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Foreword

Despite vastly increased understanding of the pathogenic cascades that underlie numer-
ous neurodegenerative disorders, the last two decades have seen few inroads in terms of
development of successful therapies. For the most, those therapies that have been approved
are symptomatic in nature and do not significantly alter disease course. It is important that
we learn from both our failures and our successes so that we may more efficiently develop
therapies that meet our medical needs. Indeed, given the economic, societal, and personal toll
of common and less common neurodegenerative diseases, we cannot collectively afford to
fail. This book provides an overview, using Alzheimer’s disease for illustration and a review
of successes and failures to date, to help point out the paradigms necessary for successful
therapeutic discovery and their translation into therapies that benefit patients. Diagnostic
paradigms, epidemiology studies, current therapeutics targets (eg, amyloid, tau, APOE,
energy metabolism, various receptors, cholesterol, and fat metabolism), and strategies for
drug discovery are described. The value and also limits of preclinical models are also elabo-
rated. The book also provides insights into the physicochemical properties that are necessary
for such drugs, the role of in vivo models in evaluating potential efficacy, and a compendium
of current agents in clinical trials. In addition, nonpharmacological treatment approaches and
the national plan and resources available for anyone embarking on research in this area are
discussed.

The editor, Adeboye Adejare, is an outstanding medicinal chemist and a professor at the
Philadelphia College of Pharmacy, University of the Sciences, in Philadelphia. He has over 40
publications and four issued patents. He has served on many grant review committees that
focus on CNS drug discovery including the National Institutes of Health, National Science
Foundation, and Alzheimer’s Association panels. He has also served as a consultant to the
Food and Drug Administration, the Educational Testing Service (College Board, Princeton,
New Jersey), as well as to many companies. He is editor of the Pharmaceutical Chemistry
section of the 22nd edition of Remington: The Science and Practice of Pharmacy. The authors are
experts in their various areas and several have industrial and/or clinical experiences.

The book is designed for college graduates involved in the drug discovery process, whether
in academia, research institutes, or the pharmaceutical industry, and for chemists who are
involved in drug design and those involved in clinical trials. Also laboratories and start-up
companies that do not have access to extensive resources may find the book useful.

Todd E. Golde, M.D., Ph.D.
Director, Center for Translational Research in Neurodegenerative Diseases
Professor, Department of Neuroscience, College of Medicine, University of Florida
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Preface

The incidence of neurodegenerative disorders (NDs) keeps increasing. This increase is in
part due to the fact that we are living longer, thanks to advances in the treatments of micro-
bial infections, cardiovascular disorders, cancer, and other diseases. A good illustration of the
dilemma presented by NDs is with Alzheimer’s disease (AD). Prevalence has a high correla-
tion with age. The Alzheimer Association estimates that there are about 5.4 million people liv-
ing with AD and that given the current trajectory in longevity, as many as 13.8 million people
may be battling the disease by 2050 (www.alz.org). The last US Food and Drug Adminis-
tration-approved new chemical entity for AD was in 2003. So, while the need is increasing,
treatment options have been very limited and stagnant for over a decade. Many clinical trials
have failed to yield promising results. The costs to society using social or financial measures
are staggering and increasing. A similar scenario holds for other NDs such as Parkinson’s dis-
ease, amyotrophic lateral sclerosis, and Huntington’s disease though the numbers of people
affected and therefore societal burden are lower. This situation calls for a fresh look at drug
discovery for NDs, hence this book.

From reading literature and serving on many NDs drug discovery grant review panels, it
became clear to me that while many of those efforts may be good science and certainly worth-
while, they may not necessarily lead to the main goals of the investigators, which in many
instances are drugs for AD. This observation is further supported by the many clinical trials
that failed to reach desired end points. A goal of this book is to provide a comprehensive look
at drug discovery in this space. The approach to drug discovery for NDs is necessarily very
different from those for microbial infections, cardiovascular disorders, cancer, and others. We
have to deal with blood-brain barrier permeability issues in addition to complexity of the
neuron and the chronic nature of the disease. The book provides information that investiga-
tors may find very useful, from where to go for research funding to which drugs are in clinical
trials, what are their mechanisms of action, and by which company.

The editor is extremely grateful to the outstanding scientists who opted to write chapters
in their various areas of expertise despite their very busy schedules. Broadly, the book can
be divided into five parts. Part I has four chapters and deals with an introduction to NDs,
AD diagnosis, national plan and resources to address AD, and current medications. Chapter
3 on national plan and resources to address AD is fairly unique to this book. Part II consists
of Chapter 5, which deals with physicochemical properties desired for an AD medication
especially if it is to be administered orally, which is the preferred route in most cases. These
guidelines are for potential small molecule therapies, regardless of mechanisms of action.
Part III deals with drug targets, from various pharmacological receptors to the amyloid
hypothesis, tau proteins, cholesterol and fat metabolism as well as energy metabolism. These
were covered in Chapters 6 to 10. Part IV deals with in vivo models that can be utilized
in drug discovery, from simple ones such as Caenorhabditis elegans (Chapter 11) to rodents
(Chapter 12), as well as advantages and limitations presented by each model. The last part
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deals with relevant topics that are not necessarily covered in many drug discovery books but
which are very relevant in these efforts. Chapter 13 deals with drugs at different phases of
clinical trials including mechanisms of action and sponsoring companies. The final chapter
deals with nonpharmacological treatment approaches, which range from cognitive training
to diet and environmental modification. These approaches can attenuate AD and therefore be
part of a comprehensive plan where they exert synergistic effects with drugs.

The book is designed for scientists involved in drug discovery, from chemists to pharma-
cologists and clinicians; be they in academia, research institutes, or the pharmaceutical indus-
try. Others such as physicians, patients, and their families may find it useful, for example, in
deciding in which clinical trials to participate. The book has been written in such a manner
that anyone with a college education especially in the sciences can read and understand the
many topics. It can also be used as a textbook for upper-level undergraduate and graduate
courses on drug discovery in the area of neuroscience addressed.

Adeboye Adejare, Ph.D.

Professor, Philadelphia College of Pharmacy
University of the Sciences

Philadelphia, PA, USA

July 2016
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INTRODUCTION

Neurodegeneration covers a wide spectrum of neurological disorders. These disorders can
manifest with many different symptoms, including cognitive impairment, speech difficul-
ties, and motor dysfunction. The underlying pathological hallmark shared by neurodegen-
erative disorders is the loss of neuronal populations in the brain and/or spinal cord. The
particular areas of the brain and spinal cord in which neuronal loss occurs dictate the clinical
features of a given neurodegenerative disorder. Neurodegenerative disorders include com-
mon and uncommon diseases including Alzheimer’s disease (AD), Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD), dementia with Lewy bodies
(DLB), progressive supranuclear palsy (PSP), multiple system atrophy (MSA), corticobasal

Drug Discovery Approaches for the Treatment of Neurodegenerative Disorders
http://dx.doi.org/10.1016/B978-0-12-802810-0.00001-5 1 © 2017 Elsevier Inc. All rights reserved.



2 1. OVERVIEW OF NEURODEGENERATIVE DISORDERS

degeneration (CBD), frontotemporal dementia (FTD), spinocerebellar ataxia (SCA) disorders,
and spinal muscular atrophy, among others. This chapter is not meant to be an all-inclusive
review of this large and diverse group of disorders but to serve as an introduction to neuro-
degeneration in general. In this chapter, we will focus on AD, along with PD, HD, and ALS, as
examples of the more common neurodegenerative disorders to discuss some of the similari-
ties and differences among this broad class of neurological disorders.

As a whole, neurodegenerative disorders are common. AD is the most common neuro-
degenerative disorder. AD is the sixth-leading cause of death in the United States (Murphy
et al., 2013). Approximately 5million Americans over the age of 65 had AD in 2010, which
translates to about 11% of Americans over age 65 as having AD (Alzheimer’s Association,
2014; Hebert et al., 2013). With the expected aging of the US population, it is estimated that
13.8 million older Americans will have AD in 2050 (Hebert et al., 2013). The second most com-
mon neurodegenerative disorder is PD, with an estimated prevalence of PD in the United
States of about 630,000 cases in 2010 (Kowal et al., 2013). As with AD, the prevalence of PD
is age related, with a dramatic increase in prevalence after age 65. While the prevalence is
estimated at 0.3% in the general US population, the prevalence rate is 1-2% over age 65 and
4-5% over age 85 (Dorsey et al., 2007; Hirtz et al., 2007; Kowal et al., 2013; Noyes et al., 2006;
Weintraub et al., 2008). As with AD, the prevalence of PD is dramatically increasing, with an
expected doubling of PD prevalence by the year 2040 (Dorsey et al., 2007; Kowal et al., 2013).

With the anticipated rise in AD and PD cases in the next several decades, the expected
societal burden and financial costs of these two disorders are sky-rocketing. In the case of AD
and related dementias, the estimated total health care costs were $214billion in 2014, with
about 70% paid by Medicare and Medicaid (Alzheimer’s Association, 2014). Additionally,
it is estimated that 17.7billion hours of unpaid care was provided by caregivers for patients
with AD and other dementias in 2013, valued at about $220.2billion (Alzheimer’s Associa-
tion, 2014). Given the expected increase in AD prevalence, the predicted health care costs for
AD will reach $1.2trillion in 2050 (Alzheimer’s Association, 2014). The anticipated costs for
PD are less, because of the lower prevalence, but are still considerable. Estimated medical
costs secondary to PD were about $8billion in the United States in 2010, and costs caused by
reduced employment and other indirect costs were estimated at $6.3billion in 2010 (Kowal
et al., 2013). By 2050, the projected medical costs secondary to PD will reach $18.5billion
(Kowal et al., 2013). While other neurodegenerative disorders are less common, they still
cause considerable disability and loss of life.

CLINICAL FEATURES OF COMMON NEURODEGENERATIVE
DISORDERS

While all neurodegenerative diseases are marked by neuronal loss and atrophy, these dis-
orders vary greatly in the clinical manifestations of the disorder. Some disorders, such as AD
or FTD, are marked by significant cognitive decline, while other disorders, such as PD and
ALS, are initially marked by motor impairment. Some disorders, such as HD, can have motor,
psychiatric, and cognitive impairment as predominant features early on. The common neuro-
degenerative disorders can usually be distinguished by a thorough neurological evaluation,
yet the rarer disorders, such as PSP and MSA, can often be difficult to distinguish from their
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more common relatives early on in the disease course. While each neurodegenerative disor-
der has its distinguishing features, these diseases can look somewhat similar at the end stage
with patients becoming bed bound, mute, incontinent, and unable to care for self.

Alzheimer’s disease, the most common neurodegenerative disorder, is marked by memory
impairment. Patients initially present with memory dysfunction. Episodic memory is typi-
cally affected, with more recent events being more difficult to remember and a tendency of
more distant memories preserved initially. Patients also have early impairment in semantic
memory, memory involving knowledge of facts about the world, but procedural memory
is not affected. Other cognitive dimensions involved in AD include language, visuospatial
function, praxis, and executive function. AD patients have language difficulties that manifest
early in the disease as reduced verbal fluency and naming. Anosognosia, or lack of awareness
of cognitive decline, is common in AD. Patients often have neuropsychiatric disturbances,
including depression, delusions, hallucinations, behavioral disturbances such as agitation,
and personality changes. However, these features can be seen in other neurodegenerative
dementias, such as FTD and DLB, and the constellation of other neurological features is used
for distinguishing these disorders.

PD has been classically defined as a motor disorder. The cardinal motor features of PD
include resting tremor, bradykinesia, rigidity, and gait imbalance. However, the nonmotor
features of PD have been increasingly recognized in the last decade. Nonmotor features of
PD include cognitive impairment, psychiatric symptoms, autonomic dysfunction, and sleep
disturbances. Autonomic dysfunction includes constipation, gastrointestinal motility issues,
urinary symptoms, orthostatic hypotension, and sexual dysfunction. Common psychiatric
features include depression and anxiety. In later stages of PD, patients develop cognitive
decline and potentially full-blown dementia. In contrast to AD, memory impairment is not
typically seen in PD, but cognitive impairment in PD is marked by deficits in attention and
executive function, hallucinations, and psychosis. Sleep disturbances include sleep apnea,
daytime sleepiness, and rapid eye movement sleep behavior disorder (RBD). Certain nonmo-
tor features, such as RBD, loss of sense of smell, and constipation, are likely the initial features
of PD that may predate the motor features by 10 or more years.

ALS presents with weakness and atrophy in a focal group of muscles and then spreads to
contiguous muscles before spreading to other parts of the body. Typically, the weakness first
develops in one limb, although in some patients the weakness can begin in bulbar muscles,
affecting speech and swallowing. Patients also note fasciculations or muscle twitches. Tradi-
tionally, cognitive and behavioral impairments have not been viewed as a feature of ALS, yet
patients can have deficits in executive function, anomia, impaired verbal fluency, apathy, and
personality changes (Phukan et al., 2007; Ringholz et al., 2005; Witgert et al., 2010). If not the
presenting feature of their disease, patients eventually develop severe dysarthria and dys-
phagia, which impedes their caloric intake and thus worsens their weakness. Patients with
ALS decline relatively rapidly and eventually develop respiratory failure.

HD presents clinically with a triad of psychiatric illness, cognitive impairment, and motor
dysfunction. When HD manifests during adulthood, patients can present with either motor
symptoms or behavioral symptoms initially. Psychiatric symptoms include depression, anxi-
ety, and less likely mania and psychosis. Rates of suicide are very high in patients with HD.
Behavioral disturbances are common. HD patients may have aggressive behaviors toward
others. Patients also develop cognitive impairment, with decline in attention, motivation,
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insight, problem solving, and executive function. They often lack insight into their own ill-
ness. The motor dysfunction is typically marked by choreiform movements, which are exces-
sive, involuntary movements involving the limbs, face, tongue, and trunk. Patients develop
incoordination, bradykinesia, impaired eye movements, dysarthria, dysphagia, and gait dif-
ficulty. The clinical presentation in childhood is quite different. Juvenile HD is marked by
akinesia and rigidity along with cerebellar ataxia and seizures. Diagnosis of the disorder is
made by genetic testing for the CAG repeat expansion in the huntingtin (htt) gene.

For many of these disorders, including AD, PD, and ALS, the diagnosis is made based on
clinical criteria. There is no specific imaging or laboratory test that can confirm the diagnosis,
leading to some diagnostic uncertainty for some patients with evidence of neurodegenera-
tion. This lack of diagnostic uncertainty not only affects individual patients with questions
regarding treatment options and prognosis, but affects the field of neurodegeneration as a
whole, particularly in the development of new therapies. The lack of clear biomarkers for
many of these disorders complicates the design and interpretation of clinical trials. For exam-
ple, the lack of a therapeutic effect of a new drug in a clinical trial could be affected if a fair
number of patients are misdiagnosed and included in the trial. It is also difficult to measure
disease progression objectively without distinct biomarkers. For certain disorders, the diag-
nosis can be confirmed irrefutably. This is true of those diseases caused by genetic mutations,
such as HD and SCAs. However, the current cost of genetic testing can be a significant barrier
for diagnosis for many patients, as many insurance policies will not cover genetic testing.

PATHOLOGICAL FEATURES OF COMMON NEURODEGENERATIVE
DISORDERS

Common pathological features shared among the neurodegenerative disorders are neuro-
nal cell loss, gliosis, atrophy, and pathological protein inclusions. These disorders differ in the
details of the neuropathology—which neuronal populations are lost, what proteins are found
in inclusions, and the subcellular localization of these inclusions.

In AD, the key pathological features include neuron loss, amyloid plaques, and neurofi-
brillary tangles. Atrophy is predominant in temporal and parietal cortex because of neuronal
loss. Neuron loss is predominant in layers 3 and 5 of the neocortex, CA1 region of the hip-
pocampus, and layers 2 and 5 in the entorhinal cortex. Plaques are composed of abnormal
neurites and glial processes surrounding a central core composed of f-amyloid. f-Amyloid
can also be found in the cerebral blood vessels. Plaques are mostly found in cerebral cortex
and hippocampus. Neurofibrillary tangles are composed of excessively phosphorylated tau
protein that form paired helical filaments that are deposited in soma and processes of neu-
rons. In the earliest stages, neurofibrillary tangles develop in the transentorhinal cortex and
then spread to the entorhinal cortex and hippocampus prior to neocortical regions (Braak and
Braak, 1991, 1995). These tangles are not specific to AD, but are found in other neurodegen-
erative disorders, including PSP and dementia pugilistica.

PD was classically described as caused by loss of dopaminergic neurons within the sub-
stantia nigra with associated Lewy bodies, cytoplasmic aggregates made up predominantly
of alpha-synuclein (Spillantini et al., 1997). The motor features of this disorder are caused by
the loss of these nigral neurons, but many other brain areas are also involved in PD. Braak
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and colleagues have shown that the likely first regions involved in PD include the olfactory
bulb and dorsal motor nucleus of vagus, which may explain the common symptoms of con-
stipation and hyposmia, which predate the motor findings by many years (Braak et al., 2003).
In stage 1II, alpha-synuclein pathology is found in pontine structures, such as the locus coe-
ruleus and raphe nuclei, but it is not until stage III when nigral involvement is predominant
(Braak et al., 2003). In more advanced disease, cortical involvement is seen (Braak et al., 2003).

ALS is marked by the loss of lower motor neurons in the anterior horn of the spinal cord
and cranial motor nuclei. In addition, there is degeneration and loss of upper motor neurons
in the motor cortex, particularly involving Betz cells. With the loss of these upper motor neu-
rons, there is gliosis of the lateral corticospinal tracts. Affected muscles show grouped atro-
phy caused by denervation of muscle fibers. Ubiquitin-positive, proteinaceous inclusions are
seen but are of variable composition compared to AD and PD, in which f-amyloid and tau or
alpha-synuclein, respectively, are the predominant components. In certain familial forms of
ALS, proteins that are the product of the related gene mutation can be found within the inclu-
sions, including superoxide dismutase 1 (SOD1), TAR DNA-binding protein 43 (TDP-43), and
fused in sarcoma (FUS), among others (Al-Chalabi et al., 2012).

HD is marked by predominant atrophy of the striatum and cortex. The caudate is particu-
larly affected with significant loss of medium spiny neurons and less loss of glial cells. Inclu-
sions found in the disorder are composed predominantly of the huntingtin protein and tend
to be localized to the nucleus.

Neurodegenerative disorders are often classified into groups based on the predominant
protein that is found aggregated in the brains. Tauopathies are disorders in which neurofi-
brillary tangles are found and other tau-based aggregates. These include PSP, FTD, and CBD,
among other disorders, and the clinical phenotype and thus clinical and neuropathological
diagnosis are related to the specific brain areas affected in each disorder. Synucleinopathies
are those disorders in which alpha-synuclein aggregates are found in the brain, and include
PD, DLB, and MSA, among others. In PD and DLB, the alpha-synuclein aggregates are found
in neurons, while in MSA the aggregates are predominantly in glial cells. Other newer classi-
fications being recognized include disorders marked by deposition of TDP-43 or other RNA-
binding proteins.

CURRENT TREATMENT OPTIONS

None of the current therapies for any of the neurodegenerative disorders slow or stop neu-
rodegeneration, and patients with these disorders progressively get worse. Current treatment
options are aimed at treating the symptoms of the disease. For several of the neurodegen-
erative disorders, these therapies can make a big difference in the quality of life of patients.
Therapies for PD are perhaps the most effective at improving the symptoms and keeping
patients more active. Most of the therapies in PD are targeted toward treating the motor
symptoms, including tremor, slowness, stiffness, and gait difficulties. As these motor symp-
toms are secondary to the loss of dopaminergic neurons in the substantia nigra, treatments
aimed at promoting dopaminergic function are effective at treating these symptoms. Most
PD medications act on dopamine neurochemistry (Fig. 1.1). The most effective medication for
PD is levodopa, which is a precursor for dopamine. Dopamine receptor agonists can act on
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FIGURE 1.1 Dopamine-based medications for use in Parkinson’s disease. 3-MT, 3-methoxytyramine; AADC,
aromatic amino acid decarboxylase; COMT, catechol-o-methyltransferase; D,R, D2 dopamine receptor; DA, dopa-
mine; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; MAO, monoamine oxidase; TH, tyrosine
hydroxylase.

postsynaptic receptors to activate dopamine signaling in the basal ganglia. Other dopamine-
based drugs include inhibitors of monoamine oxidase or catechol-o-methyltransferase, two
enzymes that metabolize dopamine in the synaptic cleft into inactive metabolites. Beyond
pharmaceutical agents, surgical interventions, particularly deep brain stimulation, are other
effective therapies for treating the motor symptoms of PD.

While these PD medications are effective at controlling tremor, stiffness, and slowness,
there are many limitations to these drugs. None of these medications fail to slow the continued
degeneration of neurons in the brain, and these medications treat only the motor symptoms.
PD also causes a range of nonmotor symptoms, including autonomic dysfunction, depression,
anxiety, sleep disorders, and cognitive impairment, but the dopamine-based medications fail to
treat these symptoms. Available therapies, particularly levodopa, can eventually lead to motor
complications, including dyskinesias and motor fluctuations, which are difficult to treat.

In the case of most other neurodegenerative disorders, the therapeutic options are much
more limited. In AD, acetylcholinesterase inhibitors and memantine have been approved to
treat the cognitive disorder, yet these therapies have a small but significant impact on cogni-
tive dysfunction in AD (Reisberg et al., 2003; Rogers et al., 1998; Tariot et al., 2004). In ALS,
riluzole has been shown to extend the lifespan of treated patients by a few months (Miller
et al., 2009). No other therapy tested in clinical trials has been shown to impact disease pro-
gression. In HD, treatments are also symptomatic. The choreiform movements can be con-
trolled with dopamine inhibitors, such as tetrabenazine or dopamine receptor antagonists.
No treatments are effective at treating the cognitive deficits. Psychiatric disorders can be
treated with psychiatric medications, such as antidepressants for depression and dopamine
receptor antagonists for psychosis.
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Because of the lack of effective therapies, the prognosis is poor for most of these disor-
ders. ALS perhaps has the grimmest prognosis. Median survival of patients with ALS ranges
from 2 to Syears. Patients succumb to respiratory failure. Median survival in AD is about
8years, and the common cause of death is pneumonia. Median survival in HD is more vari-
able, ranging usually between 10 and 20years from symptom onset. An inverse correlation
exists between CAG repeat size and progression of the disorder. With longer repeats, the dis-
order starts at an earlier age and progresses more rapidly. Patient often die from aspiration,
but suicide is a common cause of death. The effect of PD on survival is less clear—mortality
rates for patients with PD are estimated to be increased at least twofold compared to persons
without PD (Louis et al., 1997; Morens et al., 1996; Morgante et al., 2000). While survival rates
in PD are not clear-cut, this disorder has been shown in longitudinal studies to cause signifi-
cant disability over time. A longitudinal study of 136 newly diagnosed PD patients in Aus-
tralia revealed that nearly 75% had died by 20years, and among those who were still living
at 20years, 83% had dementia and 48% were living in a nursing home, with only one patient
still living independently (Hely et al., 2008).

To ultimately change the poor prognoses of these disorders, better therapies need to be
developed to target the underlying causes of neuronal loss. To achieve this, we need a better
understanding of the underlying mechanisms of neurodegeneration.

COMMON MECHANISMS IMPLICATED IN NEURODEGENERATION

HD is a purely genetic disorder caused by the CAG repeat expansion in the huntingtin
gene. ALS, AD, and PD are more commonly sporadic in nature, but specific gene mutations
can cause autosomal dominant or autosomal recessive forms of these disorders, often starting
earlier in life than sporadic forms of these illnesses. In addition, genetic factors are recognized
to play a role in the risk of these disorders.

While the cause of each neurodegenerative disorder differs, these clinically disparate disor-
ders do share commonalities in molecular mechanisms involved in neurodegeneration once
the disease process has been initiated. For many neurodegeneration disorders, mechanisms
leading to cell death include mitochondrial dysfunction, oxidative stress, loss of growth fac-
tors, proteasomal dysfunction, autophagic/lysosomal dysfunction, excitotoxicity, protein
aggregation, prion-like spread, and neuroinflammation. No one mechanism appears to be
primary in neurodegeneration, and these pathogenic mechanisms likely act synergistically
through complex interactions to promote neurodegeneration.

Mitochondrial Dysfunction

The role of mitochondrial dysfunction and oxidative stress has been implicated in neu-
rodegeneration for a long time. Oxidative stress results from an overabundance of reactive
free radicals secondary to either an overproduction of reactive species and/or a failure of cell
buffering mechanisms that normally limit their accumulation. Excess reactive species can
react with cellular macromolecules and thereby disrupt their normal functions. Alterations
in mitochondrial function and evidence of oxidative damage to proteins, lipids, and nucleic
acids have been found in human AD (Hensley et al., 1995; Markesbery and Lovell, 1998;
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Wang et al., 2014) and PD (Alam et al., 1997; Dexter et al., 1994; Schapira et al., 1989; Schapira
et al., 2014). In HD, mutant huntingtin causes mitochondrial dysfunction with impaired cal-
cium homeostasis, mitochondrial membrane potential, and complex II and III activity, and
alterations in mitophagy (Gu et al., 1996; Panov et al., 2002; Schapira et al., 2014; Song et al.,
2011). Epidemiological studies have shown that pesticides that inhibit mitochondrial func-
tion can increase the risk of PD, AD, and ALS (Baltazar et al., 2014). Complex I inhibitors can
induce Parkinsonism in animal models (Betarbet et al., 2000; Langston et al., 1983; Langston
et al., 1984), and the mitochondrial inhibitor 3-nitropropionic acid can cause a Huntington-
like phenotype in animals (Brouillet et al., 1999).

There is also evidence of impairment of endogenous protective mechanisms. The anti-
oxidant protein glutathione is reduced in postmortem PD nigra (Perry and Yong, 1986; Sian
et al., 1994; Sofic et al., 1992), while activity of antioxidants, such as SOD, catalase, and glu-
tathione peroxidase are reduced in AD brain (Marcus et al., 1998; Omar et al., 1999; Wang
et al., 2014). Several genes linked to familial forms of ALS and PD play a role in protection
against oxidative stress, including phosphatase and tensin homolog-induced putative kinase
(PINK1), DJ-1, and SOD1 (Clark et al., 2006; Kim et al., 2005; Lee, Hyun, Jenner and Halliwell,
2001; Park et al., 2006; Yokota et al., 2003).

Protein Aggregation and Clearance

Protein aggregation and misfolding have emerged as important mechanisms in many neu-
rodegenerative disorders. While the proteins involved in these disorders are different, each
is associated with characteristic aggregates of misfolded protein, and these abnormal aggre-
gates appear to acquire toxic properties. The mechanism by which overabundance or aggre-
gation of the pathogenic protein, whether alpha-synuclein, huntingtin, SOD, TDP-43, or tau,
causes neuronal injury is not well understood. Hypotheses include toxic effects of aggregates
on proteasomal or autophagic function, effects on gene transcription, interactions of patho-
genic proteins with cell signaling and cell death cascades, and aggregate-mediated activation
of inflammatory mechanisms.

Protein misfolding observed in neurodegeneration can be placed in the broader context of
proteostasis, the homeostatic balance of the proteins within cells, which is maintained by cel-
lular mechanisms regulating protein synthesis, folding, trafficking, and degradation (Balch
etal., 2008; Lim and Yue, 2015; Morimoto, 2008; Prahlad and Morimoto, 2009). The capacity of
cells to clear misfolded proteins is limited and cell-type specific, with neurons being particu-
larly vulnerable to the build-up of aggregated proteins (Balch et al., 2008; Lim and Yue, 2015;
Morimoto, 2008; Prahlad and Morimoto, 2009). Clearance requires the coordinated activity
of chaperones, proteasomal degradation, and autophagy-lysosomal mechanisms, and these
mechanisms may become overwhelmed if a large number of aberrant proteins are present.
Evidence for disrupted protein clearance in many neurodegenerative disorders is growing.
Autophagic failure has been noted in animal models or postmortem brains for AD, PD, and
HD (Anglade et al., 1997; Kegel et al., 2000; Martinez-Vicente, 2015; Nixon et al., 2005). Dis-
ease-associated mutations or accumulation of alpha-synuclein, mutant htt, and Af peptide is
associated with disruption of autophagy and lysosomal function (Cuervo et al., 2004; Heng
et al., 2010; Lee et al., 2010; Martinez-Vicente, 2015; Martinez-Vicente et al., 2010; Pickford
et al., 2008; Winslow et al., 2010). In addition, failure of protein quality control mechanisms
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can itself initiate neurodegeneration. For example, proteasomal inhibitors cause Parkinson-
ism and loss of nigral neurons in animals (McNaught et al., 2004). Conditional knockout of
key genes required for proteasome function can cause Parkinsonism or motor neuron disease
(Bedford et al., 2008; Tashiro et al., 2012), and similarly conditional knockout of autophagy
genes can cause neurodegeneration in mice (Hara et al., 2006; Komatsu et al., 2006). Genes
linked to PD, such as PINK1, parkin, ATP13A2, and glucocerebrosidase, play roles in mitoph-
agy and lysosomal function (Martinez-Vicente, 2015). Aging, the key risk factor for neuro-
degeneration, has been associated with reduced proteasomal function (Tonoki et al., 2009)
and autophagy (Yamaguchi and Otsu, 2012), which may explain the increasing prevalence of
neurodegenerative disorders with age.

Prion-Like Spread

A new concept in neurodegeneration is the potential for key aggregation-prone proteins
observed in neurodegenerative disorders to spread from one neuron to another (Brundin
et al., 2010; Costanzo and Zurzolo, 2013; Lim and Yue, 2015; Polymenidou and Cleveland,
2012). In PD, HD, and AD, brain regions affected are synaptically connected regions, sug-
gesting that some “signal” may be spread from earlier involved regions to new regions. In
all three disorders, the progression of disease follows a predictable and stereotyped pattern.
This was first described in PD and AD by Braak and colleagues (Braak and Braak, 1991, 1995;
Braak et al., 2003). Detection of alpha-synuclein, tau, and SOD in cerebrospinal fluid suggest
that these proteins can be released by cells and thus become available for uptake by neigh-
boring neurons or glia (Arai et al., 1995; Borghi et al., 2000; El-Agnaf et al., 2003; Zetterstrom
et al.,, 2011). Animal studies in which rodents were injected with aggregated tau or alpha-
synuclein have demonstrated the spread of the aggregating protein from one brain region
to another in vivo (de Calignon et al., 2012; Liu et al., 2012; Luk et al., 2012). Injection of
brain lysates from patients with PD or MSA into rodents caused alpha-synuclein aggrega-
tion and neurodegeneration (Recasens et al., 2014; Watts et al., 2013). Cell-to-cell spread has
been demonstrated in cell culture and/or in vivo for alpha-synuclein (Desplats et al., 2009;
Hansen et al., 2011), tau (Kfoury et al., 2012; Sanders et al., 2014), and htt (Costanzo et al,,
2013). Evidence for prion-like spread of SOD1, TDP-43, and FUS is also accumulating for
ALS (S. Lee and Kim, 2015). How these pathogenic proteins are transferred is not well under-
stood, but potential cellular pathways involved, including exosomes, tunneling nanotubes,
synaptic release, recycling endosomal pathways, fluid-phase or receptor-mediated endocyto-
sis, and direct translocation across plasma membrane, are among those mechanisms invoked
(Costanzo and Zurzolo, 2013).

Inflammation

The role of inflammation has been long ignored in neurodegenerative disorders, but
neuroinflammation has been increasingly recognized as a primary mechanism involved in
neurodegeneration. Epidemiological studies have suggested that certain nonsteroidal anti-
inflammatory drugs and statin drugs may reduce the risk of PD and AD (Bower et al., 2006;
Chen et al., 2003, 2005; Hernan et al., 2006; Jick et al., 2000; Launer, 2003; Ton et al., 2006;
Wahner et al., 2008, Wolozin et al., 2000, 2007). Genes associated with immune function,
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including Triggering receptor expressed on myeloid cells 2 and CD33, are associated with risk of
AD (Guerreiro et al., 2013; Hollingworth et al., 2011; Naj et al., 2011). Microglial activation is
observed in postmortem AD, ALS, HD, and PD brains, as well as in animal models (Chao
et al., 2014; Crotti and Glass, 2015; Heneka et al., 2015; Henkel et al., 2009). Proinflammatory
cytokines and chemokines are elevated in human AD, ALS, HD, and PD and animal models
(Chao et al., 2014; Crotti and Glass, 2015; Heneka et al., 2015; Henkel et al., 2009). A potential
role of peripheral immune cells is suggested by the evidence of T cells in human PD brain in
human ALS spinal cord (Brochard et al., 2009; Engelhardt et al., 1993).

A central issue is how the inflammatory process is related to neurodegeneration. Until
recently, inflammation was viewed primarily as a secondary consequence of cell death, with
microglia playing a role in removing cellular debris. Recent work, however, has pointed to
a much earlier and active role of inflammation and has suggested that inflammation may
promote the progression of neural injury. Expression of mutant proteins associated with
neurodegenerative disorders, such as mutant htt, Leucine-rich repeat kinase 2, or SOD], is
associated with activation of microglia and astrocytes and impairment of normal astrocytic
function, such as glutamate uptake (Almer et al., 1999; Crotti et al., 2014; Gillardon et al,,
2012; Hall et al., 1998; Lievens et al., 2001; Shin et al., 2005). Expression of mutant proteins
in inflammatory cells is at least partially responsible for neurodegeneration. For example,
expression of mutant htt in only microglia or astrocytes can cause increased brain inflamma-
tion and neurological symptoms (Bradford et al., 2009; Hsiao et al., 2013), while reduction of
mutant SOD1 expression in microglia slowed disease progression and death in SOD1 trans-
genic mice (Beers et al., 2006; Boillee et al., 2006). Protein aggregates could serve as a trigger
for the inflammatory response in neurodegeneration. For example, aggregated or nitrated
alpha-synuclein can directly trigger microglial and humoral responses (Benner et al., 2008;
Reynolds, et al., 2008a,b; Theodore et al., 2008; Zhang et al., 2005). Ap aggregates can also
bind and activate microglia (Bamberger et al., 2003; El Khoury et al., 2003; Paresce et al., 1996).
Excessive activation of microglia and astrocytes in response to mutant and/or aggregated
proteins can lead to the death of more neurons, resulting in a vicious feed-forward cycle in
which the release of more proteins from dying cells can induce further microglia and astro-
cytic activation (Crotti and Glass, 2015).

GOALS FOR NEW DRUG THERAPIES FOR NEURODEGENERATION

Ultimately, better understanding of the mechanisms underlying neurodegeneration
should lead to better therapeutic options. As noted earlier, current therapies at best treat
the symptoms of the disease but fail to slow disease progression. The goal of therapeutic
development for neurodegenerative disorders is to develop drugs that slow down or stop
the neurodegenerative process. So-called neuroprotective, or disease-modifying, therapies
would not only treat the symptoms but slow the continued loss of neurons in disease. While
such disease-modifying therapies may not be curative and restore those cells already lost
by the time of diagnosis, such therapies would thus dramatically change the grim prog-
nosis for most of these disorders. Patients afflicted with these disorders would develop
disability at a much slower pace and median survival would also improve. The earlier
the therapies are started, the slower that neurons are lost and thus the slower that clinical
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features present. Advances in presymptomatic diagnosis of many neurodegenerative disor-
ders suggest that detection of the disease process before the onset of visible symptoms will
become practical in the near future. Indeed, for those neurodegenerative disorders caused
by gene mutations in which gene testing can be performed in at-risk populations, such as
HD or SCAs, presymptomatic diagnosis already occurs. Once disease modifying therapies
are available, the initiation of therapies that slow or stop the neurodegenerative process
may prevent patients at risk for the disease from ever developing the clinical features of the
disorder.
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Alzheimer’s disease (AD) is a neurodegenerative condition that primarily impacts older
adults and manifests as a gradual onset and progressive worsening of cognitive and functional
impairment (Alzheimer’s Association, 2014; McKhann et al., 2011). It is the most common
form of dementia, accounting for approximately 60-80% of cases (Alzheimer’s Association,
2014). The most significant risk factor for AD is age, with individuals over the age of 65 bear-
ing the greatest risk for developing the disease and comprising 5million out of the 5.2 million
affected persons in the United States (Hebert et al., 2013). A notable increase in the population
of individuals over the age of 65 is occurring in the United States, because of the aging of the
large generation of baby boomers (individuals born between 1946 and 1964), as well as inno-
vations in medical knowledge and intervention strategies.
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By 2030, older adults over the age of 65 may constitute an estimated 20% of the total pop-
ulation in America, compared to 13% in 2010 (Vincent and Velkof, 2010). In turn, it is pre-
dicted that approximately 8.4 million of these individuals will have a diagnosis of AD, a 68%
increase from 2014 prevalence rates. By 2050, the number of individuals with AD could reach
13.8 million, or three times the 2014 prevalence rate (Alzheimer’s Association, 2014; Herbert
et al., 2013). The aging population combined with increased awareness and improved diag-
nostic procedures will result in an exponential increase in the number of older adults diag-
nosed with AD in the upcoming decades. This is a looming public health crisis, especially
given the debilitating nature of the disease, significant social and economic costs to society,
and growing disparity between the number of geriatric health care specialists and those in
need of care (Alzheimer’s Association, 2014). Therefore it is imperative for investigators to
continue to elucidate the clinical and pathological disease continuum, with the ultimate goal
of uncovering a successful disease-modifying treatment for AD—the only major cause of
death that, as of yet, has none (Sperling et al., 2013b).

Patients, caregivers, and even some health care providers, may mistake early symptoms
of AD as normal aging. Common examples include labels such as “just old age,” “just senil-
ity,” or “old age depression” (Small et al., 1997). AD—or dementia—and old age, however,
are not synonymous. Although change in cognitive performance may be expected with the
aging process, progressively disabling functional and cognitive symptoms are not part of
conventional aging models. When such symptoms do progress, older adults and their care-
givers often rely on health care experts to provide symptom evaluation, health education,
and referral for specialized care (Holzer et al., 2013). As such, good clinical practice and
clinical trials management demand close attention to guidelines for how AD is diagnosed,
especially as the potential for diagnosis is pushed to earlier disease stages. These early
stages may predate the onset of even very early cognitive and functional decline (ie, “pre-
clinical AD”) and incorporate pathophysiological [eg, amyloid imaging, cerebrospinal fluid
(CSF) Ap and CSF tau] and topographic [eg, magnetic resonance imaging (MRI), fluorode-
oxyglucose-positron emission tomography, and single photon emission computed tomog-
raphy] biomarkers. This chapter provides an overview of current diagnostic approaches to
AD and offers specific examples of how particular cognitive and functional measures may
be implemented to aid in diagnosis.

DIAGNOSIS OF ALZHEIMER’S DISEASE

In a living person, the diagnosis of AD is largely based on the presence of cognitive deficits
in two or more domains severe enough to interfere with normal daily functioning. These stan-
dards are well known in the AD community as the National Institute of Neurological and
Communicative Disorders and Stroke—Alzheimer’s Disease and Related Disorders Associa-
tion (NINCDS-ADRDA) criteria (McKhann et al., 1984). These criteria have been very suc-
cessful—standing as the primary AD diagnostic guidelines for more than a quarter century
and achieving sensitivity for detecting AD greater than 80% and specificity distinguishing
AD from other conditions of approximately 70% (Knopman et al., 2001). Lower specificity is
expected because AD shares clinical features with other forms of dementia, including vascu-
lar dementia, dementia with Lewy bodies, and behavioral variant frontotemporal dementia.
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In response to the more recent advances in our understanding of and ability to detect the
pathophysiological changes that occur in the clinical spectrum of AD, ajoint National Institute
on Aging/Alzheimer’s Association (NIA-AA) Work Group revised the NINCDS-ADRDA cri-
teria for Probable AD in 2011. In that revision, the criteria for Probable AD were essentially
unchanged—Ileaving in place Probable AD requirements for evidence of functional decline
and cognitive performance below normative expectations. The NIA-AA guidelines added
diagnostic criteria that emphasized the need for evidence of gradual onset and progression
of cognitive symptoms, and recognized variations in presentation as either amnestic or non-
amnestic variants. Furthermore, clinicians and scientists applying the criteria are expected to
confirm the absence of core symptom criteria from other dementia diagnoses, such as vascu-
lar dementia or Lewy body disease, to specify the diagnosis (McKhann et al., 2011).

DIAGNOSIS OF MILD COGNITIVE IMPAIRMENT

Recent NIA-AA working group guidelines (Albert et al., 2011) have also recalibrated the
diagnostic process for mild cognitive impairment (MCI). These guidelines recognize the pres-
ence of significant cognitive impairment that is beyond what is expected in normal aging,
but has not yet caused significant functional decline. The NIA-AA MCI diagnosis is meant
to identify people who have a high likelihood of progressing to Probable AD, with the pres-
ence of AD pathophysiology (ie, MCI due to underlying AD pathology). Core clinical criteria
for the diagnosis of MCI includes (1) concern regarding a change in memory or cognition by
the patient or an informant; (2) impairment in one or more cognitive domains greater than
expected for age and education, often including memory; (3) preservation of independence
in functional abilities or very mild functional impairment; and (4) general cognition and func-
tional performance must be sufficiently preserved such that a diagnosis of AD is not likely.
Furthermore, it should be emphasized that the cognitive diagnostic requirements of MCI
require evidence of intraindividual change. Therefore serial evaluations are optimal, but may
not be feasible in some circumstances (Albert et al., 2011).

Functional Measures and Alzheimer’s Disease and Mild Cognitive
Impairment Diagnosis

As indicated in the NINCDS-ADRDA and NIA-AA criteria, functional assessment remains
an indispensable component of AD evaluations for clinical and research purposes. Functional
evaluations are necessary to differentiate normal aging from MCI and MCI from AD, and
to track AD progression (Desai et al., 2004). While cognitive test performance is a necessary
part of the diagnostic process, functional measures may have higher ecological validity, bet-
ter reveal decline or gain from previous levels of ability, and be less sensitive to the effects
of education and premorbid intelligence (Jorm, 2003; Morris, 1997). Functional assessment is
improved by the careful selection of instruments that guide the evaluation.

The Clinical Dementia Rating Scale (CDR), a commonly used dementia staging instru-
ment, employs a semistructured interview to collect detailed information from both patient
and informant regarding the patient’s ability to function in various domains. The instrument
incorporates items that measure the ability to perform both instrumental activities of daily
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living and basic activities of daily living, as well as cognitively mediated tasks. The CDR
offers a global characterization of everyday functions that may be affected by neurodegenera-
tive disease (Morris, 1997; Hughes et al., 1982), though the value of global characterizations
during the assessment of MCI has been questioned (Chang et al., 2011).

Recent evidence suggests that the wider range of scores available when CDR sum of boxes
(CDR-SB) scoring is employed may provide a more refined analysis of subtle changes associ-
ated with very mild disease or evaluating changes between stages in later AD (Lynch et al.,
2006; O’Bryant, 2011). This improved sensitivity to subtle changes suggests that the CDR-SB
may be suitable as a coprimary endpoint in clinical trials (Cedarbaum et al., 2012; Coley et al.,
2011). In addition, functional decline, as measured by the CDR-SB, is associated with abnor-
mal levels of CSF biomarkers of AD (Okonkwo et al., 2011; Snider et al., 2009). Such findings
suggest that scores on the CDR are sensitive to and reflective of the accumulation of AD bio-
markers and pathology.

Although the CDR is the most well-known, well-studied, dementia staging instrument
(Rikkert et al., 2011), the scale is not without limitations. Primary concerns include a lengthy
rater certification process, 30-min administration time, and clinical judgment required during
both administration and scoring (Morris, 1997). The Dementia Severity Rating Scale (DSRS)
(also known as the Functional Rating Scale) is a brief informant-rated, multiple-choice ques-
tionnaire made up of 12 items that measure functional abilities and parallels CDR content
(Clark and Ewbank, 1996). The DSRS requires minimal staff training to administer, takes
5min to complete, and can be completed via mail, online, or phone. Similar to the CDR-SB,
the DSRS incorporates a broad range of scores, making this instrument useful for quantifying
all levels of functional impairment, and permitting the detection of fine increments of change
over time (Xie et al., 2009). DSRS total scores of 0-11 may be used as a screening boundary
as scores in that range have predicted CDR-SB scores <4, suggesting no or only very mild
impairment (Moelter et al., 2014) and are consistent with CDR global scores of 0-0.5, a range
that appears consistent with the preclinical or MCI phase of AD. A DSRS score of 10 or 11
may be optimal for distinguishing the transition from MCI to AD (Moelter et al., 2014; Roalf
et al., 2012). While there are other functional measures that may be applied when arriving at
a diagnostic decision, CDR-Global, CDR-5B, and DSRS scores are common functional assess-
ment measures for the classification of Alzheimer’s disease, mild cognitive impairment and,
healthy aging.

Cognitive Measures and Alzheimer’s Disease and Mild Cognitive
Impairment Diagnosis

Episodic memory impairment is the hallmark symptom of AD and typical among the ear-
liest detectable signs of the disease (Bateman et al., 2012; Rentz et al., 2013; Salmon, 2012).
Indeed, CSF biomarkers of AD (ie, reduced CSF Af42 and/or increased CSF tau) have been
associated with reduced global cognitive functioning in individuals with MCI. The most
severe disruptions, however, have been observed in memory among individuals with both
abnormal CSF tau and Ap42 (Nordlund et al., 2008). When comparing both MRI and CSF bio-
markers among participants with MCI and AD, episodic memory was associated with corti-
cal thickness in 7 of 10 brain regions associated with AD (Fjell et al., 2008). This finding fits
well with results of PET neuroimaging of f-amyloid cortical burden, measured by Pittsburgh
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Compound B (C-PIB), showing that memory performance is associated with C-PIB binding,
particularly in nondemented, healthy, and MCI older adults (Pike et al., 2007). In a later meta-
analytic study, Hedden et al. (2013) assessed the relationship between amyloid deposition
and neuropsychological functioning in 3495 cognitively normal older adults across 34 stud-
ies, finding that memory had the strongest and most consistent relationship with amyloid,
suggesting that memory performance is the first to change, even in the very earliest stages of
AD (ie, AD-P).

Global cognitive abilities, and memory performance in particular, appear aligned with the
pathophysiological progression of AD; as such the NINCDS-ADRDA and NIA-AA diagnostic
criteria emphasize cognitive assessment as a critical component of most AD evaluations. For
many investigators and clinicians, a brief cognitive screening metric will be among the earli-
est diagnostic steps. We describe here two potential measures. First, the Telephone Interview
for Cognitive Status Modified (TICSm) is an instrument with established reliability and valid-
ity for telephone screening for cognitive impairment associated with mild cognitive impair-
ment and AD (Brandt et al., 1988; Knopman et al., 2010). The TICSm provides a total score
from 0 to 50 with higher performances indicating more intact cognitive ability. Education
adjusted cutoff scores for distinguishing MCI participants from normal controls are provided
by Knopman et al. Such cut scores offer clinicians the opportunity to make decisions appro-
priate to the clinical or research study context. For example, an education-adjusted TICSm
cutoff score of <35 may be used to identify those who are likely to have MCI. Subjects who
score 236 may be excluded, because these participants are unlikely to meet diagnostic crite-
ria for MCI. This approach will capture 93% of MCI/AD (ie, sensitivity) but will necessarily
include healthy participants who will not later meet criteria for MCI (ie, lower specificity).
An education adjusted TICSm cutoff score of <27 may be used to exclude subjects with high
likelihood of dementia.

An alternative to the TICSm for in-person cognitive screening is the Montreal Cognitive
Assessment (MoCA) (Nasreddine et al., 2005). The MoCA is a 30-point test with higher scores
indicating better performance. The MoCA was developed to detect the earliest cognitive
symptoms of AD when evidence began to accumulate that the widely used mini-mental
state examination (MMSE) was not sufficiently sensitive to early cognitive changes. If judged
by its assimilation as a preferred cognitive screening metric since its introduction in 2005,
the MoCA is unquestionably a success, having been used in more than 200 published stud-
ies, multiple countries, and many clinical settings beyond memory disorders clinics (see
“references” at www.mocatest.org). The MoCA is superior to the MMSE for detecting subtle
cognitive impairment associated with onset of MCI (Roalf et al., 2012). MoCA scores of 25
showed optimal diagnostic classification for distinguishing between healthy aging and MCI,
while a score of 19 best marked the transition between MCI and AD. Roalf et al. also showed
that combining the MoCA or MMSE cut points with a functional metric, such as the DSRS,
improved diagnostic accuracy by 9-12% for distinguishing between healthy aging and MCL

Following preliminary screening, follow-up with a more comprehensive neuropsycho-
logical battery is often required. Comprehensive batteries characterize neuropsychological
function in multiple domains and are a core component of a sound diagnostic approach (eg,
Bennett et al., 2006; Morris et al., 1989). Cognitive assessment is necessary to determine whether
memory is impaired and which, if any, other cognitive domains are disrupted. For example,
most MCI criteria emphasize that the diagnosis of MCI requires no or very mild functional
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impairment (CDR 0-0.5) but cognitive impairment greater than expected for age and educa-
tion in at least one cognitive domain as objectively measured (Albert et al., 2011; Petersen
et al., 1999, 2014; Alzheimer’s Disease Neuroimaging Initiative 2 (ADNI2) 2007 /2008). Thus
in MCI, global cognition and functional performance are sufficiently preserved to preclude
a diagnosis of AD. Episodic memory measures, such as paired associate learning and free
and cued list learning, establish the AD clinical phenotype necessary for sound diagnostic
decision making (see Dubois et al., 2014). The Procedures Manual defines abnormal memory
function as a score below the education-adjusted cutoff on the Logical Memory II subscale
(Delayed Paragraph Recall) from the Wechsler Memory Scale—Revised.

DIAGNOSIS OF PRECLINICAL ALZHEIMER’S DISEASE

The continuum of AD stages has expanded to include a preclinical phase (AD-P) that pre-
cedes the subsequent stages of MCI and AD. During AD-P, cognitive and functional abilities
remain within normal limits (Jack and Holtzman, 2013; Salmon, 2012; Sperling et al., 2011a,b).
AD-P emerged because a substantial portion of the AD pathological processes begins one
to two decades, or more, prior to the emergence of cognitive and functional impairment;
approximately one-third of cognitively normal older adults harbor substantial levels of AD
pathology (Braak et al., 2011; Fagan, 2014; Landau et al., 2012). Thus it is posited that the pre-
clinical phase of AD may be the optimal time to intervene with disease-modifying treatments
to prevent or postpone the onset of cognitive decline.

Furthermore, the lack of success thus far in clinical trials of pharmacotherapies for AD
may be because of the recruitment of subjects at the stages of MCI or AD dementia, when the
pathology of the disease has already damaged the brain irreparably (Cash et al., 2014; Golde
et al., 2011; Sperling et al., 2013a,b). Also in early clinical trials technology was not advanced
enough to enable biomarker-based verification of AD pathology in study participants, per-
haps leading to the inclusion of individuals with other underlying causes of cognitive changes
(Lemere, 2013; Vassar, 2014). As such, secondary prevention trials (ie, Anti-Amyloid Treat-
ment in Asymptomatic Alzheimer’s study “A4 study”) enroll cognitively normal older adults
deemed to be in the preclinical phase of AD based on biomarker evidence of AD pathology,
specifically elevated levels of amyloid on positron emission tomography (PET) (Donohue
et al., 2014; Vassar, 2014; Rentz et al., 2013).

According to NIA-AA guidelines, AD-P occurs in three stages that are ordered in terms of
the progression of biomarker-based disease pathology and increased likelihood of conver-
sion to MCI or AD (Knopman et al., 2012; Sperling et al., 2011a,b; Vos et al., 2013). The first
stage is marked by abnormalities in biomarkers of f-amyloid, as measured in the CSF or on
PET imaging, indicating increased accumulation of brain amyloid. The second stage of pre-
clinical AD is marked by abnormalities in biomarkers of neurodegeneration, including the
so-called “downstream” pathological events of AD, such as accumulation of neurofibrillary
tangles as measured by CSF or PET, synaptic dysfunction as measured by functional neuro-
imaging, or cerebral atrophy as measured by structural neuroimaging. In the third stage of
AD-P, the accumulation of biomarker abnormalities is believed to reach a threshold at which
the onset of subtle cognitive deterioration begins to occur (Sperling et al., 2011a,b; Knopman
etal., 2012).
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With the prominence of biomarker-based diagnostic approaches, neuropsychological tech-
niques that can reliably detect cognitive decline have also started to emerge. Cognitive decline
from baseline on standard neuropsychological measures may be detectable 7-18 years prior
to a diagnosis of AD dementia, with an increased likelihood of detection occurring approxi-
mately 3—4 years prior to a diagnosis of MCI (Grober et al., 2008; Howieson et al., 2008; Rajan
et al., 2015; Salmon, 2012). A growing number of studies have found that cognitively normal
older adults with biomarkers of AD, or those examined retrospectively with postmortem AD
histopathology, have a higher likelihood of demonstrating cognitive decline on neuropsycho-
logical measures than those without such pathological indices (Bennett et al., 2012; Sperling
etal., 2014).

FUTURE DIRECTIONS FOR DIAGNOSIS

Currently, there are two major definitions that dictate diagnostic criteria for AD. The Inter-
national Working Group (IWG) was the first to develop guidelines that moved diagnosis of
AD from a clinically expressed disorder with cognitive, behavioral, and neuropsychiatric
features to a biologically expressed disorder (Dubois et al., 2007, 2010, 2014). The IWG guide-
lines are consistent with, but not the same as, the guidelines developed by NIA-AA (Jack
et al., 2011) and a number of papers highlight the differences (eg, Cummings, 2012; Morris
etal., 2012).

Some of the major differences between these definitions can be found in how they
determine what merits an AD diagnosis. The IWG suggests that AD refers only to the
symptomatic stage and thus requires objective impairment in memory and the presence
of biomarker abnormality. The IWG defines episodic memory impairment as the core
cognitive risk factor for AD, while the NIA-AA allows for impairment in memory and/or
nonmemory domains such as language, visuospatial, and executive abilities. In the ING
guidelines, the absence of memory impairment classifies the individual as either normal,
asymptomatic at risk for AD (with a positive biomarker), or presymptomatic AD (with
the presence of a genetic determinant of AD) (Dubois et al., 2014). In this way, the MCI
diagnostic category is abandoned by the IWG criteria, which instead uses the concept of
“typical” AD to characterize symptomatic individuals with a positive pathophysiological
or topographic marker of AD (Cummings, 2012; Dubois et al., 2014). A current limitation
of the IWG approach may be the loss of the MCI option in clinical contexts where bio-
markers are not available.

In summary, multiple diagnostic procedures are confusing to clinicians, scientists, patients,
and families and carry substantial risk of slowing progress in diagnostic and treatment devel-
opment. Recommendations to harmonize the IWG and NIA-AA guidelines (Morris et al.,
2014) emphasize that (1) AD is a brain disorder regardless of clinical status; (2) symptomatic
AD represents a clinically expressed disorder that spans from very mild (ie, MCI to AD) to
severe; (3) biomarkers are currently not required for clinical diagnosis but may be used to
support diagnosis when they are available; and (4) amnestic/ memory cognitive impairment
is the typical presentation of AD but the diagnosis can be made in the absence of memory
impairment, especially with biomarker support. Bringing together these approaches is one of
the most pressing of current challenges in AD diagnosis.
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Alzheimer’s disease (AD) remains a major health concern for the public and care providers
alike. With debilitating effects on patients and increasing costs for health care, AD continues to
attract more attention. The demographics also show that cases of AD will only continue to increase
in the foreseeable future unless drastic measures are taken with immediate effects. The major non-
profit driving force against AD is undoubtedly the National Institutes of Health (NIH, www.nih.
gov), mainly the National Institute of Mental Health (NIMH, www.nimh.nih.gov), the National
Institute of Neurological Disorders and Stroke (NINDS, www.ninds.nih.gov), and the National
Institute on Aging (NIA, www.nia.nih.gov). While these institutes are well known for addressing
AD through research funding and providing various related services and infrastructures, other
less known efforts, initiatives, and associations are also doing their part in fighting AD. Given the
huge AD market, many private efforts are also ongoing with companies searching for different
treatment modalities. Many public-private partnerships are also being formed. In this chapter
we list important efforts, centers, infrastructures, and resources that provide support against AD,
ranging from research funding and services all the way to basic information for patients and care
providers. Individual investigators, both nonprofit and for-profit institutions, may find this chap-
ter useful in understanding the National Plan and addressing resource needs.

The chapter begins with efforts by the Department of Health and Human Services under
which NIH falls and which crafted the National Plan, to efforts by NIH including summits,
centers, and studies funded to consortia, which range from international to state levels to
associations, advocacy groups, and finally social media. Apart from the Arizona consortium,
which claims to be the state model, the focus is on national resources, though each state and
county may also have programs. Appropriate links and/or references are provided for each
resource for more information as desired.

NATIONAL ALZHEIMER’S PROJECT ACT

National Alzheimer’s Project Act (NAPA) was established in 2012 by the US Department
of Health and Human Services to:

1. Create the National Plan to overcome AD.
2. Improve coordination of AD research and services between federal agencies.


http://www.nih.gov/
http://www.nih.gov/
https://www.nimh.nih.gov/index.shtml
http://www.ninds.nih.gov/
https://www.nia.nih.gov/
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@

Develop treatments to prevent or reverse AD.
Improve diagnosis and care for AD patients.
5. Fight AD globally by coordinating with international agencies/organizations.

ol

NAPA is guided by three principles:

=

Optimize and coordinate existing resources.

Improve public—private partnerships.

3. Innovate and transform approaches to Alzheimer’s Disease-Related Dementias (ADRD)
treatment.

N

NAPA has five ambitious goals:

Prevent and treat AD by 2025.

Improve care quality.

Expand support for AD patients and their families.

Increase public awareness and involvement.

Facilitate progress tracking by enhancing data collection, organization, and access.

G eN =

Sources: http://aspe.hhs.gov/daltcp/napa/NatlPlan2015.shtml and http://aspe.hhs.gov/
daltcp /napa/reports.shtml.

NIH MEETING: ALZHEIMER’S DISEASE RESEARCH SUMMIT 2012:
PATH TO TREATMENT AND PREVENTION (MAY 14-15, 2012)

This summit was hosted by the Department of Health and Human Services and the
NIA at NIH, with support from the Foundation for NIH (FNIH). The goal of the Alzheim-
er’s Disease Research Summit 2012 was to accelerate the development of therapies for AD
via a multidisciplinary research agenda. This goal includes identification of the various
infrastructure, resources, and public-private partnerships that are vital to implement the
agenda.

Summit recommendations were organized by a group of speakers and panelists and were
based on summit discussions. The general recommendations are:

Acknowledge multifactorial disease aspects.

Support new research perspectives (eg, network pharmacology and systems biology).
Promote sharing of data and biological samples.

Establish multidisciplinary teams.

Overcome AD drug development issues related to intellectual property laws.
Support AD research through new public—private partnerships.

Form a National Institutional Review Board for AD clinical research.

NSk Ob=

The specific recommendations are covered in the following six sessions:

1. “Interdisciplinary Approach to Discovering and Validating the Next Generation of
Therapeutic Targets for Alzheimer’s Disease”:
a. Increase efforts and probe new targets to understand AD pathology using systems
biology approaches and stem cell technology.


http://aspe.hhs.gov/daltcp/napa/NatlPlan2015.shtml
http://aspe.hhs.gov/daltcp/napa/reports.shtml
http://aspe.hhs.gov/daltcp/napa/reports.shtml
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. Develop better understanding of how the different discoveries (genetic, pathological,

biochemical, etc.) are related.

. Use genomic sequencing to identify rare genetic variants of large functional effect.
. Develop experimental models that better simulate AD and use these models to

identify disease modulators and insure that these models are accessible.

. Generate in vivo imaging agents [positron emission tomography (PET) tracers] to aid

in assessment of pathology and therapies.

. Promote biomarker development for diagnosis and prognosis, as well as disease

subtypes.

. Enable sharing of data via web-based resources with the capacity to use these data for

testing different models or hypotheses at the computational level.

. Facilitate analysis of new data before they are published via collaboration with

scientists.

. Increase awareness to existing infrastructure and resources (eg, biobanks, research

centers, and repositories) by advertising their availability.
Promote creation of translational research teams to accelerate discovery of new targets
through collaboration.

2. “Challenges in Preclinical Therapy Development”:

a.

Develop infrastructure and resources to increase preclinical therapeutic development
success, including assembling advisory committees and establishing open-access
resources for publishing negative and discrepant findings.

. Increase the reliability of preclinical testing in animals by having standards for

developing and characterizing animal models, as well as ensuring the availability of
these models to researchers. Also establish guidelines for testing and reporting of both
positive and negative results.

3. “Whom to Treat, When to Treat, and What Outcomes to Measure”:

a.

b.

Initiate therapy trials in asymptomatic individuals at risk such as genetically
predisposed or old individuals with positive biomarkers.

Develop and standardize neuropsychological and behavioral measures for early
detection of AD.

. Develop biomarkers for monitoring disease progression and predict long-term clinical

outcomes.

. Individualize treatments according to the heterogeneity of patients” symptoms.
. Facilitate infrastructure alterations that may accelerate and improve prevention

initiatives.

4. “Drug Repurposing and Combination Therapy”:

a.

b.

Expand libraries of drugs and AD tissues and publicize their availability to the
research community.

Support the development of combination therapies by developing translational
workgroups with experts in biology and pharmacology.

5. “Nonpharmacological Interventions”:

a.

Employ epidemiological data to better understand underlying factors that contribute
to AD.
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b. Identify the mechanisms by which nonpharmacological measures affect the disease
status.

c. Examine the combination of nonpharmacological with pharmacological measures to
potentiate therapeutic benefit.

d. Develop standards for outcomes to facilitate comparison of data across studies.
These standards should cover quality of life and cognitive and physical
function.

e. Examine the effects of behavioral changes as a nonpharmacological intervention.

6. “New Models of Public-Private Partnerships”:

a. Promote partnerships between all sectors concerned with basic, translational, and
clinical research to make integrated translational research possible.

b. Enable partnerships for data sharing, as well as creating and sharing tools for
translational research (eg, biomarkers, instruments, high-throughput screening, and
animal models).

Source: https://www.nia.nih.gov/newsroom/announcements/2012/05/alzheimers-
disease-research-summit-offers-research-recommendations.

NIH MEETING: ALZHEIMER’S DISEASE-RELATED DEMENTIAS:
RESEARCH CHALLENGES AND OPPORTUNITIES
(MAY 1-2, 2013)

This meeting was sponsored by the NINDS in collaboration with the NIA. This workshop
falls under the “2012 National Plan to Address Alzheimer’s Disease.” Its general goal was
to better understand the fundamentals of the nervous system and utilize that knowledge to
address neurological disorders.

The research recommendations were focused on five arching topics:

¢ Topic 1: Multiple Etiology Dementias: The Public Health Problem and Improving
Recognition Across the Spectrum.

¢ Topic 2: Health Disparities.

¢ Topic 3: Lewy Body Dementias: Dementia with Lewy Bodies and Parkinson’s Disease
Dementia.

* Topic 4: Frontotemporal dementia (FI'D) and Related Tauopathies.

¢ Topic 5: Vascular Contributions to ADRD: Focus on Small Vessel Disease and AD/
Vascular Interactions.

The specific recommendations were categorized into three classes: high, intermediate,
and additional. The high priority recommendations are listed in Table 3.1 and are strati-
fied based on the timeline target for completion into the 1-3 years group and the 3-7 years
group.

Sources: http://www.ninds.nih.gov/funding/areas/neurodegeneration/workshops/
adrd2013/ and the ADRD 2013 report.


https://www.nia.nih.gov/newsroom/announcements/2012/05/alzheimers-disease-research-summit-offers-research-recommendations
https://www.nia.nih.gov/newsroom/announcements/2012/05/alzheimers-disease-research-summit-offers-research-recommendations
http://www.ninds.nih.gov/funding/areas/neurodegeneration/workshops/adrd2013/
http://www.ninds.nih.gov/funding/areas/neurodegeneration/workshops/adrd2013/
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TABLE 3.1 High Priority Recommendations From the Alzheimer’s Disease-Related Dementias National
Institutes of Health (ADRD NIH) 2013 Meeting

Topic Focus Recommendation

HIGH PRIORITY RECOMMENDATIONS (1-3-YEAR TIMELINE)

Topic 1: MED  Differential diagnosis Develop algorithms detecting dementia and VCI in (1) primary
care, (2) general neurology, and (3) general psychiatry settings;
and algorithms for specialist referrals.

Epidemiology Conduct studies of dementia incidence and prevalence
within different ethnicities and age groups using imaging and
biomarkers.
Topic 3: LBD Establish longitudinal Examine the efficacy of current symptomatic therapies in treating
cohorts with common DLB and PDD.
measures

Create resources for clinical, biological, and imaging assessment
of DLB and PDD from the early stages to autopsy to improve
disease diagnosis and detection in patients with high risk factors.

Topic 4: FTD Clinical science Support genotyping of FTD patients and identifying new genes.

Topic 5: VAS Human-based studies Identify noninvasive biomarkers of vascular changes related to
cognitive and neurological impairment.

HIGH PRIORITY RECOMMENDATIONS (3-7-YEAR TIMELINE)

Topic 2: HD Recruitment Initiate studies of incident dementia in different populations
using imaging, biomarkers, and autopsies.

Treatment and prevention ~ Optimize trials of vascular health interventions for increased
application to different populations.

Topic 4: FTD Basic science Further probe tau pathogenesis and its effect on
neurodegeneration.

Topic 5: VAS Mechanisms and models Develop new experiment models of VCI and VAD.

Human-based studies Further identify biomarkers of vascular changes related to
cognitive and neurological impairment.

DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; HD, health disparities; LBD, Lewy body dementias;
MED, multiple etiology dementias; PDD, Parkinson’s disease dementia; VAD, vascular cognitive dementia; VAS, vascular
contributions to ADRD; VCI, vascular cognitive impairment.

NIH MEETING: ALZHEIMER’S DISEASE RESEARCH SUMMIT 2015:
PATH TO TREATMENT AND PREVENTION (FEBRUARY 9-10, 2015)

This summit was hosted by the Department of Health and Human Services and the NIA
at the NIH, with support from the ENIH. The goal of the AD Research Summit 2015 was con-
tinuous with the agenda that was set in prior summits and addresses discovery of treatments
for AD patients in the different stages of the disease. This goal was attempted by identifying
the resources and infrastructure necessary to implement this research agenda. The summit
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recommendations were generated by over 60 experts from industry, academia, nonprofit
organizations, and advocacy groups. These recommendations can be summarized into:

1. Improve AD prevention strategies by having a better understanding of normal brain
aging and resilience to disease.

2. Maximize the potential of approaches such as systems pharmacology and biology.

3. Develop infrastructure and tools to store and analyze biological and other patient-
relevant data.

. Make use of mobile sensors and other technologies to inform AD research.

. Facilitate open science in clinical and basic research.

. Promote collaboration, transparency, and reproducibility in research using incentives.

. Support and advance translational and data science workforce.

. Involve citizens, caregivers, and patients as collaborates in AD research.
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The summit sessions and their specific recommendations were:

1. “Interdisciplinary Research to Understand the Heterogeneity and Multifactorial Etiology
of Disease”:

a. Fill in the gaps in human data needed to formulate better hypotheses on AD
heterogeneity using phenotyping of established cohorts that are genetically,
epigenetically, or caused by other factors at risk.

b. Develop new cohorts for phenotyping (eg, exposome, imaging, cognitive, etc.) that
better represent gender and population diversity.

c. Optimize and improve existing NIA /NIH infrastructure and facilitate sharing and
integration of data needed to develop predictive AD models.

d. Develop new programs to better understand AD by integrating AD research with
neurobiology and aging research.

e. Develop new in vivo models that are based on human data and examine the biology
and physiology of the different AD risk factors.

f. Integrate new technologies (eg, genome editing, brain stimulation, and in vivo
imaging) to improve assessment of human studies.

g. Acknowledge shortcomings of rodent models and use biochemical and physiological
endpoints instead of behavioral endpoints as measures of treatment efficacy.

h. Generate biomarkers that probe efficacy early in the development of a drug.

i. Support the translational aspect of AD research by developing integrative training
programs that cover data science, bioinformatics, software engineering, and drug
discovery disciplines.

j- Improve reproducibility in AD research by implementing new policies. These should
cover the reward systems in academia, fund providers, and journals.

2. “Transforming AD Therapy Development: From Targets to Trials”:

a. Probe the interaction between the different aspects of AD (eg, tau filaments,
inflammation, amyloid, metabolism, oxidative stress, etc.).

b. Expand efforts focused on generation and integration of molecular, cellular, and
physiological data to develop better AD models.

c. Examine synergy and additivity of therapeutics (including synergy between drugs and
nonpharmacological actions) using quantitative methods.
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d. Advance drug repurposing and drug combinations development by leveraging the
network concept of drug targets and phenotype screening.

e. Develop high-throughput methods to isolate neural cells for further assessment (eg,
for drug screening).

f. Develop new biomarkers that are indicative of incipient disease (ie, ocular or olfactory
biomarkers) as well as biomarkers for detection of synaptic dysfunction.

g. Develop clinical tools to assess disease progression to evaluate meaningful clinical
outcomes of therapies.

h. Support education and training in drug discovery disciplines and develop and bring
together academic and industry experts using research programs.

. “New Strategies for Prevention”:

a. Liberate data funded by the public into the public domain and facilitate its usability.

b. Enhance community-driven studies to generate molecular and physiological
measurements that can be utilized in systems biology. These measurements can be
done by collecting quantitative data using technologies such as actigraphy.

c¢. Develop cohorts with participants from different races to identify genomic and other
risk and protective factors that underline heterogeneity of dementias.

d. Examine how lifestyle impacts risk of AD using an ecological perspective. This
perspective should cover physical, social, and environmental factors.

e. Test epigenetic regulators as targets for treatment or prevention.

f. Focus on the pathological and protective role of apolipoprotein E (APOE) on
pharmacological as well as nonpharmacological interventions.

g. Probe how peripheral systems (eg, immune and metabolic) impact brain aging and
AD using new research programs.

h. Elucidate the consequences of sleep disruption and optimization on AD.

. “Innovating Disease Monitoring, Assessment, and Care”:

. Develop technologies for patients monitoring throughout the disease stages.

. Standardize measures of study outcomes to compress data across studies.

. Utilize cross-disciplinary expertise to develop new monitoring technologies.

. Utilize mobile health technologies in monitoring and assessing disease formally.

. Determine the hurdles of early dementia diagnosis.

. “Empowering Patients, Engaging Citizens”:

a. Create public education programs by networking and creating relationships with
community leaders.

b. Involve communities in determining how to measure meaningful impact of treatments
and appropriate return from participation in research.

c. Optimize collaboration between federally funded programs such as the Patient-
Centered Outcomes Research Institute and the Clinical and Translational Science
Awards to lower the cost of community involvement.

d. Initiate new research platforms that accelerate collecting data while providing public
education.

e. Empower participant control using methods and policies for collecting and sharing
data such as electronic consent forms that give the option to share data.

f. Facilitate patient consent and data sharing by having an accordance between
innovative technologies and policy.
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6. “Enabling Partnerships for Open Innovation”:
a. Incentivize data sharing by creating partnerships across funding agencies.
b. Promote participation of early-career researchers in large-scale studies through
incentives from academia, funding agencies, and journals.
¢. Support novel research on nonmainstream ideas.
d. Tailor intellectual properties laws to promote additional research in the field and not to
block others from the same area of interest.

Source: https://www.nia.nih.gov/research/recommendations-nih-ad-research-summit-
2015.

ALZHEIMER’S DISEASE CENTERS

Funded by the NIA, these centers (34 currently) are located in major medical insti-
tutes across the country and are tasked to translate AD research advances into enhanced
diagnosis and treatment of AD patients (Fig. 3.1). Research is focused on basic pathol-
ogy and disease management using basic, behavioral, and clinical studies. Alzheimer’s
Disease Centers (ADCs) offer support to patients and their families in the form of diag-
nosis, medical management, and information on the disease and related resources and
services. These centers also give the opportunity for patients to take part in clinical trials
and studies.

Source: http:/ /www.nia.nih.gov/alzheimers/alzheimers-disease-research-centers.

FIGURE 3.1 ADC locations. Number in parentheses indicates the number of centers in that city. Source: https://
www.nia.nih.gov.


https://www.nia.nih.gov/research/recommendations-nih-ad-research-summit-2015
https://www.nia.nih.gov/research/recommendations-nih-ad-research-summit-2015
http://www.nia.nih.gov/alzheimers/alzheimers-disease-research-centers
https://www.nia.nih.gov
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NATIONAL ALZHEIMER’S COORDINATING CENTER

The National Alzheimer’s Coordinating Center (NACC) was established in 1999 as part of
the NIA’s Alzheimer’s Disease Centers (ADCs). It operates in partnership with the Alzheim-
er’s Disease Genetics Consortium (ADGC) and the National Cell Repository for Alzheim-
er’s Disease (NCRAD) to facilitate AD research by providing a comprehensive database that
includes clinical and neuropathological data as well as magnetic resonance images (MRI).
The data are collected from ADCs and provided to the research community free of charge
and with no NIA affiliation requirements. Consultation is also provided to help researchers
identify the most relevant data to their research. The NACC is one of the most comprehensive
databases of its kind and its data have been utilized in over 450 different studies.

Source: http:/ /www.alz.washington.edu.

NATIONAL CELL REPOSITORY FOR ALZHEIMER’S DISEASE

Located at Indiana University Medical Center in Indianapolis, Indiana. The goal of the
National Cell Repository for Alzheimer’s Disease (NCRAD) is to advance AD research by
helping researchers identify genetic factors that influence AD and dementia. Since 1990,
NCRAD was funded by the NIA to help researchers by providing biological samples (DNA,
RNA, serum, plasma, and brain tissue) as well as data. NCRAD accepts subject referrals to
participate in projects as well as brain tissue samples.

Source: http:/ /ncrad.iu.edu.

ALZHEIMER’S DISEASE COOPERATIVE STUDY

The Alzheimer’s Disease Cooperative Study (ADCS) was formed as a cooperative agree-
ment between the University of California, San Diego, and the NIA as an initiative to advance
research on AD treatment. It is part of both the Alzheimer’s Disease Prevention Initiative and
the NIA Division of Neuroscience program. This program focuses on:

. Improving cognition and delaying the onset of AD.

. Conducting studies on potential drugs that can minimize behavioral symptoms.
. Developing new instruments to aid in clinical studies.

. Innovation in clinical studies design and analysis.

. Enhancing AD clinical studies by ensuring the participation of minority groups.
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Since its formation in 1991, the ADCS has initiated 30 Phase I to Phase III research studies
with participants ranging from 9 to 800 people per study. These studies had many key high-
lights and have generated many publications. Some of these key highlights include:

1. Facilitating abilities of AD centers to carry out studies in the United States and Canada.

2. Development of the first Activities of Daily Living Scale as an important instrument for
AD patients assessment.

3. Standardization of worksheets used in the Clinical Dementia Rating Scale.

4. Testing vitamin E and selegiline, which showed that both drugs can delay disease
progression in moderately advanced AD patients.


http://www.alz.washington.edu/
http://ncrad.iu.edu/
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5. Completion of studies with major public health impact, such as the demonstration of lack
of benefit from the use of B vitamins, estrogen, nonsteroidal antiinflammatory drugs, and
statins in AD patients.

The ADCS continues to run major AD studies such as the ADNI-D Study, the Connect
Study, the Noble Study, the A4 Study, and the Dominantly Inherited Alzheimer Network
(DIAN) Study.

Source: http:/ /www.adcs.org/.

ALZHEIMER’S DISEASE EDUCATION AND REFERRAL CENTER

The Alzheimer’s Disease Education and Referral Center (ADEAR) is one of NIA’s AD-
related service providers. It was created in 1990 by the US Congress with the aim to compile,
archive, and share AD information with health professionals as well as the public.

ADEAR has a staff of information specialists that can assist with the following:

—

. Specific AD questions.

2. Providing publications regarding AD (symptoms, diagnosis, risk factors, and treatment)
free of charge.

. Assisting with referrals to other AD services and centers for research or diagnosis purposes.

. Providing resources in Spanish.

5. Providing information on clinical trials, training manuals, and news updates.
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Source: https:/ /www.nia.nih.gov /alzheimers/about-adear-center.

ALZHEIMER’S DISEASE GENETICS STUDY

This study is a collaboration between Indiana University and the NIA with the purpose of
identifying the genes that are involved in AD. Genetic materials and clinical data were collected
and analyzed from 1000 or more families in the United States with three qualifying members over
the span of 3years. Participating centers included the NIA’s Alzheimer’s Disease Centers, which
helped with collecting blood and DNA samples. While clinical and demographic data were sent
to NCRAD, these data and biological samples will be made available to the research community.

Source: http://www.nia.nih.gov/alzheimers/clinical-trials/alzheimers-disease-genetics-
study.

ALZHEIMER’S DISEASE GENETICS CONSORTIUM

Funded by a grant from the NIA, the Alzheimer’s Disease Genetics Consortium (ADGC)
aim is to identify genetic variants associated with AD. This identification is done through col-
laboration between the University of Pennsylvania, NCRAD, and NACC (National Alzheim-
er’s Coordinating Center and National Cell Repository for Alzheimer’s Disease, respectively)
to conduct genome-wide association studies (GWAS) using over 10,000 samples from families
around the globe.

Source: http://alois.med.upenn.edu/adgc/.


http://www.adcs.org/
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NIA GENETICS OF ALZHEIMER'’S DISEASE DATA STORAGE SITE

The NIA’s policies require that genetic data from NIA-funded AD studies be deposited
at the NIA Genetics of Alzheimer’s Disease Data Storage (NIAGADS). NIAGADS provides
investigators with different kinds of data ranging from genome studies of AD, such as high-
density genotyping and sequencing, and statistics from genetic studies. In addition to data,
NIAGADS also provides software packages (eg, DNA-SEQ and RNA-SEQ), web-based tools,
and online resources that can help analyze and interpret large-scale genomic data. NJAGADS
is heavily involved with two major studies: the ADGC, and the Alzheimer’s Disease Sequence
Project (ADSP). Funds are provided from NIH/NIA grants.

Source: https:/ /www.niagads.org/.

ALZHEIMER'’S DISEASE SEQUENCE PROJECT

The Alzheimer’s Disease Sequence Project (ADSP) is supported by the NIA and the
National Human Genome Research Institute. It is composed mainly of five groups, some
of which provide DNA and phenotypes, while others perform sequencing and data pro-
cessing. Other institutes provide auxiliary support in the form of coordination and sample
handling.

The ADSP’s database provides researchers with detailed sequencing data. The goals of this
program are:

1. Identify genetic factors related to late-onset AD.

2. Identify genes involved in protection from AD.

3. Investigate why some high-risk individuals do not develop AD.

4. Examine risk factors in populations with different ethnicities and search for pathways for
preventing AD.

Source: https:/ /www.niagads.org/adsp/content/home.

INVESTIGATIONAL NEW DRUG TOXICOLOGY PROGRAM

The Investigational New Drug Toxicology Program is sponsored by the NIA with the pur-
pose of treating symptoms of AD and aging-related conditions. Services are provided to aca-
demia as well as independent investigators with potential AD medicines. The program also
provides toxicology evaluations required by the Food and Drug Administration (FDA) for
clinical studies.

The services provided fall under four categories:

. Analytical chemistry.

. Pharmacokinetics.

. Preliminary toxicity screens.

. Toxicology studies and safety pharmacology.
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Source: http://www.nia.nih.gov/research/dn/investigational-new-drug-toxicology-
program.
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ALZHEIMER’S DISEASE NEUROIMAGING INITIATIVE

Alzheimer’s Disease Neuroimaging Initiative (ADNI) is a global collaboration to investi-
gate treatments for AD. It is funded by both NIA and National Institute of Bioimaging and
Bioengineering (parts of the NIH) as well as pharmaceutical companies and other founda-
tions. It was initiated over a decade ago with the goal being to study normal cognitive aging,
mild impairment, and early AD. ADNI aims to use neuroimaging and biomarkers for detect-
ing the onset and progression of such conditions.

ADNI collects and utilizes imaging data (eg, MRI and PET images) as well as genetic data,
cognitive tests, and fluid biomarkers to identify correlations with disease onset and progression.
Access to such data is available and the website also provides tools for PET and MRI analyses.

Sources: http://www.nia.nih.gov/research/dn/alzheimers-disease-neuroimaging-initiative-
adni, http://adni.loni.usc.edu/ and http://www.adni-info.org/Scientists/ ADNIStudy
Procedures.aspx.

GENOME-WIDE ASSOCIATION STUDIES

Genome-Wide Association Studies (GWAS) contribute to understanding the genetics
involved in AD (Table 3.2). This area of research aims to understand genes that influence
late-onset AD. Identification of genes that are involved in susceptibility have shown that
amyloid precursor protein and tau metabolism remain important in AD. Large-scale GWAS

TABLE 3.2 Genome-Wide Association Studies (GWAS) and Alzheimer’s Disease (AD)

Major Pathways Identified by GWAS Studies

Pathway Gene

Amyloid pathway APOE, SORL1, CLU, CR1. PICALM, BIN1, ABCA7

Immune system/inflammation CLU, CR1, EPHA1, ABCA7, MS4A4A/MS4A6E, CD33, CD2AP
Lipid transport and metabolism APOE, CLU, ABCA7

Synaptic cell functioning/endocytosis CLU, PICALM, BIN1, EPHA1, MS4A4A/MS4A6E, CD33 CD2AP

Major AD GWAS Studies Performed

Study Genes Identified Outside APOE Region

Lambert et al. (2009) CLU, CRI

Harold et al. (2009) CLU, PICALM

Seshadri et al. (2010) BIN1, XOC3L2/BLOC1S3/MARK4, CLU, PICALM

Naj et al. (2011) MS4A4A, CD2AP, CD33, EPHA1, CRI, CLU, BIN1, PICALM
Hollingworth et al. (2011) ABCA7, MS4A6A/MS4A4E, EPHAI, CD33, CD2AP

Lee et al. (2011) CLU, PICALM, BIN1, CUGBP2, loci on 2p25.1; 3g25.2; 7p21.1; 10q23.1

Reitz et al. (2013) ABCA?7, intergenic locus on 5q35.2
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and genome sequencing studies can potentially identify harmful variants in these genes, as
well as targets for genetic testing for AD. While GWAS identified some susceptibility genes,
sequencing studies provided strong evidence for the involvement of genetic variants in AD,
ending the debate of whether genetic factors had anything to do with the disease.

Major pathways identified by GWAS:

. Amyloid pathway (genes: APOE, SORLI, etc.).

. Immunity and inflammation pathway (genes: CLU, CR1, etc.).
. Lipid transport and metabolism (genes: APOE, ABCA7, etc.).

. Synapse function and endocytosis (genes: BINI, CD33, etc.).
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Source: Tosto, G., Reitz, C., 2013. Genome-wide Association Studies in Alzheimer’s Dis-
ease: A Review. Curr. Neurol. Neurosci. Rep. 13, 381. Lambert, ].C., et al., 2009. Genome-wide
association study identifies variants at CLU and CR1 associated with Alzheimer’s disease.
Nat. Genet. 41, 1094-1099. Harold, D., et al., 2009. Genome-wide association study identifies
variants at CLU and PICALM associated with Alzheimer’s disease. Nat. Genet. 41, 1088-1093.
Seshadri, S., et al., 2010. Genome-wide analysis of genetic loci associated with Alzheimer dis-
ease. JAMA. 303, 1832-1840. Naj, A.C., et al., 2011. Common variants at MS4A4/MS4AG6E,
CD2AP, CD33 and EPHAT1 are associated with late-onset Alzheimer’s disease. Nat. Genet.
43, 436—441. Hollingworth, P, et al., 2011. Common variants at ABCA7, MS4A6A/ MS4A4E,
EPHA1, CD33 and CD2AP are associated with Alzheimer’s disease. Nat. Genet. 43, 429-435.
Lee, ].H., etal., 2011. Identification of novel loci for Alzheimer disease and replication of CLU,
PICALM, and BIN1 in Caribbean Hispanic individuals. Arch. Neurol. 68, 320-328. Reitz, C.,
et al., 2013. Variants in the ATP-binding cassette transporter (ABCA7), apolipoprotein E €4,
and the risk of late-onset Alzheimer disease in African Americans. JAMA. 309, 1483-1492.
https:/ /www.genome.gov.

ACCELERATING MEDICINES PARTNERSHIP-ALZHEIMER’S DISEASE

Accelerating Medicines Partnership-Alzheimer’s Disease (AMP-AD) is an initiative from
the Accelerating Medicines Partnership, which is a collaboration between the NIH, 10 bio-
pharmaceutical companies, and various nonprofit organizations aiming to accelerate the
development of new medicines by transforming the current model for drug development by
identifying and validating novel and relevant therapeutic targets, and discovering biomark-
ers to validate current therapeutic targets.

AMP-AD projects:

1. Biomarkers project: concerned with tau imaging and discovering novel fluid biomarkers
to assess disease progression and treatment efficacy. This project is being run by three
NIA-supported clinical studies: A4 Trial, DIAN, and Alzheimer’s Prevention Initiative
(API) APOE.

2. AMP-AD Target Discovery and Preclinical Validation Project: to accelerate the discovery
of drugs and drug targets for AD by the integration, analyses, and validation of large-
scale data from human brain samples. The project also focuses on understanding genes,
proteins, and pathways within which these novel targets reside.

Source: http:/ /www.nia.nih.gov/alzheimers/amp-ad.
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AD TRANSLATIONAL INITIATIVES

Since its launch in 2004, the AD Translational Initiative has been supporting drug dis-
covery and development for AD by academia and small companies. The focus is on steps
in translational research that tend to be overlooked by pharmaceutical companies. The NIA
provided funding for two initiatives for drug discovery and preclinical drug development

from 2009 through 2012 (Fig. 3.2).

Source: http:/ /www.nia.nih.gov /research/dn/ad-translational-initiatives.

THE DOMINANTLY INHERITED ALZHEIMER NETWORK

DIAN is an international research collaboration focusing on early-onset familial AD in
adults with parents who have mutated genes. It is funded by the NIA and is conducted across
13 institutions in the United States, Europe, and Australia. These studies are currently enroll-

ing participants.
Source: http://dian-info.org/.

Target discovery
Basic research

v

Target validation

Assay development
& screening

Drug discovery

PAS 10-151 (R21)
PAR 10-001 (R01)
PAR 10-002 (R21)

Lead selection
& optimization

PAR 10-205 (U01)

Preclinical drug
development

Investigational new
drug toxicology

Contract services

NIA's Alzheimer's Disease
Translational Research
Program

AD pilot clinical trials, PAR 08-062 (R01)
AD Cooperative Study (U01)

Investiaator Initiated Clinical trials (R01)

NIA

il

Clinical development |I:> BeEvoetul A

intervention

Industry

FIGURE 3.2 Overview of the AD Translational Initiatives by the National Institute on Aging (NIA). The num-
bers signify specific grant mechanisms used to fund the program. Adapted from: http://www.nia.nih.gov/research/dn/

ad-translational-initiatives.


http://www.nia.nih.gov/research/dn/ad-translational-initiatives
http://dian-info.org/
http://www.nia.nih.gov/research/dn/ad-translational-initiatives
http://www.nia.nih.gov/research/dn/ad-translational-initiatives

42 3. NATIONAL PLAN AND RESOURCES TO ADDRESS ALZHEIMER'’S DISEASE

CLINICAL TRIALS

There are many clinical trials revolving around AD (over 1300). These trials cover many
aspects of research such as genetics, drug safety and efficacy, effects of other conditions on
disease (eg, sleep apnea), neuroimaging, diagnosis-related studies, and much more.

For more details: https://www.clinicaltrials.gov.

ALZHEIMER’S PREVENTION INITIATIVE

The Alzheimer’s Prevention Initiative (API) was established in 2012, and is supported by
the NIA. It is a collaborative effort that is led by the Banner Alzheimer’s Institute (BAI—
Phoenix, Arizona). Its goal is to prevent or slow the onset of AD. This goal is addressed by
evaluating therapies in normal people at high risk. Physicians, scientists, and industry and
regulatory agency representatives work together to achieve this goal. The API focuses on
clinical trials as well as biomarker studies. It also enables participation in studies through
the Alzheimer’s Prevention Registry (Fig. 3.3).

The APT has a number of ongoing studies, including:

1. Alzheimer’s Prevention Initiative Autosomal Dominant Alzheimer’s Disease Treatment Trial.
2. Alzheimer’s Prevention Initiative APOE4 Treatment Trial.

Source: http://banneralz.org/research-plus-discovery/alzheimers-prevention-initiative.
aspx.
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FIGURE 3.3 The Banner Alzheimer’s Institute (BAI), Alzheimer’s Prevention Initiative (API), and Arizona
Alzheimer’s Consortium (AAC) work in conjunction with other collaborators to address the challenges of AD.
Adapted from: http://azalz.org/.
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ARIZONA ALZHEIMER’S CONSORTIUM

The Consortium was established in 1998 to focus on different aspects of AD research such
as imaging, genetics, computer science, cognition, as well as clinical and neuropathological
research. It is a nonprofit organization. The Arizona Alzheimer’s Consortium (AAC) aims to
effectively treat and prevent the onset of AD within 12 years. The Consortium consists of Ari-
zona State University, Banner Sun Health Research Institute, BAI, Mayo Clinic Arizona, the
Translational Genomics Research Institute, Barrow Neurological Institute, and the University
of Arizona. The Consortium claims to be “the nation’s leading model of statewide collabora-
tion in Alzheimer’s disease research”.

PHARMACEUTICAL RESEARCH AND
MANUFACTURERS OF AMERICA

Established in 1958, Pharmaceutical Research and Manufacturers of America (PhRMA) is
composed of pharmaceutical and biotechnology companies, and biopharmaceutical research-
ers. PARMA'’s aims are to encourage discovery of novel therapies for patients by advocating
for policies that facilitate research and improve incentives. PhARMA is focused on achieving
these goals in the United States and the world by:

1. Facilitating patient access to safe and effective therapies through a free market, with no
price controls.

2. Improved incentives for intellectual property.

3. Effective regulation and availability of information to patients.

PhRMA members are currently developing 93 medicines for AD and dementias, all
of which are in either clinical trials or review by the FDA (81 for AD, 2 for dementias,
and 11 for cognition disorders). PhRMA also interacts with the public by supporting
over 90 science, technology, engineering, and math programs that focus on students and
teachers.

Sources: http://www.phrma.org/research/medicines-development-alzheimers-disease
and http:/ /www.phrma.org/about.

ADVISORY COUNCIL ON ALZHEIMER’S RESEARCH,
CARE, AND SERVICES

The council consists of over 22 members and meets every 3months to examine and assess
government programs for AD. The Advisory Council influences the National Plan for AD
by making recommendations for actions and assessing the implementation of such recom-
mendations. Members of the Council span the federal government, patient advocates, care-
givers, health care providers, state health departments, researchers, and health association
representatives.

Source: http:/ /aspe.hhs.gov/daltcp/napa/#Council.
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ALZHEIMER’S DRUG DISCOVERY FOUNDATION

Founded in 1998, the Alzheimer’s Drug Discovery Foundation (ADDF)’s mission is to sup-
port drug discovery for AD prevention and treatment. The foundation funds promising and
innovative AD research globally. The ADDF has funded over 450 AD studies ranging from
drug discovery to clinical trials.

The categories of research funded are:

. Drug discovery and preclinical development.
. Early detection.

. Clinical trials.

. Prevention.

= W N =

The ADDF holds and participates in many conferences for the purpose of sharing ideas,
results, and collaboration, some of which are:

1. The Annual Drug Discovery for Neurodegeneration Conference.
2. The International Conference on Alzheimer’s Drug Discovery.
3. The Biology of Aging: Novel Drug Targets for Neurodegenerative Disease.

Source: http:/ /www.alzdiscovery.org and http:/ /alzdiscovery.org /events/conferences / past.

ALZHEIMER’S ASSOCIATION

The association prides itself as a global leader in AD care, support, and research. It pro-
vides support on many levels such as information and advice for patients and caregivers in
the forms of symposia, 24/7 helpline, and online message boards. The association also helps
individuals who desire to participate in clinical studies. It houses Alzheimer’s Association
Green-Field Library, a large resource center for AD. The Alzheimer’s Association is a major
fund provider for researchers. The association also promotes the sharing of research findings
through the annual Alzheimer’s Association International Conference (AAIC) and its journal
“Alzheimer’s & Dementia”. The AAIC is the world’s largest forum for AD research where
researchers, clinicians, and caregivers meet and discuss recent findings and theories.

Source: http:/ /www.alz.org/.

ALZHEIMER’S FOUNDATION OF AMERICA

Uniting more than 2400 national organizations, the Alzheimer’s Foundation of America
(AFA) aims to raise awareness on AD and related illnesses by educating the public and care
providers through a host of efforts such as a toll-free helpline, conferences, and publications
as well as meeting the “educational, social, emotional and practical needs of individuals with
Alzheimer’s disease and related illnesses, and their caregivers and families”. As part of the
AFA’s educational effort, events such as the National Memory Screening Day are held to edu-
cate the public and raise awareness of dementias. AFA’s efforts extend to providing several
research grants to its members with the purpose of improving social and educational services.

Source: http:/ /www.alzfdn.org/.
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ALZFORUM

Since 1996, Alzforum has been providing information and news to researchers to help facilitate
research in drug discovery and diagnosis for AD and related disorders. Alzforum improves sci-
entific communication by reporting and analyzing recent findings and industry news. Alzforum
also helps researchers by providing open-access databases. The forum covers grant news and
major AD conferences. It also has access to several databases such as AlzBiomarker, AlzPedia, and
AlzRisk. Alzforum also helps job seekers by allowing the posting of jobs and career opportunities.

Source: http:/ /www.alzforum.org/.

INTERNATIONAL SOCIETY TO ADVANCE ALZHEIMER’S
RESEARCH AND TREATMENT

The International Society to Advance Alzheimer’s Research and Treatment (ISTAART) was
created by the Alzheimer’s Association in 2008 to further support international AD research
by facilitating networking and collaboration between scientists as well as sponsoring stu-
dents to attend the annual Alzheimer’s Association International Conference (AAIC). Mem-
bers enjoy benefits such as access to some journals (eg, Alzheimer’s & Dementia: The Journal
of the Alzheimer’s Association and Neurobiology of Aging). They also get access to other profes-
sional networks and discounts on some conferences fees.

Source: https:/ /act.alz.org/site/SPageServer?pagename=ISTAART about.

ALZHEIMER’S IMPACT MOVEMENT

The Alzheimer’s Impact Movement (AIM) is a nonprofit organization. AIM works with the
Alzheimer’s Association to advocate the importance of AD research and to make it a national
priority. This advocacy is done by supporting congressional candidates who have AD high
in their priorities list. AIM makes sure the AD community stays relevant in congress. AIM
also has a corporate program that helps build beneficial partnerships and networks between
industry parties that are involved in AD research.

AlIM’s goals are:

1. Increase AD research commitment.
2. Make diagnosis and care more accessible.

Source: http:/ /alzimpact.org/.

RESEARCHERS AGAINST ALZHEIMER’S/USAGAINST ALZHEIMER’S

These organizations collect donations and provide tools for researchers interested in AD.
Their websites have access to resources, clinical trial data, and talks on AD. They are also
involved in global events such as the Leaders Engaged on Alzheimer’s Disease Coalition and
the Global CEO Initiative on Alzheimer’s Disease.
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Researchers Against Alzheimer’s goals are:

1. Focusing the research community’s effort to stop AD by 2025.
2. Investing in AD research resources to match the scale of the epidemic.
3. Reforming the drug development and approval pipeline to make it fast and efficient.

USAgainst Alzheimer’s goal is to stop AD by 2020. It hopes to achieve this goal by increas-
ing investments in AD research from both public and private sectors. The organization
helped in securing more than $200 million to fund AD research. It also helped form a network
of more than 70 organizations and corporations concerned with AD and networks for AD
activists such as the “Activists Against Alzheimer’s” and “Women Against Alzheimer’s.” The
organization also facilitates enrollment in major AD clinical trials such as A4 Trial, SNIFEF,
NCA&T Study, and EXERT Study:.

Sources: http://www.usagainstalzheimers.org/networks/researchers and http://www.
usagainstalzheimers.org/.

SOCIAL MEDIA

Social networks can help the research community by increasing accessibility to profes-
sional advice, job listings, and networking between researchers, industry representatives, stu-
dents, and legislators. While there are many social networks, some tend to be more profession
oriented:

1. ResearchGate: Founded in 2008, ResearchGate prides itself as a “by scientists for
scientists” social network. Today ResearchGate members exceed 6 million. Their goal
is to improve research by facilitating the sharing of data and expertise. This goal is
done by:

a. Enabling data publishing and access.

b. Providing statistics about citations and views.

c. Posting and viewing job listings.

d. Discussing research problems with other members.
e. Collaboration with fellow scientists in the field.

Source: http:/ /www.researchgate.net/.

2. LinkedIn: LinkedIn is a large social network for professionals with 300 million
members. This social network aims to globally connect professionals from different
fields to increase productivity. Members can contact other members, post and
view job listings, and get news and updates of various fields and interests. There
is a subdivision that focuses on job opportunities and employers by categorizing
them in a directory where a member can search either by name or interest (eg,
pharmaceuticals). Also the website provides a directory for academic institutes.
Summary of resources provided by various organizations to address AD, from
research funding to educational services, are given in Table 3.3.

Source: https:/ /www.linkedin.com/nhome.
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TABLE 3.3 Summary of Resources to Address Alzheimer’s Disease

Provider

Resource Provided

National Institutes of Health
(NIA, NIMH, and NINDS)

Alzheimer’s Disease Centers

National Alzheimer’s
Coordinating Center

National Cell Repository for
Alzheimer’s Disease

Alzheimer’s Disease Education
and Referral Center

NIA Genetics of Alzheimer’s
Disease Data Storage Site

Investigational New Drug
Toxicology Program

Alzheimer’s Disease
Neuroimaging Initiative

Alzheimer’s Drug Discovery

Foundation

Alzheimer’s Association

Alzheimer’s Foundation of
America

The International Society to
Advance Alzheimer’s Research
and Treatment

Alzforum

Researchers Against Alzheimer’s
and USAgainst Alzheimer’s

Research funding

Information for the public

Data and services for researchers

National strategy and coordination against AD

Information on disease and related services
Diagnosis and medical management
Patient participation in clinical trials

Database (MRI images, and clinical and neuropathological data)

Biological samples for researchers (DNA, RNA, serum, plasma, and brain
tissue) as well as data

Patient participation in projects

Accept brain tissue samples for autopsy

Publications on disease information and treatments

Assists patients with referrals to other centers for diagnosis or research
participation

Information on clinical trials

Provides genomic data to researchers (genotyping, sequencing, and statistics)
Provides software for genomic data (DNA-SEQ and RNA-SEQ)

Analytical chemistry
Pharmacokinetic studies
Preliminary toxicity screens

Genetic and imaging data (MRI and PET images)
Data on fluid biomarkers and correlations with disease onset and progression
Tools for PET and MRI image analysis

Provides research funding for AD drug discovery, early detection, and
clinical trials

Provides information to caregivers and patients (symposia, telephone
helpline, Alzheimer’s & Dementia journal, and online forums)

Patient clinical trial participation

Research grants

Education through conferences, publications, and social events
Telephone helpline
Grants for AFA member organizations

Student sponsorship for AAIC attendance
Grants members journal access

General information and news to researchers (recent findings, grants, and
conferences)

Access to databases (AlzBiomarker, AlzPedia, and AlzRisk)

Helps job seekers by allowing job postings

Access to clinical trials data
Patient enrollment in clinical trials

Source: https://www.linkedin.com/nhome.
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INTRODUCTION

Alzheimer’s disease (AD) treatment strategies build upon generally recognized goals
of pharmacotherapy in the older adult, which include maintaining the highest level of
functional independence and improving overall health-related quality of life. Current
Food and Drug Administration (FDA)-approved pharmacologic options for AD do
not reverse pathology associated with AD and are not initiated with the goal of cure
(National Institute of Aging, 2014). Medicinal foods have also been approved by the
FDA and numerous pharmaceuticals are under investigation in clinical trials for AD.

Drug Discovery Approaches for the Treatment of Neurodegenerative Disorders
http://dx.doi.org/10.1016/B978-0-12-802810-0.00004-0 49 © 2017 Elsevier Inc. All rights reserved.
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Several medications approved for other indications are being studied for efficacy in AD
(Cummings et al., 2015).

Goals for treatment of AD include treating the symptoms of deteriorating cognition
and delaying the progression of functional loss along with managing the behavioral and
psychological symptoms of dementia (BPSD) (Geldmacher, 2007; Sadowsky et al., 2012).
The course of treatment follows a predictable direction from treatment of mild to moder-
ate to severe AD although patients vary in the rapidity of progression and the emergence
of BPSD. In practice, both pharmacologic and nonpharmacologic options are initiated and
maintained to enable patients to have active engagement with their family members with
least progressive loss of independence, thus delaying placement into more restrictive liv-
ing environments. Because current therapy offers no cure or reversal of AD pathology,
there is a significant need for continued research. Patient and family education on the
use of FDA-approved medications focuses on the early initiation of drug therapy and
realistic goals including the limited benefits and potential adverse effects of medication.
AD educational topics including the course of the disease, resolution of legal matters,
availability of clinical trials, and end of life care should be addressed early in the disease
while patient cognition is highest (California Workshop, 2008; Hort et al., 2010; Lindstrom
et al., 2006).

Geriatric patients experiencing AD often have multiple comorbid conditions and
geriatric syndromes, which may involve drug therapy (Doraiswamy et al., 2002). Clini-
cians aim to maximize benefits of pharmacologic treatment and nondrug interventions
for these comorbid conditions to improve overall health status including cognitive and
functional abilities (Duthie et al., 2011). Since cardiovascular risk factors of hypertension,
hyperlipidemia, and diabetes are associated with more rapid progression of AD, their
optimal management is a priority early in AD treatment (Nelson et al., 2009; Wysocki
et al., 2012). Patients diagnosed with AD should also be screened for depression, which
may occur concurrently in up to a third of patients presenting with AD and can affect cog-
nition (Williams et al., 2010). In addition to optimal treatment of risk factors and comor-
bid conditions, a comprehensive medication review is important to assess for potentially
inappropriate medications, particularly those that may cause further impairment of
cognition or increase risk for falls and injury to the patient with AD (California Work-
shop, 2008).

FDA-approved pharmacologic management of AD includes the cholinesterase inhibi-
tors (ChEIs) and N-methyl-p-aspartate (NMDA) glutamate receptor antagonist. Since
1993, the FDA has approved four ChEls although the first ChEI, tacrine, is no longer
marketed because of the disadvantages of hepatic adverse effects and lack of tolerability
with four times a day dosing. The currently available ChEls, donepezil, galantamine and
rivastigmine, are each available in oral dosage forms with rivastigmine also available
as a transdermal patch (Table 4.1). The only NMDA antagonist currently approved is
oral memantine. These medications are available in a variety of doses and dosage forms,
including a recently approved combination product to provide options to clinicians
based on the patient’s changing condition and functional needs. Choice of ChEI is based
upon patient-specific factors as no agent shows clear evidence of superiority (Birks, 2006;
Quirion, 1993).
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TABLE 4.1 Approved Cholinesterase Inhibitors for Treatment of Alzheimer’s Disease

Donepezil (Aricept, Aricept Rivastigmine (Exelon, Exelon

Galantamine (Razadyne,

OoDT) Patch) Razadyne ER)
FDA approval 1996 2000 2001
Mechanisms AChEI AChEI+BuChEI AChEI +nicotinic
modulation
Indication Mild to moderate AD Mild to moderate AD Mild to moderate AD
Moderate to severe AD Moderate to severe AD
Dementia of Parkinson’s
disease
Dosage form Per os tablet, orally Per os capsules, oral solution, Per os tablets, oral solution,

dissolving tablet transdermal patch extended release capsules
Frequency of Once daily Twice daily per os Tablets and solution twice
administration daily with food
Patch application every 24h Extended release capsules
once daily in am with food
Initial dose 5mg per os daily 1.5mg per os twice daily 4mg per os twice daily

or 8mg extended release

4.6 mg patch once daily capsule once daily

Titration schedule Increase to 10mg daily after Increase per os by 3mg/day at Increase by 8mg/day
4-6weeks 2week intervals with target of  at 4week intervals to
6mg twice daily maximum of 12mg per
os twice daily or 24 mg
extended release capsule
once daily

May increase to 23 mg daily  Increase patch to 9.5mg after

after additional 3months for 4weeks then may increase to

severe AD 13.3mg after additional 4weeks
for severe AD

ACHhEI, acetylcholinesterase inhibitor; BuChEI, butyrylcholinesterase inhibitor.

ACETYLCHOLINESTERASE INHIBITORS

FDA-approved treatment of AD reflects the brain pathology thought to be associated with
the neurodegenerative symptoms and neuronal changes. As cholinergic neuronal pathways are
destroyed, there is a decrease in activity of acetylcholine-synthesizing enzyme and loss of cho-
linergic neurotransmission in the cerebral cortex (Quirion, 1993). ChEIs boost the available ace-
tylcholine for improved cholinergic transmission at the neuronal synapse. It is unknown to what
extent rivastigmine’s additional inhibition of butyrylcholinesterase (BuChE) and galantamine’s
modulating effect on nicotinic receptors provide clinical benefits to AD patients. The ChEIs are
first-line agents with all three indicated for treatment of mild to moderate AD and the higher
doses of donepezil (10 and 23 mg tablets) along with rivastigmine (13.3mg/24h patch) indicated
for moderate to severe disease (Donepezil US Prescribing Information, 2015; Galantamine US
Prescribing Information, 2013; Rivastigmine US Prescribing Information, 2015a,b).
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Relative contraindications and cautions to the use of ChEI include bradycardia, sick sinus
syndrome, chronic obstructive pulmonary disease, asthma, seizure disorder, ulcer disease,
bladder outlet obstruction, and history of an excessive response to succinylcholine anes-
thetic muscle relaxants. Caution is also advised when used in patients with low body weight
<50-55kg. The three agents, donepezil, rivastigmine, and galantamine, have similar efficacy
results on cognition, global status, and ability to perform activities of daily living (ADLs)
with some variation in adverse effect profile and pharmacokinetic characteristics. Common
adverse effects include gastrointestinal complaints of nausea, vomiting, diarrhea, decreased
appetite occurring in 5-20% of patients along with reports of insomnia, dizziness, and head-
ache. Systemic effects associated with excessive peripheral cholinergic activity include uri-
nary frequency, bradycardia, and syncope. Because of the risk of falls with syncope, close
monitoring may be advised to prevent injury. Each of the ChEIs has a recommended titration
schedule, which allows time for the body to adjust to potential adverse effects. When gaps
occur in ChEI therapy, restarting at initial dose is advised (Donepezil US Prescribing Infor-
mation, 2015; Galantamine US Prescribing Information, 2013; Rivastigmine US Prescribing
Information, 2015a,b).

Donepezil, brand name Aricept, was approved in 1996 and is often chosen as ChEI upon
initial diagnosis as it is indicated for use from mild to severe AD treatment. Donepezil binds
to the enzyme acetylcholinesterase (AChE) in a noncompetitive means and is hydrolyzed
instead of acetylcholine (Herrmann et al., 2011). Donepezil has limited peripheral effects and
a long half-life, which allow once daily dosing. The initial dose of 5mg by mouth daily may be
increased to 10mg daily after 4-6 weeks. Both 5 and 10mg doses are considered maintenance
dosing for mild to moderate disease. For moderate to severe AD, a further dose titration to
23 mg is possible after 3months at 10mg daily dose, although the limited clinical benefits of
this higher dose must be balanced with the increased risk for adverse effects (Farlow et al.,
2010). If therapy is interrupted for more than 7 days, the patient is advised to return to the
starting dose of 5mg daily (Donepezil US Prescribing Information, 2015).

Rivastigmine, brand name Exelon, was approved in 2000 and is available in immedi-
ate release capsules, oral liquid, and a daily patch formulation. All dosage forms are indi-
cated for mild to moderate AD and the highest patch dose of 13.3mg/24h is indicated for
moderate to severe AD. This agent remains bound to AChE after hydrolysis resulting in a
pseudo-irreversible effect (Herrmann et al., 2011). Titration for capsules takes place at 2-week
intervals from 1.5mg twice a day (bid) to 3mg bid to 4.5mg bid to a maximum of 6 mg bid.
The patch dose increases at 4-week intervals from 4.6mg/24h to 9.5mg/24h and finally
to 13.3mg/24h for moderate-to-severe disease. In patients with moderate to severe renal
or hepatic disease or low body weight <50kg, a maximum dose of 4.6mg/24h is advised.
Special instructions with the patch include rotating to a different application site with no
site used twice in a 14-day period. Removal of a patch prior to application of a new patch is
an important patient/caregiver counseling point as the simultaneous use of more than one
patch can lead to significant adverse effects including death. The patch cannot be cut and
detailed directions for administration must be followed for both safe and efficacious use.
If patch therapy is interrupted for more than 3days, the patient may be advised to return
to starting patch dose. Oral capsules and solution are administered with food twice a day.
Rivastigmine is also indicated for mild and moderate dementia associated with Parkinson’s
disease (Rivastigmine US Prescribing Information, 2015a,b).



PRACTICAL USE OF ACETYLCHOLINESTERASE INHIBITORS 53

Galantamine, brand name Razadyne, was approved in 2001 and is available in 4, 8, and
12mg immediate release tablets along with extended release capsules in 8, 16, and 24 mg doses
and an oral solution. It is indicated for mild-to-moderate disease with dosage increased every
4weeks to maximally tolerated dose. In addition to the reversible and competitive inhibition
of AChE, galantamine exhibits a modulation of nicotinic receptors (Herrmann et al., 2011).
The manufacturer recommends administration of all dosage forms with food to decrease gas-
trointestinal (GI) adverse effects and there are dose restrictions for moderate renal and hepatic
impairment. Daily extended release capsules are recommended for morning administration.
Twice daily dosage forms are recommended to be given at the time of morning and evening
meals. If treatment is interrupted for more than 3 days, the patient should be retitrated from
the initial dose (Galantamine US Prescribing Information, 2013).

PRACTICAL USE OF ACETYLCHOLINESTERASE INHIBITORS

In practice, the various dosage forms present practical solutions as well as obstacles for
individual patients’” appropriate use and adherence to treatment. Practitioners may choose
the Aricept 10mg ODT (orally dissolving tablet) as a convenient dosage form for a patient
who needs extensive cueing to swallow. For the same patient, however, the Aricept 23mg
oral tablet, which cannot be chewed, crushed, or broken, might create difficulty in swallow-
ing whole. As the ability to adhere to strict administration requirements may be impaired
with disease progression, tablets that must be swallowed whole might be challenging in
patients with significant difficulty in swallowing. Oral solutions, transdermal patches, sus-
tained release capsules, which may be opened and sprinkled on applesauce, are all examples
of patient-friendly dosage forms for specific populations. Once-daily products are associated
with greater adherence and extended release products also may avoid increased side effects
seen with higher peak serum levels of immediate release products. Adherence to proper patch
application and removal may be more complicated in a patient receiving other medications
in transdermal patch dosage form with differing frequency of application. Ease of adherence,
frequency of administration, storage requirements, and cost are also considerations for the
practitioner and necessary topics for patient, family, and caregiver discussions (California
Workshop, 2008).

How do the medication factors apply to a patient living with AD? (a fictional example based
on typical experiences) Patient |R is an 83-year-old widower experiencing mild-moderate AD and
resides in an assisted living unit of a continuing care community. He has progressed from living indepen-
dently to a more structured environment with some assistance with activities of daily living but is not
confined to a locked, memory support environment. His health care is provided with a team approach of
nurses, nursing assistants, attending physician, nurse practitioners, dietician, social worker, recreational
therapist, and a pharmacist quarterly review. Here is the Nurse Practitioner Progress Note from the Sep.
7 encounter: “Asked to see patient JR by daughter who is concerned with worsening memory and weight
loss. JR cooks own breakfast, lunches in the dining room and receives a premade dinner. He goes to sleep
about 6 pm nightly. Vital signs within normal limits, physical exam unremarkable except for a weight
decrease of 41bs in past 3months. MMSE is 19/30 today—down from 25/30 in April. Assessment/Plan:
1. Weight Loss—agrees to take a supplement shake with breakfast 2. AD—continue donepezil 10mg daily
and start memantine 5mg bid and titrate up—daughter in agreement.”
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9/22 Medical Progress Note: “Asked to see JR secondary to confusion/forgetfulness. Patient is pleas-
ant and cooperative with appropriate responses to questions. Medication non-compliance is noted as
it appears JR is forgetting to take pm meds. Agrees to assisted medication packaging system with each
dose individually labeled with date and time. Donepezil had not been refilled or taken in past month so
dose decreased to 5mg daily x 4weeks to retitrate.”

11/2 Nurse Progress Note: “Nursing assistant found 3 days of medications lying in trash can. Prior
days were missing. JR stated, ‘I had too many of them” when asked why medications were thrown
away.”

11/5 Nurse Progress Note: “Nurse observed resident taking all am and pm medications in the morn-
ing. Nurse explained importance of taking medications at the correct time and keeping time between
medications scheduled for am and pm.”

Adherence can become more difficult with memory impairment and institutionalization
may occur as difficulty in medication management progresses. Among prescribers, the differ-
ent titration schedules for AD treatment can cause confusion with too rapid dose escalation
potentially increasing initial adverse effects. However, if a patient remains on the initial ChEI
dose and is not titrated to a maintenance dose, ineffective therapeutic outcomes may result.
Packaging the medication into titration packets and use of computerized templates for order-
ing in electronic prescribing systems can avoid these pitfalls of incorrect titration. A pitfall
with electronic records is the documentation of intolerance to a specific product as an allergy
or intolerance to the entire class.

Prescribing information provides limitations to the use of ChEls including the potential
for drug interactions when ChElIs are used with aspirin and nonsteroidal antiinflammatory
drugs increasing the risk of GI adverse effects including bleeding and vomiting. Warnings
include caution for use of ChEIs because of synergistic effects with other medications/classes
that increase seizure potential or decrease heart rate. ChEIs may increase the skeletal muscle
relaxation of succinylcholine anesthetics. Antagonistic interactions may occur with medica-
tions having anticholinergic effects. Individual agents have the potential for drug interactions
involving the cytochrome P450 enzyme system such as donepezil whose clearance may be
decreased by CYP 2D6 inhibitors. Rivastigmine prescribing information instructs that use
with metoclopramide, beta blockers, cholinomimetics, and anticholinergic medications is not
recommended (Donepezil US Prescribing Information, 2015; Rivastigmine US Prescribing
Information, 2015a,b; Galantamine US Prescribing Information, 2013).

NMDA ANTAGONIST USE

As AD progresses to moderate to severe disease, the NMDA antagonist memantine may be
added to a ChEI or used alone. Memantine reduces overexcitation of the glutamate receptors
to retain their function in cognition. This overexcitation may be more commonly expressed
with disease progression, thus the indication for use in moderate to severe AD. Memantine is
generally well tolerated without the common GI adverse effects of ChEIs. Its adverse effects
include constipation, dizziness, confusion, headache, cough, and somnolence (Robinson and
Keating, 2006). Memantine is available in immediate release tablets, extended release cap-
sules, an oral solution, and in a combination product with donepezil. Initial memantine dos-
ing is titrated weekly to a maximum dose of 10mg bid for tablets or 28 mg daily for extended
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release capsules. Efficacy, safety, and tolerability have been demonstrated in the use of 28 mg
extended release capsules in combination with ChEIs for moderate to severe AD with the
advantage of once-daily memantine dosing (Grossberg et al., 2013). A maximum dose of 5mg
bid or 14mg extended release capsule daily is recommended for renal impairment when
creatinine clearance is 5-29 mL/min. Medications that increase urinary pH may reduce the
tubular reabsorption of memantine resulting in increased levels of memantine in the blood
stream. Caution is advised when therapy is combined with other NMDA antagonists used for
different indications, ketamine, amantadine, or dextromethorphan (Memantine US Prescrib-
ing Information, 2014, 2013). Memantine in combination therapy with donepezil has shown
outcome benefits on cognition, global outcomes, ADLs, and behavior when compared to
donepezil plus a placebo (Tariot et al., 2004).

TREATMENT GUIDELINES AND DISEASE MANAGEMENT

Recommended guidelines from the American College of Physicians and the American
Academy of Family Physicians for treatment of AD include initiation of ChEls for mild to
moderate AD with titration to maintenance dose as tolerated (Qaseem et al., 2008). Patients
are monitored at 2-4weeks for potential adverse effects and closely followed during dose
titrations. Therapeutic effectiveness can be assessed in 3-6 months after drug initiation with
a variety of cognition scales and caregiver questionnaires (California Workshop, 2008). The
patient’s ability to adhere to a titration schedule and consistent dose administration may
influence the effectiveness of treatment. If patients experience intolerable adverse effects
or lack of efficacy such as a drop in mini-mental status exam (MMSE) score of more than
2-4 points/year, clinicians may choose to switch to an alternate ChEI and retitrate to main-
tenance dose. With disease progression, ChEI dose maximization and changes in pharma-
cologic agent can be made. For moderate to severe AD, the ChEI should be maintained or
initiated and antiglutamergic therapy with NMDA antagonist can be added and titrated to
maintenance dose as tolerated. With disease progression, ChEI use may significantly decrease
caregiver burden and lower the risk of institutional care. Greatest benefit is expected when
pharmacologic treatment begins early and is maintained over the course of disease although
expectations for cognitive improvement may not be observed (Geldmacher, 2007; Geldmacher
et al., 2003). Outcome measures of minimally improved or stable cognitive testing status may
differ from the caregiver’s perception of improved ability to complete ADLs and patient’s
functional behavioral status. Patient and caregiver goal-setting may differ from that which is
measured in standardized assessment scales. For example, a patient-specific goal may be less
reliance on reminder lists and calendars in early AD compared to an objective clinician’s goal
of improved 5-min recall per MMSE testing. Caregivers may look for a reduction in repeti-
tive questions or improvement in behavior for moderate AD versus change in attention and
cognition scales.

To maximize therapeutic outcomes with currently approved medications, counseling
is important. When initiating AD therapy, patients and caregivers should be counseled on
potential adverse effects and self-care to minimize those effects. Taking ChEls in the evening
and/or with food may minimize the initial GI adverse effects. Patients experiencing insomnia
associated with the introduction of daily ChEIs may move an evening administration time to
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morning. Proper patch rotation may decrease local dermatologic effects. The ability to choose
a dosage form compatible with an individual patient may also influence ChEI choice.

With introduction of ChEI therapy, new or worsening urinary incontinence may be the
result of the peripheral cholinergic effects. If an anticholinergic medication is added for
treatment of urinary frequency because of cholinergic effects of AD treatment, this pre-
scribing cascade may have detrimental effects on cognition. A Canadian study enrolling
over 44,000 patients with dementia demonstrated this increased risk for use of anticholin-
ergic medication to treat new or worsening urinary incontinence, which may have been
associated with a ChEI prescribed for dementia treatment (Gill et al., 2005). An Archives
of Internal Medicine study of 19,000 dementia patients noted an association with syncope
risk and use of ChEIls. Syncope-related complications of hospitalization for treatment
of hip fracture, bradycardia, and pacemaker insertion were serious measured outcomes
(Gill et al., 2009). Medications with anticholinergic properties are often considered poten-
tially inappropriate pharmacologic agents for the elderly population (AGS Beers, 2015).
When anticholinergic medications are used for more than 2 months, there is an increased
risk for cognitive impairment and potentially more rapid progression of dementia (Cai
et al., 2013).

Patients being treated for AD may benefit at all stages of disease from proper man-
agement of comorbid conditions and attention to fall prevention. Hospitalization from
exacerbated comorbid conditions or treatment of falls with injury can lead to agitation,
confusion, and disorientation for patients with AD. If misinterpreted, a patient with AD
may be ordered medication to control behaviors associated with confusion from a change
in living location or could be treated for agitated behavior when pain relief was indicated.
There is currently no FDA-approved medication to treat BPSD. ChEIs have been studied in
the treatment of BPSD with limited effectiveness noted (Rodda et al., 2009). Antipsychotics
used outside FDA approval for the treatment of BPSD have resulted in a Black Box warning
for this medication class for increased risk of mortality (Maust et al., 2015). There is a poten-
tial for misinterpretation of symptoms of other medical conditions, geriatric syndromes,
or age-related impairments as progression of the cognitive decline associated with AD.
For example, a patient with AD may inappropriately answer a question during cognitive
assessment. The inappropriate response may be considered an expression of their worsen-
ing cognitive deficit directly caused by AD. However, upon further exploration, it may be
discovered that the patient is experiencing sensory impairment and needs pharmacologic
treatment to remove excessive wax in the ear, which was distorting hearing, or perhaps the
addition of an assistive hearing device. CNS adverse effects of an inappropriate drug used
in the treatment of a comorbid condition may also be misinterpreted as AD symptom pro-
gression. Therefore optimizing treatment of other medical conditions and impairments and
minimizing the use of potentially inappropriate medications, particularly those with CNS
adverse effects, should be addressed early in the treatment of AD. A comprehensive medi-
cation review assessing both prescription and nonprescription medications can be helpful
to reduce use of medications that worsen cognition or increase potential for falls and their
disabling consequences. These in-depth medication reviews can identify the potential for
polypharmacy and should continue throughout AD treatment to reduce the risk for drug-
induced cognitive loss or misidentification of a drug adverse effect as AD progression.
When practitioners add new medications regardless of indication, there is the potential
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for drug interactions and difficulty in maintaining compliance to a more complicated drug
regimen (Cummings et al., 2015). Identification of potentially inappropriate medications
in this aged population includes a benefit/risk assessment for all medications to minimize
likelihood of adverse effects detrimental to cognition (AGS, 2015).

TREATMENT DISCONTINUATION

The decision of when to discontinue AD pharmacologic therapy can be difficult to make in
the absence of significant demonstration of efficacy or absence of adverse effects. Therapeutic
treatment plans are individualized to patient response and family and caregiver needs as
well as emerging clinical practice guidelines. The benefit to risk ratio changes with advanc-
ing disease burden and routinely needs evaluation by the collaborative team. Clinical trials
demonstrate some benefit up to 4years of ChEI treatment (Lyle et al., 2008). Clinicians may
choose to stop therapy when the patient reaches a stage of little cognitive or functional ability
or when the risks of treatment exceed potential benefits. With end-stage disease, it may be
difficult for patients to comply with medication administration, thus prompting discontinua-
tion. Hospice and palliative care may be initiated during terminal stages of AD per patient or
family wishes. These consultations may involve decisions to stop ChEI and NMDA antago-
nist therapy as there are limited data to support use in end-stage AD. With the decision to
stop AD therapy, tapering of dose and patient monitoring for significant deterioration are
advised (Herrmann et al., 2013). There remains a need for additional research into the optimal
duration of ChEIl and memantine therapy along with more intensive studies comparing ChEI
agents both alone and in combination with memantine (Qaseem et al., 2008). Because patients
respond as individuals to AD treatment, practitioners should be prepared to adjust pharma-
cologic therapy to promote quality of life for each individual patient and caregiver. Research
into more effective means of treatment, disease reversal, and a cure are hopes for the future.

References

AGS 2015 Beers Criteria Update Expert Panel, 2015. American Geriatrics Society 2015 Updated Beers Criteria for
Potentially Inappropriate Medication Use in Older Adults. J. Am. Geriatr. Soc. 63, 2227-2246.

Birks, J., 2006. Cholinesterase inhibitors for Alzheimer’s disease. Cochrane Database Syst. Rev. 1, CD005593.

Cai, X., Cambell, N., et al., 2013. Long-term anticholinergic use and the aging brain. Alzheimers Dement. 9,
377-385.

California Workshop on Guidelines for Alzheimer’s Disease Management, 2008. Guidelines for Alzheimer’s Disease
Management. Final Report.

Cummings, J.L., Isaacson, R.S., Schmitt, EA., Velting, D.M., 2015. A practical algorithm for managing Alzheimer’s
disease: what, when, and why? Ann. Clin. Transl. Neurol. 2, 307-323.

Donepezil (Aricept®) US Prescribing Information, 2015. Available at: http:/ /www.aricept.com/docs/pdf/aricept_
PLpdf.

Doraiswamy, PM., Leon, J., Cummings, J.L., et al., 2002. Prevalence and impact of medical comorbidity in Alzheim-
er’s disease. J. Gerontol. A Biol. Sci. Med. Sci. 57, M173-M177.

Duthie, A., Chew, D., Soiza, R.L, 2011. Non-psychiatric comorbidity associated with Alzheimer’s disease. QJM 104,
913-920.

Farlow, M.R,, Salloway, S., Tariot, P.N., et al., 2010. Effectiveness and tolerability of high-dose (23mg/d) versus stan-
dard-dose (10mg/d) donepezil in moderate to severe Alzheimer’s disease: a 24-week, randomized, double-blind
study. Clin. Ther. 32, 1234-1251.


http://www.aricept.com/docs/pdf/aricept_PI.pdf
http://www.aricept.com/docs/pdf/aricept_PI.pdf

58 4. CURRENT MEDICATIONS FOR THE TREATMENT OF ALZHEIMER’S DISEASE

Galantamine (Razadyne®, Razadyne ER®) US Prescribing Information, 2013. Available at: http:/ /www.janssenphar-
maceuticalsinc.com/assets/razadyne_er.pdf.

Geldmacher, D.S., 2007. Treatment guidelines for Alzheimer’s disease: redefining perceptions in primary care. Prim.
Care Companion J. Clin. Psychiatry 9, 113-121.

Geldmacher, D.S., Provenzano, G., McRae, R., Mastey, V., Leni, ].R., 2003. Donepezil is associated with delayed nurs-
ing home placement in patients with Alzheimer’s disease. ]. Am. Geriatr. Soc. 51 (7), 937-944.

Gill, S.S., et al., 2009. Syncope and its consequences in patients with dementia receiving cholinesterase inhibitors — a
population-based cohort study. Arch. Intern. Med. 169 (9), 867-873.

Gill, S.S., et al., 2005. Prescribing cascade involving cholinesterase inhibitors and anticholinergic drugs. Arch. Intern.
Med. 165, 808-813.

Grossberg, G.T., Manes, E, Allegri, R.E, et al., 2013. The safety, tolerability, and efficacy of once-daily memantine
(28 mg): a multinational, randomized, double-blind, placebo-controlled trial in patients with moderate-to-severe
Alzheimer’s disease taking cholinesterase inhibitors. CNS Drugs 27, 469—-478.

Herrmann, N., Lancto6t, K.L., Hogan, D.B., 2013. Pharmacological recommendations for the symptomatic treatment
of dementia: the Canadian Consensus Conference on the diagnosis and treatment of dementia 2012. Alzheimers
Res. Ther. (Suppl. 1), S5.

Herrmann, N., Chau, S.A., Kircanski, I, et al., 2011. Current and emerging drug treatment options for Alzheimer’s
disease: a systematic review. Drugs 71 (15), 2013-2065.

Hort, J., O’Brien, ].T., Gainotti, G., et al., 2010. EENS 2010 guidelines for the diagnosis and management of Alzheim-
er’s disease. Eur. J. Neurol. 17, 1236-1248.

Lindstrom, H.A., Smyth, K.A., Sami, S.A., et al., 2006. Medication use to treat memory loss in dementia: perspectives
of persons with dementia and their caregivers. Dementia 5, 27-50.

Lyle, S., Grizzell, M., Willmott, S., et al., 2008. Treatment of a whole population sample of Alzheimer’s disease with
donepezil over a 4-year period: lessons learned. Dement. Geriatr. Cogn. Disord. 25, 226-231.

Maust, D.T., Kim, H., Seyfried, L.S., et al., March 18, 2015. Antipsychotics, other psychotropics, and the risk of death
in patients with dementia: number needed to harm. JAMA Psychiatry. 72(5), 438—445.

Memantine (Namenda®) US Prescribing Information, 2013. Available at: http://pi.actavis.com/data_stream.
asp?product_group=1901&p=pi&language=E.

Memantine (Namenda XR®) US Prescribing Information, 2014. Available at: http://pi.actavis.com/data_stream.
asp?product_group=1902&p=pi&language=E.

National Institute of Aging 2014 Alzheimer’s Disease medications fact sheet, 2014. National Institute on Aging Web-
site. http:/ /www.nia.nih.gov/alzheimers/publication/alzheimers-disease-medications-fact-sheet.

Nelson, P.T., Smith, C.D., Abner, E.A., et al., 2009. Human cerebral neuropathology of Type 2 diabetes mellitus. Bio-
chim. Biophys. Acta 1792 (5), 454—-469.

Qaseem, A., Snow, V., Cross, ].T., Forciea, M.A., Hopkins, R., Shekelle, P, et al., 2008. Current pharmacologic treat-
ment of dementia: a clinical practice guideline from the American College of physicians and the American Acad-
emy of family physicians. Ann. Intern. Med. 148, 370-378.

Quirion, R., 1993. Cholinergic markers in Alzheimer’s disease and the auto-regulation of acetylcholine release. J.
Psychiatry Neurosci. 18 (5), 226-234.

Rivastigmine (Exelon® Oral) US Prescribing Information, 2015a. Available at: http://pharma.us.novartis.com/prod-
uct/pi/pdf/exelon.pdf.

Rivastigmine (Exelon® Patch®) US Prescribing Information, 2015b. Available at: http://www.pharma.us.novartis.
com/product/pi/pdf/exelonpatch.pdf.

Robinson, D.M., Keating, G.M., 2006. Memantine: a review of its use in Alzheimer’s disease. Drugs 66, 1515-1534.

Rodda, J., Morgan, S., Walker, A., 2009. Are cholinesterase inhibitors effective in the management of behavioral and
psychological symptoms of dementia in AD? A systematic review of randomized, placebo-controlled trials of
donepezil, rivastigmine and galantamine. Int. Psychogeriatr. 21 (5), 813-824.

Sadowsky, C.H., Galvin, J.E.,, et al., 2012. Guidelines for the management of cognitive and behavioral problems in
dementia. J. Am. Board Fam. Med. 25, 350-366.

Tariot, PN., Farlow, M.R., Grossberg, G.T., et al., 2004. Memantine treatment in patients with moderate to severe
Alzheimer disease already receiving donepezil: a randomized controlled trial. JAMA 291, 317-324.

Williams, J.W., Plassman, B.L., Burke, J., et al., 2010. Preventing Alzheimer’s Disease and Cognitive Decline. In:
Rockville, M.D. (Ed.). Agency for Healthcare Research and Quality, U.S. Dept of HHS. Publication No.: 10-E005.

Wysocki, M., Luo, X., Schmeidler, J., et al., 2012. Hypertension is associated with cognitive decline in elderly people
at high risk for dementia. Am. J. Geriatr. Psychiatry 20, 179-187.


http://www.janssenpharmaceuticalsinc.com/assets/razadyne_er.pdf
http://www.janssenpharmaceuticalsinc.com/assets/razadyne_er.pdf
http://pi.actavis.com/data_stream.asp?product_group=1901&p=pi&language=E
http://pi.actavis.com/data_stream.asp?product_group=1901&p=pi&language=E
http://pi.actavis.com/data_stream.asp?product_group=1902&p=pi&language=E
http://pi.actavis.com/data_stream.asp?product_group=1902&p=pi&language=E
http://www.nia.nih.gov/alzheimers/publication/alzheimers-disease-medications-fact-sheet
http://pharma.us.novartis.com/product/pi/pdf/exelon.pdf
http://pharma.us.novartis.com/product/pi/pdf/exelon.pdf
http://www.pharma.us.novartis.com/product/pi/pdf/exelonpatch.pdf
http://www.pharma.us.novartis.com/product/pi/pdf/exelonpatch.pdf

CHAPTER

5

Physicochemical Properties for
Potential Alzheimer’s Disease Drugs
Z. Ates-Alagoz, A. Adejare

OUTLINE

Introduction 59  Drug Delivery 70
The Blood-Brain Barrier 61 Conclusions 75
Physicochemical Properties of Alzheimer’s References 75
Disease Drugs 62

INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder that results in loss of cognitive
function and is eventually fatal (Pettersson et al., 2012). It is increasingly diagnosed in all coun-
tries where the number of patients rises exponentially with life expectancy (Florent-Béchard
et al., 2007, Cummings, 2004; Forsyth and Ritzline, 1998). It is related to progressive cognitive
decline, deficits in memory and executive functions, along with significant neuropsychiatric
symptoms (Wilson et al., 2013; Chamberlain et al., 2011; Lyketsos et al., 2011). AD represents a
significant unmet medical need since no disease-modifying therapy is yet available with more
than 35million people affected worldwide. To better understand the causes of AD, which can
lead to the development of safe and effective pharmacological treatments, has been one of the
foremost challenges in health research during the past decades (Sahni et al., 2011).

AD is characterized by extracellular amyloid plaques and intracellular neurofibrillary
tangles composed of aggregates of misfolded amyloid-p-peptide (Af) and hyperphosphor-
ylated tau proteins, respectively, in brain areas such as the hippocampus and basal forebrain
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(Tolnay and Probst, 1999; Gandy, 2005; Walsh et al., 2002). The loss of neurons in brain areas
associated with learning process and memory consolidation results in the symptoms asso-
ciated with AD. Ap peptides are produced by the proteolytic processing of a type 1 trans-
membrane protein: the amyloid precursor protein (APP) by f- and y-secretase enzymes,
both of which are aspartyl proteases (Walsh et al., 2002). p-Secretase, also called p-site of
APP cleaving enzyme, cleaves APP at the extracellular domain to generate a membrane
spanning C terminal fragment p (C99), which is subsequently processed by y-secretase to
liberate Ap40/42. Altered metabolism of the APP causing overproduction of A peptides,
more importantly the longer and hydrophobic Ap42, has been implicated as a key player in
the series of neuropathological changes that result in the disease. The ensuing pathological
aggregation process may proceed via seed “precipitation” with a higher risk of such events
with increasing peptide concentration (Adeniji, 2010).

The main agents prescribed nowadays are acetylcholinesterase inhibitors (AChEIs), but
they are only useful for treating patients with mild-to-moderate AD. Tacrine (THA) was
the first drug approved by the Food and Drug Administration for the treatment of AD
(Brasnjevic et al., 2009; Farlow, 2002). However, this drug was withdrawn from the market
because it exhibited side effects like hepatotoxicity and high dosing frequency (Forsyth
et al., 1989; Watkins et al., 1994). Donezapil, galantamine (Kryger et al., 1998; Greenblatt
etal., 1999), and rivastigmine (Farlow, 2002) are a second generation of AChEI drugs. Com-
pared to THA, they have small but statistically significant benefits on cognitive measures
relevant to dementia with improved safety profiles. Since their effects are neither long last-
ing nor substantially altering the progression of AD, it becomes obvious that AChEIs are
far from ideal therapeutics to combat AD (Brasnjevic et al., 2009). Another approach to the
treatment of AD is to block glutamatergic neurotransmission. Glutamate is one of the prin-
cipal excitatory neurotransmitters in the mammalian CNS. A major function of glutamate
is control of ion flow at excitatory synapses. Glutamate receptors are subdivided into two,
namely, metabotropic and ionotropic. Three ionotropic receptor types have been identi-
fied based on ligand selectivity: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), N-methyl-p-aspartate (NMDA), and kainate. In addition to ionotropic receptors,
three classes of metabotropic receptors are acknowledged (Madden, 2002). The ionotropic
NMDA receptor (NMDAR) is noteworthy in that it requires binding by agonist glutamate
and coagonist D-serine or glycine for it to be activated (open state). NMDAR is also distinct
in that it exhibits slow kinetics, is permeable to Na*, K*, and Ca?* (Dingledine et al., 1999;
Liu and Zhang, 2000; Cull-Candy, 2001), and is both ligand and voltage gated (Schiller
et al., 1998; Yuste et al., 1999). It is a complex made up of distinct binding sites including
sites for amino acids L-glutamate, glycine, and p-serine. In addition to these sites, allosteric
modulatory sites for Mg?*, phencyclidine (PCP), polyamines, and Zn?* are known (Iversen
etal., 2009). While glutamate, glycine, and polyamine sites are found outside the ion chan-
nel, the sites for Mg?* and PCP are located within the channel itself (Javitt and Zukin,
1989). The NMDAR has been implicated in the pathophysiology of a variety of neurologi-
cal and neuropsychiatric diseases including AD (Cacabelos, 1999), epilepsy, chronic pain
syndrome, schizophrenia, Parkinson’s disease, Huntington’s disease (Raymond, 2003; Fan
and Raymond, 2007), major depression, addiction, and anxiety (Parsons, 1998). Excessive
glutamate and subsequent overstimulation of NMDARs leading to excessive Ca?* influx
has been implicated in the pathophysiology of these disease states (Mody and MacDonald,
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1995; Sattler and Tymianski, 2000). Several preclinical paradigms have found that non-
competitive NMDA antagonism can effectively reduce NMDAR-mediated neurotoxicity
(Rothman and Olney, 1987). A major limitation for therapeutically available NMDA antag-
onists is the essential role of NMDAR in neurophysiology. While blockade of excessive
NMDAR activity is desirable, it must be achieved without complete amelioration of nor-
mal glutamate function. As a result of this dichotomy, many competitive antagonists have
failed in clinical trials (Chen and Lipton, 2006). Utilization of noncompetitive antagonists
working through open-channel blockade has been proposed as an attractive alternative, as
this mechanism requires initial activation of the channel for inhibition to occur, possibly
leading to a higher likelihood of channel blockade in the presence of excessive levels of
glutamate and a lower likelihood of antagonism with normal physiological levels of glu-
tamate (Chen and Lipton, 2006).

Current methods for the treatment of AD provide temporary relief, improve cognitive func-
tion, but do not slow the progression of this disorder (Bullock and Dengiz, 2005). Therefore
there is an urgent need to develop strategies to improve the efficacy, bioavailability, transport
across the blood-brain barrier (BBB), and subsequently to limit the adverse effects of pharma-
ceutical compounds for the treatment of AD.

THE BLOOD-BRAIN BARRIER

Brain and spinal cord are completely separated from the blood by the BBB and the blood—
spinal cord barrier. BBB hinders entry from blood to brain of nearly all molecules, except
those that are small and lipophilic or those that enter the brain through an active transport
mechanism, particularly with essential nutrients, precursors, and cofactors (Alavijeh et al.,
2005). Significant progress has been made in understanding the molecular basis of neurode-
generation for many years (Rowinska-Zyreka et al., 2015), but the BBB remains a big obstacle
to exploiting this knowledge and developing drugs to treat diseases of the CNS. The BBB con-
trols the exchange of molecules between the blood and brain with anatomical, physicochemi-
cal, and biochemical mechanisms (Nag, 2003). These mechanisms make the BBB virtually
impermeable to drugs developed for the treatment of neurodegenerative diseases.

Eukaryotic ATP binding cassette (ABC) transporters are efflux pumps, and are found
in tissues and organs with secretory and barrier functions. They are also found at the BBB,
and they play direct and indirect roles in many neurological disorders. There is reason-
able evidence that the BBB becomes increasingly permeable with increasing age, in the
presence of AD (Farrall and Wardlaw, 2009). It was also suggested that the ABC transport-
ers, especially ABCB1, may have a significant effect on the pathogenesis of AD. Lam et al.
(2001) showed that ABCB1 serves as an Af efflux pump, but they also showed a signifi-
cant decrease of ABCB1 function in the elderly brains (Pahnke et al., 2009). Age-related
neurodegenerative disorders have in common the accumulation of insoluble neurotoxic
proteins (Johnson, 2000; Walker and LeVine, 2000). Involvement of the BBB in the accu-
mulation of AP peptides has been considered for a number of years. It was showed that
Af in plasma and cerebrospinal fluid exists at equilibrium, controlled by an unknown
mechanism that shifts the concentration toward the brain during plaque development
(Pahnke et al., 2009; DeMattos et al., 2002).
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PHYSICOCHEMICAL PROPERTIES OF ALZHEIMER’S DISEASE DRUGS

If a drug has a high metabolic clearance, it could be subject to an extensive first-pass effect,
resulting in low bioavailability. In addition to membrane permeability, lipophilic compounds
tend to have a greater affinity for metabolic enzymes so the lipophilicity of a drug also affects
metabolic activity. The greater the lipophilicity of a drug, the higher permeability and greater
metabolic clearance (Riley et al., 2001). CNS drugs need to have sufficient lipophilicity to
allow them to cross the BBB, so these influences on bioavailability need to be carefully con-
sidered in the drug discovery process (Alavijeh et al., 2005).

Drug discovery is a complex process with a combination of specific factors including drug
solubility, acid dissociation constant (pKa), absorption, bioavailability, metabolism, formula-
tion, pharmacokinetics, toxicity, and therapeutic efficacy (Alavijeh et al., 2005; Alavijeh and
Palmer, 2004; Kubinyi, 2003). Drug metabolism and pharmacokinetics (DMPK) is playing
an important role in drug discovery (Alavijeh and Palmer, 2004; Roberts, 2003; Riley et al.,
2002; Lin et al., 2003; Edddershaw et al., 2000). Drug candidates are now selected, in part, on
the basis of DMPK properties, for example, low clearance, good oral bioavailability, and an
acceptable profile of metabolism. To improve the probability of success of drug leads, in vitro
absorption, distribution, metabolism, and excretion (ADME) assays and in vivo DMPK stud-
ies are being performed throughout the discovery process (Alavijeh et al., 2005; Kassel, 2004).

Neuroactive drug therapies against AD have some disadvantages such as being benefi-
cial only at higher doses, limited bioavailability, poor absorption following systemic deliv-
ery, severe peripheral side effects caused by higher uptake by normal cells, and difficulty in
penetrating the highly restrictive BBB (Mufamadi et al., 2013; Roney et al., 2005; Rubin and
Staddon, 1999). Smaller lipophilic molecules, peptides, and nutrients satisfy BBB penetra-
tion via endogenous transporters, but BBB restricts the entry of large molecules into the CNS
(Pardridge, 2003; Kroll and Neuwelt, 1998).

Studies have shown the key structural properties for discovery of CNS drugs such as
hydrogen bonds, lipophilicity, polar surface area (PSA), molecular weight (MW), and acidity
(Kerns and Li, 2008; Pardridge, 1995, 1998; Liu, 2006; Doan et al., 2002; Clark, 2003). These
properties are more restrictive at the BBB than at most other membrane barriers in the body.
CNS drugs have fewer hydrogen bond donors, higher log P, lower PSA, and fewer rotatable
bonds compared to non-CNS drugs (Doan et al., 2002).

A set of physicochemical properties that guide BBB permeability predictions has been sug-
gested by Pardridge: the structure should have H-bonds (total) <8-10, MW <400-500, and no
acids (Kroll and Neuwelt, 1998). Spraklin proposes H-bond donors <2 and H-bond acceptors
<6 (Maurer et al., 2005). This proposal is in agreement with a general consensus that H-bond
donors are more limiting than H-bond acceptors. According to Clark and Lobell et al. the
structure should have the following: N+O <6, PSA <60-70 A2, MW <450, log D=1-3, and
clog P - (N+0O)>0 (Kerns and Li, 2008; Lobell et al., 2003). These rules are helpful to assess
BBB permeability before synthesis, including ability to evaluate compounds being brought
into a project, identifying poor in vivo brain penetration, and managing which structural
modifications might best improve BBB permeation of compounds. Positively charged amines
interact with the negatively charged groups of phospholipids at the BBB. Nearly 75% of CNS
drugs are basic, 19% are neutral, and 6% are acids. The amine functional group has been
described as essential for CNS activity (Kerns and Li, 2008).
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P-glycoprotein (Pgp) efflux is the most important limitation to BBB permeation of dis-
covery lead series. Structure—efflux relationships can be established in an in vitro Pgp assay.
These relationships will indicate which portions of the molecule might be modified to attempt
efflux reduction. Reducing the total number of hydrogen bonds, elimination of acidic group,
increasing lipophilicity, and intramolecular hydrogen bond will increase BBB permeation.
The BBB permeation of some drugs is enhanced by membrane transporters. Carrier-mediated
transporters enhance the penetration of compounds with poor passive BBB permeation if
those compounds happen to resemble natural substrates (Kerns and Li, 2008).

AD involves multiple pathogenic factors, thus its treatment should aim to target many
factors by integrating numerous functions in a single drug molecule (Bolognesi et al., 2011;
Zhang, 2005). Physicochemical properties are useful in the quest to evaluate abilities of drugs
to cross biological membranes and oral absorption (El-Gendy and Adejare, 2004; Horter and
Dressman, 2001). Aqueous solubility as a function of pH along with pKa determinations are
important and fundamental in determining the degree of dissolution (for solid dosage forms)
and subsequent permeation through cell membrane. Prior to drug administration, they are of
value in drug design, selection of formulation, and development processes. Octanol/water
partition coefficient has been used as a measure of lipophilicity of compounds and correlates
well with biological availability (Paschke et al., 2001). A chromatographic technique referred
to as immobilized artificial membrane phosphatidylcholine chromatography (Pidgeon
et al., 1995) utilizing columns packed with phosphatidylcholine bound to silica support has
been developed and validated as a model to predict intestinal permeability. We conducted
pharmaceutical profiling studies on a novel prototype y-secretase inhibitor (sulfonamide 1,
Fig. 5.1) to determine the potential of its oral absorption. The studies included determination
of solubility, dissociation constant (pKa), octanol/water partition coefficient (log P), and the
capacity factor (k’;apg) on immobilized artificial membrane (IAM) chromatographic columns.
The compound is very slightly soluble in water (120+50 pg/mL) but the solubility increased
considerably in basic medium (270 + 60 pg/mL). The compound exhibited pKa of (10.36 +0.11)
and log P of (3.36 £0.16) determined by shake-flask method and (3.31+0.01) determined by
high-performance liquid chromatography. The experimentally determined log P values cor-
related well with the calculated one of 3.44. The observed log k’1a\ value of (2.79 +0.04) indi-
cates that the compound can reasonably be expected to have high membrane permeability
and therefore good absorption profile if taken orally (El-Gendy and Adejare, 2004).

Peptides and proteins have become important targets in neuropharmaceutical drug design
for the treatment of a wide variety of CNS disorders (Brasnjevic et al., 2009; Datar et al., 2004;
Gentilucci, 2004; Balasubramaniam, 2002). Although they have potential, peptide and protein
drugs (P/P drugs) are ineffective in the treatment of CNS disorders because of the inability to
effectively deliver and hold up within the brain. Some small (mostly lipophilic) P/P drugs fol-
lowing intraventricular administration have been described to have successful permeability.

O~

FIGURE 5.1 Structure of sulfonamide 1.
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Also the molecule must have an MW below a threshold of 400-500Da to cross the BBB in
pharmacologically significant amounts (Brasnjevic et al., 2009; Misra et al., 2003; Pavan et al.,
2008). Examples of diseases responsive to treatment with P/P drugs and for which small pep-
tide drugs have been shown to cross the BBB include depression, affective disorders, insom-
nia, chronic pain, and epilepsy (Brasnjevic et al., 2009; Ajay et al., 1999). Such interventions
have been successful in dealing with peripheral diseases but with no damage in the CNS
because the BBB restricted entry of these P/P drugs to the brain. The CNS disorders include
AD, Huntington’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, multiple scle-
rosis, stroke, brain and spinal cord injury, and brain cancer (Brasnjevic et al., 2009; Pardridge,
1991). BBB has reduced the application of many potentially important P/P drugs in brain
diseases. Therefore the need for effective BBB drug-targeting systems is obvious and urgent
to develop more brain active P/P molecules into effective therapies (Brasnjevic et al., 2009).

Neurotrophins are potential therapeutic P/P agents for neurodegenerative disorders like
AD, Parkinson’s disease, and amyotrophic lateral sclerosis. This is because there is strong
evidence that reduced neurotrophic support is a significant factor in the pathogenesis of
these neurodegenerative diseases. Administration of nerve growth factor (NGF) completely
restored the number of choline acetyltransferase-immunopositive neurons to normal values,
reversed deposition of extracellular amyloid aggregates, and abolished the cognitive deficits
in NGF knockout mice, which acquire age-dependent pathology reminiscent of human AD
(Brasnjevic et al., 2009; Hefti et al., 1985; Kromer, 1987; Capsoni et al., 2002). Although the
therapeutic potential of neurotrophins is great, inconvenient pharmacokinetics and adverse
side-effect profiles have limited their clinical usefulness (Thorne and Frey II, 2001; Thoenen
and Sendtner, 2002). Many studies have described a useful drug delivery system for transport
of NGF across the BBB to the CNS, for instance, PEGylation technology (Gozes, 2001), cova-
lent conjugation to antitransferrin receptor antibodies (Liao et al., 2001; Zhang and Pardridge,
2001; Miller, 2002), or the adsorption on liposomes (Xie et al., 2004). These studies may open
new prospects for the treatment of CNS diseases (Brasnjevic et al., 2009).

Peptides containing N-methylated amino acids have been identified as promising agents
to block protein—protein interactions involving p-sheet-rich interactions, as illustrated by
inhibitors for Af peptide (Bose et al., 2010; Hughes et al., 2000; Kokkoni et al., 2006; Austen
et al., 2008; Pratim Bose et al., 2009) and amylin (Tatarek-Nossol et al., 2005; Yan et al., 2006;
Yan et al., 2007) fibrillation. Prevention of A and amylin aggregation has emerged as poten-
tial goals in the therapy and prevention of AD, and various f-sheet disrupting peptides have
been reported to preclude the aggregation of Af (Chalifour et al., 2003; Chacon et al., 2004;
Stephenson et al., 2008) and amylin (Scrocchi et al., 2002; Scrocchi et al., 2003; Potter et al.,
2009). A detailed study of how the degree of N-methylation affects the ADME and toxicity
(ADMET) properties such as solubility, membrane transport, proteolytic stability, and general
cell toxicity of the investigated peptides was presented by Bose et al. They chose hexapeptides
corresponding to N-methylated analogs of residues of the Af peptide, which have previously
been shown to inhibit aggregation of Ap fibrils in vitro. It was found that poly-N-methylated
peptides are nontoxic and have enriched proteolytic stability over their nonmethylated ana-
logs. Aqueous solubility was seen to increase with increased degree of N-methylation, but
membrane transport was found to be low for all investigated hexapeptides. It was suggested
that poly-N-methylated peptides, particularly shorter or equal to six residues, can be suitable
candidates for drug design (Bose et al., 2010).
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The AMPA receptor (AMPA-R) is a subtype of the ionotropic glutamate receptor coupled
to ion channels that modulate cell excitability by gating the flow of calcium and sodium ions
into the cell (Doble, 1995). It was reported that AMPA-R antagonists are effective in the ther-
apy of neurodegenerative disorders such as ischemic stroke, epilepsy, and AD (Takano et al.,
2006). After 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (2) was
demonstrated to have potent and selective AMPA-R antagonistic activity, researchers have
modified the quinoxalinedione structure (Takano et al., 2006; Sheardown et al., 1990). The
numerous resulting compounds can be categorized as first-generation compounds of substi-
tuted simple quinoxalinedione structure, such as compounds 2 and 3 (Fig. 5.2) (Ohmori et al.,
1994; Shimizu-Sasamata et al., 1996), and second-generation compounds with a hydrophilic
substituent at the N-1 position of the quinoxalinedione resulting in compounds 4 (Kawasaki-
Yatsugi et al., 1998) and 5 (Fig. 5.2) (Turski et al., 1998). Compound 3 has been shown to be a
potent and selective AMPA antagonist and neuroprotective in animal models of global and
focal cerebral ischemia, but its limited solubility in aqueous solutions has precluded develop-
ment as a clinical agent. Also simple quinoxalinediones have been reported to cause kidney
toxicity, probably as a result of their physicochemical properties, especially poor solubility
(Xue et al., 1994). The second-generation compounds were designed to improve the physi-
cochemical properties of the simple quinoxalinediones. They are more soluble and do not
appear to cause kidney toxicity (Takano et al., 2006).

Takano et al. (2003, 2005) reported the development of a novel third-generation AMPA-R
antagonist, the 7-imidazolyl-6-nitro-3-oxoquinoxaline-2-carboxylic acid derivative (compound
6, Fig. 5.3), which contains a carboxylic acid as a hydrophilic group as well as an imidazole
moiety. This compound is characterized by a 4-carboxyphenyl group joined through a ure-
thane linkage onto an imidazole ring at the 7 position on the 3-oxoquinoxaline-2-carboxylic
acid nucleus. It shows excellent AMPA-R antagonist activity in vitro and in vivo compared
with known antagonists based on the quinoxalinedione nucleus and is also water soluble. They
found that introduction of a phenyl group joined through a urethane linkage at the 4 position
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FIGURE 5.3 Structures of compounds 6 and 7.

of a 7-imidazolyl group on the 6-nitro-3-oxoquinoxaline-2-carboxylic acid nucleus gives high
affinity and good selectivity for the AMPA-R. However, in additional studies, they found that
compound 6 has suboptimal physicochemical properties, particularly instability to fluorescent
light in neutral solution (Takano et al., 2006). They reported that introduction of the trifluoro-
methyl group at the 6 position resulted in good biological activity, including neuroprotective
effects, and good physicochemical properties. Compound 7 (Fig. 5.3), which has a 4-carboxy-
phenyl group joined through a urethane linkage to a 7-imidazolyl heterocycle, was found to
have high potency and selectivity for the AMPA-R in vitro and to show good neuroprotective
effects in vivo. Also compound 7 exhibited good physicochemical properties, including stabil-
ity to light and good solubility in aqueous solutions (Takano et al., 2006).

y-Secretase is a critical enzyme in the cellular pathway responsible for the formation
of a range of f-amyloid peptides. Close et al. (2012) reported 4,4-disubstituted piperidine
y-secretase inhibitors that were optimized for in vitro cellular potency and pharmacokinetic
properties in vivo. Acyl piperidine 8 (Fig. 5.4) is representative of their initial leads; it inhibits
AP42 and AB40 production in SH-SY5Y cells and has promising physicochemical properties
(Aleyenus, 2010; Doan, 2002). Unfortunately, it is subject to rapid clearance in vivo. When
dosed orally (100mg/kg), low drug concentrations in the brain and plasma reflected the high
clearance for, and it consequently failed to lower, cerebral Ap42 production in the APP-YAC
mouse model. They did modifications to compound 8 to increase exposure by addressing
metabolic liabilities and improve potency while maintaining favorable physicochemical
properties. Their efforts resulted with the discovery of compound 9 (Fig. 5.4). It has an opti-
mized medicinal chemistry profile and lowered cerebral Af42 production by 76% in their
in vivo model (Close et al., 2012).

Pettersson et al. (2012) reported the discovery and optimization of a novel series of dihy-
drobenzofuran amides as y-secretase modulators. Strategies for aligning in vitro potency with
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FIGURE 5.5 Structures of compounds 10-12.

drug-like physicochemical properties and good microsomal stability while avoiding Pgp-
mediated efflux were discussed. Using arylimidazole 10 (Fig. 5.5) as a starting point (Portelius
et al., 2010), their primary objectives were to identify a series with improved CNS physico-
chemical properties. It defined end points for a set of four physicochemical properties that
described 90% of orally active drugs that achieved phase II clinical status: (1) MW <500 Da;
(2) lipophilicity, log P or the calculate of 1-octanol-water partition coefficient, clog P <5; (3)
number of hydrogen-bond donors, OH plus NH count, <5; and (4) number of hydrogen-
bond acceptors, O plus N atoms, <10 (Wager et al., 2010). The clog P values for the majority
of the drugs varied from 0.4 (10th percentile) to 5.1 (90th percentile) with a median clog P
value of 2.8. As expected for CNS drugs, a similar but shifted range existed for clog D, which
varied from —0.5 (10th percentile) to 3.8 (90th percentile) with a median value of 1.7. In par-
ticular, they sought to reduce lipophilicity since compound 10 has a clog P of 4.8, which cor-
responds to a lipophilic efficiency of 2.19 and a CNS multiple parameter optimization score
of 3.7 (Wager et al., 2010; Hughes et al., 2008). Thus their strategy of reducing lipophilicity
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was an attempt to improve the safety margin of this series, and targeting chemical space with
lower clog P would increase the probability of achieving alignment of increased potency and
beneficial ADME parameters such as microsomal stability. They proposed that the cinnamide
and the central phenyl ring of compound 10 could be replaced with an amide bond, and het-
erocycles such as a pyridine or a pyrazine ring, respectively. Lead compounds 11 and 12 (Fig.
5.5) have moderate-to-good in vitro potency, and good oral bioavailability was achieved as
well as robust brain Ap42 lowering activity at 100mg/kg oral dose (Pettersson et al., 2012).

Histamine Hj receptor (H3R) has received considerable interest as a potential drug target
that could deliver an improved therapy for the treatment of dementia. Wilson et al. (2013)
described the discovery of the benzazepine class of H3R antagonists and the identification
of lead molecule 13 (Fig. 5.6) from this series with encouraging levels of in vivo activity. By
carefully controlling the physicochemical properties of the benzazepine series, the medicinal
chemistry effort was able to rapidly progress the benzazepine class of H; antagonists through
to the identification of clinical candidates with robust in vivo efficacy and excellent develop-
ability properties. To support this goal, the medicinal chemistry strategy focused on main-
taining the clog P of the series around 3.0, limiting the MW (<400), and maintaining the polar
surface area below 80 A2 to keep the series in the optimal area of chemical space for a CNS
drug (Wager et al., 2011). Wilson et al. (2013) described the discovery of GSK189254 14 and
GSK239512 15 (Fig. 5.6) that were progressed as clinical candidates to explore the potential of
H3R antagonists as novel therapies for the treatment of AD and other dementias.

AP peptides play an important role in the pathology of the neurodegeneration in AD. Syn-
theses of AP peptides have been difficult because of their hydrophobic character, poor aque-
ous solubility and high tendency for aggregation. An isopeptide precursor [iso-Ap(1-42)] was
synthesized with Fmoc chemistry and transformed at neutral pH to AB(1-42) by O—N acyl
migration by Bozso et al. (2010). They synthesized the same precursor using Boc chemis-
try and studied the transformation to Ap(1-42) by acyl migration. Several methods (circular
dichroism, atomic force and transmission electron microscopy, dynamic light scattering) were
used to study the peptide conformation and aggregation processes. The biological activity of
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FIGURE 5.6 Structures of compounds 13-15.
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the synthetic Ap(1-42) was measured by ex vivo and in vivo experiments. O—N acyl migra-
tion of the precursor isopeptide resulted in a water-soluble oligomeric mixture of neurotoxic
ApP(1-42) (Bozso et al., 2010).

The pharmacological analysis of racemic chromenotacrines (CT) (Fig. 5.7) in a series of
experiments targeted to explore their potential use for the treatment of AD was reported
by Oset-Gasque et al. (2014). It was shown that compound 16 [l1-amino-12-(3,4,5-
trimethoxyphenyl)-8,9,10,12-tetrahydro-7H-chromeno|[2,3-b]quinolin-3-ol, Fig. 5.7] is much
less hepatotoxic than THA in a range of concentrations from 1 to 300 pM, measured as cell
viability in HepG2 cells. Compound 16 treatment exerts a highly protective effect against
lipid peroxidation induced in H,O,-treated SHSY5Y cells. It behaves as a noncompetitive
inhibitor (K;=0.047 +0.003 pM), indicating that this compound binds at the peripheral anionic
site. ADMET analysis showed that this compound should have a moderate BBB permeability.
These studies showed that nontoxic chromenotacrine 16 can be considered as an attractive
multipotent molecule for the potential treatment of AD.

Bis(7)-tacrine (B7T, Fig. 5.8) is a novel AChEI, and its intestinal absorption is not out-
standing. Passive diffusion is the main transport pathway for B7T across intestinal epi-
thelium. It has poor intestinal permeability and low oral bioavailability (Zhang et al.,
2008). The lipophilicity and solubility profiles of bis(12)-hupyridone (B12H, Fig. 5.8) and
B7T were investigated over a broad pH range by Yu et al. (2008). The log P values for
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FIGURE 5.7 Structures of CT and compound 16.

=
NH
N |
=
NH
lCHh HN
V!IH o. N (CH)2
b
X N
=
N
bis(7)-tacrine (B7T) bis(12)-hupyridone (B12H)

FIGURE 5.8 Structures of B7T and B12H.



70 5. PHYSICOCHEMICAL PROPERTIES FOR AD DRUGS

B12H and B7T were found to be 5.4 and 8.2, respectively, indicating that the two dimers
are highly lipophilic. The solubility of B12H was >1.41mg/mL when the pH was <7,
but <0.06 mg/mL when the pH was >8. The solubility of B7T was >0.26 mg/mL when
the pH was <9, but <0.005mg/mL when the pH was >12. The ionic strength of a solu-
tion could affect the solubilities significantly (11.16 mg/mL for B12H and 12.71 mg/mL
for B7T in water; 2.07mg/mL for B12H and 0.36 mg/mL for B7T in saline). Both dimers
were found to have two pKa values: 7.5+0.1 (pKal) and 10.0+0.2 (pKa2) for B12H; and
8.7+0.1 (pKal) and 10.7+0.4 (pKa2) for B7T. In mice, a maximum acetylcholinesterase
(AChE) inhibition occurred 15min after the single-dose and intraperitoneal administra-
tion of either dimer. These studies showed that the two dimers may easily cross the BBB,
and physiochemical characteristics of the two dimers suggest that they may be promising
candidates for development of better drugs for AD (Yu et al., 2008).

Drugs should have proper ADMET properties to be approved for clinical tests. The
drugs used for neurological disorder treatment should present good CNS penetration
profiles and low toxic effects. BBB penetration is a crucial pharmacokinetic property in
drug design because CNS-active compounds must cross it. Syntheses, biochemical eval-
uation, ADMET, toxicity and molecular modeling of each novel donepezil + propargyl-
amine + 8-hydroxyquinoline (DPH) hybrids for the potential prevention and treatment
of AD is described by Wang et al. (2014). DPH derivatives displayed moderate-to-good
ADMET properties and brain penetration capacity. Compound 17 (Fig. 5.9) was less toxic
than donepezil at high concentrations; while both showed similar cell viability profile
at low concentrations. The antiamnesic effect of compound 17 was tested on mice. It
was found to be able to significantly decrease scopolamine-induced learning deficits in
healthy adult mice.

DRUG DELIVERY

Many drugs do not have adequate physicochemical characteristics which are necessary
to succeed in crossing the BBB, including high lipid solubility, low MW and no charge.
Numerous strategies have been developed to overcome the BBB. Combining a lipophilic
moiety to the drug may cause loss of therapeutic effect making use of direct drug delivery
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FIGURE 5.9 Structure of compound 17.
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difficult to develop. A promising strategy could be to connect drugs without any modi-
fication to colloidal carriers. Colloidal drug carriers include micelles, emulsions, lipo-
somes, and nanoparticles (NPs). Only liposomes and NPs have been largely exploited for
brain drug delivery. The reason for using colloidal carriers is usually to increase the speci-
ficity toward cells or tissues, to improve the bioavailability of drugs, and/or to protect
them against enzyme inactivation. Furthermore, the colloidal systems are masking drugs’
physicochemical characteristics through their encapsulation in systems, and allowing
them access to cross the BBB (Garcia—Garcia et al., 2005).

NPs have been confirmed to deliver a great variety of drugs across the BBB (Kabanov, 2007;
Roney et al., 2005). Drug-loaded NPs enable the brain delivery of agents that cannot indepen-
dently permeate the BBB in therapeutically effective concentrations. Binding to the particles
also may lead to reduction in side effects of drugs. Furthermore, because of a more effective
brain delivery by NPs, the drug dose might be decreased. If any drug or larger biologically
active compound or complex can be efficiently bound to the BBB-transcytosable NPs, it can
be transported across the BBB, and drug released within the brain at therapeutically relevant
concentrations and time profiles (Wohlfart et al., 2012). Nowadays, strategies utilizing NPs
for the treatment of AD have focused on interfering with Af aggregation, with the idea of
reducing its brain level (Matsuoka et al., 2003). A different approach with NPs is focused
on treatment of symptoms, by protecting neuronal cells against oxidative damage. Because
metal chelators have hepatotoxicity and neurotoxicity, their use to protect against oxidative
damage is limited. The use of NPs to overcome these problems has been reported in several
studies (Re et al., 2012; Krol, 2012).

Chitosan is a natural polysaccharide and a suitable nanocarrier material for delivery of
anti-Alzheimer drugs because of its inherent physicochemical properties, bioactivities, and
processing flexibility. The ability to become attached to varieties of molecules and the forma-
tion of the stable nanocomplex in physiological conditions make chitosan an adorable mate-
rial for delivery of anti-Alzheimer drugs to the brain (Sarvaiya and Agrawal, 2015).

Melatonin (N-acetyl-5-methoxytryptamine) was discovered to be a direct free radical
scavenger. As an antioxidant, melatonin can be used in the treatment of various cancers and
neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases. Melatonin is eas-
ily absorbed across the mucosa, but its sensitivity to oxidation is a problem for achieving
therapeutic level. In addition, its low oral bioavailability suggests the need for new routes
of administration and an appropriate delivery system to be developed. The potential of lec-
ithin/chitosan NPs as a mucoadhesive colloidal nanosystem for transmucosal delivery of
melatonin was investigated by Hafner et al. The NPs were characterized by mean diameter
and zeta potential ranging between 121.6 and 347.5nm, and 7.5 and 32.7mV, respectively, and
increasing with lecithin-negative charge and chitosan content in the preparation. Melatonin
loadings were up to 7.1%, and nearly 60-70% of melatonin was released in 4h. The perme-
ability of melatonin was investigated using Caco-2cells as an in vitro model of the epithelial
barrier. Their results showed that NP suspension did not induce plasma membrane damage
or decrease cell viability and could be safely applied to Caco-2 cells in the concentration range
tested (<400 ug/mL) (Hafner et al., 2009).

Natural antioxidant compounds have been extensively studied as useful neuroprotective
agents. Selective glutamatergic antagonists that also possess antioxidant capabilities repre-
sent a novel approach toward protection from excitotoxicity and oxidative stress associated
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with excess AP in AD. Sozio et al. (2013) have developed two new compounds characterized
by NMDAR antagonist memantine (MEM) linked via an amide bond either to glutathione
or (R)-a-lipoic acid. The new conjugates should act both as glutamate receptor antagonists
and radical scavenging agents. They designed these MEM-sulfur containing antioxidants as
potential new anti-AD agents. Prodrugs 18 and 19 (Fig. 5.10) showed free radical scavenging
effects to both H,O, and superoxide anion radical. In addition, they did not interfere with the
proliferative capacity of the GL15 astroglial line. The physicochemical properties, membrane
permeability, enzymatic and chemical stabilities, and antioxidant activity associated with the
capacity to inhibit Ap(1-42) aggregation make at least compound 19 a promising drug can-
didate in pathological events such as AD where both free radical damage and inflammatory
activity in the brain are involved.

Intranasal delivery is a noninvasive method to provide effective systemic delivery of cer-
tain therapeutic compounds (Dhuria et al., 2010). If the drug could be retained and absorbed
in the nasal cavity, the nasal route might also avoid the first-pass metabolism, and by this
means reduce the biotransformation of the parent drug to metabolites (Wong and Zuo, 2010,
2013; Wong et al., 2012). Qian and his coworkers developed an in situ gel formulation for
intranasal delivery of tacrine (THA). The pharmacokinetics and brain dispositions of the gel
were compared with that from THA oral solution in rats. The gel significantly prolonged
compound retention in nasal cavity compared to solution form. It was found that the gel
achieved two- to threefold higher peak plasma concentration (Cy,,,) and area under the curve
(AUC) of THA in plasma and brain tissue compared to oral solution. It was suggested that
the gel could be an effective intranasal formulation for THA because of the improved nasal
residence time, enhanced bioavailability, better brain uptake of parent drug, and decreased
exposure to metabolites (Qian et al., 2014).
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FIGURE 5.10 Structures of compounds 18 and 19.
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Galantamine hydrobromide (GH, Fig. 5.11) has been approved for symptomatic treatment
of AD and vascular dementia because of its ability to inhibit AChE in the CNS (Li et al,,
2012; Heinrich and Lee Teoh, 2004; Shytle, 2004). But because of its poor retention in the CNS
and the intricacy of transporting it across the BBB, the clinical utility of the drug is impeded
(De Boer and Gaillard, 2007; Ying et al., 2010). Liposomes are vesicles comprising concen-
tric bilayer phospholipid-based membranes that can incorporate hydrophilic or hydrophobic
drugs (Woodle and Lasic, 1992; Torchilin, 2005; Veerareddy and Vobalaboina, 2004). Several
strategies using liposomes have been developed to improve CNS bioavailability of neuro-
active drugs (Bangham et al., 1974). The effects of intranasal administration of GH-loaded
flexible liposomes have been investigated for efficiency of AChE inhibition, as well as the
pharmacokinetic behavior of GH in rat brain by Li and coworkers. It was found that the effi-
ciency of AChE inhibition of GH-loaded flexible liposomes were greatly enhanced by intra-
nasal administration compared with oral administration. They proposed that the C,,, and
AUC_yy for intranasal administration of GH-loaded flexible liposomes were 3.52 and 3.36
times, respectively, higher than those of orally administered GH. Also, the T,,,, was greatly
shortened for intranasal administration of GH loaded flexible liposomes. It was shown that
the flexible liposome carrier is not toxic to the cultured cells by PC-12cell viability tests and
the cytotoxicity of GH to cells was clearly decreased by loading in flexible liposomes. Their
results indicate that intranasal administration of GH-loaded flexible liposomes could readily
transport GH into brain tissues, suggesting this approach is successful at brain—drug target-
ing in AD treatment (Li et al., 2012).

Mufamadi et al. (2013) also did a study to design ligand-functionalized nanoliposomes
for effective intracellular delivery of galantamine into PC-12 neuronal cells to manage AD.
Ligand-functionalized nanoliposomes were produced and validated for their physicochemi-
cal properties. Particle sizes of the nanoliposomes ranged from 127 to 165nm (PdI=0.39-0.03)
with zeta potential values of —18 to —36 mV. The peptide coupling efficiency was from 40%
to 78% while drug entrapment efficiency ranged from 42% to 79%. It was confirmed that
galantamine and the peptide-ligand were incorporated into the inner core and surface of the
nanoliposomes, respectively. Transmission electron microscopy studies revealed that native
nanoliposomes, galantamine-loaded nanoliposomes, and the ligand-functionalized nanoli-
posomes were stable with no aggregation observed. It was found that postengineering of
peptides onto the surface of galantamine-loaded nanoliposomes provide targeted delivery
of galantamine directly into PC-12 neuronal cells. Native galantamine and nonfunctionalized
nanoliposomes exhibited no significant accumulation into PC-12 neuronal cells after 24 h of
incubation because of nonspecific drug delivery.
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Curcumin (Fig. 5.12) inhibits amyloid Ap(1-42) oligomer formation and cell toxicity at
micromolar concentrations in vitro (Ono et al., 2004; Kim et al., 2005; Yang et al., 2005; Kim
etal., 2001; Re et al., 2010) and binds to senile plaques, reducing amyloid levels in vivo. It has
a wide spectrum of therapeutic use and is thought to play a vital role against pathological
conditions such as inflammation, psoriasis, various tumors, and neurodegenerative diseases
like AD. But it is highly lipophilic and has very poor bioavailability. This hampers its thera-
peutic usefulness. Taylor et al. (2011) have been investigating a number of different ligands
for their ability to bind to A with high affinity to interfere with the aggregation process. Cur-
cumin was added in the lipid phase during liposome preparation to prepare nanoliposomes
incorporating curcumin. They also prepared curcumin surface-decorated liposomes by using
a curcumin-lipid conjugate (lipid—S-curcumin liposomes) or by attaching a curcumin deriva-
tive on preformed liposomes by click chemistry (click-curcumin liposomes). They also incor-
porated the lipid ligands (phosphatidic acid, cardiolipin, or GM1) into nanoliposomes during
their formation. It was found that all nanoliposomes with curcumin were able to inhibit the
formation of fibrillar and/or oligomeric Ap in vitro. The click-curcumin type was the most
effective among the three forms of curcumin liposomes tested. They proposed that curcumin-
based liposomes could be further developed as a novel treatment for AD.

Mulik et al. (2009) prepared poly(butyl) cyanoacrylate (PBCA) nanoparticles coated with
poloxamer 188 containing curcuminoids by anionic polymerization using solvent evapora-
tion method. The particle size and zeta potential of prepared liposomes were 178nm and
—28.33, respectively, with 77.99% encapsulation efficiency. The curcuminoids-loaded PBCA
nanoparticles showed excellent chemical and physical stability. It was shown that the pre-
pared PBCA nanoparticles are capable of controlled drug release for extended periods of
time with higher release in acidic environment compared to phosphate buffer solution (PBS)
(pH=7.4) by in vitro release study, suggesting the usefulness of the prepared nanoparticles
for intracellular delivery.

Donepezil (Fig. 5.13) is a reversible and noncompetitive cholinesterase inhibitor, and
a far more selective inhibitor of AChE than of butyrylcholinesterase (Zhang et al., 2007).

FIGURE 5.12 Curcumin.

FIGURE 5.13 Donepezil.
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It was shown that donepezil produces a significant improvement of cognition and global
function in patients with mild-to-moderately severe AD and shows an excellent tolerabil-
ity and safety profile (Rogers and Friedhoff, 1998). Donepezil is available in the market
as once a day tablet or capsule (Christodoulou et al., 2006). Although oral administration
is convenient for most patients, it is very difficult for AD patients not to miss scheduled
self-medication. Donepezil also showed gastrointestinal side effects. Therefore it is very
important to develop a long-term, nongastrointestinal delivery system of donepezil for
treatment of AD. Zhang and coworkers are interested in developing a sustained-release
formulation for donepezil with inexpensive, biocompatible, and convenient administra-
tion by direct subcutaneous injection. They selected poly(p,L-lactide-coglycolide) mic-
roparticles as donepezil carrier because of its excellent tissue compatibility, biodegradable
property, and safety profile (Gander et al., 2001). Their purpose was to prepare donepe-
zil microparticles (DMs), determine their physicochemical characteristics including the
loading ratio, thermal profile, in vitro release, in vivo donepezil levels in rat plasma,
and assess the effect of DMs as a sustained-release delivery system for treatment of AD.
DMs showed a loading ratio of 13.2+2.1% (w/w) and a yield of 54.8 +0.8% with mean
particle size about 75 pm. It was shown that donepezil completely released within 28 days
in water, but a slow release in PBS (pH="7.4) by in vitro release study. They showed that
subcutaneous infusion of DMs (90mg/kg) produced a sustained release process in rats
and reached steady-state concentration. That dosage was in accordance with that of free
donepezil (3mg/kg day) by oral application route, and showed the same pharmacologi-
cal role. Their results implicated that a sustained release delivery strategy could substi-
tute for oral formulation of DMs for therapy of AD but with administration of once a
month as opposed to daily (Zhang et al., 2007).

CONCLUSIONS

Drug discovery is a complex process with many factors involved. Drug candidates are
now selected in part on the basis of DMPK and activity properties. To improve the prob-
ability of success of drug leads, in vitro ADME assays and in vivo DMPK studies are being
performed throughout the discovery process. In this review, we illustrated physicochemical
properties that affect drug CNS bioavailability and access to the active site. We also evaluated
the importance of various modifications, both covalent and noncovalent, of compounds, and
how the physicochemical properties of these compounds relate to their activities, which can
lead to useful compounds that may prevent or reverse the progression of AD.
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INTRODUCTION

Hundreds of drugs have been evaluated in clinical trials of Alzheimer’s disease (AD). Unfor-
tunately, the majority of these have failed to show significant efficacy and have therefore been
abandoned. These drugs target an array of CNS receptors and may provide symptomatic and/or
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disease-modifying effects. Existing treatment strategies in AD are limited and are used to provide
symptomatic relief. In the United States, these include the Food and Drug Administration (FDA)-
approved acetylcholinesterase inhibitors (AChEIs) donepezil, galantamine, and rivastigmine,
and the N-methyl-p-aspartate (NMDA) receptor (NMDAR) antagonist memantine (Namenda).
Clinical improvements from current therapies remain modest at best. The average life expec-
tancy is 8years after diagnosis, illustrating the need for better therapies. Although a number of
drug candidates are in various phases along the clinical development pipeline, from preclinical
to phase III trials, current prognosis looks poor based on the historical low success rate. Therefore,
systematic examination of possible therapeutic targets including receptors is highly warranted.

Drug discovery in AD continues to be a significant challenge and novel approaches are
needed. Early diagnosis and interventions, inclusion of biomarkers and neuroimaging in
diagnosis, clinical trials and patient monitoring, and investigation of novel strategies are all
likely to help advance the effort. For example, the potential for polypharmacological interven-
tion is great, and may be achieved through single agent drugs with multiple targets or drug
combinations.

Although an AD “cure” is a crucial goal of these efforts, even modest improvements in clin-
ical outcomes can be very important. For example, it has been estimated by the Alzheimer’s
Association in their 2015 report that by 2050, the number of people ages 65years and older
diagnosed with AD may almost triple from the current 5.1 million (2015) to 13.8million
(Alzheimer’s, 2015). This increase may cause an unbearable economic and social burden. The
association has reported that the development of a therapy that could delay onset or progres-
sion of the disease by 5years would limit these huge economic and social burdens. Although
certainly a benefit, such achievements do not necessarily require a complete understanding
of AD etiology. Thus, it is important to investigate therapeutic strategies that fit these criteria.

This chapter will review some of the receptors that have been targeted or are currently
under investigation for modulation in AD. The goal is to present a brief overview of some
of the recent developments in this area. We hope the reader takes away an appreciation of
the complexity and difficulty common in this field while knowing that some successes, even
if modest, have been found. The chapter focuses on protein-based receptor sites. The recep-
tors have been organized by functional characterization into four classes: G protein-coupled
receptors (GPCRs), enzymatic, ionotropic, and hormonal. Targets were chosen based on
promising physiological rationale, existence of drug candidates, or evaluation in clinical tri-
als. Finally, we introduce some alternate approaches including a discussion on advances in
the use of polypharmacology in the treatment of AD.

G PROTEIN-COUPLED RECEPTORS

A number of GPCRs have been investigated as targets in AD treatment. These include his-
taminergic, GABAergic, serotonergic, adrenergic, cholinergic, and cannabinoid receptors as
well as others. Several of these are reviewed next.

Histaminergic Receptors

The histaminergic family of receptors currently comprises four druggable targets: H;, H,,
Hj;, and H,. These sites are being investigated because of their involvement with immune
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system regulation and neurotransmitter modulation (Naddafi and Mirshafiey, 2013). Initially
used for seasonal allergies, it was soon realized that H; antagonists had potential for treat-
ment of CNS disorders including sleep issues and neurodegenerative diseases (NDDs). For
example, a clinical trial with the H; antagonist latrepirdine in AD and Huntington’s disease
found improvements in patients (Sabbagh and Shill, 2010). However, further investigations
were terminated after a phase III clinical trial did not show efficacy over placebo in patients
with moderate-to-severe AD receiving 20mg doses three times daily (clinicaltrials.gov trial
ID: NCT00912288).

H, receptor antagonism is a strategy for treating peptic ulcers. Because a large elderly pop-
ulation was receiving H,R antagonists for this indication, and studies suggested H,R antago-
nism might prevent onset of AD diagnosis, H,R antagonists were investigated in patients
with AD (Anthony et al., 2000). A double-blind, placebo-controlled trial found no significant
effects for the H,R antagonist nazitidine, given at 75mg, twice daily (Carlson et al., 2002).
The failure of nazitidine in this case may have been caused by dosage, but more importantly
that treatment was started after patients were diagnosed with AD. A prospective population-
based cohort study was more recently conducted using a higher (300 mg) dose of nazitidine,
as well as other H,R antagonists including cimetidine, ranitidine, and famotidine, on 65-year-
old patients who did not exhibit early-onset AD symptoms. However, the study found no
correlation between the usage of these H,R antagonists and AD (Gray et al., 2011).

One of the functions of Hj is as a presynaptic autoreceptor regulating synaptic release of
neurotransmitters. H3R antagonism in preclinical models caused an increase in both hista-
mine and acetylcholine (ACh) levels in the prefrontal cortex of rats, and to a lesser extent
the monoamines dopamine and norepinephrine—all theoretical beneficial strategies to treat
AD-like symptoms (Brioni et al., 2011). The H; antagonist GSK-239512 was well tolerated and
demonstrated positive effects on attention and memory (40 and 80 pg oral) through phase II
clinical trials in patients with mild-to-moderate AD, but further details on clinical investiga-
tion since this 2012 study have not been found (Grove et al., 2014). In addition, MK-0249, an
inverse agonist at H;R, failed to show symptomatic relief (5mg oral) over placebo in a phase
II clinical study (Egan et al., 2013). The H4R is the most recent histaminergic receptor in terms
of discovery. It is expressed throughout the body and is believed to have numerous different
functions (Leurs et al., 2009). Whether the H4R will find a role in AD drug therapy remains
to be found.

Serotonergic Receptors

All but one of the known serotonin receptor types are GPCRs. Numerous serotonergic
(5-HT), receptors exist in humans, where they are implicated in a host of functions.

The 5-HT; 4 antagonist lecozotan appeared promising in preclinical animal models for its
ability to enhance cognitive function (Schechter et al., 2005). A phase II double-blind clinical
trial using patients with mild-to-moderate AD was conducted to assess its efficacy at differ-
ent doses (2, 5, and 10mg) co-administered with donepezil, an FDA-approved AChEI for AD
patients, and compared to donepezil alone (clinicaltrials.gov trial ID: NCT00151398). The trial
was completed in 2008 but the results were not found.

5-HT, is expressed throughout the periphery as well as the CNS. Full agonists of 5-HT,
receptors, such as prucalopride (Resolor), are frequently used to treat gastrointestinal (GI)
blockage. Interestingly, prucalopride administration increased levels of ACh and histamine
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and positively influenced hippocampal oscillatory actions in rat brains (Johnson et al., 2012).
Further research established that partial agonism at 5-HT, diminished GI effects while pre-
serving the desired CNS efficacy in vivo (Ahmad and Nirogi, 2011). It was believed that these
effects would be desirable in the treatment of AD and related neurodegenerative diseases.
Partial agonists of 5-HT, include the compound PRX-03140, which has shown promising
activity in vitro and in animal models of AD (Shen et al., 2011). A phase II clinical trial with
PRX-03140 in AD patients was terminated in 2009 for undisclosed reasons (clinicaltrials.gov
trial ID: NCT00693004).

5-HT, receptor antagonism has similar outcomes to 5-HT, partial agonists, with pre-
clinical candidates displaying improved cognitive functions and attenuation of negative
behavioral symptoms such as depression in vivo (Upton et al., 2008). The 5-HT4 receptor
antagonist SB-742457 underwent two phase II clinical trials in 2008 and 2009 for patients
with mild-to-moderate AD (clinicaltrials.gov trial ID: NCT00224497, clinicaltrials.gov trial
ID: NCT00348192). Results of either trial were not found, but, interestingly, Axovant Sciences
purchased the rights to SB-742457 (now called RVT-101) and announced an upcoming phase
III clinical trial for AD.

Adrenergic Receptors

A number of adrenergic receptor subtypes exist. Epinephrine and norepinephrine are
major monoamine neurotransmitters of the peripheral and central nervous systems.

The o, selective adrenergic receptor antagonist prazosin (Minipress) has been indicated
for the treatment of cardiac hypertension for many years. A double-blind, placebo-controlled
parallel study was conducted to determine if prazosin reduced disruptive agitation in AD
patients (clinicaltrials.gov trial ID: NCT01126099). Results demonstrated that 2mg adminis-
tered in the morning, followed by 4mg in the afternoon, significantly reduced agitation and
aggression relative to placebo (Wang et al., 2009).

Ergoloid (Hydergine) is a combination drug consisting of three ergoloid mesylates devel-
oped by Albert Hofmann at Sandoz. Although the exact mechanism of action is unknown,
these compounds act on numerous neurotransmitter systems including adrenergic sites and
related monoamine transmitters such as serotonin and dopamine (Wadworth and Chrisp,
1992). Hydergine has been used in the treatment of AD and related dementias in Europe and
the United States for decades. A large meta-analysis of clinical use of Hydergine in dementias
found that “overall, ergoloid mesylates were more effective than placebo.” Unfortunately, the
study concluded that the effect in patients with potential AD were modest at best (Schneider
and Olin, 1994).

Nicergoline is a semi-synthetic ergoline, which acts as an a;, adrenergic receptor antago-
nist as well as at other receptors. It has numerous pharmacological effects relevant to AD.
These include the enhancement of cholinergic and catecholaminergic neurotransmitter func-
tions, improvement of age-related cognitive deficits, modulation of protein kinase C (PKC)-
mediated o-secretase processing of amyloid precursor protein, neuroprotection, and interaction
with endogenous nerve growth factor-mediated processes (Winblad et al., 2001). Nicergo-
line has several uses including treatment of cerebral metabolic-vascular disorders, vascular
migraines, and dementias. In a European multicenter double-blind, placebo-controlled trial, it
was well tolerated (30mg twice a day) and exerted a positive effect on the cognitive symptoms
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of mild-to-moderate AD measured via multiple outcomes including the Alzheimer’s Disease
Assessment Scale-cognitive subscale (ADAS-cog) (Winblad et al., 2001). Meta-analysis of vari-
ous studies has also shown some potential in dementia (Fioravanti and Flicker, 2001). These
results justify further investigation of nicergoline as well as related ergoloid derivatives.

Cannabinoid Receptors

Cannabinoid receptors include CB; and CB,. CB; is often stated to be the most highly
expressed GPCR in the CNS and plays essential roles in numerous processes including learn-
ing, memory, sensory processing, and pain perception (Mackie, 2006). CB; and CB, cannabi-
noid receptor agonists show promise in neurodegenerative diseases including AD (Campbell
and Gowran, 2007; Scotter et al., 2010). For example, the CB; agonist tetrahydrocannabinol
(THC), in addition to decreasing presynaptic glutaminergic signaling and AChEI activity,
impairs AP aggregation (Eubanks et al., 2006). A great deal of promising preclinical research
has been performed supporting the endocannabinoid system as relevant territory in the
search for AD modification and symptomatic therapies (Scotter et al., 2010; Ramirez et al.,
2005; Aso and Ferrer, 2014; Caoa et al., 2014). Anecdotal reports on the efficacy of cannabis,
the cannabinoid-rich flowers of the Cannabis genus, in a large number of therapeutic areas
exist and find strong support in preclinical research. Still, controlled clinical trials are drasti-
cally needed. Medicinal cannabis and cannabis products are frequently used, with reported
benefits, in related NDDs including multiple sclerosis, amyotrophic lateral sclerosis (ALS)
as well as epilepsy (Chong et al., 2006; Consroe et al., 1997; Maa and Figi, 2014; Carter and
Rosen, 2001).

A few clinical trials evaluating A>-THC (dronabinol) and its derivative nabilone in AD
patients have been undertaken. In a trial of 15 AD patients treated with dronabinol for 6 weeks,
a decrease in altered behaviors was observed as well as an increase in body weight in those
previously refusing food. Side effects were those common to cannabis and included eupho-
ria, somnolence, and tiredness, but did not warrant abandonment of the therapy (Volicer
et al., 1997). Similar benefits (reduction in night-time agitation and behavioral disturbances)
were reported in two pilot studies involving dementia patients (Walther et al., 2006, 2011).
Nabilone provided prompt and dramatic improvements in agitation and aggressiveness in
advanced AD patients refractory to antipsychotic and anxiolytic treatment (Passmore, 2008).
Unfortunately, these studies were small and did not evaluate cognitive or neurodegenera-
tive disease markers. Still, the promising results reported warrant further investigations with
larger controlled trials, particularly given the potential for novel selective cannabinoid recep-
tor ligands, which may have reduced psychoactive effects (Aso and Ferrer, 2014).

GABAg Receptors

GABA (y-aminobutyric acid) is the major inhibitory neurotransmitter in the CNS. Two main
subtypes of GABA receptors are recognized: GABA ,, an ionotropic receptor discussed later, and
GABAGg, a GPCR. The process of forming and storing memories, long-term potentiation (LTP),
has been indirectly associated with GABAg signaling. Agonism of GABAg can impede mem-
ory formation, while antagonism can restore synaptic plasticity (Kerr and Ong, 1995). GABAg
antagonism may thus have potential use in enhancing memory and cognitive function. A phase
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11, double-blind, placebo-controlled study with SG742 in patients with mild-to-moderate AD
was conducted (clinicaltrials.gov trial ID: NCT00093951). Results of the trial were not found, but
SG742 was previously reported as well tolerated at a dose of 600mg oral administration, three
times a day, in a study investigating mild cognitive impairment (Froestl et al., 2004).

Muscarinic Cholinergic Receptors

Two main classes of cholinergic receptors are recognized: the ionotropic nicotinic receptors
discussed later and the muscarinic GPCRs. Cholinergic deficits are well recognized in AD and
ACHhETIs are one of the major existing symptomatic treatment options in AD. Agonism of mus-
carinic ACh GPCRs may offer an alternative to the enzymatic inhibition of AChEIs. However,
until recently, compounds were nonselective for the five subtypes M;-Mjs (Daval et al., 2012).
Developing M;-selective compounds prevented adverse side effects and displayed cognitive
enhancement in animal models (Fisher, 2008). Numerous M;-selective compounds have been
synthesized and are undergoing preclinical investigations (Nickols and Conn, 2014). More
work is needed to determine what role the other subtypes may play in AD.

KINASES/ENZYMES

Acetylcholinesterase

AChEIs were the first class of pharmacological agents approved for AD treatment in the
United States (McGleenon et al., 1999). AChE catalyzes the breakdown of ACh into physi-
ologically inert choline and acetate. The mechanism of efficacy for these inhibitors is believed
to be a restoration of ACh function through elevation of its level, thus ameliorating deficiency
resulting from degeneration of ACh neurons (Craig et al., 2011). FDA-approved AChEIs
include donepezil, galantamine, and rivastigmine. These agents have shown modest symp-
tomatic benefits in AD patients and a few studies have suggested disease modification includ-
ing slowing of AD progression (Munoz-Torrero, 2008). The AChEIs are widely prescribed and
commercially successful.

Protein Kinases

The tau protein is necessary for both cytoskeletal structure and pathway signaling in neu-
rons, and is regulated by kinase phosphorylation (Kimura et al., 2014). Excessive, or hyper-
phosphorylation, of tau protein is implicated in neurological disorders including AD; thus
preventing the hyperphosphorylated state by kinase inhibition has become a therapeutic
approach. Bryostatins, compounds isolated from the marine species Bugula neritina, were ear-
lier assessed as chemotherapeutics, but it was discovered that they enhance cognitive func-
tion (Sun and Alkon, 2006). Bryostatin-1 acts as a partial agonist to bolster PKC activity, which
has been shown to diminish with age, serving a multifaceted beneficial role in both reducing
Ap levels and preventing hyperphosphorylated tau protein (Lucke-Wold et al., 2015). A phase
II clinical trial is currently recruiting patients to assess 10, 20, and 40 pg doses 1.V. in patients
with moderate severe-to-severe AD (clinicaltrials.gov trial ID: NCT02431468).
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Originally developed as a treatment for solid tumors, AZD-0530 (saracatinib) is an inhibi-
tor of the protein tyrosine kinase Fyn, which was later found to be involved in A signal
transduction and tau phosphorylation (Nygaard et al., 2015). A phase II multicenter clinical
trial is currently recruiting patients to assess 100 and 125mg oral doses in patients with mild-
to-moderate AD (clinicaltrials.gov trial ID: NCT02167256). Masitinib (AB-1010) also inhibits
Fyn, but to a greater extent than tyrosine kinases c-Kit and Lyn. This activity reduces proin-
flammatory mediators released from immunological mast cells, which tend to be overactive
in pathological conditions such as AD (Piette et al., 2011). Masitinib has been evaluated clini-
cally for rheumatoid arthritis and different forms of cancer, and is sold in the United States
under the name Kinavet-CA1 to treat canine tumors. A phase III double-blind multicenter
clinical trial is currently recruiting patients to assess efficacy of 3 versus 4.5mg/kg/day orally
in patients with mild-to-moderate AD (clinicaltrials.gov trial ID: NCT01872598).

Glycogen synthase kinase-3f (GSK3p) inhibition has been found to reduce Ap and phospho-
tau levels in AD models (Beurel et al., 2015). GSK3p inhibition may also indirectly increase
synaptic levels of AChE (Jing et al., 2013). Lithium, a potent GSK3p inhibitor approved to treat
bipolar disorder, has been investigated alone, co-administered with the FDA-approved anti-
epileptic divalproex (Depakote), and completed a phase II clinical trial evaluating phospho-
tau reduction (clinicaltrials.gov trial ID: NCT00088387). Another phase II trial is currently
recruiting patients to measure symptomatic relief of psychosis and agitation in AD patients
who are being given up to 600 mg orally per day (clinicaltrials.gov trial ID: NCT02129348).

Phosphodiesterase Enzymes

Cyclic nucleotides, such as cyclic adenosine monophosphate (cAMP), are crucial molecules
required for cell signal transduction and secondary messenger pathways, and are regulated
by the phosphodiesterase (PDE) superfamily (Bollen and Prickaerts, 2012). Thus, neuronal
dysfunction seen in neurological disorders may be a function of aberrant PDE activity. Inhibi-
tion of PDE4 has demonstrated cognitive enhancement in mammalian models of aging, and
may involve elevation of levels of cAMP, which decreases neuronal release of inflammatory
cytokines and aids long-term potentiation (Gallant et al., 2010). Major clinical drawbacks to
using PDE4 inhibitors are nausea and vomiting. However, milder inhibitors have been dis-
covered (Garcia-Osta et al., 2012). A phase II trial with PDE4 inhibitor MK-0952 in patients
with mild-to-moderate AD in 2007 was completed, but results from the study could not be
located (clinicaltrials.gov trial ID: NCT00362024). The PDES5 inhibitor etazolate (EHT0202) was
coadministered with an AChEI and assessed in patients with the same indication in 2009
(clinicaltrials.gov trial ID: NCT00880412). It was well tolerated at 40 and 80 mg oral doses, but
was not assessed for efficacy in disease progression (Vellas et al., 2011). EHT0202 also modu-
lates GABA 5 chloride channels as discussed later (Rissman et al., 2007).

HMG-CoA Reductase

Research in transgenic mice models strongly suggested that a high total serum choles-
terol level, as a result of diet, altered amyloid protein processing leading to decreased lev-
els of soluble amyloid sAPPa and increased levels of pathological Ap (Refolo et al., 2000).
Studies have since demonstrated that treatment with statins not only lower cholesterol
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levels, but bring about cognitive enhancement with decreased levels of amyloid plaques
(Kurata et al., 2012). Statins, or HMG-CoA reductase inhibitors, have been used clinically
to treat high cholesterol levels for many years. Several clinical trials have been conducted
to assess their efficacy in patients with AD, but results are not readily available. One of
the most well-known statins, atorvastatin (Lipitor), did show a significant improvement
on the ADAS-cog testing versus placebo when taken 80 mg orally per day (Sparks et al.,
2005).

Histone Deacetylase

Epigenetic modification of histones, the macromolecules that form the core of nuclear
chromatin, is an emerging field of research and has strongly demonstrated a role in memory
formation (Stilling and Fischer, 2011). There appears to be a fine balance between the levels of
histone acetylation and pathological features of AD, and histone deacetylase (HDAC) inhibi-
tion has led to improved cognitive function in rodent models of AD (Fischer, 2014). FMR0334
(formerly EVP0334), an HDAC inhibitor, displayed cognitive improvements of mice in vari-
ous tasks (Patzke et al., 2008). FMR0334 completed phase I clinical trial and is being contin-
ued in a phase II study for patients with genetic predisposition to frontotemporal dementia
(clinicaltrials.gov trial ID: NCT02149160).

Monoamine Oxidase

Monoamine oxidases (MAOs) catalyze the breakdown of monoamine neurotransmitters
including dopamine, serotonin, and epinephrine in the CNS (Cai, 2014). Inhibition of MAO-
B, the predominant isoform in the human brain, is a therapeutic strategy for treating Parkin-
son’s disease, and the drug rasagiline is clinically approved to relieve symptoms (Chen et al.,
2007). It was investigated clinically as an adjuvant therapy with donepezil in AD and a phase
II clinical trial was completed in 2007, but no further data were found (clinicaltrials.gov trial
ID: NCT00104273).

IONOTROPIC CHANNELS

Ionotropic receptors play essential roles throughout the body. In the CNS, ion chan-
nels are essential to regulating membrane potential, propagation of action potentials,
neurotransmitter release, and intercellular communication. Not surprisingly, dysfunction
of ion channel signaling can lead to cognitive impairment. Drugs that target ionotropic
receptor sites are used in treatment of numerous disease states including AD and other
neurodegenerative diseases. With respect to neurodegeneration, ionotropic dysfunction
can lead to neuronal cell toxicity (discussed later) and a number of compounds that target
ion channels have been investigated as neuroprotective agents (Schurr, 2004). These com-
pounds can have both symptomatic and disease-modifying benefits. Memantine, which
inhibits the NMDA ion channel, is a successful example of a channel blocker used in AD
for symptomatic and mild disease-modifying effects (discussed further later) (Lipton and
Chen, 2004). Some of the relevant ion channels include glutamatergic, cholinergic, and
GABAergic channels.
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IONOTROPIC GLUTAMATE RECEPTORS

Three classes of ionotropic glutamate receptors are recognized based on synthetic agonist
selectivity. These are AMPA, NMDA, and KA receptors for agonists a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA), NMDA acid, and kainic acid (KA), respectively.
Glutamate receptors are implicated in CNS cell degeneration associated with neurodegen-
erative diseases including AD, frontotemporal dementia, ALS, and many related disorders
(Meldrum and Garthwaite, 1990; Doble, 1999; Albin and Greenamyre, 1992). Excessive glu-
tamatergic signaling has been shown to mediate excitotoxicity in vitro and in vivo and iono-
tropic glutamate receptors are important therapeutic drug targets (Lodge et al., 2002). Several
reviews on the molecular basis of glutamatergic excitotoxicity have been published (Dong
et al., 2009; Arundine and Tymianski, 2003).

AMPA Receptors

The AMPA receptor is a ligand-gated ionotropic glutamate receptor. A number of AMPA
receptor subtypes exist based on subunit composition (GluR;_4) of the functional tetramer.
AMPA receptors are expressed throughout the CNS and play essential roles in neuronal
communication, sensory processing, as well as learning, memory, and synaptic plasticity
(Shepherd and Huganir, 2007). Dysfunction of AMPA channels and resultant changes in LTP
and neuronal communication have been implicated in the pathophysiology underlying AD
(Shepherd and Huganir, 2007).

The important role of AMPA in synaptic plasticity and learning support AMPA as a target for
cognitive enhancement (nootropic effects) and a whole class of drugs, called the ampakines, have
grown out of this theory (Lynch and Gall, 2006). Ampakines are positive allosteric modulators of
the AMPA receptor. Many ampakines show interesting and promising nootropic effects such as
memory enhancement in animals (Zheng et al., 2011; Granger et al., 1996) including aged humans
(Lynch, 2004; Lynch et al., 1997; Ingvar et al., 1997; Wezenberg et al., 2007). Memory-enhancing
effects are, however, not universal, for example, while the ampakine farampator (500mg)
improved short-term memory, it appeared to impair episodic memory (Wezenberg et al., 2007).

As a result of the cognitive and memory-enhancing effects, AMPA modulation is a target in a
number of neurological disorders including AD, schizophrenia, and Parkinson’s disease (O'Neill
et al., 2004; Black, 2005). While efficacy has been predicted, the effects of ampakines on cogni-
tive deficits characteristic of neurodegenerative diseases are not clear and to date only a limited
number of ampakines have been evaluated in controlled clinical studies of AD. Ampakine CX516
was evaluated in patients with mild-to-moderate cognitive impairment in a randomized, double-
blind, placebo-controlled phase II trial (Johnson and Simmon, 2002). A phase II trial in AD was
completed (clinicaltrials.gov trial ID: NCT00001662). Unfortunately, details of the outcomes of
these studies could not be located. However, a chemically distinct AMPA modulator, LY415395,
did not improve cognition in a trial of AD because no statistically significant difference was seen
between patients treated with drug or placebo using the ADAS-cog (Chappell et al., 2007).

N-Methyl-D-Aspartate Receptors

Overstimulation of NMDAR mediates excitotoxicity in vitro and in vivo, which can
lead to apoptotic or necrotic cell death. Pathological dysfunction of NMDAR signaling can
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lead to excitotoxic signaling even with physiologically normal levels of channel activation.
NMDAR antagonists show neuroprotection in a large number of in vitro models including
glutamate excitotoxicity (Drian et al., 1999), traumatic brain injury (Raghavendra Rao et al.,
2001), and hippocampal ischemia (Pringle et al., 1997). A portion of the pathology underlying
a number of CNS disorders is hypothesized to involve glutamate-mediated excitotoxicity,
and NMDAR-mediated excitotoxicity is implicated in the pathology of AD and a number of
related neurodegenerative disorders.

The neuroprotective action of NMDAR antagonism has been validated in numerous ani-
mal models of neurodegenerative diseases. For example, NMDAR antagonists have shown
efficacy in vivo in multiple transgenic mouse models of AD (Rammes et al., 2008), includ-
ing 3xTg-AD mice (Martinez-Coria et al., 2010) and APP/PS1 Tg mice (Scholtzova et al.,
2008), and in traumatic brain injury models (Raghavendra Rao et al., 2001; Faden et al., 1989;
Hayes et al., 1988). Naturally aged rat may better model features of neurodegenerative pro-
cesses and aging and it is possible this model may be superior to classic transgenic models
for predicting drug action in certain neurodegenerative diseases such as AD (Lecanu and
Papadopoulos, 2013).

At present, memantine (Namenda) is the only FDA-approved NMDAR antagonist indicated
for moderate-to-severe AD. In addition to memantine, a few other neuroprotective agents have
been found to have NMDAR antagonist actions including riluzole in ALS (Debono et al., 1993).
Memantine, an uncompetitive NMDAR antagonist, has consistently shown modest but statisti-
cally significant improvements in AD and related dementias. Clinically significant outcomes
reported include cognition improvements as well as improvements on functional and global
endpoints on a number of AD scales. Benefits have been observed in numerous clinical tri-
als, meta-analyses, and large-scale responder analyses (Hellweg et al., 2012; Ditzler, 1991;
Herrmann et al., 2011; Winblad et al., 2007; Winblad and Poritis, 1999; Gortelmeyer and Erbler,
1992; Reisberg et al., 2003; Rossom and Dysken, 2004). More so, evidence of disease-modifying
effects in the form of slowing disease progression has been reported in several studies (Hellweg
et al., 2012; Beister et al., 2004; Uitti et al., 1996).

Despite promising results with several uncompetitive NMDAR antagonists, numer-
ous clinical failures, caused by tolerability issues, have discouraged many efforts (Muir,
2006). The issue is also partially confounded by the limitation of using current animal
models in testing for the undesired psychoactive side effects of these compounds com-
bined with the great financial cost of clinical trials. Memantine’s tolerability is rather
unique and Lipton and colleagues first hypothesized that it is because of uncompetitive
use-dependent in