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Abstract

Chronic Clozapine Treatment Impairs Functional Activation of Metabotropic Glutamate
Receptor 2 via an HDAC2-depedent Mechanism

By Travis M. Cuddy, B.S.

A thesis submitted in partial fulfilment of the requirements for the degree of Master of
Science in Physiology and Biophysics at Virginia Commonwealth University.

Virginia Commonwealth University, 2018.

Major Director: Dr. Javier Gonzalez-Maeso, Associate Professor,
Department of Physiology and Biophysics

Schizophrenia is a chronic mental disorder affecting millions worldwide. It has no
known cure. Current pharmaceutical treatments have shown efficacy in only one of the
three symptom clusters of schizophrenia, providing little or no benefit in the other two.
Furthermore, the current standard-of-care drugs, known as atypical antipsychotics, carry
risks of severe side effects affecting multiple body systems. Most patients opt to
discontinue drug therapy within two years of initiation due to lack of efficacy and/or
preponderance of adverse effects. Previous findings have shown that chronic usage of
atypical antipsychotics causes a 5-HT2a-dependent upregulation of histone deacetylase
2 (HDAC2), which in turn leads to downregulation of metabotropic glutamate receptor 2

(mGIuR2), a G protein-coupled receptor with an important role in synaptic plasticity. The

vii



present study aims to characterize the extent to which this downregulation leads to
specific functional outcomes, and in doing so, may help identify new targets for more

effective treatment of schizophrenia.
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Chapter 1: Introduction

1.1: Schizophrenia and its Treatment

Schizophrenia is a chronic, severe, and debilitating mental disorder that impacts
how a person thinks, feels, and behaves." The disorder carries considerable societal
costs? and afflicts approximately 1% of the world’s population.®> Symptoms most often
appear in late adolescence and early adulthood, and are grouped into three main
classes: positive symptoms (e.g. hallucinations, delusions), negative symptoms (e.g.
flattened affect, anhedonia), and cognitive deficits (e.g. poor executive function,
problems with working memory).! Despite the fact that the precise causes of the
disorder remain unknown, there is a consensus that schizophrenia is multifactorial in
origin, arising from interactions between genetic, environmental, psychological, and
social factors.*

Pharmacological treatment for schizophrenia consists primarily of a class of
drugs known as antipsychotics. While effective against positive symptoms of the
disorder in 30-40% of patients,®> antipsychotics provide limited, if any, relief from the
negative and cognitive symptoms,® which are predictors of functional disability.’
Persons with schizophrenia have only a 5-10% chance of making a full recovery
regardless of antipsychotic use.® In addition to these considerable shortcomings,

antipsychotics also carry a vast array of side effects, some of which are severe.
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Consequently, rates of non-adherence to medication are high in this population — as
many as 75% of patients stop treatment within two years of initiating therapy.® Without
doubts, treatment of schizophrenia is an area where current clinical needs remain
woefully unmet.

The extent of this problem is perhaps best illustrated by the story of the
antipsychotic drug clozapine, which was developed in the 1960s. Today, over half of a
century later, it remains the only drug proven to be effective for treatment-resistant
schizophrenia.® Despite a lowered incidence of extrapyramidal motor symptoms,
clozapine still carries risk for many adverse effects,® with risks of agranulocytosis,
considerable weight gain, diabetes, metabolic syndrome, bowel obstruction, and other
serious problems.® Dishearteningly, in the many years since the development of
clozapine, all attempts to create a compound that retains its unmatched efficacy — yet

sheds its many adverse effects — have failed.

1.2: Typical Antipsychotics

The earliest hypotheses of schizophrenia emerged from the discovery of the
antipsychotic action of chlorpromazine and the later characterization of its target, the
dopamine D2 receptor (DRD2). The foundation of the dopamine hypothesis of
schizophrenia can be traced back to the 1970s, when reports that the known
antipsychotic drugs were antagonists at DRD2 and that clinical efficacy of these drugs
was strongly correlated to their affinity for the striatal DRD2. Further support for this

hypothesis was derived from observations that high amounts of amphetamine, a



dopamine transporter substrate, can induce psychotic symptoms, as well as reports that
reserpine, a drug that depletes monoamine neurotransmitter levels in synapses, was
capable of reducing such symptoms.2 Until recently, the prevailing notion was that
dysfunctional dopaminergic activity in forebrain regions was largely responsible for
schizophrenia.!” The earlier antipsychotic drugs (e.g. chlorpromazine, haloperidol), now
referred to as “typical antipsychotics,” are potent DRD2 antagonists, though they exert
additional effects on a variety of targets. These drugs have a high incidence of
extrapyramidal motor side effects, such as tardive dyskinesia, which complicates their

use.

1.3: Atypical Antipsychotics

More recently, research regarding the molecular underpinnings of schizophrenia
has focused on other neurotransmission systems, such as serotonin and glutamate.
Whereas the typical antipsychotic drugs are DRD2 antagonists, newer drugs also
exhibit potent antagonism at the serotonin receptor 2A (5-HT2xa), generally in addition to
slightly lowered affinity for DRD2. These drugs, referred to as “atypical” antipsychotics,
have now become first-line treatments for patients with schizophrenia.'? Compounds in
this class include clozapine, risperidone, and olanzapine. Their main advantage over
the older, typical antipsychotics is a lowered incidence of extrapyramidal motor side
effects. However, as previously mentioned, the atypical medications are not without

their own risk of serious adverse effects, and only address certain symptoms. Drugs for



schizophrenia are in need of improvement, but additional information on mechanism(s)

of the disorder is required to guide new drug development.

1.4: Glutamatergic Dysfunction and New Drug Development

Recent discoveries concerning glutamatergic dysfunction in schizophrenia have
buttressed attempts to develop a newer class of antipsychotic drugs. Efforts in this area
in particular were made by Eli Lilly & Co., who created and incrementally improved a
novel class of compounds — the group Il metabotropic glutamate receptor agonists —
that showed promise for antipsychotic utility, culminating in LY2140023 (pomaglumetad
methionil). While preclinical® and early clinical'* studies were encouraging in this
regard, ensuing clinical trials'>-'® were not, as they failed to demonstrate efficacy of
LY2140023 in treatment of schizophrenia. Ultimately, Lilly abandoned phase Il
development in 2012."°

During the past six years, new research findings?°-?2 have revealed more
information about how metabotropic glutamate receptor 2 (mGIuR2), one of the targets
of the Lilly-developed agonists, is regulated. In elucidating the nature of the mechanism
that underlies this regulation as well as its functional consequences, these works, in
conjunction with the present study, might offer a possible explanation as to why the
newer drug was only effective in the patient population used in the earliest clinical study,
and not in other patients. In the years since the trials’ completion, multiple authors?324
have raised the concern that patient selection, which was done without knowledge of

how prior treatment with atypical antipsychotics might affect the potential of newer
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drugs, could be at least partially responsible for the new drug’s failure to show efficacy
in later trials. Progress in this area will further enrich knowledge of schizophrenia and its
treatment at the molecular level, thereby aiding in attempts to develop new and

improved treatment strategies, an urgent clinical need.

1.5: G Protein-Coupled Receptors

G protein-coupled receptors (GPCRs) are a large and diverse family of integral
membrane proteins found in eukaryotes. GPCRs achieve signal transduction across
membrane barriers by coupling extracellular ligand binding to the initiation of
intracellular signaling cascades. Their structure is well-suited to carry out this function,
consisting of an extracellular N-terminus, an intracellular C-terminus, and seven
transmembrane domains that are held together by both intra- and extracellular loops
(Fig. 1). Intracellular portions of the GPCR are responsible for coupling to heterotrimeric
G proteins, consisting of a, 3, and y subunits (Fig. 1). In response to ligand binding
events occurring on the extracellular aspect of the GPCR, the G protein undergoes a
conformational change and becomes activated. As a result, it initiates intracellular
signaling pathways that can regulate a wide array of downstream effector molecules
(e.g. ion channels, enzymes, and transcription factors), ultimately leading to a biological
response (Fig. 1). There are multiple classes of GPCRs, and members of different
classes exhibit some differences in structure and function. Class C GPCRs, such as the
metabotropic glutamate receptors, contain the ligand-binding site within the extracellular

N-terminus, which is distinctly enlarged among members of this class.?®
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Figure 1. General structure and scheme of GPCRs. Ligands (i.e. biogenic amines, amino acids, ions,
lipids, peptides, proteins, etc.) bind to extracellular portions of the GPCR as a means to reach targets on
the intracellular side of the membrane, in the cytoplasm, and in the nucleus. The GPCR is coupled to
heterotrimeric G proteins, which are made up of the subunits a, 8, and y. Upon activation by a ligand, the
receptor undergoes a conformational change that results in the replacement of GDP bound to the a
subunit with GTP, causing the a subunit to dissociate from the other subunits. There are four families of
Ga subunits, each of which are associated with distinct signaling cascades. Functional activation of the
GPCR has many important regulatory functions in an array of intracellular signaling networks. As such,
disruption of normal functional activation can have far-reaching implications for the cell. Image source:
Dorsam and Gutkind, 200728, Reproduced with permission.



1.6: Histone Deacetylases

Histone deacetylases (HDACs) are widely-expressed enzymes that perform
important epigenetic regulatory functions. Generally, HDACs deacetylate (i.e. catalyze
the removal of an acetyl group from) lysine residues on histones. This alters the
conformation of the histone N-terminal tails, which has the ultimate consequence of
pulling the histones and their wound DNA more tightly together into an increasingly
condensed state. Less-accessible chromatin correlates with reduced transcription
and/or silencing of genes. (Fig. 2) Conversely, chromatin is rendered more “open” to
transcriptional machinery by the opposing process of acetylation, performed by histone
acetyltransferases. Normally, there is a carefully-controlled balance between
deacetylation and acetylation, but this balance can be perturbed by numerous insults
such as stress and disease (Fig. 2). Resultant dysregulation of transcription can lead to
a variety of outcomes depending on what genes are affected. In neurons, normal
expression of many genes related to synaptic plasticity is compromised by excessive
HDAC2 activity. Drugs that inhibit HDACs may be able to restore a normal balance
between transcriptional activation and lack thereof (Fig. 2), and are currently being

explored for possible benefits in a number of diseases and conditions.
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Figure 2. The opposing processes of histone acetylation and deacetylation. Shown here in a
neuron, maintenance of the balance between histone acetylation and deacetylation is critical to ensure
proper regulation of transcription in the cell. When this balance is disrupted, the cell is less able to control
transcription of many genes important in cognitive function, synaptic plasticity, and mood state. HDAC
inhibitors can be used to try and rectify imbalances resulting from excessive deacetylation of histones.
Image source: Abel and Zukin, 2008.2” Reproduced with permission.

While multiple HDACs exist, Histone deacetylase 2 (HDAC2) is of particular
importance in the context of schizophrenia. Briefly, it has repeatedly been shown?0-28
that chronic treatment with atypical antipsychotics (e.g. risperidone, clozapine) causes
an epigenetically-mediated downregulation of mGIuR2 in the human and mouse frontal
cortex in a 5-HT2a-dependent manner, and that HDAC2 is a main effector in this

process.

1.7: Rationale for This Study

As mentioned earlier, mGIuR2 is a G protein-coupled receptor (GPCR), a class
of proteins that accomplish signal transduction across a cellular membrane by coupling

cell surface receptor binding with intracellular activation of a signaling cascade. This
8



characteristic makes mGIuR2 amenable to certain modes of study. One way to gauge
the extent to which mGIuR2 downregulation by HDAC2 translates into functional
outcomes is to measure the level to which mGIuR2 couples extracellular ligand binding
to initiation of intracellular signaling cascade (i.e. functional activation). This can be
achieved in mouse brain samples by stimulating the mGlu2 receptors in the presence of
a hydrolysis-resistant radiolabeled nucleotide that participates in the process of GPCR
signal transduction.

While chronic clozapine treatment is known to decrease expression of mGIuR2 in
the frontal cortex via HDAC2 in a 5-HT2a-dependent manner, the extent to which this
action affects the function of mGIuR2 has not been characterized. For this reason, the
current study aims to assess the specific contribution of HDAC2 to loss of function of
mGIuR2 at the level of its G protein. As such, mice were treated chronically with
clozapine in order to induce the HDAC2-mediated downregulation of mGIluR2. Half of
the mice had conditional knockouts of HDAC2 in cortical pyramidal neurons, whereas
the other half had natively functional HDAC2 in those neurons. Upon completion of
treatment, frontal cortex brain samples were assessed on the basis of functional
activation by agonist-stimulated [**S]GTPyS binding assay, and results compared

across treatment (i.e. clozapine or saline) and genotype groups.



Chapter 2: Background

2.1: Chlorpromazine and the Dopamine Hypothesis of Schizophrenia

The earliest ideas about the underlying mechanisms of schizophrenia can be

traced back to the development of the

S
phenothiazine derivative
(a)
chlorpromazine (Fig. 3) in the 1950s.
N
A few years prior, in the late 1940s, H
French scientists at Rhéne-Poulenc
laboratories were investigating a S
series of substituted phenothiazine (b)
derivatives for many effects, one of Cl N
which was antihistaminergic activity.
These efforts led to the discovery of
two closely-related and historically N e
important drugs: 1) promethazine, a
potent antihistamine that is still Figure 3. Phenothiazine and chlorpromazine.
Chemical structures of phenothiazine (a) and its
widely used today, and 2) derivative chlorpromazine (b) are shown. Structure
diagrams were produced in ChemDraw Professional

chlorpromazine, another potent version 16.0.
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antihistamine whose additional characteristics, once found, would rapidly change the
field of clinical psychiatry forever.?°

In 1951, while attempting to harness the sedative effects of promethazine and
chlorpromazine for use as surgical anesthetics, French surgeon Henri Laborit observed
that patients given chlorpromazine before surgery not only became sedated but also
displayed much less anxiety.?®3 Believing that these effects might be useful in a
psychiatric setting, Laborit gave the compound to psychiatrists working in psychiatric
facilities in Paris,?® where it was soon found to reduce symptoms of psychosis in a 1952
trial.3" Later that year, Rhéne-Poulenc approached three American pharmaceutical
companies about the possibility of a licensing agreement to market chlorpromazine in
the United States. After being turned down twice, Rhdne-Poulenc reached a licensing
agreement with U.S. company Smith, Kline & French (SK&F) in 1952. Extensive testing
was performed, and by 1954, SK&F was marketing chlorpromazine as Thorazine in the
United States.3?

The introduction of chlorpromazine had a profound effect on the practice of
clinical psychiatry in the United States. Until that time, American psychiatrists were not
using drugs to treat mental iliness. Instead, they relied almost exclusively on shock
therapies and/or various forms of psychotherapy.3® When chlorpromazine began to be
used in treatment facilities such as the VA neuropsychiatric hospital system, treatment
practices overall changed rapidly. There is an inverse correlation between the adoption
of drugs like chlorpromazine in VA neuropsychiatric facilities and the usage of
electroconvulsive and insulin shock therapy in those facilities.3® While this trend is

certainly noteworthy, it cannot be concluded that drugs alone were responsible for it.
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However, what can be said with certainty is that the introduction of drugs like
chlorpromazine was a hallmark event in the history of schizophrenia. Dr. Douglas
Goldman, one of the first to conduct a trial with chlorpromazine for schizophrenia in the
United States, said the following at a conference in 1955: “chronic, severe
schizophrenic iliness, resistant to all other treatments, ... has represented a ‘therapeutic
no man’s land’ ... The application of chlorpromazine in such situations has, however,
accomplished results never heretofore achieved.”s3

At that time, psychiatrists had no concept of the molecular workings of the
nervous system and brain, but the clear benefits conferred by drugs no doubt stimulated
the curiosity of scientists and psychiatrists alike, ushering in a new paradigm where
investigators sought to understand how small molecules could affect behavior. This
knowledge could lead to better understanding of the underlying causes of a vast array
of mental disorders, thereby serving as a foundation for development of new and
effective treatments. In this way, deployment of chlorpromazine and similar drugs for
treatment of the mentally ill marks the origin of modern biological psychiatry. When the
dopaminergic antipsychotic chlorpromazine was introduced, the neurotransmitter
dopamine had not yet been discovered, and it would be over twenty years before the
main target receptor of the drug was conclusively elucidated in the mid-1970s (as
reviewed by Howes and Kapur3* as well as by Madras®). Today, this target is known as
the dopamine D2 receptor.

Characterization of the role of dopamine receptors in antipsychotic effect remains
one of the most important events in the development of dopaminergic hypotheses of

schizophrenia. In 1975, Seeman and Lee reported a direct relationship between the
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clinical effectiveness of antipsychotic drugs and their ability to block dopamine
receptors.3® In keeping with this finding, the idea that schizophrenia resulted from
altered dopamine receptor density in general (as reviewed by Howes, McCutcheon, and
Stone)®” became the most prevalent of the time. While many refinements to the
understanding of dopamine’s involvement in schizophrenia have occurred since then, it
is worth noting that all currently approved drugs for schizophrenia are alike in that they
share an affinity for the dopamine D2 receptor.®®

Until recently, the idea that excessive dopaminergic transmission in regions of
the forebrain is a major factor underlying schizophrenia has been the basis of prevailing
hypotheses concerning the pathophysiology of disorder. However, drugs that target this
dopaminergic transmission have only exhibited limited efficacy and carry risks of many
severe side effects, as previously mentioned. These issues have driven researchers to
identify and characterize dysfunction in additional neurotransmission systems (i.e.

glutamate, serotonin) in an effort to develop improved treatments for schizophrenia.™

2.2: Glutamatergic Hypotheses: The NMDAR Antagonism Model

In the same way that search for the mechanism of action of known antipsychotic
compounds led to the eventual discovery of the dopamine D2 receptor (DRD2) and the
dopaminergic hypothesis of schizophrenia, efforts to understand how seemingly pro-
psychotic compounds created their effects formed the basis of glutamatergic
hypotheses in schizophrenia. Early observations that 1) administration of phencyclidine

(PCP) to normal subjects caused schizophrenia-like symptoms belonging to all three

13



symptom clusters (i.e. positive, negative, and cognitive) and 2) that PCP, when given to
chronic schizophrenia patients, seemed to worsen their symptoms as if they had re-
entered the acute phase, originally spurred interest in this direction.3® Other compounds
like ketamine have also been found to induce this phenomenon.*? Both PCP and
ketamine are members of the same chemical class (arylcyclohexylamines), and both
possess ability to antagonize the N-methyl-D-aspartate receptor (NMDA receptor), an
ionotropic glutamate receptor in nerve cells. Notably, it has been demonstrated that the
ability of NMDAR blockade to produce symptoms relevant to schizophrenia (e.g.
hyperlocomotion in rodents) remains present: 1) in the absence of dopaminergic activity
and/or 2) in the presence of dopamine antagonism.*! In light of these findings,
researchers realized that glutamatergic dysfunction in the context of schizophrenia
warranted further investigation.

In 1995, Moghaddam and Liu reported on findings that administration of NMDAR
antagonists to awake, freely-moving rats increased glutamate efflux in the hippocampus
and striatum in a dose-dependent manner.*? These findings were extended to the
prefrontal cortex (PFC) two years later, when further evidence demonstrated that
subanesthetic doses of ketamine (i.e. enough to produce cognitive impairment and
other symptoms relevant to schizophrenia, but not enough to render the animal
unconscious) increase glutamate efflux in the PFC, thereby disturbing normal
dopaminergic neurotransmission and creating cognitive deficits.*® This alteration to
normal dopaminergic function in the PFC was partially reversed by the administration of
AMPA receptor antagonists, suggesting that AMPA receptors might occupy an

intermediary position in the mechanism.*3
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This hypothetical pathway was supported and perhaps further explained by
findings that NMDAR antagonists increased the spontaneous activity of cortical
neurons. However, this increased activity was marked not by increased firing of already-
present coordinated burst potentials, but instead by an increase in randomly distributed
single-spike potentials.** Authors have described these randomly distributed spikes as
“noise” that diminishes the ability of cortical neurons to filter out irrelevant
information,®45 which ultimately leads to expression of abnormal behavior — as
demonstrated in rats whose display of behavioral stereotypy “correlates with increases
in random spike activity.”** While it is not realistic to expect any animal model to mimic
all aspects of complex mental disorders such as schizophrenia, in the case of cognitive
deficit, the NMDAR antagonism model possesses both face and construct validity.** In
short, the model’s face validity stems from its ability to recapitulate PFC-dependent
cognitive impairments similar to those seen in schizophrenia (as detailed by
Moghaddam & Jackson“?); the model’s construct validity is afforded by data from
postmortem brain*’-4° as well as genome-wide association studies® implicating

irregularities in NMDAR function among persons with schizophrenia.

2.3: Emergence of mGIuR2/3 Agonism as a Treatment Strategy

Based on the idea of NMDAR hypofunction being responsible for cortical
glutamatergic hyperfunction as it relates to schizophrenia, a first mode of approach to
remedy this dysfunction might be to target NMDARs directly, for example by orthosteric

agonists. However, this strategy is not viable because orthosteric agonism of NMDAR

15



can cause several detrimental effects (e.g. seizures and excitotoxicity).5! Attempts to
target other sites on the NMDAR receptor with positive allosteric modulators (PAMs)
have been made, and while these compounds can change NMDAR behavior ex vivo,
their pharmacokinetics render them ill-suited to perform the same function in vivo.%?
These obstacles necessitate the use of other means in order to rescue a more normal
glutamatergic tone.

The metabotropic glutamate receptors (mGIuRs, Fig. 4) are class C G protein-
coupled receptors expressed throughout the central nervous system. They have large,
glutamate-binding extracellular domains called “Venus flytrap domains” that are linked
to seven transmembrane domains via cysteine-rich domains. Upon ligand binding, their

structure allows them to transduce a signal across a neuronal cell membrane to mediate
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Figure 4. Localization of mGIuRs in a synapse. Common locations of mGIuRs at a synapse are
represented. mGIluRs contain characteristic “venus flytrap domains” on their N-terminus that bind
glutamate, their endogenous ligand. mGIuR2 (purple) is found presynaptically, and can exist as a
heterodimer with mGIuR4 (red) or as a homodimer. mGIuR3 (dark blue) is found both pre- and
postsynaptically on glutamatergic neurons, on glia (astrocytes), and on modulatory neurons. Image
source: Maksymetz et al., 2017; use permitted under the Creative Commons Attribution License CC
BY 4.0.)

intracellular processes. As glutamate is the main excitatory neurotransmitter in the CNS,
the presence of mGIuRs allows fine-tuning of synaptic behavior and cell excitability by
way of second messenger signaling pathways.?® The mGluRs are divided into three

groups on the basis of their amino acid sequences and the signaling pathways that they
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activate.*® Group Il is comprised of mGIuR2 and mGIuR3. These receptors are coupled
to Gain G protein a subunits, and as such, their signaling pathway leads to inhibition of
adenylate cyclase, activation of potassium channels, and inhibition of voltage-sensitive
calcium channels.?®

The group Il mGIuRs are situated around a synapse in a particular fashion (Fig.
4). Both mGIuR2 and mGIuR3 are found presynaptically — though not in close proximity
to the active zone — and can be activated either by excess glutamate in the synapse or
by glutamate released from nearby astrocytes.>® In addition to presynaptic neurons,
mGIuR2 and mGIuR3 are also found postsynaptically, where mGIuR3 in particular can
cause hyperpolarization.5*°° In addition to these locales, mGIuR3 is also found on
astrocytes, where it has been shown to play a critical role in neuroprotective function.>®
Overall, both receptors are important for inhibition of neurotransmitter release from
presynaptic neurons as well as for regulation of synaptic plasticity.?®

The first indications that group Il mGIuRs could be targeted as a means to rectify
cortical glutamatergic hyperfunction came in 1997, when scientists at Eli Lilly & Co.
reported that the activation of group Il mGIluRs (via a novel exogenous agonist that they
synthesized) could normalize excessive glutamate release.>’-*® This compound was
LY354740 (Fig. 5a), a potent and highly selective orthosteric agonist for mGluR2/3.
LY354740 was quickly followed up by LY379268 (Fig. 5b), a closely-related compound
with improved pharmacological and pharmacokinetic properties/characteristics.>® When
subjected to the NMDAR antagonism model, these mGIuR2/3 agonists were able to

reduce and/or reverse many of the effects created by NMDAR blockade, including
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Figure 5. Chemical structures of mGIuR2/3 agonists. Structures of three potent and highly
selective mGIuR2/3 agonists, LY354740 (a), LY379268 (b), and LY404039 (c), are shown.

hyperlocomotion, stereotypies, deficits in working memory, increased cortical glutamate
efflux, and increased firing of PFC neurons in rats."
These beneficial effects could be blocked by the mGIuR2/3 antagonist LY341495,
suggesting that the observed reduction/reversal of such effects was mediated by the
mGIuR2/3 receptors.®°

Although the prospects of LY354740 and LY379268 were promising, their
development was impeded by pharmacokinetic obstacles, including low oral
bioavailability, poor gastrointestinal tract absorption, and insufficient CNS penetrance.’
The ensuing synthesis of LY404039 (Fig. 5c) represented considerable improvement in
these areas. In rodents, bioavailability increased from 10% (LY354740) to 63%
(LY404039).%" The compound maintained the qualities of its predecessors in terms of
potency, selectivity, and putative antipsychotic effect. Moreover, it appeared to work
through a mechanism distinct from that of the typical and atypical antipsychotics.
Perhaps most encouragingly, LY404039 1) did not create any motor side effects in
rodents at very high doses and 2) showed potential for efficacy against negative
symptoms (i.e. conferring benefits for affective regulation)’ — traits which are both in

stark contrast to currently approved antipsychotic drugs. In humans, oral bioavailability
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of LY404039 was lost to a large degree, so Lilly ultimately created the prodrug
LY2140023 (pomaglumetad methionil), which has the rather convenient property of
being a substrate for a peptide transporter in the human gut. With this strategy, the
prodrug is absorbed and then hydrolyzed, ultimately resulting in sufficient concentration

of the active parent compound LY404039 in the systemic circulation.®?

2.4: The mGIuR2/3 Agonist Pomaglumetad Methionil in Clinical Trials

On the basis of abundant preclinical evidence for antipsychotic effect, Lilly
advanced LY2140023 to human clinical trials. After establishing safety and tolerability,
the first phase |l study' was initiated. The primary objective of this multicenter,
randomized, and double-blind trial was to assess whether LY2140023 was superior to
placebo in treating patients with schizophrenia as measured by the Positive and
Negative Syndrome Scale (PANSS — as developed by Kay, Fiszbein, and Opler®®) over
a 28-day period. The atypical antipsychotic olanzapine was included as an active
control. 118 patients completed the 28-day treatment period, with encouraging results:

patients treated with LY2140023 showed statistically significant improvements in

both positive and negative symptoms of schizophrenia compared to placebo,
suggesting that LY2140023 might be considered a broad spectrum antipsychotic.

Treatment with LY2140023, as well as with olanzapine, was generally safe and

well-tolerated. Notably, LY2140023 treatment did not appear to be associated

with the common dopamine D2-related adverse events of extrapyramidal motor
adverse events, hyperprolactinemia, nor was it associated with weight gain.6?

In light of these positive results, further clinical trials were warranted and began to be

organized.
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Next, a larger (n = 669) phase Il study'® aimed at assessing efficacy over a larger
dose range of LY2140023 was conducted. Like the first trial, this multicenter, double-
blind, and randomized trial measured primary outcome with the PANSS, used
olanzapine as an active control, and lasted 28 days. Results from this trial were
considered inconclusive when neither olanzapine nor any dose of LY2140023
separated from placebo. Confusingly, the placebo group in this study demonstrated
significant improvement as measured by PANSS, whereas the placebo group in the
earlier study showed no significant change.®?

The next trial sought to establish long-term safety, tolerability, and efficacy of
LY2140023. To do so, this study'® lasted 24 weeks and compared LY2140023 to the
current “standard of care” (SOC) drugs olanzapine, risperidone, and aripiprazole. To
assess tolerability, “discontinuation due to adverse events” was used as the primary
outcome measure. Antipsychotic efficacy was assessed by the PANSS scale — though it
is important to note that a placebo arm was not included. While LY2140023 did not
create motor side effects (as the SOC drugs did), it failed to achieve any long-term
efficacy benefit over SOC drugs (as measured by PANSS), which outperformed
LY2140023 in this regard.®?

In 2013, a smaller phase Ib study'” was published. This trial had a different
focus: whether LY2140023 could confer negative symptom reduction when added on
top of ongoing therapy with atypical antipsychotics. The results were yet another blow to
the prospects of LY2140023, as it failed to achieve any benefit over placebo in this

paradigm.
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In 2014, results from the largest trial ever conducted with LY2140023 were
published.® This phase Il/Ill study randomized patients (n = 1013) to one of four
categories: placebo, LY2140023 (2 different doses), or risperidone. The primary
outcome was measured by improvement in PANSS scores after six weeks.
Unfortunately, neither dose of LY2140023 separated from placebo, while risperidone did
separate. In their report on the results of the study, the authors concluded: “further
understanding of the role of glutamate as a therapeutic target in schizophrenia is
needed.”'® After these repeated failures, Eli Lilly & Co. terminated the development of

LY2140023.

2.5: Newer Insights on mGIuR2 in the Context of Schizophrenia

Over the last ten years, numerous discoveries concerning oligomeric structure,
behavior, and regulation of mGluR2 have been made. Many of these findings have
immense functional relevance not only for the receptor itself, but also to the glutamate
hypothesis and to schizophrenia in general. Furthermore, these recent advances may
offer a possible explanation as to why the strategy of mGIluR2/3 agonism (in the form of
LY2140023) failed to succeed in human clinical trials.

Due to the lack of specific molecular insight on the causes of schizophrenia,
researchers have largely relied on drugs to help guide their work. In other words,
observations that certain drugs exhibit antipsychotic activity helped investigators focus
on their mechanisms of action as a way to understand dysfunctional neurotransmission

in the schizophrenia-afflicted brain (e.g. chlorpromazine and DRD2). Likewise,
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observations that other drugs were seemingly pro-psychotic (or, psychotomimetic) also
guided work in this area (e.g. PCP and NMDAR hypofunction leading to glutamatergic
dysfunction in the frontal cortex). Thus, understanding how drugs alleviate or create one
or more symptoms of schizophrenia is the primary way that researchers have generated
hypotheses concerning dysfunction of major (i.e. dopamine, glutamate)
neurotransmission systems.

In keeping with this conceptual framework, clues from other drugs helped further
resolve the molecular interactions relevant to the mGIuR2/3 agonism treatment strategy.
In addition to their action at DRD2, atypical antipsychotics (e.g. clozapine, risperidone)
also act as antagonists of the serotonin receptor 2A (5-HT2aR or more simply 2AR). Of
further relevance is the knowledge that hallucinogenic drugs such as LSD, DOI, and
psilocybin are agonists of the 2AR and cause changes in sensory processing and
perception — effects which are blocked by atypical antipsychotics. So, while agonism of
mGIuR2/3 seems to confer the desired effect, antagonism of other receptors like 2AR
achieves this as well. Though different in their targets and pharmacology, both the
atypical and glutamate antipsychotics are alike in their end result: antipsychotic action.
The juxtaposition of opposing pharmacological action (i.e. agonism vs antagonism) with
similar therapeutic result (i.e. antipsychotic effect) begged the question: are the 2AR
and mGIuR2/3 related in this context? In other words, in the pathway from receptor
binding to eventual antipsychotic action, is there a point where their mechanisms
converge?

In 2008, Gonzalez-Maeso et al.?® demonstrated that the 2AR and mGIuR2/3

directly interact with one another in the form of a heterodimer. Like mGIuR2/3, 2AR is
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also a GPCR, however it is a member of a different class and has downstream signaling
cascades distinct from those of mGIluR2/3. Importantly, the interaction between the two
receptors was shown to have functional consequences. The first suggestion of
functional interplay came from findings in mice. First, mice with a global 2AR knockout
(htr2A-I") were found to express mGIuR2 to a much lower extent than wildtype mice.
Rescue of 2AR expression reversed this phenotype. Second, the mGIuR2/3 agonist
LY379268 increased the affinity of LSD and DOI for their 2AR binding site. Conversely,
the 2AR agonist DOI decreased the affinity of LY379268 for its binding site on
mGIluR2/3. Third, the presence of specific downstream signaling markers of 2AR
activation by hallucinogens was abolished by LY379268. Lastly, when treated
chronically with atypical antipsychotics, expression levels (MRNA and receptor density)
of 2AR and mGIuR2 in mouse frontal cortex fell significantly. Interestingly, in the 2AR
knockouts, chronic treatment with atypical antipsychotics did not alter the mGIuR2 level,
indicating that the 5-HT2a receptor was necessary for the downregulation of mGIuR2 by
this treatment.?® These findings were congruent with studies showing different levels of
2AR and mGIuR2 in postmortem human brains from untreated and antipsychotic-
treated schizophrenia patients,?® and thus further reiterated the functional implications of
the heterodimeric complex in the context of schizophrenia and its treatment.

Though the 2AR was known to be required for the downregulatory effect of
chronic clozapine treatment on mGIuR2, the specific mechanism through which this
proceeded was unknown until 2012, when histone deacetylase 2 (HDAC2) was
convincingly demonstrated to be the main effector in this process. Kurita et al.?° showed

that chronic treatment with clozapine causes a 2AR-dependent upregulation of HDAC2,
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leading to increased HDAC?2 binding to the promoter of the mGlu2 gene, ultimately
resulting in decreased expression of mGIuR2 in both mouse and human frontal cortex.
Concordantly, adjunctive treatment with the broad-spectrum HDAC inhibitor
suberanilohydroxamic acid (SAHA) nullified this phenomenon in mice,?° in keeping with
clinical observations that HDAC inhibitors conferred additional antipsychotic benefit
when given in conjunction with atypical antipsychotics.54-6¢

More recently, HDAC2 has also been implicated as a driver of a number of
neurological side effects caused by chronic treatment with atypical antipsychotics, such
as decreases in mature synapse number.?? Along the same lines, since mGIuR2 is
crucially important for the induction of long-term depression in the cortex as well as at
synapses between mossy fibers and hippocampal CA3, its dysregulation contributes to
impairments in synaptic plasticity.®” Thus, it is conceivable that the therapeutic benefits
of chronic treatment with atypical antipsychotics may be restrained by the negative
effects of the HDAC2 upregulation that these drugs induce.

Finally, the downregulation of mGIuR2 by atypical antipsychotics has relevance
to the interpretation of the performance of LY2140023 in clinical trials. Citing the
previously discussed 2012 work by Kurita et al., investigators at Eli Lilly gave due
consideration to this possibility in a post-hoc analysis of the trials, writing:

The possible epigenetic influence of prior atypical anti-psychotic treatment to

down-regulate the mGlu2 receptor is a phenomenon that has only recently been

demonstrated in the laboratory and has not yet been accommodated into
preclinical models that screen for potential new antipsychotic medications. Thus,
the well-characterized ability of pomaglumetad to block the psychosis-like effects
of N-methyl-D-aspartate antagonists, such as phencyclidine and ketamine in
animals, may not have translated to the clinic as most patients in schizophrenia

trials have in fact had substantial previous treatment exposure to atypical
antipsychotic drugs or, more specifically, to drugs with prominent 5-HT2a
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antagonist attributes ... It is an intriguing possibility that the intimate relationship
between 5-HT2a and mGIlu2 receptors extend to epigenetic interactions and that
chronic 5-HT2a receptor blockade might lead to a down-regulation of mGlu2
receptor levels. Thus, even if a hyper-glutamatergic state contributes to
schizophrenic symptoms, a treatment targeted to mGlu2 receptor activation
would yield reduced efficacy if the receptor target levels were notably reduced.
Consistent with this hypothesis, our post hoc analyses indicated that patients
with chronic exposure to agents containing potent 5-HT2a receptor antagonism
exhibited a lack of therapeutic response to pomaglumetad, which suggests that
preservation of the mGlu2 receptor target is necessary to effect an antipsychotic
response to pomaglumetad.®

Accordingly, it is possible that patient selection — conducted without knowledge and/or
consideration of the effects of chronic atypical antipsychotics on mGIuR2 — could be
responsible for at least some of the failure of LY2140023 to succeed in clinical trials. As
such, design of future clinical studies with glutamatergic antipsychotics should account

for recent elucidation of the role of HDACZ2 in downregulation of mGIluR2 following

chronic administration of atypical antipsychotics.
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Chapter 3: Methods and Development

3.1: Generation of HDAC2 Conditional Knock-out Mice

In mice, HDAC2 is expressed ubiquitously®®, and global deletion of widely-
expressed Hdac?2 results in either embryonic lethality or perinatal lethality due to
impaired development and a variety of defects.?? Therefore, another approach is
necessary to delete HDAC2 expression in cortical pyramidal neurons. CaMKlla is a
marker of forebrain glutamatergic pyramidal neurons.®® Expression of this marker in
these neurons begins 10-14 days after birth.”® Therefore, when deployed as part of a
Cre-Lox recombinase system, CaMKIlla can confer both temporal and cell type
specificity. To take advantage of this, transgenic C57BL/6 mice heterozygous for
CaMKlla-Cre were bred with mice homozygous for Hdac2/o*FP'oxP Consequently,
offspring that express Cre will delete HdacZ2 in neurons expressing CaMKila.
Conversely, offspring that do not express Cre will have normal function of HDAC2. This
approach bypasses developmental impairments and abnormalities associated with
global Hdac?2 deletion and generates a viable mouse line with conditional knockout of

HDAC2 (HDAC2-cKO). Offspring were born at near-expected Mendelian ratios.
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3.2: Mouse Genotyping

At weaning (28 days
after birth), ear punches
were obtained from each
mouse and frozen at -80°C.
To isolate DNA, the tissue
was placed in a PCR tube
containing 200uL GNT-K

buffer (50 mM KCI, 1.5 mM

MgClz, 10 mM Tris-HClI, Figure 6. Representative results of CaMKII-Cre genotyping.
Photograph of agarose gel indicating if young mice were positive
0.01% gelatin, 0.45% (+, black circles) or negative (-) for the Cre transgene (~100 bp).

The band at ~324 bp corresponds to the internal positive control.

Igepal® GA-630 [Sigma

13021], 0.45% Tween® 20 [Sigma P1379] and 100 ug/ml proteinase K), which was
incubated at 55°C for 2 hours and then heated at 95°C for 15 minutes. For PCR
amplification, 22 uL of primer mixture containing primers for CaMKII-Cre (Table 1) or
Hdac2°xP"oxP (Table 2) each at a concentration of 100 uM was added to a PCR tube
containing a PuReTaqg Ready-To-Go PCR Bead (Amersham 27-9557-01), followed by
the addition of 3 uL of isolated DNA. A representative photograph of DNA
electrophoresis gels corresponding to genotyping results for CaMKII-Cre and

Hdac2°P"oxP can be found in Figures 6 and 7, respectively.
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Table 1. PCR Primers and Protocol Used for CaMKII-Cre Genotyping.

PCR Primers
Primer Primer Type
olIMR1084 Transgene
olIMR1085 Transgene
oIMR7338 Internal Positive Control
oIMR7339 Internal Positive Control
PCR Protocol
Step Temp. (°C
1 94
2 94
3 51.7
4 72
5 72
6 10

Sequence (5’ =2 3’)

GCG GTC TGG CAG TAAAAACTATC
GTG AAACAG CATTGC TGT CACTT
CTA GGC CAC AGA ATT GAAAGATCT
GTA GGT GGA AAT TCT AGC ATC ATC C

Time Note
3 min
30 sec
1 min
1 min Repgegttisrtne:: 2-4
2 min

” Final hold

Table 2. PCR Primers and Protocol Used for Hdac2/°*P/oxP Genotyping.

PCR Primers

Primer Type
Reaction 1: WT allele

Primer
HDAC2 WT FOR
HDAC2 REV Reaction 1: WT allele

HDAC2 MUT FOR Reaction 2: loxP allele

HDAC2 REV Reaction 2: loxP allele
PCR Protocol
Step Temp. (°C
1 94
2 94
3 60
4 72

Sequence (5’ =2 3’)

GCA CAG GCT ACT ACT GTG TAG TCC
CCACCACTGACATGTACCCAAC
GTC CCT CGA CCT GCAGGAATTC
CCACCACTGACATGTACCCAAC

Time Note
2 min
15 sec
30 sec
40 sec Repeat steps 2-4

30 times

29



3.3: Chronic Treatment of Mice

5 min

0 Final hold

Adult male and female C57BL/6 mice (10-20 weeks old) were chronically treated

with daily intraperitoneal injection of clozapine
(10 mg/kg — obtained from Tocris Cookson Inc.)
or vehicle for 21 consecutive days. Clozapine
was dissolved in DMSO supplemented with a
minimal amount of acetic acid and suspended in
saline. 24 hours after the final treatment was
administered, mice were sacrificed by cervical
dislocation immediately followed by decapitation.
Brains were removed, washed briefly in
phosphate-buffered saline (pH 7.4), and
dissected for bilateral frontal cortex (bregma 1.90
to 1.40 mm) on an ice-cooled petri dish lid.
Tissue was promptly frozen ina 1.5 mL

microcentrifuge tube at -80C. Animals were

e -wwvew b

L++ + ++ + + +

Figure 7. Representative results of
Hdac2'exPoxP genotyping. Photograph of
agarose gel indicating if young mice were
positive or negative for wild-type Hdac2 (a)
and mutant Hdac2®x (b), both ~450 bp.
All mice used in the study efficiently
expressed Hdac2>Poxe Mice that expressed
the wild-type Hdac2 (not shown) were
excluded from the study.

housed at 12 h light/dark cycle at 23°C with food and water ad libitum. Experiments

were conducted in accord with NIH guidelines, and were approved by the Virginia
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Commonwealth University Animal Care and Use Committee. All efforts were made to

minimize animal suffering.

3.4: Preparation of Membranes

Dissected brain tissue was frozen at -80°C for a minimum of 24 hours. After
thawing on ice, tissue was sheared with a syringe (23G needle) in assay buffer (pH 7.7,
containing, in mM: 20 HEPES, 10 MgCl, 2 EGTA, 100 NaCl) and further homogenized
in a 5 mL Teflon-glass grinder. The homogenate was centrifuged at 1,000 x g for 10 min
at 4°C. Next, the supernatant was centrifuged at 40,000 x g for 20 min at 4°C. The
resulting pellet was washed with fresh assay buffer and centrifuged twice more at
40,000 x g for 20 min at 4°C before storage at -80°C. Preparation of membranes from

HEK293 cells stably expressing mGIuR3 was performed in the same manner.

3.5: Development of Agonist-stimulated [3**S]GTPyS Binding Assay

Early attempts to perform LY379268-stimulated [**S]GTPyS binding assays in
native tissue membrane preparations were not successful. Puzzlingly, glutamate-
stimulated [**S]GTPyS binding was working as expected, indicating that the issue most
likely had something to do with LY379268 and/or the mGIuR2 receptor. Early attempts
at this assay used native tissue membranes prepared according to previous literature.”’
After quantification by the Bradford method, 10 ug of protein (i.e. membranes) was
added to individual wells on a 96-well plate with the following reaction conditions: assay

buffer (pH 7.4) containing 20 mM HEPES, 3 mM MgCl, 100 NaCl, 5 uyM GDP, 0.05 nM
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[3°S]GTPyS (Perkin-Elmer), and 20 uL of either cold GTPyS (final concentration 10 uM
— for assessment of non-specific binding), vehicle (for assessment of basal binding), or
LY379268 (Tocris-Cookson Inc.) at varying concentrations for a total reaction volume of
200 pL. Components were added to wells individually in the following order: 1) GDP; 2)
assay buffer; 3) either cold GTPyS, vehicle, or LY379268; 4) [3*S]GTPyS; and 5)
membranes. After incubation for 1 hour at 30°C, the reaction was stopped by filtration
(FilterMate Harvester, Perkin-Elmer) with a glass fiber filter (Printed Filtermat A, Perkin-

Elmer) and washed 6 times with ice-cold assay buffer. The glass filter was dried at 55°C

for 1h, soaked in 1.6+
scintillation liquid (Betaplate e
0= 1.4+
Scint, Perkin-Elmer), and g g4
02
the radioactivity counted by 4" g 1.2+
3%
a Microbeta2 counter -§ 1.0-
(Perkin-Elmer). In
. 0.8 | | L )
troubleshooting the many 12 -10 -8 -6 4 -2
failures with LY379268, a log [LY354740] M

Figure 8. Early attempt at LY354740-stimulated [**S]GTPyS

different mGIuR2/3 agonist, binding in mouse frontal cortex. A weak signal amounting to only
11.8% over basal was the best | was able to obtain throughout all

LY354740. was used. With of my attempts with the older protocol. Experiment was performed
' in triplicate. Error bars are £+ SEM. Nonlinear regression was

. . performed in GraphPad Prism (ver. 6).
either agonist, the best

results able to be obtained with these conditions were unsatisfactory (Fig. 8) and not
sufficiently robust for analysis of chronically treated mice.
After studying the [**S]GTPyS assay in detail’? and locating an example’® using

conditions slightly different from those most commonly encountered in the literature, |
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attempted to perform the assay in a new way. In addition to changing the reaction
conditions (Table 3), | also developed a “master-mix”-driven approach, where as many
components as possible are mixed prior to plating, as opposed to adding all the
components to each well separately. This drastically reduces variability across
wells/replicates as well as limiting opportunities for mistakes. The first step is

Table 3. Summary of improvements to protocol for agonist-stimulated
[}*S]GTPyYS binding assay for mGIuR2 in mouse frontal cortex.

Reaction Component Previous Condition Change Improved Condition
pH 7.4 A 7.7
HEPES 20 mM 20 mM
NaCl 100 mM 100 mM
MgCl2 3 mM A 10 mM
EGTA none + 2mM
GDP 5uM A 30 uM
[**SIGTPyS 0.05 nM A 0.3 nM
GDP:[**S]GTPyS 100,000 : 1 100,000 : 1
Protein/well 10 ug 5-10 ug
Incubation 1 hr, 30°C v 45 min, RT

to load the plate with 20 pL of either 1) cold GTPyS (for quantification of non-specific
binding, final concentration 10 uM); 2) vehicle (i.e. whatever substance the agonist or
test compound is dissolved in); or 3) varying concentrations of test compound. Next,
calculations were performed in order to create a master mix (20 mM HEPES, 10 mM
MgClz, 2 mM EGTA, 100 mM NaCl, 30 uM GDP, 0.3 nM [**S]GTPyS) at 90% of the total

volume required. The remaining 10% of the volume was contributed by the addition of
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membranes suspended in assay buffer at the desired concentration. Once membranes
are added, the mixture is plated immediately: 180 pL is added to each well to create a
reaction volume of 200 uL. As before, the reaction was stopped by harvesting the plate
through a glass fiber filter with 6 washes of ice-cold assay buffer, and the radioactivity
was counted. This new approach yielded very robust results (Fig. 9), and worked well
with both LY379268 (Fig. 9a) and LY354740 (Fig. 9b). This approach was used for all

assays thereafter.

(a)
2.0
log(agonist) vs. response (three parameters)
@ 1.84 Best-fit values
0= Bottom 1.002
& 5 1.61 Top 1.842
52 » LogEC50 7.838
‘nﬁ‘ [T EC50 1.452e-008
2.3 . Span 0.8402
% B Std. Emor
= E 1.0- Bottom 0.01347
Top 0.01192
0.8 . . . . . LogECS50 0.04960
12 -10 -8 -6 -4 -2 Span 0.01736
log [LY379268] M
(b)
2.09
log(agonist) vs. response (three parameters)
E 1.81 Best-fit values
0=
EE 1.64 Bottom 1.000
5 8 Top 1.708
iy 5 1.4+ LogECS0 -7.069
2. 3 ECS50 8.538e-008
o 'E 1.24 Span 0.7076
2§ Std. Emor
1.04 Bottom 0.02253
Top 0.02621
0.8 r T - r ' LogECS50 0.1115
12 -10 -8 -6 -4 -2 Span 0.03342

log [LY354740] M

Figure 9. Improved [*°*S]GTPyS assay conditions create robust concentration-response curves.
Results from agonist-stimulated [**S]JGTPyS binding assays performed with the mGIuR2/3 agonists
LY379268 (a) and LY354740 (b) in membranes from mouse frontal cortex are shown. Parameters resulting
from nonlinear fit are shown beside each curve. Both experiments were performed in triplicate. Error bars
are + SEM. Nonlinear regression was performed in GraphPad Prism (ver. 6) as described in section 3.6.
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| have since formalized a protocol for the agonist-stimulated [**S]GTPyS binding assay
in native tissue, and have distributed it to members of my laboratory, who have used it

with success.

3.6: Data and Statistical Analysis

Agonist-stimulated [?*S]GTPyS binding data was analyzed by nonlinear
regression performed by curve fitting software (GraphPad Prism, version 6) using the
parameters listed in Table 4.

Table 4. Curve fitting parameters used throughout this study.

Equation log (agonist) vs. response (three parameters)
Model Y = Bottom + (Top - Bottom) / (1+10/°9EC50-X)
Constraints Hill slope constrained to 1

Fold changes were normalized to [**S]GTPyS binding in the absence of the mGIuR2/3
agonist. An extra-sum-of-squares (F-test) was used to determine statistical difference
for simultaneous analysis of binding curves (Fig. 13). Differences between experimental
conditions were assessed by two-way ANOVA followed by Bonferroni’s post hoc test
(Table 5). Area under curve analysis (Fig. 14) was conducted in GraphPad Prism (ver.
6) on each individual curve for the chronic treatment experiment (Fig. 13). Total area

was used, and baseline was settoy = 1.0.
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Chapter 4: Results

4.1: Validation of [®S]GTPyS Assay

In addition to reproducibility, validation of the LY379268-stimulated [*°*S]GTPyS
binding assay required demonstration of the following: 1) [**S]GTPyS binding is

concentration-dependent as well as saturable with respect to agonist (Figs. 9a, 11, 12);
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Figure 10. LY379268-stimulated [**S]GTPyS binding activity is blocked by the
mGIuR2/3 antagonist LY341495 and is lost in mGIluR2-KO mice. In wild type mice,
LY379268 (green circles) displayed concentration-dependent [**S]GTPyS binding, whereas
LY379268 in the presence of 10 uM LY341495 (red triangles) did not. In mGIluR2-KO mice,
concentration-dependent [*S]GTPyS binding in response to LY379268 was not observed
(blue squares). All assays were performed in triplicate with membrane homogenate derived
from either wild type or mGIuR2-KO mouse frontal cortex. Error bars are + SEM. Nonlinear
regression was performed in GraphPad Prism (ver. 6) as detailed in section 3.6.
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2) the agonist must be blocked by the appropriate antagonist (LY341495, Fig. 10). Both

of these requirements were met.

4.2: Specificity Between mGIuR2 and mGIuR3

Specific pharmacological study of either mGIuR2 or mGIuR3 is complicated by
the fact that their respective binding sites for glutamate are extremely similar — there are

no currently available orthosteric agonists that exhibit sufficient selectivity between
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Figure 11. mGIuR3 does not display functional activation in the LY379268-
stimulated [**S]GTPyYS binding assay. Membranes from wild type mouse
frontal cortex (green circles) displayed concentration-dependent [*®S]GTPyS
binding, but membranes from mGIuR2-KO mice, which still express mGIuR3, did
cell lines can be not generate any signal under the same conditions. Both assays were performed

in triplicate. Error bars are £+ SEM. Nonlinear regression was performed in
used to express GraphPad Prism (ver. 6) as detailed in section 3.6.

“‘mGIuR2/3
agonists.” While

stable/transfected

one of the two receptors and study it in isolation, investigators wishing to parse apart
mGIluR2- or mGluR3-specific effects in an intact physiological system most likely must

rely on knockout animals.

37



In some early experiments, | used mGIuR2 knockout mice (mGIuR2-KO) in an
effort to assess the relative contributions of mGluR2 and mGIuR3 in the context of my
LY379268-stimulated [*°*S]GTPyS binding assay (as developed for mouse frontal
cortex). On first attempt, there was no activity at all in these mice (Fig. 10), which was
surprising for a number of reasons. First, both mGIluR2 and mGIuR3 are said to be G-
coupled, which is ideal for the [**S]GTPyS assay. Second, LY379268 possesses
nanomolar affinity at both receptors. Third, mGIuR3 is thought to be expressed
throughout all cortical layers in the forebrain.” With this in mind, | tried again with
another mGIluR2-KO mouse, and obtained very similar results (Fig. 11).

After reading a recent report stating that chloride acts as an agonist at all Group
Il and Il metabotropic glutamate receptors except mGIuR2,”® | wondered if this might be
the reason why | was unable to see any signal. My reasoning was that if chloride does,
in fact, act as an agonist at mGIuR3, then the high amounts of chloride in the assay
buffer might already be reaching maximal effect at mGIuR3 and addition of further
agonist in the form of LY379268 would not produce any further [**S]GTPyS binding. The
simple removal of NaCl from the buffer dropped the total chloride anion concentration
from 120 mM (100 mM NaCl + 10 mM MgCl2 = 120 mM CI') to 20 mM. This change
seemed to marginally improve results, going from no signal to a meager 7% over basal
(data not shown). However, the removal of sodium drastically increases basal binding
and confounds results, limiting any conclusions that could be drawn from them. Both
sodium and magnesium are important in the reaction, so | attempted to use other
sources for them that did not contain chloride anion (i.e. sodium gluconate and

magnesium gluconate.) while holding other assay conditions constant. Under these
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conditions, both LY379268 and glutamate failed to produce any signal in mGluR2-KO
frontal cortex (data not shown).

Interestingly, | do not seem to be alone in my issues with this assay at mGIuRS3 in
native membrane preparations. Despite [**S]GTPyS binding being well-characterized for
mGIuR2 in native tissue membranes, | have been unable to locate any literature reports
where this assay is demonstrated in native tissue membrane preparations with mGIuR3
alone — although it has been demonstrated in transfected cells. Given the widespread
use of this assay, commentary on this phenomenon — one that others have likely
encountered — is scarce. In a 2008 study reporting on allosteric modulators for mGIuR2
and mGIuR3, scientists at Merck addressed this problem:

Despite finding [multiple allosteric modulators and agonists] to be active ... in
human mGIuR3 recombinant membranes as well as in transiently transfected cells,
we did not see biphasic curves with the rat brain membranes. A recent study’
gives a very detailed report on the distribution of mGIuR2 and mGIuR3 in the rat
forebrain. The two receptors seem to be fairly evenly distributed throughout the
forebrain, suggesting that making large-scale membrane preparations from
specific brain regions to favor mGluR2 or mGIuR3 would be very difficult. However,
it would seem from their study that sufficient levels of mGIluR3 should have been
present in the membranes prepared from rat whole brain to see an agonist or
allosteric modulator response. Our recombinant mGIuR3 membranes had an ECso
value of just >100 nM (data not shown), and it is difficult to remove endogenous
glutamate in the rat brain preparations to levels below 1 yM to use for mGIuR2
testing. It is likely that residual glutamate was already near the mGIuR3 Emax value
before the addition of glutamate. Therefore, at the 1 uM concentration of glutamate
we used in the assay, the native rat brain mGIluR3 would likely have been fully
activated by residual glutamate. Any additional mGIuR3 activity caused by the
compounds would be above the 100% glutamate response (i.e., from 100 to 110%)

. Attempts to further remove the residual glutamate from the rat brain
preparations resulted in increasing loss of activity.”®

If retention of endogenous glutamate in membrane preparations is, in fact, the source of

the issue, | reasoned that | should be able to use the orthosteric mGluR2/3 antagonist
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LY341495 in increasing concentration to compete with the retained endogenous
glutamate and decrease the level of basal [3**S]GTPyS binding. However, the potent
antagonist had no effect at concentrations up to and including 1 yM in native membrane
preparations from the frontal cortex of mGluR2-KO mice (data not shown).

At this point, it began to seem as though the assay, as performed, was specific
for mGIuR2. To test this, | performed a LY379268-stimulated [**S]GTPyS binding

experiment in wild type mice where half of the replicates also contained ML 337, a
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Figure 12. LY379268-stimulated [**S]GTPyS binding in wild type mouse frontal cortex is unaffected
by ML 337. There was no significant difference between LY379268-stimulated binding (black) and
LY379268-stimulated binding in the presence of the mGluR3-selective NAM ML 337 (orange). Both assays
were performed in triplicate. Error bars are £ SEM. Nonlinear regression was performed in GraphPad Prism
(ver. 6) as detailed in section 3.6.

selective negative allosteric modulator (NAM) of mGIuR3, at a concentration of 10 pM. If

mGIuR3 was contributing to the overall signal from LY379268 in mice containing
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mGIuR2 and mGIuR3, then the presence of the mGIuR3 NAM should decrease
[*°S]GTPyS binding in some amount dependent on what relative proportion of the
overall signal was due to mGIuR3. Results of this experiment showed that mGIuR3 is
not contributing to the overall signal in any significant manner (Fig. 12), lending further
support to the idea of an mGluR2-specific assay.

Due to the limited amount of mice available, another system in which to conduct
further investigation into the nature of mGIuR3 in agonist-stimulated [**S]GTPyS binding
was necessary. | shifted my focus to HEK293 cells stably expressing mGIuR3 cells in
an attempt to see if | could identify conditions that might translate into success in native
tissue membranes. The best results that could be obtained were 13% over basal (data
not shown), which is still undesirably low. Although | cannot offer an explanation as to
why mGIuR3 does not generate signal in native tissue membranes, in light of these
findings overall it seems that the [**S]GTPyS binding assay, at least as performed in
native membranes with the conditions present in this study, is specific to mGluR2

despite the use of the mGIuR2/3 agonist LY379268.

4.3: Effect of Chronic Clozapine on mGIluR2 G Protein Coupling

Considering the well-established downregulation of mGIluR2 following chronic
exposure to atypical antipsychotics, | hypothesized that chronic treatment with
clozapine, via an HDAC2-mediated mechanism, would reduce functional activation of
mMGIuR2 at the level of its G protein (i.e. reduced G protein coupling). In order to test

this, the mGlu2/3 receptor agonist LY379268 was used to perform a series of agonist-
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stimulated [**S]GTPyS binding assays in frontal cortex membrane preparations from

control and HDAC2-cKO mice. In
untreated wild-type mice used to
confirm validity of the assay before
proceeding with chronic treatment,
LY379268 induced binding of the
hydrolysis-resistant [?S]GTPyS to
the Ga subunit coupled to mGIuR2
in a concentration-dependent
fashion, and was blocked by the
mGIuR2/3 antagonist LY341495.

For the chronic treatment
mice, the LY379268-stimulated
binding assays generated

concentration-response data for

each mouse, which was analyzed by

nonlinear regression to build
concentration-response curves and
derive pharmacological parameters
such as potency (ECsp) and efficacy
(Emax)- As expected, control mice

chronically treated with clozapine
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Figure 13. Chronic clozapine decreases LY379268-
stimulated [3S]GTPyS binding in the frontal cortex
of control mice, an effect that is lost in HDAC2-
cKOs. Shown above are concentration-response
curves depicting LY379268-stimulated [**S]GTPyS
binding in native tissue membrane preparations of
frontal cortex from control mice (a) and HDAC2-cKO (b)
chronically treated with either clozapine or vehicle
(saline). All mice were treated once daily with
intraperitoneal injections of either clozapine (10 mg/kg)
or vehicle for 21 consecutive days. Mice were sacrificed
24 hours after the final injection (n = 12 mice per
experimental condition). Least squares F-test (n.s., not
significant; ***P<0.001). See also Fig. 14 and Table 5.

showed concentration-response relationships significantly different from control mice
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chronically treated with saline (Fig. 13a) (least squares F-test, F(3,154)=18,63, P <
0.0001). Specifically, in control mice chronically treated with clozapine, both the efficacy
and potency of LY379268 were significantly decreased (Fig. 13a and Table 5). As
expected, however, these effects were not observed in the HDAC2-cKO mice (Fig. 13b
and Table 5) (Emax, two-way ANOVA, genotype effect, F(1,44)=67.41, P<0.0001;
treatment effect, F(1,44)=1.85, P>0.05; post hoc: controls (clozapine vs. vehicle)
P=0.030; HDAC2-cKOs (clozapine vs. vehicle) P>0.05) (ECso, two-way ANOVA,;
genotype effect, F(1,44)=3.415, P=0.071; treatment effect, F(1,44)=12.24, P=0.001;
post hoc: controls (clozapine vs. vehicle) P=0.003; HDAC2-cKOs (clozapine vs. vehicle)
P>0.05). Area under curve analysis (Fig. 14) provides another way of visualizing the

data presented in Figure 13 and Table 5.

Table 5. Pharmacological parameters relative to LY379268-induced
[}*S]GTPyS binding in frontal cortex membrane preparations from control and
HDAC2-cKO mice previously treated with chronic clozapine or vehicle.

Chronic Vehicle Chronic Clozapine
Emax (fold-over ECso n Emax (fold-over ECso
basal + SEM)  (logM  SEM) basal + SEM)  (logM + SEM)
Cre- 12 1557+0028 -7.733+0.097 12 1475+0.022° -7.357 +0.083"
HDASZ 12 1663+0014 747580039 12 1.691£0008  -7.3530.049

@There is a significant difference (P< 0.05) in Emax between the Cre - mice treated with vehicle and
the Cre - mice treated with clozapine. ® There is a significant difference (P< 0.01) in ECso between
the Cre - mice treated with vehicle and the Cre - mice treated with clozapine. A two-way ANOVA
with Bonferroni's post hoc test was used for statistical comparison.
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Figure 14. Total area under curve for each experimental condition. Total area under curve was
computed for each individual curve in each experimental group (n=12 curves per group) in Prism
(ver. 6) as detailed in section 3.6. There was a significant difference in total area under curve
between the Cre - mice treated with vehicle and the Cre - mice treated with clozapine which was
not observed when comparing the Cre - mice treated with vehicle and the two other groups (two-
way ANOVA with Bonferroni’s post hoc test: ***, P < 0.001; n.s., non-significant).
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Chapter 5: Discussion

The mechanism by which chronic clozapine treatment upregulates HDAC?2
expression and thus causes downstream epigenetic modifications has very recently
been further characterized by Ibi et al.?? Decreased signaling from the 5-HT2a receptor
diminishes one of the roles of this receptor: activation of the MAPK-ERK signaling
pathway. This results in downregulation of IkBa, which has the successive effect of
increasing nuclear translocation of NF-kB. Inside the nucleus, it binds to the promoter of
Hdac2, upregulating its expression. The authors state that the repressive changes
caused by increased HDAC2 ultimately results in a lower number of mature synapses,
decreased synaptic plasticity, and impaired cognitive processing.?? Consistent with this
report, my results support the critical role of HDAC2 in epigenetic changes caused by
chronic exposure to atypical antipsychotics. However, my findings are largely situated
just beyond where the authors’ mechanism ends. In showing that chronic treatment with
clozapine decreases G protein coupling of mGIuR2, | illuminate a specific functional
outcome that has relevance to treatment of schizophrenia.

In neurons, the opposing processes of long-term potentiation and long-term
depression (LTD) are critical for the plasticity of synapses. This is especially important
in the PFC, where dysfunction (e.g. in mental disorders like schizophrenia) creates

deficits in cognition. On a fundamental level, neurons in the cortex rely on dynamic
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regulation of the balance between excitation and inhibition in order to function properly.
When tight control of this balance is lost, synapses display dysfunctional behaviors.””
For instance, schizophrenia is marked by improper glutamatergic activity in the PFC,
leading to a host of issues including abnormal sensory perception. Given the role of
mGIuR2 in synaptic LTD, when this receptor behaves aberrantly, there is a diminished
ability of neurons to de-potentiate synapses, contributing to a loss of synaptic plasticity.
In other words, one of the brain’s means of controlling the balance of excitation and
inhibition is disrupted. In this way, it is conceivable that loss of normal functional
activation of mGIuR2 contributes to cognitive impairments that long-term antipsychotic
drugs commonly exacerbate.

Throughout the development and optimization of the LY379268-stimulated
[*°S]GTPyS binding assay, questions surrounding the apparent lack of contribution by
mGIuR3 to the overall signal produced by an mGIluR2/3 agonist began to emerge. While
| am unable to offer an explanation as to why this Gi-coupled receptor does not produce
robust signals in native tissue membrane preparations, my results (Figs. 10, 11, 12, as
well as with LY341495 in mGIuR2KO mice) lead me to believe that the [*°S]GTPyS
assay, at least as performed in native frontal cortex membrane preparations as
described here, is specific for mGIuR2. Thus, conclusions from the chronic treatment
experiment (Fig. 13) apply to mGIuR2, but not mGIuR3.

It seems that a main target of the newer glutamatergic antipsychotics (mGIuR2)
is rendered less available and less functional by chronic treatment with current SOC
atypical antipsychotics like clozapine. The unfortunate corollary of this phenomenon is

that newer drugs being developed (i.e. mGluR2/3 agonists) may not work for those who

46



are in the most need for new treatments (i.e. patients with treatment-resistant
schizophrenia), since clozapine is the only drug approved to treat this population. This
has relevance to interpretation of clinical trials, as previously discussed. However,
emerging knowledge about how HDAC2 causes these changes is useful in the ongoing
quest to develop new and effective treatments. For example, might HDAC inhibition in
conjunction with pomaglumetad be a viable strategy for patients who would not
otherwise respond? Similarly, could HDAC inhibition in conjunction with clozapine help
attenuate the HDAC2 upregulation that, in rodent models, has repeatedly been shown
to create cognitive deficits, and may also be responsible for the same effects seen in
humans? The drugs that are currently approved to treat schizophrenia have not evolved
much in multiple decades despite many problems with efficacy and side effects,
presumably owing to the difficulty in identifying viable molecular targets. Perhaps, with
the knowledge of the role of HDAC2, we may have identified a new molecular target
whose manipulation might represent a new avenue to improve the treatment scenario

for the millions of people who suffer from schizophrenia worldwide.

47



References

48



1. National Institute of Mental Health. “Schizophrenia.” Last modified February

2016, https://www.nimh.nih.gov/health/topics/schizophrenia/index.shtml

2. Os, Jim van, and Shitij Kapur. “Schizophrenia.” The Lancet 374, no. 9690

(2009): 635-45. https://doi.org/10.1016/S0140-6736(09)60995-8.

3. Sawa, Akira, and Solomon H. Snyder. “Schizophrenia: Diverse Approaches to
a Complex Disease.” Science 296, no. 5568 (2002): 692-95.

https://doi.org/10.1126/science.1070532.

4. Li, Meng Lin, Xi Quan Hu, Feng Li, and Wen Jun Gao. “Perspectives on the
mGIuR2/3 Agonists as a Therapeutic Target for Schizophrenia: Still Promising or a
Dead End?” Progress in Neuro-Psychopharmacology and Biological Psychiatry 60

(2015): 66—76. https://doi.org/10.1016/j.pnpbp.2015.02.012.

5. Muguruza, Carolina, J. Javier Meana, and Luis F. Callado. “Group Il
Metabotropic Glutamate Receptors as Targets for Novel Antipsychotic Drugs.” Frontiers

in Pharmacology 7, no. May (2016): 130. https://doi.org/10.3389/fphar.2016.00130.

49



6. Moghaddam, Bita, and Daniel Javitt. “From Revolution to Evolution: The
Glutamate Hypothesis of Schizophrenia and Its Implication for Treatment.”
Neuropsychopharmacology 37, no. 1 (2012): 4-15.

https://doi.org/10.1038/npp.2011.181.

7. Heresco-Levy, Uriel. “Glutamatergic Neurotransmission Modulators as
Emerging New Drugs for Schizophrenia.” Expert Opinion on Emerging Drugs 10, no. 4

(2005): 827, https://doi.org/10.1517/14728214.10.4.827 .

8. Lally, John, and James H. MacCabe. “Antipsychotic Medication in
Schizophrenia: A Review.” British Medical Bulletin 114, no. 1 (2015): 169-79.

https://doi.org/10.1093/bmb/Idv017.

9. Wenthur, Cody J., and Craig W. Lindsley. “Classics in Chemical Neuroscience:

Clozapine.” ACS Chemical Neuroscience 4, no. 7 (July 17, 2013): 1018-25.

https://doi.org/10.1021/cn400121z.

10. Seeman, Philip. “Clozapine, a Fast-Off-D2 Antipsychotic.” ACS Chemical

Neuroscience 5, no. 1 (January 15, 2014): 24—29. https://doi.org/10.1021/cn400189s.

50



11. Jeffrey P. Conn, Craig W. Lindsley, and Carrie K. Jones. “Activation of
Metabotropic Glutamate Receptors as a Novel Approach for the Treatment of
Schizophrenia,” Trends in Pharmacological Sciences 30, no. 1 (2009): 25-31.

https://doi.org/10.1016/j.tips.2008.10.006.

12. Meltzer, Herbert Y. “Update on Typical and Atypical Antipsychotic Drugs.”
Annual Review of Medicine 64, no. 1 (2013): 393-406. https://doi.org/10.1146/annurev-

med-050911-161504.

13. Rorick-Kehn, Linda M., Bryan G. Johnson, Karen M. Knitowski, Craig R.
Salhoff, Jeffrey M. Witkin, Kenneth W. Perry, Kelly I. Griffey, et al. “In Vivo
Pharmacological Characterization of the Structurally Novel, Potent, Selective mGlu2/3
Receptor Agonist LY404039 in Animal Models of Psychiatric Disorders.”
Psychopharmacology 193, no. 1 (2007): 121-36. https://doi.org/10.1007/s00213-007-

0758-3.

14. Patil, Sandeep T., Lu Zhang, Ferenc Martenyi, Stephen L. Lowe, Kimberley
A. Jackson, Boris V. Andreev, Alla S. Avedisova, et al. “Activation of mGlu2/3 Receptors
as a New Approach to Treat Schizophrenia: A Randomized Phase 2 Clinical Trial.”

Nature Medicine 13, no. 9 (2007): 1102—7. https://doi.org/10.1038/nm1632.

51



15. Kinon, Bruce J., Lu Zhang, Brian A. Millen, Olawale O. Osuntokun, Judy E.
Williams, Sara Kollack-Walker, Kimberley Jackson, Ludmila Kryzhanovskaya, and
Natalia Jarkova. “A Multicenter, Inpatient, Phase 2, Double-Blind, Placebo-Controlled
Dose-Ranging Study of LY2140023 Monohydrate in Patients with DSM-IV
Schizophrenia.” Journal of Clinical Psychopharmacology 31, no. 3 (2011): 349-55.

https://doi.org/10.1097/JCP.0b013e318218dcd5.

16. Adams, David H., Bruce J. Kinon, Simin Baygani, Brian A. Millen, Isabella
Velona, Sara Kollack-Walker, and David P. Walling. “A Long-Term, Phase 2,
Multicenter, Randomized, Open-Label, Comparative Safety Study of Pomaglumetad
Methionil (LY2140023 Monohydrate) versus Atypical Antipsychotic Standard of Care in
Patients with Schizophrenia.” BMC Psychiatry 13 (2013): 1-9.

https://doi.org/10.1186/1471-244X-13-143.

17. Stauffer, Virginia L., Brian A. Millen, Scott Andersen, Bruce J. Kinon, Lisa
LaGrandeur, J. P. Lindenmayer, and Juan Carlos Gomez. “Pomaglumetad Methionil:
No Significant Difference as an Adjunctive Treatment for Patients with Prominent
Negative Symptoms of Schizophrenia Compared to Placebo.” Schizophrenia Research

150, no. 2-3 (2013): 434—41. https://doi.org/10.1016/j.schres.2013.08.020.

52



18. Downing, Ann Catherine M., Bruce J. Kinon, Brian A. Millen, Lu Zhang, Lin
Liu, Margarita A. Morozova, Ronald Brenner, et al. “A Double-Blind, Placebo-Controlled
Comparator Study of LY2140023 Monohydrate in Patients with Schizophrenia.” BMC

Psychiatry 14, no. 1 (2014): 1-12. https://doi.org/10.1186/s12888-014-0351-3.

19. Eli Lilly and Company. “Lilly Stops Phase Ill Development of Pomaglumetad
Methionil For the Treatment of Schizophrenia Based on Efficacy Results.” Released

August 29, 2012. https://investor.lilly.com/releasedetail.cfm?ReleaselD=703018.

20. Kurita, Mitsumasa, Terrell Holloway, Aintzane Garcia-bea, Alexey Kozlenkov,
Allyson K Friedman, José L Moreno, Mitra Heshmati, et al. “HDAC2 Regulates Atypical
Antipsychotic Responses through the Modulation of mGlu2 Promoter Activity.” Nature

Neuroscience 15, no. 9 (2012): 1245-54. https://doi.org/10.1038/nn.3181.

21. Kurita, Mitsumasa, Terrell Holloway, and Javier Gonzalez-Maeso. “HDAC2

as a New Target to Improve Schizophrenia Treatment.” Expert Review of

Neurotherapeutics 13, no. 1 (2013): 1-3. https://doi.org/10.1586/ern.12.141.

22. |bi, Daisuke, Mario De La Fuente Revenga, Nebojsa Kezunovic, Carolina

Muguruza, Justin M. Saunders, Supriya A. Gaitonde, José L. Moreno, et al.

53



“Antipsychotic-Induced Hdac2 Transcription via NF-kB Leads to Synaptic and Cognitive
Side Effects.” Nature Neuroscience 20, no. 9 (2017): 1247-509.

https://doi.org/10.1038/nn.4616.

23. Kinon, Bruce J., Brian A. Millen, Lu Zhang, and David L. McKinzie.
“Exploratory Analysis for a Targeted Patient Population Responsive to the Metabotropic
Glutamate 2/3 Receptor Agonist Pomaglumetad Methionil in Schizophrenia.” Biological

Psychiatry 78, no. 11 (2015): 754—62. https://doi.org/10.1016/j.biopsych.2015.03.016.

24. Marek, Gerard. “When Is a Proof-of-Concept (POC) Not a POC?
Pomaglumetad (LY2140023) as a Case Study for Antipsychotic Efficacy.” Current
Pharmaceutical Design 21, no. 26 (2015): 3788-96.

https://doi.org/10.2174/1381612821666150605105632.

25. Niswender, Colleen M., and P. Jeffrey Conn. “Metabotropic Glutamate
Receptors: Physiology, Pharmacology, and Disease.” Annual Review of Pharmacology
and Toxicology 50, no. 1 (2010): 295-322.

https://doi.org/10.1146/annurev.pharmtox.011008.145533.

54



26. Dorsam, Robert T., and J. Silvio Gutkind. “G-Protein-Coupled Receptors and
Cancer.” Nature Reviews Cancer 7, no. 2 (2007): 79-94.

https://doi.org/10.1038/nrc2069.

27. Abel, Ted, and R. Suzanne Zukin. “Epigenetic Targets of HDAC Inhibition in
Neurodegenerative and Psychiatric Disorders.” Current Opinion in Pharmacology 8, no.

1 (2008): 57—64. https://doi.org/10.1016/j.coph.2007.12.002.

28. Gonzalez-Maeso, Javier, Rosalind L. Ang, Tony Yuen, Pokman Chan, Noelia
V. Weisstaub, Juan F. Lépez-Giménez, Mingming Zhou, et al. “Identification of a
Serotonin/glutamate Receptor Complex Implicated in Psychosis.” Nature 452, no. 7183

(2008): 93—97. https://doi.org/10.1038/nature06612.

29. Ohlow, Maike J., and Bernd Moosmann. “Phenothiazine: The Seven Lives of
Pharmacology’s First Lead Structure.” Drug Discovery Today 16, no. 3—4 (February

2011): 119-31. https://doi.org/10.1016/j.drudis.2011.01.001.

30. Laborit, Henri and Pierre Huguenard. “L’hibernation artificielle par moyen

pharmacodynamiques et physiques.” La Presse Médicale 59 (1951): 1329.

31. Delay, Jean, Pierre Deniker, and J.M. Harl. “Traitement des états d’excitation

et d’agitation par une méthode médicamenteuse dérivée de I'hibernithérapie

55



[Therapeutic method derived from hiberno-therapy in excitation and agitation states].”

Annales Medico-Psychologiques 110 (1952): 267-273.

32. Judith P. Swazey, “Chlorpromazine Comes to America: The Development of
Thorazine,” in Chlorpromazine in Psychiatry: A Study of Therapeutic Innovation

(Cambridge, MA: MIT Press, 1976), 159-161.

33. Judith P. Swazey, “The Psychopharmacologic Revolution: Chlorpromazine
and American Hospital Psychiatry, 1953-1956,” in Chlorpromazine in Psychiatry: A

Study of Therapeutic Innovation (Cambridge, MA: MIT Press, 1976), 195-215.

34. Howes, Oliver D., and Shitij Kapur. “The Dopamine Hypothesis of
Schizophrenia: Version Ill - The Final Common Pathway.” Schizophrenia Bulletin 35,

no. 3 (2009): 549-62. https://doi.org/10.1093/schbul/sbp006.

35. Madras, Bertha K. “History of the Discovery of the Antipsychotic Dopamine
D2 Receptor: A Basis for the Dopamine Hypothesis of Schizophrenia.” Journal of the
History of the Neurosciences 22 (2013): 62—78.

https://doi.org/10.1080/0964704X.2012.678199.

56



36. Seeman, Phil, and T Lee. “Antipsychotic Drugs : Direct Correlation between
Clinical Potency and Presynaptic Action on Dopamine Neurons.” Science 188, no. 4194

(1975): 1217-19. https://doi.org/10.1126/science.1145194.

37. Howes, Oliver, Rob McCutcheon, and James Stone. “Glutamate and
Dopamine in Schizophrenia: An Update for the 21st Century.” Journal of
Psychopharmacology 29, no. 2 (2015): 97-115.

https://doi.org/10.1177/0269881114563634.

38. Ebdrup, Bjern H, Hans Rasmussen, Jgrn Arnt, and Birte Glenthgj. “Serotonin
2A Receptor Antagonists for Treatment of Schizophrenia.” Expert Opinion on
Investigational Drugs 20, no. 9 (2011): 1211-23.

https://doi.org/10.1517/13543784.2011.601738.

39. Domino, Edward F., and Elliot D. Luby. "Abnormal Mental States Induced by
Phencyclidine as a Model of Schizophrenia." 1972. In PCP (Phencyclidine): Historical
and Current Perspectives, edited by Edward F. Domino, 401-15. Ann Arbor, MI: NPP

Books, 1981. Psychopathology and Psychopharmacology.

40. Krystal, John H, L P Karper, J P Seibyl, G K Freeman, R Delaney, J D

Bremner, G R Heninger, M B Bowers, and D S Charney. “Subanesthetic Effects of the

57



Noncompetitive NMDA Antagonist, Ketamine, in Humans. Psychotomimetic, Perceptual,
Cognitive, and Neuroendocrine Responses.” Archives of General Psychiatry 51, no. 3

(March 1, 1994): 199-214. https://doi.org/10.1001/archpsyc.1994.03950030035004.

41. Carlsson, Maria, and Arvid Carlsson. “The NMDA Antagonist MK-801 Causes
Marked Locomotor Stimulation in Monoamine-Depleted Mice.” Journal of Neural

Transmission 73, no. 3 (1989): 221-26. https://doi.org/10.1007/BF01258633.

42. Liu, Jian, and Bita Moghaddam. “Regulation of Glutamate Efflux by Excitatory
Amino Acid Receptors: Evidence for Tonic Inhibitory and Phasic Excitatory Regulation.”
The Journal of Pharmacology and Experimental Therapeutics 274, no. 3 (September

1995): 1209-15. http://www.ncbi.nIm.nih.gov/pubmed/7562490.

43. Moghaddam, B., B. Adams, A. Verma, and D. Daly. “Activation of
Glutamatergic Neurotransmission by Ketamine: A Novel Step in the Pathway from
NMDA Receptor Blockade to Dopaminergic and Cognitive Disruptions Associated with
the Prefrontal Cortex.” The Journal of Neuroscience 17, no. 8 (1997): 2921-27.

https://doi.org/10.1016/0091-3057(93)90217-H.

44. Jackson, M. E., H. Homayoun, and B. Moghaddam. “NMDA Receptor

Hypofunction Produces Concomitant Firing Rate Potentiation and Burst Activity

58



Reduction in the Prefrontal Cortex.” Proceedings of the National Academy of Sciences

101, no. 22 (2004): 8467—-72. https://doi.org/10.1073/pnas.0308455101.

45. Lisman, John E. “Bursts as a Unit of Neural Information: Making Unreliable
Synapses Reliable.” Trends in Neurosciences 20, no. 1 (1997): 38—43.

https://doi.org/10.1016/S0166-2236(96)10070-9.

46. Moghaddam, Bita, and Mark E. Jackson. “Glutamatergic Animal Models of
Schizophrenia.” Annals of the New York Academy of Sciences 1003 (2003): 131-37.

https://doi.org/10.1196/annals.1300.065.

47. Meador-Woodruff, James H., and Daniel J. Healy. “Glutamate Receptor
Expression in Schizophrenic Brain.” Brain Research Reviews 31, no. 2-3 (2000): 288—

94. https://doi.org/10.1016/S0165-0173(99)00044-2.

48. Nudmamud, Sutisa, and Gavin P. Reynolds. “Increased Density of
glutamate/N-Methyl-D-Aspartate Receptors in Superior Temporal Cortex in
Schizophrenia.” Neuroscience Letters 304, no. 1-2 (2001): 9-12.

https://doi.org/10.1016/S0304-3940(01)01727-X.

59



49. Konradi, Christine, and Stephan Heckers. “Molecular Aspects of Glutamate
Dysregulation: Implications for Schizophrenia and Its Treatment.” Pharmacology &
Therapeutics 97, no. 2 (February 2003): 153—79.

https://doi.org/https://doi.org/10.1016/S0163-7258(02)00328-5.

50. Ripke, Stephan, Benjamin M. Neale, Aiden Corvin, James T.R. Walters, Kai
How Farh, Peter A. Holmans, Phil Lee, et al. “Biological Insights from 108
Schizophrenia-Associated Genetic Loci.” Nature 511, no. 7510 (2014): 421-27.

https://doi.org/10.1038/nature13595.

51. Maksymetz, James, Sean P. Moran, and P. Jeffrey Conn. “Targeting
Metabotropic Glutamate Receptors for Novel Treatments of Schizophrenia Tim Bliss.”

Molecular Brain 10, no. 1 (2017): 1-19. https://doi.org/10.1186/s13041-017-0293-z.

52. Hackos, David H., Patrick J. Lupardus, Teddy Grand, Yelin Chen, Tzu Ming
Wang, Paul Reynen, Amy Gustafson, et al. “Positive Allosteric Modulators of GIuN2A-
Containing NMDARSs with Distinct Modes of Action and Impacts on Circuit Function.”

Neuron 89, no. 5 (2016): 983-99. https://doi.org/10.1016/j.neuron.2016.01.016.

53. Nicoletti, F., J. Bockaert, G. L. Collingridge, P. J. Conn, F. Ferraguti, D. D.

Schoepp, J. T. Wroblewski, and J. P. Pin. “Metabotropic Glutamate Receptors: From

60



the Workbench to the Bedside.” Neuropharmacology 60, no. 7-8 (2011): 1017—-41.

https://doi.org/10.1016/j.neuropharm.2010.10.022.

54. Moreno, José L, Patricia Miranda-Azpiazu, Aintzane Garcia-bea, Jason
Younkin, Meng Cui, Alexey Kozlenkov, Ariel Ben-ezra, et al. “Allosteric Signaling
through an mGlu2 and 5-HT 2A Heteromeric Receptor Complex and Its Potential
Contribution to Schizophrenia.” Science Signaling 9, no. 410 (2016): 1-19.

https://doi.org/10.1126/scisignal.aab0467.

55. Muly, E. Chris, Irakli Mania, Ji-Dong Guo, and Donald G. Rainnie. “Group Il
Metabotropic Glutamate Receptors in Anxiety Circuitry: Correspondence of
Physiological Response and Subcellular Distribution.” The Journal of Comparative
Neurology 505, no. 6 (December 20, 2007): 682—700.

https://doi.org/10.1002/cne.21525.

56. Corti, C., G. Battaglia, G. Molinaro, B. Riozzi, A. Pittaluga, M. Corsi, M.
Mugnaini, F. Nicoletti, and V. Bruno. “The Use of Knock-Out Mice Unravels Distinct
Roles for mGlu2 and mGlu3 Metabotropic Glutamate Receptors in Mechanisms of
Neurodegeneration/Neuroprotection.” Journal of Neuroscience 27, no. 31 (2007): 8297—-

8308. https://doi.org/10.1523/JNEUROSCI.1889-07.2007.

61



57. Schoepp, Darryle D., B G Johnson, R A Wright, C R Salhoff, N G Mayne, S
Wu, S L Cockerman, et al. “LY354740 |Is a Potent and Highly Selective Group II
Metabotropic Glutamate Receptor Agonist in Cells Expressing Human Glutamate
Receptors.” Neuropharmacology 36, no. 1 (January 1997): 1-11.

https://doi.org/10.1016/S0028-3908(96)00160-8.

58. Battaglia, Giuseppe, James A. Monn, and Darryle D. Schoepp. “In Vivo
Inhibition of Veratridine-Evoked Release of Striatal Excitatory Amino Acids by the Group
Il Metabotropic Glutamate Receptor Agonist LY354740 in Rats.” Neuroscience Letters

229, no. 3 (1997): 161-64. https://doi.org/10.1016/S0304-3940(97)00442-4.

59. Schoepp, Darryle D., David E. Jane, and James A. Monn. “Pharmacological
Agents Acting at Subtypes of Metabotropic Glutamate Receptors.” Neuropharmacology

38, no. 10 (1999): 1431-76. https://doi.org/10.1016/S0028-3908(99)00092-1.

60. Cartmell, Jayne, James A. Monn, and Darryle D. Schoepp. “The
Metabotropic Glutamate 2/3 Receptor Agonists LY354740 and LY379268 Selectively
Attenuate Phencyclidine versus D-Amphetamine Motor Behaviors in Rats.” The Journal

of Pharmacology and Experimental Therapeutics 291, no. 1 (1999): 161-70.

62



61. Monn, James A., Steven M. Massey, Matthew J. Valli, Steven S. Henry,
Gregory A. Stephenson, Mark Bures, Marc Hérin, et al. “Synthesis and Metabotropic
Glutamate Receptor Activity of S-Oxidized Variants of (-)-4-Amino-2-Thiabicyclo-
[3.1.0]hexane-4,6-Dicarboxylate: Identification of Potent, Selective, and Orally
Bioavailable Agonists for mGlu2/3 Receptors.” Journal of Medicinal Chemistry 50, no. 2

(2007): 233—40. https://doi.org/10.1021/jm060917u.

62. Kinon, Bruce J., and Juan Carlos Goémez. “Clinical Development of
Pomaglumetad Methionil: A Non-Dopaminergic Treatment for Schizophrenia.”
Neuropharmacology 66 (2013): 82—86.

https://doi.org/10.1016/j.neuropharm.2012.06.002.

63. Kay, Stanley R, Abraham Fiszbein, and Lewis A Opler. “The Positive and
Negative Syndrome Scale for Schizophrenia.” Schizophrenia Bulletin 13, no. 2 (1987):

261-76. https://doi.org/10.1093/schbul/13.2.261.

64. Citrome, Leslie, Daniel E. Casey, David G. Daniel, Patricia Wozniak, Lisa D.
Kochan, and Katherine A. Tracy. “Adjunctive Divalproex and Hostility Among Patients
With Schizophrenia Receiving Olanzapine or Risperidone.” Psychiatric Services 55, no.

3 (2004): 290-94. https://doi.org/10.1176/appi.ps.55.3.290.

63



65. Kelly, Deanna L., Robert R. Conley, Stephanie Feldman, Yang Yu, Robert P.
McMahon, and Charles M. Richardson. “Adjunct Divalproex or Lithium to Clozapine in
Treatment-Resistant Schizophrenia.” Psychiatric Quarterly 77, no. 1 (2006): 81-95.

https://doi.org/10.1007/s11126-006-7963-9.

66. Suzuki, Takefumi, Hiroyuki Uchida, Hiroyoshi Takeuchi, Shinichiro Nakajima,
Kensuke Nomura, Akira Tanabe, Gohei Yagi, Koichiro Watanabe, and Haruo Kashima.
“Augmentation of Atypical Antipsychotics with Valproic Acid. An Open-Label Study for
Most Difficult Patients with Schizophrenia.” Human Psychopharmacology: Clinical and

Experimental 24, no. 8 (December 2009): 628-38. https://doi.org/10.1002/hup.1073.

67. Pinheiro, Paulo S., and Christophe Mulle. “Presynaptic Glutamate Receptors:
Physiological Functions and Mechanisms of Action.” Nature Reviews Neuroscience 9,

no. 6 (June 9, 2008): 423—-36. https://doi.org/10.1038/nrn2379.

68. Montgomery, Rusty L., Christopher A. Davis, Matthew J. Potthoff, Michael
Haberland, Jens Fielitz, Xiaoxia Qi, Joseph A. Hill, James A. Richardson, and Eric N.
Olson. “Histone Deacetylases 1 and 2 Redundantly Regulate Cardiac Morphogenesis,
Growth, and Contractility.” Genes and Development 21, no. 14 (2007): 1790-1802.

https://doi.org/10.1101/gad.1563807.

64



69. Wang, Xinjun, Chunzhao Zhang, Gabor Szabo, and Qian Quan Sun.
“Distribution of CaMKIlla Expression in the Brain in Vivo, Studied by CaMKlla-GFP
Mice.” Brain Research 1518 (2013): 9-25.

https://doi.org/10.1016/j.brainres.2013.04.042.

70. Morris, M. J., M. Mahgoub, E. S. Na, H. Pranav, and L. M. Monteggia. “Loss
of Histone Deacetylase 2 Improves Working Memory and Accelerates Extinction
Learning.” Journal of Neuroscience 33, no. 15 (2013): 6401-11.

https://doi.org/10.1523/JNEUROSCI.1001-12.2013.

71. Schaffhauser, Hervé, Blake A Rowe, Sylvia Morales, Laura E Chavez-
Noriega, Ruoyuan Yin, Christine Jachec, Sara P Rao, et al. “Pharmacological
Characterization and Identification of Amino Acids Involved in the Positive Modulation of
Metabotropic Glutamate Receptor Subtype 2.” Molecular Pharmacology 64, no. 4

(October 1, 2003): 798-810. https://doi.org/10.1124/mol.64.4.798.

72. DelLapp, Neil W., Wendy H Gough, Steven D Kahl, Amy C Porter, and Todd

R Wiernicki. GTPyS Binding Assays. Assay Guidance Manual, 2004.

http://www.ncbi.nlm.nih.gov/pubmed/22553877.

65



73. Liechti, M. E., L. Lhuillier, K. Kaupmann, and A. Markou. “Metabotropic
Glutamate 2/3 Receptors in the Ventral Tegmental Area and the Nucleus Accumbens
Shell Are Involved in Behaviors Relating to Nicotine Dependence.” Journal of
Neuroscience 27, no. 34 (2007): 9077-85. https://doi.org/10.1523/JNEUROSCI.1766-

07.2007.

74. Gu, Guibao, Daniel S. Lorrain, Hongbing Wei, Rebecca L. Cole, Xin Zhang,
Lorrie P. Daggett, Herve J. Schaffhauser, Linda J. Bristow, and Sandra M. Lechner.
“Distribution of Metabotropic Glutamate 2 and 3 Receptors in the Rat Forebrain:
Implication in Emotional Responses and Central Disinhibition.” Brain Research 1197

(2008): 47-62. https://doi.org/10.1016/j.brainres.2007.12.057.

75. DiRaddo, J. O., Eric J. Miller, Carrie Bowman-Dalley, Barbara Wroblewska,
Monica Javidnia, Ewa Grajkowska, Barry B. Wolfe, Dennis C. Liotta, and Jarda T.
Wroblewski. “Chloride Is an Agonist of Group Il and III Metabotropic Glutamate
Receptors.” Molecular Pharmacology 88, no. 3 (2015): 450-59.

https://doi.org/10.1124/mol.114.096420.

76. Rowe, B. A., H. Schaffhauser, S. Morales, L. S. Lubbers, C. Bonnefous, T. M.

Kamenecka, J. McQuiston, and L. P. Daggett. “Transposition of Three Amino Acids

Transforms the Human Metabotropic Glutamate Receptor (mGluR)-3-Positive Allosteric

66



Modulation Site to mGIuR2, and Additional Characterization of the mGluR2-Positive
Allosteric Modulation Site.” Journal of Pharmacology and Experimental Therapeutics

326, no. 1 (2008): 240-51. https://doi.org/10.1124/jpet.108.138271.

77. Meunier, Claire N.J., Pascal Chameau, and Philippe M. Fossier. “Modulation
of Synaptic Plasticity in the Cortex Needs to Understand All the Players.” Frontiers in
Synaptic Neuroscience 9, no. FEB (2017): 1-15.

https://doi.org/10.3389/fnsyn.2017.00002.

67



	Chronic Clozapine Treatment Impairs Functional Activation of Metabotropic Glutamate Receptor 2 via an HDAC2-depedent Mechanism
	Downloaded from

	Microsoft Word - T Cuddy MS Thesis 4-23-18.docx

