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Preface to the Series

Medicinal chemistry is both science and art. The science of medicinal chem
istry offers mankind one of its best hopes for improving the quality of life.
The art of medicinal chemistry continues to challenge its practitioners with
the need for both intuition and experience to discover new drugs. Hence
sharing the experience of drug discovery is uniquely beneficial to the field of
medicinal chemistry.

The series Topics in Medicinal Chemistry is designed to help both novice
and experienced medicinal chemists share insights from the drug discovery
process. For the novice, the introductory chapter to each volume provides
background and valuable perspective on a field of medicinal chemistry not
available elsewhere. Succeeding chapters then provide examples of successful
drug discovery efforts that describe the most up-to-date work from this field.

The editors have chosen topics from both important therapeutic areas and
from work that advances the discipline of medicinal chemistry. For example,
cancer, metabolic syndrome and Alzheimer's disease are fields in which
academia and industry are heavily invested to discover new drugs because
of their considerable unmet medical need. The editors have therefore prior
itized covering new developments in medicinal chemistry in these fields. In
addition, important advances in the discipline, such as fragment-based drug
design and other aspects of new lead-seeking approaches, are also planned for
early volumes in this series. Each volume thus offers a unique opportunity to
capture the most up-to-date perspective in an area of medicinal chemistry.

Dr. Peter R. Bernstein
Prof. Dr. Armin Buschauer

Prof. Dr. Gunda J. Georg
Dr. John Lowe

Dr. Hans Ulrich Stilz
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Foreword to Volume 6

The attrition rate in the clinical development of new chemical entities (NCEs)
has increased over time, in spite of escalating funds allocated to research and
development. Less than 100/0 of all NCEs succeed in effectively treating some
clinical symptom. NCEs develop to treat central nervous system (CNS) dis
orders, together with oncology, exhibit the greatest attrition of all. One can
argue that the major explanation for this lack of success is the complexity of
the biological mechanisms underlying CNS indications and our lack of
understanding of the aetiology of these disorders. Therefore, it is essential
that an early assessment of compound efficacy in Phase II is sought. Most
marketed CNS drugs modulate G-protein-coupled receptors (GPCRs) or
protein transporters associated with the major neurotransmitters in the
brain. It is only recently that molecular research led to the identification of
novel targets implicated in neurodegenerative conditions. Many of these
targets are intracellular and require specific approaches to assess drug effica
cy, since many of these mechanisms cannot be directly monitored through
non-invasive means in human subjects. The CNS drug development process
is most likely to be successful, the more similar the human and animal models
are to one another. For this reason, focusing on specific genetic conditions
(for which the aetiology is known) as a way to assess drug efficacy and safety
might lead to a more rapid evaluation of specific mechanisms.

The major challenge for CNS drug discovery is the lack of understanding
of the human biological mechanisms underlying the various stages of these
diseases. Considerable more effort needs to be placed on investigating wheth
er the human biology supports specific target hypotheses underlying novel
drug discovery campaigns. Non for-profit Foundation and Government
researchers are much more likely to work with early symptomatic patient
populations, and it is essential that specific hypotheses are investigated before
clinical development. In addition, to expedite the development of clinical lead
molecules for early human studies, a few critical domains are worth high
lighting as having a major impact in the evaluation of novel chemical series.
These are: advances in ADMET (absorption, distribution, metabolism, excre
tion, and toxicity), and specifically in understanding interactions with the
major drug efflux mechanisms present at the blood-brain barrier, computer
modelling of drug-target interactions and crystal structure aided drug design
and the development of on-target occupancy endpoints to understand the

xi
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pharmacokinetic/pharmacodynamic (PK/PD) relationship for a given mole
cule: the necessary occupancy to determine a suitable therapeutic window
between efficacy in a given biological mechanism and potential side effects.

It is likely that drugs developed to treat one condition might be beneficial
for other indications. This evokes a sense of hope that the efforts in develop
ing new treatments will have broad impact from a medical and societal
standpoint. This book highlights different approaches to mitigate the cellular
processes thought to be affected regardless of which animal model (typically
disease-specific) is first used to identify lead clinical candidates. In essence, it
is my belief that disease animal models should be selected for any given target
based on the molecular similarities to the human condition. In the context
of lead evaluation, argue that an animal disease-specific model might not
be necessary. Rather, a mechanism model, based on a proximal and specific
readout for a specific target, allows researchers to quickly screen through
potential leads and establish a PK/PD correlation as rapidly as possible. Once
a suitable lead is identified, costly and lengthy experiments can be conducted
with the disease model. In some instances, the most faithful disease models in
terms of pathology or molecular changes require many months of drug
administration. Therefore, the utilization of mechanism models to identify
clinical leads is essential.

Neurodegenerative disorders have been typically grouped based on patho
logical findings and neurological symptoms. They are generally characterized
by a slow symptom progression, adult or juvenile onset, specific neuronal
vulnerability, and the presence of aggregated proteins identified as inclusion
bodies after histological analysis. They all share age as the major risk factor,
and in most cases (a notable exception being Huntington's disease, HD) have
a mixed aetiology from a molecular perspective. While in all cases, familial
forms of these disorders have been documented, and these account for a small
percentage of all reported cases. For example, in spite of the broad incidence
of Alzheimer's disease (AD) and Parkinson's disease (PD), only between l%
and 50/0 of all cases display a Mendelian inheritance pattern.

The existence of familial cases prompted a strong emphasis in the research
community to identify the molecular basis for these disorders. These efforts
have largely been successful in identifying the genes causative for the various
conditions. For instance, mutations in amyloid precursor protein (APP) were
identified in the case of AD; Huntingtin in the case ofHD; cx-synuclein, DJ-l,
LRRK2, and Pinkl, among others, for PD; TDP-43 and SODl, among others,
for amyotropic lateral sclerosis (ALS); and SMN-l for spinal muscular atro
phy (SMA). Because of this, clinical development strategies have shifted
from the application of drugs developed to treat the symptoms of the dis
ease (traditionally investigated through a re-purposing of existing psycho
tropic molecules developed for psychiatric conditions), to strategies aimed at
modulating the main biochemical mechanisms thought to be affected by
these proteins. This, thus far, has also proven unsuccessful from a clinical
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standpoint, as no effective new treatments have yet been identified. However,
many are in clinical development.

In spite of their broad prevalence in the general population, neurodegen
erative diseases are very inefficiently treated. Some of the challenges in drug
discovery can be ascribed to the fact that most causative genes for neurode
generative disorders cannot be targeted through traditional pharmacological
means. In spite of more recent efforts to develop molecular therapies to
eliminate expression of the mutated proteins, the majority of current clinical
development strategies are aimed at ((restoring" normal neuronal or glial
function based on the cellular mechanisms now thought to underlie the
toxic effects that arise from the mutant proteins.

There are some important commonalities in the molecular mechanisms
thought to underlie these disorders. Many of the genes identified through
positional cloning as causative of these set of disorders encode proteins that
were shown to aggregate in in vitro and in vivo models and form the
pathological inclusions traditionally used to diagnose these diseases. This
was unexpected and argued that perhaps the propensity of these proteins to
aggregate or form multimeric species had direct relevance to their toxic
properties. In addition, many of the cellular mechanisms identified as being
affected in rodent models for these diseases (generated through genetic
means by introducing a mutant gene) show perplexing similarities. Among
the mechanisms identified, mitochondrial disturbances, deficits in axonal
transport and synaptogenic mechanisms, autophagy, protein folding, and
transcriptional dysregulation are affected in all these diseases. Therefore,
there is typically a convergence of strategies being developed to treat these
disorders. A caveat in all of these approaches is the fact that, with the sole
exception of HD and SMA, the aetiology of these disorders is mixed, and the
majority of cases originate without much evidence for mutations or deregu
lation of the pathways linked to the mutant proteins which cause the familial
(typically of earlier onset and faster progression) cases.

The converging field of synaptic dysregulation and transcriptional adapta
tions to changes in neurotransmitter tone is exemplified by the alterations
known to exist in terms of key transcriptional effector molecules, such as
histone acetylation and cAMP response element-binding protein (CREB)
signalling. In this regard, two chapters are dedicated to the development of
isotype selective modulation of phospodiesterase (PDE) inhibitors to modu
late neurotransmission (through effects on cAMP signalling) and transcrip
tional modulation (Chap. 2), and to the identification of subtype-specific
inhibition of histone deacetylases (HDACs; Chap. 1). The large repertoire of
various enzyme subtypes found in mammalian neurons is a key factor in the
development of effective treatments, without significant side effects already
identified for non-subtype selective small molecule modulators of these
classes of key enzymes needed for normal brain function. The main challenge
here is twofold: to identify which enzymes need to be specifically targeted for
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each indication (as signalling in neurons is localized to specific domains
coupled to selective signal transduction mechanisms); and to develop early
measures of target engagement and efficacy in clinical trials through imaging
studies or other measures to monitor changes in brain activity in response to
a drug effect, such as quantitative electro-encephalogram (EEG). The initial
findings for potential efficacy in neurodegeneration for the HDAC inhibitors
originated from studies using non-selective molecules, which had significant
toxicities associated with them after prolonged administration in animals.
The effects of these molecules in various cognitive rodent models and in
pathological analysis encouraged neuroscientists to try to identify class
selective molecules with good brain exposure, of increased potency and
with fewer peripheral side effects. Similarly, the early clinical data surround
ing rolipram (PDE4 inhibitor) in treating depression and displaying a pro
cognitive effect, together with many converging aspects of cAMP cascade
deficits in various disease models, prompted the development of very specific
active site inhibitors for this broad family of signalling molecules. Some of the
recent advances in the development of selective brain penetrant PDE inhibi
tors are highlighted in Chap. 2, with an emphasis on cognitive enhancement
for AD. However, many of these molecules are likely to exhibit activities
beneficial to other neurodegenerative conditions, and are currently being
tested for other indications in animal models.

In terms of synaptic biology, a key finding is the vulnerability of specific
neuronal populations that die selectively in the various disorders. Presum
ably, this vulnerability will eventually be found to originate from the specific
role of each mutated protein within these cells, or to the properties of the
neuronal and glial cells found in the circuitry affected in each disorder. In
essence, the spectrum of clinical symptoms used to define these diseases can
be largely explained by the pathological findings of neuronal death and gliosis
affecting the relevant circuitry. A key approach for treating these disorders is
therefore based on improving the function of the circuits affected in each
disease, and specific neurotransmitter modulators are being developed based
on the cells most affected by each condition.

Within synaptic modulation, one of the predominant hypothesis common
to all neurodegenerative conditions is the specific vulnerability of neurons to
deregulated calcium signalling, and specifically calcium signalling mediated
by glutamate receptors. This theory, termed excitotoxicity, is far from proven,
but appears common to many of these disorders. Excessive or extrasynaptic
calcium entry has become one of the major strategies for the treatment of
neurodegenerative diseases. In the case of ALS, riluzole, the only approved
drug for this disease, is a sodium channel blocker thought to modulate
excessive calcium entry. Chapter 3 specifically reviews the theory of excito
toxicity and abnormal glutamate signalling mostly in the context of Alzhei
mer's disease, although similar principles (and drugs) are relevant to other
indications. Indeed, many of these are currently in clinical development for
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various CNS disorders. For instance, both memantine (an NMDA receptor
antagonist) and mGluR5 antagonists are in clinical development for PD and
HD. However, the essential role for glutamate signalling in brain function
makes this a difficult mechanism to modulate with an acceptable therapeutic
window. The complexities in glutamate signalling in various circuits affected
in these disorders require a deeper investigation of the changes during
disease progression in human subjects, to better predict whether a specific
drug might lead to clinical improvement.

Other strategies aimed at the indirect modulation of glutamate, acetylcho
line and other major neurotransmitter systems that are being prosecuted,
which might be associated with more tolerable adverse effects. For instance,
the role for metabolites of the kynurenine pathway (a product of tryptophan
degradation), shown to be neuroactive and specifically altered in human
subjects and animal models for some diseases, is described in Chap. 4. This
novel approach to modulate synaptic transmission through a specific modu
lation in key metabolic enzymes (such as kynurenine mono-oxygenase or
KMO; kynurenine amino transferase or KAT) highlights some of the new
avenues taken by industry experts to uncover novel methods for treating
these difficult diseases. Chapter 4 focuses on the development of KMO
inhibitors specifically for HD. However, changes in kynurenine metabolites
have been reported in many neurodegenerative indications. In addition to the
role of kynurenine pathway metabolites in synaptic transmission, this path
way has been implicated in the modulation of the immune response, a
biological area of active investigation to decrease neuronal cell death.

Finally, Chap. 5 highlights recent developments in the treatment of SMA.
The genetic cause of this disease is well understood (lack of expression of the
gene SMNI due to a missense mutation), and current efforts are aimed at
enhancing expression of a gene, SMN2, which can act to compensate for the
loss of the SMNI gene. This chapter illustrates the strength of focused efforts
on overcoming the cause of the disease, through various means. All share in
common the utilization of cellular and animal models focused on understand
ing the effects of novel molecules in increasing expression of SMNI. Similarly,
in HD and familial models of AD and PD, a specific emphasis on demonstrated
genetic contributions to the disease is key to develop novel drugs with a well
validated biological principle. In the case of other, genetically heterogeneous
disorders (AD, ALS and PD), the applicability of such strategies rests perilously
on the assumption that similar biological principles will apply in idiopathic
cases where the cause of the pathology is unknown. Overall, the various
approaches highlighted here serve to illustrate new directions in CNS drug
discovery, and leads to an emphasis in a deeper understanding of the molecular
causes for these disorders as a more efficient way to overcome the inherent
difficulties in treating, or preventing, neurodegeneration.

August 2010 Ignacio Munoz-Sanjuan
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The Role of Histone Deacetylases
in Neurodegenerative Diseases
and Small-Molecule Inhibitors as a
Potential Therapeutic Approach

Roland W. Biirli, Elizabeth Thomas, and Vahri Beaumont

Abstract Neurodegenerative disorders are devastating for patients and their social
environment. Their etiology is poorly understood and complex. As a result, there is
clearly an urgent need for therapeutic agents that slow down disease progress and
alleviate symptoms. In this respect, interference with expression and function of
multiple gene products at the epigenetic level has offered much promise, and
histone deacetylases play a crucial role in these processes. This review presents
an overview of the biological pathways in which these enzymes are involved and
illustrates the complex network of proteins that governs their activity. An overview
of small molecules that interfere with histone deacetylase function is provided.

Keywords Epigenetics, Metallo enzyme, Polyglutamine, Sirtuin, Transcriptional
regulation
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1 Neurodegeneration

3

"Neurodegeneration" is the umbrella term for the progressive loss of structure or
function of neurons, leading to their eventual death and brain atrophy. Many
neurodegenerative diseases arise as a result of genetic mutations in seemingly
unrelated genes. For instance, a collection of neurodegenerative diseases fall into
the category of "polyglutamine (polyQ) diseases," where expansions in polyQ
encoding CAG tracts in discrete genes have been identified as the primary insult
leading to neurodegeneration. The lengths of CAG repeats in genes susceptible to
expansion are polymorphic in the unaffected population. At some point though,
expansions of CAG repeats cross a pathogenic threshold, acquiring a propensity for
further expansion, and encoding proteins with neurotoxic activity and a proclivity
for self aggregation. These include Huntington's disease (HD; expansion >37 CAG
in the Htt gene encoding Huntingtin), dentatorubral pallidoluysian atrophy
(DRPLA; expansion in the atrophin-I protein), spinal bulbar muscular atrophy
(SBMA or "Kennedy's disease"; CAG expansion in the androgen receptor) and a
subset of the spinocerebellar ataxias (SCA); where SCAI-3 and 7 are caused by
expansion in ataxin proteins, SCA-6 is caused by expansion in the calcium channel
subunit CACNAIA, SCA-12 is caused by expansion in the PP2R2B protein, and
SCA-17 is caused by expansion in the TATA-binding protein (TBP). Other neuro
degenerative diseases are not caused by CAG tract expansion, but nevertheless,
abnormal accumulation of protein is implicated. In Parkinson's disease (PD),
accumulation of the protein cx-synuclein into Lewy bodies is a hallmark of the
disease. In Alzheimer's disease (AD), the abnormal accumulation of ~-amyloidinto
plaques and hyper-phosphorylated tau proteins into tangles appears to be the causal
insult.

While the central nervous system (CNS) region-specific expression of the
aberrant protein or the differential susceptibility of neuronal subsets to the primary
insult varies, key themes start to emerge for these seemingly disparate neurodegen
erative diseases, which are collected under the catch-all title of "CNS proteopa
thies." Among these themes, irregular protein folding, interference of intracellular
vesicle trafficking, disruption of proteosomal degradation pathways, altered sub
cellular localization (especially neuronal inclusions), and abnormal protein inter
actions have been repeatedly implicated. This, coupled with the potential gain or
loss of function of mutated protein compared to "wild-type" protein, appears to
contribute to the neurodegenerative pathological cascade.

Ultimately, there is surprising congruence in the downstream pathophysiologi
cal cascades, which precede neuronal apoptosis and brain atrophy. Synaptic
dysfunction, mitochondrial energy metabolism defects, and transcriptional dysre
gulation are common to many of these diseases. The resultant symptoms are
manifested as disturbances in motor, psychiatric, and cognitive impairment,
which progress in severity as the diseases progress. Manifestation of any of
these symptoms is a consequence of the neuronal subsets primarily affected. For
instance, if neurodegeneration is prevalent in basal ganglia, midbrain, or cerebellar
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slnlClUres. key regions involved in the planning. execution. and control of fine
movements, mOlor control is c1C1Uly impacted (in SeA discllSCS. HD and PD). In
the case of amyotrophic 1:lteml sclerosis (ALS) and SBMA. it is the lower motor
neurons thai are targeted and degenerate. Cognitive impainllcnl ..od dementi.. arc
ulso major components of many of the neurodegeneralive diseases. when conicill
and subcortical nuclei are compromised (particularly so in AD. PD. and HD).
Comorbidily with psychiatric disturbances such as anxiety and depression arc also
common in these hiller diseases. btU these symptoms arc often overlooked or
undcnrealcd.

The ullim:llc outcome of :111 of the ncurodcgeneralive diseases described above
is Cllonnous pressure on the social environment of patients and premature death.
Our phnnnacologicni arsennl for treatment remains poor. despitc ycars of inten
sive rescnrch in these nreas. The disease burden of ncurodegcnerutive disorders to
the worldwide henlthcare industry is very high [3.4% of all dCllths in high-incomc
countries were attributed to AD and othcr demcntias (WHO Glob"l Burden or
Disease 20(4)J. As thc aver:.lge survival age increascs. this statistic is likely
to rise.

While a "magic bullet" for the treatment of neurodegenerative disorders is
highly unlikely. histone deacetylase inhibition is :l promising avenue or investiga
tion for multiple ncurodegenerative disorders. This rcview focuses on the potenlinl
ameliorat ion of symptoms common to lllany of thcse diseases. by assessing Ihe role
th<lt HDAC inhibition mny h<lve in the treatment of key aspects of disease patho
physiology COllllllon to the CNS protcopathies. with specific examples taken from
each disease. Current and future directions in the development of brain-penetrant
subtype selective HDAC inhibition are discussed.

2 Ovcrvicw of Hislone Deacelylases

2.1 Classification

HDACs are n complcx superfamily of proteins. sharing a common dcacetylasc
activity of acetylated (;-:lmino groups of lysine side chains. Originally. histones
were found to be their substrates. but more recently it has been shown that they act
on a large set of diverse proteins. Todate. 3.600 lysine acetylation sites across 1.750
prOleins are known. This collection has been dubbed the "lysine acetylome," with
particular prevalence in large macromolecular complexes [Il Hence. from a
functional point of view. it would be more appropri:lte 10 refer to HDACs as lysine
de:lcelylases (or KDACs) IIJ. Moreover. it is clear that Ihe role of HDACs extends
significantly beyond their catalytic activity and fonns part of an intricate regulation
proccss, much of which is not fully understood. While HDACs do not displ<ly
cJ<lssic<l1 DNA binding domains. they are incorporatcd into lnrge mullicomponenl
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complexes thai govern tmnseriptional processes. As a resull. the activity of HDACs
is dctennined by their environment and the variety. quantity. and identity of partner
proteins present in any given location. These complex inter.tctions are involved in a
diverse army of pathways from activation of cell death through caspnse-mediated
cleavuge 12J to muscle di fferentintion in concert with the transcription factor MEF2
(myocyte-enhancing factor 2) 13J. Subcellular distribution also plays;J key role in
HDAC function and is vllfied temporally and spatially both by cell type and
intmcellul:lr targeting. Although HDACs are classically viewed liS repressor.; of
tmnscription. their inhibition is reported to give rise to as much gene upregulation
as downregulation 14J. This is due to their complex network of interactions. and as a
result HDAC transcriptional effects should be viewed as modulation rather than
solely repression or inhibition.

The HDAC superfamily consists of 18 members origin;lting from two different
evolution;lfy starting points which exhibit a common lysine deucetylase nctivity.
The classical HDAC falllily is characterized by a well-conserved Zn2+ clltalytic
domain (Table I classes L lIa. lib. and IV). The sirtuins (class III HDACs) comprise
a distinct subfamily of HDACs. which use NAD+ as cofactor.

Class I HDACs (1.2.3. and 8) are defined by their similarity to the yenst RPD3
transcriptional f;lctof. They are expressed ubiquitously across celltypcs and have an
avcrage length of 443 amino acids 15. 61. HDACs I. 3. and 8 possess a nuclcnr
localization signal motif. While HDAC I and 2 proteins lack a nuclear export signal
and thus arc exclusively nuclear in location. HDAC3 has both nuclcnr import and
export signllis and can shun Ie between the nucleus ;md the cytoplasm. ClllSS I
deacetylases contain an N-temlinal cllwlytic domain which constitutes most of
their length. They demonstrate high enzymatic activity to histone substrates.
HDACs I. 2. and 3 fonn pan of large multi-protein regulatory complexes with
panner proteins such as Sin3. NURD. CoRE$T. and PRC2 [7. 8J. No protein
complexes for HDAC8 have yet been identified.

Class 110 HDACs (4, 5, 7. and 9) nre cllar.lclerized by their homology 10 yeast
HDA I. They are considembly larger than class [ proteins at an avemge of 1,069
amino llcids (reviewed in 191). The c111SS lIa C-tenninal catalytic dClIcctylase
domain cxhibits approximately I.OOO-fold lower activity tow;lfd histone sub
strates than the class I subtypes (7J. Thus. regulation of transcription by histone
deacetylation has been called into question for this class of enzymes. Indeed. to
date there is no endogenous substmte identified for which class Jla enzymes are
bOlla fide deacetylases. In HDAC4 preparations purified from mammalian cells,
co-associated HDAeJ was proposed to confer all of the observable deacetylase
activity 1101. In addition to the carboxy tenninal "catalytic domain"". however.
class Ila enzymes express a conserved N-tenninal extension of roughly 6(X)

additional residues [III. The N-tenninus adopts various regulatory functions
and is involved in protein-protein interactions. and notably transcription factor
binding. For instance. binding sites for the family of MEF2 transcription factors
are located within this domain. MEF2 tmnscription factors arc important for
muscle differemiation. synaptogenesis. and apoptosis. and there is good evidence
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to suggest Ihat HDAC4 and 5 are critical repressors of MEF2 function iI/ vivo.
nle role. if any. of the catalytic domain of class IIa enzymes on control of MEF2
controlled tranSCriplion:11 repression is currently unclear. TIle MEF2-illteraction
transcription repressor (MITR) shares homology wilh the NH·lenllinal extensions
of class lIa HDACs bUI lacks a deacetylase catalytic domain [121. However. the
repressive actions of MITR are mediated in pan by its fOnll:ition into nl<lcrOll1O·
lecular complexes with Olher class I and II enzymes. which may supply a
necessary dellcctyl:lsc funclion 113J. While there is no evidence for MEF2
dellcelylalion by HDAC4 1141. Ihere are repons that blocking the cmalytic site
with HDAC inhibitors can influence MEF2-regulllled transcription. possibly by
imerfering wilh the recruilment of transcriptional co-repressor complexes 115-17].
Of interest. mice harboring a viral insenion mutation that deletes the putative
deacelylase domain of HDAC4. while preserving the N-tenninal ponion of the
protein. are viable. have nOnllal bone and muscle development and only subtle
phenotypes 118J. This is in slriking conlmSI to mice in which thc complctc gene is
knocked out. which results in premalure ossification and associatcd (tefcclS resulting
in poslnatallethalily [191.

All class IIa enzymes can shun Ie belween the cytoplasm and nucleus in a
phosphorylation state-dcpendem manner. Phosphorylmion by kinases such as c:ll
cium/c:llmodulin-dependem protein kinase and prolein kinase D results in binding
of chaperone protein 14-3-3 at lhe N-lenllinal dOllwins and retention wilhin the
cytoplasm 120]. This regulated phosphorylation provides a mechanism whereby
extracellular signallransduction can influence transcriptionalmooul:ttion medillled
by complexes containing class Ua enzymes by inducing relocMioll to nuclear
compartments 13. 21 J. Class IIa enzyme expression is more restricted according
to cell type: HDAC4 is predominantly expressed in brain [22J and skeletal growth
plates. HDAC5 and 9 are highly expressed in hearl. muscle. and brain. and HDAC7
is enriched in endOlhelhl1 cells and thymocytes 16. 22].

Class lib HDACs (6 :md 10) are also characterized by homology 10 yeast
HDA l. but possess two deacetylase-like domains. However. only in HDAC6
are both functional. The Ctemlinal "catalylic" domain of HDACIO is only
panially present and does not relain aClivity 123. 24J. HDAC6 is ubiquitously
expres!\Cd and cyloplasmic in location. It is promiscuous in its substrates
which includc chaperones. tr:l.nsmembranc proteins. a-lubulin, and cortactin
125-27J. HDACIO has been identified as multiple splice variants. II is broadly
expressed across cell lypeS and has both a nuclear and cylosolic intracellular
distribution. TIle C-tenninal region contains putative relinoblasloma protein-bind
ing domains 15].

Class IV HDACII is most closely related 10 the class I family but also displays
common chamcterislics with class n HDACs. The low overall homology to either
of lhese classes has resulted in a separate c1assificalion. HDACII is highly
expressed in heart. bmin. testis. muscle. and kidney cells and is predominantly
located in the nucleus [28J. This deacelylase has shon N~ and C-tcnninal extensions:
lillIe is known about its function.
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2.2 Structural Aspects of Ziuc.Depeudeut Histolle Deacetyillses

The key 10 underslanding the function of histone deacetylases lies in their three
dimensional architeClUre. As outlined above, the class I. [I, and IV enzymes are all
metal ion dependent; in 1110St cases, a zinc ion is essential for activation and
hydrolysis of the amide group, which is located within the active sile of the enzyme.
However, it has been shown that other metal ions can efficienlly adopt the role of
the catalytic ion. For instance. the nature of the ion bound to the clltalytic sile
inOuences the specific llctivity of HDACS in the following order: Co2+ > Fe2

... >
2n2

... > Ni2
.... Thesedat3 suggeStlhat Fe2

... ralherthan 2n2
... may be responsible for lhe

in \'i!'o activity of HDAC8133].
Several crystal structures of differenl HDAC sublypeS and HDAC-Jike proteins

have been published over lhe past decade. Related 10 the zinc-dependent
enzymes, structuml infonlwtion is available for the class I enzymes HDAC2
134] and HDAC8 135. 361. The recent HDAC2 structure rcveliled a fool
pocket in proximity of the zinc ion, which can be accessed by small molecules
134]. This pocket contains multiple water molecules. which can be replaced by an
inhibitor.

The c:ltalytic domains of HDAC4137] and HDAC7 [381. memben; of the class
Ihl family, have also been solved. In addition. the structures of bacterial HDAC
homologs HDLP 1391 and HDAH 140. 41J have been elucidaled. Of particul:lr
significance is lhe investigation of the HDAC4 catalytic domain as inhibilor
free and inhibitor-bound structures and a gain-of-function mutant protein
(GOr HDAC4cd). This study revealed a likely struClural explanalion for lhe
intrinsically low enzymatic activity of the class [Ia enzymes IOward acetylated
lysines compared to the class I subtypes. In essence. the OH group of Ty~06,

which is conserved in all class I and class lib sublypeS, has been proposed 10
fonn a hydrogen bond to the tetrahedral anionic intennedkue during the amide
hydrolysis, thus accelerating the hydrolytic process. [n all class lIa subtypes. the
amino acid residue 306 is mutated 10 11 histidine (His976

). which is rotated away
from the active site. As a result. the amide hydrolysis is much less efficicnt.
Supporting this finding is the fact that mutating the His976 of HDAC4cd to a
lyrosine residue results in a gain of deacetylase function by roughly a 1,()(M)~fold

to levels similar to those of the class I enzymes [71. In addition. the structural
study of HDAC4cd has uncovered a second zinc ion besides the one that is
critical for the catalytic process, at the bottom of the active site. This zinc ion is
bound 10 a confonnationally flexible domain that is present in all class lIa
enzymes and appears 10 adopl a structural function. Structural infonllalion is
also available for a glutamine-rich segment of the N-Ienninus of HDAC4 comain
ing 19 Gin out of 68 residues 142]. The precise physiological function of this
glutamine-rich stretch is not known; it has been proposed that it may be involved
in protein-protein internctions, which is discussed later in relation to the CNS
proteopathies.
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2.3 General Overview ofK'lOwn Class I, II, and IV HDAC
I"hibitors

2.3.1 Introduction

9

In principle. lysine deacetylase inhibitors may be classified according to their
structure or properties. The lauer Illay be an;.lyzed from several aspects. which
may include parameters such as selectivity and phamHlcokinetic aJl(1 pharmacody
namic (potentially thero.lpeutic) propenies. Itoh et al. have published a revicw
llnicle. in which the inhibitors are classified based on their isofoml selectivity
1431. A classification of lysine de;lcetylase inhibitors according to their phamlaco
kinctic propenies would be intcresting to beller aSsess their drug-like propcnies:
however. infonnation about ill l'itl"O and ill "i\'o met;.bolic stability and brain
penneability is lacking for a lot of compounds. especially for structures tlHlt are
in early development. Access to the eNS is of panicular relevance to the topic of
this article. Many methods and guidclines for the prediction of passivc CNS
pcmleability of small molecules have been described. which invol ve a combination
of lipophilicilY. topologic;.1 po!:.r surface area. molecular weight, and number or
hydrogen bond donors. Besides. it is well known that active transport in bolh
directions (uptake and efnux) is common for small molecules. Nevertheless, an
accurate in silico prediction of CNS exposure of specific molecules remains
challenging (for reviews. sec. e.g. [44.45)). Understanding the br:lin permeability
of small molecules is further complicatcd by the finding that the blood-brain
barrier. which adopts a neuroprotective role. may be compromiscd in patients
with neurodegenel1ltive diseases 1461.

This section is intended to give an overview of the known structural chemotypes
of Zn2+-dependent !Y'"-acelyl lysine deactylase inhibitors and wi II not be restricted
to compounds with known br.tin-pemleability and/or potential as a therapeutic
agent for a neurodegenerative disease. Molecules with known activity related to
neurodegenerative diseases will be discussed in the context or the specific neuro
logical disorders further below. Complementary to this review. Wang and Dymock
have recently published an extensive survey of the recent patent literalure covering
histone deacetylase inhibitors 147),

Most inhibitors of the class L n. and IV enzymes known to date internet with the
metal ion within the catalytic site preventing deacetylalion of N"-acelyJ Lys resi
dues. Even though the molecules with such inhibitory propeny appear struclurally
very diverse. most of them share three common structur.tl features. nnmely. a metaJ
binding group (also referred to as the molecular "warhead"). a linker region, and a
surface recognition or capping domain as recognized by Schreiber and Grozinger
1481. In the following section. selected examples will be highlighted with the
intention to illustrate the nature of the major groups of HDAC class J. 11, and IV
inhibitors. Sirtuin (class Ill) inhibitors will be discussed separ.ttely.
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2_3.2 Hydroxamic Acids

The hydrox:lmic acids. also referred to :IS hydroxamates or hydroxy amides. are
perhaps the most intensely investigllted clllSS of N"-acetyl lysine deacetylase inhi
bitors. From other areas of investigalion. for instance the matrix metallo-protcases
149J. it is well known that the hydroxalllate function exhibits a strong artinity 10

Zn2+ and Olhcr mctal ions and hcnce contributes significantly 10 thc artinilY of Ihc
liglmds 10 thcir biological tllrgcts. Within the HDAC ficld. a large varicty of
hydrox:lInic acids have been studied aiming :It thcrapeutic agcnts for oncology
and othcr dise:ISC areas. These efforts culminated in the FDA approval of Zolinza
(also suberoylanilide hydroxamic acid = SAHA or vorinostat. Fig. I) for Ihe
treatment of cutancous T-cell lymphoma. This breakthrough spurred a 101 of cfforts
to dcvelop thcrapeutic agcnts intcrfering with HDAC function thai show improved
erticllcy and safcty profiles 1501.

The hydroxamic acid-based HDAC inhibitors can be funher divided according
to the nature of their linker and surface recognition elements. It is apparent from Ihe
liter:llure that the linker region may be confonnationally tlexible and linellr (e.g..
Zolinza) or confomlationally rigid us exemplified by the olefin TSA (2) and Ihe
cinnamide-type pyrrole 3 [511 shown below. Compounds in which the hydroxamate
Wllr hcad is directly auached to an aryl or hetcroaryl group havc becn investigated
as well.

Importanlly_ the structur.tl diffcrences within the linker and surfacc recognition
ponion will have profound effects on subtype selectivity and physicochemicnll
ADME propenies of the compounds. Structural changes within Ihese areas will
hence allow for optimizlliion and fine-luning of the drug-like parameters that are
required for a successful thempy.

Dual inhibitors have been reponed. in which stnlctuml features essential for
HDAC inhibition are combined wilh elements that are known 10 interact with other
tllrget classes. The recently reponed multi-acting HDAC and EGFR/HER2 inhibi
tor 4 (Fig. 2) serves as an example to demonstrate this concept 152].

~~ .."" ~..OHF~ rt-oH

Ub H,~II H U LTV
I '

1 (ZoIinza"'. $AHA.~l ,"'"
Fig. 1 S<:lecled examples or hydroxamic acid~based HDAC inhibilOrs

Fig. 2 Slruclure ora
mul1i·acl;ng HDAC and
kinase inhibilor •
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2.3.3 Orl1lO.N.Acyl·IJ henylene Diamines

I I

The common feature of or"IO·N·acyl·phenylene diamines. also referred to as
benzamides. is an acylatcd or,ho·phenylenc di;unine unit. which is thought to
intCT:lct with the zinc ion of HDACs. Bressi et al. havc recently published ;l

crystal structure of compound 7 bound to HDAC2 (Fig. 3). in which the carbonyl
oxygen and the amino group chelate the zinc ion in a bidentate fashion 1341. By
analogy to the hydroxamic acids. there are fmnily members comprised of ;\
Oexible linker and others thm are confomHllionally rigid. Again. the linker lind
surface recognition ponions provide excellent h:llldies for fine·lUning the overall
properties of the molecules. There is evidence IIl:l1this class of molecules tms Ihe
potential for subtype selectivity and drug·m:e propenies. This is dcmonstratcd by
MS275 (compound 5). which originally has been reported to sclcctively inhibit
HDACI with an IC~ value of 181 nM 143. 541. A subscqucnt publicution
suggestcd that this compound is essentially equipotent against HDAC I and
HDAC3 136J. but the compound did not show inhibitory activity for HDAC4.
6.7. and 8 (>10 ~M). M$·275 has progressed into ph:lse II clinical trials for lhe
treatment of cancer. demonstnlting an accept;lble ilK profile following oral
adminiSlrlllion 1551.

Notnbly. for some benznmides n time·depcndent incre;lse in llffinity has been
observed 134. 56. 57J. Bressi el al. proposed Ihnt disruption of nn intramolecul;lr
hydrogen bond of the NH2 group to the carbonyl oxygen is required for tight
binding and may cause the slow binding kinetics 1341.

2.3.4 Orl1lO.N.Acyl·IJ hcnol:lmines

The onllO·N·acyl·phenol:unines may be regarded as a structural variam of the
above·rnentioned bem·.amides. In this case, :m N·acylated phenol amine function
acts as the warhead chelating the z.inc ion. The onllO-N-acyl.phenolamine
8 (MCI863: Fig. 4) serves as an example and exhibits inhibitory activity for
HDACI and selectivity over HDAC4 that is similar to thlll of its corresponding
bcnzamide or MS275 (Fig. 3).

Fig. 3 Structures of selocted benzamidl's (MS275. 6-amino·nicotinamidl' Ii 1531. and HDAC2
inhibitor 7)
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Fig.4 SINClurc of onho-acyl
N.pheoolaminc MCI863

2.3.5 M:lcrocyclic Natural I'roducts

A variely of mllcrocyclic natural products. either peplidcs or peptide-mimetic
SlnlCIUTes with HDAC inhibitory activity and promising pharmacological effects.
have been reponed. Some of them aTc shown in Fig. 5 for illustration: lOT instance.
romidepsin 9 (FK228) exhibits excellent class I inhibitory llClivilY lmd has recently
been approved by the FDA for the treatment of CUlllncous T-cell lymphoma patients
158. 591. Similarly. the marine natural product 1:lrgazole 10 lhal demonstrates
polent anliprolifemlive aClivity [601 and He-toxin II, a fungOlt metabolite wilh
immunosuppressant activity. have been investigated as cylost.lllc agents [61. 621.

Al first glance. lhe structure of these macrocycles may apl>cllr very differenl
from classiclli HDAC inhibitors. However. they shure the same C01llmon fealUres:
lhe macrocyclic structure comprises the surface recognilion elemen\, which is
connected to the melal-binding group vi:. a relalively nexible linker moiety.
Notably. reductive cleavage of the disulfide bond in romidepsin is re<!uired 10
liberate a mercaplO group thaI can bind the z.inc ion within the catalytic site.

The amiprotozoal agent apicidin 12 163J :md FR235222 13 I64J shure a kelo
group as the mctal-binding group. which will be discussed in more dctllil below.

9(~n. FK·228j 10(\llf~) 11 (He-to_In)

""
~0r<

;+:~
13 (FR235222)

"-ig.5 Macrocyclic nalurat products wilh HDAC inhibilory aClivily
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The creation of drug-like molecules capable of CNS penctration from thcse
staning points would be a challenging task. This will be made harder as room for
maneuver is limited by the likely demands for isofoml selectivity. For a compre
hensive review of delivery of peplide and protein drugs across the blood-brain
barrier, see 165 J. Notably, Ghadiri and co-workers exploited this structur;tl class and
have developed an efficient synthetic access to one-bead-one·compound COlllbin..
torial libraries of cyclic tetrapeptide analogs with promising subtype selectivity
166.671.

2.3.6 Ketones and Trinuoromelhyl Ketones

The natural product apicidin 12 bears an elhyl ketone as lhe metal-binding group
and has inspired fun her work using a ketone function to engage with the zinc ion of
HDACs. Examples of Illore selective class I inhibitors with improved drug-like
propenies are illuSlr..lted in Fig. 6. While the bismnide 14 168J was metabolically
not stable, Ihe mono-mnides 15 and 16 demonstraled efficacy in a colon cancer
xenograft1l1odel [69. 70J.

TriOuoromethyl kelones are more electTOphilic than lhe alkyl kelones described
above nnd typicnlly exisl in equilibrium with thcir hydmlc fonns. Potent inhibitory
activity oftriOuoromcthyl kctones loward melnl-dcpendenl proleascs has been well
documented, which sp:lrked thc investigation of compounds bearing lhis war head
in the context of inhibilion of HDAC function [71 [. Indeed. the alkyl-linked
triOuorokelone t 7 (Fig. 7) demonstrated submiCTOmolar HDAC inhibitory aCli vity
and ,Illliproliferntive effects in HTl080 and MDA 435 cell lines. Molecules within

Fig. 6 HDAC inhibilOrs bearing a ketone MBG with improved drug-like properties

"

1. t~" "( 'N---" F 0 1"'" N. n X FN.d JyQ-fF h o~ Y"s'l'\"
------- F N-0 0,

o 18 0 \9

Fig, 7 Examples of trifluoromcthyl kelones
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lhis chemolype Illlve been studied in more detail: selectivity of this class ranges
from nonselective \0 compounds demonslf<lting good intra- and interclass selec
tivity. For instance, compound 19 has an ICjo againsllhe class U HDAC4 (wI) of
7 nM with> loo-(old seleclivity over HDAC6 and> [,ooo-foid over the class I
HDACI lind 3 [72J. They have demonstrated cell pemlcabililY. bUllheir promise
as drug-like lllolecuies has been compromised by high mctabol ie turnover. Th is is
at lcast in pan due to keto-reductase activity giving rise to the inactive alcohol
form 169. 73J. Further optimiz:llion of this structuml subclass has led to metaboli
cally more stable compounds 1741. Allhough additional improvements will be
required to achieve molecules with phannacokinetic profiles lhat are suitable for
funher development. lhis effon yielded the disubstituted thiophene 18. This
lllolecuic has been crystallized in combination with HDAC4cd 137). which con
finned the proposed chelation of Zn2+ by the hydratc fonn lhus forming II four
mcmbered ring.

2.3.7 Carboxylic Acids

The antiproliferalive aClivity of sodium butyrnte (Na+ S<llt of 20, Fig. 8) toward
several types of carcinogenic cells has long been known, but it was not until much
laler lhat its anticancer aClivily was linked 10 HDAC inhibition 175, 761. Pivanex 2J
is a prodrug. which is metabolized ill \'il'o to release butyric acid 1771. Other shon
chain fany acids such as valproic acid 21 and phenyl butyrale 22 have been
invcstig:ued in the samc conlext 178. 791. Thcse alkyl carboxyhllcs show HDAC
inhibitory aClivily typically in lhe low millimolar range and arc much weaker than
thc strong chelalOT'S described above.

Inlcrestingly methotrexate 24, a well-known dihydrofolatc reductase inhibitor
that is clinically used for II number of indications such as leukemia and severe
psoriasis. has recently been shown to interfere Wilh HDAC aClivily 1801. Struclur
ally. il may be regarded as a butyric acid derivative.

:10 2' 22
(l>uIJn< KiIll lnfI>o>o<-. VP~) (pI>onyI tuy<.t•. 'PII~l •(piYono" ~N-II.

"-ig. 8 Structure or shorl rany
acid inhibitors and
methotrexale
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2.3.8 Selecth'ity Determinalioll
"

Detennination of the seleclivity of HOAC inhibitors loward isolaled HDAC iso
forms has been challenging. As a result. many publicalions describe inhibitory
uctivity using celllysuies. Underslanding in this areu has been dogged by diflicul·
lies in the purificalion of individual isofonllS. leading al times 10 cOl1lradictory
results. This problem hllS subsequenlly been overcome by lhe isolalion of protcin
from tnlllsfeclcd Escherichia coli. which cOnlain no endogenous HOACs In

Lillie is known aboul lhe natural subslrale specificities of the HOAC isofonns.
indeed. as Sl:lled earlier. il may be thaI class lIa HOACs have no meaningful catalytic
de:tcelylation aClivilY ;1/ \'i!'o 17]: rather. lhey may act as N'-llcelyllysine recognition
domains 181]. Various :tssays used to measure Ihe inhibition of HOACs have beetl
developed. These range from high resolution mass speclromelry profilitlg of whole
cell systems 11110 isolaled enzyme assays using a synlhetic acelyl lysine substmle
182]. The low inlrinsic Clll:tlytic activily of class l1a HOACs hus been panicularly
problemutic. To overconle Ihis. gain-or.function mutanlS have been used 171. These
results have the C:lvelll lhat lhey rely on modificlltion of lhe uClive sile lllld may nOl
give un accurale refleClion of the l.nle binding event. Indeed. for sOllle inhibilors. a
marked difference is observed bel ween gllin-of-funClion mUlllnl and wild-lype
HDAC41741.

Recenlly. an activaled subslrale has been designed which is successfully turned
over by class lin isofonllS. This trifluoroacetate derivalive is much more labile lhan
lhe corresponding acelate and as such does not require the slabilizing tyrosine
residue found in class I. lib. and IV HOACs for lhe enzymalic conversion 17].
This subSlrate is efficiently deacelylaled by the class 1I11 HOACs and intriguingly
seems 10 show selectivily over class 1181]. This observed selectivity is likely to be a
result of the more slerkally demanding CF3 group clashing with the more con
gested catalytic site of the class I isofomls.

The lools 10 dc-convolute HDAC isofoml aClivily have now been developed.
Recenl results highlighting Ihe difficulty in purilk:uion of individual isofonllS from
mammalian systems sugge.<;t lhal a caulious inlerprelalion of historical data is
required.

In summary. the HOAC inhibilOrs known to date interact with the metlil ion within
lhe cntalytic domain of the enzymes. However. besides recognilion and deacetylation
of substrates bearing N"-acelylated lysine residues. HOACs clearly adopt olher cellu
lar functions such as recruilment of other HOAC family members or lranscription
faclors via protein-prolein interactions. Molecules that seleclively interfere with such
a non-catalytic function would serve as excellent lools 10 further undersland and
dissect Ihe function of lhese enzymes 183]. As compared 10 the currently investigated
HDAC inhibitors, such molecules would likely exhibit a different selectivily profile.

In addition. the cellular localization of cenain HDAC sublypes is governed
by chaperone proteins (e.g.. 14-3-3) which. depending on lhe phosphorylation state,
lmnspon the enzyme from the nucleus 10 the cytoplasm. Hence. inhibition of inter
aClion wilh phosphata.ses. kinases. or chaperone molecules may also provide yel
another avenue for regulation of HOAC activity wilh small-molecule ligands.
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2.4 The Sirtllills (Class III HDACs)

2.4.1 Structure, Mechanism, :md Function of Sirtuins

The class JIl histone deacetylases are referred to as the sinuins. Seven mammalian
sinuins (Sin 1-7) are known to date and are classified by similarity to the Sir2 family
from yeas!. Most of them catalyze the deacetylation of N'-;lcetyillted lysine side
chains of histones as well ;IS other protein substrates. Sin I alone is reponed to
have in excess of 30 substr:lles. which include p53. FOXOI. FOX04. COUP-TF.
NCOR. NF-KB-p65. and MEF2. respectively 184J. Sin2 has been shown to be:l
tubulin deacetylase and an important reguilltor of cell division lind myel inogenesis
185-87J. Sin4 c:\talyzes ADP-ribosylation and Sin6 accelerates bolh reactiolltypcs
188J. While sinuins are expressed ubiquitously across tissue types 1891. their
intracellul;lf localization varies: Sin!. 6. and 7 are predominantly found in the
nucleus. whereas Sin I and 2 are cytoplasmic. and isofonns 3. 4. and 5 arc loculized
in mitochondria I90J.

Various studies indicate that modulation of sinuin activity (activUlion or
inhibition) may lead to beneficial therapeutic effects. depending on the disease.
There is llmple evidence that overexpression of Sir2 (equiv:llenl to the rna1ll1ll11
lian homolog Sin I) lellds to prolonged Iifesp'lll in various species. including yellst
191 J. fmit mes 1921. and nematodes 193J. Funhenllore. increased longevity due to
a calorie restricted diet has been connected to uprcgulated sirtuin activity 192-941.
Enhancement of longevity and other health-promoting effects of sirtuins has
frequently been allributed to regulation of metabolism. Since neuronal degenera
tion is a major pathophysiological aspect of aging. understanding the mcchanisms
of sinuin-mediated neuroprotection promises novel strategies in clinical interven
tion of neurodegenerative diseases 195J. Inhibition of sinuin funclion may also be
beneficial in c:ll1cer therapy: for instance. prevention of Sin I-mediated deacetyla
tion of p53 mighl facilitate apoplosis in response to DNA damage and oxidative
stress [96}.

Compared to the zinc-dependent HDACs. the sirtuins act by a very different
mechanism and require NAD+ as a cofactor. Unsurprisingly.they show no sequence
similarity with the other HDACs and are structurally very distinct [971. The size of
most sinuins (5in2to Sin7) varies from 310 to 400 amino acid residues. while Sin I
is largcr (747 residucs). Multiple crystal stmctures of cukaryotic and prokaryotic
sinuin proteins have been reponed. which either are "po-fonns or include ligands
such as NAD+ derivatives. N"-acetylatcd lysine substrates. and/or other small
molecules [98-110]. These data have shed much light on the mode of action of
this enzyme class.

As il1ustrated in Fig. 9. sirtuins convert one equivalent of NAO+ to nicotin
amide and 2'-O-acetyl-ADP-ribose (2'-OAADPr) to deacetylate an N"-acetyl
lysine group [Ill]. This mechanism requires a confonnational change of NAD+
resulting in weakening of the Cl'-N bond. which is induced upon binding of the
substf'J.te to the enzyme 1109. 1121. A nucleophilic substitution at the anomcric
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I-il,:. 9 Description of lhe calalycic cycle of sinuins: N"-xetyl:l1ed lysine substr:lte (Ind NAD+ ure
COl1vened 10 free lysine. nicOlinamide. and 2'-OAADPR

cenler of lhe ribosyl unit leads to release of niCOlinlullide and fonmlliOIl of an
O·alkylimidale intenllediate. Importantly. the enzyme prOlects Ihis llctivn1ed
intennediate from hydrolysis 1113J. which olherwise would revert the process
back to N"-acetyl lysine. Instead. the invariant histidine funclions as a general
base 1lssisting in 11 neighboring group panicipmion of HO-C3' and HO-C2'. which
provides a bicyclic intennedi:lle 11141. Hydrolysis of lhis intennedillle. aguin sup
poned by 1he invariant hislidine. libermes the deacelyluted substr1lte and 2'
O-1lcetyl1lted ADP-ribosc (2'-OAADPR).

All sirtuins share a c:llalytic NAD~ binding domain. which is fairly well con
served 3cross the family [llSJ and a .'iUbstralc-billding pocket Structuml data also
provided in.'iights to the .'iubstrate seleclivity of sinuins [108[.

2.4.2 Sirluin Inhibitors

Several .'itructurally diverse sirtuin inhibitors have been reported. wme of which
are illustraled in Fig. 10. icotinamide is a product of NAD~ degradation thai
occurs during sirtuin-medialed calalytic process. lis inhibitory function al high
concentralions is a resull of a reaction with the ribosyl oxycarbenium imemlediate
fonned as pan of the mechanism. thus reversing the calalytic process and pre
venting deacetylalion. Sirtinol 26 and salennide 27l116J. c1unbinol 281117J.the
ICllovills 29lI18]. and splitomydn 30 all show moderate inhibitory activity ill the
micromolar range.

Thc pseudo-spiro compound .11. a moderately active Sin2 inhibitor. has been
idenlified by an ill .~ilico approach 1119J. A crystal structure of the poly-sulfony
lated .'iymmetric urea suramin .12 bound to the calalytic site of SirtS has been
elucidated [110) and demonstraled lhat the poly-aromatic compound covers the
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I·ig. 10 Represenl:l1ive SllUClores ofl,;nown sirtllin inhibilOfS

NAD~ binding sile. Allhaugh suramin is unlikely [0 be brain penllcablc due [0
its size and highly neglllively charged funclionalities. Ihe five lasl scaffolds
display interesting characteristics: lhe diphenol JJ. lhe indanone 341 and the lelra
hydroisoquinoline 35 have been discovered by high throughput screening 1120J.
TIley exhibit moderate inhibitory activity for Sin I to Sin3, and given theiT rela
tively low molecular weight. Ihey may be suitable for further optimization for
therapeutic purposes in neurological disorders. Indanone derivatives such liS COIll
pound 36 with selective Sirt2 inhibitory activity have recently been published
11211. TIle fused indole EX-527 (37) and analogs remain the most potent sirtuin
inhibitors described so far and show activity at well below micromolar levels in 11

fluorogenic assay with ICso values of 98 nM for Sin l. 19.6 ~lM for Sirt2. and
48.7 ~IM for Sirt3 [1221. FunhemlOre, neuroprotective properties have been
reponed for EX-527 in a variety of ;/1 \·itro systems.

In a Dl'oSOI)hila model of neurodegeneration which overexpressed polyQ
expanded Htt Exon I (Httex Ip 093), both Sir2 (the Dl'osophila ortholog of mam
malian Sin I) and Sin2 overexpression increased neuronal survival. as measured by
lhe number of remaining photoreceptor neurons in the eye. However. none of these
genetic mutations rescued the early lethality of the flies compared to wild-lype
lifespan II23J. Feeding Huexlp Q93-challenged flies on nicotinamide 25- or
sirtinol 26-containing food also increa....ed survival of photoreceptor neurons.
Niacin. a vitamin supplemenl that is readily converted to nicotinamide. exhibited
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a comparable rescue. Simi1:lr resulls with nicotinamide feeding have been reported
for a Ol'm;ophila model of SCA31124].

2.4.3 Sirluin Acth'alors

Severallypes of sinuin activalors have been reported. Resveralrol (3H, Fig. 11),11
lriphenol ic component of red wine. is one of the most intensely sludied molecules;
il has been used as a tool compound in sever:.tl neurodegenerative models and there
is ample data suggesting a positive imp;lct in metabolic. neurodegeneralive. and
oncology models.

For inslance, Parker el al. have demonstmted Ihat resvermrol specifically res
cued early neuronal dysfunction phenotypes induced by mutalions of polyglul;l
mines in transgenic Caellorlwlxlilis elegalls. indicating thaI aClivalion of Sir2 (the
C. efl'galls homolog of mammalian Sinl) m;IY result in 1I netlroprolective effect
11251. Separately. Kumar l'1 of. studied resver:.ltrol in a disease model in rodenls.
whereby i.p. adminiSlr:.ltion of 3·nilropropionic acid (20 mg/kg for 4 dnys) caused
significant loss of body weight. a decline in motor function. and poor retention or
memory 1126]. Repeated treatment with resvemtrol significlmlly improved the
motor and cognitive impainnents.

However. thesc dala have 10 be taken with clllllion as re.svcratrol is known 10

intcrfere wilh multiple pmhways including Sin I activation, AMPK activation
(which may have an indirect effect on sinuins by changing Ihe NAD+/NADH
equilibrium), nonspecific anti-oxidative propenies. mitochondrial membrane polar
ization. and even AKT signaling. It should be noted thaI while resvemtrol WllS

shown to rescue neuronal degener:.llion in the Hit-challenged nics described above.
it has been shown that resvemtrol was equally effeclive in Hn-chllllengcd nics
homozygous for a Sir2 nun mUlation. indicaling that the ability or resveratrol 10

suppress neurodegener:.uion did not depend on Sir2 [123]. Most imponamly, it has
recently been shown thaI resvemtrol and compounds SRTI 720 (44), SRT2183 (45).
and SRTI460 (46: Fig. 12a). which have been reponed as sinuin activators 1127.
128}, are in fact not direct activators of Sinl [129]. Instead. it has been

HO
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38 R = H resveralrol
39 R = OH piceatannol

40 R = H isoliquiriligenin
41 R = OH butein

42 R = H fisetin
43 R = OH quercetin

Fig. II StruClure of resvf'ralrol and OIhf'T polyphf'nolic nalural products with reported sinuin
aCtiv3ling properties
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unambiguously demonstrated thai the Sirt 1 activation observed by Ihese agcl1ls is
all artifact only observed when using a f1uorescently labeled peptide substrale in the
assay. All of these compounds have been shown to directly interact with the
lluorophore moiety. thus resulting in a signal thai is unreluted to Sirtl activation.

A series of al'..a·benzimidazoles (Fig. 12b) with Sin l'UCliv<lling properties such
as compound 47 have been described by Ihe same research group who published the
derivatives 44. 45. and 46 [1301.

The pyrroloquinoxalinc 48 (Fig. 13a [1311) and the dihydropyridincs 49-51
(Fig. 13b [132]) are structurally diverse sinuin activators.

Intcrestingly. lhe dihydropyridines hllve been discovered using a rational
design approach starting from nicotinamide. and activa!ors as well liS inhibitors
have been found within the sallle chemical series. In cell-based functional assays.
compounds 49-51 have indeed induced a phenotype lhat could be a resull of Sin 1
activation.

a b

"'ig. 12 (a) Slructures of oon·n:l1ural Sinl "activators" identified by a high lhroughpul screen.
(b) Reponed a1.:l·benl.imidal.ole Sin I activator
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49 R,. DEI (>200% activalion al 50 flM}
50 R,. OH (> 150% activation at 50 l,M)
51 R,. NH2(>150% activation at 50 "M)

"'ig. 13 Structures of sinuin aClivators: (a) pyrroloquinoxatine 48: (b) Structure and Sirtl aCliva·
lion dala for dihydropyridines 49-5 I
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3 Potential Treatment or Neurodegeneralive Disorders
with HDAC Inhibitors

3.1 Introduction
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The remaining sections are dedicated to the potential role that HDAC inhibition
may play in the amelioration of various {Xlthway dysfunctions common to nellro
degenerative disorders. Kcy biological signlllures common to ncurodegenemtive
disorders and the influcncc of HDAC llctivity on such processes arc discussed. The
use of specific HDAC inhibitors in thc treatment of the specific disease dOmains
will be illustrated.

3.2 HDACs, Chromatin Remodeling, and Coutrol
of the Epigellome

Epigenctics can be defincd as persistent phcnotypic changcs which occur without
alteration of primary DNA sequcncc. Dyrllunic changes in chromatin architecture
have evolved as a key factor in regulating the epigenome [133J. White the genetic
code in ench cell of the body contains identicnl infonnation at the level of the
primary DNA sequence. activation and repression of genes by different combinn
tions of transcriptional activlllOrs and repressors are responsible for orchestrating
the diversity in cell type specification and function that is required for any living
orgnnism. Chromatin is the complex of genomic DNA. histone. and non-histone
proteins that condenses and orgnnizes genomic DNA. The fundamental unit of
chromatin is the nucleosome: 147 base pairs of DNA spooled twice around an
octamer of histones; composed of two copies each of thc "corc" histOlles (H2A.
H2B, H3. and H4). along with a linker histone H I. This lower order or open
structure resembles beads on a string with the individual beads about 10 nm apllrt
from each other. However. chromatin adopts many higher order structures, moving
up in complexity whereby short range inter-nucleosomal interactions condense the
chromatin funher 1133. I34J. This IIIl'fa-structure of chromatin governs DNA
access of the transcriptional co-repressors. activators, and enzyme complexes that
will regulate gene expression in a given celt type. It is generally accepted that
loosely packaged "euchromatin" enables transcriptional activation. while more
compact "helerochromatin" is thought 10 be more transcriptionally inactive or
silent.

There are a nmnber of different ways by which chromatin remodeling can
occur. Removal. destabilization, or mobilization of nuclcosomes may regulate
access of transcription factors to genomic DNA for transcriptional activation.
Posltranslational modification of histone proteins can also affect chromatin struc
ture, which occurs most usually at the N~tenninal tails of the histones and
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occllsionally in the globular domains. Such modifications include acetylation,
methylation. phosphorylation. sumoylation. biolinylmion. and ubiquilinmion. or
a combination thereof. Each of these biochemical events affects the DNA-histone
interactions and mny result in specific functional consequences. For example.
modifications of histones in gene promoter regions have the potential 10 llctiv:lle
or repress binding of 1J".J.llscription factors and thus regulate gene transcription. or
penincncc 10 this review, Histone acclyllmnsfcrases (HATs) acclylalc lhe amino
group of lysine residues in the histone N-temlinal region. which renders their
side chains nonbasic. Hence. sail-bridges between the histone proteins and lhe
highly negatively charged DNA are penurbed. and as a result the histoncs favor
an open and accessible euchromatin confomlation. These stnble acetamido groups
can be convened back to the free N"·amino·lysine by HDACs. Consequently. the
inter.lctions between lhe histone proteins and DNA are stronger. ;md the chroma
tin adopls a more compact and transcriptionally silent heterochromatin state.
Imponllnlly. a fine balllnce of the HATs and HDACs activities is required to
maintain the equilibrium between open (accessible) and closed (silent) chromatin
Slnlcture. Of panicular interest is lhe fact that altered histone acetylation states
playa pan in many of the CAG repeal and other disorders. discussed further
below 1135].

3.3 Control and Dysregulaliotl ofGene Transcription
in Nellrodegenemliotl

Transcriptional regulation depends on u complex molecular machine consisting of
more thun 100 proteins. which function in u highly synchronized fashion. Thcre is
now a substantial body of cvidcnce tl1:\1 dysfunction in transcriptional mechanisms
plays a central role in neurodcgcnerativc diseases. Analysis of brain tissue from
postmortcm AD 1136.1371 and PO paticnts 113&-141] as well as AD [142] and PO
11431 animal models have implicated transcriptional dysregul:llion as a strong
feature of these diseases 1144]. The same holds true for the polyQ diseases: in
HD. lranscriptional profiling of human tissue derived from HD-affected individuals
shows an aberrant expression of a large number of genes and proteins [145-147].
Characteristic gene expression changes have also been observed in various mouse
models dcsigned to replicate ccnain aspects of the disease [147-15IJ. Similarly.
mice ovcrexpressing polyQ-expanded atrophin (a model of DRPLA) 1152].
cxpanded ataxin-7 fl52. 153]. and the mutant androgcn receptor [152j also show
aberrant gene expression.

What underlies transcriptional dysregulation? In the case of PD. mutations in
transcriptional factors themselves are an emerging theme. Two recent genetic
association studies in a screening sample of large cohorts of individuals with
idiopathic PD have revealed evidence for a novel association of PITX3 promoter
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single nucleOlide polymorph isms wilh PD. suggesting that an allcle-dcpendent
dysrcgul:llion of PITXJ expression mighl contribute lO thc susccptibilily to PO
1154, 155j, PITX3 is a homeodomain protein and transcription !":lctor which is
impol1anl for the diffcrentiation and mainlcnancc of midbrain dopmninergic neu
rons during development and lhe long-ICn11 survival of these neurons 1156], An
isolalcd report of onc individual with a mulalion in the orphan nuclear reccptor
NURR I has also becn rcporlcd. This mutalion markedly allcnuated NURR 1
induced lranscriplional aClivlllion when tested ill I'irro. suggesling :1 role for lhis
Olutalion and subsequcnt lranscriplional dysregulalion in the predisposition to
idioplllhic PO 1157]. In famililll (onns of PD. mutations in lhe OJ-I gene cause a
rarc early-onscl autosomal recessive PD. OJ-I adopls a transcriptional COllCtivator
function. and pathogenic mutations impair that funclion and render dopaillinergic
neurons vulnerable to apoptosis [1581. Similarly mUlations of the ubiquitin ligase
parkin account for most autosomal recessive fonns of juvenile PO CAR-JP). Parkin
has becn shown to act as :1 transcriplional rcpressor of p53 independently of its
ubiquitin ligase function and downregul:ltes the p53 palhway bolh il/ vitro and
in "h'o [159]. A main cell survival molecular pathway involves phosphorylalion of
Akt/PKB mediated by phosphalidylinositol-3-kinase. Several studies have consis
lently documented:l molecularcaSC:lde linking Akt and NFtdlthm ultimatcly IC<lds
to p53 inhibition and cell survival 11601. Parkin mutations associated with fmnilial
AR-JP abolish the parkin-mediated control of p53. cnhlll1cing p53 cxpression in
human brains affectcd by juvenile PO 1159. 161]. P53 upregulation has also been
implicaled as II factor contributing 10 neurodegeneralion in HD bmin and mouse
models 11621. More recently. huntinglin protein ilselfhas been shown to facilitale
lhe activity of the multi-subunit epigenetic silencer polycomb repressive complex
2 (PRC2). a function thm is augmenled in a polyQ lmct length-dependent manner.
providing anOlher mechanism by which aberrant lr:mscriplional repression could
occur in this disease due to:l pathogenic polyQ exp:lI1sion 1163[.

3.4 Sequestration of HATs and Transcriptional Factors
ill Nellrodegelleralioll

In lemlS of the underlying C:luses of lr:lI1scriptional dysregulation, the polyQ
diseases are possibly the besl ch:lllicterized p:lthologies. In these cases, epigenetic
mechanisms lind the sequestr.:ltion of transcription:ll cofactors have been clearly
implicaled. Along with the propensity for CAG expanded proteins 10 sclf llggre
gate, there lire now multiple lines of evidence 10 suggest thaI proteins with
expanded polyglutamine strelches are capllble of forming abnomlal interactions
with olher proteins contllining shon polygluillmine lracts (reviewed in [164. 165 D.
One of lhe slrongesl candidmes to emerge thus far is lhe HAT CREB-binding
protein (CBP). firsl idemified :IS :I coaclivalor for lhe transcription factor CREB



1166]. More recently. CBP has been shown to bind and modulate lhe aClivity of
many different tmnscription factors 1167-1691. Both CBP and the closely related
P300 HAT/tmnscriplion factor contain a compaclly folded 46 residue domain
(named IBiD domain). StruClural detennination by NMR showed a helicnl frame
work containing a nexible polyglulamine loop thaI participales in ligand binding 10

multiple DNA-bound transcription factors [170]. II has been shown Ihat poly
I.-glutamine strelches aggregate inlO p-plealed sheets by fonning hydrogen bonds
between the side chllin and the backbone amides.luming them into "polar zippers."
This is also renected in the propensity of HII bon I 10 self aggregate 1171].
An interaction belween shon polyQ stretchcs in nonpathogcnic prolcins wilh
expanded polyQ proteins is thus suspected to sequester nonnally soluble proteins
into pathogenic inclusions, which are a hallmark of polyQ diseases. However.
other lines of evidence underplay the role of polyQ expansion. suggesling Ihat Ihis
may be a more general response to the presence of misfolded proleins in the
nucleus II72J. Nevertheless. sequestration of CBP into insoluble polyQ aggregales
has been demonSlr,J1ed with expanded fomlS of Ihe androgen receplor (SBMA)
1173[. atrophin-I (DRPLA) [1741. huntinglin (HD) [174. 1751. and al:lxin-3
(SCA-3) [173. 1761. In facI in HD. polyQ-expandcd Exon I Hll has been shown
10 inhibit the acelyltransfemse activity of a least three HATs: CBP. P300, and the
p300/CBP-associated factor (P/CAF) 1177].

The consequence of a reduclion in HAT-mediated gene lrllllscriplion is exem
plified by Rubcnstein-Taybi syndrome (RTS). RTS is causcd by mUlMions in lhe
CBP gene. which leads to an insufficient amounl of produced funClional CBP. The
disease is characterized by developmental abnonllalilies and mental retardation.
A number of mouse models with CBP mutalions h:lve been developed. These mice
exhibit histone hypo-llcetyl:llion due 10 impaired CBP function. transcriptional
repression. and memory impairment. while homozygous knockouls are embryonic
lethal (reviewed in 11781). Thus, sequestration of CBP into insoluble protein
aggregates may well be expected 10 phenocopy some aspeclS of RTS pll1hology.

CBr and r300 are not tile only HATs Ihal have been shown 10 be compromised
in neurodegenerative diseases. Unsurprisingly. enrly evidence also came from
investigation into SCA-17. whereby Ihe Pllthogenic polyQ expansion occurs in ;1

IrMscription factor itself. the TBP. TBP is part of II larger multi-subunil complex
1179J. similar 10 the TFTC-typc GCN5 HAT-conlaining complexes. of which
ataxin-7 (both wild-type and expanded) is also a componenl 1180J. SCA-17 is
characterized by late-onset neurological syrnplOms thaI are very similar to Ihose
of Huntington's disease and is often referred 10 as HuminglOn's disease-like
4 (HDL4).

TBP is a key transcriptional factor required for lranscriplional inilialion by the
Ihree major RNA polymerases (RNAP I, n, and Ill) and is involved in gene
expression of most eukaryotic genes. Expanding Ihe polyQ stretch of TBP
from 31Q into the pathogenic mnge of 71 Q reduced ;n I'ilm binding of TBP to
the TATA box DNA 11811. In a SCA~ 17 mouse model. N-tcrminal TBP fragments
are present. which harbor the expanded polyQ lract but lack an imacI C-Ienninal
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DNA-binding domain. This polyQ-expanded TBP. inc:tp:tble of binding DNA.
fonned nuclear inclusions :md caused a severe neurological phenolype in transgenic
mice. Together, these results indicate thOlt 1>olyQ-expanded TBP is inhibitory 10

TATA-dependenttranscription as it is unable to bind DNA produclively 1181, 182J.
PolyQ-expanded Hn exon I protein has also been shown to bind and se(luester TBP
11831. In the case of mulant alaxin-7. HAT activity of the STAGA complex is
compromised. and this has been directly linked to the rctinal degeneration common
in this disease 1184. 185J. Tr::mscriptionallibnormalities have also been detected in
ALS patients :md mouse models thereof [186-1881.

3.5 HDAC InJribitors Ameliorate Trmrscripliollal Dysregulatioll

Given the strong evidence for the sequestration of HAT complexes into insoluble
nuclear aggregates in the polyQ diseases. il is nOl surprising that there are several
lines of evidence 10 suggest thai the <lcetylation status of histones are altered. [n
PCl2 cells induced 10 express mUlant huntin£tin (HII) Exon I prolein with either
25Q or 103Q, a Q-lenglh dose-dependenl reduclion in the level of Ihe acetylated
hislones H3 and H4 was demonSlraled. which could be reversed by trealmenl wilh
SAHA (1. Fig. I). TSA (2. Fig. I). or sodium butyr::tle (20. Fig. 8) I [771. a feature
lhM was shared when polyQ peplides alone were expressed in cells [189J. This also
proved to be the case in olher cell models of HD, using both immortalized stri:llal
cell lines derived from lransgenic mice overexpressing full-Ienglh human
expanded Hn and neuronal progenitor cells conlaining Hu with polyQ expansions
in the pathologica[ (bul nOI wild-IYpe) range [1901. Model organisms. such as
DroSOIJhila or C. ell'gmls. which have been engineered 10 express either (HII)
Exon I protein or overexpressed polyQ-expanded peptides, exhibil hislone hypo
acelylation. neurodegenemlion. and compromised survival I [91. [921. In Droso
phila. overexpression of CBP or Ireatment wilh Ihe HDAC inhibitors sodium
butyrale (20, Fig. 8) and SAHA (I. Fig. I) has been shown 10 reverse histone
hypo~acetylation and resulted in ameliorated palhology and eXlended survival
1177. 1921.

In Ihe R6/2 model of HD. mice carry a transgenic Hn exon I rragmem with an
expanded polyQ repeat and exhibil a very aggressive phenotype consisling of molor
and cognitive impainnem. dmmatic weight loss. and premature dealh occurring at
approximalely 4 mOlllhs of age. Modest globa[ hypo-acetylation of bolh histone H3
and H4 has been reported in R6/2 mice as compared 10 wild-type littermates;
inletperitoneal injection of sodium butyrale (20, 0.2-1.2 g/kgjday) resulted in
bmin histone hyper-acetylalion as well as partial ameliomtion of the symptoms
1193}. In a later sludy. Sadri-Vakili el 01. demonstmted by in 1';1'0 chromatin
immunoprecipitation lhat hislone H3 was hypo-acctylated. In Ihis inslance. they
did not find convincing evidence of global histone hypo-acetylation. instead
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showing significantly reduced AcH3 association within the promoter regions of
known downrcgulalcd genes [1901. Funhennorc. these invesligmors showed Ihal
treatment with sodium phenyl butyrate (20), either in I'h'o (0.4 g/kg/day for 7 days)
or in HD cellmodcls (10 ~IM). rescued the hypo-acetylation and partially reversed
the associ [lIed gene transcript downrcgulalion.

The finding Ihal broad spectrum HDAC inhibitors do not universally increase
gene expression is not surprising: earlier studies have shown th,,' tremment with
HDAC inhibitors change the expression of only -2-10% of human genes signifi
cantly 1194J. It should also be noted thai following this IrcalmCI1\. al1n051 equal
numbers of genes are downregul:lIcd rather than uprcgulalcd. which underscores
the complexity by which HDAC inhibitors affect gcnc cxpression 1195,1961.

In "atro-118Q" transgenic mice. neuronal expression of the Illutant human
atrophin-I protein cOlltaining an expanded stretch of 118 polyQ results in several
neurodegenerative phenotypes that are commonly seen in DRPLA patients. Symp
toms include ataxia. tremors. and other motor dcfects. Biochemiclli llllalysis
of these mice also revealed histone H3 hypo-acetylation in brain tissue 1197J.
Funhennore. histone hypo-acclylmion has also been demonstrated in transgenic
ALS mice 11981.

Friedreich's maxia (FRDA) is Ihe result of a GAA·1TC triplet hyper-expansion
in an intron of the fmtaxin (FXN) gene that leads 10 transcriptional silencing.
Fmtaxin is an essential mitochondrial protein and the resullant FXN insufficiency
results in progressive spinocerebellar neurodegeneTalion and cardiomyopathy.
leading 10 a progressive lack of motor coordination. incapacity. and death. usually
in early adullhood. Interference with trnnscription due to the high GAA content of
the mutated gene as well as the abilily of expanded GAA·1TC regions to favor a
heterochromatin assembly has been implicllted as the reason for the observed
transcriptional silencing 11991. Histones H3 and H4 of the FXN gene were noted
to be hypo-acetylated in transfonned lymphoid cell lines taken from an FRDA
patient and a concomitant upregulation of trimethylated H3K9 has been observed.
These findings imply a repressed heterochronllltin state 12001. The effects on
both H3 and H4 acetylalion and FXN mRNA levels were assessed lIsing valproic
acid (21. Fig. 8). TSA (2. Fig. I). SAHA (I. Fig. I). nnd suberoyl bishydroxamic
acid (52. Fig. 14) with variable results that were confounded by the cellul:tr
toxicity of these compounds. However. the bcnzamide derivative BML-210 (53.
Fig. 14) did indeed increase FXN mRNA without showing cytotoxicity a' the
concentration tested. Funhennore.treatment with an analog of BML-210. pimelic
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Fig. 14 Struclurc of SBHA (52). BML-21O (53). and anatogs 54 and 55
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diphenylamide 54. resulted in a 2.5-fold enhancement of FXN ntRNA (5 ~IM).

acelylation of H3K 14. H4K5. and H4K 12 in lhe chromatin region immediately
upstream of lhe GAA repeals. and an approximate 3.5-fold increase in FXN
protein levels (2.5 ~M) 12001 .

A subsequenl short pharmacodynamic study showed lhat Uvery close analog of
54.lhe tolyl derivalive 55. corrected lhe fralaxin deficiency in a Friedreich's Maxin
mouse model120lj. These mice carry a homozygous (GAAh30 expansion in the
lirst intron of the mouse FXN gene (KI/KI mice). Biochemic:II amllysis revealed
lhat these mice carry the same heterochromatin marks. close 10 the GAA repelll llS
lhose delected in patielll cell lines and have mildly but significlll11ly reduced
frlliaxin mRNA and prolein levels. However. they show no overt phenotype.
Once a day lreatment wilh compound 55 at 150 mg/kg subcutaneously for 3 days
increased global brain lissue hislone acetylation as well ns hiSlone acetylalion close
10 the GAA repeal lind reslored fmtnxin levels in lhe nervous system and hellrt
(dctemlined by qPCR and semiqulInlilalive weSlern bioI atllllysis). Reversion or
olher differenli:llIy expressed genes towllrd wild-lype levels was :llso observed. The
compound showed no apparentloxicity.

HDAC inhibitor 54 has :llso demonstmted :1 lherapeulic effeCI in lhe R6/2
Huntinglon's dise.lse model. which expressed lhe Exon I Hu prolein with an
cxpanded polyglutamine region of -300 repeals. lind shows a lllorc dclayed phcno
lypc thlln lhc R6/2 model wilh shorter polyQ expansions 12021. Again, a ShOl1
phannacodynamic lrial (once a day subcutaneous treatmcnt with 150 mg/kg for
3 dllyS) successfully ameliorated gene expression abnonnalilies llS delected by
microurmy analysis in these mice and showed increased histone H3 ncelylation
in association with selected downregulated genes. For a chronic efficllcy trill I. the
TFA salt of compound 54 was solubilized in 2-hydroxypropyl·~·cyclodextrin and
dissolved in drinking water 10 an estimaled dosage of 150 mg/kg/day and adminis
lered to mice from 4 monlhs of age. While the expected differences in oral versus
parenceml adminislr:uion preclude a direct correlation between lhe ph'll"lnacody
namic and effic'lcy trial. these mice exhibited improved molor pcrfonnance.
improvement in overall appearance. and an amelioration of body weight loss.
which lire felllures of this mouse model. Brain weight and striatlll atrophy were
also improved.

Thc successful use of benzamide 54 in trealing R6/2 mice loosely cOrTelllles
with lln earlier repon. whereby SAHA (I) was adminislered in drinking Wlller 10

R6/2 mice that harbor a smaller polyQ repeat (-250 Q) and exhibit a more
aggressive phenolype 1203}. In this study. the authors also showed significam
improvement in the motor dysfunction in R6/2 as assessed by rotarod perfonnance
and grip strength. bUI this improvement was offsel by lhe failure or both wild-lype
and R6/2 mice to gain weight at the maximum tolerated dose (0.67 gIL in drinking
water), which is suggestive of a narrow therapeulic window. Increasing this dose
further showed overtloxicity in R6/2. Toxicity of broad spectrum HDAC inhibitors
in lhc clinic is a general concern. especially when considering neurodegencrlltive
indicalions which requires long-tenn treatment. This underscores a necessily 10

narrow the Ihempeutic focus by targeling the specilic HDAC isofonns thaI would
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have most impact in amcliorJling lhe P.1lhophysioJogy nnd symptoms of the
disease, while minimizing potential adverse effects resulting from redundant
inhibition of olher isofonllS.

4 Effect of HOAC Inhibitors on Reversing Protein
Accumulation in eurodegeneration

4.1 The Role of the Ubiqllitill-Proleosome System
(Old Autophagy Pathways

The twO main cal:lbolic pathways responsible for degrading proteins are the
ubiquitin-prolcosomc system (UPS) and the aUlophagy-lysosomal system. Ubiqui
lin is a small 8.5 kD protein composed of 76 amino acids and carl be covalently
uttllched to lysine moieties by a peptide bond. This is mediated by three types of
enzymes known as El. E2 (Ubc). and E3. which have the lIbility 10 llctivate.
conjugnlc. and transfer the ubiquitin moiety to a l:-.rget protein. The E3 ligases
catalyze the fonnation of an isopeptide bond between a Lys residue of the target
protein :lIld the C-Iemlinal Gly of ubiquitin. In many cases. additiOlUl1 ubiquitin
monomers are added to the first ubiquitin by the subsequent action of E4 lignses to
fonn poly-ubiquitin chains. consisting of four to seven ubiquitin monomcrs. The
type of linkage confcrred by E4 Iigases affects the fate of thc ubiquitilUltcd protcin.
K48-linkcd polyubiquitimllcd protcins are generally degraded by thc 265 proteo
some. while K63-linked poly-ubiquitinatcd proteins are ultim:tlcly degraded in the
lysosome.

The aggregated protein inclusions. which are a hallmark of neurodegencrative
proteopathies. are often heavily ubiquitinated. This finding may suggest that the cell
is al1empting to dispose of these abnonnal proteins. Thus. a unifying concept has
emerged regarding an underlying mechanism that contributes to these classes of
diseases: cer1ain proteins. which are vulnerable to misfolding to pathological
COnfOnllations. assemble into aggregates as the capacity of thc cell to dispose
of them is exceeded. In other cases. mutation of UPS componcnts may directly
cause a pathological accumulation of proteins. For instance. a frame shift mutation
of ubiquitin UBB+ I. found in some sporadic and hercditary AD patients, leads to an
inhibition of the UPS and an enhancement of toxic protcin aggregation in a yeast
model 1204. 2051. As mentioned previously. in familial juvenile PO, there is a
defect in the E3 ubiquitin ligase activity of p..'lrkin. and accumulation of which is
found in the Lewy body aggregates along with its target substrates [206]. Either
boosting the UPS proteosome pathway or increasing autophagy has been proposed
as viable therapeutic approaches for the treatment of many neurodegenerative
disorders. The contribution of impainnent in the UPS system to neuropathological
conditions has recently been reviewed in depth 1207).
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II is now clear lhat lysine acetyl:uion by HATs and deacetylation by HDACs can
also occur in non-histone proteins. implicating their involvement in a variety of
cellular processes aside from transcription 1208]. The regulation of protein stability
is an important example (reviewed in 12(91).

Three gencral mechanisms link lysine :lcctylation to protcin stability. Lysine
acctylation of protcins can cre:lIc docking sitcs favoring protcin-protcin interac
tions. or conversely interfere with the binding of specific parlners. and hence
stabilize or destabilize particular protein complexes. A striking cxample of this is
the control of the chaperone activity of HSP90 by acctylation. wilh HDAC6
emerging as :1 kcy regulator ]27]. Proteosome dysfunction and :lcculllulation of
protein aggregates leads to thc activation of thc major heat shock transcription
factor. HSFI. which in tum induces the accumulation of the cellular heat shock
proteins (HSPs). Correct folding of proteins by these chaperones has a major
impact on protein stability and in safeguarding stressed cells. In yeast. Hsp90
mutants that cannot be :lcetyl:lled at K294 have reduced viability and chaperone
function. Reduction in Hsp90 function has :1150 been observed on knockdown of
HDAC612101. Importantly however. Hsp90 cun be :tcetylated :11 multiple sites. and
it h:IS been shown thm HDAC6 is not cupable of deacetylating :III sites, suggesting
that other HDACs may playa role. Another example of the acctylation of a protein
specilically influencing degradation C:llllC from Huntington's discase rescnrch.
Jcong ef (II. showed that acetylation of mutant Hu at Lys9 and Lys444 cun promote
clearance of the mutant protein by autophagy in both primary neurons and in a
C. elego/ls model of the disease. whereas a mulant version of huntingtin thaI e;llmot
be acetylated accumulates leading to neurodegeneration [211]. The HDACs
responsible for this activity have yet to be detemlined.

Second. in several reponed cases. the lysine "locking" :lctivity of an acetylation
event hinders subsequent protein ubiquitinalion and leads to increased protein
stabilization 121 2J. For instance. the stability of p53 can be regul:ttcd in this way:
the activity of CBI)/p300-mediated acetylation of p53 increases the stability of the
protein. which is counterbalanced by the action of a HDAC l-MDM2 (E3-ligase)
complex enh:lI1cing p53 degrndation P131. Sirtl ha.'i also been implicated as a
major p53 deacetylase in mammalian cells 196]. In a SCA-7 model, CBP-dependent
acetylation at Lys257 of ataxin-7 prevents autophagy-mediated turnover of an N
tenninal caspase-7 cleavage frngmenl. a process which can be replicated by selec
tive HDAC7 knockdown 1214].

Interestingly. four independent HATs. namely CBP. p300. PCAF. and TAFI.
and one HDAC (HDAC6) have been shown to also possess intrinsic ubiquitin
linked functions in addition to their regular HAT/l-IDAC activities. P300 and CBP
possess intrinsic E4 ligase activity by means of:t specific domain distinct from
their HAT activity [215). and p53 is a target for this activity. PCAF exhibilS E3
ligase activity. which is only partially independent of its HAT activity [216, 217].
For HDAC6. the ubiquitin-binding activity has been shown to arise from a
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conserved zinc finger-conlaining domain named ZnF-UBP (PAZ domain). This
ability for binding ubiquitinalcd proteins correlates with its dramatic reJocaliza
lion inlo aggresomes on proteosome inhibition 129. 218. 219).

4.3 Effect of SUMO E3 Ligase Activity of Class 110 HDACs

More recently,;l family of ubiquilin.like modifiers known as small ubiquilin-like
modifier (SUMO) 1-4 has been described. These modifiers arc Slllall proteins
similar in size to ubiquilin. Through a process analogous [0 ubiquilinalion known
as sumoyl111ion. SUMO monomers are conjug:IICd to targel proteins. In some cases
mono-ubiquitinalion or sumoylation may act to protect proteins from ubiquitin
dependent degradation. and in other cases they appear to trigger poly-ubiqui
liml1ion. Scveml studies indiclue thm lysine sUllloylmion ncgmively regulates
transcription factors. SUl1loylation can also altcr thc subccllular localization of a
protein. as is the CllSe for HDAC4. SUllloylation of HDAC4 at K559 by SUMO-I is
coupled to its nuclear import by nature of the interaction with RanBP2, u SUMO E3
ligase that comprises part of the nuclear pore complex [220J. MITR, HDACI, and
HDAC6 are similarly SUMO-modified 1220J. indicating that sumoylutiol1 may be
un imponant regulatory mechanism for the control of tmnscriptional repression and
protein stability by HDACs.

Of panicular interest is the fact that HDAC4 and HDAC5 bind the universal E2
ligase Ubc9. by nature of the N-tenninal coiled-coil domain of class lln enzymes.
Furthennorc, both HDAC4 and HDAC5 appear to have intrinsic SUMO E3 ligase
activity (regardlc.<;s of their own sumoylation stllle), potently stimulating MEFl
sumoylation at Lys424 both ;I/I'j/m and ill \';1'0. In the case of MEF2, the HDAC4
induced SUMOylation docs not appear to involve prior dcacetylation of the Lys by
HDAC4. Instead, this is perfomled by Sin I, which fonns a complex with HDAC4
and MEF2114).

The finding that HATs and HDACs are also associated directly with E3 ligases
in multi-subunit complexes adds another layer of complexity to the reguhuion of
protein degmdation pathways. The implication of this emerging role of class lla
HDACs for neurodegenerative diseases is currently unclear, but it raises two
important points. First, endogenous class lin deacetylase activity has yet to be
demonstmted against a native substrate and may in fact not be functionally relevant:
transcriptional control and protein-protein interactions may be largely mediated
through the MITR domain. The effect of catalytic site inhibition on the regulation
of class lIa MITR..Jomain-derived activity is not known. Second. identification of
Ubc9 binding and SUMO E3 ligase activity of HDAC4 and 5 may have important
consequences for protein clearance and stability in the CNS proteopathies. espe
cially given the fact that HDAC4 has been shown to segregate into poly-ubiquiti
nated inclusions in neurodegenerative mouse and cell models [221]. There is
emerging interest in SUMO poSl1ranslational modification in regulating the



The Role of HislO11e Deacetylases in 'eurodegenerative Diseases 31

Sl:lbility and clearance of the polyQ-expanded proleins. and this field is likely to
expand in Ihe coming years [222-224].

4.4 HDAC6: A Master Regulator ofCell Respollse to Cytotoxic
I"sults

In a Drosophila model of SOMA. nies exprcss a polyQ-cxp:mdcd human androgen
rcceplor and exhibil a honnone-dependcnt degenenllion of the eye. A genetic
scrcen in this model identified HDAC6 deplclion as an enhanccr of neurodcgener:l
lion, which was confinned by HDAC6 RNAi knockdown experimcnts [225, 226].
11 was :llso shown that upregulation of HDAC6 suppressed lhc degeneration. which
was absolutely dependent 011 its catalylic activity: a call1lytically innctive mutant
fniled to suppress the degenenllion. The neuroprolcctive properties of overex
pressed HDAC6 and the enh:lOced ncurodegeneralion following HDAC6 knockout
were not exclusive 10 the polyQ-exiXlIlded AR in this model: Ihis was also demon
strated using exp:lIlded :11:lxin-3. a 127 polyQ fragment :ll1d Ihe pathogenic Ap 1-42
fragment of APP. but interestingly no effect of HDAC6 was noted in flies expres
sing expanded .uaxin-!.

The mechanism by which HDAC6 can affect misfolded prolein slress arose from
sludying the aggrcsome palhway. Aggresollles nre ubiquitinated inclusions thai
fonn when lhe proteosollle is impaired or when misfolded proteins are overex
pressed. In this pathwny. a microlUbule·organizing center (MTOC) transports
misfolded proteins 10 lysosomes which are degmded through autophagy. Thus. it
is suggested that aggresome fonmllion is a protective response that provides an
allernative route for the clearance of substmtes that are resistant to proteosomal
degradalion. HDAC6 is a microlUbule-associated HDAC and the main deacetylase
of a-tubulin. a componem of the MTOC. The HDAC6 inhibilor tubacin (60.
Fig. 16) prevel1ls de:lcetyhllion of a-Iubulin, which resulted in the accllmulation
of poly-ubiquitinated proteins and apoplosis [227J. In :lddition. via its previously
mentioned ubiquitin-linking domain and ils direct interaction with microtubule
motor complexes containing pl50 (glued) 125], HDAC6 may function in part by
providing a physical link between the poly-ubiquinated cllrgo and dyne in motors.
which pennits the transport of the cargo to the lysosome 1228]. Indeed. in the
SBMA fly model. overexpression of HDAC6 accelerated the degradation of polyQ
protein in an autophagy-dependent manner. which is consistent with earlier reports
of HDAC6-dependem autophagic clearance [229. 2301. Analysis of brain microtu
bule prolein from AD palients has also identified that a-tubulill levels decreased
along with increased acelylation of a-tubulin, main Iy in neurons containing neuro
fibrillary tau pathology. In an in virro study, tau was shown 10 bind HDAC6. which
decreased its activity and resulted in increased lubulin acetylation and impaired the
autophagic pathway [231 J.

The results described above indicate that HDAC6 inhibition would likely be
detrimental and result in exacerbation of protein misfolding and cellular stress in
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ncurodcgeneralive proteopalhies. However. despite the convincing literature sug
gesting lhm HDAC6 is a critical sensor of cellular stress viol autophagic and
proteosolllal pathways. it was unexpected that HDAC6 (-1-) mice are viable and
show no overt phenotype (discussed in 12321). Perhaps even Illore surprisingly.
selective HDAC6 inhibition has been proposed as a viable treU\lllenl for HD. by
nature of accelerating anterograde lnmsporl of kinesin·[ cargo on acetylMed micro
tubules 1233J. Hu associates with molecular motors and activates lhe micrOlubulc
dependent transport of vesicles containing bmin-derivcd neurotrophic factor
(BDNF). Wild-IYpe hll enhances the velocity of vesicle transport. With polyQ
expanded Hll. the intmcellular transpon of BDNF-containing vesicles is altered.
resulting in reduced trophic support to neurons and their demh. This effecl can be
overeome ;1Il'ilro by HDAC6 inhibition (234. 2351. Others havc also dClllonstmted
lhm selective inhibition of HDAC6 by two HDAC6-selective inhibitors (MA·I
and MA·I1) can exen a neuroprolcctive funclion in response 10 oxidative Slress
;11 1';11"0 12361.

The structures of the mercaptoacetlllllides MA·I and MA·ll arc shown in Fig. 15.
Other mercaptanes with selective impact on HDAC6 activity have been described.
For instance. compound 58. a thioester. is thought to be hydrolyzed to the
corresponding mercaptan 59 within cclls. thus acting as a prodrug (2371. Under
cell-free conditions. thiol 59 demonslrated inhibilory aClivily for HDAC6 wilh an
IC.50 value of 29 nM and 42- and 36-fold seleclivity over HDACI and HDAC4,
respectively. In agreement with lhis. the prodrug 58 led 10 increased a:-lubulin
acetylation in 1I cellul;tr context without affecting the acetylation state of histone H4.

Several selective hydroxamate·based HDAC6 inhibitors have been documented
(examples shown in Fig. 16). Schreiber and coworkers discovered lhe first selective
HDAC6 inhibitor by screening: the high molecular weight compound tub;lcin
(60. M", 721) 1238). Tubacin binds one of the two cmalytic domains of HDAC6
and blocks its function in a-tubulin deacetylation. Jung et al. invesligated hydro
xamates with v'lriable spacer length (C6 and C7) and various surf'lce recognition
clements 1239. 2401. This study yielded compounds like bromophenyl alanine 61,
which showed HDAC6 inhibitory potency in lhe low micromolur r'll1ge and modeSI
selectivity over HDAC I.

Similarly. Kozikowski ('I al. used lhe hydroxmnale metal-binding group and a
flexible C6 rtlkyllinker and developed a 12+31 cycloaddition approach to oplimizc
the surface recognition element 12411. This work culminated in the isoxazole 62. for
which an 1C.50 value of2 pM against HDAC6 and signifkam selectivity over several

Fig. IS Struclures of selective tiDAC6 irthibilOrll MA-t. MA-ll. 3nd thiol59 3rtd its prodrug 5K
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other isofonns has been reported. The same coml>ound also demonstrated anlipro
lifenllive activily between 0.1 and I ~IM in various pancreatic cancer cell line~.

Smil ('f al. siudied hydroxanllltes bearing a phenylene linker lind various chirul
dikelo-piperazine derivalives as the capping group. Thi~ work yielded compounds
inhibitory aClivity for HDAC6 in Ihe low nanomolar range. selectivity of up to
40-fold over Olher class I and lIa isofonns. and a remarkllbly low molecular weight
(e.g.. 63. M", 359.12421). All of lhese compounds may serve as chemical tools 10

inveslig:lle HDAC6 function. Given Ihe dispar.tte hypotheses of HDAC6 over
expression versus inhibilion. genetic cross of the HDAC6 null mice wilh neurode
generative mouse models or i/l \';1'0 interrogation wilh a selective bruin-penelrant
HDAC6 inhibiior will be importanl experimenl~ 10 elucidate lhe role of HDAC6 in
protein clearance pathways and neuroprolection.

4.5 HDACs aud Sirtuius Regulate Autophagy Pathways

HDACI inhibition has been shown 10 be an effeclive stimulalor of the autophagic
pathwlly in cell syslems. using eilherdass I inhibition by FK228 (9. Fig. 5) or RNAi
of HDACI 12431. The NAD~-dependenl deacetylase Sirtl also appears 10 be an
imponant regulator of autophagy. Sin I is capable of fonning a molecular complex
with several essential components of the autophagy machinery. including Atg5.
Atg? and Atg8. and can deacelylate these proteins. In contrast 10 HDACI, a
lransienl i"crease in expression of Sin I is sufficienl 10 stimulale basal rates of
autophagy. Funhennore. Sinl(-I-) mouse embryonic fibroblasts show impaired
autophagy under starved conditions, and Sirtl(-1-) mice demonstmle an accumu
lation of damaged organelles. di~ruption of energy homeostasis. and early perinatal
mortality [2441.
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5 Neuroprotection Through HDAC Inhibition

5./ Introduction

Given that the earliest therapeutic effects of HDAC inhibitors in oncology arose
from the propensity of these compounds to kill rapidly proliferating cells. it may
seem somewhat incongruent that these compounds protect compromised neuronal
cells. Indeed, it is well known that some HDAC inhibitors. such as T$A (2, Fig. I).
exhibit basal toxicity. and prolonged treatment orten induce neuronal death. How
ever, a number of studies indicate lhat HDAC inhibition e:m show direct ncuropro
teetive properties to neuronal cells ill"itro under particular insults [2451, TSA can
rescue conical neurons from oxidative stress when applied for a short period of time
12461. In cuhured conical neurons. Ryu and colleagues showed thattrentment with
TSA (2, Fig. I). SABA (I. Fig. I). or sodium butyrate (20, Fig. 8) protected ngainst
glutathione dcpletion induced oxidative stress. which involved :lcctylatioll and
activation of the DNA-binding ilctivity of Spl 12471. As previously discussed.
selective HDAC6 inhibitors have also demonstr:lled neuroprotective potenti:11
against oxidative stress ill l'i,,'O 12361. Class 1/11 inhibitors can also block BAX
dependcnt apoptosis of mouse conical neurons by p53-dependcnt and -independent
mcchanisllls 1248J and prOtccl against excessive glutamatc challcngc ;11 v;tro 12491.

Emcrging evidence also supports thc notion that HDAC inhibition in microglia
may play n significant role in mediMing anti-inlhUllm:llory effccts, HDAC inhibi
tors protect llgainst dopaminergic neuron;ll death lmd neuroinflarnrnation induced
by exposure to lipopolysaccharide (LPS) 1250, 251 J. in part through the induction
of microglial ;lpoptosis [252J. Panially contributing to their neuroprotcctive effect.
HDAC inhibitors have been shown to increase the expression of pro-surviv:ll
neurotrophins. Upregulation of BDNF was shown to underlie neuroprotection in
ral conic:ll neurons 1253J: GDNF and BDNF induction upon HDAC inhibition h:ls
been dClllonstr.lted in prim:lry cultures of :lstrocyles 1250, 2541,

In "/1'0 neuroprotection by HDAC inhibition has been linked to upregulation of
transcription of antioxidant and growth factor proteins. stimulation of neurogcl1c~i~
1255], and anti-inllammatory effects 1256-2581. An anti-inlllimm:tlOry effect h:l~

been achieved by suppression of microglial activation [259[. inhibition of pro
inllalllmatory cytok..ine expression 12601. or NFKB-lllediated inllamrnatory
responses. Treatment with HDAC inhibitors also markedly inhibited ischemia
induced p53 overexpression 1261. 262J. In an animal model of multiple sclerosis
(experimental autoimmune encephalomyelitis, EAE). treatment with TSA (2.
Fig. I) activated a transcriptional program that culminated in decreased caspase 3
activity [263]. In HD, treatment of Drosophila mutants expressing HII with the
HDAC inhibitors SAHA orTSA (lor 2, Fig. I) suppressed neuronal photoreceptor
generation 1177J.

The precise HDAC isofonns involved in HDAC inhibitor~mediated neuroprotec
tioll are unclear. Extrapolating from the cardiac field. it is notewonhy that knockdown
of HDAC4 reduced infarct size following myocardial ischemia-induced reperfusion
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injury 12641. Intracellular traffick.ing of HDAC4 from the cytoplasm to the nucleus
WllS shown to be a critical component of low-potassium or excitOloxic glUlam<lle
induced cell death in cerebellar gmllule cells [265]. Interestingly, Paroni and collea
gues showed that during UV irradiation to cells (to trigger al>optosis), HDAC4
is cleaved by both casp.'ISe 2 and 3, which separates the carboxy tcrminlll ,md
N·1enninal fragments: the C·tenninus becomes localized in the cy10plasm, whcreas
the N-termimll fragment accumulates in the nucleus. They demonstmted that it was
the N-tenninal portion of HDAC4 thm triggered cell de,uh, which correlated with
strong repressive MEP2 llCtivity 12], Similarly, inactivation of a MEF2D/HDAC5
complex by depolilrization-mediatcd calcium influx promoted cerebellar gmnuk cell
survival, and overcxprcssion of HDAC5 induced apoptosis 1266]. An increase of
nuclear HDAC4 in granule neurons is also observed in weaver mice. which harbor 11

mutation that promotes CON apoptosis 12651. While Ihese dllta collectively suggest
that HDAC4 inhibition or its cytoplasmic retention Illay be neuroprotective. olle
study described the opposite scenario: here. HDAC4 overexprcssion protec1ed cere
bellar gmnule cells from oxidative stress. which is mediated by nuclear HDAC4
1267). HDAC4 also appe:u'S to regulate neuronal SUrvivll1 in the retina. with a
reduction in HDAC4 expression during retinal development leading to apoptosis of
bipolar imer-neurons and rod photorecepwrs. Conversely, HDAC4 overexpression in
a mouse model of retinal degeneration prolonged photoreceptor survi val 12681. In this
instance, the survival effect was auributed to cytoplasmic HDAC4.

5.2 Nellroprotectioll by Sirtllills

A growing body of evidence implicates Sin I and Sin2 as important regulators of
neurodegenerJ.tion 1269, 270]. Overexpression of Sin I prevents neuronal death in
tissue culture models of AD. amyotropic lateral sclerosis. and polyglutamine
toxicity and reduces hippocampal degeneration in a mouse model of AD 127 I.
272]. It has been suggested that some of the neuroprotec1ion stems from 1he
regulation of Ihe peroxisome prolifcrJ.tor-activatcd receptor y (PPARy) coaC1iva
tor-l a (PGC-Ia). PGC-Ia is a master orchestrator of mitochondrial function 1hal
integralcs signals regulating mitochondrial biogenesis lllld respiration. dctoxific,l
tion of ROS. energy metabolism, and themlogenesis [273]. PGC- la interacts with a
number of transcriplion factors including PPARy of the PPAR family. which regulates
adipogenesis and lipid metabolism. and Ihe nuclear respiratory factor-l/2 (NRF-I /2).
which playa pivotal role in mitochondrial respiration, Expression of I'GC-Ia has
been shown 10 be repressed in both ill1'itl"O and ill1'i1'O models of HD, partially due
10 downregulation of the CREB{fAF4 signaling pathway which is a predominant
regulator of PGC-Ia expression [2741. Primary striatal neurons arc significantly
pro1ected from mHtt-induced toxicity by exogenous expression of PGC-Ia, and
lentiviral delivery ofIl(JC·la into the striatum of HD mice was shown 10 :tllenu;lle
brain atrophy [274]. Sirtl is known to deacctylate POC-liI le:tding to activation
1275-2781. which may in part be responsible for its neuroproteclive effect.
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Paradoxically. 51112 inhibition has also been reported to excrI ncuroprolcclivc
effects in both cell and invcncbratc models of ncuroocgcncrmion. which is in line
with lhe carly findings of Pallas eI a/.II23I. In particular. the usc of the two Sirl2
inhibitors AGK2 and AK·] (64 and 65. Fig. 17) has underlined Ihis hypothesis. The
furan AGK2 and lhe sulfonamide AK·I have been reponed as selective Sirt2
inhibitors with IC5(j values for Sirt2 of 3.5 and 12.5 ~IM. respectively. and no
inhibitory activity for Sin I up to al least 50 ~M 1279J. The compounds are thought
to block the NAD+ site of Sirt2.

OUleiro er al. dcmonstmted lhal both inhibitors ameliorated a.-synuclein
mcdimcd dop:uninergic cell demh ill 1';11'0. with AGK-2 displaying more potency
tlnd dose-dependency in this response. Subsequently. the same authors showed th:lt
treatment of Drosophila with 0.5-1 mM AGK-2 for 20 duys was neuroprotective in
a model of neurodegeneration resulting from I):·synuclein overexpression. Although
the molecular mechanism of action is not fu11y understood. the authors postulated
that these compounds may function by promoting the fonnation of enlarged
inclusion bodies. which were suggested to provide a cell survival advantage
12801. A recent study using these same inhibitors in cellular and invenebnlle models
of HD showed e(!uivalent neuroprotcction. In an ill 1';11"0 primary striatal neuron
model overexpressing polyQ-exp.1nded Hn fmgmem. both AK-l and AGK-2
rescued neuronal toxicity. In this instance. the authors reponed a decrease in Hu
inclusion number, but no effect on inclusion sizc or morphology. These inhibitors
also rescucd neuronal dysfunction as.'WCiated with expression of N-lemlinal Hu in
C. deg(llls touch receptor neurons. <\.<; well as in the HD flies previously described
by Pallos er (11.11231. Interestingly. this study revealed a unique role for Sirt2 in lhe
control of neuronal metabolism and in particular sterol biosynthesis. While Sin2
inhibition did not alter the globaltmnscriptional dysfunction associated with mHtt,
it decreased sterol levels by decreasing Ihe nuclear trafficking of the sterol response
elemel11 binding protein 2 (SREBP-2). This regulation of SREBP-2 by Sin2 was
shown to happen via an extmnuclear mechanism L2811. These data mise the
intriguing possibility that negative regulation of sterol production might be the
cellular neuroprotective mechanism of selective Sirt2 inhibition.

Further evaluation of the role of the sirtuin isofomls in a mammalian conlext will
be necessary to dissect the apparent paradox of the neuroprotective properties of
sirtuins and the necessity for isotype selective inhibition. In regard 10 Ihis, Pfister
and colleagues overexpressed each of the seven sirtuin proteins in healthy
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cerebellar gmnule neurons in I'j,m or in neurons that have been induced to die by
low potassium (LK) treatment. which provided the first llllalysis of the role of
sinuin isofonns 3-7 in neuronal survival functions 12821, Lysine acetylation is a
very abundant poslImnslational modification in mitochondria II]. As Sirt3. $irt4.
und Sin5 localize in the mitochondria. they are thought to pIny II role in energy
metabol ism and responses to oxidative stress 1901. Although their role h:ls not been
well studied in neurodegeneration. manipulation of these enzymes may have
important consequences. as alterntions of mitochondrilll function have been demon
strated in many neurodegenenttive conditions (recently reviewed in 1283-2861). [n
the study by Pfister el al.. Sin I ovcrexpression protectcd neurons from LK-induced
cell death. while Sin2. 3. and 6 overexpression induced apoptosis in Otherwise
heahhy neurons. Ectopic Sirt5 overexpression showed differential effects based on
its subcellular locluion: if localized 10 either nuclellr or cytoplasmic COll1pllTtments.
SirtS was protective. but induced apoptosis when localized exclusively to mito
chondria (us it is endogenously). Of imponance. the rescue by Sirt I overexprcssion
was also observed on tmnsfection of either of the two catlllytically dead Sirt I
isofomlS (H363Y and H35SA). suggesting that the Sin I protective effect did not
rely on the deacetylase activity of the enzyme. This has important conse<luences for
any conceived therapy with potcnlial Sin I activators. Indeed. addition of the Sin
inhibitors nicotinamide (25. Fig. 10). sirtinol (26. Fig. 10). or splitomycill (30.
Fig. (0) failed to prevent the Sinl overexprcssion rescue of cell death. and
resverutrol (38. Fig. II) failed to mimic Sinl overcxpression.

6 Trealing Cognilive Impairmenl and Depression
with HDAC Inhibitors

6.1 I"troductioll

Despite the plethora of causal insults and lllolecular mechanisms that underlie
neurodegeneration in C S proteopathies. the resultant symptoms are commonly
manifested (with different severity depending on each disease) as disturbances in
motor control. dementia. cognitive impaimlent. depression. and sleep disturbances.
This last section brieny summarizes the data that suppon a therapeutically benefi
cial role for HDAC inhibition on these different "disease domains."

6.2 Procogllitive Effects of HDAC Illhibitioll

As an epigenetic mechanism of transcriptional control, chromatin modification has
been shown 10 participate in maintaining cellular "memory" and may underlie the
strengthening and maintenance of synaptic connections required for long~tenn
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changes in behavior 12871. This was demonstrated elegantly in the COP (+/-) HAT
haplo-insufficiency model or tile Rubenslcin-Taybi syndrome. whereby long-Icnn
memory impainnent was correlated both with chromatin hypo-acetylation and
deficits in synaptic plasticity. known as long-ternl potentiation (LTP) 12881. LTP
is " phenomenon whereby synaptic connections and hence synuptic transmission
lIfC Slrcnglhened in response (0 a brief increase in neural activity. This strengthen
ing outlasts the original induction stimulus and has been suggested as onc of many
means in which neurons ffillintain a "memory" of their previous activity. Molecu
larly. the lr:mscriplional and lmnslational dependency of the laiC phase of this
process on the gcncrmion of new syn:lptic proteins has been well established
12891. Synaptic "plasticity" is bidirectional and can be induced by different stimuli.
Although the mechanism is extremely complex. there is ample evidence suggesting
that experience-dependent allerations in synaptic plasticity underpin learning.
memory. and cognition (reviewed in 1290-2921). In CBP (+1-) mice. glob:ll
histone H2B :lcetylation was reduced. the 1:lte phase of LTP measured in the
hippocampal CA3·CA 1 JXlthway was significantly impaired compared to wild·
type mice. and the mice demonstmted reduced long·term memory for fear and
object recognition 12881. Treatment of acutely prepared brain slices with the HDAC
inhibitor SAHA (I. Fig. I) rescued the deficit in late phase·LTP back to wild·type
lcvels and increased H2B acetylation. Intraventricular infusion of SAHA also
significantly improved the delkits in contextual fear conditioning in these mice.

Asidc from motor impaimlcnt. reduced cognition is the major debili',l1ing
symptom of many neurodegenerative disorders [293-2961. There are few drugs
approved to treat this dise:ISC aspect. which are at best only partially effective 12971.
The finding that HDAC inhibition may positively impact cognition mny thus be
applied as a favorable therapeutic strategy. Indeed. subsequent to Alarcon's find·
ings in RTS models. the positive impact of HDAC inhibition in improving memory
and reversing synaptic dysfunction has been reported by many different investiga·
tors (reviewed in [1781). Sodium butymte (20. Fig. 8) was used in conjunction with
a cognitive training pamdigm to improve memory perfonnance in brain·injured
mice [2981 and in the enhancement of long-tenn memory in a novel object
recognition test in wild-type mice 12991. While Alarcon's and Levenson's results
suggested that HDAC inhibition may affect global gene expression to modulate
memory and synaptic plasticity through epigenetic means [287, 2881. other inves
tigators have shown that HDAC inhibitors enhance memory processes by the
activation of selected key genes. BrOOy and Barad demonstrated that conditioned
fear in mice. an experimental model used to assess therapeutics for human anxiety
disorders. could be improved using valproic acid (21. Fig. 8). Vatproic acid was
shown to act through a mechanism that depended on the epigenetic regulation of
BDNF expression by enhanced histone acetylation at BDNF promoter regions [300,
301]. Other groups have demonstrated the key dependence of HDAC inhibition
(using TSA 2 and sodium butyrate 20) on the CREB:CBP tmnscriptional complex
in mediating improvement in memory and enhancement in LTP 1302. 303] or the
association of NF-KB:p6S:CBP complex in the amygdala by 1'65 acetylation in
mediating enhancement of fear conditioning [3041.
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Deficits in bOlh synaptic plasticity and memory fonnalion Illlve been reported for
numerous mouse models ofneuro<legener~llive diseases. especially for AD. PD. and
HD models 1305-3141. Despite this. there are few published reports directly asses
sing the role of HDAC inhibitors in treating this aspect of disellse pathology. In the
APP/pS I double tnlOsgenic mouse model of AD. systemic injection of sodiulll
butyrate (20. Fig. 8). valproate (21. Fig. 8). or SAHA 0, Fig. I) completely
reversed the contextual mCIllOry deficits in thcse mice. an action thal was allributcd
to specifically blocking class I HDACs 13151. T$A (2. Fig. I) and sodium butyrate
(20) also rescued the cognitive deficits induccd by Kainate administration and
accclerated aging in SAMP-8 mice 13161. In an eleg11ll1 study. Fischer and collea
gues used the CK-p25 transgenic mouse model. which allows tempomlly and
spatially restricted induction of neuronal loss through controlled 1'25 expression.
to investigate the role of HDAC inhibition on cognitive impairment arising from
neurodegeneration in this model. They demonslrnted that long-teml trClllrnent with
sodium butyl".lte (20) could reinstale learning and access to long-tcnn mcmories in
injured mice. a process which was accompanied by a concomitant increllse in
synaptic density 13171. The same group l\lso showed lhat HDACI inaclivation by
1'25 is pan of the mechanism underlying the 1lbility of 1'25 to elicit double-stmnded
DNA breaks thm precede neurotoxicity 13181.

To date. the published work in respect 10 the procognitive effects of HDAC
inhibitors has relied on using sodium butyrate (20). valproate (21). SAHA (I). or
TSA (2). which arc not selective inhibitors: hence. there is lillie underst:tnding of
the specific HDAC isofonns that are the critical regulators of procognitive pro
cesses. Further exploration of this aspect will be critical for the rntional design of
compounds with maximum therapeutic benefit. EnVivo Phannaceuticals reported
the development of a smllll molecule. which is a CNS-penetrant and orally bio
available HDAC inhibitor (EVP-0334) for the treatment of the cognitive deficits
associated with neurological disorders. Successful completion of a phase [ clinical
trial h:\s been reponed in spring of 2010. To the best of our knowledge. neither the
structure nor a clinicaltmjectory for EVP-0334 has been disclosed so far.

In the absencc of truly isofonn selective HDAC compounds, it is likely that
gcnctic cxperiments 10 either overexpress or knockout particular HDAC brain
isofomls will provide much needed infonnation about the impact of individual
HDAC isofonns. Thc first report on this approach clearly implicated HDAC2, but
nOl HDACI. as a major regulator. Neuron-specific overexpression of HDAC2
decreased dendritic spine density. synapse number and synaptic plasticity in the
hippocampus. and impaired memory fonnation. Conversely. HDAC2 conditional
knockout mice showed increased synapse number and memory facilitation 1319J.
Notably. reduced synapse number and learning impaimlent of HDAC2-overexpres
sing mice were ameliorated by chronic treatment wilh SAHA (I), while treatment
with SAHA failed to funher facilitate memory fommtion in HDAC2-deficient mice.
These observations suggest that HDAC2 may be the major. if not exclusive. target
of SAHA in enhancing hippocampal memory fonnation. These data encourage the
development of HDAC2-selective inhibitors for human diseases associated with
memory impairment 1319).
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Table 2 lsofonn seleclivil)' ofreprest:0I3live HDAC inhibitors (IlM)

lsofoml SAHA (I) TSA (2) APHA (3) MS275 (S) FK288 (9) CF~CO (19)

HOAC1 0.0013 0.0002 0.055 0.022 0.0000015 4.11
HDAC2 0.0016 0.00065 0.125 0.065 0.000038
HDAC] 0.005 0.0005 0.25 0.36 0.00015 >1
HDAC4 >10 1.4 17.5 >10 0.0205 0.07
HDACS 3.6 0.26 II.S >10 0.55
HDAC6 0.0016 0.001 0.03 >10 0.0095 0.76
HDAC7 >10 0.195 7 >10 1.25
HIMeS 0.48 0.045 0.6 >10 0.00015
HDAC9 >10 0.8 10 >10 1.1
Dahl from 143. 72. 811

Vl'A (21)

700
'00
1.000
1,500
1.000

1.300

SAHA (I) is a class I/Ilb selective HDAC inhibitor, with lillie observable
uClivity against llle class lin enzymes (Table 2). and thus lhe role of the ClllSS lin
enzymes in synaptic plasticity :lIld memory Ilns yet [0 be investigated. There is
reason 10 believe lhal these enzymes are well poised [0 potentially affect these
processes. As previously described. cl:lSS lIa enzymes c:m shuule between the
cytoplasm and nuclear companments of neurons. This process is governed by the
phosphorylation-dependent binding of class 11:1 HDACs to 14-3-3 scllffolding
proteins, resulting in their cytopl:lsmic sequestration [20J. The calcitlm--clllmodu
lin-dependent kinase is one of the enzymes responsible for this phosphoryilltion
120, 3201. As calcium signaling is a major signal transducer at the synapse. the
calcium dependence of nucleo-cytoplasmic shuttling of the class Iia enzymes
provides a means for the activation-state of a neuron to drive transcriptional
programs [320. 3211. Although investigation of this hypothesis in the CNS is
limited at present. the effect of nuclear-cytoplasmic redistribution of HDAC4 on
neuronal activity has been demonstrated in cultures 1322J.

By immunohistochemistry of mouse bmin. the CNS distribution of HDAC4 has
been shown to demonstrate a mixed nuclear and cytoplasmic location. which has
been postulated to be a result of the activity state of the neuron at the time of kill ing.
In addition. HDAC4 acculllulated at the postsynaptic density of some synllpses.
placing it at the right location to sense and respond to synllptic clilciull1 trllnsients
13231. Adding to this hypothesis. it has recently been reponed that the activity
dependent regulation of the tram:cription factor MEF2. a well-known l:lrgct of
HDI\C4/5-mediated transcriptional repression. can influence synapse number.
spine density. learning. and memory 1324. 325J. Furthennore. regulation of tran
scriptional reprogramming by HDAC4 in response 10 activity at the neuromuscular
junction has been demonstrated in detaiI1326-328J, and it is plausible that similar
parallels exist in the eNS. To this note, it has recently been documented that :1

skeletal. muscle-specific microRNA (miR-206) is dramatically induced in a mouse
model of ALS: miR-206 induction delayed ALS progression and promoted the
regeneration of neuromuscular synapses following acute nerve injury [3291
HDAC4 mRNA is among the strongest computationally predictcd targets of
miR-206 and was shown to repress HDAC4 trJ.nslation. Thus. inhibition of periph
cral (muscular) HDAC4 may offer an attractive stratcgy for the treatment of ALS.
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Depressive symptoms often accompany neurodegenerative disorders. eSI>ccially in
PD and HD. Although the "monoamine hypothesis" of depression has long been
proposed, the pathologies and mechanisms for depressive disorders remain only
partially understood. A number of proposed mechanisms for depression such as
diminishing neurotrophic factors ,lIld ncuroinnammation appear to be similar to
those impl icated in ncurodegencr:uive dise:lseS 1330. 331 ]. Many patients suffering
from these disordcrs lire treated with convcntional antidcpressants.

In reccnt years. a role for chromatin remodcling in thc treatmcnt of dcprcssion
has been proposed: chronic exposure to antidcprcssant drugs alten; histonc mcthyl
ation and acctylation in specific brain regions 1332, 3331. Intcrcstingly, HDAC5
inhibition appears to impact antidepressant actions [332. 334]. TS,lllkoVll and
collcagucs showed thut thc antidepressant imipramine reversed BDNF downrcgu
hit ion und increased histone aectylation of BDNF promoters in a model of chronic
social defeat stress. This action was correlated with it selective downrcgulation of
hippocampal HDAC5. Conversely. vi rally mcdiated overexpression of HDAC5
blocked the antidepressive effect of irnipr.llnine. Furthennore, class I HDAC
inhibitors have been shown to have amidepressant-like effects. Direct injection of
either SAHA (I, Fig. I) or MS275 (5, Fig, 3) into the nucleus accumbens of mice
resulted in robust ant idepressant-Iike effects in the same chronic social defeat stress
paradigm. This was accompanied by increased histonc llcetyllllion and a chunge of
global pallcms of gene expression 13351.

In peripheral leukocytes of patients with major depression. HDAC5 mRNA is
elevated, which is decreased after an g·week treatment with paroxetine, a selective
serotonin uptake inhibitor 13361. In peripheral white blood cells from patients
suffering from major depressive disorder (MDD), other groups have found an
increase in both HDAC2 and HDAC5 mRNA. with HDAC4 elevated in bipolar
disorder (BPD) 1337). In this study. a striking correlation of 11 reduction in the
mRNA of HDAC2 and the class n HDACs (4.5. 7. and 9) was observed in MDD
and BPD patients when in remission. although nonnalizatioll of HDAC levels was
not achieved upon treatmCl1\ with standard antidepressants, These datll suggest thllt
aberrant transcriptional regulation caused by the altered expression of HDACs i~

associated with the pathology of mood disorders. Consequently, specific inhibitors
of HDAC2 and/or class IJa enzymes may provide a new therapeutic avenue 13371.

7 Conclusion

The understanding of the biological function and role of individual HDAC isofomls
in the context of CNS disorders is stilt in its infancy, but recent work has clearly
shed light on the relevance of this protein class. A number of isofoml and class
selective inhibitors of HDACs/sinuins are now aVllilable, which will servc as tools
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to interrogate the function of these enzymes in a chemo-genomic fashion. The
development of potent, selective inhibitors with suitable CNS permeability and
stability now appears an attainable goal. Another avenue of research may aim at
developing molecules that interrupt protein-protein interactions, especially as it
becomes more and more apparent that HDACs exhibit many functions such as
recruiting other proteins and are highly regulated through the interaction with other
partners (chaperones, kinases, phosphatases, ubiquitin ligases, etc.).

Clearly, the clinical toxicity and side effects of the first generation of HDAC
inhibitors such as SAHA will need to be thoroughly evaluated before embarkation
on a chronic long-term dosing strategy.

Nevertheless, HDAC inhibition is a propitious avenue to pursue the clinical
treatment of neurodegenerative disorders: it is already apparent that their realm of
influence in treating neurodegenerative disorders is far more reaching than the
original conception of reversing transcriptional dysregulation.
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Phosphodiesterase Inhibition to Target the
Synaptic Dysfunction in Alzheimer's Disease

Kelly R. Bales, Niels Plath, Niels Svenstrup, and Frank S. Menniti

Abstract Alzheimer's Disease (AD) is a disease of synaptic dysfunction that
ultimately proceeds to neuronal death. There is a wealth of evidence that indicates
the final common mediator of this neurotoxic process is the formation and actions
on synaptotoxic b-amyloid (A~). The premise in this review is that synaptic
dysfunction may also be an initiating factor in for AD and promote synaptotoxic
A~ formation. This latter hypothesis is consistent with the fact that the most
common risk factors for AD, apolipoprotein E (ApoE) allele status, age, education,
and fitness, encompass suboptimal synaptic function. Thus, the synaptic dysfunc
tion in AD may be both cause and effect, and remediating synaptic dysfunction in
AD may have acute effects on the symptoms present at the initiation of therapy and
also slow disease progression. The cyclic nucleotide (cAMP and cGMP) signaling
systems are intimately involved in the regulation of synaptic homeostasis. The
phosphodiesterases (PDEs) are a superfamily of enzymes that critically regulate
spatial and temporal aspects of cyclic nucleotide signaling through metabolic
inactivation of cAMP and cGMP. Thus, targeting the PDEs to promote improved
synaptic function, or 'synaptic resilience' , may be an effective and facile approach
to new symptomatic and disease modifying therapies for AD. There continues to be
a significant drug discovery effort aimed at discovering PDE inhibitors to treat a
variety of neuropsychiatric disorders. Here we review the current status of those
efforts as they relate to potential new therapies for AD.
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Introduction

Alzheimer's disease (AD) is the most common fonn of chronic neurodegenera
tion. llffecting as many as 5.3 million people in the USA alone. The major risk
faclOr for AD is aging. Consequently. as the USA lind most other cOUlmies
continue to enjoy increased longevity. the prevalence of AD is projected to
increase dm1l1atically. AD is portended by deficits in short-ternl memory. Mild
cognitive impairment (MCI). greater thM expected cognitive deficiency in the
elderly. is believed to be the earliest antecedent of this aspect of the disease. with
those suffering from the amnesic variant of Mel having a high conversion to AD
III. Progression of AD is accompanied by greater impaimlent in both declarative
and nondeclarative memory domains. along with disruption of reasoning. abstrac
tion. and language. and the emergence of disturbing behavioral problems includ
ing anxiety and excessive emotionality. aggression. and wandering [2]. These
pervasive cognitive and behavioral symptoms are devastating to patients and
place a tremendous burden on caregivers in the home and in care giving institu
tions. Thus, there is an aggressive effort to develop therapies that may alleviate
the symptoms of AD. Two such therapies are currently available. the acetylcho
linesterase inhibilOrs 131 and the NMDA receptor antagonist mcmantine f4l
These therapies offer symptomatic relief and slow down clinical progression;
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howevcr. they havc lillie or no cffcct on disease modificalion and so havc only a
limited window of therapcUlic benefil within the long-lernl course of the diseasc.
Thus. Ihe goal is discovery of new therapies lhal bolh alleviate symploms and
substantially slow or halt the progression of AD.

The symptoms of AD are the result of a progressive loss of neuronlll function.
beginning in the lemporal lobes and lhen spreading to a widening nelwork of
intcrconnccted cortical regions. The kcy to idenlifying approaches to slow disease
progression is to understand lhe underlying cause of this neuronal dysfunction
and the reason for lhe chamcterislic pallern of progressivc pathology. A seminal
finding was lhe discovcry in 1991 thaI mUlation in thc gene encoding for the
amyloid precursor prolein (APP) results in autosomal dominanl inheriUll1ce of
AD [5. 6J. APr is mctabolized 10 a family of snlall peplides. the p·:tmyloids
(AP). which form the core of one of the hall mark palhological Illnrkers in the
AD brain. the amyloid plaque. These observalions focused aUelltion on Ihe All
pcplides ns somchow being the key causal toxic agent in AD. However. lhe putative
causal role of AP. including the underlying toxic mech:lllism and prim:lry larget of
loxicity. has yel to be definitively established. The hypotheses are many: compel
ling arguments have been made that AI}. in either soluble fonn or :IS higher order
aggregates. in various intr:.l- :md extracellular compartmcnts. is direclly loxic 10
neurons. is disruptive to the cerebral vasculature. and/or induces a deleterious
innammalory response. There are a myriad of corresponding lherapeulic slrategies
currently under developmclll thaI targcl lhcse pUllllivc toxic rnechnniSlllS. Although
ilmay seem chaOlic. rigorous testing of lhese multiple hypotheses is precisely whal
is needed to reach a definilive understanding of lhe role of A13 loxicity in AD.

A second seminal set of findings is thaI AD is a disease ofsynaplic failure [7J.
A striking feature of the end stage AD brain is the tremendous loss of neurons.
Consequently. there has been considemble focus on identifying lherapies to
prevent neuronal death in AD. However. it is becoming increasingly recognized
lholt synaptic dysfunction is the more proximal pathological event. Synaptic
pathology is responsible for lhe cognitive decline characteristic of lhe e:lrliest
phascs of the disease. In addilion. il is highly likely lhal Ihc loss of synaplic
intcrconnectivity conlributes significantly or is directly responsiblc for lhe ulti
male denlh of neurons in AD.

The novel premise from which we are working is lhlll synaptic dysfunction may
also be an initiating factor in AD in lhat it may promote synaploloxic AI} formation
181. This laller hypothesis is particularly inlriguing in lhat il may account for the
neuroanatomical progression of AD P.11hology as well as the mosl common risk
factors: apolipoprolein E (apoE) allele SlatuS. age. educalion. and fitness. Thus. the
synaptic dysfunction in AD may encompass bolh cause and effeCT. Given lhis
premise. rernediating synaptic dysfunction in AD may be predicled to have acute
effects on the symptoms present at the initial ion of therapy and. significanlly. may
also slow disease progression.

The mechanistic approach we are pursuing 10 remediate the synaptic pathology
of AD is the use of cyclic nucleolide phosphodiesterase (POE) inhibitors. The
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cAMP lind cGMP signaling systems arc intimately involved in the regulation of
synaptic homeostasis. The PDEs arc the enzymes responsible for lhe metabolic
inactiv;uion of cAMP and cGMP and, as such. are critical regulators of cyclic
nucleotide signaling 191. FunhcnllOre. among 0111 of lhe classes of molecular targets
in the cyclic nucleotide signaling cascades. the PDEs arc the most highly ;llncnable
to phanlHlceulical development. Thus. targeting the POEs (0 promote "synaptic
resilience" may be an effective and facile approach to new symptomatic and
disease-modifying Ihcmpies for AD. We briefly provide :Iddilional context for
this therapeutic approach and then present 1m analysis of the potential uses of
inhibiton; of PDE2A. PDE4A. Blind D. PDE5A. PDE7A and B. PDE8B. and
PDE9A to treat the synaptic dysfunction of AD.

2 AI) as a l)isease or Synaptic I)ysrunction

2./ SYllapse Loss ill AD

Syrmpsc loss h:ls been established as the strongest correl:lte of cognitive dysfunc
tion in Mel :lnd early AD I10. 111 and is app:lrent as a decre;lscd synapse density in
uhnlSlructural sludies as well as decreased expression of synaplic protcins 1121.
Thc significant reduction in lhe number of presynaptic boutons precedes fr:lllk
pyramidal neuron loss. An illumin:lting finding has been lhat many of these
synaptic changes also precede development of the diagnostic pathologies of the
disease, parenchymal amyloid deposition, and inlraneuronal neurofibrillary tangles
(NFf)l131.

In individuals exhibiting the behavioral symptoms of AD. the diagnosis is
fonnally confimled :II alllOpsy by the presence of two neurop;uhologic:tl features:
the presence within bmin of parenchymal plaques containing aggregated A~, and
inlraneuronal NFl' arising from hyperphosphorylated fibrils of the microtubule
a.<;sociated protein tau 1141. Much of modem AD research has focused on divining
the underlying cause of the disease from these pathological markers. Neurofibrillary
tau pathology in AD begins in the entorhinal cortcx and spreads in a hicnlrchical
manner into the hippocampus proper and cortex. Tau pathology increases as
memory impainnents become more severe and other cognitive and behavioral
symptoms develop [15. 161. In facl, the hierarchical progression of tall pathology
"maps"the progressive deterioration of conic:ll systems renected in the progression
of symptoms. Given the imponance of microtubules in intraneuron:ll transport.
axonal growth, and maintenance of dendritic architecture, it is reasonable to suspect
a role for tau dysregulation in the synaptic dysfunction of AD. While tau pathology
may be an effector for synaptic toxicity. there is no compelling evidence to suggest
that tau hypcrphosphorylation and aggregation is the principal CGlIsatil'e factor in
the disease. In conlrnst. there is strong genetic evidence to suggest such a causative
role for A~.
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2.2 A/3 ami Synapse Function

The lenn Ap encompasses a small family of 39-43 amino acid peplides derived
from the intramembranous cleavage of lhe APP by thc sequential aClion of p- and
y-secrelases [171. Inherilance of lhe rare autosomal dominant early onset fonllS of
AD (EOAD) is caused by mutations within the APP or presenilin genes. The hitler
encode for proteins thaI. together with three other proteins. fom1 the y·secrctase
complex. Various mutations in these different genes ;.11 result in an increase in the
[;Itio of fonn;uion of AJW2:AP40 [18J. Thus. this genetic evidence strongly sug
gests Ihal aberrant over-production and/or miS-meltlbolisl1l of APP/AP C<luses
EOAD. The much more common fonn of AD is late in onset (LOAD) ;ll1d of
idiop<llhic etiology. Significantly. the c1inic,,1 prescntation. diseasc coursc. and
neurop<llhology are nearly idenlic<ll between EOAD and LOAD. This suggcsts a
common underlying pathologicalmcchanisl1l and. thus. implicatcs a causal rolc for
Ap in LOAD liS well 1191. Indecd. imaging studies using a ligand tlml binds to
amyloid (thionavin S p.pleatcd shcct material composcd of dcpositcd AP) havc
now documentcd an increase in brain <lmyloid burden in asymptomatic EOAD
patients as well as p..1tiems dillgnosed wilh "probable" LOAD 120]. Based on this
compelling dm<l. c<lndidatc compounds that inhibit the produclion or enhance
c1earunce of Ap are now entering hue Sl<lges of clinical testing.

2.3 SYllapse Loss as Bot" Calise and Effect ill AD

The findings reviewed above beg a critical question - what causes aberram over
production lind/or mis-mCtlibolism of APP to Ap in the common. idiopathic form of
AD? A plllusibic explanation linking APP processing to the cuuse of AD was
proposed in 1993 based on two considerations 18]. Firsl. the enlOrhinal conex. Ihe
area of bruin that demonstrates the earliest neurofibrillary pathology 115, 16], also
has the highest levels of APP in br.lin [8. 21]. Second. this region undergoes an
adaptive upregulation of APP turnover late in life in response 10 a life-long
progressive loss of synaptic connectivity [8]. In some individuals. this response is
hypolhesized to cross a threshold resulting in the fonnation of neuropathological
toxic products 181. Thus. instead of promoting compensatory synaptic connectivity,
lhe increased APP turnover results in synaptic toxicity. This synaptic loxicity
disconnects Ihe entorhinat projection from its poslsynaptic largets 122). decreasing
excitatory drivc on thc targets und thercby selling up a recurrent cycle of synaplic
disconnection/APP upregulation/lOxicity [8). This cycle cascades in a hierarchical
progression thai is marked by NIT fonnation within a neuronal circuitry that
mediates nonnal learning and memory processes in lhe anatomical progression of
hyperphosphorylated tangle pathology defined by Braak and Braak [15, 16]. The
earliest enunciation of such an "amyloid cascade hypothesis" of AD pathogenesis
posited that accumulation of A13-containing plaques was causative to disease
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pathogenesis [19). However. individuals who. in life. experienced no pathologic'll
memory impainnem may be found. at post mancm.to have fulfilled the neuropatho
logical criteria for amyloid plaque burden [231. This implies lhal plaques per se arc
nOI directly causative in disease onset and/or progression. Instead, evidence is
converging on soluble fomls of Ap (i.e.. Aj3 that is nOl sequestered in plllquC) as
the "syllnploloxic" agent 171.

Since the discovery lh:ll mutations in thc gene encoding for APP result in
autosomal dominant inherit.mec of AD. there has been considerable research into
the physiological functions of API' and rclmcd proteins [24]. This research is
consistent with the above hypothesis in indic:lting thai API' is regulalcd by. and
involvcd in thc reguhll ion or. synaptic activity at llluitiple level.~. Evidence suggests
a role for the APr holoprotein in axonal transport and extracellular cell/cell inlcr
actions and adhesion [241. FurthcmlOre. proteolytic fragmcnls of APP are suggested
10 have distinct signaling functions. Processing by a- or p-secrel;lse relcllses soluble
N·lerminal fragments (the sAPPa or sAPPP) inlO lhe eXlr;lcellul;lr space. whcre
lhese peptides appear to have neurolrophin-like signaling propcrties. The C·
lemlinal fragment released following cleavage by y-secretase is suggesled to be
lransported 10 the nucleus. where il funclions to regulale lr;lnscriplion. However.
lhe mOSl enigmatic .ISpcct of AI'P processing is lhe minor «10%) component
comprising the sequential action of p-llnd y-sccretases to fonn Ailinilially. lhe Ap
peplides were considered as simple by-products of the fonnation of lhe other
sign'lling fragments of APP. Instead. it is becoming incrcasingly clear lhat Ap.
100. has distinct roles in regulaling synaplic function. Ap fonnation is regul1l\ed by
neuronal activily 125. 26J. In some studies. very low (pM) levels of soluble. cell
derived AI} were found to reduce synaptic polenlillis :md spine density when
applied to primary neuronal cullures 127. 281. Whenlhese same soluble Ap species
were administered intr:lIhecally to rats. cognilion was impaired 129J. However. in
other expcrimel1l:ll systems. symhetie A(}42 positively modulaled synaplic pl:lSlic
ity and enhanced hippocampal-dependenl memory [301. and Ap monomers were
found to be neuroprotective [311. Recemly. T'llnpellini el al. provide evidence 10

suggest th:ll there are two pools of AI}. inlra.- and extraccllular. lhat inleract 10

impacl synllptic funClion in differenl ways 125J. Taken togethcr. these data suggesl
lhat Ap peplidcs are fomlcd in response 10 synaplic aClivily 10 impact nonml
ncurophysiological function.

The key poinl of understanding is eXlIctly why. in some individuals. fonmllion of
Ap lit excitatory synapses crosses from physioloBicalto palhological. Our premise
is thaI this is related to propcnies intrinsic to the synaplic physioloBY of these at risk
individuals. All of the major risk factors for idiopalhic AD are associated with
reduced synaptic function. In addition to age. lhe major environmcnlal risk factors
for idiopathic LOAD are lower native intelligence (operationally defined :IS educll
t ion level) and reduced overall physical heallh. Each of lhese factors hllS a negative
impact on synaptic function. Panicularly illuminaling may be the emerging data
suggesting thaI synaptic function is also impacted by apolipoprotein E4 (apoE4)
status. lhe most significant genetic risk factor for AD 132. 33J. The E4 1I11ele of the
apoE gene is a well-characterized risk factor for AD. with E4 carriers hllving an
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increased probability of suffering AD. at an earlier age of onset [34]. In humans, E4
carriers exhibit reduced cognitive capacity. reductions in resting brain glucose
metabolism. and a dislinct pallern of brain aClivily thai is observed well before
onset of AD symptoms 135-371. Funhenllore, the apoE4 allele is positively linked
to subclinical epileptifoml aClivity. which is remarkable in light of lhe recent
compel Iing evidence showing that aberrant excitatory neuronal activity is .1 primary
upstream mechanism for cognitive decline in AD [38-41[. In mice that express
human npoE4, dendritic nrchiteclUre. spine number, and eleclrophysiological para
meters arc significanlly reduced when compared to age- and background-matched
mice expressing hUmlll1 apoE3 142]. These findings suggest that the E4 allele
may reduce overall synaptic function and that this occurs well before fmnk neuro
degeneration.

Taking inlO accounl all of the faclors discussed above. we hypolhesize thnt
reduced synnptic function is the key "inilillting" factor in LOAD. This reduced
synaptic function is hypothesized to be responsible for the susceptibility to a change
in A~ processing from physiological 10 pathological and/or nn increase in suscepti
bility to A~ toxicity. Reduced syn;lplic function is lllso hypothesized to be ;1 key
facilitlllory factor in the progression of symlptic disconnection that initintes in
entorhin'll cortex and progresses throughollt interconnected cortical networks.
"Synaplic resilience" is the inverse of this reduced synaplic function. Thus, them
pies lhat promote synaptic resilience may reduce the risk and/or slow AD progres
sion; that is. such therapies may have a lrue disease-modifying effect.

Unfortumllely. at present we do not have a complete underslllnding of the
molecular underpinnings of the reduced synaptic function thM is hypothesized to
be causal 10 AD. There is, however. a tremendously expanding underswnding of
fundamental processes that mediate physiologicnl synaptic function and plastic
ity. It seems reasonable to assume that we will want to manipulate some of these
fund'11l1ental processes 10 get at the syn:lptic dysfunction of AD. Thus. Ihis body
of knowledge serves as the logical staning point 10 explore such therapies. The
basis for our interest in the potential of PDE inhibitors in this regard is outlined
below.

3 Cyclic Nucleotides and Synaptic Plasticity

Synaptic plasticity is a tenn that encompasses a wide range of complex processes.
Atthe level of the individual synapse. synaptic plasticity is the process by which the
architecture and complement of signaling molecules arc adjusted in response to
recent activity, in preparation for fulure activily. In the simplest temls, the past
predicls the future, and so recenl aClivily increases synaplic strength, whereas lack
of activity leads to synapse deconstruction. A critical modulator of this general rule
is the coordination (i.e.. timing) of events between the prc- and postsynaptic sides of
individual synapses. At the level of the neuron and neuronal circuit, synaptic
plasticity is the means of encoding infomlation. That is, changes in individual
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synaptic strengths are integrmed and rcnecled in changes in lhe way II neuron
illlerconnccis with neuronal nctworks. It is the change in pattern of activities in
large networks of neurons Ihal read out as "behavior" and "cognition:' Thus.
when we seek to modulate synaptic plasticity 10 slow disense progression, we are
concerned with modulating the biochemistry of individuul synapses, whereas
when we seek to modulate synaptic plasticity to improve cognition in AD. we
are concerned with modulating network aClivity. It fem:.ins to be proved whether
both of these goals can be accomplished through a single molecular mechanism.
There are a myriad of such mechanisms that may be targeted to impllct synaptic
plasticity. To par..tphrasc an ellrlier Slatement. rigorous testing of multiple mecha
nism-based hypotheses is precisely what is nceded 10 reach lUI understanding of
the utility of largeting synaplic plaslicity in AD. The cyel ic nucleotide POEs may
be panicularly advantageous to larget in this regard. These enzymcs are inti
mately involvcd in the regulalion of cyclic nucleot ide signal ing. and these signal
ing cascades are intimately involved in the regulation of synaptic plasticity. as
briefly described below.

cAMP lllld cGMP signaling is ubiquitous in mammals. A wide variely of inter
cellular communicative. honnona!. and metabolic events trigger the activation of
adenylyl and/or guanylyl cyclases 10 cmlllyze the formation of cAMP and cOMP
from ATP and OTP. respectivcly. cAMP and cOMP subsequcntly bind to a varicty
of effcctors including their cognnte protcin kinases 1431. ion channcls 144].
Epacs 145]. and other POEs [9]. resulting in both acute- and 10ng-tCnll changes in
cellular function. Both cAMP and cGMP signaling mechanisms are implicated in
the regulation of synaptic plasticity at multiple levels [46. 47].

3./ cAMP

The canonical role of the cAMP/PKA signaling cascade is in the regulation of
postsynaplic. protein synthesis-dependent long-term potentiation (L-LTP) [48].
widely believed to be 1m in vitro model of learning and mcmory 149). Thcre are
considerable data indicating that Ihe cAMP/pKA signaling cnscndcs arc also
involved in regulation of eurlicr stages of LTP in the postsynnptic compartment.
This includes potentiation of Cam KU induction by PKA-medimed inactivation
of prolein phosphatases that are responsible for dephosphorylation of Cam KII
150). and PKA phosphorylation of the GluR I subunit of AMPA receptors to drive
insertion of this subunil into the postsynaptic active zone 151 J and increase
AMPA receptor open channel probability l52]. The cAMP!PKA signaling cas
cade is also implicated in the regulation of plasticity in the presynaptic compart
ment. The clearest example is the presynaptic form of LTP characterized at
mossy fiber synapses in the dentate gyrus of the hippocampus [53]. Mossy fiber
LTP is critically dependent on activation of a calcium/calmodulin-dependent
adenylyl cyclase. leading to an increase in presynaptic cAMP and activation
of PKA f54J and phosphorylation of the synaptic vesicle-associated protein
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Rim I.. [551. This fonn of PKA-dependem presynaptic plasticity is also observed
in cerebellum and at corticothalamic and corticoslriatlll synapses 1531. Synaptic
plasticity also involves adaptive decreases in synapTic strenglh 156]. Of these,
the archetype is NMOA receptor-dependent long-term depression (LTD) in
the hippocampus 157J. which appears to be critically dependent on the dephos
phorylation of PKA substrates. Of particular significance is the selective <tephos
phoryllllion of the PKA site Ser845 on OluR I which decreases the probability
of AMPA receptor ch:mnel opening and increases AMPA receptor endocytosis
1581.

3.2 cGMP

Allhough less extensively studied. there is a body of evidence implicating cOMP
signaling cascades as important pathways for lllany fonns of synaptic plasticity
159J. The canonical role of cOMP in synaptic plasticity is as mediator of the
retrognlde messenger nitric oxide (NO) at glutUlnatcrgic synllpses J60-631. It is
also now cleM thlll cOMP signaling cascades panicip:uc :It sevcral additional levels
of regulation that influence hippocampal LTP. including postsynaptic protein
synthesis-dependent mechanisms (641. These distinct presynaptic and postsynaptic
functions :Ire perhaps 1110S1 clearly demonstr.lIed in studies of LTP in visual conex,
whcre Ihe two guanylyl cycles isofonns are diffcrentially localized to prc- and
postsynaptic compartmcnts. and gcnctic dclctions of cither isofoml havc dcmon
stratcd separable effects on LTP [651. CompartmentaJizlltion is further indicated by
thc finding that the source of NO is also an important dctcnnin:lIlt [661. Finally.
thcre is evidence indicating a role for cGMP signaling cllscades in the depression of
synaptic activity [67-691.

4 The Phosphodiesterases

4./ Enzyme Structure and Function

The POEs are Ihe family of enzymes that tenninate through metabolic inactivalion
signaling by cAMP and cOMPo Thus. these enzymes are intimately involved in Ihe
regulation of cyclic nucleotide signaling throughout the body, including those
cyclic nucleotide pathways involved in the regulation of synaptic plasticity. The
PDEs are encoded by 21 genes that are functionally separated into II families
[9,70]. Further physiological diversity stems from differentialmRNA splicing and.
to date. more than 60 POE isofonns have been idenlified. There is a rapidly
expanding body of knowledge about the physiology of these enzymes, from Ihe
atomic and structurnl level to the role in specific signaling processes. This
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information has both garnered interest in and facilitated drug discovery efforts.
Below, we first louch on the current knowledge of the stnlctural fealures of these
enzymes, particularly with regard to drug discovery. We then turn 10 biological
functions and highlight a number of the enzyme families lhat may be parlicul<lrly
relevant to the treatment of AD.

The POEs are ll10dularenzymes in which the cntalylic dOIll<lin in the C-tcmlin"l
portion of the prolein is coupled to rcgul:llOry clements lhal reside in the N-Icrminal
region. The II POE families differ most significantly from onc another within the
unique N-lcnninal regulatory domains. On the Olher hand. the C-lcrrninal catalytic
domains :Ire highly conserved with respt"Ct to specific invariant amino acids. thrcc
dimension:11 Slmclure. and c:ltalytic mcchanism [71]. Noncthelcss. subllc diff
erences wilhin the catalytic core imp'lrt important family-specific characterislics
172]. To date. esscntially all of the phaml:1ceutical developments around lhe POEs
have been toward lhe discovery of cmalytic site inhibitors. Structurul information
from single crystal X-r:lY crystallography has played an important role in elucid:lt
ing the important functional differentiating features within the catalytic dom:lins of
the II gene families that allow for the developmcnt of family-specific inhibilors.
Indeed. current lead optimization projects without the lISC of some form of struc
ture-based drug design are becoming practically unthinkablc. This area of knowl
edgc is summarized below.

Structures of the catalytic domains of all bUl two POE families (PDE6 and
POEII) have been solved. Since thc field wa~ last rcviewcd in 2007 [731. IwO
new POE families have been added to lhe list of solved stnlctures. namely POE8 in
its unliganded fonl1 as well as in complex with IBMX [74) 11l1d POE lOA Wilh
various ligands 175. 76]. Characteristics of all POE structures solved so far are lhe
following felllures which are also important for the design of new inhibitors:

• The aClive site contains a glut:lmine residue that contributes to the binding of
the natural substrate cAMP or cGMP through a dual hydrogen bond. Thc
"Glutamine Switch" mechanism 177] suggests that hydrogen-bonding residues
surrounding the glutamine serve to either lock it in a fixed conformation
(cAMP or cGMP selective POEs) or allow it to change confonnation (POE I.
2.3. 10 and II). Although very elegant in its simplicity. the glutamine switch
hypothesis remains somewhat controversial [7S. 79[. The glutll1nine is also
nearly invariably involved in hydrogen bonding to PDE inhibitors. although
nol necessarily through two hydrogen bonds (see [SOJ and references cited
therein).

• A phenylalanine. situated jusl below the plane of the bound subSlrate/inhibilor.
participates in the substrate binding by f[-f[ interactions. This hydrophobic
region. usually referred to as Ihe "Clamp" region. explains why many POEs
appear to have a preference for nat and f[-electron-rich inhibitors of the sildenafi I
type 181].

• The metal ions in the active site may also be targeted for inhibitor binding;
however. this approach is not usually addressed by design elements in POE
inhibitors intended for central nervous system (CNS) indications. Specifically.
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a good ligand for the melal ion is by its very nature nuher polar. thereby adding
10 the overall polar surface area of lhe inhibitor 10 such a degree thai lranspon
across the blood-brain b..1frier becomes exceedingly difficult.

4.2 Compartmentalization oj PDE Signaling

The desire for inhibitors selective for differenl PDE families (and individual iso
zymes. see below) sIems from the fact thaI cyclic nucleotide signaling is highly
companmentalized wilhin individual cells 182. 83J. Thus, PDE isozymcs have
dislinct signaling roles in individual cell types and lhere appears 10 Ix: lillie or no
overl:lp in function. Comp.artmentalizalion is the result of physical localiz:llioll of
signaling pathways to discreet areas of cells and. funher, lhe physical :lssoci:llion of
lhe different components of a signal cascade medialed by adaplor and scaffolding
proteins. Thus. a scaffold may bring:l cyclase. :m effeclOr kinase. and a speci fic PDE
isofonn together with 11 cell surface rt."'CeplOr to :Iffeet a very localized signaling event.
Compartmenlalizalion of PDE-regulated signaling has been most clearly elucidaled
for lhe PDE4 family 184J. For example, physic111 companmem:llizmion allows only
PDE4B 10 rcguhlle Toll-like receptor signaling in mousc periloneal macrophnges
despite the fact that these cells also express PDE4A 1md PDE4D 185).

The complexity and compartmentalizalion of POE-regullllcd signaling afe
particularly evident in the eNS 186J and arc crucial 10 the analysis Oflhc different
PDEs th:l1may be targeled 10 impact synaptic plnsticity. As noted above, cAMP
and cGMP signaling cnSC1ldes are implicaled in the regulation of plasticity in
numerous temporally and spati1llly distinCl compartmenls. II is reasonable to
conjeclure lhal differenl PDE families and isofomls service lhese distinct signal
ing companmenlS, :II the level of the individual synapse, neuronal subtype, and
br:lin region. Thus, the challenge is twofold. The firSl is to determine lhe role of
individual rDE isofonns in the regulalion of differem aspecls of synaptic plastic
ity at lhe synaptic and sub-synaptic levels. The second is to rehlte the effects of
manipulaling the POEs at the synaptic level to the impact lhat mliy have on
neuronal circuits and nelworks. Fonunalely. lhe localization of lhe differenl
POE isofomls throughoul the brain continues to be invcstigalcd, and the pharmli
cological tools needed to accomplish these types of analyses are becoming
available to allow investigation of funelion. Wilh regard 10 AD, the potential
largels include PDE2A. PDE4A, 4B, and 40, POE5A, POE7A and 7B. PDE 88.
and POE9A 186J. We review the current state of knowledge regarding these
enzymes with regard to localization, lhe availabilily of pharmacological inhibi
lors and the knowledge to date on the effects of these inhibitors on behavior that
may be relevant to AD therapy. We start wilh PDE4, lhe most highly pursued drug
largel among lhe POEs, followed by PDE8B and PDE2A as additional cAMP
signliling-specific targets. We lhen tum to POE5, lhe mOSl commerciaJly success
ful POE target. and finish with POE2A and PDE9 as the new targets generaling
lhe most interest.
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4.3 PDE4

PDE4 is the largest and most complex of the PDE gene families and is the major
cAMP-regulating enzyme in the body (841. The PDE4s lire encoded by four genes.
PDE4A-D, with PDE4A, B. and D expressed appreciably in lhe CNS. Furthennore,
mRNA transcribed from each gene is subjected to allemative N-terminal splicing 10

yield three major variants. The long variants contain two conserved N-tennin:.l
domains. UCR I and UCR2, with a conserved PKA phosphorylalion site :tl the
N-lcmlinal end of UCR I. Phosphorylation at the PKA site slimulates aClivilY and is
a key clement in the regulation of these variants. The shon varianls are trunCated
and lack UCR I and the PKA site. whereas the supershort variant is further truncated
to lack both UCR I and the -temlinal ponion of UCR2. Accounting for genes and
splice variants. over 20 PDE4 isofonns have been identified. Thus, the PDE4s
provide a rich repenoire for fine luning cAMP signaling.

PDE4 has been heavily pursued as a therapeutic l:lrgel. lnilial interest in lhe
1980s was as a CNS target. stemmed from the linding that rolipram, lhe prototypi.
cal PDE4 inhibitor, had clinical antidepressanl activity. However. il is the potential
to lre:ll innmnmatory airw:lY disease that has sustained the most interest. Recemly.
CNS interest has re-emerged in the potential for PDE4 inhibitors to lreal cognitive
dysfunction 187], panicularly in AD. This lalter interest derives from the seminnl
finding that PDE4 is a key clement in the cAMI'/PKA signaling c:\scade involved in
protein synthesis-dependent L-LTP in hippocampus and lhat rol ipram potenliales
L-LTP in hippocampal slice preparations 188].

The hippocampus has a broad range of functions, but is particul:lrly impl icated
in the fonnation of long-term memories. L-LTP pUllltively represents the molec
ular mechanism that suppons this function [48]. Thus. the robust finding that
PDE4 inhibition augments LTP in hippocampus implies thm PDE4 inhibitors
should facilitate long-tenn memory fonnation in vivo. There is ample experimen
tal support for this hypothesis. Administration of rolipram robustly improves the
performance of both rodents and nonhuman primntes in various long-term mem
ory tasks. under conditions where perfonnance is disrupted by a variety of
phannacological or other manipulations 187.891. Rolipram is competitive at the
cAMP-binding sile of PDE4. The potency at the high affinity site thai predomi
nates in brain is approximately 2 nM. The dose of rolipram mosl often reported as
efficacious in rodent cognition assays is 0.1 mg/kg. which yields an estimated free
brain concenlration of 2-3 nM (unpublished observation calculated from data
in the literalure).

Studies with rolipram also suggest that PDE4 inhibition may specifically reverse
deficits in synaptic function caused by Afl [901. Direct application of Aj3 10
hippocampal slices or in vivo impairs LTP in some systems (91-93J. LTP deficits
are also observed in slices prepared from transgenic mice that overexpress Afl190J.
Significantly. acute rolipram administration to lransgenic mice reduced deficits in
LTP in slices prepared from these mice, and this beneficial effect was mainlained
for at least 2 months beyond the end of treatment [90, 93J.
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Unfonunalcly. despite more tlum 30 years of phannaceuticlli research, no
PDE4 inhibiwr has been approved for any indication. The primary obstacle has
been severe side effects. notably emesis. nausea. and vasculitis. lit exposures that
are wiThin the range where therapeutic benefit may begin to be realized. This
obstacle led to abandonment of rolipr:un for the treatment of depression. These
side effects of PDE4 inhibitors have also. to date. prevented a thorough explora
tion of the dose range for efficllcy for inflammatory diseases such as asthma and
chronic ob.~tnlctive pulmonary disease (COPD) [941. It remains to be determined
whether there is a sufficient therapeutic index for PDE4 inhibition for the treat
ment of cognitive dysfunction in AD. The avail1lble preclinical data suggest thal
this may be a challenge. As stated above. the estimated level of PDE4 inhibition
associaTed with improved cognition in rodent models. extracted from the daw
with rolipram mentioned above. indicates thll! a significllnt fractional inhibilion
may be required. However. it is not possible directly determine the TI in rodenTS.
since rats 11lld mice lack an emetic response. Furthermore. the ferret model of
emesis hllS proved not to be predictive of the emetic potential of PDE4 inhibitors
in humans 1951. There are limited data on the effects of rolipram on cognition in
nonhuman primates. where it is possible to gage 11 therapeutic index. RUllen et 'II.
reponed positive effects of rotipram in an object retrieval paradigm in cynomol
gus monkeys with maximal efficacy at 0.03 mg/kg; however. lhe next highest
dose ofO.lmg/kg W1lS not tolerated due to emesis [961. In an earlicrstudy. Ramos
et al. found no effect of rolipram in a dclayed nUltch to position paradigm in
rhesus monkeys at doses up to the maximum tolerated dose of 0.01 mg/kg; a dose
of 0.05 mg/kg was not tolerated 1971. Thus. if there is efficacy. the theral>cutic
index for the treatment of cognitive dysfunction may be similarly low as for the
treatment of inflammatory airway disease. However. given the severity of the AD
and the fact that the neurodegenerative process may have altered the sensitivity to
potential therapeutic and/or adverse effects of PDE4 inhibitors. it is still of
interest to investigate PDE4 liS .1 target for the treatment of AD. In fact, Merck
& Co. recently completed 11 Phase II proof of concept study in p1ltients with AD
with the PDE4 inhibitor. MK0925. although no results have been published and
the compound is no longer listed in the company pipeline. Thus, alternative
stralegies are worth considering as we await this clinical feedback. as discussed
below.

To date. the vast majority of research into the procognitive potential of PDE4
inhibition has relied on the use of inhibitors such as rol ipram that are com pet iti ve at
the catalytic site. These compounds inhibit each of the PDE4 gene families.
consistem with the very high homology in the cAMP-binding pocket. There is
also no evidence to suggest that such compounds distinguish among the major
N-temlinal splice variants. An approllch for overcoming the narrow therapeutic
index of such pan-PDE4 inhibitors may be the development of compounds thllt
interact with specific PDE4 subtypes to capture therapeutic effects while avoiding
those subtype(s) that mediate emesis and nausea. The question is. which subtype to
target?
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Cherry and Davis 1981 mapped by immunohistochemistry lhe distriblllion of
PDE4A. B. and D in mouse brain to many regions rclev:ml to higher order
cognitive functions. All three isofonns arc expressed in neocortex, albeit with
distinctive laminar distributions. PDE4D is most highly e",pressed in the hippo
campus proper. and genetic deletion of PDE4D also potentiates LTP 10 subthresh
old stimuli in hippocampal slices [99J. ,.lthough this was accompanied by poorer
perfonnance of the anim:lls in bchaviomllllsks Ihal measured cognition. PDE4B
is Illost highly expressed in the striatal complex and the dentate gyrus. Nonethe
less. in hippocnlllpus. PDE4B expression and subcel1ul:1T localization respond 10
the induction oflTil. suggesting a specific role for the 4B isozymes in this form of
plasticity 1100]. This finding takes on added significance in lighl of the fnct thill
PDE4B disruption 1101] and genetic variation 1102. 103) are associ:lted with
neuropsychiatric disease.

Targeting specific PDE4 isozymes must also take into consideration particulnr
isozymes that may be involved in the side effects associllied with pan.PDE4
inhibition. Based on SlUdies with PDE4 knockout mice in an innovlltive behavioral
approach. Robichard et a1. have put forward the hypothesis that PDE4D is SI:JCcifi.
cally involved in the emetic response 11041. Significantly. an inhibitor with - 100·
fold selectivity for PDE4D over other fmnily members has been idemified and
found 10 cause emesis in early clinical studies in humans r105). T:lken together.
lhese data suggest that inhibitors selective for PDE4A/B over PDE4D may be of
particular interest for the lreMment of cognitive dysfunction while obviating toler
ability issues. The challenge now is to identify compounds with sufficient PDE4B
selectivity with which to test this hypothesis.

Compounds with significant PDE4D selectivity have been identified r 1051:
however. it is unclear how this selectivity is achieved and. therefore. how to utilize
the slnlcture-activity relationships around these selective compounds to generate
compounds that are selective for other PDE4 isozymes. Recently. Asahi Kasei
Phanna (I. Fig. I) and GSK (2. Fig. 1) have indel:JCndemly reported on two series
of compounds with selectivity for PDE4B over PDE4D 1106. 107]. hnporlantly. the
GSK group is beginning to detennine the molecular requirements that accompllllY
this selectivity.
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Fig. I PDE4 inhibitiors sele<"ti\"e for the PDE48 isofoml
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Anothcr very imcresting :ldvance is thc recem disclosure by deCODE Genelics
in a series of patents of a new class PDE4 inhibitors thm are noncompelitive
with respect to lhe cAMP-binding site [US Patenls 12275152. 12275164, and
122751651. This suggests that deCODE has idenlified a binding site on PDE4
outside of lhe substnue·binding pocket through which PDE4 enzym:llic ,lctivity
can be modulaled. Although lhe deCODE compounds are selective for PDE4D over
PDE48. it is possible that knowledge about thc PDE40 sclectivity mcchanism may
allow for the development of olher classes of compounds seleclivc for lhe other
PDE4 isozymes.

Finally. an area of PDE4 mcdicinal chemislry lhat has not yet been explored is
lhe possibility of developing compounds seleclive for long versus short splicc
variants. Such an undertaking would be greatly facililated by crysl:ll SlruClures of
POE4 lhal include regions of lhe prolein beyond lhe cal<llytic domain.

4.4 PDE7 alld PDE8B

While PDE4 is the m:ljor cAMI) metllbolizing enzyme. lhere are two olhcr rDEs
lhat are also selective for cAMP, I)DE7. and PDES. Thus. it is reasonablc 10

inveslig:lte whelher these PDE families may also playa role in regulating one or
more of the many cAMP signaling pathways involved in synaplic plaslicily. The
physiology and phannacology of these two enzymes llre beginning 10 be investi
galed in depth. as reviewed below.

The POE7 family is composed of two members. POE7A and POE7B, which
demonstrate high affinity for cAMP bUI that are insensitive 10 rolipram 1108.
1091. Unlike most other PDEs. PDE7 does nOl contain defined N-terminal
regulatory domains although a consensus site for PKA phosphorylation does
exisl. While the protein expression profile of PDE7A and 78 is largely unknown,
the mRNA levels for both isofomls reveal :lbund:ltlt expression in lhe eNS.
PDE7A mRNA is expressed in the olfaclory bulb and tubercle. hipPOC:llllpUS
(den late granule cells), and bruin stem nuclei. while lhe highesl level of PDE7B
mRNA is localized to the cerebellum, Slrialum, denlale gyrus. and thal;ullic
nuclei. Moreover. in humans there arc lhree known splice varian IS for POE7A
llull contain unique N- and C·temlinal mRNA modifications lhaclikely influence
intracellular localization as well as interactions with other proteins. Promoter
variants have also been reponed for PDE7A. offering additional sublleties with
respect to cAMP-responsiveness. PDE7A I appears 10 encode a protein thai
contains peptide sequences in the N-lenllinal region that directly inhibit PKA
catalytic activity [110]. Thus, lhis splice varianl of PDE7A may regulllle PKA
activity in lwo ways, through regulalion of cAMP levels and through a direcl
inleraction wilh the PKA catalYlic subunit.

The highest level of interest in PDE7 remains as a larget 10 treal inflammatory
disease. whereas interest in neurological diseases is jusl beginning to develop.
There is a growing patent and medicinal chemislry litemture developing around
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inhibitors lhat will serve as useful lools 10 explore these areas [Ill]. Omeros
Corporation has disclosed in a patent application that in the MPTP mouse model
of Parkinson's disease. POE7 inhibitors restore stride length [0 prelcsioned level
when administered alone and also potentiate the activity of L-DOPA [112J. Thus.
these "pparently potcnt. brain-pelle""lnl POE7 inhibitors can serve as much needed
tools 10 investigate the role of POE7 in brain.

The rOES family is encoded by two genes. PDE8A and !'DESB. located on
chromosomes 15 and 5. respectively 11131. In vitro. the catalytic properties for both
PDE8A and 813 isofomls have been assessed and demonstrate very high af11nil)'
(40-60 nM) and specificity for cAMP. Both of the rOES mRNAs code for putative
N-lcnninal regulatory elements within their protein structure, although their exact
function is still unknown. Each of the putative regul:llory domains found in PDES
(the "REC' domain and "PAS" domain) are unique to this particular POE family
and share homology with highly conserved regulatory domains found in bacteria
and mammalian several proteins. In lower org:misms, the REC domain has been
characterized as a sequence responsible for rcceiving signals from a particul:lr
scnsor protcin. As yet, it is unclcar whether the REC domain in PDE8 plays a
similar role in mammals. The PAS domain has becn identified in several proteins
involved with regulation of circ,tdi:m rhythms as well as to be a potential site for
lig:llld binding that may inOuence protein interactions. Alternative splicing of
PDE8A results in several isofomls that lack the PAS domain. In addition to
alternative start sites within the PDES promoter, additional variants arc produced
from modifications of primary transcripts (for inst,mee, PDE8A2 is a splice variant
from PDE8A I).

PDE8A mRNA has been localized to several tissues in the periphery, while the
expression of PDE8B is highest in brain. thyroid, and testes. In nddition, the
PDE8BI variant appears to be expressed only in the brain. while an equivalent
level of expression of the PDE8B3 variant has been reported to occur in brain and
thyroid.

The understanding of the role of both PDE7 and PDE8 in the eNS has been
hampered by the lack of selective phammcological tools and the lack of neuron..1
phenotypes in knockout animals. Nonetheless, there is some infomliltion to
suggest a specific interest in Ihese two enzymes for the treatment of AD.
Recently, the levels of PDE7A, PDE7B. PDE8A, and PDE813 were investigated
using specific oligonucleotide probes :md in situ hybridization to postmortem
brain samples from control and AD patients. Both PDE7 isoforms and PDE8B
mRNA were found to be widely distributed in human brain, while PDE8A was
not detected, In AD brain samples, the level of PDE7A mRNA was positively
correlated with disease stage such that PDE7A mRNA levels decreased in the
dentate gyrus with advancing disease progression (Braak stage ITI-VI). The
levels of PDE7B mR A remained unchanged. PDE8B mRNA levels were the
highest in the pyramidal cell layer with advanced AD (Braak stage Ill-VI) and
were also positively correlated with increasing age. This suggests a compensa
tory relationship between age and cAMP signaling that is enhanced with AD
progression.
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4.5 PDE5A

POES inhibitors, such 3S sildenalil 3, Vardenali1 4. and Tadalalil 5 (Fig. 2). for the
treatment of male erectile dysfunction are the first commercially successful
"blockbusters" to arise from phannaceulica[ development around the POE super
family. This success has generated tremendous interest in POES as a therapeutic
target for other disorders II 14 J and has provided the excellent ph:lnll:iCologica[ tools
that so greatly facilitate such investigation. POES is cGMP·specific. Given the
extensive liteTilture on the rolc of NO/cOMP signaling in synaptic plasticity, there
has been considerable interest in POE5 inhibitors to treat cognitive disorders. How
ever. the effect of PDESA inhibitors in preclinicalmode[s of cognition is enigmatic.

PDE5A inhibitors are robustly :Ictive in rodent assays of novel Object recogni
tion (1115, J 161 and unpublished observation). PDE5A inhibition also allenu:ttes
spatialleaming impainllent in lhe 14·unit T-maze induced by cholinergic blockade,
inhibition of nitric oxide synthase. or in aged rats I [ [7J. Ruuen et al. have recently
reported that the PDES inhibitor silden:lfil (Viagra) improves object retric val
perfonml1lce in nonhuman primates [961. However, sildenafil failed to effect
cognitive deficits in humans suffering from schizophrenia I [181. rOE5 inhibitors
also robustly facilit:lle functional recovery of sensorimotor function afTer sTroke in
the raT I [19-1221. In these studies, POE5 inhibitors were administered days :lfter
the stroke and had no effect on the infarct volume. Thus, it is argued that lhe effect
of the compounds on sensorimotor recovery is through faci[itllting the ability of the
brain to reorganize after damage; that is, through an crfect on plasticity. Recent[y.
Puzzo et al. reported effects of PDES inhibition that may be directly relevant to AD.
This group found dramatic improvements caused by the PDE5 inhibitor sildenafil
on hippocampal LTP measured in vitro in slices and on perfomlance in cognitive
tasks in a mouse model of AD. the APP/PSI mice 11231. These effects were
accompanied by an upregulmion of CREB phosphorylmion and a reduction in the
levels of All.

The data reviewed above, from various laboratories and in various model
systems, indicate a potentially signific:ll1t beneficial effect of PDES inhibition on
brain function in general and synaptic plasticity in particular. The enigma sterns
from the fact that the expression of PDE5A in forebrain neurollal populaTions
relevanT to these effects is very limited. In rat forebrain. PDE5A mRNA was
found only in isolaTed. phenotypically unidel1lified neurons in one reporT 11241
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Fig. 2 PDE5A inhibilors approved for clinical uses
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and was found nOI OIl :111 in another 11251. In addition. PDES protein was nOI
detected [125J or only rarely detected [1191 in ral forebrain in studies in which
twO different antibodies were used. PDE5A mRNA was also not detected in
poslmOl1clll samples of forebruin from pOitients suffering from AD 1126J. In
contrast, POE5 message and protein are robustly expressed cerebellar Purkinje
neurons. some brain stem neurons. and spinal cord 1119.125. [271. as well as the
ccrebrOVllsculature 11191. However. it is difficult 10 reconcile the diSlribul ion of the
enzyme in these laller ncuromll populmions with the various effects of the PDE5A
inhibitors on bmin function lhal hllve been reponed. Thus. although PDE5A
inhibiton; arc clinically available :md are very welllOlerated. a beller understanding
of the mechanisms underlying the effecls on brain is warranted to provide mean
ingful clinical context.

4.6 PDE9A

Of Ihe newly emerging PDE largets. Ihe most interest is being generated around
PDE9A and PDE2A. bolh of which regulate cGMP signaling in lhe brain. These are
reviewed in lhe final two sections.

PDE9A is a high aninilY. cGMI>-spccitic enzyme thm is expressed widely
throughout the brain. albeil :II aplXlrcntly low levels 1124. '26. 128J. PDE9A is
the only isofonn of this family but exhibits a complcx pallcm of gene tTllllscripts
yiclding a tOlal of 20 human splice varinnts [129. 130J. All splice variants use the
same lnlllscriptional stan. bul generate unique ehnnges in the 5' region of the
mRNA. possibly allowing lissue·specific expression patterns [130. 131). Funelional
changes medillled by these variations remain unclellr llS both lhe C-tenllinal calll
lylic domain and the main pan of the N-Ierminal domain remain unaltered. The
primary structure of PDE9A does nOI contain recognized regu1:11ory domains. such
as OAF domains. and Ihe C-tenninal homology compared to other PDEs is low.
rcsulting in insensitivity of the enzymc 10 most known PDE inhibitors 1132. 133J.
Nonetheless. PDE9A is thought to be key player in regulating cGMP levels as it has
the lowest Kill among the PDE.\; for this nucleotide [132. 133].

Only lillie is known about the protein expression and IOClilizalion plillenl of
PDE9A. Two variants have been examined to date. PDE9A I. which WllS found in
the nucleus. and PDE9A5. which is located in the cytoplasm (131). A recent
immunohistochemical analysis of PDE9A in the trigeminal ganglion confinned
neuronal localization of the protein in the cytoplasm (134). Significantly more
informmion is available on the expression of PDE9A mRNA. which has been
detected in many lissues. reaching peak levels in kidney. brain. spleen. gastrointes
tinal tissues. and prostate l129. 130. 132J.ln the brain. PDE9A mRNA is widely but
very moderately expressed (124. 128J. It reaches peak levels in cerebellar Purkinje
cells and is funhermore easily detectable in olfactory bulb. hippocampus. and
conical layer V fI24]. Here. expression is considered primarily neuronal. but
signals have been detected in astrocytes and Schwann cells as well 1124, 1341. In
human postmortem brain tissue of healthy elderly people and Alzheimer patienls,
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PDE9A mRNA was detected in conex, hippocampus. and cerebellum in a pattern
compamble to the rodcllI 1126]. No differenccs in exprcssion were observed in lhe
Alzheimer patients.

Considemble interest in this enzyme was engendered following churacterization of
BA Y 73-6691 (see 10. f-ig. 5. below). the first PDE9A-specific inhibitor 1135[. This
compound selectively inhibits human PDE9A with an in vitro ICw of 55 nM and II
minimum 25-fold window to other POEs. In II broad phamlacological assessment.
BAY 73-6691 enhanccd eMly LTP after weak tet:mic stimulalion in hippocmnpal
slices prepared from young adult \VistaI' rats and old. bUI nOl young. Fischer 344 X
Brown Norway (FBNFI) rms 11361. Signific:mtly. BAY 73-6691 enhanced acquisi
tion. consolidmion. and retention of long-tenn memory in a number of preclinic:ll
behavioral paradigms. including a social recognition tllsk. a scopola1l1ine-disropled
passive avoidance task. and a MK-80I-induced shon-ternl memory deficit in a
T-maze altem:ltion task 11361. Subsequently. it was reponed Ih:1I LTP is enhanced
in hippocmnpal slices prepared from POE9A knockout mice. and that lhis effect is
mimicked by :1 POE9A inhibitor in slices prepared from the ral hippocampus [1371.
These laller inhibitors robustly facilit:lted object recognition memory in both mice
and rats and increased b:lSeline cOMP levels in hippocampus. cortex. :md striatum
1137. 138]. These observations funher underline the central role of POE9A in
reguluting cGMP levels in the CNS. Taken together. these d:lla suggest that
POE9A inhibition may provide AD patients with some therapeutic benefit. Based
on Ihis data. Pfizcr Inc. has advanced a POE9A inhibitor into clinical development for
AD. This compound enhanced cOMP levels in the CSF of healthy volunteers.
providing proof·of·mechanismto the concept of PDE9A inhibition in humans [1391.

In summary. initial doubt around the potenti:ll of POE9A as an effective targct
for the symptomatic treatment of dementia predicated on the overall modest
expression pattern of the gene in the CNS has been superseded by the posilive
data achieved with selective PDE9A inhibitors outlined above. Two central
biological questions still remain to be answered: (I) the n:lture of a POE9A
sensitive cGMP pool and (2) the subcellular localiz:uion p:ltlern of PDE9A in
temlS of temporal and spatial resolution. Nonetheless. the available daln fuel
several extensive medicinal chemistry effons thnt are summarized below.

Sequence analysis and X-ray crystallographic evidence reveal a number of
fundamental differences between PDE9A and olher POEs. but from a chemoge
nomic perspective the low affinity of PDE9A to IBMX is a clear indicator that
POE9A inhibitors must fulfill other structural requirements than inhibitors of most
other POE isofonns 1140]. Full-length PDE9A is inhibited by IBMX with an [C~u

value of around 230 J.lM which is significantly lower than for all other POEs except
rDE8 [141]. Nevenheless. a crystal structure of IBMX bound to the rOE9A2
catalytic domain has been obtained by crystallizing the protein with a large excess
of IBMX. The X-ray crystal structure reveals a single hydrogen bond between the
xanthine N-7 of IBMX and the glutamine 453 of PDE9A. rather than the double
hydrogen bond usually observed in complexes of IBMX with other PDEs. A
subsequent study of PDE9A crystallized with its natural ligand at low temperature
has provided imponant infonnation about the catalytic mechanism [78].
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Although inilially elusive. Ihe search for selective PDE9A inhibitors has yielded
<l number ofimcrcslingcompounds from various classes. It appears lhal PDE9A has
.. very pronounced preference for compounds displaying variill ions of the purinollc
scaffold. i.e.. flat. aromatic helcrobicyc1ic compounds capable of forming the
characteristic double hydrogen bond 10 lhe active site glutamine as observed in
structures of many olher POE inhibitors such as sildenMll and vllfdenafil 1142J.
These strucluml characteristics :ITC also recognizable in the chemical classes Ihat
have resulted from the fOUf major discovery cffons disclosed so far; these chemical
classes are discussed below.

Pfi:er. Pfizer appcllrS 10 have been involved in at least two diSlinct discovery
programs centcred on POE9A phannacology. namely progr:lllls in the indications
diabetcs and cardiovascular disease, as wcll as neurology. Whilc thc peripheral and
central indications may have differing requiremcnts of the inhibilOr in tenllS of
selectivity profile, phamwcokinctics, and organ distribution, it is intcresting to see
both programs in comparison.

The staning point for Pfizer's first published POE9A projects [US200402201861
W:IS compound 6 (Fig. 3). which had been identified by screening a library of POE
inhibitors frOIll previous projecls on other POE isofonns [143]. The compound 6 is
a poten! inhibitor of POE9A (lC~ = 10 nM) but essentially nonselective with
activity on POEIA-C and POE5A in the same range and is notably similar to
sildenafil. StmclUral optimization over several iter:llions led to seleclive com
pounds such:ls 7 (Fig. 3). a41 nM POE9 inhibitor with a selectivily faclor of 30
or beller toward POEIA·C and POE5A. The compound 7 is active in vivo in mice
(glucose lowering) after oral dosing of 100 mg/kg and above. Other compounds
with promising in vitro profiles had no in vivo effect. probably due to poor
absorption as a result of relatively high polar surface areas.

Other compounds with carboxylic acid substituents were identified as very
potent and reasonably selective, but such compounds almost certainly have very
low CNS exposure. Thus, Pfizer's second and currently most advanced PDE9A
program aimed at identifying a PDE9A inhibitor for the treatment of cognitive
deficits in AD and other neuropsychiatric disorders, and so sought compounds wilh
properties that improve brain penetration. Although rel:llively lillIe has been dis
closed about the in vitro and in vivo profile so far, it is clear that Pfizer's scientists
have identified a very potent compound class: numerous compounds in the patent
application have IC50 values in the single-digit nanornolar region or even below
IW02008139293j. Pfizer has completed Phase I with a PDE9A inhibitor from this
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Fig. 3 Lead oplimiz.3Iion of PDE9A inhibtors disclosed by Pfizer
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series [139]. but the structure of Ihe compound has nOI been disclosed. A couple of
examples from the paten! application are shown below (8 and 9. Fig. 4). Some of the
most potent compounds are characterized by a high polar surf:lce. and so the
clinical candidate likely 10 be a compound in which a good in vitro activity and
good overall PK and pharmaceutical properties are unified in one molecule.

Bayer. Bayer. the first company to publish detniled phnml<lcological data for n
selective PDE9A inhibitor [135]. has also been involved in scveml compound classes
and indicalions. BAY 736691 (10. Fig. 5) [W020040992 I I, WO 2004()L)9210. WO
2004018474] belongs 10 Ihe class of pyrnzolopyrimidinones. bUI seveml published
palen1 applicmions describe a second chemical class. Ihe cyanopyrimidinones
IW02004113306, W02005068436, W02006125554 [ exemplificd by compound t I
(Fig. 5). Baycr has ncver disclosed Ihc slructure of a clinical candidate from this
series. but it appears Ihat thcre is a high degree of similarity betwecllthc SAR in the
two series.

ASKA. ASKA Pharm:lceulical Co. Ltd of Tokyo has becn involved in
PDE9A discovery projects for ye:lrs: the first p:llent application wns filed in
2006 and until now a tOlal of four palent applications on PDE9A inhibitors
have been made public IW02006 I35080. W020080 I8306. W02008072778.
and W02008072779]. Two distinct compound classes have been disclosed: the
first is represcntcd by lla and 12b (Fig. 6) :lnd a class of hcterotricyclic
compounds (I], Fig. 6).

8
IC50 =- 7 nM

L HN~J<<.J,c"N)lt
oJ <J

9
IC5Cl =- 9 nM

Fig. 4 Examples of PDE9A inhibitoB oplimi7.ed to improve brain penetnuion

HN!r lx:~N bCICF, ~ I N(Y-1. 11
BAY 736691 ICoo=- 52 nM
lCoo=- 55 nM

Fig. 5 Pyrazolo- and cyano-pyrimidinone PDE9A inhibitors disclosed by Bayer
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"·ig.6 PDE9A inhibitors disclosed by ASKA. The carboxylic acid group of 12a and 12b is
replaced in 13 to improve brain penclr'Jlion

A hhough varioos indications have been claimed for both classes (including eNS
indications such as AD and general neuropathy), the carboxylic acid makes any
high eNS exposure rather unlikely. and it would appear that these compounds are
targeted for periphcml indications such as prostate disease, incontinence. or pul
monary hypcncnsion. although no in vivo data have been published 10 support these
claims. The tricyclic systems, on the other h:md, seem more promising in Ihm
respcc!' bUI the general SAR appears to overlap with thai of the Bayer and Pfizer
programs. so Ihere is reason 10 believe that the binding mode of this compound is
essentinlly the same (as is the case for the other ASKA compounds). No structunll
data have been published so far though. It is unclear whether ASKA is slil111ctively
involved in PDE9A·related research and development: there is no mcntion of the
project on the company homepage although the most recent plltentllppliclltion WllS
published in 2008.

Boellrillger/Ilgellleim. The most recent player to enter the increasingly compe
titive field of PDE9A resellrch is Boehringer Ingelheim with 11 patent application
dctailing inhibitors of lhe pymzolopyrimidinone Iype [W020090686I 7J. Although
no detailed biological data have been disclosed. this focused compound class seems
to be quite selective vs. PDEl and gencrally rather potent on PDE9A (14. Fig. 7.
published with lC50 value as a range as shown).

The similarity to BA Y73669 I (10. Fig. 5) is noticeable. and interestingly one of
the originnl Bayer inventors appears on Ihe Boehringer Ingelheim patent appli
calion which seems to indicate lhat the Boehringer Ingelheim program is based on
intellectual propeny acquired from Bayer. One would expeci to see more patent
applications from this source in the future.

4.7 PDE2A

PDE2A belongs to the dual substrate PDE.~ hydrolyzing both cAMP and cGMP
11441. PDE2A is a single gene family with three known splice variants (PDE2A 1-3)
that differ with respect to their N~tenninus rJ45--147l It is unclear whether all
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splice variants arc shared across species. POE2A2 and POE2A3 arc Ihc prcdomi
nanl splicc variants expressed in the brain wherc they ;Ire associ:lled with mem
brunes 1148J. This localizalion is ~lnially due 10 N-lenninal palmiloylOlion [1491.
bUl was recclllly shown for PDE2A3 to be mainly mediated through N-terminnl
acelyl:l1ion 1148J. POE2Al is found in soluble fruclions and lucks the mosl
N-lenninal region present in PDE2A2/3.

PDE2A is unique in that it is allostericnlly activaled by physiologicnl concentra
lions of cGMP binding to the N-temlinal GAF domuins. which triggers lhe degra
dation of cAMP 11461. This positive cooperalivily constitutes 11 mcchanism of
crosstalk belween distinct cAMP and cGMP-regulaled signaling plllhways. II also
indicales that. although POE2A remains silenl under baseline conditions, it is
selectively activmed upon neuronal stimulation lhat causes an increase in cGMP.
In primary cultures of forebrain neurons. POE2A preferentinlly metabol ized cGMP
1150]. suggesting lhat in the eNS this enzyme may also serve as an inhibitory
feedback regulalor of cGMP signaling. As for all other POEs, il is of cenlral interest
10 reve:ll the subcellular localizalion of PDE2A to understand lhe impact of lhis
selective activation on cellular funclion. Several sludies show PDE2A expression in
various lissues reaching highest levels in lhe eNS and particularly thc limbic
system 1145. 151. 1521. A recent immunoreactivily study by Stephenson and
colleagues substanliales earlier findings on PDE2A expression in lhe neuronal
dendrites and nxons. suggesting compnnmentnlization of the enzyme direclly at
lhe inpul nnd OUlput region of neurons. Interestingly. a fine puncluate pallern in
neurites is pronounced in areas known 10 be involved in learning and memory
fonnation and affected in AD pathology, like lhe hippocnmpus. striatum. and
conex. Here, neuropil localization is accompanied by a lack of PDE2A immunore
activity in cell bodies. In funher studies. PDE2A was detecled in membrane rafts
1149} and synaptosomal membranes 1148], substantiating evidence for a localiza
lion at lhe immediale site of synaptic contacts and lhus in a suilable posilion 10

hydrolyze the second messengers cAMP and cGMP immediately'll lhe synapse.
Inhibition of POE2A therefore appears auractive as il might offer a selective
prolongmion of cAMP and cGMP levels directly relaled to synaptic act ivai ion. In
fact. one of the highest levels ofPOE2A expression in brain appears to be lhe mossy
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fibers emanating from the hippocampal dentate granule cells and receiving input
from the clllorhinal concx. one of the first brain regions showing morphologic..!
signs of pathology in AD 11521. This raises lhe intriguing possibility Ihat PDE2A is
involved in regulating presynaptic farols of synaptic plasticity. Perhaps, PDE2A is
onc of the mediators of retrograde 0 sign:lIing in the presynaptic terminal, either
through regul:lling cOMP directly or by regulating cAMP levels in response 10
cOMP binding to the OAF domain. Interestingly. in a few brain regions like Ihe
!nedi:ll habenula and neuronal subsets in the conex. substantia nigra p:lrs compacta
or mphe nuclei show sommie staining. This heterogeneous locallzmion pallcm
within differenl neuronlll populations indiemes divergeru roles of PDE2A in eli ffer
ent cell populations. The CNS expression pallern of PDE2A is preserved in
mammals. including humans 1126J. and remains unaltered in postmortem brain of
Alzheimer patients [1171.

Recently. a highly potent and selective PDE2A inhibitor. BAY 60·7550
(16. Fig. 8), with an IC!iO for hum:m recombinant PDE2A of 4.7 nM has been
shown \0 enhance LTP at the CA3/CAI synllpse in hippocampal slices [153J.
Systemic administmtion of BAY 60-7550 to rodenlS has also been shown to
attenuate n:uural forgening in young rats and improve age-related impainnenl
on old rats in behavioral tasks addressing episodic short- and long-lenn mcmory
in rats [116.153.1541. Thc compound also reverses working mcmory deficits in
mice induced by a time decay or acute treatment with lhe NMDA receplor antago
nist MK-80 I 11531. The various temporal stages of memory consolidlllion. reaching
from working to short-ternl and long-tcnn mcmory. havc been suggested to be
differentially regulated by cAMP and cOMP in either pre- or postsynaptic tcnninals
1891. It was lherefore speculated that interference wilh a dual substrate PDE that is
localized bolh at the pre- and postsynaptic sile should have a broad impact on
differenl temporal stages of memory processing. The promnemonic effects
achieved with BAY 60-7550 are in line with this hypothesis 189]. It should be
noted that BAY 60-7550 penetrates into the CNS very poorly (authors' personal
observations); thus. generalization regarding the effect of PDE2A inhibition on
cognitive function awaits confirnlatory studies with other compounds. Moreover, a
PDE2A constitutive knockout mouse line are not available for behavioral studies as
genetic deletion of PDE2A is reported \0 be embryonically lethal.
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Based on the CNS expression p:lIlem. positive cooperative kinetics between
cAMP and cGMP. and synaptic association of PDE2A.the enzyme is believed to be
<l very allraclive target 10 support signaling pathways involved in synaptic plasticity
and lellrning and memory. However. to dllte a clear link from PDE2A to AD is
missing. It should also be noted that PDE2A is widely expressed in peripheral
tissues as well. including heart. liver. lung. and kidney. where PDE2A inhibitors
have various functional effects [1551. With the identification of more brain
penetrating PDE2A inhibitors. it will therefore be imponantlO identify pharm<lco
logical windows between centmlly medilltcd effects on cognition and those in the
Olher organs. Toward this end. PDE2 inhibitors have been pursued by a number of
research groups for various indicillions. So far. discovery of potent and selective
PDE2 inhibitors with good CNS exposure hllS proven to be iI real challenge;
progress is reviewed below.

The lll11in tool compounds available for mechllnistic research ilt present arc
EHNA 15 (sub-micromolllr inhibitor of PDE2A. the first selective inhibilor or
PDE2A described in the litemture 11561). BAY 607550 16 (depending on the
construct a nanomoliu to sub-nanomolar inhibitor of PDE2A. structurally related
to EHNA [1531). and the chemically distinct oxindole 17 (double-digit rmnOlllolar
inhibitor of PDE2A with good selectivity 1105]) as shown in Fig. 8.

All three compounds are unlikely to advance beyond the tool compound level;
EHNA is not potent enough to qualify as a development candidate. whcrells BA Y
607550 has rather poor phannacokinetic properties and the ox indole has negligible
CNS penetration. Still. all three have been immensely useful as mechanistic probes
of the PDE2A enzyme and for studying non-CNS phannacology models.

BtI)'er. Bayer has been pursuing the structuml class around BAY 607550 as
documented by various patent :lpplications for CNS and cardiovascular indications
IW02008043461. WOO2068423. WOOO250078. WOOO209713. WOOOO I2504.
and WOO98403841 although apparenlly without identifying a clinical candidatc.

Pfi:el". Pfizer has pursued the oxindolc class as well as a class of azaquinazolincs
1W020050614971. but again the current developmcnt stage remains unclear if this
project is uncenain.

Alrolla Phonlw. Altana Phnnn<l (now a pan of Nycomed) has been addressing
PDE2A through two distinct chemical classes: a BAY 607550-likc class 18
IW02005021037. WO-20040899531 using the EHNA-scaffold and another class
of triazolophthalazines 19 [WQ2006024640. WQ20060726l2. WQ2006072615]
(Fig. 9). No data have been disclosed for individual compounds, but some are
reponed to inhibit PDE2A in the low nanomolar region. [t appears that COPD and
inflammation have been the relevant indications for these compounds rather than
CNS indications. although the general physicochemical profile might also be
compatible with CNS exposure. It is unclear whether Nycomed is actively devel
oping either of these classes of PDE2A inhibitors.

Cell POIJl"Il'(IYS. The PDE2A inhibitor research progmm at Cell Pathways has
been largely based on substituted indenes (compound 20) of the type shown in
Fig. 10 [EPOI749824. US06465494. WOO2067936].lnfonnation aboUi phannaco
logical propenies are scarce (the besl example reponed in the patent literature is a
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0.68 11M PDE2A inhibitor}, but it seems clear 111m these compounds :Lrc meant for
non-eNS indications such as innammatory bowel disease.

NCllro3D. Finally. Neuro3D (now acquired by E'lotec AG) have been involved
in PDE2A research with a class of bcnzodiazepinollcs 21 (Fig. 10) IEPOl548011.
W02004041258jlhat are reported to be selective although not especially potent
inhibitors of PDE2A.

5 Perspective

The suggestion that PDE inhibitors should be explored as a novel approach for the
treaTment of AD is based on seveml premises such as follows: (I) AD is principally
11 disease of synaptic dysfunction. and targeting this dysfunction is a means 10
impact both the symptoms and the progression of the disease: (2) the cyclic
nucleotide signaling cascades offer a lllolecular entry point for such therapeutic
approaches. given the significant roles played in the regulation of synaptic function;
and (3) manipulation of PDE activity is a physiologically relevant and phamlaceu
tically facile way to manipulate cyclic nucleotide signaling. Indeed. these premises
form the basis for the development and ongoing clinical trials with both PDE4 and
PDE9A inhibitors for the treatment of AD.
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While we await important feedback from these clinical trials, there are several
points that bear further consideration and investigation. The most important of these
is the nature of the synaptic defect that underlies the propensity of an individual to
develop AD and that serves as a target for a PDE inhibitor therapy. The "ante" for
many therapeutic approaches that target cognition/synaptic dysfunction has been
potentiation ofLTP at the CA3/CAI synapse in the hippocampus. This is clearly the
case for the PDE inhibitors. There is a wealth of data suggesting that this particular
form of synaptic plasticity mediates the long-term memory function in the hippo
campus. Given that a deficit in hippocampal-mediated memory function is a
hallmark of AD, mechanisms that facilitate hippocampal LTP are certainly reason
able targets to consider for treating those memory deficits. However, even this
simple premise must be qualified, given the observation with the PDE4D knockout
mice, where increases in hippocampal LTP in slice preparations are associated with
deficits in cognitive behavioral tasks. Furthermore, PDE2A, PDE4, PDE5A, and
PDE9A inhibitors have all been shown to facilitate hippocampal LTP. As stated
above, cAMP and cGMP signaling is intimately involved in the regulation of
synaptic function along the entire spatial and temporal continuum of plasticity.
Given that PDE function is highly compartmentalized, it is a near certainty that
each step in this continuum involves a distinct PDE isozyme. Thus, PDE2A, PDE4,
PDE5A, and PDE9A inhibitors may all potentiate hippocampal LTP, but which
specifically targets a signaling defect relevant to the synaptic pathology in AD? As
a next step to address this issue, it would be very informative to conduct a
comparative analysis of the effects of the relevant PDE inhibitors on plasticity at
the CA3/CAI synapse to establish the role and position of each of the cognate
enzymes in the complex cascade of events mediating this type of plasticity. These
inhibitors then become tools to investigate these specific steps in relevant disease
models to determine whether a particular step represents a therapeutically relevant
end point. Such an iterative approach should yield interesting insights into the
disease and a better focus on the best new therapeutic opportunities.

Finally, the PDEs may be considered more broadly as potential therapeutic
targets to treat a range of neuropsychiatric diseases that have as a fundamental
pathology synaptic dysfunction. The most obvious examples of these are schizo
phrenia and autism. However, synaptic dysfunction may also playa principal,
though underappreciated, role in neurodegenerative conditions beyond AD. In
Parkinson's disease, the loss of dopamine nerve terminals in the striatum appears
to precede loss of dopamine neurons in the substantia nigra. The loss of dopamine
terminals is also significantly greater than that of cell bodies as the disease pro
gresses. This suggests that therapeutic strategies that preserve dopamine terminals
may have a significant impact on both the symptoms of Parkinson's disease and,
perhaps, on disease progression. Similar arguments can be made in the treatment of
Huntington's disease, where disruption of corticostriatal synapses may be, at least
in part, responsible for the loss of cortical BDNF delivery to the vulnerable
striatal medium spiny neurons as well as the retrograde transport of BDNF from
striatum back to the cortex. Thus, in these cases, maintenance or facilitation of
synaptic function through PDE inhibition goes beyond the scope of "cognition
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enhancement" toward promoting more fundamental brain functions. This is clearly
an area for further investigations.
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Glutamate and Neurodegenerative Disease

Eric Schaeffer and Allen Duplantier

Abstract As the main excitatory neurotransmitter in the mammalian central ner
vous system, glutamate is critically involved in most aspects of CNS function.
Given this critical role, it is not surprising that glutamatergic dysfunction is asso
ciated with many CNS disorders. In this chapter, we review the literature that links
aberrant glutamate neurotransmission with CNS pathology, with a focus on neuro
degenerative diseases. The biology and pharmacology of the various glutamate
receptor families are discussed, along with data which links these receptors with
neurodegenerative conditions. In addition, we review progress that has been made
in developing small molecule modulators of glutamate receptors and transporters,
and describe how these compounds have helped us understand the complex phar
macology of glutamate in normal CNS function, as well as their potential for the
treatment of neurodegenerative diseases.

Keywords Alzheimer's disease, AMPA, Excitatory amino acid transporter, Gluta
mate, Huntington's disease, mGluR, Neurodegeneration, NMDA, Parkinson's dis
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As the 1l111jor excitatory neurotmnsmiller in the lllumlll ..1ian cerllrul nervous system.
glutamate plays a critical role in vinually all aspects of behavior, perception, lind
cognit ion. Decades of research have elucidated the molecular rnechlll1isms involved
in glutllmate synthesis. vesicular traff1cking. lind synaptic transmission. In addition
to its role liS a neurolr:msmitlcr, glutamate is :llso an essentilll amino acid required
for protein symhcsis. lind as such is present at much higher levels in the brain, than
lire most other neurotr:lllsmillers. Glutamate is synthesized from glut:llllille in the
synaptic nerve temlinlll, where it is translocated into synaptic vesicles through the
action of vesicular glutamate tntnsporters (VGLUTs) III. Whcn an action potcntial
is fired. glutamate is released into the synaptic cleft, where it binds to and activates a
wide variety of different receptors. Following release glutamate is then cleared
from the synapse by the action of a family of excitatory amino acid transporters
(EAATs). expressed predominantly on astrocytes [2J. Once taken up into the
astrocyte. the glutamate is convened to glutamine and is stored in this foml until
additional levels of glutamate are required by the neuron. This intimate relationship
betweenlleurons and astrocytes is unique to this excitatory neurotransmitter. and is
thought to be an importam mechanism for maintaining its potent excitatory acti vit y
in a quiescent state until required for synnptic function.

Glutamate signaling is mediated through several distinct classes of ligand
gated ion channels (ionotropic glutamate receptors) [3. 4J as well;ls a family ofG
protein-coupled receptors (metabOiropic glutamate receptors) [5J. TIlere are three
families of ioootropic glutamate receptors (I) N-methyl o-aspartate (NMDA) recep
tors. (2) 2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl) propionic acid (AMPA)
receptors, and (3) kainate (KA) receptors. Each of these receptor families was
originally named for the ligand shown to selectively activate them. These phamla
cological classifications are still used today. although with the molecular cloning of
the protein subunits that make up these receptors we now have a better appreciation
of the complexity and heterogeneity of each of these receptor families f4]. The
mctabotropic family of glutamate rcceptors (mGluRs) consists of eight receptor
subtypes. and has been divided into thrce subfamilies or groups (scc Scct. I for more
detail). These receptors are found both pre- and postsynaptically, and are typically
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involved in modulating synaptic responses to glutamate. Unlike the ionotropic
receptors which are generally involved in fast synaptic transmission. the metabo
tropic receptors tend to be involved in mediating slower responses \0 synaptic
glutamate release. consistent with their Q-protein-coupled signlll ing mech,miS1ll 151.

Under nonll;11 physiologiclll conditions. glutamate signaling is a tightly regulated
process. However. following acute neuronal injury as well as in chronic neurodc
gener.ltive conditions. thesc signaling systems can become dysfunctional due to
either excessive or inadequate [evels of cxt.r:.lccllular glutamlllc. Prolonged exposure
to elevated levels of glutamllle m<lY lead to ovemctivmion of excitatory glut<l1nate
receptors. which in tum can result in an llbnormally high inOux of calcium into the
cell 16J. This can occur most notably with the NMDA receptor. which liS will be
discussed below is preferentially pemleab[c to cllicium ions. but may also involve
cenain subtypes of AMPA receptors. Such prolonged increases in intracellular
calcium can serve as a toxic trigger for activ;l\iol1 of a number of calciurn-sensitive
intracellular processes including mitochondri:ll membrane depolarization. Cllspase
activlllion. production of reactive oxygen species. and eventually ccll death. This
process by which elev,lled glutamate levels lellds to prolonged receptor activation is
referred to as excitotoxicity. and has been shown to play an imponaru role in both
acute neuronal injury ,ll1d chronic neurodegenemtive discuscs 161. Although the
cause of elevated glutamatergic signaling c:tn v:try from increased rclcilse. to
rcduced uptakc. to incrc:L~d receptor number or llctivity. the rcsulting prolonged
elevation in intracellulnr calcium and the downstremn cx;citotoxic cascnde appe;lrs
to be a common mechanism involved in diverse CNS degenerillive conditions.

Although excessive activation of glutamate receptors can be delelerious.
reduced glutamatergic signllling is also llssociated with various pathological states.
This has becn particularly well established in schizophrenia. where reduced gluta
matergic tone in prefrontlll brain regions is thought to be a key underlying neuro
chemical deficit. Indeed. NMDA antagonists such as ketamine and phencyclidine
give rise 10 psychotic-like symptoms and cognitive deficits in helilthy subjects. and
can ex;acerbate symptoms in schizophrenics. Current theories suggest that a pre
frontal hypoglulamatergic state is panicularly involved in the social withdrawal and
cognitive deficits associliled with schizophrenia, and lreatments which enhance
glutamatergic neurotmnsmission may be useful in treating these symptom domains
In Although these approllchcs are being explored extensively in the area of
psychotic disorders. a more general role may exist for direct or indirect glutamate
agonists as cognition enhancers. with polential relevance 10 neurodegenerative
disease. where cognitive deficits are well known.

A wide variety of approaches for modulating glutamatergic transmission have
been investigated as potentinl thempies for treating neurodegenerative as well ns
psychiatric conditions. These mny involve modulating pre- or postsyn;lptic signal
ing through the use of selective receptor ngonists nnd nntagonists. as well ;IS directly
modulating the release or reuptake of the neurotmnsmiller. [n this ch;lpter, we have
focused on some of the key evidence linking different glutamale receptors and other
related targets with neurodegener.uive diseases. and review examples of small
molecule approaches that target different components of the glmamatergic synapse.
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2 NMDA Receplors

2./ NMDA Receptor Biology

NMDA receplOrs are composed of four subunits derived from lhree subunit classes
(NR 1. NR2A-D. and NR3A and B). A typical NMDA receptor is n helerotetmmer
consisting of two NR 1 and lWO NR2 subunits. wilh NR3 sometimes substituting
for NR218. 91. These ligand-giltcd calion channels nux bolh N.l+ lind CaH ions in
response to glutamate stimul'ltion wilh a grcaler penlleabilily to C:12+ limn is seen
for other ionolropic glulamatc receptors 110. 111. The degree of cation prel'crenee is
influenced by lhe specific subunit eomposilion. wilh NR2-cOnl:lining receptors
being highly penlleable to Ca2+ ions 1121. In ndditioll 10 lhe agonist glul:unnte.
NMDA receplors also require binding of lhe coagonisl glycine or D-serine in order
for the channel 10 open 113. 14J. A unique property of the NMDA receptor is the
fact that the channel pore is lypically blocked by MgH at resting membrane
potentials. When the neuronal cell membrane is depolarized in response to an
excitmory stimulus. lhis Mg~+ block is removed. and in the presence of glutilmate
and glycine the channel will flux Ca~+ ions. The tenn "coincidence detector" has
been used to describe the NMDA channel. since it will only open when two events
postsynaptic cell depolarization and glutamate release - occur coincidentally 115J.
This property is thought to make the NMDA receptor well suited to play :l role in
synaptic plasticity. learning and memory, and there is considerable evidence in
support of these functions 116J.

As described above. prolonged increases in eXlracellular glu\:Illlale. associaled
with a v:lriety of aCUle :lnd chronic neurodcgenenuive conditions. may lead 10 ele
v:lted intracellular calcium due to overstimulation of the NMDA receptor. The
rationale for NMDA blockade as an approach for the treatmenl of stroke. mediated
by reduced excilOtoxic damage and enhanced cell survival has been well supported
by animal model studies. However, despite lhe strong rationale for this mechanistic
approach. clinical experience with NMDA antagonists has been largely negative,
due 10 poor toleralion and a general lack of efficacy 117, 18). There tcnds to be a
narrow window of opportunity after an ischemic event whcn excitotoxic damage
occurs. and for praclical reasons it has been difficult 10 treat stroke patients wilhin
lhis limited time window. Another important consideration is that. allhough block
ing NMDA receptors proximal to a lesion may allenuate cell dealh associated Wilh
excitOloxicity. it will also interfere with the survival-promoting effects of NMDA
activaTion lhat are a necessmy part of the recovery process 117J. Whi Ie the role of the
NMDA receplor in excitotoxicity has been extensively studied. it has more recel1\ly
been shown that NMDA activation also plays 11 critical role in nomml cellular
physiology and can be an important neuroprotective mechanism [19]. Blockade of
NMDA receplOrs more dislalto an ischemic lesion will il1\erfere with a prosurvival
function leading to apoplosis and further functional impainnent 1201. Thus. the
response of neurons to NMDA activation follows a bell~shaped curve. wilh too
much. or too little stimulation being delrimenlallO neuronal heallh and survival [21 J.
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The NMDA receplor is linked with a large intracellular protein complex viti
lhe C-tcnninal \;\ils of the NR I and R2 subunits. This protein complcx. which is
localized 10 lhe intmcellular side of the postsynaptic membrane, positions the
proteins involved in transducing the NMDA receptor signnl in close proxirnily to
where Ca2+ enters the cell 1221. The signaling pathways downstremn frOI11 the
NMDA receptor lhat mediate the prosurvival functions involves act ivaI ion of
protcin kinases such as lhe PI3KjAkl caSC:lde, which nUlY be activatcd viu influx
of c:llcium [23.241. NMDA receptor activulion has also been shown to rcsult in;1
calcium-dependant phosphoryl:ltion of the lmnscription factor CREI3 by 1ll1l11iple
prolein kinases 1251. which hns been linked with prosurvival effects bolh in vilro
126, 27] nnd in vivo 128]. 111e body of work linking NMDA activalion wilh
antiapoptotic activity and prosurvival signaling is now extcnsivc, and would sug·
gest that while NMDA antagonists may have utility in treating neurodegencnltive
disease, this will have to be balanced with maintaining nonnat function to promote
endogenous recovery processes.

While modulation of NMDA function has been explored with reg;lrd to lhe
lreatment of ;lcute neuronal injury. it has also received considerable al1ention wilh
respect to the etiology and t.reatment of severnl chronic neurodegeneralive condi
lions. As the etiologies of diseuses such as Alzheimer's dise:lse (AD), Parkinson's
disease (I'D), and Huntingon's disease (HD) have been studicd, it has bccomc
apparent that non11al excitatory neurotransmission and plasticity is compromised
in various brain regions, and that dysregulnlion of ncurotfill1S111iller systems can
occur early in the disease process, often before frank nellrop:lthology is deteclable.

Alzheimer's disease is classically characterized by two neuropalhological hall·
marks (I) 1}'3myloid plaques, containing the amyloid I}-peptide (AP) and (2)
neurofibrillary tangles. consisting mainly of hyperphosphorylated tuu protein.
While these proteinaceous deposits are clearly present late in the disease process.
it is increasingly clear Ihm synaptic pathology occurs before these protein aggre
gates are present, and it is the deterior.ttion of synaptic function which correlales
most directly with symptom progression 129, 301, Studies looking at the effeclS of
the AI} peptide on cell function, as well as transgenic mouse models, which over
express the human amyloid precursor prolcin (hAPP), have shed lighl on the
rclationship between AD pathology and glutamatc rcceptors. In rodent studies. it
has been shown thai administration of AI} peptides (Ap142 ilnd AI325·35) pro
motes a cascade ofevents involving astroglial depolarization. increases in extracel
lular glutamate and activalion of NMDA receplors. Consistent with a critical role
for the NMDA receptor in mediating the toxic effects of Ap is the fact thm
treatment of rats with lhe NMDA antagonist dizocilpine, reduced the IOxicity
observed 131]. Similar studies have shown that the toxic effects of direct injection
of Apl-40 into the mt hippocampus can be blocked by the weak NMDA antngonist
memantine (Compound 9, Fig, 2) 132). Interestingly, it has also been shown that
more modest activation of NMDA receptors can lend to increased production of
AI}, through a shift from nonnal processing of hAPP via Cl-secrelase, 10 patholo
gical processing via I}-secretase. This leads to the plausible hypothesis of a positive



96 E. Schaeffer and A. Duplamier

feed-forward loop. where NMDA activmion enhances A~ production. which in tum
leads 10 funhcr. and potentially toxic NMDA :lclivity [331.

Beyond the exciloloxic role of NMDA receptors, there is also evidence suggest
ing Ihal cnrlier in the AD process. AI} may playa role in downregul;nion of NMDA
receptors through increased endocytosis and decreased surf"ce expression. This
would have clear consequences for reduced glularnalcrgic transmission. which may
occur cllrly in the discllSC. A number of Sludies have supponcd this mechanism
by showing 111m incubmion of AJ}I-42 peptide with cultured neurons 134. 351 can
result in reduced surface expression of NMDA receptors. In addition to reducing
receptor expression. AJ} lUIS also been shown to have a dircct or indirect modulating
cffcct on NMDA function 135. 361, and NMDA-mcdiated plasticity [37[. Thus. by
modulating NMDA receptor expression and/or function, Ap lTlay have profound
effects on glutamatergic signaling in AD. Based on the above findings. the direc
tionality of NMDA modulation may need to differ depending Oil the stage of
disease, with nctivators being useful in early disensc and blockers being more
appropriate later.

Reduced NMDA function in AD, as well as in psychiatric conditions such ;IS

schizophrenia, is thought to be associated with cognitive impaimlent. This has led
to an interest in the identificmion of compounds which function liS llgonisls :l1 this
receplOr. While direct agonists lhat bind to the glutamate-binding site (including
NMDA itsclf) are gencrally excitotoxic. a more subtle approach for NMDA aCliv,l
tion has been proposed through activation of the glycine congonist site [38[. Curren!
approaches include drugs which bind directly 10 the glycine site, as well :IS

inhibitors of lhe glycine transporter:ls a means of elevating the endogenous lig:lnd.
These agents have shown promise in animal studies 1391. :md preliminary cliniC:l1
data suggest the potential for efficacy in treating the negative and cognitive
symptoms of schizophrenia 1401.

NMDA receptors are expressed througholltthe basal ganglia. and prominently
on the medium spiny neurons (MSNs) of the striatum, where they play important
roles in regulating motor and cognitive functions. It is thus not surprising that
the NMDA receptor has been explored as a therapeutic target in the treatmcnt
of conditions that involve degeneration of striatal neurons themsclves, as well as
populations of dopaminergic neurons that project to the striiltum. In PO, the Joss
of dopaminergic innervation of the striatum results in overact ivit y of the ind irect
pathway, and a consequent hyperactivation of the subthalamic nucleus (STN) (the
role of glutamatergic neurotransmission and PD has been recently reviewed by
Johnson et al.141 D. The hyperactivity of the STN is thought to playa critical role
in the etiology of PD motor symptoms, and may also lead to excitolO:dcity. and
further degeneration of the remaining substantia nigra compact:1 (SNc) neurons.
Because NMDA receptors play an important role in regulating the excitatory
transmission of the STN and striatum [42), it has been suggested that blockade of
NMDA receptors may be a beneficial therapeutic strategy. Consistent with this
idea, it has been demonstrated that treatment with NMDA antagonists can allcnu
ate symptoms in both acute 143-45) and chronic L46-48] models of PD. Further
work has shown that direct infusion of NMDA antagonists into various basal
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g.mglia regions provides antiparkinsonian effects in PD animal models, suggest
ing lhal reduction of NMDA activity in the indirect pathway lmd outpul nuclei of
the basal g.mglia may provide therarleutic benefit [43. 49J. The acute efficacy
observed in these studies is consistent with a symptomatic benefit. However.
longer term treatment with MDA antagonists may have the polentialto impact
disease progression through allenuation of excitotoxic damage of dopnminergic
neurons in the SNc, In addition, NMDA antagonists. through modulmion of
acetylcholine release from striat.. l illlerneurons. mllY have a beneficinl effect on
1evodopa (L-DOPA)-induced dyskinesias, suggesting a benefit of using these
drugs as adjunctive therapy 150-521.

Huntington's disease is an inherited neurodegenerative disorder. caused by an
expansion of a poly-glutamine repeat region within the huntingtin (hlt) gene 153.
54J. Although many brain regions are affected. the MSNs of the strillium hllVe been
a focus of research in Ihis disease. since these neurons aPl>ear 10 be especially
sensitive to degeneration and death 155 J. While the gene responsible for this disease
was identified more than 15 ye.lrs ago. the mechanisms which link the mutanl form
of the hll protein (mHn) with neuronal cell dealh remain obscure. With thaI said.
there are 11 number of studies which have linked mHll with dysregulation of glu
tamate neurotmnsmission 156-581. As in other neurodegeneTlllive diseases. excito
toxicity has been a leading hypothesis for cell death in HD. and mHll has been
suggested to enhance NMDA function and calcium signaling 159. 601. A physical
association has been shown between Hit and the NMDA receptor-PSD95 complex.
suggesting a direct role for Hn in modulming NMDA signaling [61. 621. Other
studies have suggesled that mHll may modulate NMDA function through innuen
cing gene expression of the receptor subunils NR IA and NR2B [63). Sludies in HD
animal models have supported dysregulation of NMDA function as an etiological
factor in the disease. and altered NMDA function has been observed in conicos
tri'ltal synapses as well as striatal neurons from HD models [641. Finllily. recent
work has shown that extrasynaptic NMDA receptors. which are involved in medi
ating the neurotoxic effects of NMDA receptor activlliion. arc selectively upregu
lated in HD mouse models. Interestingly. low doses of the weak NMDA antagonist
me1l111ntine. shown to selectively block extrasynaptic (but not synllptic) NMDA
receptors. are able to ameliorate some of the neuropathological llnd behavioral
manifestations of the disease 165. 66).

Due to the widespread expression of NMDA receptors throughoUl the brain. and
their involvement in a wide range of eNS functions. there continues to be concern
aboUl side effects from nonseleclive NMDA antagonisls. r.:mging from cognitive
and motor impainnent. to psychotomimetic effects [671. To panly address these
concerns. there has been more recent interest in the potential of subtype selective
NMDA antllgonists as a path to obtaining some of the beneficial effects of these
drugs. with less of the safety and side effect liabilities. The NR2B subunit is highly
expressed throughout the basal ganglia. and the availability of NR28 selective
antagonists has provided the opportunity to test the potential benefits of subtype
selective agents.
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2.2 NMDA Receptor Modulators

As previously stated. the NMDA receplOr is composed of two NR I subunits and
two subunits from the group of NR2A-D and/or NR3A-B. The glutamate-binding
sile exists al the deft between the NRI and NR2/3 subunits and the allosteric
glycine-binding site is loc:ltcd solely on the NR I subunit. Compounds thai discri
minate how Ihey bind among the multiple NMDA-binding sites can have varying
effects on the phannacology and functional olllcomes of receptor actiyation. The
concerns over exciloloxicity due to full agonisrn of the NMDA receplOr h"ve been
lessened by targeting the allosteric glycine sile that is believed to be unsaturated
in vivo. The glycine site can also be modulated by increasing the extracellular
levels of the endogenous ligands. glycine. and o-serine. This can be accomplished
by blocking the reuptake of glycine via inhibition of the glyT-l transporter or by
inhibiting I)-amino acid oxidase (DAAO).the enzyme responsible for the metabolic
breakdown of Jrserine. In addition. regulation of kynurenic acid, a degradation
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product of tryplOphan that is :10 endogenous competitive antllgonist of the strych
nine-insensitive glycine-binding site. is yet another avenue for modulating lhe
NMDA receptor, Compounds that positively modulate the NMDA receptor through
either direct lIgonism of the glycine site 168. 69J. inhibition of the glycine trans
porter 168. 70. 711. inhibition of DAAO 172. 731. or reduction of the endogenous
levels of kynurenic acid have been targeted for the treatment of schiowphreniu and
will not be further discussed here.

Rcgarding negalive mcxlulation of the NMDA receptor. high-affinity (noncom
petitive) NMDA channel blockers (e.g.. dizocilpinc and phcncyclidinc) and com
petitive NMDA ant:lgonisls llfC known to have serious side effects at minimal
crfective clinical doses. However. there is an example of a low-llffinity Chlll1l1cl
blocker. (rnemantine. compound 9. Fig. 2) that appears to block Pllthological. but
not physiological activation of the NMDA receptor. Mcmantine is a protolYI>C of II

fast off-rute NMDA receptor alllagonistthat preferentially blocks NMDA receplors
in their open state (only after channel opening) during the chronic. low level
exciwtion that may be associated with AD. Howevcr. memantine dissociales from
the receptor in response to the strong short-lived depolarizlltions thai nonnally
trigger NMDA receptor activity. It should be noted that memantine is nOI selective
at concentr:llions above 10-50 ~lM where it can intemct with other CNS largets
(c.g.. serotonin. dopamine uptake. nicotinic llcetylcholine rcccptors) and potcnlially
confound the mcchanism of its thempeutic efficacy 174J. Interestingly. Mg2+. an
endogenous NMDA receptor channel blocker. may phlY II critical role in dctcnnitl
ing memantine's NMDA selectivity profile. At physiological concentrations of
Mg2+. mcmantine is more selective for NR2C and NR2D subunits over NR2A
and NR2B subunits 175J. The preclinical data. mechanism of action. and clinical
efficacy of menullltine have been thoroughly reviewed [74. 76-781. Antagonists of
the glycine site of the NMDA receptor have also been reported 179-81 J with the
goal of increasing the therapeutic window 182. 83J. but this approllch has largely
been deprioritized in recent years as efforts have shifted towllrds the pursuit of
selective noncompetitive antagonists. Thus far. it hus been difficull to obtain
selective NR2A. NR2C, or R2D antagonists that are also bioavailable und brain
penetrant [84--861 and most reports have centered on the NR2B subunit.

Medicinal chemistry efforts around the NR2B receptor have predominanlly
focused on the phenylethanolamine series of NR2B selective noncompelitive
antagonists. and this series is represented by I (ifenprodil). 1 (eliprodil). 3
(truxoprodil or CP-IOI606). 4 (radiprcxlil or RGH-8%). and 5 (besonprodil or CI
1041) (Fig. I) [87. 88j. In preclinical studies. CI-I04I. when coadrninistered with

9. memantine 10. idazoxan 11, 2·BFI

Fig. 2 NMDA receplor modulators
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L-DOPA, completely prevcmcd the induction of dyskinesias in three oul of rour PO
model monkeys. suggesting that antagonism of NR2B-cotllailling NMDA receptor
subtypes may prevent L·DQPA-induced dyskinesias in PO patients [891. More
reccnt monkey studies using CI·I041 showed thai NR2B receptors play II greater
role in L-DOPA-induced dyskinesias Ihan NR2A receptors [90J. In contrast to
nonselective NMDA antagonists, the NR2B selective aniagonisI6 (propanolaminc)
(IC~ = 50 nM), did not C:lUSC increased locomotion in rodents, suggesting pOlential
for an improved therapeutic window 191]. In the llbscncc of crystallographic infor
lmuian of the binding sile, homology modeling of the NR2B rnodullliory domain
with ifenprodil suggests that the closed confomHltion of the R I-R2 domain, ralher
than Ihe open, constitutes the high-affinity binding sitc 192]. Subsequent computll
tional efforts have lcd to a phannacophore model that was used to gcner:lle
alternative indole substitution off of the piperidine nitrogen of ifenprodil 193].
Analogs incorporating other heterocyclic groups, such as the 5-substituted benzi
midazoles 7 (K; = 0.99 nM) and 8 (K, = 0.68 nM) were shown to inhibit NR2B
receptors via direct binding to the amino-tcnninal domain of the NR2B subunit and
to effectively protect rolt primary conical neurons ag:linst NMDA-induced excito
toxicity 1941. Compounds 7 and 8 signific:mtly reversed neuronal demh at concen
trations 1.5 lind 10-fold their Kj • respectively. Another class of noncompetitive
NMDA rcceptor modulators are the ligands for imidnzoline 12 receptors, such as 10
(ldazoxan) and II (2-BFI) (Fig. 2) 1951. Compounds 10 and II revcrsibly blockcd
Ca2+ influx in conical neurons in a fashion similar 10 that of memantine. NMDA
receptor selectivity was not reporled. Nevenheless. these compounds suppressed
NMDA receplor-medialed calpain aClivity as a result of blocking NMDA receptor
function. mther lhan through direct inhibilion of Clilpain.

3 AMPA Receptors

3.1 AMPA aud Kaiuate Receptor Biology

AMPA receptors are primarily responsible for mediating fast excitatory neurotrans
mission in the CNS. Within this section. we also discuss the kainate (KA) receptors.
which ahhough slfilclurally and phannacologically are closely rel:lled to AMPA
receplors. are milch less well underslood with regard to Iheir CNS function. In fact.
allhough lhe agonisls AMPA and KA do distinguish belween lhese receptors. vir
tually all competitive antagonisls lhat have been discovered show cross-reactivity
between these two receptor classes, fun her supponing their close relationship.
Given the difficulty in functionally differentiating the AMPA and KA receptors.
more recent classification schemes have moved away from referring to them by their
preferred agonist. and instead utilize a molecular nomenclature based on receptor
subunit composition.

Molecular cloning led 10 the identification of four AMPA receptor subunits tenned
GluRI-4. as well as five KA subunits tenned GluR5-7 and KAI-2 ]96]. As with
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NMDA rcceplOrs. thc AMPA and KA rcccptor subunits assemblc to form hetero
lctmmers which function as ligand-gated ion channels. with permcability to Na+.
K+, and Ca2+ ions [97-991, Although subunils will generally cO:lssemble with
other members from the same subfamily. there are still maJly possible combi
nations of heterotetramers. and this stmctural diversity can lead 10 important
functional differences. An additional level of heterogeneity exists ,lIllOng the
AMPA subunits which lIre liltematively spliced 10 yield eithcr a "flip" or "flop"
isofonn. Thc prcsence of these differenl splice vilriants confcrs distincl descn
sitization propcnies on the channels [1001. In addition. the GluR2 subunit is
panicularly imponanl for detcmlining ion selectivily. in that channels containing
this subunit show greater pemlcability 10 Ca2+ [101. 102). AMrA receplors arc
broadly expressed throughout the CNS 11031. All subunits are expressed in many
brain regions. and different heterotetrameric combinations lllay be expressed
within a single cell. While AMPA receptors are predomin:mtly expressed post
synaptically II00J. more recent work has shown lhat at least in some cases these
receptors may be found on presynllptic terminals. and regulalc ncurotrlmsmitter
release 1105-1071.

AMPA and KA receptors show fllst-gating kinetics. desensitize rapidly and
medilllc rllpid glutam:ucrgic neurotmnsmission 197J. [n contrast (0 thc NMDA
receptor which requires thc coagonist glycine to be activated. AMPA lllld KA
receptors only require the presence of glutllmatc to induce channel opening.
Given the ability of AMPA receptors to flux Ca2+ ions. it is not surprising thai in
the presence of high levels of extracellular glutamate. hypefilctivation of these
channels Illay lead to neuronal injury and death. Thus. AMrA receplor ant:lgonisls
have received llllention for lhe treatment of a vllfiety of both acute and chronic
neurodegenerative conditions. Many studies have shown that in models of global
and focal ischemia. high levels of synaptic glutamate are released, and AMPA
receptors are overstimulated 1108. 109). AMPA antagonists have been demon
Slrlltcd to have a positive impact on neuronal survival in these experimelltal par:t
digms 1110. 11 I I. Epilcpsy is another condition involving excessivc glutamate
release and AMPA receptor activation [112. 113[. and AMrA antagonists have
been used successfully both as anticonvulsants 10 control seizures [114], lind liS
neuropmtectants to reduce POSI seizure neuronal damage 1115. 116]. Indeed, some
currently marketed anticonvulslmt agents have AMrA lllltagonisl activity, which
may be in pan responsible for lheirefficacy 1114J. Traumatic brain injury is another
example of acute CNS damage leading 10 excessive glutamate release. AMrA
antagonists have been shown 10 be effective when administered either before or
after the trauma in animal models of brain injury III I J. While AMPA receptor
antagonists show a distinct efficacy profile from NMDA antagonists, these two
classes of agcnts are also distinct in tenns of their side effect burden. AMPA
antagonists are genemlly not associated with the psychotomimetic and cognitive
liabilities of the NMDA receptor blockers and as such may presenl fewer hurdles to
clinical advancement. With Ihat said. because of Ihe widespread distribulion of
AMPA receptors. AMPA anlagonisls are likely 10 have side effects of lheir own.
some of which may be mitigaled by the use of subtype selective agents.
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In addition to the involvement of AMPA receptors in mediating the effects of
acute neuronal injury. there is also substantial evidence implicming this receptor
family in more chronic neurodegenerative conditions. AMPA receptors have been
shown to play an important role in well-known forlllS of synnptic plasticity termed
long-teml potentiation (LTP) and long-term depression (LTD) 1117. 1181. Studies
have shown that LTP is associated with increased insertion of AMPA receptors
into the postsynaptic membrane. while LTD involves reduced surface expression
of AMPA receptors 1117-1201. Additional evidence has linked deficits in LTP
and LTD with :mimnl models of AD [1211. thus supporting the possibility that
aberrnnt AMPA receptor expression or function may playa role in this disease.
Several studies have shown decreased AMPA binding sites early in AD. consis
tent with decrensed AMPA receptor expression [' 22-124 I. One rnech;lnisl11 that
may link AD pathology with decrensed AMrA receptor expression is the induc
tion by the Aj3 peptide of the cysteine protease. caspase [1251. The induction of
C;lspase by All. which has been seen in AD brain ;IS well as cultured rut neurons
treated with the AI3 peptide. is u key step in All-medimed <lpoptotic cell death.
Induction of this protease has been suggested to lead to AMPA cleavage. which is
further supported by the presence of a caspase-3 cleavage site within AMPA
subunits. This ;Iction of c:lspase shows some specificity in thai levels of NMDA
receptors are un;lffected by the Aj3 peptide. consistent with this receptor not being
a caspasc substrate. In nddition to a putative effect on AMPA receptor degrada
tion. the All peptide may have a direct modul<llory effect on these receptors.
For example. treatment of cultured hippocampal neurons with AIlI-42 peptide
reduces AMPA-evoked current. Furthenllore. this effect is selective. with the
AIlI-42 peptide enhancing. rather than decreasing activity of NMDA receptors
11261. In addition. different forms of the All peptide cun have very different
effects. with Aj31-42 reducing AMPA function. while AfH-40 potentiales
AMPA activity. arguing for a fairly specific interaction between the peptide and
AMrA subunits [1271. In addition toa direct modulatory role on AMPA function.
data suggest that the All peptide can also innuence postsynaptic expression of the
AMPA reecptor through a variety of possible mcchanisms. For example, treat
mcnt with Aj3I-42 peptide during the induction of LTP has been shown to reduce
autophosphorylation ofCamKl1 and the subsequent phosphorylation of the GluR I
subunit 11281. In addit ion. in cultured ncurons expressing All endogenously (from
APP transgenic mice) or when exogenously applied. a reduction in PSD95 can be
observed. which in tum is associated with a reduction in AMPA receptor expres
sion at the postsynaptic membrane ( 1291.

The imeraction between All and AMPA receptors is complex and may vary with
cell type and the specific fonn of the Aj3 peptide. For instance All 1-42 toxicity is
aUenuated in retinal neurons following blockade of AMPA receptors [130]. while
A1l25-35 toxicity in cerebellar granule cells is enhanced by AMPA antagonists
1131}. While the reasons for these mechanistic differences are not entirely clear. the
effects of Aj3 on AMPA function may be mediated indirectly vin increases in
extracellular glutamate. rather than a direct modulatory effect of the peptide on
the AMPA receptor itself. Additional support for a role of AMPA receptors in AD
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comes from hAPP transgenic animals. In cultured neurons from these animals. there
is u marked reduction in cxcitalory postsynaptic currcnts. 11l1d specifically those
mediatcd by AMPA as opposed to NMDA receptors [132J. An additionulmeclw
nism by which A~ has also been suggested to mediate AMPA receptor down
regulation is through enhanced phosphorylation of the GluR2 subunit which
stimulates endocytosis 1133. I34J. The above evidence indicating reduced AMPA
function in AD would suggest that AMPA activaton; will be bencficial in the
trelllmenl of this disease.

Given that II hyperglutam'ltergic statc exists in PD. and the key role of AMPA
mediatcd neurotmnsmission in the basal glll1glia. AMPA antagonists might be
predicted to provide therapeutic benefit in the treatment of this disorder. However.
there have been a number of studies showing that AMPA antagonists. when
administered alone. are not errective at reversing the motor symptoms in animal
models of PO involving acute treatment with cataleptic ugents (e.g.. 02 receptor
antagonists) [135. 136J. Similarly. AMPA blockade docs not provide benefit in
more chronic models of PO including 6-hydroxydopaminc (6-0HDA)-lesioncd
rodents ,md l-mcthyl-4-phcnyl-I.2.3.6-tetmhydropyridinc (MPTP)-tremed pri
mates [137. 1381. Although AMPA antagonists have not generally shown efficacy
on their own. when administered in conjunction with I.-DOPA. they arc effective in
reversing motoric symptoms. suggesting therapeutic potcntial in paticnts as an
adjunct to I.-DOPA treatment [137-139\. Interestingly. AMPA antagonist efficacy
has becn most clearly shown in models involving toxin-induced dcgeneration of
SNc neurons. which may be lllore relevant to the human disease than acute models
involving 02 receptor .mtagonists. As discussed above for NMDA ant:lgonists.
AMPA blockade may have the potential to reduce degeneration of dopamincrgic
SNe neurons. but this is not likely to occur in the short-tenn studies described
above. Beyond their potential utility as a symptomatic therapy in PD. AMPA
antagonists may have greater utility in treating Ihe motoric side effects associated
with long-temltreatment with I.-DOPA. It has now becn shown in both rodent and
primate models of PO thai I.-DOPA-induced dyskinesias may be allenuated by
AMPA receptor blockade [140-1421. In addition. an AMrA positive allosteric
modulator. which increases AMPA function. was reported to eXllccrbate these
dyskincsias.lending furthersupport to the key role of AMPA receptors in mediating
the deleterious side effects of I.-DOPA trelltmcnt 11401.

As described above for the NMDA receptor. reduced glutamatergic signaling
through the AMPA receptor has also been associated with cognitive deficits.
and thus Ihe identification of agents capable of increasing AMrA activilY is an
area of active phannaceUlical research. Positive allosteric modulators of lhe
AMPA receptor have shown efficacy in a variety of animal models of cognitive
impainnenl. and early clinical studies have suggested that this class of agents is
well tolemted in humans [143. 144). Although clinical efficacy of these eom
pounds remains to be established. a number of trials are underway to further
explore the potential of these agents in a variety of diseases involving cognitive
deficits. including AD. schizophrenia. mild cognitive impaimlent. depression. and
fragile X syndrome 11451.
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3.2 AMPA Receptor Modulators

Compounds thatl>ositively modulate the AMPA receplor have been reviewed 1146.
1471. The first reports of AMPA receptor modulators. appearing over 20 years ago.
were plant Ie<:tins (e.g.. concanavalin A) thaI inhibited rapid non-NMDA receplor
desensitization 11481. Shortly after. the noolropic drug 12 (,ll1iracetarn) (Fig. 3).
which was reported to errect learning lind memory. was found to selectively
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potenchue the responses mediated by the quisqualate (later renamed AMPA) recep
lor channel and provided evidence for reversible non-NMOA allosteric polentiation
1149]. Recently. the binding mode of aniracelam and olher noolropic agents such
as 13 (piraceI3m) at the AMPA allosteric binding site was reponed [[50]. A more
potent AMPA modulator. 14 (cyclothiazide). caused glutanmte to induce long bursts
of channel openings and greatly increased lhe number of repe:ned openings ill
[0 ~IM [1511. These early modulators were usefullOO[S for evaluating the AMPA
receptor in vitro. bUl were less useful in vivo due 10 poor phannacokinetic (PK)
properties and limiled br.tin exposure (animcetam is rapidly metabolized 10 anisoyl
y-aminobutyric acid and cyclothi:lzide docs not cross the blood-brain barrier).
Effons to improve br.tin penetration and metabolic slabilily [cd 10 the discovery
of IS (I·BCP) 1152] and 16 (BOP-12 or CX 516) [1531. both of which wcre shown
10 improve perfonlHlllce in memory task experimenls. The in vivo errecls of Ihese
compounds in rodents as well as an inilial hunHUl study with CX5 [6 showing
improved memory in aged individuals have been reviewed 1[43[. Recent updates
10 the clinical assessment of CX 516 reponed lhat it failed to improve delayed
verb:l[ rec:III in :1 group of subjects wilh mild cognitive impaimlent. ilnd did nOl
improve cognition in schizophrenic p•.'lIients when added to lhe antipsychotic drugs
clozapine. olanzapine. or risperidone 11541. However. CX 516 is a [ow polency
agent (ECjo > I mM) with a shon human half-life (T'n = I h); hence. il is unlikely
lhat even the selected high dose (900 mg. three times daily) provided adequalc
exposure. Low polency lhiazidc.~ such as 17 (diazoxide) require 100-500 ~IM

concentr:ltions to stimulate AMPA receptors. which are levels :llso known 10 bind
10 potnssiu111 channels 11551. Saturalion of lhe C=N bond of 17 led 10 a threefold
increase in potency (compound IS. lORA 2[). Subsequent struclure-activity rein
lionships (SAR) developed around lORA 2 [ led to the observation that ethyl
substitution at the 5'-position gave a 30-fo[d improvement in affinity (ECsu =
22 ~IM). and the N-ethyl analog. 19. gave a posilive erfect in an object recognition
lcst in rats demonStraling cognition enhancing polclIlial [156. 157[. In efforts 10

improve melabolic stability. nuorination of lhis ethyl group by a single tluorillc
atom did not affect potency. but led to unexpected loxicity 1158]. whereas addition
of multiple tluorine atoms Jed to decreased potency. A pyridy[ llnalog of 19 (20)
wa~ illso active in lhe object recognition test as well as:l WI social recognilion lest
10.3 mg/kg. intraperitoneally (i.p.)1 (1591. Tying lhe N-ethyl group onlO the thin
diazine ring (21. S 18986) selectively improved aged mouse perfomlance in a leSl
of [ong-lenn/declarative memory Ilexibility and exened a beneficial effecl in a
shon-teml/working memory lestll60l. In effons 10 undersland the binding mode of
lhe thiazide series. a crystal struclure of the allosteric binding site of G[uR2 bound
10 a set of thiazide derivatives was recently reported and revealed thaI these
compounds maintain a hydrogen bond wilh the Ser754 hydroxyl. supporling a
partial selectivity for the nip variant of the AMPA receptor [1611. The inleT:lction
of the NH hydrogen bond donor in the 4-position of cyclothiazide appears to be a
major detenninnnt of the receptor desensilizalion kinetics r162].

Further SAR developmelll around these early modulalors led 10 novel su[fona
mides with improved potency. Compound 22 (PEPA). a tlop-preferring allosteric
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modulator of AMPA receptor desensitization. was repol1cd 10 be greater lhan 100
fold more potent than animcclam [1631. Funhcnnorc, the biaryl sulfonamide 2J
was shown to be greater than lOO-fold more potent than cyclolhiazide 11641. A
binding mode a\ the dimer interface of the GluR2/4 receptor for the biarylsul fona
mide dnss of compounds has been proposed based on docking, anulysis of hydro
gen bonding patterns. and calculated energies [165J. The bis-sulfonamide 24
(lY45 I395) was evaluated in :1 phase [] AD clinical trial. but unfortunately did
nOI show 11 significant improvement on the AD Assessment Scale - Cognitive
Subscale 1166J. However. toxicological issues prevented c1iniclll evaluation ltl the
maximum tolen.ted dose. and it is unclear whether sufficient exposure was achieved
to test the hypothesis. Altemalive chemical lcad mallcr unrclillcd 10 lhe lhiazides
and sulfonamides was discovered from a high-throughpul screen (I..JTS) using
human cloned h01l10111Cric AMPA receptors. and led to lhe discovery of lhiophcnc
2S [1671. and its pyrole analog 261168J.

In 2001. Nikam and Kornberg reviewed the $AR ;md proposed pharm<lcophore
models for AM PA receptor antagonists ;lIld negative allosteric modul;lIors (NAMs)
11691. From a stnlctural point of view. AMPA ant<lgonists were divided into three
classes. (;1) TIle first class are closely related analogs of AMPA and kainic acid that
arc amino acids with genemlly poor physicochemical properties, making bioavail
ability and bmin penetmtion difficult to achieve. (b) The decahydroisoquinoJincs (c.
g .. 27; Fig. 4) are also amino acids with poor physical properties. For the interested
reader. molecular modeling infomlatiol1 is ;lvailable th;lt suggests where lhe c;lr
boxy lie acid. amino group. and tetrazole bind;1I the receptor for lhis series 11701. (c)
The quinoxaline-2.3-diones. represented by 28 (CNQX). 29 (NBQX) and .'0
(PNQX). generally have selectivity issues versus the NMDA-associaled glycine
binding site. but SAR exists to differentiate AMPA antagonism 1169). 11 is note
worthy that the pymzoloquinazolone 31 has shown high AMPA affinity (Ki =
100 11M) and is greater than 1.000-fold selective over the glycine site of the
NMDA receptor 1171 J.
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Noncompelitive AMPA receptor antagonists have the theorelical advantage
of coullIcracling excitOioxicily even m high glutamate concentrations, and show
less adverse side effects compared to competitive antagonists. Radioligand binding
assays [lnJ have aided in lhe identification of allosteric modulators of the AMPA
receptor. Reported NAMs have been derived from 2.3-benzodiazepines. starting
from 32 (GYKI 52466: IC~ = 2.7 ~lM: Fig. 5) [169J. Several closely related
analogs such as 33 (CFM-2) and J4 h:ld similar potency. and 34 noncompctitivcly
inhibitcd AMPA rcceplor-medimcd toxicilY in primllfY mousc hippocampal cul
tures (ICso = 1.6 ~M) and blocked kainme-induced calcium inilux in rat ccrebellar
gr,ll1ule cells (ICso = 6.4 ~M) [1731. Chir..tl analogs. 35 (LY300164. talampancl)
and 36 (LY30370). were also active in vivo [174 J. Moreover. talampancl signifi
cantly reduced seizures in humans 11751. and the more potent LY30370 was shown
10 be a powerful neuroprolective agenl in II model of AMPA receptor-mediated
excitoloxicity [174 J. Condensing the seven-membered fused ring of LY30370 10 II
1.2-dihydrophthalazine ring sySlem exemplified by 37 (SYM 2207) guve similar
AMPA potency (ICso = 1.8 ~tM) 11761. Replacement of the dioxolanc moicty of
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SYM 2207 with mClhoxy 38 (SYM 2189) was also equipotent. bUI had the added
benefit of reduced sedmive side effects 1177]. Other analogs such as Ihe IClmhy
droquilloJines 39 and 40 hold potencies comparable (0 lhal of lal:unpancl [ 178, 179].
For the interested reader. the ECSQS for anticonvulsant activity of a large SCi of 2.3
benzodiazepines. anneablled 2.3·benzodiazepines. 1.2·phlhalazines, and lctrahydroi.
soquinolines were tabulated and subjected to a QSAR analysis [1801. Also. Illuch
has been learned in recent years about how compounds bind to the AMPA receptor
binding domain. The structures of the binding domain ($ IS2) of the GluR3 (flip)
AMPA receptor subunit bound [0 glutamate and AMPA and the GluR2 (flop)
subunit bound to glutamale were dctcnnined by X-ray cryslllllography 1[8 [ ).

4 Melabolropic Glulamale Receptors

4./ Metabotropic Glutamate Receptor lJiology

The meilibolropic glLlIlllnate receptors (mO[uRs) are a family of G-protein-coup[ed
rcceplOrs, which modulate cxcitatory and inhibilOry ncurolnlllsmission. both pre
and postsynaplielllly. This class of reecplors eonsisls of eighl members, which arc
grouped based on sequence homology. ligand binding. and G-protein coupling
specificity. The group I receplors (mG[uR I and mG[uR5) signal through Gq
lind activate lhe phospholip.1se C palhwlly. leading 10 increases in intnlcellul;u
calcium and aClivation of protein kinase C [182. [831. These receptors arc prefer.
entially localized postsynaplically in neurons. They are also expressed in glial cells.
a[lhough lheir funclion here is less well studied [184J. Group II receptors (mG[uR2
and mG[uR3) couple to GiIGo. signal through the inhibilion of adellylatc cyclase.
and are typically localized presynaplically 1[85J. Group IH receptors (mGluR4, 6.
7, and 8) also couple with OiIGo and signal through inhibition of adenyl ate cyclase.
Like group II. these reccplors are also generally located presynaptically. whcre they
modulate ion channel aClivity and neurolransmitter rclease 1186, 187].

Generally the mGluRs playa ncuromodulatory rotc. serving to either reduce or
potentiate synaptic transmission. For this reason, mGluRs have received a great
deal of allention as dmg targets in the treatment of neurodegenerlllive diseases.
In AD. some of the key modulatory functions of mGluRs may be disnJpted,
potentially as a direct consequence of All peptide expression. In cultured prefrontal
conical neurons. activation of group U mGluRs will potentiate NMDA funclion.
and mGluR5 agonists will increase GABA transmission. In both of these cases,
mGluR signaling is known to occur via the enzyme PKC, and following application
of the Ap peptide. the potentiating effects of these receptors is abolished. It has
been suggested that this Ap-mediated inhibition is likely to occur through blockade
of PKC aClivation [361. These effects on mGluR signaling are potcntially quitc
significant. since GABA and NMDA neurotransmission are both critically involved
in lhe nonnal cognitive function of prefrontal neurons fl88. 189J. and this
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mechanism may panly explain how A~ can contribule to cognilive decline in AD.
Additional evidence comes from studies showing that group I mGluR signaling
is impaired in prefrontal brain regions in AD and deteriorates as lhe disease
progresses [190J. Ahhough postsynnplic signaling appeurs to be impaired in AD.
other studies have shown th:ll a presyn"ptic dysfunction also may exist. It has been
shown thut introduclion of the Ap peptide into hippocarnpal sl ice preparations can
letld to 11 strong down regulation of lhe synnptic vesicle protein synaptophysin [ 191].
Funhennore. in both 1mimal models lmd postmonem AD brains. downregul<ltion of
key signaling enzymes like calcineurin 11921 and decreased expression of synupto
physin are consiSlent with presynaptic dysfunction 1126. 193. 194]. In addition.
synaptic vesicle recycling and tmnSmiller release appear 10 be negatively impacted
by Ap produccd by mouse neurons overexpressing hAPP 11321. Taken togcther. the
above data suggest that in AD there are fundamentnl deficits in presynaplic structure
and function. and IIlat mGluR signaling may also be impaired. In light of these
observations. llpproaches to enhance nerve tenninlll function through moduJ:uion or
mGluRs mllY represent a viable therapeutic slrategy.

In the case of the group I receptors. activation is genemlly associated with
increased neuronal excitability. and antagonists of rnGluR 1 and mGluR5 willtypi
cally 11llenUlIle neuron111 llCtivity [195. 196]. Since group I agonisls potentiate
glutamatcrgic signaling. it is not surprising lhat thcy elm enhance the potency of
NMDA-induced cell toxicity [197. 1981. Conversely. as mightl~ predicted, block
ade of group I receptors lends to be ncuroproteclive. and antagonists of these
receptors have been shown to reduce neuronal delllh in vitro in response to a variety
of toxic stimuli 1199. 200]. Antagonisls of mGluRl have also been shown to be
ncuroprotective in in vivo models of acute neuronal damllge including traumatic
bf'ilin injury and cerebml ischemia [199.201. 202[. Treatment with an mGluRJ
antagonist has been shown to improve recovery in a spinal cord injury model,
although this was not seen wilh blockade of mGluR5. showing lhat in some cases
lhe two group I receptors serve different functions [203]. In facl. in contrast to the
neuroprotective role seen with mGluR I llntagonisls. il is mGluR5 1lgonisls lhat have
been shown to prOlect cultured neurons from apoptolic slimuli 1204, 2051. mGluRS
is also expressed in glial cells and seems to play key roles in rcgulllling thcir
activity. For insllInce. slimullllion of mGluR5 results in PKC activation lllld an
anenualion of microglial activation and innaml1lation [206[. In a similar fashion.
mGluR5 agonisls have been shown to reduce cell death in astrocyte-neuron cocul
tures 12071. as well as excitotoxicity in o1i£odendrocyles L208].

Group I mGluRs are widely expressed throu£hoUlthe basal ganglia. where lhey
playa modulatory function by counteracting the effects of dopamine and potent iat
ing NMDA activity in striatal neurons [209-211]. Thus. antagonists at these
receptors would be expected to al1enuate the hyperactivity characteristic of the
PO striatum. and 10 have anliparkinsonian effects. Consislent with this. the mGluR5
NAM MPEP (compound 79. Fig. 10) has shown efficacy in treating the akinesia
observed in PO animal models including halopcridol- and 6-0HOA-treatcd rats
1212-214J. Interestingly. mGluR5 has been shown to work synergistically with
other receptors with which it is cocxpressed. For instance. at submaximal doses,
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MPEP coadministcred with an A2a antagonist will reverse the molor symptoms in
a 6-0HDA-lrcaled rat 1215. 2161. It has been shown Ihm mOluRS and A2:l arc
coexpressed in D2-collt:tining MSNs. and it h:ls more reccntly been demonstrated
lhal Ihey can physically associate. providing a mechanistic explanation for the
intcmclion of drugs modulating these two largets 1217-220). In a similar fashion,
negative 111oduhllion of mOluRS by MPEP can potentiate the effects of NMDA
receptor blockade. In the 6-0HDA model. motor function was improved by I,;Olrelll

men! with MPEP lllld a low dose of the nonselective NMDA anlllganisl MK801
12211. By lowering the minimum effective dose of MK801. MPEr mlly allow
for the beneficial effects of NMDA blockade. while avoiding somc of thc undesir
ablc side cffects. Additional studies have sought to funher localize the sites at
which mGluR5 receptors may modulate basal ganglia function. Direct infusion
of mGluR5 agonists into the striatum causes activation of ncurons in the indircct
pathway and a reduction in motor function (222. 223J. Funhennore. antngonism of
mGluR5 with MPEP reduces activity at the striatopallidal synapse 12241. :md group
I "gonists excite $TN and $Nr neurons in brain slices trcated with haloperidol.
These results nre consistent with mGluR5 blockade reducing hyperactivity of
neurons in the indirect pathway. and provide a rationale for their potential efficacy
in treating motor symptoms in PO p:ltients [225J. Interestingly. mGluR5 antago
nists may also have beneficial effects in treating the 110nmotor symptoms of PD.
including cognitive and psychiatric symptoms. MPEP delllonstmted efficacy in
reversing a cognitive impainnent in a 6-OHDA-lesioned mouse model 1226.2271.
In addition. there have been a number of studies in which effic:lcy has been
demonstrated for MPEP in animal models of depression and anxiety 1227. 228J.
These resulls indicate Ihat mGluR5 antagonists may have the potent in I to treat
a range of motor and nonmotor symptoms in this disease.

Studies have shown that mGluR5 receptors are upregulated in MPTP-treated
primates following chronic lre:ument with I.-DOPA, suggesting that activation of
mGluR5 lllay also be involved in side effects associ:ued with this treatment 1229].
This suggests the exciting possibility that mGluR5 antagonism may also be used to
treat I.-DOrA-induced dyskinesias. In suppon of this. treatment of 6-0HDA
lesioned rats. following chronic I.-DOPA. with an mGluR5 ant:lgonisl. allenuated
the I.-DOPA-induced side effects 1230_ 231]. Thcse data suggest thilt in addition to
the potcntial benefits of mGuR5 antagonists in treating PO symptoms. they lllliy be
an effective adjunct when co:tdministered with l.-DOPA therapy.

MGluR5 receptors have also been investigated as potelllialtherapeutic targets
in HD. Given the hyperglutamatergic stale believed to playa role in this disease.
blockade of postsynaptic mGluR5 receptors lllay provide neuroprotection against
excitotoxic injury. This was explicitly tested in the R6/2 model of HD. which
expresses the N-terminal polyQ region of the HII protein. This is an aggressive
disease model. with motoric symptoms apparent by 2 months. and death typically
occurring before 4 months of age. In R6I2 mice treated with MPEP. an improve
ment in motor coordination. a<; measured by rOlOrod perfommncc, was evident.
In addition. MPEP-treated animals survived approximately 2 weeks longer than
vehicle-treated cOlllrols 12321.
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The group II and III receptors are predomin.mlly presynaptic and serve to

regul:ue lhe release of neuroll1mSmillers at the synaplic tcnninal. and <lrc panicll
larly impon,lllt for Ihe regulation of glulamate release [233 J. Agonisls thaI slimulate
group 11 and III mGluRs have been the focus of recenl research, and such com
pounds have been demonSlrJ.led 10 be neuroprolective in a number of in vilro and
in vivo parJ.digms.

The group II mGluRs have also becn extensively siudied in the contexl of baslll
ganglia function lmd lIppe.lr to be involvcd in regulating some of the key circuits
lhal are dysfunctiomll in PD. II has been shown thai aClivlllion of presynaptic group
II receptors reduccs excit:ltory lr..msmission al the $TN-SNr synapse, suggesling
thai agonists at these receplors may provide symptomatic benefit [234, 235J. In
supporl of lhis. mGluR2 agonists have been shown to improve motor function in
haloperidol- 12341 lind reserpine-treated rats 12361. However, somewhat surpris
ingly, aCtivalion of mGluR2 receptors does not show a similar benefit in lllore
chronic I'D models [2371. This rJ.ises some questions aboUI whelhcr aClivntiOIl or
mGluR2 receplors will be effective in the disellse stale, which is presumed 10 be
more closely rel:lled to chronic. mlher lh:m acute models of dopamine depletion.
However. although the responsiveness of mGluR2 receplors 10 activation al Ihe
STN-SNr synapse may be allenuated in lhe PD bmin. lhese receptors are expressed
in other basal ganglia circuits where their regulation may differ. Consislcnt with
this possibility. Ihe efficacy of an mGluR2 agonisl at reducing transmission allhe
conicostriatal synapse is actually increll~d in rats treated with 6-0HDA. lll1d this
effect is losl following L-DOPA trealmentl2381. This result argues thlll in conlrnSI
10 lhe STN-SNr synapse. mGluR2 receplor responsiveness 10 lIgonism may actu
ally be enhanced at conic:11 lenninals wilhin lhe dopamine·depleted striatum.

In a similar fashion to whal has been described for group II receptors, lreatment
of ral brain slices wilh Ihe group III selective agonist. L-AP4. is associated with
reduced activity al both the slriatopallidal and the STN-SNr synllpse [239-2411.
The 'lbility of group III receptor activation to reduce indirect palhway activity is
also observed in vivo, with L-A P4 treatment of both acute and chronic PD animal
models, leilding to an improvement in motor funClion 1240. 2421. Funhcr suppon
for the site of action of group III ilgonists comes from studies showing thM dircct
infusion of L-AP4 into thc pallidum allenuales motor symptoms in reserpine·
lreated rodenls [2421. The above effects of L-AP4 were lost in a mGluR4 KO
mouse. strongly implicating this receptor subtype in mediating the effects of lhis
drug 1240].

4.2 Metabotropic Glutamate Receptor Modulators

Both agonists and antagonists of groups I, U. and IJl mGluRs were thoroughly
reviewed by Schoepp et al. in 199912431. and in the same year Pin etlli. reviewed
lhe structural features of the mGluR-binding site along with phannacophore
models of the mGluRs [244 J. Competitive mGluR ligands have hislorically been
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amino acid analogs derived from glulmmuc. where eilher (a) the confonnalion was
fixed through mono-or bicyclic ring structures, (b) the linker between the two acid
moieties was varied. (e) Subsliluenls were inserted into the glut'lInie acid structure,
or (d) one of lhe acid groups were replaced with a bioisostere. These an;llogs h;lvC
gencJ':IlIy displayed poor selectivity between the mGluRs and have shown poor
eNS exposure. The poor selectivity can be attributed to the high degree of sequence
homology in the agonist-binding sile between mGluRs.:md especially among those
receptOTS within lhe same group. Amino di-acids (or acid isosteres). present in
nellfly all of lhe mGluR competitive agonisis and antagonists. arc generally poor
subSlmles for penetr.1l ion across the blood-brain barrier (unlcss lransporter llssisted.
but designing this inlo a lllolecule is not very well understood).

Allostcric modulators bind to a site on the reccptor other than lhe glu1llmalc
binding site. which greatly increases 1he possibilities for identifying subtype selec
tive agenls. In addition. they are typically not capable of activating a reccp10r on
their own and will only potentiate the effects of a directllgonist like glutam:ue. For
this reason. they tend to potentiate nonnal or physiologiclll receplor function. llnd
thus might be expected to have a better safety profile. nle discovery of allosteric
modulators of the mGluRs has provided lead chemical structures withoutlhe amino
di-acid functionality and with physicochemic:ll propenies suitable for brllin pene
tration. This section wilt touch upon some of the recent advances of mnino acid
deriv:ltives. but the main focus will be on negative and positive allos1cric modula
tors of the mGluRs. It should be noted tha11lluch of thc curren1 literature on mGhlR
modulators has been focused on psychosis. anxiety. and pain. The inclusiOIl of
in vivo animal model data penaining to these diseases is intended as a means for the
medicinal chemist to ascenain compound exposure. brain pcnelmtion. and an
in vivo phannacological response from the corresponding mechanism.

4.2.1 mGluR I

The early noncompetitive modulators of mGluR I have been reviewed [245]. The
first reported mGluRI NAMs wcre the oxime ethyl ester 41 f(+!-)-CPCCOEt;
hmGluRlb. 1C.so = 1.5 ~IMI and its phenyl amide analog 42 (PI-ICCC) (Fig. 6).
shown to inhibit receptor signaling without affecting glutamate binding 12461. Thc
interaction site of 41 on mGluRI was initially discovered. using chimeric human
mGluRI (hmGluRI) and hmGluR5 receptors and site-directed mutagenesis. to be
located in the transmembrane (TM) domain of hmGluR Ib. Subsequent studies with
the more active (-)-CPCCOEt isomer used lllolecular modeling based on the
ct.-carbon template of the TM helices of bovine rhodopsin 10 suggest a more precise
binding mode [247]. Compound 43 (BA Y36-7620). structurally dissimilar to 41,
and a much more potent mt mGluRI (nnGluRI) NAM (IC50 = 160 nM). was
shown to be neuroprotective in a mt acute subdural hematoma model [40-50%
efficacy at 0.01 and 0.03 mg/kglh. intravenously (i.v.)] and prolected against
pentylenctctrazole~induced convulsions in the mouse (MED = 10 mg/kg. i.v.)
1248. 249J. Perhaps due to its high lipophilicity. generally leading 10 poor
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phannacokinelics. BA Y36-7620 displayed low receplOr occupancy in the ral brain
when dosed at 10 mg/kg. subcutaneously (s.c.) 12501. NOIewonhy with respect to
achieving adequate eNS e:\posure for the mGluR I NAMs is the potential differ
ences between the rat and human allosteric binding sites of the receptor. Compound
44 (EM-TBPe). yet another structurally unique mGluR I NAM, was shown to be
potent against mlGluRI (ECso = 130 nM) but weak against hmGluRI. Site
directed mutagenesis ha.<; located the key amino acid residues of mGluR I that
differentiate the allosteric binding sites between the two species [2511.
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In efforts to obtain novel chemical m:utcr. Micheli el al. noted the 3-5 bond
distance spacing between the two c:\rboxyJic acid groups within reported mGluR 1
antagonists. and used this infonmllion to do a similarity search of their compound
collection to provide pyrrole 45 (011GluR la. Ie$(! = 15.8 nM) 12521. Pyrrole 45 WllS

oflllly aClive in both the early and laIc phases of the fonnalin lest in mice IED5u =
0.3 mg/kg. omlly (1'.0.)1. Other efforts to identify novel chemical mailer led [0
quinoline 46 (JNJI625%85: mlGluRI leso = 3 nM. hmGluRl IC!!o = 0.55 nM),
which was shown to have high receptor occupancy in nil brain when dosed s.c.. but
low oral bioavailabilit)' (1%) in rats precluded oml administration 12531. The SAR
of this quinoline series WliS further evaluated via a 3D-QSAR model from a
eompamtive molecular field analysis of 45 analogs 12541. With the binding mode
becoming beller understood. many researchers have tumed to in silico modeling 10

guidc SAR development. For example. using a set of known mGluRI NAMs, a
phannllcophore hypothesis was proposed and subsequent virtual screcning led
to the adamantyl coumarine 47 (mlGluRI Ie5/) = 60 nM) 12551 and the hydro
quinolinone 48 (nnGluR I ICso = 78 nM: nnGluR5 ICso = 49 ~IM) [2561.

Effons to identify potent mGluRI NAMs with desirable PK properties led 10

the discovery ofpymzolopyrimidinone 49 with moderate hmGluR I activity (ICso =
127 nM). but with high oral bio:lvllilability (100%) and a moderate half-life (TIn. =
1.5 h) 12571. Brain exposure was not provided. but one may SPCCUl:llc that thc
sulfonamide NH2 might prohibit 49 from crossing the blood-brain barrier. Pyrimi
dinone 50 (hmGluR I ICso = 2.9 nM) was active in a rat pain model (ED5(J =
5.1 11lg/kg, p.o.) [2581. and a 3D-QSAR analysis of this triazof1uorenone series has
been reponed 12591. Another compound derived from a HTS is Ihe aryllriazole 51.
which was considered 10 be a balanced lead based on potency (hmGluR I ICso =
5.8 nM. mouse rnGluRI ICso = 3.1 nM). lipophilicity (log D = 2.1), solubililY
(> 170 ~IM). and metabolic stability, and was active in a mOllse pain model at
30mg/kg, 1'.0.12601. However, 51 had a short mt half-life. high clearance, and low
oral bioavailability. Subsequent SAR development to improve the PK led 10 i50
indolinone 52 (hmGluR I ICso = 4.3 nM, mlGluR I ICso = 3.6 nM) with improved
rat oral bioavailability (46%). half-life (1'10. = 0.7 h). and clearance (Clp = 20 mil
min/kg) 12611. Oral administration at I mglkg provided total bruin exposures of
0.45 nmol/g and resulted in an antipsychotic~like effect in a rat prepulse inhibition
(1'1'1) assay. A series of aryl thiazoles was also derived from the above HTS effort.
and SAR development led to compound 53 with a similar phamlacological and
phannacokinetic profile as 52 - aClive in a 1'1'1 disruption model (MED 1.0 mg/kg,
p.o.) and a mouse hyperlocomOlion model (MED = 0.3 mg/kg. p.o.) 12621.

4.2,2 mGluR2 and 3

The best characterized mGluR2/3 agonist is S4 (lY354740: hmGluR2 K; = 75 nM,
hmGluR3 K; = 93 nM). a bicyclic confonnalionally constrained analog of glutam ic
acid (Fig. 7). Early reports of lY354740 showed similar efficacy to diazepam in
multiple anxiety models. but without the undesirable side effects associated with



GlulUIllUle and Neurodegener.llive Oisease "'
54. LY354740 (X = CH2) ~'t~H20
55. LY379368 (X. 0) HO ; H OH
56. LY389795 (X = S) F'" "
57. LY404039 (X .. 502) H H

~
O~H20

; H OH
HO

H

60

Fig. 7 mGluR213 agonisls

p!
0~H' 0

HO . H
OH

H

61

58

o NH2

HO~OH
,.' H

62

59

diazepam (e.g.. sedation. deficits in neuromuscul:lr coordinalion, inleraction wilh
CNS depressams. memory impaimlent) 1263. 264]. LY354740 and lhe closely
related more potenl analogs. 55 (LY379368: hmGluR2 K, = 14 nM. hmGluR3
Ki = 5.8 nM) and 56 (LY389795: hmGluR2 K, = 41 nM, hmGlllR3 Ki =5 nM), are
believed to cross lhe blood-brain bilrrier :md block seizures induced by group I
mGluR activation in mice 12651. In addition. these :malogs were shown 10 have
analgesic effects in a variety of pain models in thc mI. but lhe animals buill up a
lolemnce to the effect after 4 days of once-daily dosing [266]. Oxidlllion of the
sulfur lIlom in LY389795 to its corresponding sulfone led to 57 (LY404039) Wilh
polency similar to LY354740 (hmGluR2 Ki = 149 nM. hmGluR3 K; = 92 nM)
1267]. In vitro. LY404039 suppressed electrically evoked excitalory activity in ral
slriatal slices and serolonin-induced L-gilltmnale release in rat prefrontal cortex.
suggesting thaI it modulates glUlamatergic activity in the limbic and forebrain
regions of the brain 12681. LY404039 was also ilclive in vivo. blocking PCP-evoked
ambulations in rat 12671. In humans, there is evidence Ihm mGluR2/3 llgonists
mighl playa role in trellting working memory impainnent related to deficits in
NMDA receptor function. as LY354740 (100 and 400 mg) produced 11 significant
dose~rclated improvement in working memory (19 healthy subjects) during kelll
mine infusion [269]. Since LY354740 was shown to have low systemic aVllilabilily
due to poor intestinal penneability. an N-Iinked alanyl prodrllg (LY544344) was
developed that dramatically improved the bioavailability in rats and dogs 1270].
Subsequently. LY2140023. a prodrug of LY404039. was reponed 10 be aClive in a
phase Ub clinical trial against the positive and negative symploms of schizophrenia
1271). Other effons to improve the bioavailability of LY354740 led to the closely
related fluorinated analog, 58, which was shown to have similar mGluR2/3 binding
potencies. but improved oral activity in PCP-induced hyperactivity (ED50 =
5.1 mg/kg) lind head-weaving behavioml (EDso =0.26 mglkg) models f272].
Another fluorinaled analog. 59. was shown to be a very potent mGluR2/3 agonist
(Ki's = 0.57 and 2.1 nM. respectively). Dosed orally. 59 was extremely potenl
in lhe lIforementioned PCP-induced hyperactivity (ED50 =0.30 mglkg) and
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head-weaving (EDj() = 0.090 mg/kg) models. Placement of II methyl group around
the 3- and 4-posilions of LY354740 reduced Ihe mGluR2/3 binding affinities 2-13
fold (compounds 60, 61 and 62), but interestingly. 60 was found to have mGluR2/3
anlagonist properties. 61 was a full agonist at both receptors, and 62 WllS an
mGluR2 agonisl/mGluR3 an.agonist [2731. Selectivity for only rnGluR2 or
mGluR3 agonist activity has been difficult to achieve. and this was the first report
of an mGluR2 ,Igonisl devoid of mGluR3 ligonisl llClivity.

An alternative strategy for obtaining chemicallclld mailer selective for mGluR2
has been through llirgeting an mGluR2 allosteric binding sileo Early chemistry
efforts in this area were reviewed by Rudd and MCC:lllley [274]. and most reccntly
by Fraley. who also includcd a revicw of the patent activity :Irotllld mGluR2
modulators 1275]. For a lllore detailed review of the chemistry in this area. the
reader is directed to these reviews. The first reported example of a selective
mGluR2 PAM was the sulfonamide 63 (LY487379). discovered through an HTS
screen and found to potcntiate glutamate agonism. shifting its potcncy by twofold
(EC~o = 270 nM) (Fig. 8) [2761. Compound 63 did not potentiatc a chimcric
mGluR2/1 receptor (prepared by fusing Ihe glutamate site containing the mnino
tenninal region of the mGluR2 receptor to the transmembrane domain ofthc mGlu I
receptor). demonslr.l1ing thm it did not bind to the agonist-binding site. but rathcr to
the transmcmbrane region of mGluR2. Compound 63 demonstrated llc!ivity in :1
rodcntmodel of anxiety (3 mg/kg. i.p.). which could be blocked with an mGluR2/3
antagonist con/inning the selectivity of this compound. A structurally distinct
chemical lead. 64 (LY487379: EC.50 = 1.700 nM. 52% potentiation). was also
derived from an HTS hi! and was found to have improved l)Qtency compared to 63
in an hmGlu2 GTPyS functional assay (EC,o = 93 nM. 128% potentiation) 1277].
A similar analog. 65. although not brain penetrable. was shown 10 inhibit both
ketamine-evoked norepinephrine release and hyperactivity in rats when dosed
intracerebrovemricul'lrly (i.e.v.) 12781. The carboxylic acid analog 66 (EC~() =
33 nM) showed activity at 32 mg/kg. Lp.. in a variety of antipsychotic and .mxio

lytic models in lhe mouse 1279J. In efforts 10 improve brain penetration. the acidic
moiety within compounds 64-66 was removed to provide analogs such as pyridine
67 with modest potency (EC.50 = 340 nM. 33% potentiation). Pyridine 67 had low
oral bioavailabilily (3%). bUI i.p. administration (20 mgjkg) provided a brainl
plasma ratio of 1.2 and lotal brain exposure equal to 330 nM 12801. Although the
total brain concentrations were near the mGluR2 EC,o value. the unbound brain
concentration was not reponed making it difficult to imerpret the relevance of this
exposure. Subsequem effons around this series have been focused on improving

potency and brain penetration 1281-2841.
High-lhroughput screening by other groups has led to the aza-benzimidazole 68

(rmGluR2. EC.50 =64 nM) [285]. benzimidazole 69 (mGluR2. pEC~o= 6.9) [286],
and the cyclic carbamale 70 (mlGluR2. EC.50 = 30 nM) [287]. In the rat. 68 had
good oml bioavailability (79%) and low clearance (28 mllmin/kg): 69 had moderate
bioavailability (22%) and moderate clearance (32 ml/min/kg). as well as a brain
blood ratio of 1.3 with brain Cma~ of 32 nglg: and 70 had good oral bioavailabiJity
(64%). but high clearance (102 ml/min/kg). Compound 70 al1enu3ted
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methamphetamine-induced locomOlor activity in mice (MEO = 10 mg/kg, s.c.)
with a free brain exposure of 34 nM. similar to its mGluR2 EC~o value.

Although many of the eX:llnples of mGluR2 PAMs in the literature have been
centered on anxiety and psychosis models. given that this target is imimately tied to
the modulation of glutamate neurotransmission, we expect mGluR2 modulators to
also have broad application in the treatment of neurodegenerative diseases.

4.2,3 mGluR4

Positive allosteric modulators of mGluR4 and their role in PO have recently been
reviewed 1288. 2891. but compared to the enormous efforts around mGluRs I, 2.
and 5, relatively lillie ha.<; been reported about modulators ofmGluR4. The mGluR I
partial antagonist. 71 (PHCCC). was Ihe first reported robust mGluR4 PAM (EC~o
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= 4.1 ~M. 55·fold leftward shift of lhe glutamate dose-response curve) (Fig. 9)
1289. 29OJ. SAR development around the Slmcture of 71 led to the pyridyilitlulog
72 with improved mGluR4 polcncy IEeso = 380 nM. 121% of the Illllximal
glutamate response (GIll max)! and selectivity versus Olher mGluRs 1291]. A
slruclumlly diverse lead compound. 7J (ECso = 4.6 ~lM, 12-27-fold shift), had
the :ldv,ll1lage of having no H-bond donors. providing a higher probabil ity of gelling
across the blood-brain barrier 12921. Another mGluR4 PAM, cis-cyclohex311c
carboxylic acid 74 (ECso = 0.74 ~lM. 127% Glu max), although nOl brain penetra
ble. was shown to decrease haloperidol-induced catalepsy and reserpine-induced
akinesia in rats when administered i.c.v. 1293. 2941. Continued efforts to improve
brain uvailability led to the pyridine amides 75 (hmGluR4 EC~o = 240 nM. 182%
Glu max) and 76 (hmGluR4 EC5Q = 340 nM. 235% Glu max) 1295J. Although 75
and 76 had poor in vitro PK parameters. when dosed 10 mglkg. Lp. in the rat they
provided -6 11M total brain concemr•.l\ions of drug (fraction unbound in brain was
not reponed). Future directions for mGluR4 mcxlul:llOrs are focused on improving
potency. selectivity. PK, and bmin penetnuion.

4.2.4 mGluR5

Since orthosteric antagonists of mGluR5 with desirable drug-like properties have
been difficult to achieve, many researchers have turned to allosteric modulation of
the receptor. Through the use of high--eupacity functional assays based on recom
binantly expressed mGluR subtypes. the first subtype selective mGluR5 antagonists
(77,518·1757 and 78. 518-1893) were identified (Fig. 10) P96J. Subsequent SAR
development around these leads led 10 the discovery of the diaryl alkyne. 79
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(MPEP). a potent (hmGluR5a IC~= 36 nM) subtype selective lllGluR5 anlllgonisl
with good brain penetration [2971. As previously slated. MPEP has been a useful
tool compound for exploration of the in vivo effects associated with mGluR5
blockade. Several mGluR5 AMs hllve entered into clinical trials. Comrlound 80
(ADX.IOO59) is an analog of MPEP Ihal has been in phase II trials for several
indications. This compound was not effective in a 50-palient trial for reduction of
moderately severe dental lmxicly. but did show positive results in patients with
gastroesophageal rellux disease and in p:uicms with migminc. However. the effie:.
cious eNS exposure of AOX-IOO59 used [0 Ircallhese diseases was nOI determined
and safelY issues forced the discontinualion of the development of ADX-lOO59
for chronic indications 12981. A Struclurally distinctmGluR5 NAM. 81 (fcnobam),
wus discovered in the 1970s :IS a non·benzodiazepine with in vivo anxiolytic
ilctivity 12991. and is currently under clinical developmenl for fragile X syndrome.
Subsequent medici nul chemistry efforts around lhe structure of fenobmn seeking to
improve potency have not been sllccessful l3ooJ. Even subtle chuJlges such as
replacement of the phenyl group with 3·thienyl (82. ICjo = 434 nM) led 10 a
tenfold decrease in functional aClivity 1301 J. In efforts to relale CNS exposure
with in vivo efficacy for mGluR5 NAMs. MPEP and some of its closely related
an,llogs le.g.. 83 (MTEP)I were successfully radiolabeled <IIC or IllF) and used for
PET imaging in monkeys 13021. More recently. the radio tmcer IIC·ABP_688 W:lS

evaluated in mts. mice, and humans and showed high levels of uptake in the
hippocampus. striatum, and cortex 1303-3051. IIC_ASP_688 is suggested to be a
suitable PET ligand for imaging mGluR5 distribution in humans. Future use of
mGluR5 PET ligands in receptor occupancy studies will help 10 guide dose
selection for clinical proof of concept studies.

The enomlOUS amount of SAR development around the structure of MPEP.
including rational drug design to replace the potentially toxic alkyne moiety, as
well as the discovery of non-MPEP-b..1sed mGluR5 NAMs have been extensively
reviewed 1306-3091. Noteworthy are the findings thllt small changes to the structure
of mGluR5 modulators can have significant effects on the phannacology. For
example. 84 5MPEP. the 5~methylpyridyl analog of MPEP. was shown to be a
neutral allosteric ligand as it binds to Ihe MPEP-binding sile. but docs not lead to ,I

functional response 13101. Olher closely related 5-mclhylpyridylnnalogs (85 and
86) were reported 10 be partial anlagonists of mGluR5. It was also discovered that
small substituent changes around the phenyl group on the 5-phenylethynylpyrimi
dine scaffold yielded compounds with distinct profiles ranging from partial antago
nislS (87. R = H. ICj() = 480 nM), to full antagonists (88. R = 3·methyl, IC:;o =
7 nM) to PAMs (89. EC:;o = 3.3 J.lM) 1311. 3121. Tool compounds with diverse
lllGluR5 phamlacology may prove to be useful as it is unclear whether full or partial
mGluR5 antagonists are necessary to achieve clinical efficacy with an adequate
therapeutic window.

New compounds derived from MPEP and MTEP are numerous. and the SAR
directions can be generally divided into three strategies: (a) variation of the aryl
groups and their substituents. (b) replacement of the alkyne linker. and (c) fusion of
the alkyne linker to one of the two aryl groups. Much of this work has been reponed
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in medicinal chemislfy communications. and highlights of those repons are sum
marized here. A significant advancement in SAR W:1S realized when the 3-cyano
an:llog of MTEP (90) was found to improve functional activity by 49O-fold 1313].
Substilution at the 3- or 4-position of the phenyl ring of MPEP with an additional
aryl group did not offer polency advantages and substanlially increased 11101ecul;lr
weight. Replacemenl of the methylpyridine group of MPEP with 1llelhyhriazines
(91. ICso =2.3 nM) [314 J and methyl pyrolopyrazines (92. ICjo = 1.3 nM: 93. ICso
= 0.40 nM) led to novel analogs with polent functional activity 13151. Replaccmcnt
of lhe alkync moiety of MPEP wilh lelrazole led 10 94 (mGlu5 Ca2+ flux ICjo =
4 nM) with good rat brain penetnltion (total bmin cone. = 2.4 ~IM. 3 mg/kg. Lp.)
and excellent receptor occupancy (ED.so = 1.3 mg/kg. Lp.) 1316]. Elongming Ihe
alkyne linker of MPEP led 10 I-butyne 95 (ICj() = 5 nM) and 3-oxypropyne 96
(ICw = 15 nM) 13171. Replacement or the alkyne with an <Imide linker led 10
compounds 97 (IC50 = 5.3 ~IM). 98 (ICjo = 160 nM). and 99 (ICso = 60 nM). the
laller being designed with the assistance of SlruClUml overlays with fenob:un 1318.
3191. Compound 100 (ICso = 25 nM) with a unique aminothiazole amide linker
replacement was reponed to be active in:l Vogel model (MED = 3 mg/kg. p.o.). bUl
due 10 very high c1e:mmce it was speculated Ihalthe in vivo activily could be linked
10:1 reactive metabolite 13201. Tying lhe linker into the pyridine ring W:IS performed
concomilantly by twO different groups and led to quinolines 1(11 (K j = 110 nM) and
102 (ICso = 0.8 nM). bcn7.0thiazole 103 (K1 = 2.100 nM). pyridopyrimidine 104
(ICw = 1.2 nM). and naphthyridine 105 (ICso = 6.2 nM) [321-324]. Many of the
above analogs of MPEP and MTEP were shown to have uctivity in animal models
of anxiety. gnstroesophageal renux. and pain. Funhennore.the medicinal chemistry
goals around the follow-up of MPEP and MTEP are being realized: potcncy has
been improved. mGluR subtype selectivity retained. desirable PK and br•• in pene·
lration achieved. and the polentially toxic alkynyl group (via metabolic activation)
has been shown to be replaceable.

Structurally novel chemical leads have also becn identified through the use of
HTS screening. The tri-aryl analogs 106 and 107 were derived from an HTS hit and
were found 10 be potent mGluR5 NAMs (Ca2+ nux IC.so = 41 and 23 nM,
respectively) (Fig. II) 1325]. These compounds had high oral bioavailability and
showed good ral PK. but were not :lctive in a ratmodcl or anxiety. likely due to poor
receptor occupancy (33-52%. 10 mg/kg. i.p.). Compounds 108 (K; = I nM) and
109 (FLJPR IC.so = 80 nM). although derived from an HTS hit. have slruclllral
similarities to MPEP 1326. 3271. Three structurally unique mGluR5 NAMs (110.
III. and 112) were recently discovered 13281. SAR development around 112 was
interesting, in which small changes to the substituents around lhe fused bicycle
changed the phannacology from a full antagonist to an mGluR5 PAM (113. ECso =
7.6 J-lM. 73% Glu max). Finally. compound 114 (IC.so = 32 nM) was derived from
an HTS hit and was found to have a good PK profile in mts and to have robust
anxiolytic-like effects in seveml animal models of rear and anxiety [329]. It will be
interesting to sec how these new chemical leads influence the direct ion of medicinal
chemistry design in the mGluR5 area.
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Less anemian has been given 10 posilive allosteric modulmors of the mGluR5
receptor which have also been reviewed [3301. As discussed above. mGluR5
activa!ors may enhance NMDA function. Thus. based on the NMDA hypofunction
hypothesis of schizophrenia. mGluR5 PAMs may prove 10 playa role in treating
cognitive deficil... in this disorder. One of the first mGluR5 PAM leads was the
benzaldazines. represented by 115 (Fig. 12). These compounds were found 10 have
low micr01l101:u mGluR5 PAM 3ctivity. and similar to the MPEP series of mGluR5
NAMs. it was discovered [hM small changcs to thc substitucnts around cither of thc
phenyl rings could alter the allosteric modulator phannacology from positive to
negative to neutral. Notewonhy is the potential chemical reactivity (and potential
toxicity) of the azine functionality rendering it less allractive as a lead structure.
Effons to find allemative lead mailer has led to the discovery of the diphellyl
pyrazole 116 (hmGluRS EC~ = 10 nM. fourfold potentiation; mlGluRS EC:;o =
20 nM. 4.3-fold potentiation) [331}. Compound 116 reversed amphetamine
induced disruption of PPI in a dose-responsive manner (3. 10. and 30 mg/kg,
s.c.). However. when this compound was evaluated in a rat cognition model, an
invened U-shapcd dose curve was observed. with lower doses improving recogni
tion and higher doses having no effect [332J. Both liS and 116 have been shown
to bind at the same allosteric binding site as MPEP. Another mGluRS PAM. 117
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(hmGluR5 EC:ro = 250 oM. 7.I-fold potentiation). was idenlified which does not
bind at the MPEP site. However. $AR around 117 hlls llms far not led to improved
activity 13331. Other efforts have led to the identification of 118 (ECjo = 168 nM.
107% Glu max) and subsequenl pyridyl analogs (e.g.. 119. ECjQ = 348 nM) with
selective mGluR5 PAM activity 1295J. Finally. di-aryl alkyne 120 (ECjo = 30 nM)
was found to be selective versus mGluR I (nOl evaluated against other mGluRs) and
to be brain penetr.tble in rodents I334J.

4.2.5 mGluR 6, 7, and 8

Agonists and antagonists for group III mGluRs have generally been derived from
glulamic acid. where the confomlation has been restricted. the linker between the
two ilcid moieties has been varied. substituents inserted. and/or one of the cilTbox
ylic acids has been replaced with an acid bioisostere. These efforts have been
reviewed and will not be discussed here 13351. Subtype selectivity has been
challenging with direct agonists and antagonists. and so like the group [ and n
mGluRs. allosteric modulation of the group III mGluRs has been an area of active
pursuit. For mGluR7. an allosteric modulator has been identified (121. Fig. (3) thllt
directly activates receptor signaling through an llllosteric site in the transmembrane
domain (336). Compound 121 WllS shown to be orally active and brain penetrable.
elevating the plasma stress honnones corticosterone and corticotropin in an
mGluR7---dcpendent fa.."hion. ba..'>Cd on a comparison of activity in mGluR7 +/+
versus -/- mice (I and 6 mg/kg. p.o.). Compound 121 also reversed haloperidol
induced catalepsy in mts. reduced apomorphine-induced rotations in unilateral 6-
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OH DA·lesioned 1"'.IIS, and reversed the incre:lscd reaction time 10 respond 10:l cue in
bilateral 6·0HDA·lesioned Tats. suggesting mGluR7 agonism nlllY be a useful
approach in lrel.ling PO 13371. HTS screening efforts l.found rnGluR7 have led 10
the idemification of 112. the firsl subtype selective mGluR7 NAM 1338.3391. $AR
development around 122 seeking 10 lower lagP and improve physicochemical
properties led 10 123 (mGluR7 IC50 = 26 nM) with good oral bioavailabiJity.
low ch:arancc. and good total brain availability. These lools should prove useful in
further defining the role Ihal mGluR7 plays in the eNS.

5 Glutamate Transporters

5.1 Glutamate Trallsp(Jrler Biology and tlte Role ofAstrocytes

Glutam:lle is synthesized from glutamine in the presynaplic nerve tenninal by thc
cnzyme glutamina.<>e. Once fanned. glutamale is loadcd inlO synaptic vcsicles by
the action of the VGLUT. After glutamate is released from the neuron, its action is
tenninated by removal from the synapse by the action of another membrane protein
known as the EAAT. These two families of transporters are critical for nOffilll1
glUlamatergic neurotransmission. bUI as is often the case. their dysfunction can be
associ:lled with significant CNS pathology.

Molecular characterizalion has revealed that the VGLUT f:unily consists of
three isofomls. VGLUTI. 2. and 3. VGLUTt and 2 are found on synaptic vesicles
within temlinals of glutamatergic neurons. while VGLUTI is expressed predomi
nantly in neuronal soma and dendrites as well as in astrocytes. VGLUT3 is
expressed on glutamatergic as well as nonglutamatergic neurons. indicating that
this isofonn functions in cells that release other transmitters in addition to gluta
mate ll. 340-3421. VGLUTI is the most highly expressed isofonn within this
family. and is responsible for the majority of activities in lhe CNS. The transport
of glutamale across the synaptic vesicle membrane is driven by an electrochemical
gradient. which is created by a vesicular ATPase activity. This gradient in tum
provides the energy 10 transport the neurotransmitter across the vesicle membrane.
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VGLUTI and 2 are specific markcrs of glutamatcrgic tcnninals, and as such are
useful indicators of thc status of thcse ncurons in thc healthy or diseased brain.
Decreased expression of VGLUTl has been described in the AD brain and corre
lated with decreased cognitive function (343J. In PD. alterations in VGLUT levels
have also been described, with increases in some regions and decrenscs in others
13441. It remains unclear to what extent these changes in VGLUT expression are
part of the underlying p;lthology of these diseases. lIS opposed to simply serving as a
marker of glutamatcrgic neuronal degener.ltion and death. which may ultimatcly
havc a vllriety of underlying causes.

The second class of glutam:lte tnmsporters is the EAATs. Thcse transportcrs arc
responsible for fCmoving gllllamate from the synaptic cleft following rele:lsc, and
thus playa critical role in regulating lhe extent and duration of the excitatory signll!.
Indeed. it can be readily appreciated that reduced expression or functioJl of lhese
transporters will result in prolongation of elevated synaplic glutlUnale levels. with
potentially deleterious consequcnces. Molecular cloning of this transporter has
lcd to the identification of five family mcmbers (EAATl-5). with EAATI and
2 cxpressed in llstrocytes. and EAAT3 :md 4 expressed in neurons 1340. 345. 346J.
EAAT5 appears to have a restricted expression and is found only in lhe rctina 1347J.
EAATs are composed of three idemical subunits. and the energy required for
transport is generated by a Na+/K+ ATPase that is physically llssociated with the
transporter prolein complex (3481. Inlerestingly. some of thc EAATs (particularly
EAAT4 and 5) can funclion as glutamate-glltcd chloride channels and arc ablc to
generate a chloride current in the absence of any glutamate trunsport 13491. The
astrocylic EAATs. and especially EAATl. are primarily responsible for removing
synaptic glutamate following vesicular exocytosis from the nerve temlil1111 1346J.
EAAT2 is thus critically involved in regul:lting the duration of the glutamate signal.
as well as limiting the excitotoxic potential of extracellular glutamate by rapid
removal from the eXlracellular space. EAATl also supplies the astrocyles with
glutamate that is convened inlo glUllllnine by the enzyme glutamine synthase.
Glutamine is used by aslrocyles for ammonia detoxification and is involved in
signaling the mctabolic needs of proximal neurons 1340. 346J. EAATl and 2 arc
also expressed in the astrocylic processes that come into direct contact with brain
capillaries. and as such play an import:mt role in the transport of glutamatc from thc
extracellular fluid into the blood 1350J. EAAT3 and 4 are cxpresscd in distinct
neuronal subpopulations and have a more specialized function in limiting glutamate
spillover to adjacent neurons 1347). These transporters are typically found in
different population of cells. with EAAT3 enriched in the forebmin and EAAT4
in the cerebellum. Interestingly. EAATs that are expressed on inhibitory illlerneur
ons provide these cells wilh glutamate as an essential precursor to the synthesis of
GABA. the main inhibitory neurotransmiller l351]. Given their critical role in the
bmin. it is not surprising that a variety of mechanisms exist for regulating EAAT
expression and function. Short-tenn regulation of these transporters is :lchieved
through posllranslational modifications. as well as through interaction with othcr
membrane proteins. both of which can influence surface expression and intrinsic
activity (352. 353j. Regulation on a longer time scale occurs through changes
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in gene expression. medimed through transcriptional regulation 13541 as well as
through allcmative splicing 13521. The EAAT2 promoter h:IS been shown to be
regulated by physical astrocyte-neuron interactions, as well as through various
growth factor signals.

Given the central role played by the EAATs. it is not surprising thai abnorm
alities in their expression or function nre lIssociated with neuronal injury :md death
in a variety of acute and chronic ncurodegencr:.llive conditions 1352. 3531. The
mechanisms underlying EAAT dysfunction mllY v:lry from derects in intracellular
trafficking. 10 111tcrcd mRNA splicing. 10 abnomUll posliransialionalmodificlilions.
but the resull is typically reduced function. Several studies have been c:micd Ollt
in mice harboring a gene deletion of the murine homologs of EI\ATL EAAT2.
or both. It was shown that mice lacking the GLAST gene (homolog of EAATI).
had an increased likelihood of cerebellar Purkinje cell loss following an ischemic
event 1355J. This is likely a reflection of a decreased cap:lcity to remove the
elevllled extracellular glutanmte :lrld 11 corresponding increase in excitotoxic dam
age. Also, in mice lacking GLTI (Ihe mouse homolog of EAAT2), an incrensed
propensity for seizures was observed. with animals not generally surviving past a
few weeks of age 1356J. These animal model studies emphasize the critical role of
the EAATs in nOmlal eNS function. Additional work has sUPIXlrted the role of
these proteins in human disease. There are seveml examples of abnonnalities in
RNA splicing, which result in a truncated transporter protein of reduced function.
This has been described in tissue from amyotrophic lateral sclerosis (ALS) pllticnts
1357. 3581. as well as in tissue from pMients with epilepsy :lrld AD [359, 36OJ.
However, the fact that these abnomlllily spliced variants are also found in tissue
from control subjects indicates that while they may playa role in mediating dis
ease pathology. they are clearly not the only factor involved. A role of EAAT2 in
AD is funher supponed by decreased expression in AD brain [361). as well as a
reduction in EAAT function in cultured astrocytes following treatmel11 with the
A~ peptide [3621.

Given the critical role of EAATs in regulating synaptic glutamate levels,
increased expression or function of this protein may provide benefit in reducing
excitotoxic damage. Interestingly. it was shown that EAAT1 :trld 2 ure both
upregulated in optic nerve from multiple sclerosis patients. In lIddition, glutamate
uptake was shown 10 be increased in disease tissue. suggesting that glial cells
upregulate expression of these transponers as a protective response 10 the excessive
glutamate levels known 10 exist in this disease 1363 J. Other studies have shown that
trealmel11 of mice with the Il-Iactam antibiotic ceftriaxone leads to an increase in the
expression of GLTI. Although the precise mechanism by which this increased
expression occurs in unclear. it has been shown to increase glutamate uptake
in functional assays, and to attenuate disease phenotypes in the R6/2 model of
HD (364, 365]. Treatment with ceftriaxone also increases glutamate uptake and
improves survival in a stroke model [366]. While the precise mechanism for these
intriguing effects is unknown. it does suggest Ihat upregulation of one or more of
the EAATs may represent a promising therapelllic stmtegy for treating neurode
genemtive diseases (Fig. 14).
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5.2 Glutamate Transporter Modulators

Progre~s toward lhe discovery of potent and selective VGLUT lind EAAT lllod
ululOrs hlls been slow. The majority of lhe reponed VGLUT inhibitors urc either
confon1l<llionally restricted umino di-acid :malogs or azo-dyes containing (m umino
di-acid motif [367J. The structures of known VGLUT inhibitors are nOl yel posi
tioned to provide adequate brain exposure for in vivo evaluation (with respect 10
potency. PK. and bmin penetration). Likewise. EAAT inhibitors have also been
largely derived from confonmllionally restricted analogs of glutamic acid and
aspanic acid. The SAR around EAATs was reviewed in 2003 [368. 3691. and
selected findings since then are reponed here. Substitution of small alkyl groups
ut the 4-posilion of glutamic acid had effects on the EAATI phantlaCology.
4-Mcthyl substitution (124) was found to be an EAATI substrate and;ln EAAT2I3
inhibitor (EAATI Km = 13 pM. EAAT2 K1 = 13 pM. and EAATJ K1 = 6.6 ~LM).

whereas the 4-.ethyl analog (125) wa~ ,Ill inhibitor of EAATI, 2. and 3 (Ki = 23. 14.
lind 39 ~IM. respectively) (Fig. 14) 1370J. Funher SAR development al the 4
position of glutamic acid led to 126. a weak but selective inhibitor of EAAT2
(EAAT1-3. IC~o > 1.000. 89. and 1.000 pM. respectively) [371 J. Efforts toward
improving the potency and selectivity of EAAT inhibitors by confining the confor
mation of glutamic acid has led to a tricyclic analog. 127. that was shown to be
selective for EAAT2 (ICso = 2.2 pM) compared to EAAT I (50% at 100 pM) and
EAATJ (24.5 pM) (372). Although not selective for any particular EAAT, benzy
loxy analogs of aspartic acid such as 128 [373] showed improved potency for
EAATI-3 (IC~o = 22.17. and 300 nM. respectively). Compound 128 doscd i.c.v.
induced severe convulsive behaviors in mice suggesting an accumulation of glula
mate in the bmin. Selectivity for EAAT2 was subsequently obtained through the
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aryl ether aspanamide 129 (EAATI-3 IC~ = 5.000. 85. and 3,800 nM. respec
tively) [3741. Finally. a novel. polent and selective inhibitor of EAATI was
discovered through HTS screening. and subsequent SAR development led to
compound 130 (EAATI-3. ICso = 0.66. >300. and >300 pM, respectively)
13751. Compound 130 is unique in that it is not related to glutamic ucid or aSp:lTlic
acid. and effons to ascenain whether lhe binding is at the onhostcric sile or an
allosteric sile arc ongoing. More relcv:mt to lhe treatment of ncurodcgcncnllivc
diseases would be positive Iluxlulmors of EAATs. which lhcorelicllily could
enhance the uplllke of glul:1Il1alc. Should compound 130 prove 10 bind at an
allosteric sile. this may provide a starting point for the discovery of positive
allosteric modulators of the EAATs.

6 Conclusion

The cenlral imponance of glutamale signaling in bolh nonnal and pathological
CNS funclion has prompted extensive research 10 beuer understand Ihc biology and
phannucology of lhis neurotrnl1smiuer. In addilion. lhe identifiClllioll of drugs
which modulate glutamate receplor funClion has been an area of focus for mcdicin..l
chemists working on diseases of the cemral nervous system. As :1 result of Ihis
work. significam progress has been made toward the identificlllion of compounds
lhat can serve as both research lools to beller understand glulamate's role as a
neurotrJnsmiller, and polential therapeutic agentS for lhe treatment of CNS dis
eases. Neurodegenerntivc diseases represenl:1I1 especially challenging area for drug
development. However, given the increasing prevalence of Ihese diseases in an
aging population, research to idenlify improved trealmenlS for diseases such liS
Alzheimcr's. Parkinson's. and Huntington's lire likely to remain a priority for the
phannaceutical and biotech industries in lhe coming years. Idenlificalion of gtula
mlllergic agenls Wilh improved potency. selectivity. and phannaceulical properties
will serve to advance our understanding of this complex area of CNS biology. and
ultimately may open the door 10 safer and more efficacious ther:lpies.
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Modulation of the Kynurenine Pathway
for the Potential Treatment
of Neurodegenerative Diseases

Stephen Courtney and Andreas Scheel

Abstract Modulation of tryptophan metabolism and in particular the kynurenine
pathway is of considerable interest in the discovery of potential new treatments for
neurodegenerative diseases. A number of small molecule inhibitors of the kynur
enine metabolic pathway enzymes have been identified over recent years; a sum
mary of these and their utility has been reviewed in this chapter. In particular,
inhibitors of kynurenine monooxygenase represent an opportunity to develop
a therapy for Huntington's disease; progress in the optimization of small molecule
inhibitors of this enzyme is also described.

Keywords Enzyme inhibitors, Huntington's disease, Kynurenine monooxygenase
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t Introduction

The role of Iryplophao metabolism in human biology has been studied for lllllny
years: more recently.lhe significance of the kynurenine pathway (KP),lhc major
breakdown pathway of tryptophan. has been widely examined II-51. These
studies specifically relate to the role of several kynurenine C:lIabolic products in
immunomodulation and eNS function. It is believed that modulation of the levels
of the key metabolites of lryptophan catabolism represents a potential new
approach 10 developing a tre:lImeni for neurodegenerative and inf1:lITImatory
diseases [2J. A number of small molecule enzyme inhibitors have become :wail
able. which modulate differcnl stages of the p:lthway and can be used to further
slUdy its role in disease. These compounds will initially serve as tools in the
pursuil of developing a clearer underslanding of the underlying mechanisms of a
variety of diseases. In this review. we have focused on the KP and in particular on
kynurenine monooxygenase (KMO) due to its potential as a new target for the
tremment of Huntington's disease (HO).

2 Tr.vptophan Metabolism and the Kynurenine Pathw~IY

L-lryptophan is an essential amino acid. In llddition to being used for protein
synthesis. it serves as a precursor for several biologically active substances.
Non~protcinogenic tryplophan is used to produce bioaclive subslances such as
serotonin. the honnone melalOnin. and lryptamine. The majority of tryptophan.
however. is catabolized through the so-called kynurenine pathway (KP). a cascade
of enzymatic reaclions that yields important cofaclOrs such as NAO" and NADP"
and a number of imponant kynurenine metabolites on the way [6]. Although the
KP has been known for more than five decades. primarily from ilS function in
peripheral tissues L7]. it has attracted a particular interest in the last 15 years from a
drug discovery perspective as a number of lhe KP melllbolitcs have immunomod
ulatory and neuroactive properties llnd may thus be involved in normal brain
function and mi!,!ht contribule to human disease. The link between KP metabolism.
the immune system. and eNS diseases is increasingly appreciated. and many
repons in the literature have recently focused on its role in brain physiology and
pathology [I. 3].
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3 Introduction of KP Enzymes and Key Metabolites

'"

The first SICP of tryplOph,m clliabolism is the oxidative clcllvage of the indole ring
of L-tryplOphan, which is catalyzed by members of the family of pyrrole dioxy
genases. A key member of this family, indolearnine-2.3-dioxygenase (lDD. sec
Fig. I. EC 1,13, 11,17). is expressed in all tissues except in the livcr and produces
the centml metabolite kynurenine (K YN). Two different :md competing branches or
the pathway thcn further metabolize KYN: the first pathway includes a family or
enzymes called kynurenine aminotransferases (KATs), which produce kynurenic
ilcid (K YNA) in a ten11in:l1 branch, In a second ann, KMD (or kynurcninc
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hydroxylase. EC 1.14.13.9) metabolizes KYN into 3-hydroxykynurcnine (3-HK).
In the third branch of the pathway. kynurenin:lsc transfonns KYN 10 give amhra
nilic :lcid. which subsequently provides a further route to generate 3-HK. 3-HK, in
turn, is a subSlrntc for kynureninase. which produces 3·hydroxyanlhranilic acid
(3HANA). 3HANA is the subslrnlc of 3·hydroxyanthanilic acid oxygenase Ihnl
produces quinolinic acid (QUIN). Arter funher enzymatic sleps. the finnl product.
NAD+. is fOnllCd (Fig. 1).

Recent phannacological interest in KYN metabolites with respect to eNS
discases has mainly focused on three brain-active molecules: 3-HK and QUIN.
two molecules with neurotoxic properties. and KYNA, a presumed ncuToprolcctive
mctabolite. These will be discussed in more detail in the following sections.

All of the enzymcs of the KP can be found in the periphery. espccinlly in the
liver and in immune system cells of the monocyte. nHlcrophages lincage 18J.
where increased KP activity is believed to play an important role in immunolllod·
ulalOry nctivities 191 (see Sect. 4). In addition. components of the KP have been
shown to be expressed in endothelial cells llnd pericytes of the blood-brain bnrrier
(BBB) II OJ. In the central nervous system, all components of the KP pathway are
also expressed all hough at much lower levels than in the periphery. Although
KYN can be produced in the bmin. it seems that the cerebral KP levels can be also
driven by kynurenine uptake from the blood through the BIlIl 1111. Further
processing of KYN in the brain is primarily carried out after uptake of KYN by
ghit cells which express the relevant downstream KP enzymes. whereas no or
Iiule expression has been found in neurons. Astrocytes are described to contain no
or lillie KMO but express KAT and therefore favor the KYNA ann of the pathway
112J. In contrast. resident and reactive microglia (i.e., in situations of injury or
innammation) and also infiltrating macrophages harbor very lillie KAT activity
but express KMO and are thus responsible for the QUIN-producing branch of the
KPpathwayl13J.

Imcrestingly. no clear illld specific physiological function of the KP mctallol itcs
has emcrged in the brain. Several reports demonstrate the ability of KYNA and QA
to modulate glutamate and acetylcholine receptor functions II, 3], although the
endogenous contributions to neurotr.msmission remain poorly understood in nor
mal CNS physiology. In fact. the activity of kynurenine catabolizing enzymes
may be hamlful in the CNS since an increase of the KP pathway lCllds to the
accumulation of potentially neurotoxic KP metabolites. which might contribute to
neurodegeneration ;n a variety of chronic disorders.

4 Physiological and Pathological Features of KP Pathway

4.1 Physiological Role

The KP pathway has a number of different and important physiological roles,
especially in immunomodulation in peripheral tissues. Metabolizing Trp via the
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KP pathway is believed 10 reduce the growth of intracellular pathogens, 10 playa
role in tumor escape mechanisms (immune surveillance) and to preserve imntune
lolerance al lhe fetal-maternal inlerfllce, by preventing rejection of the embryo [9].
The key enzyme in this process is 100, whose expression is induced by IFN-y and
other immune-active molecules [141. The immunosuppressive effects of IDO
medialed lryptophan melabolism in lhis comext were initially believed to be solely
due 10 Trp depletion, which suppresses T cell proliferation. However, lhere is
increllsing evidence that various KP melabolites direclly modulate T cell biology,
by inhibiling proliferation of T cells undergoing activmion and inducing T cell
apoplOsis [151. Thus, the KP and ils metabolites are believed to play 11 key role in
lolerizing T cells, a process that is highly relevant for lhe mainlenancc of immune
lolcmnce.

42 Kyltureniues aud eNS Dysfunctiolt

Being at the center of a complex network linking immune response and infhnllma
lory reaclions, it is not surprising that imbalances in KP metllbolites lead 10

palhophysiological consequences. In Drosophila (Drosophila lI/e(mlOgasl{'r),
genctic dclctions of individual KP enzymcs resulted in neuronal abnomllliities
116J. Already two decades ago, it WllS found that QUIN promotcs cXCilotoxicily
;n 1';1'0. lmd it was Ililer suggested lhal these excilolOxic effecls are mediated by
QUiN's weak agonistic activity on the NMDA receptor, Wilh an ICso of 30-100 pM
II]. The observed lesions, as medialed by inlracerebral injeclion of QUIN, can be
prevenled through lhe appliclilion of NMDA receplor anlagonists, so it is indeed
likely lhat lhe observed effecls are medillled lhrough NMDA receplor aClivation
117J. Additionally, QUIN has also been shown to stimul:lte lipid peroxidalion and 10

produce radical oxygen species (ROS) 1181.
QUIN is present in the brain :n basal levels that usually are in the rll11ge of

0.01 ~IM. rarely exceeding 1~M 14, 191. In the diseased brain. lhe QUIN conccn
lration may increase considcrably. II has becn demonstrllled that the ccrebral KP
scems to be slimulatcd in response 10 local injury and/or inlllullmaliOI1, by
activating the KP pathway in microglial cells 114, 20J. Also, infillr:ning macro
phages following central inllammmory reactions are believed 10 produce 20- 10

30-fold more QUIN than brain glial cells. In cell culture, reports have demon
straled thm micromolar concentrations of QUIN are toxic after a few hours. and
chronic exposure of as lillie as 100 nM concelllrations of QUIN to organotypic
cOrlico-striatal cultures produces damage after several weeks [21]. Jl is lhus
conceivable that QUIN levels after pathological act ivaI ion of the KP may indced
reach local concentrations that are sufficient to substantially aClivatc NMDA
receptors. especially under chronic conditions, and thus cause neurotoxicity
although lhis has not been adequ:ncly addressed in I·;VO. Interestingly, QUlN
induced lesions are significantly allenualed by reagents lhm scavenge reaclive
oxygen species 122, 23). Thus, the remarkable toxicity ofQUIN may be explained
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by ils ability 10 activate NMDA receptors and cause oxid;l\jve damage at the
same lime.

In addition, QUIN is likely not to aCI on its own as a neurotoxic agent. 3-HK is
known [0 produce reactive oxygen radicals which can enuse oxidative cell damage
und ultimately lead 10 apoplosis in l';/ro 1241. lis cytotoxic properties seem to be
due 10 uuto-oxidation which subsequently leads to the production of hydrogen
peroxide and Olher reactive products. It has also been shown thai 3-HK potentiates
QU1N-mcdiatcd cell damage: co-injection of both substances in low doses into the
nil brain. which alone would nOI CllUSC any damage. results in substantial neuronal
loss 125J.

Despite Ihe evidence mCnlioned above 111m QUIN may indeed exert its main
neurotoxic properties ill \'i1'o through the NMDA receptor, and despite synergistic
properties wilh 3·HK, there is still a controversial discussion within the field
if the concentration of these metabolites rellched ;11 \';"0 is indeed sufficient
to substantially stimulllle the NMDA receptor and thus le:l(l to a toxic cui·
cium overload, or whether alternmive pathophysiological mechanisms are at

work 126J.
In contrast. KYNA. which is fonned from kynurenine by KAT. has shown 10 be

a neuroprotective agent. It is :l competitive blockcr of thc glycine site of lhe
NMDA receptor, :llbeil with a low potency of -7 ~IM [27J, However, lhe affinily
of KYNA for this sile is weaker than that ofglycine; so it is unclear whether under
normal physiological conditions the glycine site is occupied at nil by KYNA,
KYNA is also a blocker of the Cl.7·nicotinic acetylcholine receplor wilh n similar
potency 128J and has been shown to modulate dopamine and glutamate release
presynaptically ;1/1'1\'0 129J, More recently. KYNA has also been shown to be an
agonist of an orph:ll1 GPCR with unknown function. GPR35 1301. albeit at low
potency (30-100 ~M). Accordingly. high concentrations of KYNA are anticon·
VUIS'1I11 and provide protection against excitotoxic lesions causcd by QUIN .1l1d
protect against various conditions such as ischemia and lraumatic bmin injury 12 J,
Perh:lps not surprisingly, it has been shown that KYNA levcls :Ire altered in
various eNS di!iOrders, However. local concentrations of KYNA in the brain
have consistently been found to be in the low nanomolar range (10--150 nM)
131 J. lllld it is questionable if the concentrations necesSllry to modulate NMDA
and nicotinic receptors can actually be reached ill 1';1'0, even under palhologiclil
conditions. Some data imply inhibitory actions of KYNA on presynaptic gluta·
mate release as a mechanism for its anti·excilOtoxic activity. even at nanomolar
concentrations 132J; however. these data need 10 be substantiated further. Appli·
cmion of KYNA itself has been considered for therapeutic intervention, blll the
poor ability to cross lhe BBB has limited its applicability. An additional ilnding
relates to the ability of KYNA at lower (nM) concentrations to modulate synaptic
glutamate release when infused directly into the brain through a dialysis probe
[31, 33J. Therefore. it is likely that KYNA plays a synaptic rolc through unknown
mechanisms under physiological conditions. This is an area that requires further
investigation.
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4.3 KYllurellille Pathway alld Disease

'"

Not surprisingly. disturbance in lhe KP has been implicated in a number of diseases,
and phamlacological intervention has thus potenlial for lreatment. The immuno
suppressive effects of the KP metabolites in the periphery are used in the lreatmenl
of mulliple sclerosis (MS), where synthelic kynurenines are undergoing clinic;11
developmenl. FunhemlOTC. lDO inhibitors are in preclinical development to tre;ll
cancers. for example. ovari;m and colorectal 134[. This has been reviewed exten
sively elsewhere 13.351. lmd the focus of the discussion in lhis review will be on the
role of KP metabolites in brain palhophysiology.

As illustmted above. changes in the KP have been hnplicaled in a large number of
diseases including ncurodegeneffitivc diseases (Huntington ·s. P;lrkinson 's, Alzheimcr's
disease), psychialric diseases (schizophrenia. depression), iUld AIDS dementia 12,41.

II is unclear at this point if increased levels of neurOloxic melabolites (QUIN und
3·HK) and a reduction in KYNA, the neuroprotective mClabolite, may be 11 direct
cause for some of thcse diseases. Altenlalively, kynurenines may simply play ;l

secondnry role in disease progression: after focal physical injury and in n stale of
neuroinOallll11alion, the cerebml KP is Slimulated. through aClivalion of brain
microglial cells or infillr.llion of macrophages. Under those conditions, KP mela
boliles c;m be increased substalllially over a longer period lind mllY thus prolong
and eX;lcerbate disease symploms,

However, many conclusions arc purely based on thc imbalance of the KP
metabolites as detennined in animal moocls or palients [36[. Although this docs
point toward a link between the KP and nervous system discllSCS, it is difficull
10 dislinguish disease-causing effects from secondary effecls purely happening
because of chronic inOammatory processes accompanying the primary disease
progress. Indeed, clear-cUI turget validation studies using genetic animal models
or small molecule enzyme modulmors in relevant ill I'il'o disellse models. 10 validate
enzymes within lhe KP pmhway as suitable targels for lherapelllic imervemions. are
scarce. 11 is thus nol clear at Ihis poil11 which of these diseases may benefit from
blocking the KP palhway in an iI/ l'il'O situalion.

5 Enzymes in the KP as Drug Targets and Their Inhibitors

As discussed above, inhibilion of key enzymes of lhe KP (Fig. I) may represent a
viable opportunity to develop thernpeulic agents for lhe lrealment of a number of
innanllmllory. neurodegenerntive, and psychilllric disorders. In lhis seclion, we will
review Ihe available chemical inhibitors of lhe different enzymes in the KP. with
a broader focus on KMO: however, we will also brieny review the current status
of inhibitors of 100, kynurenine aminotra.nsfernse 11 (KAT 11). kynureninase, and
3-hydroxyamhra.nilic add oxygenase (HAO).
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5.1 Jndolell11line 2,J-Dioxygenase

N

"

IDO is a key enzyme in the degradation of tryplOphan in extl<l-hepalic tissues [371,
through the generation of N-fomlyl kynurenine which is further degr:lded to
kynurenine (L-KYN) by fonnamidase. In addition 10 its potential role in neurode
generJtion, inhibition of IDO has been implic:ltcd as an import'lIlt new therapeutic
target for the treatment of cancer through tumor immunosuppression [3.381.

One of the earliest inhibitors of 100 reported in lhe literature is the cnr!xlline (I)
with a K; of 120 ~IM [391: sevcml other carbolinc-based inhibitors were subsequently
reportcd with improved act ivity, for example. the 3-butyl derivative (2, Kj = 3.3 11M)
140[. In fac\, umil recently the most cOlTllllonly avail:lble competilive inhibilors were
IrypIOph:ln-b:lscd analogs, for example, N-methyl tryptophan (3. Ki = 34 ~IM)

141.421, In 2006. Ihe natural product Bmssinin (4) was identified :IS a weakly
activc inhibitor of 100 (K; = 97,7 ~IM). Investigation of strucllJre-acti vity relation·
ships (SAR) of this serie... identified further nnalogs with improved potency (5, K;
= 11.5 ~tM), and examples thnt more import:lJ1tly did not require lhe core indole
ring (6, K; = 42 11M). however. do retain the dithiocarbamate functionality 143 J.
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The naphthoquinone natural product Annulin B (7), isolated frOIll marine
hydroid, has also been reported to have relatively potent IDO inhibitory activity
(K; = 0.12 11M): screening other natural product analogs and cOlllmercial com
pounds revealed Menadione as a potent inhibitor of 100 with in 1';1'0 efficacy in
mouse tumor models. Further optimization was carried out with the quinone
scaffold to reveal compounds with improved potency (8. K; = 0.055 11M) [34J.
Related quinone marine natural products have also been identified as potent IDO
inhibitors (Exiguamine A; 9. K; = 41 nM); simplification of this natural product
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h,IS resulled in the analog (10. K; = 200 nM) as a poteniiallOol compound for
funher investigmions 144]. The role of lhe quinone redox system and kinetic
analysis for these classes of compounds remains to be explored, However, it is
likely th:11 the activity of these compounds involves Ihe iron bound 10 the heme
oflDO.

o

$H
o HN

o7 1

'"
(7) (8)

o
N
H

HO

(8) (10)

In 1989. 4-phenylimidazole (II) was reponed as a weak inhibitor with an IC~ of
48 ~lM againsllDO 1451. Recently. the reponed crystal struclure of 100 was used to
design and optimize this struclure to generate a new series of inhibitors L46], llle
most poten! compound reponed being (12. ICjo = 7.6 ~lM). Incyte corpormion [47]
have also identified through high-throughpul screening a new, non-indole, non
quinone redox system with good compelitive IDO inhibition (13. K; = 1.5 ~M) and
tenfold selectivity over tryptophan 2,3-dioxygenase (TOO), a related enzyme
predominantly present in the liver, responsible for maintaining the balance of
dictary tryplophnn. Simplc subslilulion of lhe phenyl ring resulted in improvement
in activity both in a biochemical IDO assay and in a HeLa cellular assay as
exemplified with compound 14. ICj() (biochemical) = 67 nM. ICso (cellular) =

19 nM. Funher ill \';1"0 studies were used 10 illustrate the effectiveness of
this compound at decreasing kynurenine levels in plasma as well as inhibiting
tumor growth.
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(13: R:: H, 14; A:: 3·CI, 4·F)

The tryptophan lind quinone classes of 100 inhibitors have been limited by their
potency and poor physical properties and to dale have not progressed into preclini
cal selling. However. the oxadiazoles identified by Ineyte (above. I. 14) represent
a new duss of competitive IDO inhibitor. which have progressed further toward
preclinical development for Ihe treatment of:. variety of cancers.

5.2 KAT II I"hibitors

To dme. four KAT isoenzymes (KAT I. II. III. and IV) have been identified as
prcscnl in Ihe mammalian br:lin 148. 49J: however. only KAT I and KAT II have
been widely associated with Ihe lransamidation of KYN into KYNA. Indeed KAT
lila pyridoxal-5'-phosphate (PLP)-dcpcndant enzyme I accounts for the majorily of
KYNA fonnation in lhe rat and human bruin and as such represents a key transfor
mation in lhe KP 150. 511.

Inhibition of KAT 11 would result in a decrease in the synthesis of KYNA and
consequently enhanced NMDA receptor activity and glutamate release 152J. There
fore, KAT II blockade is thought to be useful in the treatmem of disorders with
implicated glutam,l1ergic and cholinergic hypofunction (such liS Alzheimer's dis
ease and schizophrenia).

Reported inhibitors of KAT enzymes in the literature are very limited and until
relatively recently centered around chlorinated substmtes 1531. (S)-4-Elhylsulfo
nylbenzoylalanine (S-ESBA. 15) was the first reported synthetic and selective
inhibitor of KAT II with an ICso of 6.1 IJM and no inhibilion of KAT I. Effects
of (15) on the reduction of extracellular KYNA concentrations in lhe rat hippocam
pus in \';1'0 using micnxlialysis were investigated 15 I I. In this study. the levels of
KYNA were successfully decreased by approximately 30% from basal levels.
Interestingly (15) does not inhibit the human enzyme as effectively. In a follow
up publication. Pellicciari illustrated a 10- 10 20-fold reduction in potency against
human KAT IJ: this was speculated to result from sequence variants in the enzyme
catalytic siles 154J. S-ESBA continues to be a valuable tool compound in the
;11 I'h'o investigations of lhe KP to investigate lhe significance of KYNA levels in
neurodegenerative disease.
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(15)

5.3 KYIlurelli,wse Inhibitors

159

Kynurenillnse catalyzes the hydrolytic cleavage of both kynurenine ;lnd 3-hydro
xykynurenine to genemte anthranilic acid and 3-hydroxyanthranilic acid. respec
tively [55 J. The majority of inhibitors of kynurenimlse :lre substrate based and are
designed based on the postulated transition state intermediate where water
att:lcks the benzoyl group c:lrbonyl through a PLP-depcndllnt l1lCChllnism. The
hydroxy (16: K; =0.3 ~IM) :llld sulfone (17: IC~o = II IlM) deriv:ltives IHlve
been reponed as inhibitors of human kynurcninase with moderatc to good
potcncy 156. 5n The methoxy derivative (18: IC${) = 3 pM) was idcntified as
1llllodemteJy potent and selective inhibitor of kynureninase 158J. In l'iI'o studies
were also carried out using this inhibitor to demonstrate that 3·hydroxylatiorl is
the preferred route of KYN metabolism in the brain. As expected, this study
demonstrated that inhibition ofkynureninase resulted in an increase in the levels
of the neurotoxic 3-HK.

(16) (17) (18)

A series of novel bicyclic analogs of kynurenine were subsequently rcponcd
exhibiting moderate potency against human kynureninase: for example. the naplhyl
derivative (19) exhibits a K; of 22 IlM 1591. Further enhancements in the potency
against human kynureninase were achieved through the synthesis of the di-hydroxy
compound (20: K; = 100 nM) which demonstmted improved selectivity (1.000
fold) over the bacterial enzyme [60]. In 2009. the co-crystal structure of human
kynureninase with 3-hydroxyhippurate (21; K; = 60 ~lM) was solved [61]. Subse
quently. a series of mutants were designed to establish the preliminary binding
residues contributing 10 substrate specificity. Needless to say. selectivity against
kynureninase is an essential prerequisite in the progression of a neurodegenemtive
disease treatment.
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(21)
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5.4 3-Hydroxyollthrallilic Acid Oxygellase Inhibitors

3-Hydroxyanthranilic acid oxygenase (HAO) clllalyzes the final lransfonmllion of
the pathway'sconversion oftryplophmt into QUIN 1621. To dale. the only inhibitors
of HAO reponed are halogcnlllcd Subslr-lIes, :md these arc rcprcscmcd by Ihe
compounds 22, 23. and 24. below. These compounds have been ShOWI110 be highly
potent (ICsoS of 22. 23. and 24 arc 6. 0.3. and 5.8 nM. respectively), and their ut i lily
as potential therapeutic agents has been limited, possibly due 10 the oxidative
instability of these cOlll!>ounds 1631. Compound 22 has. however. been shown to
attenmlle QUIN accumulation (following immune llctiv:llion) in bruin lind blood
following systemic administration to mice 164]. thus illustrating that wrgcting HAO
l11i.ly have the ability to potentially provide a neuroprotcctive agent. Compound 24
have also shown the llbility to inhibit cerebral HAO ill 1';1'0 following illlracereb
rovelllricular administrmion to rats resulting in reduction of QUIN production. as
measured by GC/MS [65).

~OH
CIYN~

OH

(22)

5.5 KMO Inhibitors

(23) (24)

KMO is a NADPH-dependant navin monooxygenase which is localized to the outer
membrane of mitochondria [661. KMO is expressed at high levels in the liver,
cndothclial cells. and monocytic cells and to a lower extent in the brain. Here, its
expression is mainly found in cells of glial nature, specifically in microglial cells
and in infiltrating macrophages. whereas lillIe or no expression has been found in
astrocytes or in neurons 112, 671. However. the lack of good antibodies to detect
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elldogeneous KMO has limited the verification of this expression pallem in Ihe
brain.

As described above. KMO catalyzes Ihe hydroxylation at lhe third position of
kynurenine. The KMO enzyme is thus at a key position of the palhwlly llS its aClivity
detenllines lhe level of nux through the lwO anns oflhe palhway. KMO inhibition is
expected to be beneficial in neurodegenerlltive disease as this would increase the
llvllilabilily of KYN to KATI!. lind thus achievcs a shift aWllY from QUIN and 3-I-IK
production to an increase in KYNA production. Thus. KMO hllS been considered
lhc most relcvanl tllrgel for therapeutic inlervention in the KP for CNS disease 11].

The first reponed competitive inhibitor of KMO was nicotinoylaillnine (NAL,
25). NAL is a simple analog of the nalural Substrale (KYN) whcre lhe amino ring
substituent has been removed llnd a pyridyl ring nitrogen has been pl;lced 10 block
lhe hydroxylation posilion 1681. The potency of this analog is low (lC~ = 900 ~IM)

and is equipotent against kynureninase; however. it has been shown 10 increase the
concentration of KYNA in brain tissue and has anticonvulsant activity III high
doses. Funhcr oplimi7.ation of this tcmplale WllS carried Oul by and resulted in Ihe
idenlification of (m-nitrobenzoyl)alanine (m-NBA. 26). NBA has a lOO-fold selec
livily over kynureninase with an IC~ of 0.9 ~IM for KMO. 11/ \';1'0 NBA was shown
10 incre:lse the concentr.ttioo of KYN and KYNA in brain. blood. :md liver of rals
169. 70). Molecular modeling studies were also carried out [71)10 mlionalize the
potency and selectivity obtained for NBA. A protein slructure of KMO is currenlly
not aVllilablc: however. investigation of the mechanism of aClion of KMO and
generation of :1 "pseudo aClive site" model was carried oul. These sludies are Ihe
first reported investigalions of quantitalive struclure-llctivity relalionships (QSAR)
for KMO inhibilOrs.

(25) (26)

Phannacia and Upjohn subsequently carried Oul an SAR study of the phenyl ring
of 26 and highlighted th.1.t 3.4-dichloro SUbSlllutiOll was preferred 172] giving rise 10

PNU-156561 (27. IC~ = 0.2 ~M). 1lle s.1.me group (73] lhen explored lhe SAR
around lhe benzoylalanine side chain of this series and highlighted thai the carboxylic
acid was essemial for activity. whereas the amino group may be removed wilh limiled
effecl 011 the activity (28. R = H; IC~ = 0.9 ~IM). This was an important discovery
as this moved the inhibitor series away from the natural substrate and opened the door
for exploration of side chain substilutions. Modificalion of the second position
(i.e.. replacement for Ihe amino group) highlighted the hydroxy and benzyl analogs
(28. R = OH. CH2Ph, respectively) as polent enzyme inhibilors. IC~o = 0.3 and
0.18 ~lM. respectively. Subslitution with 11 methyl group gave slighlly lower activilY
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o R

~CO,H
CI~

CI

(28. R = CH3: ICso = 2.2 ~IM). The stereochemistry of these inhibitors was also
investigated through a slcrcoscleclivc synthesis. as perhaps expected it was found Ihal
the S-(-) isomer was favored in all cases. In the s:unc study. the 4-oxo-bulenoic acid
analogs were also reponed (29. R = H. OH. CH3) with simil;lr activity ugainsl KMO

(ICso = 0.9.0.95. 2.2 ~M. respectively) 173J.

o NH2 0 A

~CO,H ~CO,H
CI~ a~

CI CI

(27) (28, R .. H, CH3• OH, CH2Ph)

An identical template was also explored by Glaxo Wellcome [74) 2 years laler.
again showing a preference for the 3.4-<1ichloro substituents on the phenyl ring. The
ability of these compounds to inhibit the production of QUIN WilS perfomlcd using
macrophage cultures stimuhlled with interreron-y as a model for QUlN formation
in innamm:uory disease. Ph:mnacia and Upjohn continued to develop the benzoyl
carboxylic "cid series of inhibitors. subsequently identifying that confonmllionlll
restrict ion of the side chain through incorporation of :l cyclopropyl ring (.'0. UPF
648) gave an improvement in potency to the nanomol:lr level IS. 7S]. UPF-648 has
become :l valuable tool for academics and industry and is widely used as ..
benchnlllrk compound for studies investigating the utility of KMO inhibitors. The
strategy of rigidifying the side chain was further explored by the same industri:ll
group 176J: through molecular overlays. they designed the quinoline-based inhibi
tor (31) which had moderate activity against KMO :md good selectivity against
kynureninase and KAT. Although the best reponed lC.w was only 24 ~IM for (31).
this illustrates the possibility of modification of the celllmi core to generate new
inhibitor series with the goal to improve the activity profile and eNS penetration.

o

a
CI

(30) (31 )

In addition to the "ketoacids" described above. an interesting sulfonamide
screening hit (32) was described by Roche [77J. The SAR around this compound
wa..'" explored resulting in the identification of many compounds with improved
potency against KMO: these are illustrated by compounds (33. R061-8048) and
(34), with Ieso-", of 37 and 39 nM, respectively. As well as being highly potent
inhibitors ofKMO ill \'itl'O, these compounds were shown to inhibit KMO following
oral dosing to gerbils. Compound 33 (100 ~Imol/kg, p.o.) also increased KYNA
concentrations (7.S-fold) in the extracellular hippocampal fluid of rats. Many
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studies have been carried OUI with these compounds: however. there rcmains a
question mark over the bmin penetrability of this series.

(32)

SO" ,.0
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"
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(33)

(34)

Although there have been a number of potent and selective inhibitors of KMO
reponed in the litermure. to date there hllve been no clinical trill Is inilill1ed. The
most likely explalllltion for this lack of progress is due to the fact lhat reported
ehemotypes have suffered from the same problem of limited penetration into
the eNS,

5.6 KMO t"hibiliou aud Stroke/lschemia

Sustained upregulation of the KP enzyme system is observed after brain inJury.
After a cerebral insult. glia cells become activated and secrete cytokines and
kynurenines f20], It has been shown that in gerbils. after induced transient ischemia
in the brain. kynurenine metabolite levels. especially QUIN. increase dramatically
in the ischemic region of the brain for several days 120J. It is assumed this is 11

secondary. inflammatory response to brain damage due to induction of microglia
cells and infiltrating macrophages. and may fllnher prolong or enhance the damage.
Application of a KMO inhibitor has been pursued as a strategy to reduce potentially
neurotoxic metabolites such as 3-HK and QUlN. and to increase nellroprotective
KYNA levels through an increase in kynurenine levels. R061-8048 (33, see above)
was llpplied to hippocampal slice cultures exposed to oxygen and glucose depriva
tion, and to an ill l'i\'O model of stroke in gerbils [77, 78J. In these experiments.
KYNA levels were shown to increase up to 7.5-fold after application of the KMO
inhibitor. accompanied by a substantial reduction of cell death, In a model of rat
cerebral ischemia. both R06I-8CW8 and another KMO inhibitor. mNBA (26).
substantially reduced the level of hippocampal cell death [79J. The administration
of 3-HK or QUIN prevents the neuroprotective effects of these inhibitors.



164 S, COI,lJ1lley and A, Scheel

suggesting that Ihe neuroprotcclive mechanism may occur via 3-HK/QU1N 178].
Surprisingly. R06I-8048 is claimed to be brain impenneable [11. which has been
confimlcd by our own studies (data not shown). The central effects achieved ill "j\,o

aftcr oral administration can thus only be llllributed 10 increases of kynurenine
levels in the periphery and subsequent changes of KP metabolites in the br'lin.
Taken together, these data suggest thai modulating lhe KP palhwuy through KMO
inhibition may help to modulate the outcome of neuronal cell damage after ische
mic conditions: however. the mechanism underlying these pharmacological cffecl.~

needs to be clucid'llCd.

5.7 KMO I"hibition and HUIl/ingtoll's Disease

HD is a falal progressive neurodegenermive disorder that is characterized by a trind
of motor. cognitive. :lnd psychiatric dysfunctions. typically staning in midlife and
progressing relentlessly to death. It is caused by a mutation in the Huntingtin
genc. where a streIch of nonnally up to 35 CAG repeats are clongatcd frOlll 35
to >100 CAG. The corresponding Humingtin protcin (Nfl) is expressed ubiqui
tously in the body. but the elongated poly-glutaminc stretch leads l1lninly to
neuronal cell loss and brain dysfunction. Mediulll spiny neurons in the striatum
most severely suffer from degeneration in HD: however. other brain regions :Ire
also affected. leading 10 brain dysfunction and eventually to death 180. 81 J.

In temlS of the tryptophan pathway and HD. it is known that patients with HD
display an activated immune system and. in particular. decreased Trp levels 182J.
Furthermore. the KP has been shown to be activated in HD animal models and
human patients. thus pointing at a potential link between dysregulatcd KP and
disease 183J. One KPmetabolite. in panicular. QUIN. has been linked to HD. [ntm
stri:ltal injection ofQUIN in rodents has been shown to cause lesions in the striatum
reminiscent of HD slriatum 184J. This system hence beClltlle an animal model to
study HD in animals. before genetic models became available. In a genctic mousc
model of HD. R612. 3~HK levels are elev:llcd in cenain brain regions such as thc
conex and striatum at 1--4 months of age. and KMO activity is increased 185J. In
other animal models that show :1 more modest phenotype such as YACI28 or
knock-in mice. QUIN and 3-HK were also elevated in striatum and conex, although
:It a later stage [86). It has also been found that both 3-HK and QUIN levels arc
significantly increased - by three- to fourfold - in low-grade human HD brain. but
remain unchanged in higher grade cases 187], leading to the hypothesis that these
metabolites may participate in the early phases of neurodegeneration.

Additional evidence directly pointing at KMO as :l potential target for the
treatment of HD comes from functional genomics studies in yeast (Saccharomyces
cerel';s;ae), where a large-scale genetic screen was designed to identify gene
deletions that suppress the toxicity of mutanl Huntingtin (mHIl). The most efficient
rescue was achieved by deletion of the yeast homologue of the human KMO
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protein. It was subsequently shown thai funher suppressor genes identil1ed do not
encode for KP enzymcs but have indirect cffects on KP mctabolite levels [88J.

Although linal genetic validation of KMO as a target for HD is still outslanding.
the evidence summarized above indicates KMO as a viable target. Inhibilion of
KMO activity is predicted not only 10 attenuate the flux through Ihe QUIN branch of
the palhway but also 10 shunt the KP metabolism toward enhanced KYNA levels
and thus enhance neuroprotection.

5.7.1 Optimization of KMO Inhibitors for the Potcnthll Treatment of HD

To identify KMO inhibitors with the potcntialto trcat Huntington's disease. CHDI.
a not-for-profit research org'lIliSillion. has emb:lrked on :l discovery program with
drug diseovery comp:my Evotcc. The initial goal of the program is to identify
potcnt. selective BI3B-pcnneablc KMO inhibitors for proof of conccpt experimcnts
in HD ill \';1'0 studies: howevcr. Ihc ultimate g0.11 of the collaboration is to progress
U clinical candidrlle for Ihe treatment of HD. As a first step in this process. u full
evaluation of compounds (30) and (34) was undenaken to establish a benchll1:lfk for
both these series of inhibitors. This included an evaluation of Ihe potency in both
biochemiclll and cellular lISS<1YS ~lS well as profiting the adsorption. distribution.
metabolism. excretion. :md toxicity (ADMET) propenies.

To evaluate the inhibitors. Evotec has developed a robust in 1';1"0 KMQ inhibi
tion assay based on monitoring the enzyme reaction by means of LC/MS/MS
(Fig. 2). which enables a direct quantification of the substrate and product and
has been successfully applied to both biochemical (mouse. mi. and human KMO
enzymes) and cellular (using both a slable CHO cell line over-expressing humun.
mouse. or rat KMO enzymc.'•. and a ral microglia cellular systcm) assays.

The profiles of compounds (30) and (34) are shown in Table I. As can be seen in
the above table. the potency (biochemical and cellular) of keto acid 30 is superior to
the sulfonamide 34. However. due to difficulties with solubility and detection of the
com!X'und in LC/MS. the full ADMET profile could not be gathered for compound
30. Compound 34 although more readily profiled in the ADMET assays was
shown to have several liabilities. including microsome instability. inhibition of

o COOH

~NH'
NH,

kynurenine
MW208Da

NADPH NADP

ti.
tJ.MW:t6Da

dJ::,
YNH2

OH

3·hydroxykynurenlne
MW 224 Da

J'ig. 2 KMO rl:3ction monitored by LC/MS/MS
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Table I

Assay

Profiling da1:1 for compounds JG and 34

Compound J4

S, CouJ1llcy and A, Scheel

Compound .10

lC~ mouse enzyme (~M)

Ie", nn en..:yme <11M)
Ie", human enzyme (~M)

IC~ cellular CliO cells (human) (~M)
JC~ cellular CHO cells (rJI) (~M)
le'l) cellular microglia (r:ll) (11M)
Aqueous solubility (mg/ml)
Half·life human liver microsomes (min)
Half-life mouse liver microsomes (min)
Pln$rna protein binding (% unbound)
C3co-2 (nMis) [A-BVJB-A]
CYP450 em~ymc inhibition hiM)

IA2/2C9nC 1912D6J3A4
Logl'
Cytoloxicity (I!M)
PK COllllllenl

NS no signal: NO nO! de,ennined

0.205
NO
0.1705
1.128
NO
0.349
0.1
10.7
8.8
,%
421/164
23/>50/1.81>50/>50

3.4 (pH 2)

>50
No bruin penetration

0.001
0.0022
0.08
0.30
0.Q35
0.22
<0.01
NS
NS
NS
NS
>50/>50/> 50/> SOl>50

2.62
>50
No brain penetration

cytochrome P450s. and high plasma protein binding. The ill 1Ii\·O phannacokinctics
of both the above comJXlunds was evaluated in micc (intravenous and oral dosing):
unfonunmely. neither cOffiJXlund showed any appreciable BBB pcnelr:l\ion. [t is
clear that to fully evaluate KMO as a JXltemial13rget for diseases stich as HD. there
must be an appreciable level of penetration of the inhibitor through lhe BBB into
the eNS.

Further evalulltion of comJXlund 30 was also carried oul in all ill vi\'o micro
dialysis study of kynurenine metabolites (study carried out by Bruins OnLine ' ). The
extracellular levels of anthranilic acid. KYNA. and 3-hydroxykynurenine were
dctennincd through a microdialysis probe inserted into the mcdilll prefrontal cortex
(mPFC) of mouse brains after oral dosing (10 mg/kg) of compound 30.

As can be seen in Fig. 3. the changes in metabolite level are consistent with
inhibition of KMO ill l'im. even with the cave:lI that compound 30 does not
penetrate the brain to an appreciable level.

To overcome the liabilities outlined in Table I and to estllblish llnew series of
potent inhibilors of KMO with BBB penetration and selectivity against kynureni
nase and KAT U. optimization of the keto acid inhibitors (e.g .. 30) was undertaken.

Initial amllogs of JO focused on replacement of the carbonyl (keto) group. one
such lmalog was the oxime ether 35. Unfortunately. this analog was less potent than
the parent keto derivative 30 (Table 2): however. the compound did exhibit
improved solubility and microsome stability. Interestingly the "parent" oxime
analog where the cyclopropyl group has not been introduced (36) has a much
improved potency while retaining the improved ADMET profile of 35 (Table 2).
Encouraged by these results. we prepared a series of amide derivatives of 36 to
remove the carboxylic acid functionality. one such example was compound 37.

I hllp:llwww.brainsontine.org
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Table 2 Profile of selecled oxime elhers

As~y

IC5(j 1l10U~ enl.yOle (J.lM)
IC5(j cellular CliO cells (hulnan) (J.lM)
AquWIIs solubilily (mg/ml)
Half-life human liver Olicrosomes (min)
Half-life mouo;e li\'er Olicrosornes (min)
CY10loxicilY (J.lM)

Compound

30 35
0.001 4.5
0.3 5.1
<0,01 0.27
NS >60
NS >60
>50 30

0.014
0.45
0.33
>60
>60
>50

.17
0.3
2,0
0,05
12,
>'0

N'''''"

~'CO,H
CIA(

a
(35) (36) (37)

Although this panicular amide was less potent in the KMO inhibition assays and
a degree of microsomal instability was reintroduced. both 36 and 37 were submitted
for phamlacokinetic evaluation in mice to investigate the potential improvement
from removal of the carboxylic acid. It was found thai both 36 and 37 have 11 good
level of onal bioavailability (77 and 128%. respeclively). and as expected .17 has a
high cJeanance rate (59 l/hIkg) compared to 36 (0.3 lih/kg). However, the major
difference between these two compounds comes frol11the brain penetration. It was
found that compound .16 had only a 5% penetration across the BBB. whereas .17
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gave 49% brain penetration. To dale. these KMO inhibitors have been shown to be
selective for KMO over kynurcninasc and KAT U. Funher optimization of lhis
oxime scaffold to identify KMO inhibitors that meellhe program gO:lls is underway
'" CHDI and Evotec and will be reponed in the near future.

To assist in the design of new inhibitors. CHDI and Evotec have ulsa used ;l

variety of both structure· and ligand-based computcr·uided drug design (CADD)
tools. For example. in IConS of structure-based design. a number of homology
models h"ve been developed to investigate the possible binding modes of the
inhibitors. [0 enable denT cvallmtion of SAR :md to assist in the design of new
inhibitor struclUres (through docking/scoring procedures). One such modcl is illu
strated in Fig. 4. Here, Ihe postulaled key inleraelions of the keto acid template e<tn
be seen alongside lhe accommodalion of the melhyloxime derivali ve.

The above homology model (Fig, 4) has also been used 10 carry out u vinual
screen of commercinlly available compounds. From calalog suppliers, 330.000
virlual compounds were scleCled using eNS drug-like propcny values 1891 subse
quently docked inlo the homology model and scored using a variety of scoring
funclions I90J. From Ihese studies. a selection of 1.000 compounds was purchased

Fig, 4 Homology mood of KMO with compound 30 docked
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and screened for KMO inhibition. This successfully identified 27 hils wilh 17
having an ICso < 10 11M. These compounds arc currently under optimization as
part of our ongoing KMO program.

A variety ofQSAR models have also been investigated. Comparative Illolecul;lf
field analysis (CoMFA) and compar.ltive molecular similarity indices lmalysis
(CoMSIA) 191, 921 models have been used for the substrate-based and kelo acid
inhibitors (represented by compounds 21 and 30). Molecular overlays were initially
developed for each cJllSS. :md by comparison of activity d;llll with lhese overlays, II

model can be developed to lllke into accounl both sleric and electrostalic fields
around the inhibitors: this is illustr.lled in Fig. 5191].

Using a set of 50 training molecules. the model was tested with 21 leSI COIll

pounds. In this e:<nmple. the model correctly predicted 83% of compounds wilh
ICso < 111M. 81% of those lllolecules between I and 10 11M, and 75% oflhose wilh
ICS{J> 10 ~lM. Figure 6 illustrates the correlnlion of this model (CoMFA correl..
tion coefficienl = 0.965. CoMSIA correlation coefficient = 0.7(4).

QSAR 100ls such as lhese are currenlly being used to rationali:w SAR and 10
predicl the potency of newly designed analogs currently undergoing evaluation
before iniliation of synthesis.

6 Perspective and Future Challenges

Manipullllion of the tryptophan pathwlly continues to provide a range of potencial
therapeutic targets for disease intervention. Inhibition of the KP and the control of
e:<citotoxic and neuroprotective metabolites lire of particular interest in lhe lrell1
ment of HD. Although the discovery of a potent and selective inhibitor of lhe KP
capable of efficacy ill I'iI'O in animals is challenging, the true hurdle for rescllTchcrs
is lhe translation of these lead compounds into viable thcrapies for the trC;ltmcnl and
control of HD.

Fig. 5 CoMFA overlays for KMO inhibilors. Crtf"! and )'tllow - Sleric fields. CnCJI ar('IlS show
where bulk is favorable: )'l'IloM' {lUllS indicate (gUI'It) where bulk is unfa~orable. 811l1' and /"('(1

electrostatic fields. Rl"d arl'os show arc: fa~or.tble for Tlegali~e charge. i.e.. oxygens. whereas bl/It>
are areas unfavorable for negali,'c: charge



S, COI,lJ1lley and A, Scheel170

8

7.5

7

6.5

'" 6•0 ,
5.50

~

L> 50.
4.5

4

3.5

3
3 3.5

•
•

4 4.5

•

5 5.5 6

p1C50_8XP

• CoMFA. CoMSIA

•
' ..
•

I

6.5

••

•

7 7.5 8

.'il:_ 6 Correlmiol1 plot for CoMFA and CoMSIA models wilh e.'lperirnenlal enzyme inhibition
dmu on human KMO enzyme

The need 10 discover an effective treatment for HD is paramount. Currently. the
available Ihel1lpies are limited 10 treatment of the mOSI widely recognized symp
loms of HD such as chorea. depression, irritability/aggression. sleep disturbance.
and psychosis. Only one dmg (Ielr.lbenazine. 11 dopamine lmnspon inhibitor) is
currenlly available lhal has been licensed specifically for HD: this drug lhal has
been licensed in Europe for the treatment of chorea for a number of years. however.
was only recelllly llpproved in the USA due to ils poor side effect profile. Through
the targeted interception of key phannacologicalmechanisms implicated in HD, the
intention is thac the onsct and progression of HO may be delayed. To this end, the
development of transgenic mousc models mimicking the disease hns been
extremely important milestones for HO studies. These models allow the role of
new targets such a..<; KMQ to be evaluated in a relevant disease model to fully
explore the significance of inhibition on the neurodegenemtive effects of mHll.
Models such as the widely used R6/2 mice do. however, have some limitations in
that they are expensive. time consuming. and of course have yet to be proven in
tenns of the predictability for progressive human HO.

One of the major challenges of inhibition of the KP is the presumed interplay
between peripheral and centml effects of KP metabolites. TRP, KYN, and 3-HK
readily penetrate the BBB. whereas the acidic metabolites QUlN and KYNA
cannot. Indeed, peripheral administmtion of TRP increases brain levels of KP
metabolites. Considering the large capacity of the KP in the periphery, it is
important but very chnllenging to determine by what extent changes in the levels
of peripheral KP metnbolites affect brain function and also dysfunction.
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Inhibition of KMO specifically has challenges. For example, the understanding
of the pharmacological mechanism of KMO inhibitors (QUIN-mediated excito
toxicy, kynurenic acid-mediated neuroprotection versus anti-inflammatory effects)
although not critical for the optimization of a lead series requires further clarifica
tion before progression of compounds to clinical development. In addition, the
differences in glia cell biology between rodents and humans and the potential
cognitive side effects due to increasing KYNA levels during chronic treatment
are key challenges for any ongoing research program.

Progression of a KMO inhibitor into an HD clinical trial will require evidence
that the inhibition of the enzyme in vitro safely translates to both the anticipated
modulation of tryptophan metabolites in vivo in the brain as well as positive
phenotypical responses within relevant transgenic mouse models.

HD clinical trials present many challenges by themselves, and to date these trials
have been varied in their design and quality of data produced. One of the most
apparent challenges is the assessment of disease progression. Currently, the most
widely recognized system is the Unified Huntington's Disease Rating Scale
(UHDRS). This scale encompasses six subscales, namely motor, cognitive, beha
vioral, total functional capacity, total functional assessment, and independence score,
and was developed by the Huntington's Study Group (HSG). Although beneficial in
terms of unification of a single scale, the UHDRS must still suffer from the problem
of interpretation of a disease that is complex both in terms of onset point and the vast
array of symptoms that may be presented. Thus, the identification of validated and
measurable biomarkers and clinical endpoints will be vital for such costly trials.
Further work is needed in this area to ensure that future clinical trials are as effective
as possible. One key factor for future success is the effective recruitment of patients
into clinical trials. CHDI are coordinating a new initiative that will increase aware
ness and capture valuable information relating to disease onset and symptomatic
presentation, including early-stage cognitive impairment. This information will be
extremely valuable for future clinical trial design and management and ultimately in
the search for an effective treatment for HD.
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Abstract Proximal spinal muscular atrophy (SMA) is an autosomal recessive disor
der characterized by death of motor neurons in the spinal cord. SMA is caused by
deletion and/or mutation of the survival motor neuron gene (SMN1) on chromosome
5q13. There are variable numbers of copies of a second, related gene named SMN2
located in the proximity to SMN1. Both genes encode the same protein (Smn). Loss of
SMN1 and incorrect splicing of SMN2 affect cellular levels of Smn triggering death of
motor neurons. The severity of SMA is directly related to the normal number ofcopies
ofSMN2 carried by the patient. A considerable effort has been dedicated to identifying
modalities including both biological and small molecule agents that increase SMN2
promoter activity to upregulate gene transcription and produce increased quantities
of full-length Smn protein. This review summarizes recent progress in the area and
suggests potential target product profile for an SMA therapeutic.
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1 Introduction

Spinal muscul:lr atrophy (SMA) is a group of juvenile autosomal rccessive
disordcrs. The gcneral feature shared by all fonns of SMA is progrcssive muscle
wC:lkness. It results from degeneration and eventual loss of the anterior horn
cells in the spinal cord and the brain stem nuclei. Low muscle mass, inade(luate
weight gain. respiratory infections including pneumonia, scoliosis, and joinl
conlractures are common complications. SMA is the second most common
inherited disease in humans (after cystic fibrosis) affecting approxill1alely I in
every 6.000 newborns II J. The Clurier frequency for SMA is ubout I in 40
individuals. Internationally, the incidence of SMA is 7.8-10 C:ISCS per 100.000
live binhs 12].

2 SMA Genetics

The genetic cnuse underlying SMA is mutlllion of the survival motor neuron I
(SMNI) gene. encoding the protein survival motor neuron (Sn1l1). SMA is
caused by rnutution or homozygous deletion of the telorneric copy of the
SMNI gene on chromosome 5q1313J. The majority (Cil. 95%) of SMA patients
c:lrry homozygous deletions (4-91, The region on chromosome 5 surrounding
SMNI has an invened duplic:lIion thm includes v:lriable numbers of copies of:1
second, rel:ued gene named SMN2. The clinical course of SMA varies from
mild to severe depending upon the number of copies of SMN2 carried by the
patient [3]. The most common SMNI lllut:l\ion is deletion, but olher IllUl:ltiOllS,
including gene conversion of SMNI to SMN2. m:lY occur. $mn functions in
the synthesis and trafficking of small nuclear ribonucleoproteins or snRNPs
required for exon splicing to cre:lte mRNA. The protein heterodi1l1erizes with
multiple cellular targets including SIPl. GEMJN4. and others involved in the
production of snRNPs, as exemplified by hnRNP U and the small nucleolar
RNA-binding proteins.

SMN2 differs from SMNI by eight nucleotides. one of which results in skipping
of eXOll 7 in SMN2 mRNA processing. The SMN2 gene is transcribed, but :1
mutation in a splice enhancer causes missplicing such thM most transcripts lack
exon 7 and produce a truncated protein product that is rapidly destroyed lID].
BeC:luse the SMN2 gene docs produce a small percentage of correctly spliced
transcripts. a small amount of Smn protein is produced. Copy number variation in
SMN2 modifies disease severity rIII. A majorilY or babies with b SMA are severely
affected with survival only 1-2 years after binh. Such patients typically have one to
two copies of the SMN2 gene as some patients may have chromosome 5 deletions
covering both SMNI and SMN2. SMA patients with milder disease may carry three
to six copies of the SMN2 gene [121.
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3 SMA Diagnosis and Categorization
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Diagnosis of SMA includes a blood test which looks for the presence or llbsence of
the SMNI gene. The DNA diagnostic test is combined with both physiclll eXllIninll
tion lind llssesslllenl of family history 1131. A carrier is identified from the number of
exon 7-COnlllining SMNI gene copies present. Due to variability within this region of
human chromosome 5qJ3, some carriers may appear nonnal by DNA lest as lhey
may have IwO copies of SMNJ on one copy of chromosome 5 and delelion of SMNI
on the other 1141. Although lhe number of SMN2 copies is related to the severilyoflhe
disease, it does not reliably predict the outcome, Therefore. in addition to the gcnetic
tcsting, clinical evaluation includes assessing extent of weakness and motor abilities.
These include electromyogmphy (EMG) lmd nerve conduction velocity (NCV).

Ahhough genetic evidence suggests that mutation of SMNI combined wilh
variable SMN2 copy number pillces p:uienls on a continuum. pediatricians and
neurologists hislOric;\!Iy categorized the disease into types based on clinical evi
(!ence. This classification is currently in use for proper treallllent regimcn llnd
prognosis. There arc fOUf different types of SMAs (Type I-IV) recognized by thc
medical community. An lldditional Type 0 disease has been proposed to categorize
SMA diagnosed within 30-36 weeks of gestation. Newborns with Type I SMA
(SMA I. acute infllnlile SMA, Werdnig-Hoffman disease) feature facial weakness,
low muscle tone (flaccidity), hllve serious issues with breathing, rolling over. and
silting withollt suppan, and eventually succumb to the disease within the first
2 ye;lfs 1151. Type II SMA (SMA2. chronic infantile SMA. Dubowitz disease) is
nomlalJy diagnosed at 6-12 months. Although the affected children do not require
bremhing aid and c;m sit. they fail to stand or walk unaided. They do survive into
adullhood. but with significant motor disability and arc vulnerable to respiratory
infections 1161. Patients affected by Type III SMA (SMA3, Kugelberg-Welandcr
disease, chronic juvenile SMA) are diagnosed in childhood (>age I) or adolescence
but remain mobile ill10 adulthood. For these patiell1s, it is difficult to rise from a
silting position. Usual complaints include trembling fingers and weakness of
proximal limbs. SMA2 and SMA3 are detected in I of 24.000 binhs [161. Type
IV SMA usually occurs after age 30--35. This is the mildest foml of the disease
manifesting itself in modernte muscle weakness, tremors, and twitching [171.

4 Current Treatments

4./ Preclinical EvaluaJion

4,1.1 III Vitro and Ex Vim Assays

In this chapter, we will summarize several ex vivo and in I'il'o assay systems used to
prioritize small molecules for preclinical development. Much work has focused on
identifying compounds that increase SMN2 promoter activity. Given that SMN2
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gene copy number modifies disease severity. a small molecule activator could
mimic an increase in copy number. Histone deaclylase inhibitors, for example.
which elevate gene expression by modifying chromatin structure, have been shown
10 increase SMN2 gene expression in cellular assays. Moreover, multiple groups
have used cellular systems to screen for additional compounds with pOlent;,,]
therapeutic activity. For example. Jarecki cl al. constructed a cell·b:lsed SMN2
gene reporter assay by lransfomling the NSC34 mouse neuroblastoma x mOlor
neuron hybrid cell line wilh a fragmen! of lhe hum.m SMN2 gene promoter lhal is
functionally linked 1011 bacterin! (3-laclamasc gene. This aSSllY is both robust and
amenable [0 high-throughput screcning (HTS) [181. In a subscquclll test. primary
hits are con finned by their abilily 10 increase SMN lllRNA. liS measured by re:ll
timc PeR. in fibroblasts collected from SMA paticnts. A 1.3- to 2-fold increase in
SMN mRNA at sub-micromolar 10 low micrornolar concentration is generally
observed for active compounds regardless of their rnolecular mecllllllislll of nct ion.
A patient.<fcrived skin cell assay is further used to assess the cffect of:1Il agent on
$mn protein level and the number of nuclear organelles termed Gcms or ClIjal
bodies (intranuclellr concentrations of Sllln found in most cells). The laller is a
functional read-out of Smn protein levels 119J.

4.1.2 III Vivo Models

Efforts at generating mouse models of SMA have been encouraging but not entirely
successful. The mouse SMN gene is present as a single copy and does nOI undergo
alternative splicing. Therefore. there is no counterpan in mice 10 the SMN2 gene
present in humans. SMN I mice lire pre.implantation lethal and underscore the
imponance of the Smn protein for cellular and organisnml survival. Since a milder
phenotype allowing survival past birth is a desirable feature of an SMA model.
several groups have imroduced human SMN2 BAC transgenes or mutanl fOnllS of
SMN into mice. Thecombination of an SMN2 BAC transgene on the mouse SMN-1
background results in neon:llal lethality at low SMN2 copy number or complete
rescue lit highSMN2 copy number. Burghesand coworkers additionully introduced:1
transgene producing a truncated SMNJ transgene lacking exon 7 (often referred to
as the SMNL\7 model) 1201. Lifespan of the SMN6.7 mice is generally about 15 days.
The role of the truncated L\7 Smn protein in extending lifespan at least until 15 days is
nOi well understOCKl. More recently. DiDonato et al. has described a model in which
the single nucleotide polymorphism causing missplicing of SMN2 mRNA lacking
exon 7 was knocked into the mouse SMN locus (referred 10 as the 2B/- model) [21].
These mice live until about 25 days of age. To funher our underslanding of SMN
in tenns of structure/function relationships and disease pathogenesis. it would be
ideal if a panel of animals with intemtediate/mild phenotypes of SMA existed.

The Jackson Lnboratory received support from the SMA Foundation to make
available the first group of mouse models for SMA. Each of the modcls includes a
targeted mutation of the endogenous mouse SMN gene. combined with trans
genes involving various forms of human SMN2 and/or SMNJ. Mice that arc both
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homozygous for the targeted mutant Smn I and carry lhe SMN2 lransgene exhibit
symploms and neuropathology similar to humans wilh type I proximal SMA. These
mutants are eilher stillborn or survive for only 4-6 days. Homozygoles bearing llle
Sllln-targeted mutation without a copy of the SMN2 transgcne die embryonically
I22J. Mice homozygous for thc Smn-t;lrgetcd mutation and hcmizygous for lhe
SMN2 transgene are viable_ fertile. and havc short thickened tails. There is il strong
correlation between estimated copy number of the transgcne and severity of lhe
phenotype. These mice exhibit a moleculnr :md progressive neurodegeneTiltive
phenotype similar to Type III SMA 123J.

4.2 Supportive Treatments

SMA patients are regul:lrly assessed for nlllritional stale. respirulory ftlnction. lind
orthopedic staltls. Currently av;.ilable tremment is aimed al improvement of Ihe
patients' quality of life and addressing disilbility(ies). Examples of possible lrell1
mcnts. depending on type and severity of condition. includc dictary :lssessmcnt (i.c..
recommendations for dcaling with swallowing issues) and/or nutritional support via
tube feeding; physical thempy to improve or maintain mobility and flexibililY:
wheelchair assistance for independent mobility: orthoses to prevent/minimizc spin ..1
curvature :lnd/or to support walking: spinal fusion surgery: and respimtory lherapies
(e.g.. supplementary oxygen. mechanical ventillllion. and chest physiolherapy) 124J.

4.3 Investigational Therapies

SMA is considered one of the beller vlliidated diseases for therapeutic intervention
for il number of rellsons. While SMA is manifested in a broad clinical spectrum. a
single gene is responsible for all clinical forms of the disease (e.g.. severe. imenne
diilte. ilnd mild). Loss of SMNI and SMN2 is letllill. therefore essentially all SMA
patiellls typically retain one or more copies of SMN2. SMN2 encodes a fully
functional Smn protein. Molecules that stimulate full-length 5111n protein expres
sion from the SMN2 gene are of interest to a broad mnge of SMA patient popula
tions. It hrL~ been suggested Ihat SMA may be the first inherited disorder in which
the activation/splicing correction of a copy of the gene may cure or ameliorate Ihe
disease. The level of Smn protein could be increased by either (I) enhancing SMN2
gene transcription or (2) suppressing defective splicing of the SMN2 mRNA.
thereby increasing the number of full-length transcripts.

4.3.1 Iliological Strategies ror the Treatment or SMA

Antisense nudeotides hybridizing to an exon 7 reportedly promoled its inclusion
and increased full~lenglh Smn protein levels. Notably. the trealmenl did not
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imcrfcre with either mRNA export or translation [25]. A development of bifunc
tional RNAs that modulate SMNl prc-mRNA splicing and could be delivered via a
gene therapy vector has been reported [261. These agents feature two distinct
domains: SMN·complimentary RNA sequence lind RNA segment recognized by
various cellular splicing factors. such as SR and SR·like proteins. Further develop
l1lenlS of this approach have been published recently 127J,

A tmns-splicing strategy is based on combining mUlant and therapeutic RNAs to
restore p:u-cnt RNA sequence. A recent report described a specific system Ihat
reduced lhe competition between lhe splice sites and hence enhanced Ihe efficiency
of Ihe process. Tr..ms-splicing RNAs were shown to rcdircct splicing from thc
SMN2 mini-gcnc as wcll as from cndogcnous lranscripls. In lhc ncxt stcp, Irans
splicing RNAs were successfully delivered to SMA patienl fibroblasts via recom
binant adeno·associated viml vectors to yield increased levels of full-lenglh SMN
lllRNA and total Sllln prolein levels. Notably, lhis treatment also reslored snRNP
assembly, a critical funClion of Sllln. AUlhors concluded thaI the nllernativcly
spliced SMN2 exon 7 WllS a viable target for rep1:lcement by trans-splicing 128J.

A serics of vectors have becn designed Ihat express modified U7 snRNAs
containing antisense sequences complementary to the 3V splice site of SMN.
Over 20 llnti-SMN U7 snRNAs were tested for their abilily 10 promote inclusion
of exon 7 in 'he SMN2. Transient expression ofami-SMN U7 snRNAs in HeLl celis
enhanced SMN2 splicing by ca. 70% yielding anticipated exon 7 inclusion in "
sequence-specific and dose-dependent manner. The administration of anli-SMN U7
snRNPs nlso resulled in the increased concentrations of Smn protein 129J. Two
novel recombinanl splicing factors. namely hnRNP·G ;md its paralogue RBM,
promoted inclusion of SMN2 exon 7 via the specific protein-protein interaction
involving hnRNP-G/RBM and Htra2-B I [30J.

Several symptomatic therapies aimed at muscle mass m:lintenance have been
lested. For example. administmlion of follistntin 10 SMA mouse models resulled in
incre;lsed muscle m;ISS. gross motor function improvement. and a 30% increase in
avemge lifespan, II has been suggested th..t foUislalin targets the pathways th"l
affect muscle maintenance and growth, specifically myostatin, a prolein thill limits
muscle tissue growth. Skeletal muscle is a viable therapeutic target that may reduce
the severity of some SMA symptoms. It is conceivable that the most effective
treatment would combine strategies that directly address the genetic defect in SMA
and SMN-independent strategies that enhance skeletal muscles. Similarly, thyro
tropin-releasing hOllTlone (TRH) has been recently shown to enhnnce peronal nerve
conductancy in Type 1I-IJ1 SMA p.1liems. The agent was delivered via percuta
neous intravenous calheters al a dose of 0.1 mg/kg (in 50 ml of nonnal saline) for a
lot'll of 29 days. Improvements lasted 6-12 months 131 J.

4.3.2 Small Molecule Agents

Small molecule activators of the SMN2 gene promoter. which enhance Smn
expression, represent a promising strategy for the treatment of SMA. A number
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of mechanistically and chemically distinct agents were found 10 enhance lhe
transcription. amend SMN2 splicing. and stabilize or increase levels of Smn protein
in patients. However, the unambiguous clinical proof·of-concepl studies of these
agents are still absent. The following nre some ngenls under advanced investigUlion
132-341.

l. Histone d{'ac{'lylas{' (HDAC) inhibitors can increasc the Icvel of fl-SMN 135].
Although wllproic acid (VPA) has been discovered to arrect a multilude of
palhways. its activity in the SMA models was associated with HDAC inhibition.
This molecule was shown to increase SMN protein in skin fibroblusts 136, 37]. A
similar mechanistic hypothesis has been suggested for both phellylblllyrale and
hydroxy"rea. Phenylbutyr:lle is an approved agent for the treatment of urea ilcid
cycle disorders. It was found to increase full-length SMN2 transcripls in skin
fibroblasts 1381. Oml administration of phenyl butyrate incre:lsed SMN expres
sion in whitc blood cells 139]. In a pilot trilil. phenylbutyr:ttc featured a shon
tenn function improvement in ten SMA patients 1401. Hydroxyurca is an agent
that enhances lhe expression of human fetal hemoglobin. Similar to VPA and
phenylbut ymte, it increased SMN levels in skin fibroblasts from individuals wilh
SMA [41. 421.

2. II/(lol)I"O/{'II. a nonsteroidal unti·inlllltnl1latory drug (NSAID). increased SMN2
levels in fibroblasts of SMA patients 143].

3. A Phase I trial of Rill/lek (Rill/:ole) in infants with SMA showed the molecule 10
be safe but not sufficiently beneficial for the treatment 144].

4. Studies of galJapemill in individuals wilh SMA II and III showed improvement
in muscle strength but not in mOlor or respir..llory function 145,46].

A detailed discussion of these agenls is summarized below.

HDAC Inhibitors

HDAC inhibitors were found to increase both the expression of SMN2 and Smn
protein in various cell types. The initial evidence regarding their potential thera
peutic utility in SMA came from thc studies of a weak, non-specific HDAC
inhibitor phenylbulyrate 147). Both this agent along and sodium butyratc showed
promise in a IllOUse model and in an open-label pilot study. bUI was not effective in
a human Phase II c1inicallrial 140,48,49].

Although an increase in the levels of full-length SMN2 mRNA/protein production
is generally regarded as beneficial for the treatment of SMA. there is no consensus
regarding its desired magnitude. For example, butyrates and their derivatives fea
tured improved survival of a mouse model of SMA but did not increase SMN levels
in the spinal cord of these mice. On the other hand. fibroblast cultures deri ved from
SMA patients were treated with therapeutic doses (0.5-500 ~(M) of VPA to result in
a 2-to 4-fold increase in the levels of full-length SMN2 mRNNprolein. VPA was
discovered to elevate Smn protein levels through transcription activation in orga
notypic hippocampal brain slices from rats. VPA-treated animals featured bolh
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higher body weights and significant increase in lifespan. They were able to reorient
more quickly and showed improved limb strength and mOlor function [50J. Sodium
valproalc has induced mOlor function improvement in patients presumably via
enhancing transcription and reversing SMN2 splicing pallern [5 [].

Hydroxyurea was described [0 increase the number of gems encapsulating
functional Smn protein in cells from Type I to Type IV SMA patients. This ..gent
WllS proposed to act via the inclusion of the missing exon from already exisling
RNA or/:lI1d increase in the expression of olher 1l1\nscriplion faclOrs. Authors
further speculated thai these events may allow ce11la bYPllSS the SMN2 mutation.
making it work as a surrogate SMNI 14 L 42].

Subcroylanilide hydroxamic acid (SAHA) was introduced as bolh polent and
sure molecule for the treatment of SMA. SAHA incre••sed Sum protein levels at low
micro1l10lar concentrations in rat hippocampal brain slices, motoneurone-rich cell
fractions. and in a human bmin slice culture ass'ly. This agent was nlore efficient
than VPA in both activating SMN2 and inhibiting HDACs. SAHA :Ll.~o features
good oml bioavailability. 11 was welltoleratcd and reported to cross lhe blood-brain
barrier 152J. A close amllog of SAHA. M344 incre'lsed full.length SMN2 rnRNA.
Smn protein level. :md number of gems in fibroblast cullures derived from SMA
patiems. The molccule was noted to be cytotoxic al high concentr.ltion femuring
therapeutic index of ca. 21531.

Phenyl bUlyr,lle

~COOH

Valproic acid

Hydrox)'Urea

('r'"~NHOH
R~ 0

SAHA. R '" H
M344. R '" NMcl

Trichostatin A. a more potent HDAC inhibitor compared to SAHA. increased
SMN2 expression in cultured cells and ill I'il'o. [t ameliorated neuromuscular
abnomlalities and improved lhe clinical phenotype of an SMA mouse model 154].
Daily treatment of the 5·day·old SMA mice with trichoslatin A enhanced the level
of SMN2 expression and production of SMN2 mRNA. In addition. it facilitated the
assembly of SMN/RNA complexes. Treatment with trichostatin A restored normal
size to anterior hom cells and increased both total muscle area and myofiber
diameter. Treated mice lived longer and had better motor function. The median
increase in survival was 3 days (20%). In discussing the mode of action of
trichostatin A. authors suggested that the inhibition of diverse HDACs makes
SMN2 (and. perhaps other genes) more accessible to a frequent transcription.
However. the main issue associated with HDAC inhibitors is their effect on
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off-target genes. especially in the chronic selling. A potemial solution may be
identification of the key HDAC enzymes involved in the SMN2 expression and
their inhibition with highly specific small molecules.

Agent TROl9622 feMuring steroid tcmplale is under development by Trophos.
It has successfully completed phase I studies in healthy volunteers and phase lb
studies in SMA patients. The compound was well tolemted, felltured good s,lfely
profile imd PK suitable for once-daily oml dosing based on preclinical models.
Unfonunately. very limited biochemical data are aVililable on this molecule in lhe
literature 155J.

Trichostatin A

Antibiotics and 1l1eir Dcriv:uives

TROI9622

Antibiotic aclamQiC.'i1l was reponed to facilitale lhe retention of exon 7 itllo lhe
SMN2 transcript. It promoted incorpomtion of exon 7 into the SMN2 transcripts in
Type I SMA fibroblasts, bringing the number of SMN gems to norlllal levels 156].

A synthetic derivative of antibiotic PTK-SMA-OI has been developed by Para
tek. Similar to i.clarubicin. the compound increased exon 7 inclusion by greater
than sixfold above background (19.2% vs. 3.1%) at 10 IlM concenlralion. Cell
based assays using patient fibroblasts revealed that the agent increased lhe expres
s;on of both $mn protein (40% increase ill 10 ~IM) and gems (2.8-fold increase .11

2.5 ~IM). Adult SMN2 trilllsgenic mice were lreated with PTK-SMA-OI to deter
mine whether the compound increases full-length SMN2 mRNA levels in nOll-CNS
tissues i"l"il'D. Four daily administr.ltions (Lv. or p.o.) of the compound al 25 and
50 mg/kg furnished increased expression of SMN2 mRNA by 23% in the kidney
and by 74% in the liver compared to mice dosed with vehicle. Unfonunalely. lhc
molecule displayed very limited blood-brain barrier penneability 1571.

o

Aclarubicin PTK-SMA-Ol
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A cell-based assay for SMN2 promoter activation and Ihe det:lils of an uHTS
screening campaign of 558.000 compounds was described by Jarecki ct al. 1181.
This errort led to the identilicalion of several small molecule hilS representing nine
scaffolds. Derivatives of 2A·(Ii"milloqll;lIa:ofine were prioritized as polent activll
lOTS of the SMN2 promoter. Structure-activity relationship studies CU[1l1inUled in ;l

lead compound X featuring high potency (EC50 = 4 11M) ;md 2.3·fold induction of
lhe SMN2 gene 158J.

2,4-0iaminoquinazolines

R '" 2-F (0156844), 2-CI. 3-el

The optimized molecules fe;lIuring a 5-C substilllent also upregululcd expres
sion or tile mouse SMN gene in:1 mouse mOlor neuron hybrid cell line NSC-34. In
Type 1 SMA patient fibroblasts. these compounds induced SMN in a dose
dependent manner and restored the number of intranuclear gems to levels
corresponding to unaffected genetic carriers of SMA. Smn protein concentration
has also been increased throughout the cell. In addition to favorable ex ril'O

functional activity. selected 2.4-diaminoquinazolines afforded high brain expo
sure levels and long brain half-life following oral dosing in mice. The decapping
scavenger enzyme (DcpS) was recently reponed as a potential molecular target of
these compounds 1591. Specifically. screening of -5.000 human proleins arrayed
on a glass sl ide with an 1-125 labeled C5-substituted quinazol ine ligand identi fied
DcpS as the sole interactor. DcpS binds and hydrolyzes the 7melhyl guanine cap
structure of mRNA CmGpppG) in a two-step reaction. There was a tight correla
tion between DcpS inhibition and SMN2 promoter induction [59J. D156844. for
example, inhibited DcpS with an ICso = 8 nM and activated the SMN2 promoter
at an ECso = 4 nM. Co-crystallization of DI56844 and other C5-quinazolines
with DcpS revealed that the compounds trapped the enzyme in a non-productive,
open conformation. Slntctural data further suggested that the 2.4-diaminoquina
zoline motif occupies the 7mG-binding pocket of DcpS with the SAR around the
quinazoline core 158).
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Nlltural Polyphenols

A red wine component. (E)-reslwarl'o/. W:lS evulullted in SMA Type-I fibro
blasts. Trcatmcnt wilh thc moleculc (100 IJM) rcsulled in a 1.2- to 1.3-fold
increase in the levels of full-length SMN2 mRNA and Smn protein. However.
variable results were obtained from olher cell lines I60J. Similarly. other naluml
polyphenols including CUI'CI/mill and epigalfoctlll'c1lin w'/are (EGCG) moderately
increased exon 7 inclusion of SMN2 transcripts. stimulated the production of full
length SMN2 mRNA. Smn protein. and enhanced the fonmllion of Smn-cotltllining
nuclear Gems 161 J.

OH
HO

HO HO

~OH OOHY MeO~OMeHO
OH HO A AOHHO

OH

OH

(£}·J{csveratrol

Olher Chemical Agents

Curcumin ECCC

/IU/oprofel/: In a high-throughput screen of ca. 47.000 compound library. authors
143J have converged on indoprofen as a molecule lhat enhanced production of an
SMN2- vs. SMN/-luciferase reIX>ner protein. Indoprofen. a NSAJD and cyclooxy
genase (COX) inhibitor. afforded a 13% enhancement of Smn protein and a fivefold
increase in the number of nuclear gems in fibroblasts from SMA palients. NOlably.
other tested NSAIDs or COX inhibitors were inllctive in the assay.

Sa/b/llomo/. a 132-adrenoceptor agonist. was shown to promote both expeditious
and significant increase in SMN2 full-Ienglh mRNA and Smn protein in SMA
fibroblasts 162].
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AII/jlline 15-(N-cthyl-N-isopropyl)-amiloridc. EIPAJ has been introduced as
polcnt and cfficaceous Na·/H~ exchanger inhibitor. This agent afforded comparable
enhancement of SMN2 exon 7 inclusion. Smn protein production. and a number of
nuclear gems across six lymphoid cell lines derived from Type I-III SMA patienls.
Proposed mode of aclion involves EIPA·induced upregulation of the splicing f;JClor
SRp20 inlhe nucleus 1631.

Indoprofcn

OH I
HO~~'\'
HOV

Salbul,UllOl

o NH

C' N0)(
l1:l~ NH,

N N NH2

A
EIPA

5 Target Product Profile for an SMA Therapeutic

Drug discovery learns in industry typically work toward a (lesircd target product
profile (TPP). The TPP stales in simple temlS the desired mCl,;h:lIlism of action.
lhcmpculic benefit. lind how it will be used. A sample TPP for an SMA therapeutic
might be Ihe following:

Mechanism ofaCliOIl: Increase $MN2 gene expression and $MN prolein.
Clinical il/(lical;OIl: For lre:lImenl of SMA in children with autosomal recessive

mutation of SMN I and variable SMN2 gene copy number.
Dosing fOl"m: Liquid and symp dosage fonns for oml dosing of neonales. Tablet

dos:lge foml for older children able 10 swallow and/or adullS.
Clinical emilia/ion: The compound will exlend survival in e:lrly-onset. severe Type

I SMA patienls whose life expeclancy is nonnally 1-2 years of age.

The TPP describes to the drug discovery learn that the testing funnel will focus
on cellular and animal assays Ihat measure SMN2 gene expression and production
of Smn protein, and that animal efficacy studies would need 10 demonstrate
improvement in lifespan for a compound that would be advanced into clinical
trials. The phamlaceulic properties of the drug would need to allow onll dosing
and provide :ldequate sol ubi lily and stability to allow fomlUlation for liquid or
syrup dosage f0I111S. Finally. clinical evaluation of efficacy would necessitate
dosing in neonales for 6-12 months with enrollment genetically stratified by
SMN2 gene copy number.

6 Conclusions

Genetic understanding of the pathogenesis of SMA has led 10 several encouraging
therapeutic approaches. These are designed to increase SMN2 promotor funclion,
suppress missplicing of Ihe SMN2 gene lranscripl. or slabilize correctly spliced



Spinal Muscular Atrophy: Current Therapeutic Strategies 189

SMN2 mRNA such that there will be a higher yield of Smn protein produced.
Therapeutic targets such as the HDACs and DcpS have emerged with some
compounds showing promising benefit in cellular assays and mouse models. It is
hoped that one or more compounds entering human clinical trials will show
therapeutic advantages in patients.
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