrenia 1 (DISC1) (Harrison and Weinberger, 2005;
Millar et al., 2000). Knockout mice which lack various Gja subunits develop
normally, although Gjay knockout animals develop a type 2 diabetes-like
condition (Moxham and Malbon, 1996) and reduced growth in certain tissues
(Moxham et al., 1993). Transgenic mice deficient in G, subunits showed no
gross abnormalities in brain tissue, although they did experience higher post-
natal mortality rates and exhibited neurological disturbances, including seizures
(Offermanns, 1999). The G;,, proteins implicated in our studies on the actions of
the antipsychotic drugs are clearly involved in the maintenance of optimum brain
function. In terms of the PI3K-Akt signaling pathway, it is well established that
Gpr subunits directly activate PI3K on dissociation from the Go subunit
(Clapham and Neer, 1997; Morris et al., 1995; Zhang et al., 1995). These findings
reveal how G protein signaling might mediate the downstream activation of Akt.

The question remains as to how the drugs/compounds activate G protein
signaling. Several possibilities can be entertained. (1) Theoretically, the drugs and
compounds could bind to G protein-coupled receptors (GPCRs) to activate
G proteins. The antipsychotic drugs bind to several different GPCRs; how-
ever, they typically antagonize actions of neurotransmitters at these receptors.
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Furthermore, we found no evidence that a particular GPCR adequately
explained the effects of these drugs in our system. (2) The drugs/compounds
may directly activate G proteins by binding at critical G protein regulatory
interfaces. A number of such sites are known and include the GPCR-G protein
interface, the RGS-G protein site, and other protein—protein interaction sites
(Ghosh et al., 2003; Higashijima et al., 1990; Kimple ¢t al., 2001; Taylor et al.,
1994). Helical peptides, such as mastoparan and melittin, directly activate
G proteins through interactions with the Ga subunit (Higashijima and Ross,
1991). Moreover, small molecular weight drugs and compounds have been
reported to bind to G proteins and cause activation of G protein signaling (Burde
et al., 1996; Hageluken et al., 1994; Odagaki et al., 1998). Therefore, direct actions
of olanzapine and other similar molecules on G proteins must be considered a
possibility. (3) The drugs/compounds may indirectly activate G proteins through
transactivation. Binding of growth factors to receptor tyrosine kinases (RTKs) is
known to produce secondary activation of G proteins, this process is called
transactivation (Waters e/ al., 2004). Perhaps, olanzapine and the hits from
screening primarily stimulate activation of RTKs and indirectly activate
G protein signaling. Either possibility (2) or (3) might explain the unusual pharma-
cology of the response to olanzapine and quetiapine, including the requirement for
much higher concentrations of drug for neuroprotection (40-80 pM) than
for binding to dopamine and serotonin receptors (in the nanomolar range).

E. BraIN GLUCOSE METABOLISM AND METABOLIC FLEXIBILITY

This section will examine evidence for impaired brain glucose metabolism in
schizophrenia and present arguments for maximizing metabolic flexibility as part
of an overall therapeutic strategy. In fact, several groups have suggested that
a disturbance in glucose/energy metabolism contributes to the pathology
in psychotic illnesses (Ben-Shachar, 2002; Blass, 2002; Dwyer et al, 2001).
Fascinating connections between schizophrenia (psychoses more broadly
speaking) and aberrant glucose metabolism have been noted over the years
dating back as far as the late 1800s. Maudsley observed that diabetes occurred
more frequently in families with a history of insanity than in normal individuals
(as cited by Mukherjee et al., 1989). In the 1930s, insulin shock therapy was used
to treat severe psychoses (Sakel, 1938). It was found that psychotic patients
required a much higher dose of insulin to induce a coma than nonpsychotic
subjects, which indicated a degree of insulin resistance in the psychotic popula-
tion. Some studies suggested an increased incidence of insulin resistance and
diabetes in unmedicated schizophrenic patients (Braceland et al., 1945; Freeman
et al., 1943; Waitzkin, 1966), although more recent studies failed to reach this
same conclusion (Arranz et al., 2004). A number of groups using brain-imaging
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techniques reported reduced glucose utilization in different brain regions, espe-
cially the frontal cortex of schizophrenic patients (Buchsbaum et al., 1990; Ingvar
and Franzen, 1974; Weinberger et al., 1986; Wolkin et al., 1985). This decrease in
regional glucose metabolism was referred to as hypofrontality (Ingvar and
Franzen, 1974). There are reports of normalization of glucose metabolism in
some brain regions with successful treatment of schizophrenia/psychosis,
although this remains controversial (Bartlett e/ al, 1998; Buchsbaum et al.,
1992). Blass (2002) and others (Mauer et al., 2001) observed decreased mito-
chondrial activity (specifically oxidative phosphorylation) in schizophrenic brains
as compared with controls. Ben-Shachar (2002) proposed that schizophrenia
arises from mitochondrial dysfunction that is modulated by dopaminergic
activity. It is possible that mitochondrial deficits explain the hypofrontality noted
in imaging studies of schizophrenics. In a related vein, Middleton et al. (2002)
performed ¢cDNA array profiling of the prefrontal cortex of postmortem brain
tissue from schizophrenic patients in comparison to matched control subjects.
They found significant reductions in key metabolic genes from the mitochondrial
malate shuttle system and the TCA.

Additional connections between schizophrenia and brain glucose metabolism
(as compared to overall energy metabolism) are illustrated by several findings.
Thiamine is a critical cofactor in pyruvate dehydrogenase, an important enzyme
of the glycolytic pathway (Cooper and Pincus, 1979). Severe thiamine deficiency
1s associated with Korsakoff’s psychosis (Feinberg, 1980). Moreover, chronically
il psychotic patients were successfully treated with thiamine supplementation in
the 1970s (Sacks et al., 1989). Furthermore, it was reported that administration of
glucose to schizophrenic patients produced significant improvements in memory
and cognition (Newcomer et al., 1999). Taken together, these findings suggest
that suboptimum brain glucose metabolism in schizophrenia can be partially
corrected by therapeutic intervention.

Antipsychotic drugs produce complex effects related to glucose metabolism in
neuronal cells (Dwyer et al., 1999b, 2002a, 2003a). Many antipsychotics, both
first and second generation, inhibit glucose transport into neurons and other
cell types (Ardizzone et al., 2001; Dwyer et al., 1999b). They appear to act by
directly blocking GLUT proteins at an intracellular site (Ardizzone et al., 2001;
Dwyer et al., 2002a). Following 24-hour incubation with the drugs, there is a
significant increase in the cellular expression of GLUT1 and GLUT3 proteins,
perhaps as an adaptation to extended glucose deprivation (Dwyer et al., 1999b,
2003a). In the case of olanzapine, but not fluphenazine or clozapine, 6- to
12-hour incubation with drug is accompanied by an increase in GLUT expres-
sion at the cell surface and an increase in glucose uptake as a result of this
presumed adaptive response (Dwyer et al,, 2003a). In mice, the antipsychotic
drugs induce acute hyperglycemia in close correspondence to their ability to
inhibit glucose transport in cell lines (Dwyer and Donohoe, 2003). This is
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consistent with observations by various groups that antipsychotic medications,
especially second-generation drugs, produce alterations in glucose tolerance in
patients, including diabetes in some (Henderson and Ettinger, 2002; Newcomer
et al., 2002). Thus, at various levels there are functional connections between
glucose metabolism, schizophrenia, and the drugs used to treat this disorder.

The concept of metabolic flexibility introduced in Section III.B grew out of
two sets of observations. First, neuronal cells at any given moment may use
glucose, lactate, glutamine, and pyruvate for energy. Depending on which fuel
source is dominant, cellular metabolic pathways must be adjusted to maintain a
balance in the supply of energy substrates and the disposal of metabolic
by-products, and to provide sufficient ATP where it is needed. Second, recent
work from our group demonstrates that the cellular response to glucose versus
glutamine deprivation is quite distinct. In other words, the optimum conditions
for consumption of glucose as the primary energy source are very different from
optimum conditions for utilization of alternative TCA cycle components, namely
glutamine. Figure 5 depicts a minimal energy circuit in neuronal cells that reflects
utilization of several different sources of energy: glucose, lactate, and glutamine.
Glucose 1s also needed for other purposes, including the biosynthesis of neuro-
transmitters, nucleotides, and fatty acids. When glucose is diverted for biosyn-
thetic purposes, alternative energy sources, such as glutamine and lactate, must
be tapped for oxidative phosphorylation. Some have proposed that lactate is the
major energy source for neurons and is provided by astrocytes as part of a lactate
shuttle (Pellerin ¢t al., 1998). However, lactate will only be produced in significant
concentrations when oxygen is limiting or when the rate of glycolysis surpasses
the rate of entry of substrates into the TCA cycle. If lactate was used as the
primary energy source of neurons, the accumulation of glucose-6-phosphate
would lead to inhibition of hexokinase and disruption of ATP efflux from the
mitochondria. Consequently, there must be coordinated regulation of the use of
different energy substrates in the cell.

Glutamine from astrocyctes clearly provides a supplemental source of fuel for
neurons (Hertz and Dienel, 2002). However, to enter the TCA cycle, glutamine
must be converted to a-ketoglutarate. Under normal conditions, this is accom-
plished via a transamination reaction coupled to the conversion of pyruvate to
alanine (Moreadith and Lehninger, 1984). Therefore, the use of glutamine as an
energy source normally requires an adequate supply of pyruvate, which could be
derived from glucose (via glycolysis) or lactate. In glucose deficiency and in
synaptosomes, deamination of glutamate by glutamate dehydrogenase plays a
greater role in the enzymatic production of a-ketoglutarate (McKenna et al.,
2000). Depending on which route is used, there may be increased production
of ammonia and shifts in metabolites and oxidation—reduction states that may
have adverse consequences for the cell (Honegger et al., 2002). It is important to
note that cells can switch between the various energy sources in relation to
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Fi16. 5. Interconnections between major metabolic pathways in neurons. Several potential energy
substrates are listed here together with partial pathways for their metabolism and the metabolites
produced for oxidative phosphorylation in the mitochondria (MITO). Glucose is phosphorylated by
hexokinase (HK) to produce glucose-6-phosphate (G6P), which may undergo glycolysis or metabolism
in the PPP (not shown). Pyruvate derived from glycolysis (or lactate) may enter the TCA
after conversion to acetyl-CoA or may undergo transamination (to alanine) coupled to glutamate
conversion to a-ketoglutarate. Alternatively, glutamate may be used (after conversion to aspartate) in
the purine nucleotide cycle. This cycle links energy utilization and the availability of substrates to the
production of the adenine nucleotide AMP, which indirectly affects the reserves of ATP and ADP.
Finally, elements of the phosphotransfer system, adenylate kinase (AK), phosphofructokinase (PFK),
and pyruvate kinase (PK) are shown here. Nucleotidase, adenosine kinase, and phosphodiesterase (not
shown) also contribute to the relative ratios of energy currency (ATP, ADP, and so on) in the cell.

the supplies available. Nevertheless, certain metabolic states (e.g., greater relative
flux of glucose directly into the TCA) may support higher functional activity in
neurons in comparison to other conditions (e.g., increased utilization of lactate
for energy).

In order to achieve effective coordination of energy metabolism in the cell,
there must be continuous renewal of various adenine nucleotide pools via
phosphotransfer reactions (Fig. 5). The relative ratio of ATP to ADP and AMP
determines the energy status and regulates metabolic enzymes, signaling
pathways, and functional activity of cells (Ataullakhanov and Vitvitsky, 2002;
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Brown, 1992). In addition, ATP (and the other adenine nucleotides for that
matter) must be shuttled to their appropriate locations in the cell. Since diffusion
1s a very inefficient system for allocating ATP, ADP, and AMP resources,
phosphotransfer systems have evolved for more precise delivery in cells (Dzeja
et al., 1998) and for buffering (Ames, 2000). ATP:ADP/AMP ratios and phos-
photransfer pathways are maintained in neurons by adenylate kinase, nucleoside
diphosphate kinase (NDPK), pyruvate kinase, phosphofructokinase (PFK), and to
a lesser extent by creatine kinase (Ames, 2000; Dzeja et al., 1998; Rabinovitz,
1992). Adenylate kinase is up-regulated during neuronal differentiation and
protein levels increase in the brain in relation to synaptic activity (Inouye et al.,
1998, 1999). Studies have implicated NDPK in neuronal growth and differentia-
tion (Ishijima et al., 1999). NDPK is also involved in the maintenance of synaptic
activity (Krishnan et al., 2001). Thus, the biological activities impacted by the
phosphotransfer system in neurons coincide with the cellular processes that we
hope to affect through neuroenhancement. Data presented in the next section
provide initial support for the possibility that small molecular weight compounds
can be used to optimize metabolic flexibility via the mechanisms outlined in Fig. 5.

F. PROTECTION AGAINST GLUCOSE AND GLUTAMINE DEPRIVATION

When cultured cell lines are deprived of glucose, they typically undergo cell
death over a 48- to 72-hour time period. Cells grown in glucose-free medium slow
their rate of cell division and some cells die within 72 hours, depending on the cell
line and its metabolic properties. In parallel with our phenotypic screens, we
evaluated certain compounds for neuroprotection based on previous work.
For example, it is known that cAMP protects against growth factor withdrawal
and ischemic conditions (Boniece and Wagner, 1993). Therefore, cAMP, in the
form of dibutyryl cAMP and similar analogues, was tested for its ability to protect
PC12 cells against glucose deprivation. As seen in Table II, dibutyryl cAMP and to a
much lesser degree, dioctanoyl cAMP, protected cells against total glucose depriva-
tion. It was surprising to learn that these effects did not appear to be mediated
via activation of PKA. This conclusion was based on the fact that PKA inhibitors
(H-89 and K'T'5720) failed to abolish the response to dibutyryl cAMP. Furthermore,
a chlorophenylthio analogue of cAMP (CPT-cAMP) did not protect against
glucose deprivation, although this compound activates PKA. cAMP activates
additional signaling proteins besides PKA, including Epac (exchange protein
directly activated by cAMP) (de Roojj et al., 1998), which is also known as cAMP-
regulated guanine nucleotide exchange factor ((AMP-GEF) (Kawasaki et al., 1998).
CPT-cAMP activates Epac yet it did not protect against glucose deprivation like
dibutyryl cAMP, and a more selective Epac activator, a methylated form of CPT
(CPT-Me-cAMP) was also negative in the protection assay (Table II).
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TABLE II
SMALL MOLECULE PROTECTION AGAINST GLUCOSE DEPRIVATION”

Cell viability

Concentration (percentage of
Compound (UM) Inhibitor control £ S.E.)
Dibutyryl cAMP 62.5 146.6 £ 12.5
250 - 197.5 £ 17.1
500 - 246.8 £ 29.0
250 H-89 (500 nM) 264.0 £ 29.4
500 H-89 (500 nM) 320.6 £+ 92.4
250 KT5720 (500 nM) 211.1 £12.8
500 KT5720 (500 nM) 236.8 £ 43.1
250 Dipyridamole (80 pM) 137.6 £ 17.9
500 Dipyridamole (80 pM) 1156 £ 11.5
Dioctanoyl cAMP 62.5 - 130.1 = 12.9
250 - 172.5 + 15.9
500 - 122.0 £ 13.0
CPT-cAMP 15 - 79.3 £ 4.8
62.5 - 85.7 £ 6.0
125 - 89.5 £ 4.6
CPT-Me-cAMP 10 - 99.6 £ 22.6
40 - 107.7 £ 8.9
80 - 119.0 £ 13.8
AICAR 125 - 215.5 £ 27.8
250 - 218.8 £ 30.9
500 - 237.0 £ 24.1
250 5-lodotubercidin (500 nM) 103.8 £ 4.9
500 5-lodotubercidin (500 nM) 101.7 £+ 4.6
250 Dipyridamole (80 pM) 135.5 &£ 17.5
500 Dipyridamole (80 pM) 145.0 &= 24.1

“PC12 cells were incubated in glucose-free medium with normal concentrations of serum (10%
horse serum, 5% fetal bovine serum) that had been dialyzed to remove glucose. The various
compounds listed here were added alone or in combination at the concentrations indicated.
Ciell viability was measured after 2-3 days and was compared to control conditions (solvent alone).
The averages from at least three separate experiments are shown here.

Although 1t is not widely appreciated, cAMP, including the dibutyryl form,
can be converted to AMP in cell cultures (Braumann et al., 1986). An increase in
cellular AMP will shift the ATP:AMP ratio and potentially activate 5-AMP
kinase (AMPK) (Carling, 2004; Hardie e al., 2003; Rutter et al., 2003). AMPK
plays an essential role in the regulation of energy metabolism through the
coordination of various biological activities. The overall objective of the processes
regulated by AMPK is to increase the level of ATP in the cell by generating more
ATP through glycolysis and fatty acid oxidation, and by conserving ATP through
inhibition of anabolic processes and ion flux (Carling, 2004; Hardie et al., 2003;
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Rutter et al., 2003). Therefore, we evaluated whether an established activator of
AMPK, 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), mimicked
the protective effects of cAMP against glucose deprivation. AICAR enters cells
via adenosine transporters and is rapidly phosphorylated by adenosine kinase to
produce ZMP, an analogue of AMP. In our system, AICAR effectively
mimicked the actions of dibutyryl cAMP in the glucose deprivation assay, and
its protective effects were abolished by inhibition of the adenosine transporter
with dipyridamole or adenosine kinase with iodotubercidin (Table II). There-
fore, we propose that the PKA-independent protection against glucose depriva-
tion rendered by cAMP is due to activation of AMPK. AMPK-mediated
protection of neuronal cells against glucose deprivation is consistent with the
data of Culmsee ¢t al. (2001). Studies that are underway will examine possible
molecular mechanisms in greater detail.

cAMP also protects neuronal cells against glutamine deprivation. For these
studies, PC12 cells were grown in glutamine-free medium in the absence or
presence of dibutyryl cAMP and other compounds as before. As seen in
Table III, dibutyryl cAMP protected cells against glutamine withdrawal and
this effect was not diminished by inhibition of PKA with H-89 and KT5720.
AICAR did not protect the cells against glutamine deprivation (Table III),
which argues against a role for AMPK. Furthermore, the selective activator of
Epac, CPT-Me-cAMP, failed to produce significant protection in the assay.
Therefore, it appears that cAMP protects cells against glucose and glutamine
deprivation through two distinct pathways. Protection against glucose depriva-
tion 1s mediated via AMPK, whereas protection against glutamine deprivation is
not mediated through any of the known signaling pathways involving cAMP.

The data presented here suggest that cellular levels of AMP-related molecules
determine the direction of metabolic signaling, and the tone of phosphotransfer
pathways, which include adenylate kinase and PFK. This conclusion emerged
from our discovery that addition of adenosine kinase inhibitors, iodotubercidin,
and 5-amino-5’-deoxyadenosine (AMDA) provided neuroprotection against
glutamine deprivation (Table III), but not glucose deprivation. Phosphotransfer
systems in the cell are involved in optimization of the production and utilization
of high energy phosphates such as ATP and creatine-phosphate. Our data
suggest that adenosine kinase plays an underappreciated role in maintaining
oxidative phosphorylation when cells use significant amounts of glutamine
for energy (Bontemps et al., 1983). Glutamine metabolism is tightly linked to
the function of the purine nucleotide cycle (Kovacevic and McGivan, 1983).
This cycle regulates the levels of adenine nucleotides, generates ammonia, pro-
vides intermediates for the TCA, supplies certain amino acids for energy, and
regulates PFK and glycolysis (Lowenstein, 1972). When cells are grown in
glutamine-free medium, the addition of cAMP may modulate the operation of
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TABLE IIT
SMALL MOLECULE PROTECTION AGAINST GLUTAMINE DEPRIVATION®

Cell viability

Concentration (percentage of
Compound (uM) Inhibitor control £ S.E.)
Dibutyryl cAMP 62.5 158.4 + 21.7
250 - 219.6 £ 16.2
500 - 230.6 £ 23.2
250 H-89 (500 nM) 216.0 £ 30.6
500 H-89 (500 nM) 257.1 £ 52.4
250 KT5270 (500 nM) 188.0 £ 17.7
500 K'T5270 (500 nM) 196.0 £ 24.8
CPT-cAMP 12.5 - 212.2 £ 20.4
50 - 295.0 + 49.0
100 - 275.0 £ 43.1
CPT-Me-cAMP 25 - 98.7 + 4.4
100 - 93.0 £ 4.0
200 - 935 £ 1.5
AICAR 125 - 110.0 = 8.8
250 - 95.0 £ 6.5
500 - 111.6 £ 16.4
5-lodotubercidin 0.06 - 281.0 & 64.6
0.25 - 290.8 + 64.1
1.0 - 204.0 £ 63.3
5-Amino-5-deoxyadenosine 5.0 - 195.0 & 52.8
20 - 212.3 £ 31.4
80 - 198.0 &+ 55.1

“PC12 cells were grown in low serum, glutamine-free medium for 3 days with the compounds
listed here and were assayed for cell viability as described above.

the purine nucleotide cycle and shunt pyruvate derived from glucose metabolism
into the TCA to replace the glutamine (a-ketoglutarate) that was previously being
used for energy and adenylate turnover. In addition, the cAMP may activate
PFK to enhance the coupling between glycolysis and oxidative phosphorylation.
The purine nucleotide cycle is active in the brain, and deficiencies in enzymes
from this cycle are associated with autism, seizures, and psychomotor retardation
(Van den Berghe ¢t al., 1992). Taken together, the data suggest a complex role
for cAMP and adenine nucleotides in the coordinated regulation of neuronal
energy metabolism and survival (see the chapter by Hannila and colleagues for
more discussion of cAMP and nerve regeneration). The fact that small molecule
agents can be used to regulate energy metabolism in neuronal cells provides
additional support for the feasibility of the drug discovery efforts outlined in this
chapter.
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V. Screening and Identification of Novel Compounds for Drug Discovery

This section will delineate a general strategy for new drug discovery aimed at
neuroprotection and promotion of neurite outgrowth. We will include discussion
of issues related to structure-based drug design.

A. SCREENING ASSAYS

There are several approaches to screening chemical or combinatorial libraries
for active compounds that might constitute leads for drug discovery/optimization.
In many cases, a purified receptor or drug target is incorporated into a binding
assay that is amenable for high-throughput screening (HTS). “Hits” consist of
compounds that bind to the target; they may be agonists or antagonists depending
on the binding mode. Alternatively, the screening assay may be more complex and
involve a genetic readout. The expression of a readily detectable gene product is
linked to upstream regulatory processes, and a hit in this case drives expression of
the gene product. So-called phenotypic screens represent a higher order of assay
complexity. In this case, hits are identified in a biological assay such as cell survival
or cell differentiation, which can easily be scored either manually or automatically.
Advances in robotics and assay methodology have enabled HTS in phenotypic
assays with biological readouts.

The work described here is based on phenotypic screens, specifically pro-
tection against serum and glutamine withdrawal, and enhancement of neurite
outgrowth. There are numerous advantages to phenotypic assays. We have
attempted to overcome the disadvantages of these assays by setting strict criteria
for compounds considered to be bona fide hits. For inclusion in the SAR
analysis, a compound must: (1) provide neuroprotection in the cell viability assay,
(2) enhance neurite outgrowth, (3) activate Akt, and (4) induce these activities in a
pertussis toxin-sensitive manner. In this way, we increase the likelihood that the
hits are working through the same molecular mechanism.

B. STRUCTURE-BASED DESIGN

Under ideal circumstances, structure-based drug design refers to the discov-
ery of lead compounds and drug candidates based on their interaction with a
protein target whose X-ray crystal structure is already established (Klebe, 2000;
Laird and Blake, 2004). Moreover, the availability of cocrystals of compounds
bound at the active (or receptor) site of the target protein greatly enhances such
efforts. Of course, this high-level approach requires intimate knowledge about
the structure of the target molecule. However, there are less exacting approaches
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to structure-based design that are more widely applicable. In this case, the
structure of an initial prototype or lead molecule is used as the basis for identifi-
cation of active compounds with similar structures through screening (Verdonk
and Hartshorn, 2004). A general outline of this approach is discussed here.

Olanzapine consists of a thienobenzodiazepine core with an attached piperazi-
nyl ring. It represents the prototype for our neuroenhancement strategy (Dwyer
et al., 2003b). Commercially available chemical libraries were searched for com-
pounds that resembled substructures in the olanzapine molecule, for instance,
compounds that included piperazinyl rings or thieno groups, and so on. Substruc-
ture analogues were screened in the phenotypic assays and some of the hits were
described in Sections IV.B and C. SAR analysis of the hits in comparison to
olanzapine led to the formulation of an initial pharmacophore hypothesis to relate
chemical structure to functional activity in our battery of assays, including activation
of Akt. Further searches of chemical libraries identified additional compounds for
evaluation and yielded several more hits. Structural information from the second
round of screening allowed us to refine the pharmacophore hypothesis. Thus,
structure-based discovery entails iterative rounds of screening, revision of the
pharmacophore structure, additional searches of chemical libraries for compounds
with different substituent groups, evaluation of the new compounds, and so on. The
goal is to identify the most potent substructures and if possible combinations
of substructures that produce the desired biological activity as a starting point
for ab initio design of novel lead compounds.

The design phase relies on two sets of information as a guide. (1) Structural
information from the collection of bone fide hits 1s used to define substructures and
substituent groups that are critical for biological activity. (2) Even in the absence of any
information about the ultimate drug target, it is possible to incorporate general ideas
about the receptor site into structure-based design. Thus, the pharmacophore can be
viewed as an inverse image of the receptor. Loss or gain of biological activity
associated with changes at a particular atom identifies that region as critical for activity.
The chemical nature of key substituents also provides useful information. A crucial
amide group in the pharmacophore may imply that the receptor has a hydrogen-bond
acceptor (e.g., a carbonyl group) in the binding site, whereas a requirement for a
ketone group in the active compound might suggest that a hydrogen-bond donor
complements this group in the target protein. Similarly, bulky aromatic rings in the
pharmacophore might be accommodated by a hydrophobic groove in the receptor or
by aromatic amino acid side chains at the interface of secondary structural elements in
proteins. We have previously used this inverse-image approach to characterize
alcohol-binding sites on proteins (Dwyer and Bradley, 2000).

In structure-based screening and SAR analysis, initial similarities between
compounds are typically based on two-dimensional (2-D) chemical structures.
This information can be sufficient for the identification of analogues that produce
the same biological activity as the prototype drug or compound. However, the
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design of novel compounds for synthesis is greatly enhanced by analysis of the 3-D
geometry of active compounds in the collection. The 3-D structure of the active hit
may even provide insight into the nature of the receptor or target molecule. In our
rescarch program, chemical structures of the hits from screening were created with
the Builder module of the Insight IT software from Accelrys (San Diego, CA). The
structures were then subjected to energy minimization to convergence in order to
obtain a likely 3-D conformation. The minimized 3-D structures of the hits were
then compared to identify common structural motifs, which included orientation of
key atoms in space and distances between active centers. In some cases, we
performed further minimization of structures by quantum mechanics calculations
to explore other possible conformations of the molecules.

Our 3-D structural analysis is incomplete; however, some trends are emerging
from the comparisons. A piperazinyl ring is a common feature among the hits.
In addition, the linkage of two substructures in tandem tends to increase the relative
potencies of the compounds. Molecular-modeling data suggest that the com-
pounds mimic an a-helical structure, which would be consistent with binding at a
protein—protein interface. Additional studies will be needed to further refine the
pharmacophore hypothesis and to learn more about the effects of substitution at
particular atoms of interest.

To summarize thus far, we used the structure of olanzapine as a template to
search for similar compounds in chemical libraries. More than 150 compounds
were screened in phenotypic assays and 15 hits were identified. Most of the
compounds appeared to produce the same spectrum of positive effects as the
prototype drug. This included enhancement of cell viability, promotion of neurite
outgrowth, and activation of Akt. The biological actions of the drugs/compounds
appeared to be mediated through G proteins and involve optimization of glucose
metabolism. The starting point for these discovery efforts was an antipsychotic
medication. Drugs that emerge from this research may similarly be useful for the
treatment of schizophrenia; however, they may also provide effective treatment
for other brain deficit disorders.

V1. Neurodevelopmental Disorders and Neurodegenerative Diseases

Asmentioned in Section I, few drugs are available for effective treatment of most
brain deficit disorders. This includes devastating neurodevelopmental disorders,
such as Rett syndrome, lissencephaly, and autism, and neurodegenerative diseases,
such as Alzheimer’s. The neurodevelopmental disorders present a particularly
difficult challenge for treatment because much of the brain pathology occurs during
early development i utero (Percy, 2002). Nevertheless, a therapeutic strategy aimed
at neuroenhancement may provide a starting point for more effective treatment.
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A. RETT SYNDROME

Rett syndrome mainly affects girls and is characterized by developmental
regression and mental retardation (Neul and Zoghbi, 2004). Stereotypic move-
ments and autistic features are often present. The disorder in its purest form
is caused by mutations in the methyl-CpG-binding protein, MeCP2, which is
involved in the regulation of gene expression through direct interaction with DNA
and other transcriptional regulators (Neul and Zoghbi, 2004). It was recently
shown that MeCP2 regulates the expression of BDNF (Chen et al., 2003), which
serves as a neurotrophic factor for various neuronal populations, including dopa-
minergic neurons (Binder and Scharfman, 2004; Hyman et al., 1991). BDNF has
been implicated in affective disorders and schizophrenia (Angelucci ¢ al., 2005).
The brains of girls with Rett syndrome are unusually small, there are signs
of atrophy, neuronal cell bodies are also smaller in size, and dendrites and axons
are abnormal (Neul and Zoghbi, 2004). This is somewhat reminiscent of the
defects observed in Akt3 knockout mice (Easton et al., 2005). Therefore, a drug
that activates Akt may increase cell size and by enhancing neurite outgrowth
promote the expression of dendrites and the stabilization of synaptic connections.
By optimizing glucose metabolism in neurons, the ideal drug may also correct the
metabolic abnormality in brain tissue that has recently been characterized in
MeCP2 knockout mice (Saywell ez al., 2006) and in imaging studies of patients
(Yoshikawa et al., 1992).

B. LiSSENCEPHALY AND TUBEROUS SCLEROSIS COMPLEX

Lissencephaly is a more profound disturbance in brain development and
offers less hope for effective intervention. However, a better understanding of
this disorder may provide insight into other more treatable neurodevelopmental
conditions. Lissencephaly and the related Miller—Dieker syndrome arise from
mutations in the Lis/ gene on chromosome 17 (Dobyns et al., 1993; Lo Nigro
et al., 1997; Reiner et al., 1993). Brain development, especially of the cortex, is
radically altered by functional loss of the Lis/ gene product, which exhibits a
clear dose—response effect (Reiner, 2000). Lis/ participates in various protein—
protein interactions that ultimately regulate microtubule/dynein function and
neuronal proliferation and migration (Feng et al., 2000; Niethammer et al., 2000).
One of its binding partners, disrupted in schizophrenia 1 (DISC1), has been
reported to be a genetic factor associated with increased risk for schizophrenia
(Brandon et al., 2004). Recently, Lis/ was shown to indirectly regulate the activity
of Ras-related (Rho-family) GTPases (Cdc42 and RhoA) by interaction with
IQGAP1 (Kholmanskikh et al., 2006). The Rho-family of GTPase proteins are
involved in the control of cell motility and neurite outgrowth (Kaibuchi ez al., 1999).
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It is encouraging to note that the prototype drug for our discovery efforts, olanza-
pine, enhances neurite outgrowth from PC12 cells.

Another genetic disorder with less severe developmental consequences is
tuberous sclerosis complex (Astrinidis and Henske, 2005). Similar to lissence-
phaly, small Ras-related GTPase proteins are indirectly affected by mutations
in the gene implicated as a causative factor, namely tuberin or TSC2. Tuberous
sclerosis complex is characterized by benign tumors of many tissues (includ-
ing brain), mental retardation, seizures, and autistic symptoms in some cases.
TSC2 is a GTPase activating protein (GAP) that down-modulates Rheb (Ras
homologue enriched in brain), which regulates signaling via mTOR (involved in
growth) and B-Raf (involved in differentiation) (Astrinidis and Henske,
2005; Inoki et al., 2003). Tuberin (T'SC2) is expressed in PC12 cells and plays
a role in the neuronal differentiation induced by NGIF (Wu and Wong, 2005).
This response is mediated in part via G/, proteins. TSC2 is downstream of
both AMPK and Akt and provides control of metabolic processes aimed at
protecting cells against energy deprivation (Inoki et al, 2003). Thus, drugs
which modulate G/, proteins and Akt, and protect against glutamine and/or
glucose deprivation, may correct some of the defects that arise from the lack

of TSC2.

C. AuTisM

Autism and autistic spectrum disorders might be amenable to the general
therapeutic strategy proposed here. In autism, there is defective maturation of the
frontal cortex and widespread, but often subtle, neuropathological features in
other brain regions. This includes a higher density of neurons, but of smaller size,
in limbic areas, and decreased numbers of neurons in the cerebellum and
cerebral cortex (Palmen et al., 2004). It has been reported that brain energy
metabolism is disturbed in autistic patients (Zilbovicius et al., 1995) and the
response to insulin is abnormal (Maher et al., 1975). There may be a decrease
in the glutamate—glutamine cycle between astrocytes and neurons that reflects an
overreliance on glucose (and possibly lactate) for energy (Chugani et al., 1999;
Rumsey et al., 1985). A decrease in the use of glutamine for energy in the brain
may tilt the balance toward higher levels of the excitatory neurotransmitter,
glutamate. This could contribute to the higher incidence of epilepsy in
autistic children. Although it may not be possible to restore normal cell
numbers and neuronal organization in the brains of autistic patients with
medications, a drug that enhances the functional activity and metabolic
flexibility of the existing neurons may nevertheless provide tangible clinical
benefits.
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D. ALZHEIMER’S DISEASE

Alzheimer’s disease is an example of a brain deficit disorder that should be a
good candidate for treatment by neuroenhancement. There is a progressive loss
of neurons due to the combined accumulation of toxic species and loss of trophic
support (Heininger, 2000; Hock et al., 2000). Impairments in Akt function in
Alzheimer’s disease have been reported (Griffin ez al., 2005). Numerous metabolic
disturbances have been described, including altered energy homeostasis, a reduc-
tion in GLU'Ts in various brain regions (Kalaria and Harik, 1989; Simpson ¢t al.,
1994), and deficiencies in a-ketoglutarate dehydrogenase (Blass, 2002). Approved
therapeutic strategies are mainly aimed at preservation of cholinergic function in
the brain by inhibition of acetylcholinesterase. However, recent clinical trials
have focused on neuroprotective drugs or administration of trophic factors (Allen
and Dawbarn, 2006; Tuszynski et al., 2005). Therefore, a drug that produces
neuroenhancement would be a prime candidate for clinical testing is Alzheimer’s
disease. This is not to say that a single drug will be effective in the treatment of all
the brain deficit disorders discussed here. Rather, the hope is to develop an
assortment of innovative new drugs that are neuroprotective, enhance neurite/
dendrite outgrowth and stabilization, and promote metabolic flexibility. Specific
neuroenhancing drugs can then be tailored to maximize functional activity in
those pathways, circuits, or cells that are mainly affected in a particular brain
deficit disorder.

VII. Future Directions

In order to succeed with this novel therapeutic strategy of designing neuro-
enhancing drugs, significant advances will be necessary on several fronts. First,
we need to gain a better understanding of the molecular mechanisms involved in
neuroprotection and neurite outgrowth induced by the drugs/compounds. Initial
studies implicate G;,,, proteins and PI3K-Akt signaling pathways, but the inter-
vening steps remain a mystery. The emerging concept of metabolic flexibility
needs to be fleshed out and pharmacological approaches to the modulation of
metabolic processes must be developed further. It is now clear that neurons are
capable of using multiple sources of energy at a given moment in time. Is the use
of a particular energy substrate better suited for particular functional states of the
neuron (e.g., high vs low activity) or for maximum efliciency of astrocyte—neuron
collaboration? At a fundamental level, we need to determine the extent to which
it is possible to reverse neurodevelopmental insults. Other chapters in this volume
have dealt with the issue of ongoing neurogenesis in the brain, which represents
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one possible avenue for restoring functional activity. If a drug stimulates neurite
outgrowth or promotes stabilization of dendrite expression, will this enhance
communication between neurons affected by the neurodevelopmental insult?

Thus far, our work has focused mainly on the role of Akt, ERK, and
G proteins in neuroprotection. However, other targets appear to be promising.
AMPK, TORC2, and the purine nucleotide cycle play critical roles in the
regulation of energy metabolism and may represent worthwhile drug targets
depending on the goal of therapy (e.g., protection against ischemic injury vs
boosting suboptimum energy performance). Lis/, DISC1, and small GTPases
(such as Rho, Rheb, and G,) may represent attractive targets for the enhance-
ment of neurite outgrowth and synaptic stabilization. The application of
structure-based design to the discovery of drugs that interact with these proteins
will be facilitated by the availability of 3-D structures of the potential drug targets
and by advances in virtual screening of chemical libraries. Finally, the strategy
outlined here offers a path for moving away from symptomatic therapies,
which fail to address underlying deficits, and toward new drugs, which aim to
maximize neuronal function and enhance metabolic flexibility in brain deficit
disorders.
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treatment of, 251
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effect, 157
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Anti-inflammatory, 6
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Apoptosis pathway, 220
Apoptotic cell death, 156, 232
Apoptotic degeneration, 6
Apoptotic neurodegenerative change, 219
Apoptotic pathway, 230, 232
Apoptotic response, 232
APP, 15. See also Amyloid, precursor protein
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remyelination, 84
sprouting, 58, 67, 143

B

Basal ganglia, 192
Basso-Beattie-Bresnahan scale, 78
BBB, 71. See Basso-Beattie-Bresnahan scale
Bcl-2, 127
BDNF. See Brain-derived neurotrophic factor
BDNF-deficient mice, 194
BDNF-expressing fibroblast, 86
Betz cell, 19
Biarylpropylsulfonamide, 197, 199-201
Bipolar depression, 144, 154
Bipolar disorder (BPD), 143-145, 157-158, 164

neuroplasticity, 145-150

pathophysiology of, 145, 164-165
Blood flow, 40, 43

interruption of, 8
Blood supply angiogenesis restore, 9
Blue-green algae, 34
Bone marrow cell, 189
BPD. See Bipolar disorder
Bradykinesia, 179
Brain

adult, 1

cell, 4

replacement of, 4

damage, 2

disorder, 31

glial scarring in, 60

homeostasis, 31-32, 43, 47

injury, 7, 20

neurogenesis, 107, 116, 118

regulation of, 108

neuron, increased production of, 9

pathology, 8

rebuilding, 4

regeneration of, 1
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stem, 19, 38, 42
raphe nucleus, 76
vestibular nucleus, 76
trauma, 163
Brain deficit disorder, 249-250
Brain-derived neurotrophic factor (BDNF), 11,
18, 73, 76-717, 80, 86-87, 90, 108-112,
118, 127, 129, 152, 154156, 163, 180,
190, 193, 195, 198, 250, 275
administration of, 76, 87
expression, 163
gene, 110
immunoreactivity, 112
level, 180, 200
mRNA, 200
production, 199
trophic effect of, 194
Brain-imaging technique, 264
BrdU. See Bromodeoxyuridine
BrdU-labeled cell, 116-118
BrdU monophosphate, 9
Breathing, 43
Bromodeoxyuridine (BrdU), 10, 12, 16-18,
115-116
cell, 18
immunopositive cell, 15
labeled cell, 15
positive cell, 11, 15, 17
Building brain
development, 3
evolution, 3

C
C3

enzyme, 69
neuroprotective action, 69
C. elegans Model
neurodegenerative disorder, 220237
CAL, 14
Caenorhabditis elegans, 219-242
CAG trinucleotide, 233
Calbindin, 9
Calcineurin, 255
Calcitonin gene-related peptide, 82
cAMP-GEF. See cAMP regulated guanine
nucleotide exchange factor
cAMP level, 72
elevation of, 79
cAMP regulated guanine nucleotide exchange
factor, 268

cAMP response element-binding protein
(CREB), 73, 118, 156, 162
activation of, 73
phosphorylation, 118
transcribes, 73
cAMP signaling, 71
Carbidopa combination, 17
Carbon dioxide chemoreceptor, 42
Cardiovascular diseases, 145, 148
Catecholamine, 33
Catecholaminergic axon, 86
Catecholaminergic marker, 76
Catechol-O-methyl transferase (COMT)
inhibitor, 179
(3-Catenin phosphorylation, 162
CBF, 148
CBP, 16
Cell
cycle regulation, 4
cytoskeleton, 36
death, 16, 35, 163-164
differentiation, 4-5, 31, 150, 258
division, 36
functional integration, 5
granule, 5
increased production, 9
loss, 3
migration, 5
periglomerular, 5
precursor, 4
production, 5
progenitor, 4
proliferation, 5, 11, 150, 152, 154, 163, 200,
248
inhibition of] 152
marker, 12
replacement, exogenous, 8
settling, 5
survival, 5
Cell-replacement therapy, 4, 7
Cell-Tracker dyes, 85
Cellular differentiation, 197, 260
Cellular mitosis, 44
Cellular plasticity, 144,
158-159, 165
Ceentralis superior nucleus pars medianus, 41
Central nervous system (CNS), 3, 7, 13, 57, 58,
66, 76-79, 83, 87, 89, 143, 159, 181
axon, 58, 76, 79, 86
regeneration of, 58-59, 75
function, 159
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Central nervous system (CNS) (cont.)
myelin, 62, 74, 77
neuron, 81
plasticity, 59
repair, 59
Cerebellar granule, 64
Cerebellum, 41
Cerebral artery, 8
Cerebral cortex, 12, 16, 48, 60, 163
ipsilateral, 10
Cerebral cortical, 14
cultures, 11
Cerebral granule cells, 164
Cerebral injury, 2
Cerebral ischemia, 7, 163
Cerebrocortical neuron, 124
Cerebrocortical neurotoxicity, 124
CGN, 66. See also Cerebellar granule
CGN-induced cleavage, 69
CGRP. See Calcitonin gene-related peptide
CGRP-positive dorsal root axon, 82
Chaperone, 238
proteins, 227
C3/4 hemisection lesion, 71
Chemorepulsive signaling, 7
Chemosensitive cell, 42
Chloroplast, 35
Chlorpromazine, 107-108, 118-119,
123-124, 255
Cholinergic axon, regeneration of, 75
Cholinergic neuron, 59, 110
Cholinergic neurotransmission, 229
Chondroitinase ABC, 61, 78
Chondroitin sulfate proteoglycan, 60
Choreoathetosis, 16
Chronic mood stabilizer, 156
Ciliary neurotrophic factor, 73
Cingulate, 43
Circadian rhythms, 41
Cisterna magna, 12
Claustrum, 148
Clinical medicine, 2
Clinical symptomatology, 184
Clot, 3
Clotting, 40
Clozapine, 36, 108, 112, 114, 116, 118-121,
125-127, 129, 257, 261, 265
CNTTF, 80. See also Ciliary neurotrophic factor
Coerulospinal axon, 89
Cognition-enhancing effect, 125

INDEX

Cognitive disease, 48
Clognitive dysfunction, 147
Cognitive function, 146
Clognitive impairment, 108
Collagen substratum, 75
Complex alkaloids, 35
COMT. See Catechol-O-methyl transferase
COMT inhibitor, 185-186
Corpus callosum, 64, 147
Cortical cell proliferation, 159
Cortical neuron, 80, 199
Cortical structure, degeneration of, 181
Corticospinal axon, 61, 78, 86, 87, 88-90
regeneration of, 78
Corticospinal tract (CST), 19, 64
axon, 82-83
regeneration, 67
injury, 67
lesioning, 67
regeneration, 68
Corticosteroid-induced psychosis, 126
Corticosteroids, adminstration of; 152
Corticothalamic connection,
restoration of, 6
Corticothalamic neuron, 9
Corticotrophin-releasing hormone, 146
Cortisol, 146
CREB. See cAMP response element-binding
protein
CRet ES cell, 196
CRH. See Corticotrophin-releasing hormone
Crystallographic analysis, 66
CSPG, 67, 69, 77. See also Chondroitin sulfate
proteoglycan
immunoreactivity, 77
inhibitory activity, 61
substrate, 61
CST, 67. See also Corticospinal tract
CX-516, 198
Cyclic AMP (cAMP), 63, 75, 93, 110, 270.
See also Cyclic AMP
elevation, 70, 78, 79
intracellular level, 71
up-regulation, 70
Cyst formation, 63
Cytoprotective effect, 107, 109, 119,
123-124
Cytosine arabinoside, 14
Cytoskeleton, 36
Cytotactin, 61
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D

DAergic. See Dopaminergic
DAergic differentiation, 189-190
DAergic neuron, 189
degeneration of, 190
Damaged neuron, 9
Dardarin. Se¢e LRRK2
DAT. See Dopamine transporter
DbcAMP, 70, 72, 73, 77-79, 87. See also
Dibutyryl cAMP
DBHB. See D-f—hydroxybutyrate
D-fS—hydroxybutyrate, 232
DCX, 9-10, 12-13, 18. See also Doublecortin
DCX-immunoreactive cell, 12
DCX-labeled cell, 18
Decarboxylase enzyme, 35
Defense withdrawal, 38
Deg phenotype, 221
Delusion, 108
Dementia, 14, 17, 31, 226
Dementing disease, 48
Demyelinating disease, 82
Dendrite, 41, 251
outgrowth, 249-250
Dendritic remodeling, 143
Dentate gyral atrophy, 15
Dentate gyrus (DG), 15, 18, 116, 118, 150,
154, 158
cell proliferation, 152
Depression, 31, 48, 129, 146
Depressive disorder, 48
Depressive symptoms, 146
DEX. See Dexamethasone
Dexamethasone, 146
DG-SGZ, 15
Diabetes mellitus, 145
Diacylglycerol (DAG), 160
Dibutyryl cAMP, 69, 270
Differentiation, 249
(2, 5-dimethoxy-4-bromophenyl)-2-
aminopropane, 125
(2, 5-dimethoxy-4-iodophenyl)-2-aminopropane,
125
(2, 5-dimethoxy-4-methylphenyl)-2-
aminopropane, 125
DISC1. See Disrupted in schizophrenia 1
Disorganization, 108
Disrupted in schizophrenia 1, 263, 275
Di(2-tolyl)guanidine, 124
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Dizocilpine, 124, 126
DJ-1, 183
DLPFC, 149. See also Dorsolateral prefrontal
cortex
D-lysergic acid diethylamide, 125
DMEM, 83. See also Dulbecco’s modified Eagle’s
medium
DNA damage, 11
DOB. See 2, 5-dimethoxy-4-bromophenyl-2-
aminopropane
DOL See (2, 5-dimethoxy-4-iodophenyl)-2-
aminopropane
DOM. See (2, 5-dimethoxy-4-methylphenyl)-2-
aminopropane
Dopamine, 43, 185, 255
activity, 186
cell death, 182
etiology of, 182
depletion, 202
neuron, 181-183
nigrostriatal activity, 192
receptor, 124, 186, 257-258, 264
agonist, 17
Dopamine-depleted striatum, 18
Dopaminergic (DA), 18
activity, 184, 192, 265
cell, 193
loss, 182
damage, 187
degeneration, 186
depletion, 187
marker, 189
neurodegeneration, 182, 201, 231-233, 239
neuron, 17, 19, 110, 181, 187, 191, 193,
195-196, 231, 241, 275
neuronal death, 233
neuronal loss, 183, 231
neuronal perikarya, 191
neuronal phenotype, 197
neuron dysfunction, 233
neurotransmission, 3, 180, 184
nigrostriatal system, 191
nigrostriatal tract, 183
Dopamine transporter (DAT)
activity, 231
ES cell, 196
Dorsal ACC, 150
Dorsal raphe nucleus, 48
Dorsal root axon, regeneration of, 82
Dorsal root entry zone, 82
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Dorsal root ganglia, 60
Dorsolateral prefrontal cortex, 111, 147
Doublecortin, 5, 115
Doxycycline-dependent TET system, 190
DREZ. See Dorsal root entry zone
DRG, 66, 90. See also Dorsal root ganglia

cell body, 73

central axon, regeneration of, 71

neurite, 83

neuron, 66—68, 70-71, 73, 75, 81
Drugs, 232, 239, 241, 257-258, 264, 266, 274,

276, 278

antidepressant, 156, 162

antiparkinsonian, 184

antipsychotic, 107-129, 247-248, 255-256,

258-263, 265

HTS, 241, 242

neuroprotective, 277

neurorestorative, 186

psychotropic, 144, 152, 154, 250
Drug abuse

alcohol, 154

morphine, 154

nicotine, 154

psychostimulant, 154
DTG, 124
Dulbecco’s modified Eagle’s medium, 257
Dyskinesia, 203

L-dopa-induced, 192
Dystonia, 203

E

ECM. See Extracellular matrix
ECS, 155. See also Electroconvulsive seizures
treatment, 159
Ectodomain crystal structure, 66
EGF, 89. See also Epidermal growth factor
EGF-dependent neurogenesis, 15
EGFR. See Epidermal growth factor receptor
activation, 66
kinase activity, 67
phosphorylation, 67
EGF receptor-positive cell, 17
Egg-laying (Egl) defective phenotype, 221
Egl. See Egg laying
Egyptian mythology, 1
Electroconvulsive seizures, 154
Electroconvulsive therapy, 129
Electron microscopy, 230

INDEX

Electrophysiology, 33
EM. See Electron microscopy
Embolic arterial occlusion, 8
Embryonic, 5
cell, 232
CNS tissue, 89
hippocampus, 155
neurosphere, 89
spinal cord tissue, 71, 73, 87
stem (ES) cell, 12, 89
ENCAM, 14
immunoreactive cell, 10
positive cell, 15
positive neuronal progenitor, 10
Endocrine cell, 32
Endocrine system, 43
Endogenous cAMP level elevation, 70
Endogenous cell, 4
Endogenous neural precursor cell, 7
Endogenous neurogenesis, 17-18
Endoplasmic reticulum, 221
Endoproteolytic cleavage, 229
Endothelial cell, 32
Energy, loss of, 8
Entacapone, 185
Ependymal cell, 32
Ependymal layer, 41
EphA2 receptor, 68
Ephrin-B3, 64, 68
Epidermal growth factor receptor, 66
Epilepsy, 3, 7
EPO. See Erythropoietin
ER. See Endoplasmic reticulum
ERK, 121. Se¢ also Extracellular signal-regulated
kinase
pathway, 162-164
phosphorylation, 121
ES. See also Embryonic stem
cell, differentiation of, 190
Ethidium bromide, 81
E4 ubiquitin ligase, 233
Excitatory electrical influences, 33
Excitatory neurotransmission, 6
Excitotoxicity, 8, 182
Exogenous environmental toxins, 182
Exogenous myoinositol, 161
Exogenous NgR1, 65
External transcription spacer, 45
Pet-1, 40
Extracellular Ig-like domain, 63
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Extracellular senile, 14
Extracellular signal-regulated kinase (ERK),
71, 120
signaling pathway, 156

F

FACE, 261. See also Fast-activated cell-based
ELISA
Fasciculation, 19
Fast-activated cell-based ELISA, 261
FBS. See Fetal bovine serum
FDG-PET, 148
Feeding, 40
Fenpyroximate, 232
Ferromagnetic particles, 12
Fetal bovine serum, 257
Fetal cortical cell, 194
FGF-2, 11, 17, 129. See also Fibroblast growth
factor-2
infusion, 18
FGF-8, 17. See also Fibroblast growth factor-8
Fibroblast growth factor-2, 89, 118
Fibroblast growth factor-8, 189
Fibroblast proliferation, 75
Fibronectin, 81
Flatworm, 36
FLIPR. See Fluorescent imaging plate reader
Fluorescent imaging plate reader, 197
Fluoxetine, 129
Fluphenazine, 119, 255-256, 265
Focal cerebral ischemia, 9, 12, 14
Focal necrosis, 8
Food intake, 38
Forebrain, 41, 45
Forskolin, 70
Frontotemporal dementia with parkinsonism
chromosome 17 type (FIDP - 17), 226
mutant lines, 230
neurodegeneration in, 227
Functional neuron generation, 2

G

GABA, 33, 89, 155

GABAergic interneuron, 155
GABAergic medium, 184

GABAergic motoneuron, 230
GABAergic neurogenesis, 156
GABAergic neurons, 110, 149, 163, 230

GABAergic phenotype, 155156
GAG. See Glycosaminoglycan
Goas-induced neurodegeneration, 226
Gait disorder, 2
Ganglia of Annelids, 38
GAP. See GTPase activating protein
GAP-43, 71, 82
GCL, 9, 14
GDNF, 191, 193, 196, 203. See¢ also Glial cell line-
derived neurotrophic factor
administration, 192
expression, 192
Gene, 19
GFAP, 80, 83, 158
GFAP-positive astrocytes, 159
GFP. See Green fluorescent protein
Gi/Go activation, 71
Gi/Go protein, 71
Glia, 66
Glial activity, 43
Glial cells, 32, 41, 44-45, 80, 144, 180, 193-194
Glial cell-derived neurotrophic factor, 190
Glial cell line-derived neurotrophic factor, 80
Glial protein, 46
Glial scar, 60, 63, 78, 83
formation, 88
Glial scarring, 71
Gliogenesis, 9
Global ischemia, 11
Globus pallidus, 185
Glucocorticoids, 6, 45, 146, 152, 155-156
effects, 146
levels, 152
receptor, 146
secretion of, 147
Glucose-6-phosphate dehydrogenase, 260
GLUT, 260, 277. See also Glucose transporter
expression, 253
protein, 252, 265
Glutamate, 33
Glutamate dehydrogenase, 266
Glutamate-glutamine cycle, 276
Glutamate receptor antagonist, 3
Glutamine, 253, 271
Glutathione peroxidase, 119
Glycine, 33
Glycogen synthase kinase 3, 161
Glycogen synthase kinase 33, 259
Glycolytic pathway, 265
Glycosaminoglycan, 61
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Glycosylphosphatidylinositol, 64

GPCR. See G protein-coupled receptor
GPL See Glycosylphosphatidylinositol

G protein-coupled receptor, 263

GR. See Glucocorticoid receptor

Granule cell, apoptosis of, 154

Granule neuron, 45

Greek mythology, 1

Green fluorescent protein, 230

Griffonia simplicifolia, 35

Growth axon, 57

Growth cone, 58

Growth factor, 6

GRs, 152

GSK-3, 162. See also Glycogen synthase kinase 3
GSK3p. See Glycogen synthase kinase 33
GTPase activating protein, 276

GTPase protein, 69

H

Hallucination, 108
Haloperidol, 107-111, 114116, 118, 124,
155, 255
administration, 112
HB-EGF. See Heparinbinding EGF-like growth
factor
HCM. See Hypoxia-conditioned medium
HD, 16. See also Huntington’s disease
Heme oxygenase-2 HO-2, 127
Hemiparesis, 2
Heparinbinding EGF-like growth factor, 6
Hepatic toxicity, 185
Hereditary polyglutamine disorder, 3
Hexamethylpropyleneamine oxime, 148
High-throughput screening, 241, 272
Hippocampal formation, 111
Hippocampal GABAergic interneurons, 156
Hippocampal level, 127, 129
Hippocampal neurogenesis, 118, 127, 152,
154-155, 157-158
Hippocampal neuron, 199
cultures, 162
Hippocampal progenitor cell proliferation, 152
Hippocampus, 43, 110-112, 125, 147, 149-150
of rat, 112
Histamine, 33
Histones, 45
HMPAO. See Hexamethylpropyleneamine

oxime

INDEX

HO-2, 129
Hoechst-labeled OEC, 83
Homeostasis, 41
loss of, 47
regulator of, 38, 43-44, 47
Hormone secretion, 40
Horseradish peroxidase, 59
HPA. See Hypothalamic pituitary adrenal;
Hypothalamic pituitary-adrenocortical
HPA hyperactivity, 146
HRP. See Horseradish peroxidase
5-HT, 35-36, 42-43, 47. See also 5-
hydroxytryptamine
axon, 32
brainstem system, 43
dysfunction, 48
neuron, 40, 43-45
raphe neuron, 43
receptor, 36, 38
synthesis, 32
inhibition of, 154
5-HT1A receptor, 4546
inhibition, 47
Htn. See Human huntingtin
5-HTP. See 5-hydroxytryptophan
HTS. See also High-throughput screening
methodology, 242
use of, 241, 242
HTT, mutant form of, 16
5-HT'T, 40, 48. See also 5-HT transporter
protein, 47
5-HTT-IR axon, 47
Hu, 9
Human adult adrenomedullary, 17
Human disease gene, 220
Human endothelial cell, 45
Human ES cell, 19
transplantation of, 189
Human fetal mesencephalic tissue, 17
Human huntingtin, 234
Human neuroblastoma SH-SY5Y cell, 162
Human neurodegenerative disease, 219
Human peripheral nerve, 75
Human tau isoform, 229
Human tissue, regeneration of, 1
Huntington’s disease, 1, 163164, 220, 249
Hydra, 36
6-Hydroxydopamine (6-OHDA), 180
exposure, 231
Hydroxylase enzyme, 35
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5-Hydroxytryptamine, 36
5-Hydroxytryptophan, 31
Hyperglycemia, 265
Hyperphosphorylated tau protein, 14, 226
Hypoglycemia, 159
Hypothalamic pituitary adrenal (HPA) axis, 146
Hypothalamic-pituitary-adrenocortical, 126
Hypothalamus, 41, 110
Hypoxia, 11, 220

increased BrdU, 11

stimulated proliferation, 10

I

IBM. See Inclusion body myositis
Icv. See Intracerebroventricular
Iev administration, 192
IG. See Immunoglobulin
IGF-I. See Insulin-like growth factor-I
Ig-like domain, 63
Al-tubulin, 5, 9-10, 13, 16-18, 89
IL1 sensory neurons, 220
Imipramine, 232
Immature neuronal marker, 11
Immunoclectron microscopy, 227
Immunoglobulin, 63
Impaired judgment, 145
IN-1, 61

antibody, 61
Inclusion body myositis, 228
Indole alkaloid, 32, 35
Inhibition, 70, 162
Inhibitor, 17
Inhibitory electrical influences, 33
Injury-induced neurogenesis, 20
Inositol-monophosphatase, 160
Inositol-1, 4, 5-trisphosphate, 160
Institutional care, 2
Insula, 150
Insulin-like growth factor-1, 6
Interleukin-6, administration of], 91
Interleukin-10, 78
Interneuron, 38
Intracellular adaptation, 8
Intracellular calcium overload, 8
Intracellular cAMP, 77
Intracellular neurofibrillary tangle, 14
Intracellular organelle, 35
Intracerebroventricular (icv) infusion, 191
Intracytoplasmic inclusion, 16
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Intranuclear inclusion, 16

Intravascular suture occlusion, 8

Tonic homeostasis, 8

Ischemia, 11, 20, 220, 241, 253
sublethal forebrain, 7

Ischemia-induced neurogenesis, 11, 14

Ischemia-induced neuromigration, 13

Ischemia-induced neuroproliferation, 13

Ischemic brain lesion, 13

Ischemic cell, 8

Ischemic cerebral cortex, 12

Ischemic heart disease, 48

Ischemic penumbra, 12

Ischemic striatum, 12

K

Kainic acid, 125

Keratin sulfate proteoglycan NG2, 60
Ketanserine, 36

a-Ketoglutarate, 266, 271
a-Ketoglutarate dehydrogenase, 277
Kinase signaling pathway, 248
Korsakoff’s psychosis, 265
Korsakof’s syndrome, 2

L

Lactate, 253
LacZ positive cell, 19
Lamina propria OEC, 83
Laminin, 45
Lateral cortical stream, 13
Lateral ventricles, 150
LB. See also Lewy body

disease, 182

pathology, 182
L-3, 4-dihydroxyphenylalanine, 184
L-dopa, 186, 201. See also Levodopa
14 DRG, 87
Left dorsal anterolateral, 148
Leucine-rich repeat, 63
Levodopa, 17, 179. See also L-3, 4-

dihydroxyphenylalanine

Lewy body, 48

absence of, 231

disease, 181
LIM homeodomain, 40
LINGO-1, 66

receptor complex, 69
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Lisuride, 184
Liver growth, 2
LLRKZ2, 233
Long-term potentiation, 152, 197
Loss of appetite, 192
Loss of depression, 192
Loss of hallucinations, 192
Loss of nausea, 192
Loss of tingling, 192
Low-affinity neurotrophin receptor, 65
Lower motor neuron, 19
Loxapine, 124
LP-OEC morphology, 84
LRR, 65. See also Leucine-rich repeat
LRRK2. See also Leucine-rich repeat kinase-2
gene, 183
mutation, 183
LSD. See D-lysergic acid diethylamide; Lysergic
acid diethylamid
LTP. See Long-term potentiation
Lumbar spinal cord, 19
LY404187, 201-202
LY503430, 198, 201-202

M

MAG, 62-66, 68-70, 73. See also Myelin-
associated glycoprotein
binding, 65
deficient, 66
inhibition, 64, 67, 69-70
transducer for, 66
MAG-deficient mice, 67
Magnetic resonance imaging, 146
Magnetic resonance spectroscopy, 148-149
MANT. See Mesencephalic astrocyte-derived
neurotrophic factor
Mania, 145146
MAO, 17. See also Monoamine oxidase
MAO-B inhibitor, 186
selegiline, 184
MAP-2, 9-10
MAP, phosphorylation of, 45
MAPK
inhibitor, 199
pathway, 199
Maprotiline, 129
MAP-specific inhibition, 45
MAPT. See Microtubuleassociated protein tau
MAPT-encoding, 183

INDEX

Marrow stromal cell, 87

Mast cell, 37-38

Maturation, 35

Maturational pattern, 41

Maturation of plant cell, 36

Mature neuronal marker, 10

MCAO, 10, 12-14. See also Middle cerebral
artery occlusion

MCAO-induced neurogenesis, 10

Mec. See Mechanosensation phenotype

Mechanosensation phenotype, 230

MeCP2. See Methyl-CpG-binding protein

Mec-7 promoter, 229

Medulla oblongata, 60

Medullary raphe neuron, 42

Melatonin, 31-32

Membrane-spanning domain, 229

Memory, loss of, 226

Meninges, 83

Mental behavior, 38

Mental disorder, 43

Mental health, 47

Mesencephalic astrocyte-derived neurotrophic
factor, 193

Mesencephalic dopaminergic neuron, 110

Mesencephalic primary neuron, 191

Mesencephalic stem cell, 18

Mesencephalon tissue, 193

Methyl-CpG-binding protein, 275

Methylprednisolone, 76-77

Microtubule-destabilizing protein, 13

Microtubule-stabilizing protein, 13

Middle cerebral artery occlusion, 10

Migraine, 3

headache, 42

Migrational pattern, 41

Mineralocorticoid receptor, 146

Mitochondrial complex I inhibitor, 183

Mitogen-activated protein kinase kinase
(MAPKK) pathway, 193

Mitosis, 31

Mitotic cleavage, 10

Monoamine inhibitor, 185

Monoamine oxidase (MAO), 252

Monoamine oxidase (MAO)-B, 182

Monoamine oxidase (MAO) inhibitor, 179

Monoterpenoid indole, 35

Monozygotic twins, 147

Mood stabilizers, 145, 155, 157

treatment, 161
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Motor cortex, 19
Motor neuron, 37

disease, 8, 19
Motor neuron-targeted expression, 232
Mouse model, 17
MPP*. See N-Methyl-4-phenylpyridinium ion
MPTP, 17, 182, 187

administration, 189

induced neurotoxicity, 201

model, 195

toxicity, 185
MPTP-induced nigral cell death, 182
MPTP-mediated cell death, 191
MPTP-treated monkey, 191
MPTP-treated mouse, 191
MR. See Mineralocorticoid receptor
MRI. See Magnetic resonance imaging
mRNA, 45
MRS. See Magnetic resonance spectroscopy
MSC. See Marrow stromal cell
Multicellular organism, 35-36
Multiple sclerosis, 19
Multipotent neural stem cell, 150
Murine cell culture, 240
Musashil- immunopositive cell, 10
Muscarinic anticholinergics, 17
Muscle atrophy, 19
Muscular rigidity, 179
Mutant superoxide dismutase, 19
Mutant tau sequences, 229
Mutant tau transgenic lines, 229
Myelin, inhibition, 73
Myelin-associated glycoprotein, 63
Myelin-associated inhibitor, 61, 64
Myelinated axon, 76, 78, 79, 80
Myelinating oligodendrocytes, 158
Myelinating phenotype, 81
Myelin-based inhibitor, 64, 67, 69
Myelin inhibition, 64, 69-70
Myelin inhibitor, 64-65, 69, 73
Myelin signal transduction, 69
Myoinositol, 160
Myristoylated alanine-rich C kinase substrate

(MARCKS), 160

N

NAA. See N-acetyl aspartate
NAA level, 149
N-acetyl aspartate, 148

NADH, 34
NADPH, 34
neurotransmitter synthesis, 252
N-cadherin, 73
N-CAM, 80. See also Neural cell adhesion molecule
NCR-1, 237
NDPK. See Nucleoside diphosphate kinase
NE, 42
Necrosis, 182
Necrotic cell death, 8, 220, 241
Necrotic neurodegeneration, 232
genetic modifiers, 238
Necrotic neurodegenerative change, 219
Necrotic pathway, 220
Nematode, 38
Neocortex, 48
Neocortical neurogenesis, 158
NEP1-40, 65
Nerve fiber, 80
Nerve growth factor (NGF), 73, 109, 250
BDNF, 162
Nerve regeneration, 57
Nervous system development, 70
NeuN, 9-10, 12, 17
NeuN-positive cell, 11
Neural cell, 32
adhesion molecule, 73
lineages, 159
Neural precursor cell, 89
Neural progenitor cell, 73, 89, 90
Neural stem cell, 10, 90, 116, 155, 157
Neuregulin, 255
Neurite extension, 143
Neurite outgrowth, 6870, 73, 249-252, 255,
257, 260, 275, 278
promotion of, 272
Neuroblast, maturation of, 156
Neuroblastoma cell, 196
Neurodegeneration, 2, 124, 164, 182, 186-187,
230, 234, 240241, 242
chronic, 3
modifier genes, 238
molecular inhibitors, 239
phenotype, 230
progression of, 185
torsion proteins, 239
Neurodegenerative disease, 7, 182, 194, 220,
242, 249, 274
acute, 3
chronic, 3
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Neurodegenerative disorder, 16-17, 180, 219, loss, 231
226, 236 marker, 9, 18

Neurodegenerative phenotype, 221
Neurodevelopmental disorder, 248, 254, 274
Neurodifferentiation, 4
Neuroenhancement, 247, 268
Neuroenhancing agent, 250
Neuroenhancing drug, 277
Neurofibrillary tangles, 226
Neurogenesis, 6, 9, 33, 89, 114, 129, 143,
154-155, 201, 249
adult, 1, 4
endogenous, 1
impaired, 15
induction of, 15
injury-induced, 6-7, 9
ischemia-induced, 10
stimulation, 2, 6, 11
in stroke, 8
Neurogenesis-promoting effect, 11
Neurogenesis response, 20
Neurohumoral agent, 115
Neuroleptic drug, 107, 115, 123
Neuroleptic effect, 119
Neurological disease, 1
Neurological disorder, 3, 48, 164
Neuromigration, 13
Neuron(s), 45, 63, 66, 150
birth of, 2
corticothalamic, 6
degeneration, 203, 231
endogenous, 4
exogenous sources, 4
loss of, 14, 219
morphology of, 41
newborn, 4
number, 4
production, 152
size, 4
Neuronal, 20
activity, 42
cell, 59, 160, 162, 193, 232, 251, 266, 270
cultures, 162
cytoskeleton, 45
dendrites, 46
differentiation, 4, 18, 45, 155-156, 191,251,276
antigen NeuroD, 5
dysfunction, 229-231, 240
function, 247, 250
lineage marker protein, 19

protein, 14
migration, 4, 249
precursor, 5, 19, 45
progenitor, 189-190
cell, 189
proliferation, 1, 4, 275
protein, 12
settling, 4
stem cell, 190
survival, 45, 249
system, 32, 43
Neuropathology, 239
Neuropeptide, 33, 44
Neuropil, loss of, 14
Neuroplasticity, 31-32, 43, 47, 143-146, 160,
164-165
in mammal, 36
Neuroplastic pathway, 201
Neuroplastic processes, 143
Neuroproliferative capacity of brain, 1
Neuroproliferative SGZ, 14
Neuroproliferative zone, 6, 10, 19
Neuroprotection, 125, 252, 272
outgrowth, 251-252
Neuroprotective action, 203
Neuroprotective agent, 186, 251
Neuroprotective drug, 186, 277
Neuroprotective effect, 107, 127, 195, 260
Neuroprotective properties, 129, 163, 184
Neuroprotective therapy, 186187
Neuropsychological dysfunction, 146
Neuroreceptor, 108
Neurorestorative agent, 186, 197
Neurorestorative approach, 181
Neurorestorative drug, 186
Neurorestorative treatment, 190
Neurosurgical technique, 186
Neurotoxicity, 163, 195, 239
Neurotoxin-induced toxicity, 197
Neurotoxin (6-OHDA), 202
Neurotransmission, 15, 44
Neurotransmitter, 33, 36, 40, 276
receptor, 45
release, 144
serotonin, 32
synthesis, 44
Neurotrophic action, 43, 201, 203
Neurotrophic activity, 191
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Neurotrophic agent, 187, 197
Neurotrophic approach, 180-181
Neurotrophic effect, 107, 109
Neurotrophic factors, 80, 86, 152, 156, 180, 190,
196, 250
Neurotrophic pathway, 201
Neurotrophin, 70, 76-77, 90, 108, 193
receptor, 64
Neurotrophin-3, 76
Neurotrophin-expressing fibroblast, 71
Neurovascular position, 41
Neurovegetative symptoms, 144
New born cell, 155
Newborn neuron, 11-12
NFT. See Neurofibrillary tangle
NFT pathology, 231
NG2, 158
NGF, 77, 80, 86, 110, 251, 257-258, 260, 276.
See also Nerve growth factor
cell, 121
level, 109
receptor, 113
NGF-responsive axon, 76, 85
NG2-positive cells, 159
NG2-positive progenitors, 159
NgR1, 64-67. See also Nogo receptor
NgR2, 65
Ngrl-deficient mice, 67
Ngrl gene, 67
Nicotinic acetylcholine receptor, 221
Niemann-Pick type C1 disease, 236
Nigral cell, 17
Nigral dopaminergic neuron, 194
Nigrostriatal degeneration, 17, 203
Nigrostriatal dopaminergic neuron, 194
Nigrostriatal dopaminergic system, 184
Nigrostriatal lesion, 203
Nigrostriatal neuron, 196
Nigrostriatal pathway, 180181, 186, 193
Nigrostriatal tract, 17
Nisoxetine, 232
NMDA, 125, 152. See also N-methyl-D-aspartate
antagonist, 3, 6
receptor, 124
NMDA-type glutamate receptor, 14
NMDA-type glutamate receptor antagonist
riluzole, 19
N-methyl-D-aspartate, 124
N-methyl-4-phenylpyridinium ion, 119, 182
Nociceptive dorsal root axon, 59
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Nogo, 62, 67
Nogo-66, 62, 6468
Nogo-A, 62, 68-69
elimination, 67
Nogo-A-24, 64
Nogo-A/B knockout mice, 68
Nogo-A knockout, 68
Nogo-B, 67, 68
transcript, 68
up-regulation, 68
Nogo-C, 62
Nogo receptor, 64
Nonimmunogenic polymer, 90
Nonischemic hemisphere, 13
Nonneurogenic zones, 156
Nonneuronal cell, 42
Nonneuronal system, 32
Noradrenergic axon, 76, 83
Noradrenergic locus coeruleus, 181
Noradrenergic neuron, 59, 110
Norepinephrine, 42
Novelty suppressed feeding task, 157
NPC. See Niemann-Pick type C1
NPC1
disorder, 237
function, 237
gene, 236
NR4A2, 196
NSC. See Neural stem cell
NSEF. See Novelty suppressed feeding task
NT, 110, 198. See also Neurotrophin
NT-3, 76-77, 86-87, 109
administration of, 87
NTs, 109
Nuclear hormone receptor, 197
Nucleoside diphosphate kinase, 268
Nucleus raphe magnus, 41
Nucleus raphe pallidus, 41
Nucleus raphe ventricularis, 41
Nuronal differentiation, 1
Nuronal migration, 1
Nurrl, 196
Nurrl-RXR heterodimer activator, 197

o

OB, 12. See also Olfactory bulb
Obesity, 145

Obsessive-compulsive disorder, 48, 129
Occipital cortex, 110-111
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OEC, 73, 78, 79-86. See also Olfactory
ensheathing cell
myelination by, 84
of tracking, 85
transplantation, 79-86
OEC-transplanted animal, 83
OHDA, 186
6-OHDA, 18, 191, 195-196, 200-202. See also 6-
hydroxydopamine
lesion, 194
model, 187, 203
neurotoxicity, 232, 239
toxicity, 197
6-OHDA-mediated cell death, 191
6-OHDA-positive cell, 18
Okadaic acid, 125-126
Olanzapine, 108, 110, 112, 114, 116, 119-121,
125-127, 129, 159, 248, 250, 255,
257-258, 260261, 273-274, 276
Olfactory axon, 80-82
Olfactory bulb, 80, 118, 150, 158
Olfactory ensheathing cell, 73
Olfactory epithelium, 79
Olfactory lamina propria, 83
Olfactory nerve, 80
Olfactory neurogenesis, 80
Olfactory neuron precursor, differentiation of, 80
Olfactory system, 85
Oligodendrocyte, 61, 64, 83, 90, 150, 159
myelin glycoprotein, 64
Olivopontocerebellar atrophy, 181
OLP. See Olfactory lamina propria
OLP transplantation, 84
OMgp, 64—68. See also Oligodendrocyte myelin
glycoprotein
OMgp binding, 65
Optic nerve, 58, 60, 61
crush, 68
lesioning, 67
regeneration, 66
Orbital PFC, 147
Ornithine decarboxylase
inhibition, 70
Osmolarity, 40
Oxidative phosphorylation, 252, 271

P

pAkt. See Phosphorylated Akt
Panic disorder, 42, 48

INDEX

Pan-neuronal expression, 232
Para-chloroamphetamine PCPA, 46
Paraquat, 17
Parkin, 16, 183, 232
Parkinsonian degeneration, 188
Parkinsonian symptom, 19, 181
Parkinsonian toxin MPTP, 18
Parkinsonism, 18
Parkinson’s disease, 1, 48, 163164, 179, 220,
249, 251
Pathogenic mutation
DJ-1, 183
LRRK2, 183
PINK-1, 183
PRKN, 183
SNCA, 183
Pathological phosphoepitope, 231
PC12 cell, 121
PCNA, 9-10, 16. See also Proliferating cell
nuclear antigen
PCP, 125. See also Phencyclidine
PCPA. See Para-chloroamphetamine
PD, 180. See also Parkinson’s disease
depression in, 181
diagnosis of, 180
etiology of, 180, 195
neurodegeneration in, 182
neurodegenerative disorder, 231
pathology, 181-182
patient, Postmortem study, 186
symptom, 179
symptom of, 180, 184
treatment, 184, 186, 191
PDE. See Phosphodiesters
PDE4. See also Phosphodiesterase 4
inhibition, 70
inhibitor, 69
PDGEFf. See Platelet-derived growth factor-3
PD-like syndrome, 182
PD-related gene, 233
Pentose phosphate pathway, 252
Pergolide, 184
Periinfarction cortex, 10
Perinatal rat, 80
Peripheral axon, 58
Pertussis toxin, 71
PET, 147. See also Positron emission tomography
PFC. See Left dorsal anterolateral
PFK. See Phosphofructokinase
Phencyclidine, 124
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Phenylalanine, 33, 35
Phosphatidylinositol 3-kinase, 120, 259
Phosphodiesterase 4 inhibition, 70
Phosphodiesterase inhibitor, 6
Phosphodiesters, 149
Phosphoepitopes, 230
Phosphofructokinase, 268
Phosphoinositide phosphate (PIP-2), 160
Phosphoinositol, 149
Phospholipase C (PLC), 160
Phosphor-monoesters, 149
Phosphorylated Akt, 261
PI. See Phosphoinositol
Pick’s disease, 48
PI3K. See Phosphatidylinositol 3-kinase
PI3K-Akt signaling pathway, 263, 277
PINK-1, 233. See also PTEN-induced putative
kinase-1
Pirenzepine, 257
P13K. See Phosphatidylinositol 3-kinase
PKA, 70
inhibitor, 268
P3K-AKT/mitogen-activated protein kinase
kinase (MAPKK) pathway, 193
PKB. See Protein kinase B
PKC, 45. See also Protein kinase C
phosphorylation, 45
Plaque, 14
Plasma cortisol, 41
Pluripotent precursors, 144
PME. See Phosphor-monoesters
PNS, 44, 82
PNS-CNS, 82
P75N"R, 6571
Polyamine, 73
synthesis, 70
Polyglutamine aggregation, genetic
modifiers, 238
Polyglutamine disorders, 233
Polyglutamine peptides, 233
Polyglutamine (polyQ)-mediated
neurotoxicity, 234
Polyhydroxybutyrate, 90
Polylactic acid, 90
PolyQ), See also Polyglutamine
aggregation, 239
cytotoxicity, 236, 239
disorder, 236
modifiers, 238
protein, 234

toxicity, 234-235, 239
transgenic animal, 235
Positron emission tomography, 186
Postmortem brain analyses, 149150
Postnatal hippocampus, 159
Postsynaptic cell, 33
Postsynaptic neuron, 31
Postsynaptic neuronal firing, 43
Postural instability, 17
PPP, 253. See also Pentose phosphate pathway
Pramipexole, 184-185, 251
Prefrontal cortex, 43, 111-112, 129, 150
Prelimbic cortex, 116
Presenilin 1, 226
Presenilin function, 228-229
Primary neuronal culture, 199
Priming, 70
Progenitor cell, 17, 114, 156
proliferation of, 155
Progenitor proliferation, 156
Programmed cell death, 4, 8, 65, 109, 220
Proliferating cell, 150, 159
Promethazine, 119
Prophylactic effects, 145
Propriospinal neuron, 77
Proteasome activity, 183
Proteasome function, 228
Proteasome inhibitor, 187
Protein
kinase B, 248, 258
kinase C (PKC), 69, 160
tyrosine kinase, 199
Protein 43, 71
Proteoglycan, 61, 158
PS. See Presenilin
PSI1, 15
PSA-NCAM, 115. See also Polysialylated neural
cell adhesion molecule
PSI. See Presenilin 1
Psychiatric illness, 126
Psychomotor behavior, 144
Psychosis, 16
Psychosocial function, 146
Psychosocial stress, 145
Psychostimulants, 161
Psychotropic drug, 143-144, 152, 154, 250
PTEN-induced kinase 1, 16
PTEN-induced putative kinase-1, 183
PTX. See Pertussis toxin
Putative reticular function, 41
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Pyridaben, 232

Pyruvate, 253

Pyruvate dehydrogenase, 265
Pyruvate kinase, 268

Q

Quadriplegic victim, 2
Quetiapine, 108, 114, 118-121, 125, 127, 129,
257, 260, 264

R

R118. See Arginine 120

RAGE, 45. See also Receptor for advanced
glycation endproduct

Raphe neuron, 43

Raphespinal axon, 83, 89

Rat substantia nigra, 17

Reactive oxygen species, 119

Receptor for advanced glycation endproduct, 45

Regeneration axon, 57

Regional cerebral blood flow, 148

Reserpine, 107

Respiration, 40

Resting tremor, 179

Restoring brain function, 3

Reticulospinal axon, 77

Retinal ganglion cell, 162

Retraction bulb, 58

Retroviral gene trapping, 67

Rett syndrome, 249, 275

Rho activation, 69

Rho-associated kinase, 60

Rhodopsin, 34

Rho GDP, 69

Rho GTPase, 61

Rho inactivation, 69

Ribulose bisphosphate, 34

Right anterior cingulate cortex, 149

Right insula, 148

Rigidity, 17

Riluzole, 3, 251

Rimcazole, 124

Risperidone, 108-109, 111-112, 114, 116,
118-119, 125, 127, 257-258

RMS, 12. See also Rostral migratory stream

ROCK, 69. See Rho-associated kinase

Rodent embryonic stem (ES) cell, 189

Rolipram, 70-71, 78-79
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Ropinirole, 184-185
ROS. See Reactive oxygen species
Rotenone, 17, 183, 187, 232
toxicity, 240
RTK. See Tyrosine kinase
Rubisco, 34
RuBP. See Monoamine oxidase
RuBP carboxylase, 34
Rubrospinal axon, regeneration of, 76, 86
RXR, 197

S

Sabeluzole, 251
SAR. See Structure-activity relationship
SAR analysis, 273
SBMA. See Spinal and bulbar muscular atrophy
SCA. See Spinocerebellar ataxias
SCEF. See Stem-cell factor
Schizophrenia, 107, 123-124, 126, 129,
248-250
etiology, 254256
pathology, 254—256
treatment, 254-256
Schwann cell, 73, 75-79, 82-86, 90
channel, implantation of, 77
graft, 77
migration of, 85
myelination, 82
transplant, 71, 74-75, 77, 79, 84, 89
Schwann cell-like OEC, 82
Sciatic nerve graft, 60
Sea star’s arms, regrowth of, 2
a-Secretase, 69
y-Secretase, 226, 228
Seizures, 253
Sensorimotor cortex, 82
Sensory neurons, 38
Septo-hippocampal pathway, 75
Serotonergic, 37
Serotonergic axon, 78, 84-85
regeneration of, 78
Serotonergic fiber, 71
Serotonergic (5-hydroxytryptamine, 5-HT)
nucleus, 181
Serotonergic marker, 75
Serotonergic neuron, 32, 40-42, 46, 110
Serotonergic system, 37
Serotonin, 31-33, 35, 43, 125, 155, 255
level, 43, 47-48
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neuron, 36, 38, 43
receptor, 257-258, 264
synthesis inhibitor, 46
Serotoninergic neuron, 42
Serotonin 5-HT, 33
transmission, 154
Serotonin-producing cell, 37
Sex hormone, 6
SGZ, 9. See also Subgranular zone
Shh, 197. See also Sonic hedgehog
Sialic acid, 65
SIDS. See Sudden infant death syndrome
Single nucleotide polymorphism, 260
Single-photon emission computed
tomography, 186
Skin pigment cell, 34
SNc, 182, 195. See also Substantia nigra pars
compacta
SNCA mutation, 183
SNP. See Single nucleotide polymorphism
Social behavior, 38
Social phobia, 48
SOD. See Superoxide dismutase
SODI. See Superoxide dismutase 1 gene
SODI-mediated toxicity, 236
SOD1 mutation, 19, 236
Somatic disease, 48
Sonic hedgehog, 189
SPECT, 147. See also Single-photon emission
computed tomography
Spinal cord, 19, 32, 41, 58-60
axon, greater myelination of, 78
cervical segment, 76
contusion, 78, 79, 84, 89
demyelinated, 82
glial scarring in, 60
injury, 2, 19, 60, 66-68, 71, 74-75, 79-80,
84, 87
cure for, 91
transplantation, 86
treatment of, 90
interneuron, 76
lesioning, 67
neurogenesis, 19
neuron, 82
regeneration, 75
sacral segment, 77
trauma, 85-87
Spinal muscular atrophy, 233
Spinocerebellar ataxias, 233

Spongiform encephalopathies, 48
SSRI. See Serotonin-specific reuptake inhibitor
SSRI fluoxetine, 159
Statin, 6
Stem cell
adult, 5
factor, 6
hematopoietic, 87
Steroid
addition, 68
administration, 68
Stigmatellin, 232
STN. See Subthalamic nucleus
Striatal neurogenesis, 18, 194
Striatal-pallidal excitotoxic injections of ibotenic
acid, 195
Striatal TH, 202
immunoreactivity, 202
Striatum, 48
Stroke, 1-2, 8, 220, 241
aftermath of], 3
survivor of, 2
Stromal cell, 73, 189
Structure-activity relationship, 261
Subcutaneous FGF-2, 16
Subgranular zone, 114, 150
Substantia nigra, 201-202
Substantia nigra pars compacta, 180
Subthalamic nucleus, 185
Subventricular zone, 114, 150
Sulpiride, 110
Superoxide dismutase, 119
Superoxide dismutase 1 gene, 236
Supraleminiscal nucleus, 41
Supraspinal regeneration, 76
SVZ, 10, 12-15, 18, 118, 154, 158. See also
Subventricular zone
neurogenesis, 12
neuronal progenitor, 10
Symptomatic agent, 186
Synaptic activity, 268
Synaptic plasticity, 144, 149-150
Synaptic proteins, 149
Synaptic strength, 143
Synaptic transmission, 197
Synaptogenesis, 162
Synaptophysin, 149
Synaptophysin staining, 15
a-Synuclein, 16-17, 194-196,
233 181
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a-Synuclein, mutation in

Dy-1, 231

LRRE?, 231

parkin, 231

PINK; 231
a-Synuclein-induced toxicity, 232
a-Synuclein neurotoxicity, 241
a-Synucleinopathy, 232
a-Synuclein Pathology, 232

T

TA]J, 67
Tau-induced Mec phenotype, 230-231
Tau kinase genes
cdk-5, 230
gsk-3, 230
jkk-1, 230
mek-1, 230
Tau protein function, 227
Taurosodeoxycholic acid, 232
Tauroursodeoxycholic acid, 240
TCA cycle, 266
Telenzepine, 257
Tello’s peripheral nerve, 59
Temperature, 43
Temporal cortex, 148
Tenascin, 60
TH, 17. See also Tyrosine hydroxylase
in ES cell, 196
immunoreactivity, 202
Thalamus, 41

TH and DAT. Se¢e Dopamine transporter

Thiamine, 250

deficiency, 265
Thienobenzodiazepine, 273
Thioflavin S, 227
Thioridazine, 124
TH-positive cell, 18
Thrombolytic agent, 2
Thrombotic arterial occlusion, 8
Thymidine, 2, 5, 9

marker, 115
Tissue regeneration

annelids, 2

flatworms, 2

hydra, 2

newts, 2

salamanders, 2

seastars, 2

sponges, 2
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Tolcapone, 185
TORIA gene, 239
Toxic protein aggregation, 233
Transected axon, 58
Transgenic mice, 15-16, 19-20
Transgenic model, 18
Transmembrane domains, 228
Transthyretin peptides, 227
Trauma, 220, 241
Tremor, 17
Trifluoperazine, 118-119, 124
Trk. See Tyrosine kinase
TrkB. See Tyrosine kinase receptor B
TrkB-Fc fusion protein, 11
TrkB mRNA-containing neuron, 194
Trophic factor stimulation, 4
Trophotrophic system, 42
TROY, 66
TROY/TAJ-deficient mice, 67
Tryptophan, 31, 33-36
biosynthetic enzyme, 35
hydroxylase, 33, 35, 38, 40
synthesis, 35
TSC2, 274. See also Tuberous sclerosis complex
protein
Tuberin, 276
Tuberous sclerosis complex protein, 259
B-Tubulin, 115
TUC4, 14
TUDCA. See Tauroursodeoxycholic acid
Tumor necrosis factor receptor, 65
Tyrosine, 33, 35
Tyrosine hydroxylase (TH)-expressing cell, 17
Tyrosine hydroxylase (TH)-immunoreactive
labeling, 112
Tyrosine hydroxylase (TH)-positive
neuron, 189
Tyrosine kinases (Trk), 109, 264
neurotrophins, 162
receptor, 70
receptor B, 193
Tyrosine phosphorylation, 66

U

UBD. See Ubiquitin-like domain
Ubiquitin, 17

Ubiquitin-like domain, 232
Ubiquitin-proteasomal activity, 182
Unec. See Uncoordinated locomotion
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Uncoordinated locomotion, 221

Unc phenotype, 232, 238

Unicellular organism, 43

Unified Parkinson’s Diease Rating Score, 185

Unilateral focal ischemia, 12

Unique parkin domain, 232

Unmyelinated axon, 76, 80

UPD, 232. See also Unique parkin domain

UPDRS, 191192, 203. See also Unified
Parkinson’s Diease Rating Score

Upper motor neuron, 19

v

Valproic acid, 145, 149
Vascular, system, 43
Vascular degeneration, 148
Vascular endothelial growth factor, 6
VEGTF, 11. See also Vascular endothelial growth
factor
Venlafaxine, 129
Ventral anterior cingulate gyrus, 150
Ventral mesencephalic (VM) tissue, 188
Ventral migratory mass, 13
Ventral PFC, 147
Ventral striatum, 150
Vestibulospinal axon, 77
Vimentin, 80
VM. See Ventral mesencephalic
VMAT?2 ES cell, 196
VM tissue, 188-189
transplantation, 188

VPA, 153, 155, 160-162, 164

w

Wallerian degeneration, 73

WGA. See Wheat germ agglutinase
Wheat germ agglutinase -HRP, 78
White matter hyperintensities, 147

WMH. See White matter hyperintensities

Wnt
glycoproteins, 162
pathway, 161
signaling, 162
signaling pathway, 162
Wound healing, 2, 68

X

Xaliproden, 251

XXX cell, 237
Xylosyltransferase-1, 61

Y

Yellow fluorescent protein, 234
YFP. See Yellow fluorescent protein
z

Ziprasidone, 125-126, 257-258
Zotepine, 126
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