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Abstract



In the central nervous system (CNS) of vertebrates, neurotransmitters such as glutamate, gamma
aminobutyric acid, and monoamines, mediate signal transmission via synapses. In addition, various
peptides also transmit cell signaling and are referred to as neuropeptides or hormones. Emotions and
behaviors are regulated and diversified by the expression patterns or levels of those
neurotransmitters and their receptors. The regulation of neurotransmission is critical to the
maintenance of physical and mental health and its abnormality in the CNS is considered as one of
the main causal factors of neurodegenerative and neuropsychiatric diseases. Therefore, investigation
of the relationship between neural signals and behavioral outcomes is expected to improve the
understanding of disease mechanisms. In this study, two kinds of neurotransmission were selected to
investigate those physiological and functional roles in animal models: corticotropin releasing factor
(CRF) and a—amino-3-hydroxy-5-methyl-4 -isoxazole-propionic acid (AMPA).

In the first chapter, two aspects of the function of CRF, which is known not only as a
hormone but also as a neurotransmitter in the brain, were analyzed: 1) the
hypothalamus-pituitary-adrenal (HPA) axis by measuring the adrenocorticotropin (ACTH) in plasma,
and 2) locomotion and anxiety behaviors. In mammals, CRF plays a role as a neurotransmitter in the
brain. Its signal is mediated by two kinds of receptors, CRF; and CRF,. CRF; receptor expresses
broadly and mainly in the cortico-limbic system in the brain whereas CRF; receptor expresses in a
limited brain area, such as the lateral septum. CRF signaling also mediates signaling in the endocrine
and gastrointestinal system in the peripheral nervous system (PNS). The major function of CRF is in
the signal start of the HPA axis which is recognized as a key stress signal. CRF is released from the
paraventricular nucleus of the hypothalamus (PVN) in the brain to the anterior pituitary expressing
CRF| receptors. This triggers CRF signaling in the pituitary which stimulates the release of ACTH in
circulation. ACTH reaches the adrenal cortex to stimulate the release of cortisol (in humans) or
corticotropin (in rodents). The response of the HPA axis is affected by the feedforward and feedback
effects of CRF and cortisol, respectively. The overactivation of the HPA axis and CRF signaling
occurs in depression, anxiety disorder, and posttraumatic stress disorder. It remains to be clarified
how CRF regulates the function of the HPA axis and behavioral outcomes in the CNS and PNS. To
clarify the role of peripheral and central CRF signaling on the HPA axis and on behaviors such as
locomotion and anxiety behaviors, CRF was challenged from the peripheral route (intravenously
(i.v.)) or the central route (intracerebroventricularly (i.c.v.)) in rats, followed by experiments using
two small molecules with different brain permeabilities to understand CRF; antagonism in the
peripheral and CNS regions. Plasma ACTH concentration increased significantly in both
administration routes of CRF but hyperlocomotion and anxiety behavior were induced only by the
i.c.v. route. In the drug discovery of CRF; receptor antagonists, I identified two types of compounds,
A and B, which antagonized peripheral CRF-induced HPA axis activation to the same extent but

showed different effects on the central CRF signal. These compounds had similar in vitro binding



affinities to the CRF| receptor (15 and 10 nM) and functional activities in the reporter gene assay (15
and 9.5 nM). In the ex vivo binding assay using tissues of the rat pituitary, oral treatment with
compound A and compound B at 10 mg/kg inhibited ['*°I]-CRF binding, whereas in the assay using
tissues of the rat frontal cortex, treatment of compound A but not compound B inhibited ['*°I]-CRF
binding, indicating that only compound A inhibited central ['**I]-CRF binding. In the peripheral CRF
challenge via the i.v. route, an increase in plasma ACTH concentration was significantly suppressed
by both compound A and compound B. In contrast, compound A inhibited the increase in locomotion
induced by the central CRF challenge whereas compound B did not. Compound A also reduced
central CRF challenge-induced anxiety behavior and c-fos immunoreactivity in the cortex and the
hypothalamic paraventricular nucleus. These results indicate that the central CRF signal, rather than
the peripheral CRF signal, would be related to anxiety and other behavioral changes, and CRF;
receptor antagonism in the CNS may be critical for identifying drug candidates for anxiety and mood
disorders.

In the second chapter, the role of AMPA receptor signaling was investigated to understand
the relationship with the behavioral outcomes, especially those which are related to schizophrenia.
Glutamate is the major neurotransmitter for excitatory neurotransmission in the brain and is related
to neural plasticity, memory, and cognitive functions. Abnormal glutamate neurotransmission is
related to neuropsychiatric diseases such as schizophrenia, depression, and autism. Especially in
schizophrenia, the state of hypoglutamate is indicated to cause positive, negative, and cognitive
symptoms, and the enhancement of glutamate signaling is expected to improve those symptoms;
however, the direct activation of glutamate neurons through exogenously applied agents causes
cellular toxicity or seizures via hyperexcitability, which makes it difficult to investigate the function
of glutamate signals in disease models. The AMPA receptor is the main receptor to conduct fast
excitatory neurotransmission and to induce the long-term potentiation of neurons, which is the key
function of memory and cognition. The importance of the AMPA receptor has been reported in
genetically modified animal models. Mice lacking the GIuR1 subunit of the AMPA receptor exhibit
hyperexcitability of striatal dopaminergic neurons and schizophrenia-like behaviors. In addition, a
reduction of the expression level of AMPA receptors has been reported in the postmortem brain
analysis of schizophrenic patients. Therefore, an investigation of the relationships between AMPA
receptor signaling and behavioral outcomes would help to understand the signal mechanism in
schizophrenia. In this chapter, a new AMPA receptor potentiator, TAK-137
(9-(4-phenoxyphenyl)-3,4-dihydropyrido[2,1-c][1,2,4]thiadiazine ~ 2,2-dioxide), was wused to
investigate behavioral changes in animal models of schizophrenia for positive, negative, and
cognitive symptoms. TAK-137 activates AMPA receptors only in the presence of glutamate and
reduces the risk of seizure compared with other compounds reported so far. In this study, rodents and

non-human primates were used to assess the efficacy of TAK-137 in the naive state or in



drug-induced disease models with methamphetamine (METH) or N-methyl-D-aspartate (NMDA)
antagonists, such as MK-801, ketamine, and phencyclidine (PCP). At 10 mg/kg per os (p.o.),
TAK-137 partially inhibited METH-induced hyperlocomotion in rats, and at 3, 10, and 30 mg/kg p.o.,
TAK-137 partially inhibited MK-801-induced hyperlocomotion in mice, suggesting weak effects on
the positive symptoms of schizophrenia. At 0.1 and 0.3 mg/kg p.o., TAK-137 significantly
ameliorated MK-801-induced deficits in the social interaction of rats, demonstrating potential
improvement of impaired social functioning, which is a negative symptom of schizophrenia. The
effects of TAK-137 were evaluated on multiple cognitive domains—attention, working memory, and
cognitive flexibility. TAK-137 enhanced attention in the five-choice serial reaction time task in rats
at 0.2 mg/kg p.o., and improved working memory both in rats and monkeys: 0.2 and 0.6 mg/kg p.o.
ameliorated MK-801-induced deficits in the radial arm maze test in rats, and 0.1 mg/kg p.o.
improved the performance of ketamine-treated monkeys in the delayed matching-to-sample task. At
0.1 and 1 mg/kg p.o., TAK-137 improved the cognitive flexibility of subchronic PCP-treated rats in
the reversal learning test. Since current medication with dopamine D2 receptor antagonist effect has
limited efficacy on negative and cognitive symptoms, TAK-137-type AMPA receptor potentiators
with low intrinsic activity may offer new therapies for schizophrenia.

In summary, this study clarified the role of CRF signaling via the CRF; receptor,
especially in the CNS, and the role of AMPA receptor signaling in behavioral changes related to
schizophrenia. Findings related to neurotransmission provide not only insight into the function of
each type of signaling but also help to understand the mechanism underlying neuropsychiatric

diseases, which are usually difficult to detect as morphological changes in the living state.
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ACTH, adrenocorticotropin;

AD, Alzheimer’s disease;

ADHD, attention deficit hyperactivity disorder;
AMPA, (+)-a-amino-3-hydroxy-5-methylisoxazole-4-proprionic acid;
ANOVA, the analysis of variance;

BBB, blood-brain barrier;

BDNF, Brain-derived neurotrophic factor;

Bed nucleus of the stria terminalis (BNST)
BSA, bovine serum albumin;

CeA, central nucleus of the amygdala;

CHAPS, 3-[(3-Cholamidopropyl)dimethylammonio]propanesulfonate;
CHO, Chinese hamster ovary

CNS, central nervous system;

CREF, corticotropin-releasing factor;

DMTS, delayed matching-to-sample;

D2R, dopamine D, receptor;

EDTA, ethylenediaminetetraacetic acid,;

EEG, electroencephalogram;

EPM, elevated plus maze;

FBS, fetal bovine serum

FDG, fluoro-2-deoxy-D-glucose;

FR1, fixed ratio 1;

GABA, gamma aminobutyric acid,

GI, gastrointestinal;

GlyT1, glycine transporter type 1;

HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
HPA, hypothalamic-pituitary-adrenal,

HTS, high-throughput screening;

i.c.v., intracerebroventricularly;

i.m., intramuscularly;

1.p., intraperitoneally;

ITI, intertrial interval;

1.v., intravenously;

LSD, least significant difference;

MAM, methylazoxymethanol acetate;

METH, methamphetamine;



MgCl,, magnesium chloride;

NDI, novelty discrimination index;

NMDA, N-methyl-p-aspartate;

NORT, Novel Object Recognition Test;

NSB, nonspecific binding;

PCP, phencyclidine;

PD, Parkinson’s disease;

PET, positron emission tomography;

PMSF, phenylmethylsulfonyl fluoride;

PNS, peripheral nervous system;

p-o., per os;

Poly(I:C), polyriboinosinic-polyribocytidylic acid;
PTSD, posttraumatic stress disorder;

PV, parvalbumin;

PVN, paraventricular nucleus;

RAM, radial arm maze;

SB, specific binding;

SI, social interaction;

SSRI, selective serotonin reuptake inhibitors;

s.C., subcutaneously;

TAK-137, 9-(4-phenoxyphenyl)-3,4-dihydropyrido[2,1-c][ 1,2,4]thiadiazine 2,2-dioxide;
TB, total binding;

Tris-HCI, tris(hydroxymethyl)aminomethane-hydrochloride (Tris-HCI);

5-CSRTT, five-choice serial reaction time task;
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1. The functions of neuronal transmissions

One of the key mechanisms in the regulation of physiological and psychological functions is
neuronal transmission. The nervous systems involved in neuronal transmission can be classified into
two categories: peripheral and central nervous systems. The peripheral nervous system (PNS)
includes the somatic nervous system to transmit motor perceptions and the autonomic nervous
system to regulate the homeostasis of internal organs [1]. The central nervous system (CNS) consists
of neural network systems in the brain to regulate cognition and emotion, and the sensory nerves
which regulate the movement of the face, eyes, and tongue. The CNS also connects to the peripheral
internal and sensory organs [2]. Those nervous systems form the network system for signal
transmission and utilize neuronal transmitters as messengers to surrounding neurons via synapses.
Neuronal cells regulate the expression and release of those neuronal transmitters based on external
signals. Generally, in the CNS of vertebrates, various kinds of the neuronal transmitters are used, and
the choice depends on whether the neuronal cell is excitatory or inhibitory, and/or on the brain
region. The major neuronal transmitters have been categorized into acetylcholine, monoamines,
amino acids, and peptides, and those are transmitted from neuron to neuron across synapses [3]. In
addition, some neurotransmitters, especially neuropeptides and hormones, circulate in body fluids
such as blood or cerebrospinal fluid to induce cellular and organic responses which are usually
remote from the original cells [4]. The signaling of neurotransmitters results in the certain output in
the living body, such as behavioral and emotional responses. The functions of neurotransmitters have
been diversified by using several subtypes of receptors for each neurotransmitter, or by changing
their expression patterns or levels according to the species, sexes, or development and aging
throughout life. Therefore, investigation of the impact of specific neurotransmitters on biological and
behavioral outputs is important to understand neural functions. Indeed, abnormal functions in
neurotransmission are related to various CNS diseases, such as in neurodegenerative diseases,
including Alzheimer’s disease (AD) and Parkinson’s disease (PD), or psychiatric diseases, including
schizophrenia, depression, anxiety, and attention-deficit hyperactivity disorder [5]. A common
characteristic of these diseases is abnormality in some specific neurons. For example, in PD, there is
a significant loss of dopaminergic neurons [6]. In contrast, overactivation of the striatal
dopaminergic neurons, especially in the dopamine D2 receptor-expressing neurons, have been
reported in schizophrenia [7]. The loss of cholinergic neurons is regarded as a cholinergic hypothesis
in AD [8]. These characteristics of neuronal abnormalities result in specific symptoms, such as loss
of motor functions or cognitive functions. Although some key features in neuronal functions in CNS
diseases have been determined, detailed analyses of specific neurotransmission to investigate the
scope of functional outcomes would deepen an understanding of neuronal function and disease
biology and would extensively lead to the generation of medicines with new mechanisms of action.

In the first chapter of this study, using rats, I investigated the impact of corticotropin-releasing factor



(CRF) on the response of the hypothalamus-pituitary-adrenal (HPA) axis as plasma
adrenocorticotropic hormone (ACTH) increased and on behavioral outcomes as locomotor and
anxiety behaviors to classify the key signals in PNS and CNS. In the second chapter, I focused on
the relationship between glutamate neurons, especially
a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) receptor signals, and schizophrenia
in behaviors related to positive, negative, and cognitive symptoms by using rodents and non-human

primates.

2. CREF signaling

2.1. Stress response and regulation

A living body always receives external stimuli, and the physiological responses to those stimuli are
referred to as stress responses [4]. The factors which induce physiological and psychological
changes in the body are called stressors, including environmental or physical stressors such as the
natural environment or infectious viruses, and psychological stressors such as family or working
environments. Adequate responses in the body induce the transient activation of neuronal or
immunological responses to cope with, or to resist, stress. Several signaling systems are involved in
stress responses: rapid activation of the autonomic nervous system to enhance the release of
noradrenaline and adrenaline for the activation of the sympathetic nerve system. Another system is
the activation of the HPA axis [9]. This signal is activated by the increased release of CRF from the
paraventricular nucleus of the hypothalamus (PVN). CRF binds to CRF receptors, especially to
CRF; receptors located on the anterior pituitary where this triggers the release of ACTH. ACTH
reaches the adrenal cortex in peripheral organs and cortisol or corticotropin is released in humans
and rodents, respectively. Cortisol or corticotropin work as effectors of the stress response to
modulate immunological responses. CRF stimulates not only the HPA axis but also the limbic brain
system including amygdala, hippocampus, and cortical neurons where emotional and cognitive
functions are highly regulated [10]. In addition, the stimulation of peripheral CRF signaling induces
intestinal contraction and other abdominal neurons. The hyperactivation of CRF signaling is related
to psychiatric diseases such as depression, anxiety, posttraumatic stress disorder (PTSD), and

gastrointestinal (GI) diseases such as inflammatory bowel disease [11].

2.2. CRF peptide family and its receptors

CRF is a polypeptide consisting of 41 amino acid [12]. There are several other peptides which are
categorized as being members of the CRF peptide family, such as urocortin 1, 2, and 3. The affinities
of CRF peptide family members to CRF; and CRF; receptors, as well as their expression patterns,
are diversified in the brain and throughout the entire body [13]. This fact indicates that the CRF

peptide family involves diversified physiological roles especially in coordinating endocrine, immune,
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autonomic, and behavioral responses to stress. The binding affinity (Ki) of CRF to CRF; receptor
was found to be 3.3 nM, which is about 10-fold higher than that to the CRF receptor [14]. CRF is
the most well-studied peptide regarding its physiological function, and CRF signaling via the CRF;
receptor is considered as a key function in the stress response. There are distinct but overlapping
expression patterns in the brain between CRF;and CRF; receptors. The CRF; receptor is widely
expressed in brain regions that are related to sensory information processing and motor control, such
as cortex, hippocampus, bed nucleus of the stria terminalis (BNST), basal ganglia, and hypothalamic
nuclei [4]. It also expresses outside the brain especially in the anterior and intermediate lobes of the
pituitary, where the binding of CRF to the CRF; receptor triggers the secretion of ACTH to the
circulatory system. Expression of the CRF: receptor is much more restricted to subcortical structures
in the brain, especially in the lateral septal nucleus and in the skeletal muscle and heart. Coextension
of the CRF; and CRF, receptors seems to be limited. There is a distinct expression pattern of the
CRF; receptor among species [15], which indicates that the receptor and signal functions may have

diversified during evolution.

2.3. Pharmacological and physiological studies on stress response by modulating CRF signaling
The accumulation of evidence of the function of CRF has indicated that the CRF plays a key role in
stress responses. The initial experiment exogenously administered CRF [16]. Most of the reported
studies applied an intracerebroventricular (i.c.v.) injection of CRF, resulting in the detection of the
response of the HPA axis and changes to locomotion and anxiety behaviors. Recently, the application
of genetic mouse models and viral applications to modulate the expression level of CRF peptide
families or CRF receptors have also been reported [17]. These have also resulted in the functional
classification of CRF peptide families and receptors [18]. Based on those findings, CRF signaling
via the CRF; receptor seems to be the major route of neurotransmission in the CNS and the main

trigger of the activation of the HPA axis at the pituitary.

3. Glutamate signaling

3.1. Glutamate neuron and its receptors

The glutamate neuron is the major excitatory neuron throughout the entire brain region [19]. The
excitation of glutamate neurons is indispensable for brain functions especially in neurocognitive
domains such as memory, learning, and cognition. Glutamate receptors are classified into two
categories: ionotropic and metabotropic  receptors. lonotropic  receptors including
N-methyl-D-aspartate (NMDA), AMPA, and kainite receptors conduct fast excitatory signaling [20].
Metabotropic receptors, including mGluR1-8, are also involved with presynaptic and postsynaptic
transmission to regulate learning and memory. Among glutamate receptors, the AMPA receptor plays

a key role in learning and memory [21]. AMPA receptor subunit GluR1-knockout mice exhibited
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cognitive impairment, hyperdopaminergia, and psychosis-like behaviors [22]. The AMPA receptor is
involved in the regulation of NMDA receptor activation, which induces ion influx into cells (Na®
and Ca*"), triggering the release of channel-blocking magnesium ion from the NMDA receptor [20].
This results in the activation of NMDA receptor signaling through an increase in NMDA

receptor-mediated calcium influx [23].

3.2. Glutamate neuron and diseases

Several CNS diseases are reportedly involved with abnormal glutamate signaling such as epilepsy,
schizophrenia, depression, and autism. Especially in schizophrenia, antagonists of NMDA receptors
such as ketamine and phencyclidine (PCP) were accidentally discovered to induce symptoms which
mimic schizophrenia, such as psychosis, abnormal social interaction, or cognitive impairment in
healthy people [24]. In addition, when people with schizophrenia were treated with those agents,
their symptoms worsened [25-27]. Schizophrenia consists of a spectrum of symptoms: positive
symptoms (hallucinations and delusions), negative symptoms (blunted affect and deficits in social
functioning), and cognitive symptoms (deficits in attention, working memory, and cognitive
flexibility) [2]. The current hyperdopamine hypothesis postulates that excessive activation of
dopaminergic neurons in the subcortical regions of the brain is deeply involved in the
pathophysiology of the positive symptoms of schizophrenia [7]; however, this hypothesis cannot
fully elaborate the mechanism of negative and cognitive symptoms. On the other hand, based on
clinical and preclinical findings, NMDA hypofunction supports key hypotheses for various
symptoms of schizophrenia [28]. The functions of glutamate signaling have also been studied by the
pharmacological application of agonists, antagonists or genetically-modified animal models [29].
Mice with a knocked-out NMDA receptor subunit NR1 showed schizophrenia-like behaviors,
whereas the overexpression of NR1 enhanced cognitive performance [30]. The enhancement of
NMDA receptor signaling was investigated as a strategy for novel treatment of schizophrenia by
using small molecules [31-34]. To avoid excitotoxicity by agonists, the application of a co-agonist
like D-serine or glycine, or the inhibitor of those degradation enzymes was studied in clinical studies
which resulted in the improvement of negative symptoms in phase II studies. Therefore, approaches
to enhance glutamate signaling should be studied further to understand the relationship between

signaling enhancement and behavioral outcomes.

3.3. AMPA receptor positive allosteric modulator

In view of the function of the AMPA receptor to trigger AMPA and NMDA signal activation,
potentiation of the AMPA receptor is expected to offer a new therapeutic strategy for schizophrenia
by enhancing glutamate signaling. Enhancement of AMPA receptor signaling by small molecules,

the AMPA receptor potentiators, has been studied for a long time. However, reported AMPA receptor
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potentiators such as LY451646 ((R)-N-(2-(4-cyanobiphenyl-4-yl)propyl) propane-2-sulfonamide),
LY451395, and S18986 demonstrated a bell-shaped response in their various pharmacological
effects [35-37]. Recently, a novel AMPA receptor potentiator—TAK-137 (9-(4-phenoxyphenyl)-3,4-
dihydropyrido[2,1-c][1,2,4]thiadiazine 2,2-dioxide) was discovered. TAK-137 presented lower risks
of a bell-shaped dose response and seizure owing to its low agonistic activity [38, 39]. In the
molecular characterization of TAK-137 and LY451646, it was found that LY451646 showed an
agonist-like effect in the absence of glutamate in rat primary neurons, whereas TAK-137 did not. In
addition, LY451646 induced seizures at a 3.1-fold higher concentration in the brain based on a
calculation of the area under the curve (AUChrin), whereas TAK-137 showed a safety margin from
the induction of seizures with a 116-fold higher AUCprmin. Therefore, it is hypothesized that the
agonistic effect by this compound is strongly related to the induction of seizures. An
electrophysiological study by using whole-cell voltage-clamp recordings was performed on cultured
neurons of the hippocampus [40]. The result also showed that LY451646 induced slowly, developing
large inward currents in the absence of the AMPA-R agonist, whereas TAK-137 did not impact
baseline holding currents, which supports the lower agonistic properties of TAK-137 than LY451646.
Therefore, TAK-137 can be a highly differentiated AMPA receptor potentiator without inducing
seizures; however, it has never been proven that AMPA receptor potentiators such as TAK-137 still
exert efficacy on modulation of cognition and other behaviors related to schizophrenia. In this study,
I used TAK-137 to evaluate the impact of AMPA receptor potentiation on the behaviors related to

schizophrenia without agonist-like outputs such as seizure.

13



Chapter 1

14



Characterization of CRF1 receptor antagonists with differential
peripheral vs central actions in CRF challenge in rats
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Abstract

The aim of this study was to investigate peripheral and central roles of corticotropin-releasing factor
(CRF) in endocrinological and behavioral changes. Plasma adrenocorticotropin (ACTH)
concentration was measured as an activity of hypothalamic-pituitary-adrenal (HPA) axis. As
behavioral changes, locomotion and anxiety behavior were measured after CRF challenge
intravenously (i.v.) for the peripheral administration or intracerebroventricularly (i.c.v.) for the
central administration. Plasma ACTH concentration was significantly increased by both
administration routes of CRF; however, hyperlocomotion and anxiety behavior were induced only by
the i.c.v. administration. In the drug discovery of CRF; receptor antagonists, | identified two types of
compounds, Compound A and Compound B, which antagonized peripheral CRF-induced HPA axis
activation to the same extent but showed different effects on the central CRF signal. These had
similar in vitro CRF receptor binding affinities (15 and 10 nM) and functional activities in reporter
gene assay (15 and 9.5 nM). In the ex vivo binding assays using tissues of the pituitary, oral
treatment with Compound A and Compound B at 10 mg/kg inhibited ['*°I]-CRF binding, whereas in
the assay using tissues of the frontal cortex, treatment of Compound A but not Compound B
inhibited ['?°I]-CRF binding, indicating that only Compound A inhibited central ['**I]-CRF binding.
In the peripheral CRF challenge, increase in plasma ACTH concentration was significantly
suppressed by both Compound A and Compound B. In contrast, Compound A inhibited the increase
in locomotion induced by the central CRF challenge while Compound B did not. Compound A also
reduced central CRF challenge-induced anxiety behavior and c-fos immunoreactivity in the cortex
and the hypothalamic paraventricular nucleus. These results indicate that the central CRF signal,
rather than the peripheral CRF signal would be related to anxiety and other behavioral changes, and
CRF; receptor antagonism in the central nervous system may be critical for identifying drug

candidates for anxiety and mood disorders.
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1. Introduction

Corticotropin-releasing factor (CRF) is a 41-amino acid polypeptide that plays a central role in
coordinating the endocrine, immune, autonomic, and behavioral responses to stress [12, 41],
especially in physiological regulation of the endocrine system related to the hypothalamic—pituitary—
adrenal (HPA) axis. When physiological or psychological stress occurs, CRF is synthesized and
secreted from the hypothalamic paraventricular nucleus (PVN) and binds to CRF receptors in the
pituitary gland. This triggers secretion of adrenocorticotropin (ACTH) from the anterior lobe of the
pituitary. ACTH stimulates glucocorticoid secretion from the adrenal glands into blood, and
glucocorticoid exerts a negative feedback on the activity of HPA axis [12, 42, 43]. In the disease
state, hyperactivation of HPA axis and hypersecretion of CRF have been reported to be related to the
pathogenesis of anxiety and depression [44-46], and modulation of CRF signaling has been
investigated as a new treatment strategy for those mood disorders. Two CRF receptors have been
identified, named as CRF; and CRF,. CRF; receptors are expressed in the mammalian GI tracts,
anterior pituitary located outside of the blood-brain barrier (BBB), and the brain regions related to
emotion and cognitive processes, such as amygdala, hippocampus, and cerebral cortex [47-49],
whereas the distribution of CRF; receptors is more restricted [10, 15]. In addition, CRF; receptor
knockout mice show less behaviors related to anxiety and depression compared with those in
wild-type mice [50-52]. Thus, CRF; receptor antagonists have been recognized as promising
candidates for new anxiolytics and antidepressants.

In the preclinical evaluation of CRF; receptor antagonists, effects were mainly focused on the
regulation of hyperactivated HPA axis and the modulation of anxiety or depressive-like behaviors in
CRF challenge [53-55] or stress models [54, 56, 57]. However, it remains to be concluded whether
the antagonism of CRF; receptor in the peripheral, central, or both systems, is required to exert
anxiolytic or antidepressive efficacy. Recently, multiple reports have indicated that central,
especially limbic, CRF; receptors modulate anxiety-related behavior independent of
endocrinological HPA regulation. Conditional knockout mice of limbic CRF receptors reduced the
anxiety behavior, but not the stress-induced increase of ACTH secretion [50]. Transient
over-expression of CRF in the forebrain induced neuroendocrinological and behavioral changes
[58]; however, the overexpression of CRF only in the pituitary did not induce anxiety behavior [59].
The CRF; receptor antagonist SSR125543 attenuated long-term cognitive deficit induced by acute
inescapable stress independent of the regulation of the HPA axis [60].

In this study, to investigate the roles of peripheral or central CRF signaling in endocrinological
and behavioral changes, I measured the activity of HPA axis as plasma ACTH concentration,
locomotion, and anxiety behavior after peripheral or central CRF challenges. Moreover, two CRF;
receptor antagonists, Compound A and Compound B, were identified from my drug discovery

research. They were found to have different binding profiles for central CRF receptors indicated in
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the ex vivo binding assay with rat cortex homogenate and were used to study the in vivo effects of

antagonism of peripheral and central CRF receptors.
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2. Materials and Methods

2.1 Animals

All animal protocols were approved by the Institutional Animal Care and Use Committee of the
Pharmaceutical Research Division, Takeda Pharmaceutical Company Limited. Animal care followed
the Guide for Care and Use of Laboratory Animals. Male Wistar rats (CLEA Japan, Inc., Tokyo,
Japan) aged 7-8 weeks weighing from 240 to 280 g at the beginning of the experiments were used.
Animals were housed in groups of 4 or 5/cage and maintained under a 12:12 light:dark cycle (light
on from 7:00 am to 7:00 pm), with food (CLEA Rodent Diet CE-2 purchased from CLEA Japan Inc.,
Tokyo, Japan) and water provided ad libitum and habituated for more than 7 days in the laboratory

before experiments.

2.2 Materials

CRF, receptor antagonists Compound A
[(N-(4-bromo-2-methoxy-6-methylphenyl)-4-chloro-1-methyl-7-(pentan-3-yl)-1H-benzimidazol-2-a
mine)] and Compound B [4-chloro-2-(2-chloro-6-methyl-4-(methylthio)phenoxy)
-1-methyl-7-(pentan-3-yl)-1H —benzimidazole] were synthesized in the laboratories of Takeda
Pharmaceutical Company Limited (Kanagawa, Japan). Compounds were suspended in water
containing 0.5% methyl cellulose (MC, Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) and
administered orally in a volume of 2 mL/kg. Other reagents were purchased from local vendors.
Human/ rat (h/r) CRF or ovine CRF (Peptide Institute, Inc., Osaka, Japan) was used for CRF
challenge tests. The h/r CRF was dissolved in phosphate buffered saline (PBS) (Sigma-Aldrich
Japan, Tokyo, Japan) at 10 pug/uL and diluted with PBS to 0.2 ug/uL for i.c.v. injection or with saline
to 10 pg/mL for i.v. injection. Further dilution for dose response studies of CRF was conducted using
PBS for i.c.v. or saline for i.v. Diluted CRF was kept on ice just before injection. PBS for i.c.v. and
saline for i.v. were administered as vehicle. Ovine CRF was dissolved and diluted with 0.05%
bovine serum albumin (BSA) (Sigma-Aldrich Japan, Tokyo, Japan) in saline to 0.1 ug/mL. The

injection volume was 5 ulL/rat for i.c.v. and 1 mL/kg for i.v. administration.

2.3 Surgery
2.3.1. Anesthetics
The rats were anesthetized with intraperitoneally administered pentobarbital (50 mg/kg) (Sumitomo

Dainippon Pharma, Osaka, Japan) during the operation.

2.3.2. Intracerebroventricular (i.c.v) cannula implantation and administration
Anesthetized rats were placed in a stereotaxic frame (David Kopf Instruments, California, U.S.A). A

guide cannula (AG-4, Eicom, Kyoto, Japan) was implanted in the lateral ventricle and anchored to
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the skull with 2 stainless steel screws and dental cement. Stereotaxic coordinates were tooth bar +3.3
mm above interaural zero, —0.8 mm posterior to bregma, +1.6 mm lateral, and —3.5 mm below the
surface of the dura [61]. A dummy cannula was kept inserted into the guide cannula until vehicle or
drug injection. Animals were undisturbed during a postsurgical recovery period of at least 7 days. At
the time of injection, inserted dummy cannula was removed and clean microinjection cannula
needles jointed with Teflon tube (0.1 mm ID, 50 cm) were inserted. CRF or vehicle was infused at a
rate of 10 uL/min using auto-injector. After infusion, the microinjection needles were kept in place
for an additional 1 min to allow for diffusion of the substances into the surrounding tissue, and then

the injector was removed.

2.3.3. Intravenous (i.v.) cannulation and administration

The examination for i.v. injection of CRF was performed under the conscious state. Each rat was
held in the apparatus (ICM Co., Ltd., Ibaraki, Japan) for 30 s to 1 min and vehicle or CRF was
administered from the tail vein. The animals were immediately backed to the home cage after the
injection. In the evaluation of efficacy of compounds on peripheral ovine CRF challenge, the
experiment was performed as per a published method [62]. A heparinized i.v. cannula (TERUMO
SURFLO I.V. CATHETER 22G, Terumo Corporation, Tokyo, Japan) was acutely inserted into one
side of the femoral vein of rat under pentobarbital anesthesia which lasted until decapitation. The
catheter was secured in place with a bonding agent and flushed with saline just after cannulation.
Local anesthetic (Bupivacaine Hydrochloride Hydrate, AstraZeneca K.K, Osaka, Japan) was
administered at the incision to reduce pain of noxious stimuli. Rats were placed onto a heat carpet to

maintain normal body temperature until decapitation.

2.4 Measurement of plasma ACTH levels

To examine the dose response of CRF on plasma ACTH levels, h/r CRF was i.v. or i.c.v.
administered to rats (n = 5-7) under the conscious state. Blood was collected 30 min after CRF
administration. Plasma was separated from whole blood by centrifugation (3,000 rpm for 15 min)
and stored in 1.5 mL Eppendorf tubes at —20°C until the measurement of ACTH concentration.
Compounds were orally administered, followed by i.p. delivery of pentobarbital 65 min later (n = 6—
8). CRF was injected from the cannula 55 min after anesthesia and the cannula was flushed with
saline. Blood was collected into EDTA tubes 5 min after the CRF injection (60 min after anesthesia)
by decapitation. Plasma was separated from whole blood by centrifugation (15,000 rpm for 10 min)
and stored in 1.5 mL Eppendorf tubes at —20°C until the measurement of ACTH concentration.
ACTH concentration was measured using an immunoradiometric assay kit (Mitsubishi Chemical
Medience Corporation, Tokyo, Japan) or EIA Kit EKE-001-21 (Phoenix Pharmaceuticals, Inc, US).
The assay could detect 5-1000 pg/mL ACTH concentration. The intra-assay variation was less than
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30%, and the inter-assay variation was less than 10%. To examine the effect of compounds without
CRF on plasma ACTH levels compounds were administered orally 65 min before anesthesia (n = 8).
125 min after the CRF injection, plasma was separated from whole blood by centrifugation
(15,000 rpm for 10 min) and stored in 1.5 mL Eppendorf tubes at -20°C until measurement of ACTH

concentration. ACTH concentration was measured using.

2.5 Behavioral assays

2.5.1. Measurement of locomotion

One day before the testing, rats were placed into a transparent Plexiglas®-covered cage (38 x 25 x
32 cm) at 5:00 pm, and the room was maintained under a 12:12 light:dark cycle (light on from 7:00
am to 7:00 pm) with food and water provided ad libitum. Locomotion was automatically counted
using an infrared sensor system (SuperMex, Muromachi Kikai, Tokyo, Japan). The infrared sensor
was positioned at a hole in the center of the top cover to detect locomotion. Food and water were
available ad libitum. Locomotion was measured for 3 h after CRF or vehicle administration.
Compounds or vehicle were orally administered 2 h before i.c.v. injection of CRF (1 pg) or vehicle.
All data were analyzed and stored in a personal computer using analytical software (Comp ACT
AMS, Muromachi Kikai, Tokyo, Japan). Results were presented as total locomotion for 3 h after

administration of CRF.

2.5.2. Elevated plus maze (EPM) test

Anxiety behavior was evaluated by the EPM test. The EPM apparatus was made of black Plexiglas®
and consisted of 4 arms (50 cm long, 10 cm width): 2 arms had 40-cm high black walls (closed
arms) and other 2 arms had 1.5-cm high edges (open arms). The maze was elevated to a height of 40
cm. Rats were weighed and transferred to a darkened testing room (approximately 5-10 lux at the
open arms of the maze). The animals were allowed to habituate for at least 1 hour before testing.
Vehicle or a compound was orally administered 2 h before the administration of CRF. After vehicle
or CRF injection, animals were returned to the home cages for 30 min (i.v. administration) or 1 hour
(i.c.v. administration). At the beginning of the EPM test, rats were placed individually at the center
of the maze, facing one of the closed arms. The time spent on open arms during a 5-minute testing
session was counted manually by stopwatch, and number of arm entries was counted visually. The
apparatus was wiped clean after the testing of each subject. The results were expressed as the mean

time spent on open arms and the number of open, closed, and total arm entries.

2.6. Invitro binding assay
A receptor binding experiment was carried out using a human CRF receptor expressing Chinese

hamster ovary (CHO) cellular membrane fraction and ovine CRF, [*?°1]-Tyr%([**®I]-CRF). Various
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concentrations of a Compound A or Compound B were incubated with 1 ug of human CRF receptor
expressing CHO cellular membrane fraction and 50 pM of [*?°1]-CRF in a binding assay buffer,
which included 50 mM tris(hydroxymethyl)aminomethane-hydrochloride (Tris-HCI), 5 mM
ethylenediaminetetraacetic acid (EDTA), 10 mM magnesium chloride (MgCly), 0.05%
3-[(3-Cholamidopropyl)dimethylammonio]propanesulfonate (CHAPS), 0.1% BSA, 0.5 mM
phenylmethylsulfonyl fluoride (PMSF), 0.1 ug/ml pepstatin, and 20 pg/ml leupeptin, pH 7.5. In
addition, for measuring nonspecific binding (NSB), 0.1 uM unlabeled human urocortin was
incubated with 1 ug protein of human CRF receptor expressing CHO cellular membrane fraction and
50 pM of [*?°I]-CRF in a binding assay buffer. Binding reaction was performed at room temperature
for 90 min, and the membrane was then entrapped on a glass filter (UniFilter-96 GF/C, PerkinElmer,
Inc., Massachusetts, U.S.A) by suction filtration using a cell harvester (PerkinElmer, Inc.,
Massachusetts, U.S.A), and washed with ice-cooled 50 mM Tris—HCI (pH 7.5). After drying the
glass filter, a liquid scintillation cocktail (MicroScint™-O, PerkinElmer, Inc., Massachusetts, U.S.A)
was added, and the radioactivity of [*?°I]-CRF remaining on the glass filter was measured using
TopCount NXT™ (PerkinElmer, Inc., Massachusetts, U.S.A). To obtain the binding inhibition rate
under the presence of various concentrations of each test substance, (Total binding (TB) — -Specific
binding (SB))/(TB-NSB) x 100 (SB: radioactivity when a compound is added, TB: maximum
binding radioactivity, NSB: nonspecific binding radioactivity) was calculated. The 1Cso values were
calculated using GraphPad Prism software (GraphPad Software, California, U.S.A.).

2.7. Invitro CRF antagonistic activity

CRF antagonistic activity was obtained by measuring inhibition of adenylate cyclase by the use of a
CRE-luciferase reporter gene assay. CHO cells with a CRE-luciferase gene expressing human CRF
receptor were inoculated on a 96-well plate at 40,000 cells/well and allowed to grow for 24 h. After
cultivation, the culture medium was removed and the cells were treated with various drug
concentrations in 100 uL of assay buffer [20 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) (HEPES), Ham F-12, 0.1% BSA, pH 7.2] containing 1 nM human CRF for 4 h. Following drug
exposures, the cells were lysed, and luciferase activity was measured using a Steady-Glo®
Luciferase Assay System (Promega Corporation, Wisconsin, U.S.A.) Light output was detected by
ARVO-SX (Wallac, PerkinElmer, Inc., Massachusetts, U.S.A). The 1Cso values were calculated
using GraphPad Prism software.

2.8. Ex vivo binding assay
2.8.1. Preparation of brain membrane homogenates
Compound A, Compound B, or the corresponding vehicle was administered orally to rats at 10

mg/kg (n = 3). Rats were decapitated and organs (frontal cortex and pituitary) were removed 1 or 2 h
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later. Brain sections were homogenized at 4°C using PHYSCOTRON (MICROTEC CO., LTD.,
Chiba, Japan) for 10 s in lysis buffer (50 mM Tris—HCI pH 7.0, 10 mM MgCl,, 2 mM EDTA, and
100 KU/mL aprotinin). Frontal cortex was diluted with the lysis buffer to a final concentration of 5
mg wet tissue/mL. Pituitary was homogenized in 2.5 mL of the lysis buffer and diluted with the lysis

buffer to a final concentration of 5 mg It tissue/mL.

2.8.2. Binding assay

[**°1]-CRF (ovine) binding was performed with rat membrane homogenates in the presence of 100
pM of [*%1]-CRF (ovine) in lysis buffer containing 0.1% BSA, 0.5% DMSO, and 0.05% CHAPS in
a final volume of 200 mL. After incubation at room temperature for 2 h, the incubation mixture was
filtered on Whatman® glass microfiber filters, Grade GF/C (Sigma-Aldrich Corporation, Missouri,
U.S.A)) presoaked in 0.3% polyethyleneimine. The filters were washed 6 times with ice-cold wash
buffer (PBS containing 0.05% CHAPS, 0.01% Triton X-100) and dried. The radioactivity was
determined with a gamma scintillation counter. Results were expressed as percentage of ['*°I]-CRF
(ovine) binding with the count of vehicle-treated group defined as 100%, with in vitro determination

of the nonspecific binding using 1 uM of the selective CRF; receptor antagonist R121919.

2.9. Immunohistochemistry

2.9.1. Perfusion and tissue processing

Compound A (10 mg/kg) was orally administered 2 h before i.c.v. administration of CRF (1 ug) or
vehicle to rats (n = 3). The dose of CRF was selected based on my results of locomotion and anxiety
behavior and published data [63]. The animals used for immunohistochemistry were prepared
independently from those used in other experiments (as shown in Fig. 1-6 and 1-7). Rats were deeply
anesthetized with ether and perfused with 0.1 M PBS followed by 4% formaldehyde prepared from
20% paraformaldehyde via an intracardiac cannula [64] 2 h after i.c.v. administration. The brain was
immediately removed and kept in 4% formaldehyde in PBS for 16-18 h, followed by immersion into
20% sucrose in PBS at 4°C for 3 days. The brain was set to the stage of a cryostat (CM3050S, Leica
Microsystems GmbH, Wetzlar, Germany) with Tissue-Tek O.C.T. compound (Sakura Finetek,
Tokyo, Japan). A rat brain atlas was used for selecting coronal brain sections (20 um thickness)
containing the PVN (1.5- —2.1 mm posterior from the bregma) and the cortex and amygdala (1.70—

—2.80 mm posterior from the bregma).

2.9.2. Immunohistochemistry of c-fos

Immunohistochemistry was performed with an avidin-biotin—peroxidase method using specific
anti-c-Fos polyclonal antiserum (1:5,000, Ab-5, Oncogene, California, U.S.A or 9F6, #2250 Cell
Signaling Technology, 1:1000 in blocking solution). Brain sections were washed in 0.1 M PBS and
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placed into 3% fetal bovine serum (FBS) for 1 h. Sections were washed in PBS and then transferred
into a vial containing anti-c-fos rabbit polyclonal antibody for 16-18 h at 4°C with shaking. After
washing with PBS, brain sections were incubated in a solution of biotinylated anti-rabbit 1gG of
VECTASTAIN® (Vector Laboratories, California, U.S.A) (1:1000, in 0.3% Triton X in PBS) for 1
hour at room temperature, followed by rinsing in PBS. Then brain sections were incubated in an
avidin—biotin complex solution (0.1% avidin, 0.1% biotinylated enzyme in 0.1 M PBS,
VECTASTAIN® Elite ABC Kit of rabbit 1gG) for 16-18 h (overnight) at 4°C. Brain sections were
rinsed with 0.05M Tris—HCI (pH 7.6) (Wako Pure Chemical Industries, Ltd., Osaka, Japan), and
then transferred to a solution of 0.2 mg/mL diaminobenzidine tetrahydrochloride (DAB, Dojindo
Laboratories, Kumamoto, Japan) in 0.05 M Tris—HCI (pH 7.6). For reaction, 30% H.0, (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) was used, and the reaction was stopped by transferring the
section to 0.05 M Tris—HCI (pH 7.6). After washing the brain sections with 0.05 M Tris—HCI (pH
7.6), they were adhered to glass slides. Ethanol (70, 80, 90, 95, and 99.5%) and xylene (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) were used for dehydration before enclosure.
C-fos-immunopositive cells were checked with microscope and counted by Image J (NIH). Bilateral
brain areas of the PVN, cortex, and amygdala were counted from 4-7 (PVN) or 6-12 brain (cortex
and amygdala) slices in each rat. The numbers of immunopositive cells were calculated as an

average of 3 rats.

2.10. Statistical analysis

Data and statistical analysis were performed using Microsoft Excel, Preclinical C Package modified
from SAS Ver. 8.2 (SAS Institute Japan Ltd., Tokyo, Japan), and EXSUS (CAC EXICARE
Corporation, Tokyo, Japan) software. All results were presented as means + standard error of the
mean (S.E.M.). Statistical analyses of two-group comparisons of independent samples were
performed using Student’s t-test or Aspin-Welch test and the statistical significance was accepted at
P < 0.05. Statistical analyses of multiple comparisons of independent samples were performed using
Dunnett’s or Steel test, and statistical significance was accepted at P < 0.05. To examine the
dose-responses of CRF or compounds, statistical analyses were performed using one-tailed Williams’
test or Shirley—Williams’ test, for which statistical significance was accepted at P < 0.025. Student’s
t-test or Aspin-Welch test was conducted to compare two groups, vehicle (p.o.) — vehicle (i.v. or
i.c.v.) and vehicle (p.o.) — CRF (i.v. or i.c.v.) treatment (in Fig. 6, 7, and 8). The compound-treated
groups with CRF were compared with vehicle (p.o.) — CRF (i.v. or i.c.v.) - treated group by
one-tailed Williams’ test or Shirley—Williams’ test for dose response analysis of one compound or by

Dunnett’s or Steel test for multiple comparison with Compound A and Compound B.
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3. Results

3.1. The effects of CRF challenges

3.1.1. Plasma ACTH concentration

CRF was i.v. or i.c.v. injected as peripheral or central CRF challenge under the conscious state and
blood was collected 30 min after CRF challenges. Plasma ACTH concentration was increased
dose-dependently by both administration routes of CRF (Fig. 1-1A and 1-1B). In i.v. administration,
plasma ACTH concentration was increased by CRF dose-dependently and was significant at 0.4
pg/kg (187.2 £13.0 pg/mL), 1 pg/kg (268.92 + 21.83 pg/mL), 4 pg/kg (421.29 + 41.97 pg/mL), and
8ug/kg (495.81 £ 53.93 pg/mL). The percentage of increase from vehicle-treated group was
254.36% + 17.59%, 365.39% + 29.66%, 572.42% + 57.03%, and 673.67% + 73.28% at 0.4, 1, 4, and
8 pug/kg, respectively (n = 7, P < 0.025, Shirley—Williams’ test, Fig. 1-1A) compared with
vehicle-treated group (73.6 = 15.5 pg/mL). Dose-dependent increase in ACTH concentration was
also observed in i.c.v. administration of CRF and was significant at 0.15 pg (164.5 + 22.5 pg/mL),
0.3 ng (247 +£43.13 pg/mL), 0.5 pg (284.24 = 42.01 pg/mL), and 1 pg (621 = 33.37 pg/mL) (n = 5-7,
P < 0.025, Shirley—Williams’ test, Fig. 1-1B) compared with vehicle-treated group (48.1 £ 5.3
pg/mL). The percentage of increase from vehicle-treated group was 342.18% + 54.11%, 514.21% +
103.58%, 591.15% £ 100.90%, and 1107.34% + 193.65% at 0.15, 0.3, 0.5, and 1 pg, respectively.

3.1.2. Locomotion

Locomotion under habituated environment was measured, and total locomotion for 3 h after CRF
challenge is presented in Fig. 1-2 (n = 6-8). The i.v. administration of CRF (5 pg/kg) did not show
significant effect on locomotion (Fig. 1-2A and Table 1-2) throughout the measurement (Fig. 1-2C
and 1-2D). The i.c.v. administration of CRF (0.03-10 pg) dose-dependently increased locomotion,
and its effect reached significance at 0.1 pg compared with that of the vehicle-treated group (P <
0.025, one-tailed Williams’ test, Fig. 1-2B and Table 1-3). The increase in locomotor lasted for more
than 2 h (Fig. 1-2C and 1-2D).

3.1.3. Anxiety behavior

Anxiety behavior was evaluated by EPM test after peripheral or central CRF challenges (n = 8-14).
Time spent on open arms (Fig. 1-3A and 1-3C) and numbers of arm entries (Fig. 1-3B and 1-3D)
were measured during 5 min-trial for each rat. The shorter time spent on, or the less numbers of
entries to open arms is regarded as high anxiety. In i.v. administration of CRF (4 and 12 pg/kg), time
spent on open arms did not change compared with vehicle-treated group (59.9 + 6.4 s, Fig. 1-3A).
The time spent on open arms was 69.1 = 7.1 and 61.6 £ 4.3 s in 4 and 12 ug/kg of CRF-treated group,
respectively. The numbers of arm entries did not change between groups either (Fig. 1-3B). In

contrast, i.c.v. administration of CRF (0.3, 0.5, and 1 png) dose-dependently decreased time spent on
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open arms and was significant at 0.5 and 1 pg compared with that in the vehicle-treated group. The
time spent on open arms was 56.2 + 7.3, 24.9 £ 4.9, and 21.0 + 7.4 s in vehicle and 0.5 and 1 pg of
CRF-treated group, respectively (P < 0.025, one-tailed Williams’ test, Fig. 1-3C). The number of
arm entries was also decreased by i.c.v. treatment of CRF and significant at 0.5 and 1 pg compared
with vehicle-treated group (4.6 £ 0.6, 7.3 + 0.3, and 11.9 £ 0.8 for open, closed, and total arm entries,
respectively) (Fig. 1-3D). Number of open, closed, and total arm entries was 2.0 £ 0.4, 5.5+ 0.6, and
7.5+08in0.5 pgof CRFand 1.5+ 0.4,3.4+0.5,and 4.9 = 0.7 in 1.0 pg of CRF-treated group (P
<0.025, one-tailed Williams’ test).

3.2. In vitro profiles of CRF; receptor antagonists

From my in vitro screening of CRF; receptor antagonist, I identified Compound A and Compound B
(Fig. 1-4A and 1-4B), which had similar binding affinities with ICso values of 15 and 10 nM,
respectively (Table 1-1). There are no significant differences between the potency of Compound A
and Compound B. Reporter gene assay with luciferase method using Cre-luc CRF; protein also
showed similar inhibition activity, and ICso values of Compound A and Compound B were 15 and

9.5 nM, respectively (Table 1-1).

3.3. Ex vivo binding assay of CRF; receptor antagonists

Ex vivo binding assay was conducted using brain tissues of the frontal cortex and the pituitary in rats
after oral administration of 10 mg/kg of Compound A or Compound B (n = 3). Competition between
['°I]-CRF and compounds was measured in each brain tissue. Both Compound A and Compound B
inhibited binding of ['**I]-CRF in pituitary to 16 + 7% and 41 = 6% at 1 hour and to 12 £ 3% and 22
+ 6% at 2 h after oral administration of compounds compared with ['*°I]-CRF binding in the
drug-free condition (expressed as time point zero), taken as 100% in calculation (Fig. 1-5A). On the
other hand, binding of ['*I]-CRF in the frontal cortex was inhibited only by Compound A to 51 £
13% at 1 hour and 42 &+ 10% at 2 h, and not by Compound B (109 £ 9% at 1hour and 110 +£11% at 2
h, Fig. 1-5B).

3.4. Effects of CRF; receptor antagonists on endocrinological and behavioral changes by CRF
challenge

3.4.1. Effects of compounds on peripheral and central CRF challenges

The effects of 10 mg/kg of Compound A or Compound B on the increase in plasma ACTH
concentration induced by i.v. administration of CRF (0.1 pg/kg) were examined (n = 6-8). In the
evaluation of compounds on i.v.-administrated CRF, i.v. injection was performed under anesthesia to
eliminate physiological stress on HPA axis through the activation of CRF signal in CNS [19]. When

compounds were administered 2 h before i.v. injection of CRF, both compounds significantly
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suppressed increase in plasma ACTH concentration. The plasma ACTH concentration in the
vehicle—vehicle- and vehicle-CRF-treated group was 59.4 + 9.3 and 161.5 + 24.5 pg/mL,
respectively (P < 0.05, Aspin—Welch test, versus vehicle-vehicle-treated group). Those in Compound
A and Compound B—CRF-treated groups were 79.1 + 10.1 pg/mL (P < 0.05, Steel test) and 87.7 +
7.7 pg/mL (P < 0.01, Steel test, Fig. 1-6A). The effects of two compounds on increase in locomotion
by i.c.v. administration of CRF (1 pg) were studied (n = 6-12). Compound A (10 mg/kg)
significantly suppressed the CRF-induced increase of locomotion (Fig. 1-6B) and the suppression
was observed throughout the recording period (Fig. 1-6C). Total locomotion for 3 h after CRF
administration was 18763.7 £ 1259.9 counts in vehicle-CRF-treated group (P < 0.01, Aspin—Welch
test, versus vehicle—vehicle-treated group, Fig. 1-6B) and that in the Compound A—CRF-treated
group was significantly reduced to 11185.0 & 592.6 counts (P < 0.01, Dunnett’ s test, Fig. 1-6B). The
Compound B—CRF-treated group (17881.7 + 1385.8 counts) did not show significant suppression of
locomotion compared with vehicle—-CRF-treated group (Fig. 1-6B and 1-6C). Compound A or
Compound B did not show effect on the plasma ACTH concentration or locomotion in rats without

CRF challenge (Fig. 1-7).

3.4.2. Effect of Compound A on anxiety behavior

The effect of Compound A on anxiety behavior induced by i.c.v. administration of CRF (1 pg) was
studied using the EPM test (n = 17-20). Compound B did not show binding affinity to cortex and did
not suppress locomotion (Fig. 1-6B). In addition, anxiety behavior was reported to have relationship
with cortical CRF signaling [16]. Therefore, I did not examine Compound B because cortical
suppression may be critical for the central-modulated changes by CRF [54]. Compound A at 5 and
10 mg/kg significantly increased time spent on open arms (51.0 £ 8.5 and 62.1 £ 13.3 s at 5 and 10
mg/kg, respectively) compared with that in vehicle-CRF-treated group (12.0 + 3.0 s) (P < 0.025,
one-tailed Williams’ test, Fig. 1-8A). The numbers of arm entries were also significantly increased
by Compound A treatment (Fig. 1-8B). The number of open arm entries in groups of vehicle and
Compound A at 5 and 10 mg/kg- treatment with CRF was 1.1 £ 0.3, 3.5 £ 0.5, and 3.5 + 0.5,
respectively. The number of total arm entries of each group was 4.7 + 0.8, 9.5 + 0.6, and 8.2 + 0.9,
respectively. In contrast, compound A did not show the effect on the behavior in the EPM test in rats

without CRF challenge (Fig. 1-8C and 1-8D).

3.5. Effect of Compound A on c-fos immunohistochemistry after central CRF challenge

For further analysis of effects of Compound A on central CRF signals in vivo, I measured the
number of c-fos-immunopositive cells in the cortex, PVN, and amygdala after i.c.v. administration of
CRF (1 pg, n = 3). CRF induced a significant increase in the number of c-fos-immunopositive cells

in these brain areas compared with that in vehicle—vehicle-treated group (Fig. 1-9A-D). The numbers
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of c-fos-immunopositive cells in vehicle—vehicle-treated group in the cortex, PVN, and amygdala
were 736.6 = 59.3, 182.0 + 14.0, and 16.2 £ 0.5, respectively. Those in vehicle-CRF-treated group
were 1775.9 + 49.0 (P < 0.01, Student’s t-test), 410.7 + 30.9 (P < 0.05, Aspin—Welch test), and
94.34+ 4.3 (P <0.01, Aspin—Welch test), respectively. Compound A (10 mg/kg), administered orally 2
h before i.c.v. administration of CRF, significantly decreased the number of CRF-induced
c-fos-immunopositive cells to 1046.8 + 145.2 in the cortex (P < 0.01, Student’s t-test, compared with
vehicle—CRF-treated group, Fig. 1-9A and 1-9B) and to 236.8 + 14.7 in the PVN (P < 0.05, Aspin—
Welch test, versus vehicle-CRF-treated group, Fig. 1-9A and 1-9C); however, it was not decreased
in the amygdala (66.4 + 16.3, Fig. 9A and 9D). Compound A did not show the effect on the number

of c-fos-immunopositive cells in rats without CRF challenge (Fig. 1-10).
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2. Discussion

Mood disorders such as depression and anxiety are medicated by selective serotonin reuptake
inhibitors (SSRI) and benzodiazepine anxiolytics in the current clinical situation [65]. SSRIs
enhance monoamine neurotransmission by inhibiting its reuptake. Benzodiazepine works by
activating gamma aminobutyric acid (GABA)a receptors. Various SSRIs and Benzodiazepines have
been launched so far; however, there are still high unmet needs in the early onset of efficacy and
safety. CRF receptor antagonists have been expected to be one candidate of the new drug for mood
disorders with new mechanism of action, however, clinical trials conducted so far have not
succeeded in showing the expected efficacy [66]. Nevertheless, as stress is related to mood disorders
[67], CRF; receptor antagonists may still have opportunities to provide efficacy on stress-related
mental diseases, such as anxiety and PTSD.

This study confirmed that the central CRF challenge, but not peripheral challenge, induced
behavioral changes in locomotion and anxious behavior, whereas endocrinological response in the
HPA axis can be activated by both central and peripheral CRF challenges. These results are in
agreement with the reported findings in rats [68] and indicate that the regulation of CRF signaling
related to locomotion and anxiety in the CNS may be independent from HPA axis regulation. The
other was that a CRF| receptor antagonist, Compound A, which inhibits binding of ['*°I]-CRF in the
frontal cortex and the pituitary, decreased behavioral changes induced by central CRF challenge,
whereas Compound B, another CRF receptor antagonist which inhibits binding of ['*°I]-CRF only
at the pituitary located outside the BBB, did not. These results indicate that the central CRF; receptor
antagonism would be involved in anxiolytic and other behavioral effects.

Although the relationship between central and peripheral regulation of CRF signaling is
yet to be elucidated, an accumulation of findings indicates independent regulation between central
and peripheral CRF signaling. For example, i.c.v. administration of CRF to hypophysectomized rats
induced locomotor activation [69] and anxiety behavior [17], but not HPA axis activation. Pryce et al.
also compared central and peripheral responses of CRF in endocrinological and behavioral changes
[70]. In this report, i.c.v. CRF induced the activation of HPA axis and locomotor inactivity in mice,
and the hyper-HPA axis was blocked only by i.p.-injected astressin, and not by i.c.v.-injected
astressin, although locomotion was blocked only by i.c.v.-injected astressin [70]. This indicates that
the HPA axis may be regulated by CRF at the pituitary level. Results from conditional knockout
mice of Crhrl (CRF; receptor) only in the anterior forebrain using calcium/calmodulin-dependent
kinase lio. promoter suggest that the mice showed reduced anxiety with the normal system of HPA
axis, although the feedback process of the HPA axis would be impaired by causing the absence of
cortical CRF; receptor [50]. In this experiment, peripheral or central challenges of CRF were
conducted to understand endocrinological and behavioral changes induced by CRF. Although HPA

activation was induced by both peripheral and central CRF challenges (Fig. 1-1), increase in
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locomotion (Fig. 1-2) and anxiety behavior (Fig. 1-3) were induced only by central CRF challenge,
which are consistent with the earlier reported results. Preclinical effects of CRF; receptor antagonists
have been reported in behavioral assays with exogenously administered CRF [54, 71]. Central
challenges of CRF have been known to induce direct peripheral effects on stimulation of the
pituitary corticotropic cell, located outside the BBB [72, 73]. Therefore, the central administration of
CREF activates HPA axis via direct activation of CRF; receptors in the anterior pituitary, which is
outside the BBB [74]. In contrast, most reported studies do not show evidence of direct central
effects after peripheral CRF challenge [75]. A report by Kastin et al. regarding blood-to-brain entry
of ['*°I]-CRH indicates that the influx of CRF into the brain was low and there would be a saturable
efflux system out of the brain [76], which indicates that the activation of HPA axis after i.v.
administration of CRF can be induced only by CRF receptor activation in the anterior pituitary. In
this aspect, evaluating CRF receptor antagonists on behavioral or neurochemical changes by central
CREF challenges may provide key information for identifying potential drug candidates as novel
anxiolytics or antidepressants. Further research, especially regarding the regulation of CRF signaling
under these physiological conditions, may be important because it is reported that permeability of
the BBB may be changed by peripheral CRF activation under acute stress [77] or according to
developmental stages [78].

Compound A and Compound B (Fig. 1-4) were found in the in vitro screening assays and
have similar CRF; receptor in vitro profiles (Table 1-1). When binding was investigated using
['°I]-CRF in ex vivo assay, Compound A inhibited binding of ['*°I]-CRF both in the frontal cortex
and the pituitary; however, Compound B antagonized ['**I]-CRF only in the pituitary and not in the
frontal cortex, maybe due to its low brain permeability (Fig. 1-5). The results of Compound A and
Compound B on the activation of HPA axis by peripheral CRF challenge indicate that HPA axis
regulation can be accomplished by antagonizing CRF; receptors in the pituitary (Fig. 1-6A). In the
comparison of i.v. and i.c.v. injected CRF on HPA axis, CRF was injected under conscious state and
it was the same condition for behavioral analysis. In the evaluation of compounds on HPA axis, i.v.
administration of CRF was conducted under anesthesia [62] because the physiological stress,
holding in the apparatus for i.v. injection under conscious state, may be involved in the activation of
CRF signaling in the CNS [79] and, with this condition, the effect of compounds on the peripheral
CRF signaling may not be evaluated.

From the results of behavioral analysis, antagonizing central CRF; receptors seems to be
essential to suppress increase in locomotion and anxiety behaviors because Compound B did not
reduce locomotion induced by central CRF challenges (Fig. 1-6B). Compound A decreased
locomotion (Fig. 1-6B) and anxiety behavior (Fig. 1-8) induced by the central CRF challenge. The
independent regulation of anxiolytic effect and HPA axis by a compound has been reported by

Philbert et al. using CRF; antagonist SSR125543A, and it attenuated long-term cognitive deficit
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induced by acute inescapable stress even under the condition in which HPA axis was blunted using
dexamethasone [60].

In addition, Compound A inhibited c-fos expression in the cortex and the PVN induced by
central CRF challenge (Fig. 1-8). Because c-fos plays an important role in signal transmission [80],
it is used as a marker of neural activation [81]. Recently, Takahashi et al. reported that CRF; receptor
antagonist antalarmin inhibited the c-fos expression induced by central challenge of CRF in the PVN,
but not in the central nucleus of the amygdala (CeA) [82]. Consistent with their report, Compound A
inhibited c-fos expression in the PVN but not in the amygdala, although we did not segment the
amygdala. One cannot exclude the possibility of subtle change in the subregion of amygdala, or the
possibility of the different time course of c-fos expression changes in the amygdala. In contrast, the
regulation of c-fos expression may not be the same between the central CRF challenge and acute
stress, because antalarmin reduced the number of c-fos-immunopositive cells in the CeA under acute
stress [82]. Therefore, the evaluation of CRF; receptor antagonists on biochemical changes induced
by stress is also important to enable an understanding of their roles under these physiological
conditions.

Although there are many reports that suggest efficacy of CRF; receptor selective
antagonists on HPA axis activity, anxiety, and other behaviors in preclinical studies [53, 83, 84],
successful results have not been reported in the clinical studies from R121919, the first CRF;
receptor selective antagonist that entered into a clinical study [85], to Pexacerfont [66]. Further
investigation will be needed regarding the compensation system in CRF signaling, pathophysiology
of anxiety disorders, and others, to understand the discrepancy between non-clinical and clinical
results. One of the key experiments for this point may be translational research to ensure target
engagement such as receptor occupancy in the brain. In view of the specific distribution patterns of
CRF| receptors in the brain areas related to anxiety and stress, such as PVN, cortex, and limbic
systems, it may be possible to analyze receptor occupancy by positron emission tomography (PET).
There are a few reports about a radio-labeled ligand for CRF; receptor [86, 87]. In the PET studies in
baboons, [!'C]SN003 penetrated the BBB; however, regional variation in total binding could not be
observed due to the rapid metabolism or the small number of CRF; receptors [86]. Further efforts
have been continuously made to identify reasonable PET ligands [88, 89] and target occupancy of
CRF| receptor antagonists will enable us to predict active doses for clinical studies. So far, because
ideal radiotracers for clinical use have not been obtained, effects of CRF; receptor antagonist
R317573 on regional cerebral glucose metabolism were studied using
['®F]fluoro-2-deoxy-D-glucose (FDG) PET in healthy subjects [90]. The results showed
dose-dependent increase in cerebral glucose metabolism by acute dosing in frontal cortical regions
and decrease in the putamen and right amygdala, indicating the pharmacologically active doses in

humans. Thus, preclinical studies for receptor occupancy or neural modulation in the brain by a
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compound would provide key information for the selection of a clinical candidate in addition to
efficacy on central CRF-induced and stress-induced biochemical and behavioral changes.

In conclusion, the current study showed that central CRF signals have crucial roles in
behavioral changes, such as locomotor activity and anxiety behavior. In contrast, the hormonal
regulation of CRF through HPA axis can be primarily modulated at the peripheral level. CRF;
receptor antagonists that block CRF signaling in the CNS, like Compound A, are expected to show

anxiolytic effects.
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Table 1-1.

In vitro binding affinities to CRF; receptor and functional activity in reporter gene assay.

CRF, Binding assay Reporter gene assay
IC, (nM) IC,, (nM)
Compound A 15 15
Compound B 10 9.5
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Table 1-2.

The counts of locomotion for 3 h after CRF i.c.v. administration represented in the Fig. 1-2A.

iv. CRF (ug/ke) Counts % increase from Vehicle
Vehicle 6307.3 £ 339.0 1000 £ 0.7
5 6491.6 & 591.6 1056 £ 1.1
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Table 1-3.

The counts of locomotion for 3 h after CRF i.c.v. administration represented in the Fig. 1-2B.

icv. CRF (ug) Counts % increase from Vehicle

Vehicle 4201.0 = 489.5 100.0 = 1.7
0.03 5289.9 % 706.4 1259 £ 24

0.1 10605.6 * 1858.8 2525 £ 63

0.3 10992.2 &= 755.4 2243 £ 26

1 18014.0 & 24874 4288 £ 85

3 314223 + 1825.0 748.0 £ 6.2

10 30179.3 £ 1304.9 6158 £ 4.4
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Fig. 1-1. Effects of peripheral and central CRF administration on plasma ACTH concentration in rats.
CRF was administered (A) i.v. (ug’kg) and (B) i.c.v. (png). Blood was collected 30 min after
administration. Bars represent mean = S.E.M. of plasma ACTH concentration (n = 5-7). #P < 0.025,
Shirley—Williams’ test.
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Fig. 1-2. Effects of peripheral and central CRF administration on locomotion under habituated
environment in rats. Locomotor activity was counted for 3 h after (A) i.v. or (B) i.c.v. injection of
CRF by infrared sensor. (C) Time-course changes of in locomotion in Fig. 1-2A. (D) Time-course
changes of in locomotion in Fig. 1-2B. Rats were habituated from 1 day before the experiment in the
experimental apparatus with food and water ad libitum. Vehicle was orally administrated 120 min
before CRF administration. A plot and bars represent mean = S.E.M. of counts of (A) and (B); total
for 3 h or (C) and (D); 10-bin locomotion (n=6—8). #P < 0.025, one-tailed Williams’ test.
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Fig. 1-3. Effects of peripheral and central CRF administration on anxiety behavior in rats. Anxiety
behavior was evaluated by the elevated plus maze (EPM) test. (A, B); CRF (4 and 12 pg/kg) was i.v.
administered 30 min before the EPM test. (C, D); CRF (0.3, 0.5, and 1 ug) was i.c.v. administered 1
hour before the EPM test. Bars represent mean = S.E.M. of time spent on open arms (A and C) or
mean + S.E.M. of open, closed or total arm entries (B and D) (n = 8-14). #P < 0.025, one-tailed

Williams” test.
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Fig. 1-4. Chemical structures of Compound A and Compound B. Compound A (A),
[N-(4-bromo-2-methoxy-6-methylphenyl)-4-chloro-1-methyl-7-(pentan-3-yl)-

1 H-benzimidazol-2-amine] and Compound B (B),
[4-chloro-2-(2-chloro-6-methyl-4-(methylthio)phenoxy) -1-methyl-7-(pentan-3-yl)-1H -

benzimidazole], were synthesized in-house.
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Fig. 1-5. ['®I]-CRF binding in membranes of (A) the pituitary and (B) the frontal cortex 1 and 2 h
after oral administration of 10 mg/kg of Compound A (black column) or Compound B (gray column).
Tissues were homogenized and membranes were prepared. Binding of ['*I]-CRF in the rat brain
tissues under drug-free condition was defined as 100% binding. Data at 1 and 2 h were represented

as mean = S.E.M. of the percentage of ['°I]-CRF binding in the presence of compounds (n = 3).
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Fig. 1-6. Effects of compounds on HPA-axis activity and locomotion in rats. (A) Plasma ACTH
concentration after oral administration of 10 mg/kg of compounds and i.v. administration of CRF
(0.1 pg/kg). Compounds were administered 2 h before CRF injection (n = 6-8). Bars represent mean
+ S.E.M. of plasma ACTH concentration. **P < 0.05 (versus vehicle-treated group, Aspin—Welch
test); # P < 0.05, ## P < 0.01 (versus vehicle-CRF treated group, Steel test). (B) Locomotor activity
after oral administration of 10 mg/kg of compounds and i.c.v. administration of CRF (1 pg).
Compounds were administered 2 h before CRF injection (n = 6—12). Locomotion was counted for 3
h after CRF injection. (C) Locomotion after oral administration of 10 mg/kg of compounds followed
by i.c.v. administration of CRF (1 ug) was expressed as time course changes. A plot represents mean
+ S.E.M. of counts of 10-bin locomotion. Bars represent mean = S.E.M. of locomotion. **P < 0.05
(versus vehicle—vehicle-treated group, Aspin—Welch test); ##P < 0.01 (versus vehicle-CRF-treated
group, Dunnett’ s test).
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Fig. 1-7. Control experiments of Compound A or Compound B without CRF administration in
plasma ACTH concentration and locomotion in rats. Bars represent mean + S.E.M. of (A) plasma

ACTH concentration (n=8) and (B) locomotion (n=10).
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Fig. 1-8. Effect of Compound A on anxiety behavior induced by central CRF challenge. Anxiety
behavior was evaluated by elevated plus maze test 1 hour after i.c.v. administration of CRF (1 pg).
Compound A (5 and 10 mg/kg) was orally administered 2 h before CRF administration (n = 17-20).
Bars represent mean £ S.E.M. of time spent on open arms (A). Number of arm entries (open, closed,
and total arm entries) was expressed as mean = S.E.M. in each treatment group (B). O, vehicle—
vehicle; m, vehicle-CRF; =, Compound A (5 mg/kg) —CRF; and m, Compound A (10 mg/kg) —CRF.
(C) Time spent open arms and (D) number of arm entries by Compound A or B administration
without CRF administration in elevated plus maze test in rats (n=10). Bars represent mean + S.E.M.
**P < (.01, Student’s t-test (versus vehicle—vehicle-treated group). 1P < 0.01, Aspin—Welch test
(versus vehicle-vehicle treated group). 8P < 0.025, Shirley-Williams® test (versus vehicle—

CRF-treated group). #P < 0.025, one-tailed Williams’ test (versus vehicle-CRF-treated group).
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Fig. 1-9. Effects of Compound A on c-fos expression induced by central CRF challenge. (A)
Representative slides of the rat cortex and PVN after oral administration of vehicle or Compound A
(10 mg/kg) followed by i.c.v. administration of CRF (1 pg). Ctx: cortex, PVN: paraventricular
nucleus of hypothalamus, Amy: amygdala. Compound A was administered 2 h before i.c.v.
administration of CRF (n = 3). The scale bars represent 500 pm. Result of quantification of
immunopositive cells in (B) cortex, (C) PVN, and (D) amygdala. C-fos-immunopositive cells were
counted by software Image J (NIH). Each brain area was counted bilaterally in 4-7 (PVN) or 6-12
(cortex and amygdala) brain sections of each rat. The numbers of immunopositive cells were
calculated as mean + S. E. M. of those sections. **P < 0.01, Student’s t-test (versus vehicle—vehicle
group). ##P < 0.01, Student’s t-test (versus vehicle—CRF-treated group). 8P <0.05, 8§P <0.01,
Aspin—Welch test (versus vehicle—vehicle-treated group). 1P < 0.05, Aspin—Welch test (versus

vehicle-CRF-treated group).
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Fig. 1-10. Control experiment of Compound A without CRF in immunohistochemistry of c-fos in
rats. The scale bars represent 200 um. Result of quantification of immunopositive cells in cortex (B),
PVN (C), and amygdala (D). C-fos-immunopositive cells were counted by software Image J (NIH).
Each brain area was counted bilaterally in 4-7 (PVN) or 6-12 (cortex and amygdala) brain sections
of each rat (n=3). The numbers of immunopositive cells were calculated as mean = S.E.M. of those

sections.
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Preclinical Characterization of AMPA Receptor Potentiator
TAK-137 as a Therapeutic Drug for Schizophrenia
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Abstract

The downregulation of the glutamate system may be involved in positive, negative, and cognitive
symptoms of schizophrenia. Through enhanced glutamate signaling, the activation of the
a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptor, an ionotropic glutamate
receptor, could be a new therapeutic strategy for schizophrenia. TAK-137 is a novel AMPA receptor
potentiator with minimal agonistic activity; in this study, I used rodents and non-human primates to
assess its potential as a drug for schizophrenia. At 10 mg/kg p.o., TAK-137 partially inhibited
methamphetamine-induced hyperlocomotion in rats, and at 3, 10, and 30 mg/kg p.o., TAK-137
partially inhibited MK-801-induced hyperlocomotion in mice, suggesting weak effects on the
positive symptoms of schizophrenia. At 0.1 and 0.3 mg/kg p.o., TAK-137 significantly ameliorated
MK-801-induced deficits in the social interaction of rats, demonstrating potential improvement of
impaired social functioning, which is a negative symptom of schizophrenia. The effects of TAK-137
were evaluated on multiple cognitive domains—attention, working memory, and cognitive flexibility.
TAK-137 enhanced attention in the five-choice serial reaction time task in rats at 0.2 mg/kg p.o., and
improved working memory both in rats and monkeys: 0.2 and 0.6 mg/kg p.o. ameliorated
MK-801-induced deficits in the radial arm maze test in rats, and 0.1 mg/kg p.o. improved the
performance of ketamine-treated monkeys in the delayed matching-to-sample task. At 0.1 and 1
mg/kg p.o., TAK-137 improved the cognitive flexibility of subchronic phencyclidine-treated rats in
the reversal learning test. Thus, TAK-137-type AMPA receptor potentiators with low intrinsic

activity may offer new therapies for schizophrenia.
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1. Introduction

Schizophrenia consists of a spectrum of symptoms: positive symptoms (hallucinations and
delusions), negative symptoms (blunted affect and deficits in social functioning), and cognitive
symptoms (deficits in attention, working memory, and cognitive flexibility) [2, 91]. The
hyperdopamine hypothesis postulates that excessive activation of dopaminergic neurons in the
subcortical regions of the brain is deeply involved in the pathophysiology of the positive symptoms
of schizophrenia [7]. Current antipsychotics, based on dopamine D2 receptor (D2R) antagonism, are
effective against the positive symptoms of schizophrenia; however, the efficacy against the negative
and cognitive symptoms is limited [7, 92] . In addition, their side effects such as extrapyramidal
symptoms and metabolic changes, limit their clinical application [93]. Owing to the limitations of
the efficacy and safety of the current medications, there is a large unmet need for novel therapeutic
strategies for schizophrenia.

As postulated by the hypoglutamate hypothesis, the downregulation of glutamate signaling,
especially the dysfunction of the N-methyl-D-aspartate (NMDA) receptor in the medial prefrontal
cortex plays an important role in schizophrenia [30, 94, 95]. NMDA receptor antagonists, such as
phencyclidine (PCP) and ketamine, induce not only psychotic symptoms, but also negative and
cognitive symptoms in healthy subjects [24, 96, 97]. Thus, the activation of the NMDA receptor may
offer a potential therapeutic approach against schizophrenia. Bitopertin (RG1678), a glycine
transporter type 1 (GlyT1) inhibitor, which can activate the NMDA receptor by increasing the level
of the NMDA receptor co-agonist (glycine) [33], improved the negative symptoms of schizophrenia
[34]. Moreover, glycine or D-serine—agonists at the glycine site of the NMDA receptor,
significantly improved the negative symptoms of schizophrenia [31, 32]. However, strategies that
directly activate NMDA function have not been successful, possibly owing to the excitotoxic side
effects [98, 99] or the desensitization of the NMDA receptors [100].

The a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptor is an
ionotropic glutamate receptor that plays a key role in learning and memory [21]. Glutamate receptor
subunit 1-knockout mice exhibited cognitive impairment, hyperdopaminergia, and psychosis-like
behaviors [22]. The AMPA receptor is involved in the regulation of NMDA receptor activation,
which induces ion influx into cells, triggering the release of channel-blocking magnesium ion from
the NMDA receptor. This results in the activation of NMDA receptor signaling through an increase
in NMDA receptor-mediated calcium influx [23]. Therefore, the potentiation of the AMPA receptor
is expected to offer a new therapeutic strategy for schizophrenia through the enhancement of
glutamate signaling.

Recently a novel AMPA receptor potentiator—TAK-137
(9-(4-phenoxyphenyl)-3,4-dihydropyrido[2,1-c][ 1,2,4]thiadiazine 2,2-dioxide) has been discovered.

TAK-137 presented lower risks of a bell-shaped dose response and seizure owing to its low agonistic
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activity [38, 39]. TAK-137 enhanced cognitive function in I rats and non-human primates. In this
study, I characterized TAK-137 as a therapeutic drug for schizophrenia by using behavioral test
batteries for the positive, negative, and cognitive symptoms of schizophrenia in rodents and
non-human primates.

Methamphetamine (METH) enhances dopamine release and activates dopaminergic
neurons in the subcortical regions of the brain, which causes psychotic symptoms that resemble the
positive symptoms of schizophrenia [101]. Based on hyperdopamine and hypoglutamate hypotheses
for psychosis, METH and MK-801 (an NMDA receptor antagonist) were used, respectively. As for
cognitive functions, I evaluated the effects of TAK-137 on multiple cognitive domains associated
with schizophrenia, such as attention, working memory, and cognitive flexibility, using behavioral
test batteries in rats and monkeys [2, 102]. The data suggest that TAK-137-type AMPA receptor
potentiators with low intrinsic activity may be a promising treatment for the multiple symptoms of

schizophrenia, especially for negative and cognitive symptoms.
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2. Materials and Methods

2.1. Drug administration

TAK-137 was synthesized by Takeda Pharmaceutical Company Limited (Fujisawa, Japan) and
suspended in 0.5 % (w/v) methylcellulose in distilled water; oral administration (p.o.) was conducted
at a volume of 2 mg/kg in rats, 20 mg/kg in mice, and 5 mg/kg in monkeys. A solution of 0.5 %
methylcellulose was administered as the vehicle control. Methamphetamine hydrochloride (METH,
Sumitomo Dainippon Pharma, Osaka, Japan) at 0.5 mg/kg and (+)-MK-801 hydrogen maleate
(MK-801, Sigma-Aldrich St Louis, MO) at 0.08 or 0.1 mg/kg were dissolved in 0.9 % saline and
subcutaneously administered (s.c.) to rats at a volume of 2 mg/kg. Phencyclidine hydrochloride (PCP,
Sigma-Aldrich, Poole, UK) (2 mg/kg) was dissolved in 0.9 % saline and administered
intraperitoneally (i.p.) to rats at a volume of 1 mg/kg twice per day for 7 days. Ketamine
hydrochloride (KETALAR®, Daiichi Sankyo Propharma Co. Ltd, Tokyo, Japan) was dissolved in

0.9 % saline and administered intramuscularly (i.m.) to monkeys at a volume of 5 mg/kg.

2.2 Animals

Animal species and strains were selected based on the previous publications for each experiment.
Male Sprague-Dawley (SD) rats were purchased from Charles River Laboratories, Japan (Yokohama,
Japan) for the measurements of locomotion (7-week-old rats) [103]. Male ICR mice and Wistar rats
were purchased from CLEA Japan Inc. (Tokyo, Japan) for the measurement of locomotion
(6-week-old mice) [103] and the social interaction (SI) test (6-week-old rats), respectively. Male
Long-Evans rats were purchased from Japan SLC, Inc. (Hamamatsu, Japan) for the five-choice serial
reaction time task (5-CSRTT) (6-week-old rats) and the radial arm maze (RAM) test (8-week-old
rats) [104]. Female Lister Hooded rats (21 days postnatal) were supplied by Harlan Laboratories UK,
Ltd. (Bicester, UK) for the reversal learning test [105]. Female rats were used for reversal learning
because females are highly sensitive to PCP [106] and showed more robust performance in certain
cognitive tasks compared with male rats [107, 108]. Rats and mice were housed in groups of 4 or 5
per cage in a light-controlled room (12 h light/dark cycle; lights on at 7:00 AM) with free access to
food and water. The room temperature and humidity were 20-25 °C and 40-60 %, respectively, and
the animals were given a minimum acclimation period of 1 week prior to the experiment. The
animals were randomly assigned to the vehicle- or compound-treated groups.

The delayed matching-to-sample (DMTS) task was evaluated in 4—6-year-old male cynomolgus
monkeys (Macaca fascicularis) weighing 4-6 kg (Keari Co. Ltd., Osaka, Japan). The monkeys were
housed individually in cages stored at a room temperature of (24 + 1) °C and a humidity of (55 £
15) %, with a 12 h light/dark cycle (lights on at 7:00 AM). The monkeys were fed a complete,
nutritionally balanced diet with fruit once daily (approximately 3:00-4:00 PM) and water was

available ad libitum. All monkeys were housed and handled in strict accordance with good animal
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practice under the supervision of veterinarians. They received environmental enrichment and were
monitored for evidence of disease and changes in attitude, appetite, or behavior suggestive of illness.
The care and use of the animals, and the experimental protocols used in this research except the
reversal learning test, were approved by the Experimental Animal Care and Use Committee of
Takeda Pharmaceutical Company Limited. The reversal learning test was carried out at b-neuro™
(University of Manchester, UK) in accordance with the Animals Scientific Procedures Act, UK, and

was approved by the Ethical Review Panel of the University of Bradford.

2.3 Behavioral assays

2.3.1. Locomotion measurement in rats

Locomotion was automatically evaluated using an infrared sensor system (SuperMex, Muromachi
Kikai, Tokyo, Japan). The infrared sensor was placed on the center of the cover on the cage with a
hole to detect locomotion. Each rat was placed in a Plexiglas covered cage (38 x 25 x 32 c¢m) for
more than 2 h before the experiment was started to allow acclimation to the experimental
environment. Food and water were available ad libitum. After acclimation, TAK-137 or the
corresponding vehicle was administered p.o. 4 h prior to METH administration (0.5 mg/kg, s.c.).
The numbers of animals used were as follows—vehicle/vehicle: 6, vehicle/METH: 12, TAK-137
(0.1 mg/kg)/METH: 11, TAK-137 (1 mg/kg)/METH: 13, and TAK-137 (10 mg/kg)/METH: 13. The
data were collected as an accumulation of the counts of infrared sensors in each 3 min block after
METH administration and are presented as the mean + standard error of the mean (S.E.M.) of the
changes over time and the accumulation of activity counts for 120 min after METH administration.
All the data were stored in a personal computer and analyzed by appropriate software (Comp ACT

AMS, Muromachi Kikai, Tokyo, Japan).

2.3.2 Locomotion measurement in mice

Locomotion was automatically counted with an infrared sensor automated activity monitoring
system. Each of the 36 test cages (30 x 40 x 20 cm) was equipped with a pyroelectric infrared sensor.
Each mouse was allowed to acclimate to the test cage for more than 2 h before the experiment was
started. After acclimation, TAK-137 or the corresponding vehicle was administered p.o. 2 h before
the s.c. administration of MK-801 (Sigma-Aldrich St Louis, MO) at 0.3 mg/kg in 0.9 % saline or the
corresponding vehicle. The numbers of animals used were as follows—vehicle/vehicle: 6,
vehicle/MK-801: 13, TAK-137 (1 mg/kg)/MK-801: 14, TAK-137 (3 mg/kg)/MK-801: 13, TAK-137
(10 mg/kg)/MK-801: 16, and TAK-137 (30 mg/kg)/MK-801: 15. The data were collected as
accumulation of counts of infrared sensors in each 3 min block after MK-801 administration and
presented as the mean = S.E.M. of the changes over time and the accumulation of activity counts for

120 min after MK-801 administration.
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2.3.3 Sl test

The experiment was performed as described previously [109] with some modifications. One day
before the experiment, the rats were placed in the experimental room for 2 h and orally administered
distilled water for acclimation. On the day of the experiment, the rats were again placed in the
experimental room for 2 h for acclimation. After acclimation, TAK-137 (0.1 or 0.3 mg/kg) or the
corresponding vehicle was administered p.o., followed by s.c. injection of MK-801 (0.1 mg/kg) or
the corresponding vehicle at 4 h before testing (n = 14 per group). Two rats in the same drug
treatment group, from the different home cages but with a body weight difference of less than 15 g
were placed diagonally opposite in a test box (60 x 60 x 60 cm, 3540 lux). The SI between 2 rats
was determined from the total time spent participating in social behaviors such as sniffing, genital
investigation, chasing, and fighting. The interaction time within a 10 min test period was measured
by a researcher through the monitoring of the CCD camera viewing the test box under blind
condition. Between each session, the test box was cleaned with 10 % ethanol. In addition to the
interaction time, the locomotor activity of each animal was measured by the tracking system in the
same software (TopScan, CleverSys Inc., Reston, VA). The data are presented as the mean + S.E.M.

of the interaction time and distance moved during the test.

2.34 5-CSRTT

The experiment consisted of 2 sessions: training and testing. The training session started with
7-week-old male Long-Evans rats, and 13 rats were used for the test at 12-13 months of age. These
rats were also used to assess the effects of drugs other than TAK-137 on 5-CSRTT performance
between ages 6 and 12 months. They had a 2-week washout period prior to the start of the study with
TAK-137. From the training session, food was restricted to 80—85 % of the animals’ free-feeding
body weight, throughout the experimental period. The training and testing were conducted by using
4 operant chambers enclosed in sound-attenuating boxes (Med Associates Inc., St Albans, VT). Each
chamber contained a curved wall with 5 contiguous apertures. Food pellets were supplied
automatically into a magazine located in the opposite wall of the 5 contiguous apertures in the
chamber, and a photocell beam was used to detect head entries into the magazine. In the training
session, a pellet was delivered into the magazine at the start of each session to initiate the first trial.
After a 5 s intertrial interval (ITI), a light stimulus was presented in one of the 5 apertures, followed
by a 5 s limited hold in the absence of light stimulus. The duration of the light stimuli was setto 5 s
and gradually decreased during training to 2 s. The rats were required to nose-poke into the
illuminated aperture. The correct responses (nose-poke responses in the illuminated aperture during
a light stimulus and limited hold) resulted in the delivery of a food pellet into the magazine, with

sound and light signals above the magazine occurring for 2 s. Rats with incorrect responses
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(nose-poke responses in non-illuminated apertures), omissions (failure to respond during the limited
hold), and premature responses (responses occurring prior to the presentation of the stimulus) were
punished by a 5 s time-out period, with extinction of the house light and no delivery of food. Each
session lasted for 35 min or until 100 trials were completed. From a group of 15 trained rats, 13 rats
that achieved the performance criteria (> 75 % correct responses and < 20 omissions) over three
consecutive days were used for the experiment. In the testing session, the duration of light stimuli on
the aperture was set to 0.5 s. Vehicle or 0.2 mg/kg TAK-137 was orally administered to the rats 4 h
prior to testing in a crossover fashion, with a washout period of 1 week. The data are indicated as the

mean + S.E.M. of the number of correct responses, omissions, and premature responses.

235 RAM test

The experiment was performed as previously described [110, 111] with a minor modification. The
dimensions of each arm were 50 cm x 10 cm x 40 cm (length x width x height); the maze was
elevated 50 cm above the floor. After a 24 h fast, the rats’ food intake was restricted to 80—-85 % of
the free-feeding body weight on the first day of exposure to the maze and throughout the
experimental period. The RAM test consists of 2 sessions: training and testing. In the training
session, rats were acclimated to the maze and then trained. Reinforcement consisted of 3 food pellets
(45 mg each) in a food cup. On the first day of acclimation to the maze, reinforcements were placed
near the entrance and at the mid-point of each arm. Three rats were placed on the maze once and
allowed to explore and consume the pellets for 8 min. On the second day of acclimation, each rat
was placed on the maze and allowed 5 min to consume the pellets in the food cups placed at the
mid-point and at the end of each arm. From the third day, reinforcements were placed in a food cup
at the end of each arm. The rats were well-trained to collect the pellets placed on the edge of each
arm. The learning criterion for the testing session was defined as 2 errors or fewer for 2 consecutive
days. From a group of 50 rats which were trained for 15 days, 36 rats that achieved the performance
criterion were used for the experiment. On the previous day of the testing session, the baseline level
of performance of the rats was assessed to select the rats that would complete the collection of all the
pellets placed in the 8 arms with 2 errors or fewer. In the testing session, each rat was placed on the
maze facing away from the researcher and facing the fixed arm at the start of the trial. The entry of
rats into each arm was recorded in sequence. The rats were allowed to explore until all the pellets in
the 8 arms were consumed, or 5 min had elapsed; entry into an arm previously chosen was counted
as an error. If an animal left some of the 8 arms unexplored during the 5 min session, the number of
unexplored arms was also counted as an error. TAK-137 (0.2 and 0.6 mg/kg, p.0.) or corresponding
vehicle was administered 4 h before the testing session. MK-801 (0.08 mg/kg, s.c., as a salt) or
saline was administered 30 min before the testing session. The numbers of animals used were as

follows— n = 7 in the vehicle/vehicle-treated group, n = 9 in the vehicle/MK-801-treated group, n =
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11 in the TAK-137 (0.2 mgkg)/MK-801-treated group, and n = 9 in the TAK-137 (0.6
mg/kg)/MK-801-treated group. The data are presented as the mean + S.E.M. of errors in the testing

session.

2.3.6 DMTS task

The experiment was performed on 4-6-year-old male cynomolgus monkeys. The monkeys were
maintained on 80 % of their free-feeding body weight throughout the experiment. 4 monkeys were
trained to perform the DMTS task by using the Cambridge Neuropsychological Test Automated
Battery system (CeNes, Cambridge, UK) [112]. Briefly, a trial was initiated by the presentation of an
image of a sample object on the screen. The monkey had to touch this object on the screen within 30
s. Subsequently, the sample object diminished from the screen, followed by a variable delay (0, 4, 8,
or 16 s) before the re-appearance of the sample object together with 3 other objects. The monkey had
to choose the sample object from the 4 objects and a correct choice was rewarded by food. The ITI
was 5 s and one session consisted of 96 trials (24 trials with delays of 0, 4, 8, and 16 s). The variable
delay durations were randomly presented within the 96 trials. The criterion for the experimental use
of monkeys was 70 % or more of correct responses over the 96 trials. In the testing session,
TAK-137 (0.1 mg/kg, p.o.) or corresponding vehicle were administered to monkeys 2 h before
DMTS testing. Ketamine (1.0 mg/kgi.m., as a salt) or corresponding vehicle was administered 15
min before DMTS testing. The administration followed a crossover design (n = 4). The dose of
ketamine and the number of animals were determined on the basis of previous reports [39, 113] and I
confirmed that the ketamine-induced deficits in the DMTS task was detectable under the
experimental condition of n = 4. The correct responses were recorded for all the trials during the test
sessions. The data were subdivided by delay interval, which consisted of 24 trials in each session,
and are presented as the mean + S.E.M. of the percentage of correct trials out of the 96 trials per

session.

2.3.7 Reversal learning test

The reversal learning test was conducted by b-neuro™ (University of Manchester, UK). The training
and testing methods have been previously described [105]. All rats were tested in operant chambers
with 2-lever Skinner boxes. The details of the apparatus were described in the previous report [114].
The boxes were controlled by Med-PC software (Version 2.0 for DOS or Med-PC for Windows,
Med Associates, Inc. Lafayette, IN). Programs were written using Medstate notation. At 12 weeks
post-weaning, the female Lister Hooded rats (n = 60) were initially trained to respond to food (45
mg Noyes pellets, PJ Noyes Co Inc., Sandown Chemical Ltd) on a fixed ratio 1 (FR1) schedule of
reinforcement in standard 2-lever Skinner boxes for 30 min. In the FR1 schedule, one press of either

lever resulted in the delivery of a food pellet. The rats were food-restricted to approximately 85 % of
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free-feeding body weight, maintained throughout the training and testing by feeding them
approximately 12 g of standard lab chow per rat per day. Following a stable level of response to the
FR1 schedule, the rats were trained to respond to food in the presence or absence of a visual cue in
the form of a light stimulus above the lever. At the start of each session, the house light was turned
on; both levers were introduced into the chamber, and the activation of one lever resulted in the
delivery of a food pellet. One half of the animals were trained to respond in the presence of visual
cue and the other half in the absence of the cue. Following a response on one lever, the house light
was turned off and both levers were retracted for a period of 3 s; subsequently, the cycle was
repeated. The rats were tested until 128 responses were obtained, or until the experimental session
was terminated 30 min after the initiation of the training. The active lever was changed from session
to session according to a pseudorandom Gellerman schedule. The rats participated in approximately
1015 sessions over 2—-3 weeks of training on the initial reward contingency and I ensured that they
met the criterion on this initial task; i.e., achieved at least 90 % of correct responses with each lever
active in at least 2 sessions. In the next step, they were trained on the opposite reward contingency,
the reversal task. Once the criterion (90 % of correct responses) was achieved on the reversal task,
PCP (2 mg/kg, as a salt) or vehicle was administered (i.p.) at a volume of 1 mg/kg twice per day for
7 days [115]. During the PCP treatment period, the animals did not receive training to avoid
association between drug treatment and cognitive performance. After 1-week drug-free period
without training [116], the reversal testing was carried out on the animals. One day before the
reversal testing, the rats were trained to respond to food using a randomly assigned contingency (i.e.,
in the presence or absence of a cue). The session was terminated after the consumption of 128 pellets.
Both PCP- and vehicle-treated groups were required to achieve 90 % of correct responses. If the
animals failed to reach this criterion, they were subjected to further training until they were able to
sustain 90 % of the correct responses. The reversal testing consisted of 2 experimental phases: initial
and reversal. In the initial phase, a consistent reward contingency like that of the previous training
day was presented to the rats for 5 min or until the rats had earned 20 pellets. Following the initial
phase, there was a time-out period of 2 min (the house light was turned off). The animal stayed in the
Skinner box during this time-out period and the reversal phase was then initiated. In the reversal
phase, the reward contingency was reversed so that the animals must respond in the opposite way
from the initial test. The reversal test was also performed for 5 min. TAK-137 (0.01, 0.1, or 1 mg/kg,
p-o.) or vehicle was administered 2 h before the initial phase of the reversal testing. The numbers of
animals used were as follows: n = 10 in the vehicle/vehicle-treated group, n = 8 in the
vehicle/PCP-treated group, and n = 8 in the TAK-137/PCP-treated groups. The data are presented as
the mean = S.E.M. of the percentage of correct responses in the initial and reversal phases of the

reversal testing.
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2.3.8  Novel Object Recognition Test (NORT)

On day 1, male Long-Evans rats at 6 weeks old (Japan SLC Inc., Hamamatsu, Japan) were allowed
to habituate to the behavioral test room environment for over 1 h, and then they were allowed to
habituate to the empty test box [a gray-colored polyvinyl chloride box (40 x 40 x 50 cm)] for 10 min
individually. Testing was composed of 2 trials; the acquisition and the retention trials (3-min per
trial). These trials were separated by a 48-h inter-trial interval (ITT). On day 2, during the acquisition
trial, rats were allowed to explore 2 identical objects (Al and A2) for 3 min. On day 4, in the
retention trial, rats were allowed to explore a familiar object (A3) and a novel object (B) for 3 min.
Exploration of an object was defined as licking or touching the object with forelimbs while sniffing.
Leaning against the object to look upward, and standing, or sitting on the object were excluded. The
exploration time for each object (Al, A2, A3, and B) in each trial was scored manually. A novelty
discrimination index (NDI) was calculated as the novel object interaction time / total interaction time
x 100 (%).

2.3.9 Measurement of cataleptic response

The experimental procedure was performed in accordance with the method reported by Hoffman
and Donovan [1217]. On the day before the experiment, the rats were trained to grab a horizontal
metal bar at a 13 cm height with their forelimbs for approximately 30 s. Catalepsy-like behavior was
measured 4 h after the administration of vehicle or TAK-137 (0.1, 1, and 10 mg/kg, p.o.) in blinded
condition (n = 12). A rat was placed in front of the metal bar, with its forelimbs placed on the bar,
and the time until the rat removed both forelimbs from the bar was recorded. Animals with sustained
grabbing posture for 90 s were removed from the apparatus and assigned a latency time of 90 s. The
average of three consecutive trials was recorded to determine the duration of the cataleptic response.
The data are presented as the mean + S.E.M. of the average latency time before the removal of both

forelimbs from the bar in three consecutive trials.

24  Measurement of plasma prolactin levels

TAK-137 (0.1, 1, and 10 mg/kg, p.o.) was administered 4 h before decapitation and whole blood
samples were collected (n = 6). The collected samples were stored on ice in EDTA-containing tubes.
Plasma was obtained by the centrifugation of whole blood (4 °C, 12000 rpm, and 15 min). The
plasma supernatant was collected, transferred to another tube, and stored in a deep-freezer until use.
The plasma concentrations of prolactin were measured by using an enzyme-linked immunoassay kit

(Bertin Pharma, Montigny le Bretonneux, France).

2.5 Measurement of plasma or brain concentration of compounds

Male Sprague-Dawley rats (Charles River Laboratories Japan) were used in this experiment. The rats
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were administered TAK-137 (0.1 mg/kg, p.0.), and were sacrificed by decapitation after 2 h for the
collection of blood and brain tissues. The plasma was separated from the blood samples by
centrifugation. The brain tissue was homogenized with saline. The concentrations of TAK-137 in the

plasma and brain were determined by using liquid chromatography-tandem mass spectrometry.

2.6 Combination effects of olanzapine and TAK-137 in locomotion, NORT, cataleptic
response, and plasma prolactin levels

Olanzapine was extracted from Zyprexa® (Eli Lilly and Company, Indianapolis, Indiana, US) at
KNC Laboratories Co., Ltd. (Kobe, Japan) and dissolved in 1.5 % (v/v) lactic acid. The pH of the
solution was adjusted to neutral using 1 M NaOH. Olanzapine was administered (p.o.) at a volume
of 2 mg/kg in rats. After the habituation, TAK-137 (0.1, 1, and 10 mg/kg, p.o.), olanzapine, or
corresponding vehicle was orally administered 4 h (TAK-137) or 1 h (olanzapine) before METH
administration (0.5 mg/kg, s.c.). In NORT, TAK-137 (1 mg/kg) and olanzapine (3 mg/kg) were
orally administered 2 h or 1 h prior to the acquisition and the retention trials, respectively. (n = 10).
Catalepsy-like behavior was measured 4 h after the administration of vehicle, TAK-137 (0.1, 1, and
10 mg/kg, p.o.), or olanzapine (3 mg/kg, p.o.) in blinded condition (n =12). For the measurement of
plasma prolactin levels, TAK-137 (0.1, 1, and 10 mg/kg, p.o.) was administered 4 h before, and

olanzapine (3 mg/kg, p.o.) was administered 1.5 h before decapitation to collect whole blood (n = 6).

2.7  Statistical analysis

The data are presented as the mean = S.E.M. Statistical analysis was performed by EXSUS (CAC
Croit Corporation). The F test, followed by Student’s #-test (for data with homoscedasticity with P >
0.2 by F test) or Aspin-Welch test (for data with heteroscedasticity with P < 0.2 by F test) with
multiplicity adjustment by Bonferroni correction were used for comparisons between two groups:
vehicle/vehicle and vehicleeMETH (Fig. 2-1A and 2-1B), vehicle/MK-801, and vehicle/PCP
treatments. The level of significance in each ¢ test was designated by the values of P < 0.05.
Bartlett’s test was performed to test the equality of variances, followed by a one-tailed Williams’ test
(for parametric data, P > 0.05 by Bartlett’s test) or one-tailed Shirley-Williams’ test (for
non-parametric data, P < 0.05 by Bartlett’s test) to assess the dose-dependent effects of TAK-137
compared with the vehicle/METH- or vehicle/MK-801-treatment groups and differences were
considered significant for P values of < 0.025. The analysis of variance (ANOVA) followed by
post-hoc analysis of contrast test (5-CSRTT), Bonferroni/Dunnett multiple comparisons (DMTS
task), or a least significant difference (LSD) test (reversal learning test), which was used for
crossover or repeated design experiments. The effect of TAK-137 was compared with vehicle-,
vehicle/ketamine-, or vehicle/PCP-treatment groups and the differences were considered significant

for P values < 0.05. The effect of olanzapine (3 mgkg) was also compared with
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vehicle/METH-treated group by F test followed by Student’s t-test (Fig. 2-7). In the experiments that
examined the effects of multiple doses of test compounds, statistical significance was analyzed using
Bartlett’s test to test for the homogeneity of variances, followed by one-tailed Williams’ test (for
parametric data, P > 0.05 by Bartlett’s test) or one-tailed Shirley-Williams’ test (for non-parametric
data, P < 0.05 by Bartlett’s test) for the comparison of the dose-dependent effects of the multiple
doses of the test compounds with the vehicle group. Differences at P values < 0.025 were considered
statistically significant. In the NORT, the effect of combination of TAK-137 and olanzapine was
assessed by using two-way ANOVA followed by Bonferroni/Dunnet multiple comparisons with

significance set at P < 0.05.
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3.  Results

3.1. Effect of TAK-137 on the positive symptoms of schizophrenia

The total count of locomotion over 120 min after METH administration in the METH-treated group
(14470 + 1136 counts) was significantly higher than that in the vehicle-treated group (2154 + 588.7
counts) (P = 0.0394, F test followed by P < 0.01, Aspin—Welch test; Fig. 2-1A). TAK-137
significantly decreased the METH-induced hyperlocomotion to 10328 + 943.5 counts in the
TAK-137 (10 mg/kg)/METH group (P = 0.9298, Bartlett’s test followed by P < 0.025, one-tailed
Williams’ test, compared with the vehicle/METH-treated group). The efficacy of TAK-137 was most
prominent between 90 and 120 min after METH administration. TAK-137 at 0.1, 1, and 10 mg/kg
reduced the total counts of locomotion in the TAK-137/METH-treated group to 1062 + 449.7, 797.0
+ 287.9, and 653.4 = 254.8, respectively in comparison with that in the vehicle/METH-treated group
(2328 £ 521.3 counts) (P =0.0917 in Bartlett’s test followed by P < 0.025, one-tailed Williams’ test;
Fig. 2-1B).

The effect of TAK-137 on hyperlocomotion induced by MK-801 (0.3 mg/kg as a salt, s.c.)
was also investigated in mice (Fig. 2-1C). The total count of locomotion over 120 min after MK-801
administration in the MK-801-treated group (1910 + 197.8 counts) was significantly higher than that
in the vehicle-treated group (317.7 + 63.67 counts) (P = 0.0035, F test followed by P < 0.01, Aspin—
Welch test; Fig. 2-1C). TAK-137 (3, 10, and 30 mg/kg) significantly decreased MK-801-induced
hyperlocomotion to 1290 £+ 180.3, 1469 + 119.0, and 1164 + 128.8 counts respectively in the
TAK-137/MK-801-treated group in comparison with that in the vehicle/MK-801-treated group (1910
+ 197.8 counts) (P = 0.2894 in Bartlett’s test followed by P < 0.025, one-tailed Williams’ test). In
contrast to the result of METH-induced hyperlocomotion, TAK-137 did not induce prominent effects
on locomotion between 90 and 120 min after MK-801 administration; a significant effect was
observed only at 30 mg/kg (P = 0.0131 in Bartlett’s test followed by P < 0.025, one-tailed
Shirley-Williams’ test; Fig. 2-1D).

Unlike reported antipsychotics with dopamine D2 antagonism, TAK-137 did not induce a

significant cataleptic response and increase of prolactin and glucose levels in plasma (Fig. 2-6).

3.2. [Effect of TAK-137 on the negative symptoms of schizophrenia

3.2.1. Social behavior

The interaction time in the vehicle/MK-801 (0.1 mg/kg, as a salt)-treated group (43.6 = 4.33 s) was
significantly lower than that in the vehicle/vehicle-treated group (90.33 = 5.71 s, P = 0.3285, F test
followed by P < 0.01, Student’s #-test; Fig. 2-2A). The interaction time was significantly increased
by the administration of 0.1 and 0.3 mg/kg TAK-137 to 65.5 = 4.78 and 58.9 = 4.30 s, respectively
(P = 0.9146 in Bartlett’s test followed by P < 0.025, one-tailed Williams’ test; Fig. 2-2A). MK-801

administration did not affect the total distance moved. The total distances moved, in the presence and
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absence of MK-801 were 5796 + 149 cm and 6205 + 155 cm, respectively. TAK-137 treatment did
not significantly increase the distance moved in the presence of MK-801 (7048 + 276 cm and 6171 +
324 cmat 0.1 and 0.3 mg/kg with MK-801, respectively) (Fig. 2-2B).

3.3 Effects of TAK-137 on the cognitive symptoms of schizophrenia
The plasma and brain concentrations of TAK-137 under fasted conditions were 67 % and 71 % of
those under the fed conditions (Table 2-1). Thus, 0.2 and/or 0.6 mg/kg of TAK-137 were used in the

experiments requiring restricted food consumption.

3.3.1 Attention

The vehicle-treated group achieved 59.1 + 3.63 correct responses in 100 trials; this was significantly
increased by TAK-137 (0.2 mg/kg, p.o.) to 69.0 + 2.61 responses in 100 trials (F(1, 11) =5.28, P <
0.05, cross over ANOVA; Fig. 3A). There was no significant difference in the number of omissions
and premature responses between the vehicle-treated group and the TAK-137-treated group. The
number of omission responses recorded was 23.8 +3.73 and 15.5 & 2.54 in the vehicle-treated group
and the TAK-137-treated group, respectively (£(1, 11) = 4.56, cross over ANOVA, P = 0.056; Fig.
2-3B). The number of premature responses (a response prior to light stimulation) was 5.15 + 1.57
and 6.92 £ 1.00 in the vehicle-treated group and the TAK-137-treated group, respectively (Fig.
2-3C).

3.3.2. Working memory
In the testing session of the RAM test, treatment with MK-801 (0.08 mg/kg, as a salt, s.c.) disrupted
the performance of the well-trained rats in the collection of the pellets on the maze and increased the
number of errors from 1.43 + 0.81 to 10.33 £ 1.72 (P = 0.0461, F test followed by P < 0.001, Aspin—
Welch test, compared with the vehicle-treated group; Fig. 2-4A). TAK-137 (0.2 and 0.6 mg/kg)
significantly reduced the number of errors to 4.00 + 0.85 and 3.44 + 1.02, respectively (P = 0.1488
in Bartlett’s test followed by P < 0.025, one-tailed Williams’ test, compared with the
vehicle/MK-801-treated group; Fig. 2-4A).

In the DMTS task, the monkeys were trained to correctly identify a sample object from 4
objects projected on the monitor after various delay intervals of 0 (no delay), 4, 8, and 16 s.
Ketamine treatment significantly decreased the percentage of correct responses compared with
vehicle treatment, with values of (96.88 + 1.99) % and (82.63 £ 4.29) % recorded with 0 s interval,
(89.58 + 2.08) % and (76.99 + 6.82) % recorded with 4 s interval, (87.50 = 1.70) % and (64.18 +
1.48) % recorded with 8 s interval, and (70.8 = 9.77) % and (55.0 £ 3.00) % recorded with 16 s
interval after the administration of vehicle and ketamine, respectively (F(1, 24) = 18.39, P < 0.001,
two-way ANOVA; Fig. 2-4B). The plasma concentration of TAK-137 at 0.1 mg/kg in monkeys (40
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ng /mL as Cnax) Was comparable to that at 0.1 mg/kg (25 ng/mL as Cpax)—the dose which showed
pharmacological efficacies, in rats (Kunugi et al., 2019). At 0.1 mg/kg, TAK-137 significantly
ameliorated ketamine-induced cognitive deficits, with percentage accuracy of (89.3 = 6.51) %, (89.5
+ 6.54) %, (81.4 £ 6.97) %, and (71.5 + 8.16) % at 0, 4, 8, and 16 s interval memory test,
respectively (F(1, 24) = 7.29, P <0.05, two-way ANOVA; Fig. 2-4B).

3.3.3. Cognitive flexibility

I evaluated the effects of TAK-137 on subchronic PCP-induced deficits in a reversal learning task. In
the initial phase of the testing session, there were no significant differences in the percentage of
correct responses in all the groups: (77.7 = 4.30) % in the vehicle/vehicle-treated group, (80.0 +
3.19) % in the vehicle/PCP-treated group (P = 0.68, Student’s t-test, compared with the
vehicle/vehicle-treated group), (77.3 = 4.07) % in the TAK-137 (0.01 mg/kg)/PCP-treated group,
(82.0 = 2.73) % in the TAK-137 (0.1 mg/kg)/PCP-treated group, and (77.7 + 3.60) % in the
TAK-137 (1 mg/kg)/PCP-treated group (F(3, 28) =0.3992, P=0.75, one-way ANOVA; Fig. 2-5). In
the reversal phase, the percentage of correct responses was significantly lower in the
vehicle/PCP-treated group than in the vehicle-treated group ((44.9 + 7.63) % vs. (73.1 £5.20) %) (P
= 0.4394, F test followed by P < 0.01, Student’s #-test; Fig. 2-5). TAK-137 significantly ameliorated
the PCP-induced deficits and increased the percentage of correct responses to (68.5 + 7.28) % at 0.1
mg/kg and (71.3 £ 7.34) % at 1 mg/kg (F(3, 28) =3.41, P<0.05 and p < 0.01, at 0.1 and 1 mg/kg,
respectively, one-way ANOVA).

3.4. Effects of TAK-137 under the combination with olanzapine

I studied the effects of the combination of olanzapine (3 mg/kg), one of the antipsychotics, and
TAK-137 (0.1, 1, and 10 mg/kg) on METH-induced hyperlocomotion, cataleptic response, and
plasma prolactin level (Fig. 2-7). The results showed that the inhibitory effect of olanzapine on
METH-induced hyperlocomotion was not affected by TAK-137 (Fig. 2-7A). TAK-137 did not
exacerbate the cataleptic response and plasma prolactin level (Fig. 2-7B and 2-7C, respectively). In
addition, co-treatment of TAK-137 (1 mg/kg, p.o.) and olanzapine (3 mg/kg, p.o.) did not affect the

effect on cognitive improvement in novel object recognition test in rats (Fig. 2-7D).
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4.  Discussion
Schizophrenia is a chronic psychiatric disorder with a spectrum of symptoms: positive, negative, and
cognitive symptoms. Several hypotheses for the pathophysiology of schizophrenia have been
indicated based on clinical findings [3]. The hyperdopamine hypothesis is considered to indicate the
main cause of positive symptoms, and the hypoglutamate hypothesis has been proposed not only for
positive symptoms but also for negative and cognitive symptoms [118]. Recent genetic findings in
genome-wide association studies revealed that genes related to the NMDA receptor signaling
complex are associated with an increased risk of schizophrenia [119]. Moreover, NMDA receptor
antagonists are reported to induce schizophrenia-like psychosis, social dysfunction, and cognitive
impairments in healthy volunteers, and exacerbate symptoms in patients with schizophrenia [25-27].
Indeed, several small molecules that enhance NMDA signaling, such as D-serine and a GlyT1
inhibitor, have been reported to improve negative and cognitive function in clinical trials [31, 34].
Thus, modulation of NMDA function is likely a promising approach for the treatment of patients
with schizophrenia.

In the hypoglutamate state, NMDA receptor signaling on the parvalbumin (PV)-positive
GABA interneurons is decreased in the cortex and hippocampus [120]. PV-positive GABA
interneurons play a key role in cognitive function through the production of neural oscillation,
especially gamma oscillation [121]. Moreover, a significantly low level of gamma oscillation during
cognitive tasks is reported in patients with schizophrenia [122]. Thus, the clinical characterization of
gamma oscillation could be a promising biomarker.
Schizophrenia is recognized as a neurodevelopmental disease and altered fetal or neonatal
environments, such as viral infection, are indicated to be risk factors [123]. Methylazoxymethanol
acetate (MAM) exposure [124] and polyriboinosinic-polyribocytidylic acid (Poly(I:C)) injection
[125] have been reported to mimic maternal mitotoxin or viral exposure during pregnancy in rodents
and these manipulations result in the hypofunctioning of NMDA signaling in PV-positive GABA
interneurons [126]. These preclinical results further support the association of the hypoglutamate
state with the pathophysiology of schizophrenia. To evaluate the effects of TAK-137 on glutamate
hypofunction, I used both acute and sub-chronic treatments with NMDA receptor antagonists. The
acute treatment of MK-801 and ketamine can inhibit NMDA receptor signaling in PV-positive
neurons, and the sub-chronic treatment of PCP is reported to reduce PV expression [96].
The activation of the AMPA receptor leads to increased NMDA receptor function; thus, AMPA
receptor potentiators have potential as therapeutic drugs for schizophrenia. However, risks such as
the bell-shaped response and the induction of seizures have been indicated in previously reported
compounds. The in vivo studies of LY451646 and LY404187 revealed their steeply bell-shaped
responses. For example, c-fos induction in rats was detected only at 0.5 mg/kg after 0.05, 0.5, and 5

mg/kg treatments [37]. Brain-derived neurotrophic factor (BDNF) mRNA in the rat hippocampus
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was induced only at 0.5 mg/kg after 7-day dosing at 0.125, 0.25, 0.5, and 1 mg/kg [127]. Such a
bell-shaped response makes it difficult to select the optimal dosage in clinical studies given the
heterogeneity of drug metabolizing enzymes in humans. In addition, LY451646 showed narrow
safety margins between exposure at the effective dose in rat NORT and at the maximum dose in the
absence of seizures, i.e., 3.1- and 7.5-fold in the AUCprin and brain Cuax, respectively [39]. Thus, it
can be presumed that the doses of AMPA receptor potentiators in previous clinical studies could not
be increased to the exposure level required for efficacy owing to their narrow safety margin against
seizure. Therefore, compounds with improved bell-shaped responses and reduced seizure risk should
be generated.

It is indicated that the bell-shaped response is related to the agonistic property of
compounds, which was detected only in primary cells and not in recombinant cells [38]. Thus, the
agonistic property of each compound should be characterized using the respective physiological
receptor, although such complex conditions may not be appropriate for a high-throughput screening
(HTS) assay. Therefore, I established an original screening strategy, which included a unique binding
assay for HTS, and identified TAK-137 [39]. In the DMTS test in naive monkeys, TAK-137
enhanced cognitive performance at 0.03, 0.1, and 1 mg/kg, whereas LY451656 enhanced
performance only at 0.1 mg/kg when dosed at 0.03, 0.1, and 1 mg/kg. The safety margins between
the exposure yielding cognitive enhancement in NORT and the maximum exposure in absence of
seizure were 116- and 43.7-fold in the AUCprin and brain Cpax, respectively. Therefore, TAK-137 is
superior to LY451646 in terms of the bell-shaped responses and the safety margin.

In this study, I investigated effects of TAK-137, a compound with low agonistic properties,
on animal models of schizophrenia. At 10 mg/kg, TAK-137 significantly inhibited METH-induced
hyperlocomotion in rats to 33.6 + 7.66% of that in the control (Fig. 2-1A and 2-1B); however, the
percentage of inhibition was lower than that of antipsychotics, which exhibited greater than 50%
inhibition under the 60% occupancy of D2R [103, 128]. TAK-137 may therefore have limited
efficacy against the positive symptoms of schizophrenia. Negative symptoms are rarely improved by
current antipsychotics [129]. In this study, TAK-137 at 0.1 and 0.3 mg/kg significantly ameliorated
MK-801-induced deficits in SI (Fig. 2-2A) without a significant increase in locomotion (Fig. 2-2B).
This indicated that the effect was not a secondary effect of an increase in locomotion and that
TAK-137 has the potential to improve the social behavior associated with NMDA receptor
hypofunction. Further characterization should be considered using other in vivo tests, such as the
sucrose preference test, as several neuronal networks may be related to the negative symptoms [2,
130, 131]. The eftects of TAK-137 on cognitive symptoms, especially attention, working memory,
and executive control, were investigated as these were recognized as the key cognitive domains
impaired in schizophrenia by the Measurement and Treatment Research to Improve Cognition in

Schizophrenia initiative [132, 133]. The 5-CSRTT contains aspects of the continuous performance
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task in humans [134], the RAM test in rats can be adapted to mimic the N-back task in humans [135],
and the monkey DMTS task can be translated to the human DMTS task [136]. A reversal learning
task is regarded as the evaluation of the cognitive flexibility required for rule generation and
selection [137, 138]. TAK-137 improved these cognitive dimensions in animal models with acute or
sub-chronic NMDA receptor antagonists (Fig. 2-3, 2-4, and 2-5), indicating that it may be effective
for the treatment of multiple cognitive domains in patients with schizophrenia. Recently, an AMPA
receptor potentiator, PF-04958242, was reported to significantly reduce ketamine-induced
impairment in immediate recall and working memory tasks in healthy human subjects at plasma
concentrations similar to that in non-human primates [139]. The data further supported that AMPA
receptor activation can counteract the hypoglutamate state induced by NMDA inhibitors in humans.
The positive symptoms of schizophrenia are well-controlled by current antipsychotics compared
with other symptoms. Considering the reported findings and the results in this study, TAK-137 may
be characterized by particular efficacy against the negative and cognitive symptoms. Therefore, I
investigated the impact of the concomitant use of TAK-137 and an antipsychotic (Fig. 2-7).
TAK-137 did not interfere with the effects of olanzapine on METH-induced hyperlocomotion and
did not exacerbate the cataleptic response and the plasma prolactin level. In addition, co-treatment of
olanzapine did not alter the effects of TAK-137 on cognition. Thus, the combination of TAK-137
with the currently available antipsychotics may be beneficial in treating multiple symptoms of
schizophrenia. A synergistic enhancement of efficacies was not detected in this study, which may be
a result of the different mechanisms of action of D2R antagonism by olanzapine and enhancement of
the glutamate signal by TAK-137.

Another critical issue in the development of drugs for schizophrenia is the heterogeneity of
the disease etiology and biology of schizophrenia. Indeed, the importance of patient segmentation by
biophenotype has been suggested [140]. Patients in the hypoglutamate state may be determined, for
example, by mismatch negativity or gamma oscillations [141, 142]. The proof of concept should be
investigated in the clinical studies of patients selected by such biomarkers.

In conclusion, TAK-137, an AMPA receptor potentiator with a low agonistic activity,
broader effective dose range, and greater safety margin against seizure, was shown to be efficacious
in various animal models of schizophrenia. Thus, TAK-137-type AMPA receptor potentiators may be

promising therapeutic options in neuropsychiatry and neurological diseases.
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Table 2-1.
Pharmacokinetic profile of TAK-137 in rats under non-fasted and fasted condition. TAK-137 at 0.1

mg/kg was orally administered to rats (n = 3).

Dose (mg kg™, p.o.) Concentration (ng mL™"! or g?) Non-fasted ~ Fasted
Plasma 21 14
TAK-137 0.1
Brain 7 5
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Fig. 2-1. (A) The effect of TAK-137 on METH-induced hyperlocomotion in rats. The rats were
acclimated in Plexiglas-covered cages for at least 2 h before the start of the experiment. TAK-137
(0.1, 1, or 10 mg/kg, p.o.) was administered 4 h before METH administration (0.5 mg/kg, s.c.). The
data are presented as the mean + S.E.M. of cumulative locomotion for 0—120 min. The numbers of
animals (n) = 6 in the vehicle/vehicle-treated group, n = 12 in the vehicle/METH-treated group, n =
11 in the TAK-137 (0.1 mg/kg)/METH-treated group, n = 13 in the TAK-137 (1
mg/kg)/METH-treated group, and n = 13 in the TAK-137 (10 mg/kg)/METH-treated group. **P <
0.01, statistically significant compared with the vehicle/vehicle-treated group by Aspin—Welch test,
#P < 0.025, statistically significant compared with the vehicle/METH-treated group by one-tailed
Williams’ test. (B) Data between 90 and 120 min after METH administration. **P < (.01,
statistically significant compared with the vehicle/vehicle-treated group by Aspin—Welch test. #P <
0.025, statistically significant compared with the vehicle/METH-treated group by one-tailed
Williams’ test. (C) The effect of TAK-137 on MK-801-induced hyperlocomotion in mice. The mice
were acclimated in cages for at least 2 h before the start of the experiments. TAK-137 (1, 3, 10, or 30
mg/kg, p.o.) was administered 2 h before MK-801 administration (0.3 mg/kg, s.c.). The data are
presented as the mean = S.E.M. of cumulative locomotion for 120 min after MK-801 administration,
n = 6 in the vehicle/vehicle-treated group, n = 13 in the vehicle/MK-801-treated group, n = 14 in the
TAK-137 (1 mg/kg)/MK-801-treated group, n = 13 in the TAK-137 (3 mg/kg)/MK-801-treated
group, n = 16 in the TAK-137 (10 mg/kg)/MK-801-treated group, and n = 15 in the TAK-137 (30
mg/kg)/MK-801-treated group. **P < 0.01, statistically significant compared with the
vehicle/vehicle-treated group by Aspin—Welch test; #P < 0.025, statistically significant compared
with the vehicle/MK-801-treated group by one-tailed Williams’ test. (D) Data between 90 and 120
min after MK-801 administration. **P < (.01, statistically significant compared with the
vehicle/vehicle-treated group by Aspin—Welch test; #P < 0.025, statistically significant compared
with the vehicle/MK-801-treated group by one-tailed Shirley-Williams’ test.
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Fig. 2-2. Effect of TAK-137 on MK-801-induced deficits in the social behavior evaluated by the
social interaction test in rats. (A) TAK-137 (0.1 or 0.3 mg/kg, p.o.) or corresponding vehicle, and
MK-801 (0.1 mg/kg, s.c.) or corresponding vehicle were administered to rats 4 h before testing. The
interaction time of each treatment group is presented as the mean + S.E.M. (n = 14). **P < 0.01,
statistically significant compared with the vehicle/vehicle-treated group by Student’s t-test. #P <
0.025, statistically significant compared with the vehicle/MK-801-treated group by one-tailed
Williams’ test. (B) The distance traveled during testing over 10 min was measured and is presented

as the mean = S.E.M. (n = 14).
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Fig. 2-3. The effect of TAK-137 on attention in the five-choice serial reaction time task in rats.
TAK-137 (0.2 mg/kg, p.o.) was administered 4 h prior to the trial. (A) Correct responses are the total
number of nose-pokes in an illuminated aperture within the limited hold. (B) Omission responses are
the number of non-responses during the limited hold. (C) Premature responses represent the number
of responses that occurred prior to stimulus presentation. The data are presented as the mean =+
S.E.M. (n = 13). Significant differences from the vehicle-treated group are indicated by *P < 0.05 in
the crossover ANOVA followed by a contrast test.
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Fig. 2-4. The effects of TAK-137 on MK-801- or ketamine-induced deficits in working memory in
the radial arm maze test in rats or delayed matching-to-sample task in monkeys. (A) TAK-137 (0.2
or 0.6 mg/kg, p.o.) or corresponding vehicle was administered to rats 2 h before MK-801 (0.08
mg/kg, s.c.) or corresponding vehicle administration. The rats were placed on the maze 30 min after
MK-801 administration and entries into the arms were recorded. The data are presented as the mean
+ S.E.M. of the number of errors. The numbers of animals (n) = 7 in the vehicle/vehicle-treated
group, n = 9 in the vehicle/MK-801-treated group, n = 11 in the TAK-137 (0.2
mg/kg)/MK-801-treated group, and n =9 in the TAK-137 (0.6 mg/kg)/MK-801-treated group. **P <
0.01, statistically significant compared between the vehicle/vehicle-treated and the
vehicle/MK-801-treated group by Aspin—Welch test. #P < 0.025, statistically significant compared
with the vehicle/MK-801-treated group by one-tailed Williams’ test.

(B) TAK-137 (0.1 mg/kg) or corresponding vehicle was orally administered 2 h prior to ketamine or
corresponding vehicle administration (1.0 mg/kg, i.m.) in monkeys. The DMTS task was conducted
15 min after ketamine administration. Each plot represents the mean = S.E.M. of the percentage of
correct responses from 96 trials per session (n = 4). The statistical analysis was performed using
two-way ANOVA followed by Bonferroni/Dunnet multiple comparisons, with significance set at
**%P < 0.001 (the vehicle/vehicle-treated group versus the vehicle/ketamine-treated group) and at

#P < 0.05 (the TAK-137/ketamine-treated group versus the vehicle/ketamine-treated group).
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Fig. 2-5. The effect of TAK-137 on subchronic PCP-induced deficits in cognitive flexibility in a

reversal learning test in rats. The rats were trained to achieve 90 % criterion of the correct response,

followed by the administration of PCP (2 mg/kg, i.p.) twice per day for 7 days without training. In

the reversal testing, TAK-137 (0.01, 0.1, or 1 mg/kg, p.o.) or vehicle was administered 2 h before the

initial phase. The reversal phase was examined for 2 min immediately after the completion of the

initial phase. The data are presented as the mean + S.E.M. of the percentage of correct responses in

the initial and reversal phases. The numbers of animals (n) = 10 in the vehicle/vehicle-treated group,
n = 8 in the vehicle/PCP-treated group, and n = 8 in the TAK-137/PCP-treated groups. **P < 0.01,
statistically significant compared with the vehicle/PCP-treated group by Student’s t-test. #P < 0.05,

##P < 0.01, statistically significant compared with the vehicle/PCP-treated group by one-way

ANOVA followed by LSD test.
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Fig. 2-6. The effects of TAK-137 on cataleptic response, and plasma glucose and prolactin level in
rats. (A) TAK-137 (0.1, 1, or 10 mg/kg) was administered 4 h before test. The duration of grabbing
the bar was measured to evaluate cataleptic response and is presented as mean + S.E.M. (n = 6). (B)
TAK-137 (0.1, 1, or 10 mg/kg) was administered 4 h before blood collection. Data are presented as
mean £ S.E.M. of plasma prolactin levels (n = 5). (C) TAK-137 (0.1, 1, or 10 mg/kg) was
administered 4 h before blood collection. Data are presented as mean = S.E.M. of plasma prolactin

levels (n= 6-7).
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Fig. 2-7. Effects of TAK-137 on the pharmacological effects and side effects of olanzapine in
METH-induced hyperlocomotion, NORT, cataleptic response, and plasma prolactin level in rats. (A)
TAK-137 (0.1, 1, or 10 mg/kg, p.o.) and olanzapine (3 mg/kg, p.o.) was administered 4 h and 1 h
respectively, before METH administration (0.5 mg/kg, s.c.). Total locomotor activities for 120 min
after METH administration are presented as mean + S.E.M. The numbers of animals used were 6, 12,
13, 8, and 9 in the vehicle-treated group, vehicle/METH-treated group, olanzapine/METH-treated
group, olanzapine/TAK-137 (0.1 or 1 mg/kg)-METH-treated group, and olanzapine/TAK-137 (10
mg/kg)/METH-treated group respectively. ***P < 0.001, statistically significant compared with
vehicle-treated group by Aspin—Welch test. ##P < 0.01, statistically significant compared with
vehicle/METH-treated group by  Aspin—Welch test. NS, not significant (versus
olanzapine/METH-treated group; one-tailed Williams’ test). (B) TAK-137 (0.1, 1, or 10 mg/kg) and
olanzapine (3 mg/kg) were administered 4 h before testing. The duration of grabbing the bar was

measured to evaluate cataleptic response and is presented as mean = S.E.M. (n = 12). NS, not
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significant (versus vehicle-olanzapine group; one-tailed Williams’ test). (C) TAK-137 (0.1, 1, or 10
mg/kg) was administered 4 h, and olanzapine (3 mg/kg) was administered 1.5 h before blood
collection. Data are presented as mean £ S.E.M. of plasma prolactin levels (n = 6). **P < 0.01,
statistically significant compared with vehicle-treated group by Aspin—Welch test. NS, not
significant (versus vehicle-olanzapine- treated group; one-tailed Williams’ test). (B) TAK-137 (1
mg/kg) and olanzapine (3 mg/kg) were orally administered 2 h or 1 h prior to the acquisition and the
retention trials, respectively (n = 10). A novelty discrimination index (NDI) was calculated as the
novel object interaction time / total interaction time x 100 (%) and are presented as mean = S.E.M.
##P < 0.01, ###P < 0.001 statistically significant compared with vehicle-treated group by ANOVA

followed by Bonferroni/Dunnet multiple comparisons.

77
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In the first chapter, this study clarified that CRF signaling in the CNS is the main route of
locomotion and anxiety-like behavior. As compounds with the same main chemical structure were
confirmed to be selective to the CRF; receptor compared with the CRF, receptor [143], the
anxiogenic effect of CRF can be regarded as being blocked by CRF; receptor inhibition. In view of
the receptor expression patterns and the effect of the CRF; receptor antagonist in rodents, this
indicates that blocking of CRF signaling via the CRF receptor may be a new treatment strategy for
anxiety. CRF signaling in acute and chronic stress responses still needs further investigation. Stress
loading would induce neuronal transmission much more broadly than exogenous CRF injection. In
addition, the acute and chronic stress response would be different in terms of epigenetic changes of
the synaptic function via changes in the expression of neurotransmitters or receptors.

In the second chapter, AMPA receptor signaling was indicated to be involved in the
behavioral modulation of multiple symptoms of schizophrenia, especially in negative and cognitive
symptoms. It was also indicated that the combination therapy with current medication mainly for
positive symptoms would be beneficial since a combination with an AMPA receptor potentiator and
olanzapine did not affect side effects. This study used NMDA receptor antagonist-induced
behavioral deficits in animal models. Since schizophrenia is considered as a developmental disease,
further studies can be conducted in other animal models such as Poly(I:C) or MAM models [124,
125].

The experiments in this study indicate two main points. The first is that it is important to
investigate the function of neurotransmitters via specific receptors in disease models to clarify the
scope of their efficacy. This will provide further applications to consider drug candidates. The
current medication for schizophrenia, anxiety, and depression was accidentally found in clinical
evidences. For example, antipsychotics are based on the dopamine D2 receptor antagonism,
followed by additional affinities to other receptors such as serotonin and noradrenaline receptors to
reduce side effects, especially of extrapyramidal symptoms [144]. The first generation of
antidepressants is based on the selective serotonin reuptake inhibitor followed by serotonin
noradrenaline reuptake dual inhibitor to reduce side effects or for additional benefits on pain. These
past facts indicate that drug discovery targeting multiple molecules would be benefit for efficacy and
safety. On the other hand, a multi-targeting approach should be based on a precise and deep
understanding of each signal function to consider the key biological signals for each symptom in a
disease [145]. Therefore, an investigation that focuses on one specific form of neuronal transmission
would yield fundamental biological findings that would allow a comprehensive approach to be
considered.

The second point is the importance of translational tools for three reasons. The first
rationale is understanding the relationship between the extent of signal modulation and the efficacy

of the outcome. Although this study indicated the key roles of CRF and AMPA receptor signaling on
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anxiety and schizophrenia-like behavior, respectively, further translational studies would offer a
better understanding of how much CRF; receptor should be antagonized or how much AMPA
receptor should be activated for efficacy to be achieved. This can be analyzed by receptor occupancy
of the ligand using PET or by assessing changes in electrophysiological signal with the
electroencephalogram (EEG). There might be some limitations in the application of PET studies in
terms of the difficulties in PET ligand generation and the level of expression and distribution of its
target. lonotropic receptors such as AMPA and NMDA receptors recycle quickly at the postsynaptic
site and their expression levels change according to neuronal excitation, which makes it difficult to
develop a clinically applicable PET ligand although several candidates have been reported in
preclinical research [146]. The second rationale is based on the difficulty in visualizing the CNS
diseases. Especially for neuropsychiatric diseases, significant morphological changes in neurons or
synapses cannot be detected between the normal and diseased state. The imaging tools mentioned
above might be one candidate to detect changes in the expression of a target or in ligand binding in a
living body. There might also be some proteins in body fluids that are related to the function of
specific neurotransmitters. The third reason is based on the heterogeneity of neuropsychiatric
diseases in terms of their etiology, symptoms, and functional abnormality in multiple neurons, which
makes it difficult to treat a disease and specific neuron signaling as a one-to-one response. If patients
can be classified according to the most affected neurons or signals, this would enhance
understanding of the relationship between key receptor signaling or pathways and clinical symptoms.
In fact, the concept of a biophenotype, which classifies patients according to biomarkers, including
biochemical, imaging, and electrophysiological features, has been developed. This concept is
supported by such biomarker tools. In addition, such patient stratification would help clinical studies
of specific drug targets. The CRF; receptor antagonist can be administered to patients who show
overactivated CRF signaling. The AMPA receptor potentiator should be administered to people who
show dysfunctional NMDA receptor signaling. Dysfunctional NMDA receptor signaling would be
translationally evaluated as a reduction of gamma-oscillation by an EEG.

As a next step, a network analysis would be important to investigate the role of neuronal
connectivity in functional outcomes, especially in cognitive functions, which are classified into
many categories such as working memory, attention, and cognitive flexibility. Many types of
neurons and cells are involved in a single cognitive domain. This would also be important to
consider when assessing potential combination therapies to treat diversified neuronal dysfunctions in
neuropsychiatric diseases based on an understanding of the functions of each neurotransmitter.

In summary, this study found that CRF receptor signaling in the CNS plays a critical role
in locomotion and anxiety behaviors, and that AMPA receptor activation improves behavioral
deficits which are related to positive, negative, and cognitive symptoms in schizophrenia. This

indicates that an investigation of specific neurotransmitter signaling is important to identify
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functional roles. In addition, these results will add value when considering the treatment of
neuropsychiatric diseases in terms of monotherapy and combination therapies with other drugs by
modulating different neurotransmitters based on a scientific understanding of each signal function.
In the future, further analysis of the neuronal network and the level of signal activation by imaging
or electrophysiological analysis with translational tools such as PET ligand and EEG would be key

to understand the role of neurotransmitters and their interaction with other neurons in the diseased

state.

81



Acknowledgements

82



Chapter L.

I thank Dr. Masakuni Kori and Ms. Michiyo Mochizuki for their support in the design and
synthesis of compounds, Mr. Yuji Shimizu for the measurement of the in vitro binding and CRF
antagonistic activities of Compound A and Compound B, Dr. Motohisa Suzuki and Mr. Masahiko
Hattori for support in pharmacological studies, and Dr. Hiroki Iwashita and Dr. Kazunori Suzuki for
review of the concept of the manuscript. The study was approved for submission as a publication by

Takeda Pharmaceutical Company Limited, Fujisawa, Japan.

Chapter I1.

I wish to express my sincere thanks to Yasukazu Tajima for supporting the locomotion and
RAM studies, Kazuhiro Hamajo for supporting the monkey DMTS study of TAK-137, b-neuro™ for
conducting the reversal learning test, Tomohiro Kaku and Takanobu Kuroita for providing the
chemical compound, and Youhei Kosugi and Yuu Moriya for providing the pharmacokinetic data of
TAK-137. The study was approved for submission as a publication by Takeda Pharmaceutical

Company Limited, Fujisawa, Japan.

83



References

84



[1] L Colloca, T Ludman, D Bouhassira, R Baron, AH Dickenson, D Yarnitsky, R Freeman, A
Truini, N Attal, NB Finnerup, C Eccleston, E Kalso, DL Bennett, RH Dworkin, SN Raja.
Neuropathic pain. Nat Rev Dis Primers 2017;3:17002.

[2] MJ Millan, Y Agid, M Brune, ET Bullmore, CS Carter, NS Clayton, R Connor, S Davis, B
Deakin, RJ DeRubeis, B Dubois, MA Geyer, GM Goodwin, P Gorwood, TM Jay, M dJoels,
IM Mansuy, A Meyer-Lindenberg, D Murphy, E Rolls, B Saletu, M Spedding, J Sweeney,
M Whittington, LJ Young. Cognitive dysfunction in psychiatric disorders: characteristics,
causes and the quest for improved therapy. Nat Rev Drug Discov 2012;11:141-68.

[3] AC Yang, SJ Tsai. New Targets for Schizophrenia Treatment beyond the Dopamine
Hypothesis. Int J Mol Sci 2017;18.

[4] JM Deussing, A Chen. The Corticotropin-Releasing Factor Family: Physiology of the
Stress Response. 2018;98:2225-86.

[5] J Ng, A Papandreou, SJ Heales, MA Kurian. Monoamine neurotransmitter
disorders--clinical advances and future perspectives. Nat Rev Neurol 2015;11:567-84.

[6] LV Kalia, AE Lang. Parkinson's disease. Lancet 2015;386:896-912.

[7]1 P Seeman. All roads to schizophrenia lead to dopamine supersensitivity and elevated
dopamine D2(high) receptors. CNS Neurosci Ther 2011;17:118-32.

[8] TH Ferreira-Vieira, IM Guimaraes, FR Silva, FM Ribeiro. Alzheimer's disease: Targeting
the Cholinergic System. Curr Neuropharmacol 2016;14:101-15.

[9] AM Bao, DF Swaab. The human hypothalamus in mood disorders: The HPA axis in the
center. IBRO Rep 2019;6:45-53.

[10] TL Bale, WW Vale. CRF and CRF receptors: role in stress responsivity and other
behaviors. Annu Rev Pharmacol Toxicol 2004;44:525-57.

[11] J Czimmer, Y Tache. Peripheral Corticotropin Releasing Factor Signaling Inhibits
Gastric Emptying: Mechanisms of Action and Role in Stress-related Gastric Alterations
of Motor Function. Curr Pharm Des 2017;23:4042-7.

[12] W Vale, J Spiess, C Rivier, J Rivier. Characterization of a 41-residue ovine hypothalamic
peptide that stimulates secretion of corticotropin and beta-endorphin. Science
1981;213:1394-17.

[13] N Dedic, A Chen, JM Deussing. The CRF Family of Neuropeptides and their Receptors -
Mediators of the Central Stress Response. Curr Mol Pharmacol 2018;11:4-31.

[14] JM Reul, F Holsboer. Corticotropin-releasing factor receptors 1 and 2 in anxiety and
depression. Curr Opin Pharmacol 2002;2:23-33.

[15] RL Hauger, V Risbrough, O Brauns, FM Dautzenberg. Corticotropin releasing factor
(CRF) receptor signaling in the central nervous system: new molecular targets. CNS

Neurol Disord Drug Targets 2006;5:453-79.

85



[16] I Matsuzaki, Y Takamatsu, T Moroji. The effects of intracerebroventricularly injected
corticotropin-releasing factor (CRF) on the central nervous system: behavioural and
biochemical studies. Neuropeptides 1989;13:147-55.

[17] RE Adamec, D McKay. The effects of CRF and alpha-helical CRF on anxiety in normal
and hypophysectomized rats. J Psychopharmacol 1993;7:346-54.

[18] A Stengel, Y Tache. CRF and urocortin peptides as modulators of energy balance and
feeding behavior during stress. Front Neurosci 2014;8:52.

[19] JN Kew, JA Kemp. Ionotropic and metabotropic glutamate receptor structure and
pharmacology. Psychopharmacology (Berl) 2005;179:4-29.

[20] VR Rao, S Finkbeiner. NMDA and AMPA receptors: old channels, new tricks. Trends
Neurosci 2007;30:284-91.

[21] VA Derkach, MC Oh, ES Guire, TR Soderling. Regulatory mechanisms of AMPA
receptors in synaptic plasticity. Nat Rev Neurosci 2007;8:101-13.

[22] LM Wiedholz, WA Owens, RE Horton, M Feyder, RM Karlsson, K Hefner, R Sprengel, T
Celikel, LC Daws, A Holmes. Mice lacking the AMPA GluR1 receptor exhibit striatal
hyperdopaminergia and 'schizophrenia-related' behaviors. Mol Psychiatry
2008;13:631-40.

[23] G Lynch. Memory enhancement: the search for mechanism-based drugs. Nat Neurosci
2002;5 Suppl:1035-8.

[24] JH Krystal, A Bennett, D Abi-Saab, A Belger, LP Karper, DC D'Souza, D Lipschitz, A
Abi-Dargham, DS Charney. Dissociation of ketamine effects on rule acquisition and rule
implementation: possible relevance to NMDA receptor contributions to executive
cognitive functions. Biol Psychiatry 2000;47:137-43.

[25] SH Snyder. Phencyclidine. Nature 1980;285:355-6.

[26] AC Lahti, HH Holcomb, DR Medoff, CA Tamminga. Ketamine activates psychosis and
alters limbic blood flow in schizophrenia. Neuroreport 1995;6:869-72.

[27] AC Lahti, B Koffel, D LaPorte, CA Tamminga. Subanesthetic doses of ketamine
stimulate psychosis in schizophrenia. Neuropsychopharmacology 1995;13:9-19.

[28] P Ju, D Cui. The involvement of N-methyl-D-aspartate receptor NMDAR) subunit NR1
in the pathophysiology of schizophrenia. Acta Biochim Biophys Sin (Shanghai)
2016;48:209-19.

[29] IR Winship, SM Dursun, GB Baker, PA Balista, L. Kandratavicius, JP Maia-de-Oliveira.
An Overview of Animal Models Related to Schizophrenia. 2019;64:5-17.

[30] JT Kantrowitz, DC Javitt. N-methyl-d-aspartate (NMDA) receptor dysfunction or
dysregulation: the final common pathway on the road to schizophrenia? Brain Res Bull

2010;83:108-21.

86



[31] DC Javitt, I Zylberman, SR Zukin, U Heresco-Levy, JP Lindenmayer. Amelioration of
negative symptoms in schizophrenia by glycine. Am J Psychiatry 1994;151:1234-6.

[32] G Tsai, P Yang, LC Chung, N Lange, JT Coyle. D-serine added to antipsychotics for the
treatment of schizophrenia. Biol Psychiatry 1998;44:1081-9.

[33] DC Javitt. Glycine transport inhibitors in the treatment of schizophrenia. Handb Exp
Pharmacol 2012;367-99.

[34] D Umbricht, D Alberati, M Martin-Facklam, E Borroni, EA Youssef, M Ostland, TL
Wallace, F Knoflach, E Dorflinger, JG Wettstein, A Bausch, G Garibaldi, L. Santarelli.
Effect of bitopertin, a glycine reuptake inhibitor, on negative symptoms of
schizophrenia: a randomized, double-blind, proof-of-concept study. JAMA Psychiatry
2014;71:637-46.

[35] F Bai, M Bergeron, DL Nelson. Chronic AMPA receptor potentiator (1.Y451646)
treatment increases cell proliferation in adult rat hippocampus. Neuropharmacology
2003;44:1013-21.

[36] K Bernard, L. Danober, JY Thomas, C Lebrun, C Munoz, A Cordi, P Desos, P Lestage, P
Morain. DRUG FOCUS: S 18986: A positive allosteric modulator of AMPA-type
glutamate receptors pharmacological profile of a novel cognitive enhancer. CNS
Neurosci Ther 2010;16:€193-212.

[37] JH Fowler, K Whalley, T Murray, J O'Neill M, J McCulloch. The AMPA receptor
potentiator 1Y404187 increases cerebral glucose utilization and c-fos expression in the
rat. J Cereb Blood Flow Metab 2004;24:1098-109.

[38] A Kunugi, Y Tajima, H Kuno, S Sogabe, H Kimura. HBT1, a Novel AMPA Receptor
Potentiator with Lower Agonistic Effect, Avoided Bell-Shaped Response in In Vitro
BDNF Production. J Pharmacol Exp Ther 2018;364:377-89.

[39] A Kunugi, M Tanaka, A Suzuki, Y Tajima, N Suzuki, M Suzuki, S Nakamura, H Kuno, A
Yokota, S Sogabe, Y Kosugi, Y Awasaki, T' Kaku, H Kimura. TAK-137, an AMPA-R
potentiator with little agonistic effect, has a wide therapeutic window.
Neuropsychopharmacology 2019;44:961-70.

[40] A Suzuki, Y Tajima, A Kunugi, H Kimura. Electrophysiological characterization of a
novel AMPA receptor potentiator, TAK-137, in rat hippocampal neurons. Neurosci Lett
2019;712:134488.

[41] VB Risbrough, MB Stein. Role of corticotropin releasing factor in anxiety disorders: a
translational research perspective. Horm Behav 2006;50:550-61.

[42] A Armario. The hypothalamic-pituitary-adrenal axis: what can it tell us about
stressors? CNS Neurol Disord Drug Targets 2006;5:485-501.

[43] SM Smith, WW Vale. The role of the hypothalamic-pituitary-adrenal axis in

87



neuroendocrine responses to stress. Dialogues Clin Neurosci 2006;8:383-95.

[44] G Griebel. Is there a future for neuropeptide receptor ligands in the treatment of
anxiety disorders? Pharmacol Ther 1999;82:1-61.

[45] F Holsboer. The rationale for corticotropin-releasing hormone receptor (CRH-R)
antagonists to treat depression and anxiety. J Psychiatr Res 1999;33:181-214.

[46] CB Nemeroff, E Widerlov, G Bissette, H Walleus, I Karlsson, K Eklund, CD Kilts, PT
Loosen, W Vale. Elevated concentrations of CSF corticotropin-releasing factor-like
immunoreactivity in depressed patients. Science 1984;226:1342-4.

[47] EW Hillhouse, DK Grammatopoulos. The molecular mechanisms underlying the
regulation of the biological activity of corticotropin-releasing hormone receptors:
implications for physiology and pathophysiology. Endocr Rev 2006;27:260-86.

[48] K Van Pett, V Viau, JC Bittencourt, RK Chan, HY Li, C Arias, GS Prins, M Perrin, W
Vale, PE Sawchenko. Distribution of mRNAs encoding CRF receptors in brain and
pituitary of rat and mouse. J Comp Neurol 2000;428:191-212.

[49] PQ Yuan, SV Wu, J Elliott, PA Anton, E Chatzaki, M Million, Y Tache. Expression of
corticotropin releasing factor receptor type 1 (CRF1) in the human gastrointestinal tract
and upregulation in the colonic mucosa in patients with ulcerative colitis. Peptides
2012;38:62-9.

[50] MB Muller, S Zimmermann, I Sillaber, TP Hagemeyer, JM Deussing, P Timpl, MS
Kormann, SK Droste, R Kuhn, JM Reul, F Holsboer, W Wurst. Limbic
corticotropin-releasing hormone receptor 1 mediates anxiety-related behavior and
hormonal adaptation to stress. Nat Neurosci 2003;6:1100-7.

[51] GW Smith, JM Aubry, F Dellu, A Contarino, LM Bilezikjian, LH Gold, R Chen, Y
Marchuk, C Hauser, CA Bentley, PE Sawchenko, GF Koob, W Vale, KF Lee.
Corticotropin releasing factor receptor 1-deficient mice display decreased anxiety,
impaired stress response, and aberrant neuroendocrine development. Neuron
1998;20:1093-102.

[52] P Timpl, R Spanagel, I Sillaber, A Kresse, JM Reul, GK Stalla, V Blanquet, T Steckler, F
Holsboer, W Wurst. Impaired stress response and reduced anxiety in mice lacking a
functional corticotropin-releasing hormone receptor 1. Nat Genet 1998;19:162-6.

[53] SC Heinrichs, EB De Souza, G Schulteis, JL. Lapsansky, DE Grigoriadis. Brain
penetrance, receptor occupancy and antistress in vivo efficacy of a small molecule
corticotropin releasing factor type I receptor selective antagonist.
Neuropsychopharmacology 2002;27:194-202.

[54] S Okuyama, S Chaki, N Kawashima, Y Suzuki, S Ogawa, A Nakazato, T Kumagai, T

Okubo, K Tomisawa. Receptor binding, behavioral, and electrophysiological profiles of

88



nonpeptide corticotropin-releasing factor subtype 1 receptor antagonists CRA1000 and
CRA1001. J Pharmacol Exp Ther 1999;289:926-35.

[55] I Sillaber, G Rammes, S Zimmermann, B Mahal, W Zieglgansberger, W Wurst, F
Holsboer, R Spanagel. Enhanced and delayed stress-induced alcohol drinking in mice
lacking functional CRH1 receptors. Science 2002;296:931-3.

[56] DA Gutman, MJ Owens, KH Skelton, KV Thrivikraman, CB Nemeroff. The
corticotropin-releasing factorl receptor antagonist R121919 attenuates the behavioral
and endocrine responses to stress. J Pharmacol Exp Ther 2003;304:874-80.

[57] M Ising, S Horstmann, S Kloiber, S Lucae, EB Binder, N Kern, HE Kunzel, A Pfennig, M
Uhr, F Holsboer. Combined dexamethasone/corticotropin releasing hormone test
predicts treatment response in major depression - a potential biomarker? Biol
Psychiatry 2007;62:47-54.

[58] E Vicentini, R Arban, O Angelici, G Maraia, M Perico, M Mugnaini, A Ugolini, C Large,
E Domenici, P Gerrard, D Bortner, IM Mansuy, L, Mangiarini, E Merlo-Pich. Transient
forebrain over-expression of CRF induces plasma corticosterone and mild behavioural
changes in adult conditional CRF transgenic mice. Pharmacol Biochem Behav
2009;93:17-24.

[59] N Dedic, C Touma, CP Romanowski, M Schieven, C Kuhne, M Ableitner, A Lu, F
Holsboer, W Wurst, M Kimura, JM Deussing. Assessing behavioural effects of chronic
HPA axis activation using conditional CRH-overexpressing mice. Cell Mol Neurobiol
2012;32:815-28.

[60] J Philbert, P Pichat, R Palme, C Belzung, G Griebel. The CRF(1) receptor antagonist
SSR125543 attenuates long-term cognitive deficit induced by acute inescapable stress
in mice, independently from the hypothalamic pituitary adrenal axis. Pharmacol
Biochem Behav 2012;102:415-22.

[61] G Pxinos, C Watson. The Rat Brain. IN STEREOTAXIC COORDINATES 4th Edition
1998.

[62] M Ising, US Zimmermann, HE Kunzel, M Uhr, AC Foster, SM Learned-Coughlin, F
Holsboer, DE Grigoriadis. High-affinity CRF1 receptor antagonist NBI-34041:
preclinical and clinical data suggest safety and efficacy in attenuating elevated stress
response. Neuropsychopharmacology 2007;32:1941-9.

[63] T Imaki, T Shibasaki, M Hotta, H Demura. Intracerebroventricular administration of
corticotropin-releasing factor induces c-fos mRNA expression in brain regions related to
stress responses: comparison with pattern of c-fos mRNA induction after stress. Brain
Res 1993;616:114-25.

[64] E Kitraki, O Kremmyda, D Youlatos, MN Alexis, C Kittas. Gender-dependent

89



alterations in corticosteroid receptor status and spatial performance following 21 days
of restraint stress. Neuroscience 2004;125:47-55.

[65] Z Chen, J Yang, A Tobak. Designing new treatments for depression and anxiety. IDrugs
2008;11:189-97.

[66] V Coric, HH Feldman, DA Oren, A Shekhar, J Pultz, RC Dockens, X Wu, KA Gentile, SP
Huang, E Emison, T Delmonte, BB D'Souza, DL Zimbroff, JA Grebb, AW Goddard, EG
Stock. Multicenter, randomized, double-blind, active comparator and placebo-controlled
trial of a corticotropin-releasing factor receptor-1 antagonist in generalized anxiety
disorder. Depress Anxiety 2010;27:417-25.

[67] KS Bhui, S Dinos, SA Stansfeld, PD White. A synthesis of the evidence for managing
stress at work: a review of the reviews reporting on anxiety, depression, and
absenteeism. J Environ Public Health 2012;2012:515874.

[68] RE Sutton, GF Koob, M Le Moal, J Rivier, W Vale. Corticotropin releasing factor
produces behavioural activation in rats. Nature 1982;297:331-3.

[69] M Eaves, K Thatcher-Britton, J Rivier, W Vale, GF Koob. Effects of corticotropin
releasing factor on locomotor activity in hypophysectomized rats. Peptides 1985;6:923-6.

[70] CR Pryce, S Siegl, R Mayer, G Rahmanzadeh, KH McAllister. Endocrine and
behavioural responses to acute central CRF challenge are antagonized in the periphery
and CNS, respectively, in C57BL/6 mice. Neuropharmacology 2011;60:318-27.

[71] BM Campbell, JL Morrison, EL Walker, KM Merchant. Differential regulation of
behavioral, genomic, and neuroendocrine responses by CRF infusions in rats.
Pharmacol Biochem Behav 2004;77:447-55.

[72] RW Johnson, EH von Borell, LL. Anderson, LD Kojic, JE Cunnick.
Intracerebroventricular injection of corticotropin-releasing hormone in the pig: acute
effects on behavior, adrenocorticotropin secretion, and immune suppression.
Endocrinology 1994;135:642-8.

[73] JM Martins, AJ Kastin, WA Banks. Unidirectional specific and modulated brain to blood
transport of corticotropin-releasing hormone. Neuroendocrinology 1996;63:338-48.

[74] DW Schulz, RS Mansbach, J Sprouse, JP Braselton, J Collins, M Corman, A Dunaiskis,
S Faraci, AW Schmidt, T Seeger, P Seymour, FD Tingley, 3rd, EN Winston, YL Chen, J
Heym. CP-154,526: a potent and selective nonpeptide antagonist of corticotropin
releasing factor receptors. Proc Natl Acad Sci U S A 1996;93:10477-82.

[75] JM Martins, WA Banks, AJ Kastin. Acute modulation of active carrier-mediated
brain-to-blood transport of corticotropin-releasing hormone. Am J Physiol
1997;272:E312-9.

[76] AJ Kastin, V Akerstrom. Differential interactions of urocortin/corticotropin-releasing

90



hormone peptides with the blood-brain barrier. Neuroendocrinology 2002;75:367-74.

[77] P Esposito, N Chandler, K Kandere, S Basu, S Jacobson, R Connolly, D Tutor, TC
Theoharides. Corticotropin-releasing hormone and brain mast cells regulate
blood-brain-barrier permeability induced by acute stress. J Pharmacol Exp Ther
2002;303:1061-6.

[78] H Hsuchou, AJ Kastin, X Wu, H Tu, W Pan. Corticotropin-releasing hormone receptor-1
in cerebral microvessels changes during development and influences urocortin
transport across the blood-brain barrier. Endocrinology 2010;151:1221-7.

[79] D Rotllant, R Nadal, A Armario. Differential effects of stress and amphetamine
administration on Fos-like protein expression in corticotropin releasing factor-neurons
of the rat brain. Dev Neurobiol 2007;67:702-14.

[80] SM Sagar, FR Sharp, T Curran. Expression of c-fos protein in brain: metabolic mapping
at the cellular level. Science 1988;240:1328-31.

[81] L Sterrenburg, B Gaszner, J Boerrigter, L. Santbergen, M Bramini, EW Roubos, BW
Peeters, T Kozicz. Sex-dependent and differential responses to acute restraint stress of
corticotropin-releasing factor-producing neurons in the rat paraventricular nucleus,
central amygdala, and bed nucleus of the stria terminalis. J Neurosci Res
2012;90:179-92.

[82] C Takahashi, H Ohata, T Shibasaki. Corticotropin-releasing factor (CRF) receptor
subtypes in mediating neuronal activation of brain areas involved in responses to
intracerebroventricular CRF and stress in rats. Peptides 2011;32:2384-93.

[83] S Chaki, A Nakazato, L Kennis, M Nakamura, C Mackie, M Sugiura, P Vinken, D
Ashton, X Langlois, T Steckler. Anxiolytic- and antidepressant-like profile of a new
CRF1 receptor antagonist, R278995/CRA0450. Eur J Pharmacol 2004;485:145-58.

[84] MJ Millan, M Brocco, A Gobert, G Dorey, P Casara, A Dekeyne. Anxiolytic properties of
the selective, non-peptidergic CRF(1) antagonists, CP154,526 and DMP695: a
comparison to other classes of anxiolytic agent. Neuropsychopharmacology
2001;25:585-600.

[85] AW Zobel, T Nickel, HE Kunzel, N Ackl, A Sonntag, M Ising, F Holsboer. Effects of the
high-affinity corticotropin-releasing hormone receptor 1 antagonist R121919 in major
depression: the first 20 patients treated. J Psychiatr Res 2000;34:171-81.

[86] JS Kumar, VJ Majo, GM Sullivan, J Prabhakaran, NR Simpson, RL Van Heertum, JJ
Mann, RV Parsey. Synthesis and in vivo evaluation of [11C]JSN003 as a PET ligand for
CRF1 receptors. Bioorg Med Chem 2006;14:4029-34.

[87] L Martarello, CD Kilts, T Ely, MJ Owens, CB Nemeroff, M Camp, MM Goodman.

Synthesis and characterization of fluorinated and iodinated pyrrolopyrimidines as

91



PET/SPECT ligands for the CRF1 receptor. Nucl Med Biol 2001;28:187-95.

[88] JS Stehouwer, MS Birnbaum, RJ Voll, MJ Owens, SJ Plott, CH Bourke, MA Wassef, CD
Kilts, MM Goodman. Synthesis, F-18 radiolabeling, and microPET evaluation of
3-(2,4-dichlorophenyl)-N-alkyl-N-fluoroalkyl-2,5-dimethylpyrazolo[1,5-alpyrimidin
-7T-amines as ligands of the corticotropin-releasing factor type-1 (CRF1) receptor. Bioorg
Med Chem 2015;23:4286-302.

[89] JS Stehouwer, CH Bourke, MJ Owens, RJ Voll, CD Kilts, MM Goodman. Synthesis,
binding affinity, radiolabeling, and microPET evaluation of
4-(2-substituted-4-substituted)-8-(dialkylamino)-6-methyl-1-substituted-3,4-dihyd
ropyrido[2,3-blpyrazin-2(1H)-ones as ligands for brain corticotropin-releasing factor
type-1 (CRF1) receptors. Bioorg Med Chem Lett 2015;25:5111-4.

[90] ME Schmidt, RD Andrews, P van der Ark, T Brown, E Mannaert, T Steckler, J de Hoon,
K Van Laere. Dose-dependent effects of the CRF(1) receptor antagonist R317573 on
regional brain activity in healthy male subjects. Psychopharmacology (Berl)
2010;208:109-19.

[91] SR Kay, A Fiszbein, LA Opler. The positive and negative syndrome scale (PANSS) for
schizophrenia. Schizophr Bull 1987;13:261-76.

[92] P Seeman, J Schwarz, JF Chen, H Szechtman, M Perreault, GS McKnight, JC Roder, R
Quirion, P Boksa, LK Srivastava, K Yanai, D Weinshenker, T Sumiyoshi. Psychosis
pathways converge via D2high dopamine receptors. Synapse 2006;60:319-46.

[93] JA Lieberman, TS Stroup. The NIMH-CATIE Schizophrenia Study: what did we learn?
Am J Psychiatry 2011;168:770-5.

[94] JH Krystal, LP Karper, JP Seibyl, GK Freeman, R Delaney, JD Bremner, GR Heninger,
MB Bowers, Jr., DS Charney. Subanesthetic effects of the noncompetitive NMDA
antagonist, ketamine, in humans. Psychotomimetic, perceptual, cognitive, and
neuroendocrine responses. Arch Gen Psychiatry 1994;51:199-214.

[95] JT Coyle. The glutamatergic dysfunction hypothesis for schizophrenia. Harv Rev
Psychiatry 1996;3:241-53.

[96] D Cadinu, B Grayson, G Podda, MK Harte, N Doostdar, JC Neill. NMDA receptor
antagonist rodent models for cognition in schizophrenia and identification of novel drug
treatments, an update. Neuropharmacology 2018;142:41-62.

[97] DC Javitt, SR Zukin. Recent advances in the phencyclidine model of schizophrenia. Am
J Psychiatry 1991;148:1301-8.

[98] DR Lynch, RP Guttmann. Excitotoxicity: perspectives based on N-methyl-D-aspartate
receptor subtypes. J Pharmacol Exp Ther 2002;300:717-23.

[99] RP Simon, JH Swan, T Griffiths, BS Meldrum. Blockade of N-methyl-D-aspartate

92



receptors may protect against ischemic damage in the brain. Science 1984;226:850-2.

[100] CH Lin, HY Lane, GE Tsai. Glutamate signaling in the pathophysiology and therapy of
schizophrenia. Pharmacol Biochem Behav 2012;100:665-77.

[101] JG Bramness, OH Gundersen, J Guterstam, EB Rognli, M Konstenius, EM Loberg, S
Medhus, L Tanum, J Franck. Amphetamine-induced psychosis--a separate diagnostic
entity or primary psychosis triggered in the vulnerable? BMC Psychiatry 2012;12:221.

[102] JA Waltz. The neural underpinnings of cognitive flexibility and their disruption in
psychotic illness. Neuroscience 2017:345:203-17.

[103] K Suzuki, A Harada, E Shiraishi, H Kimura. In vivo pharmacological characterization
of TAK-063, a potent and selective phosphodiesterase 10A inhibitor with
antipsychotic-like activity in rodents. J Pharmacol Exp Ther 2015;352:471-9.

[104] E Shiraishi, K Suzuki, A Harada, N Suzuki, H Kimura. The Phosphodiesterase 10A
Selective Inhibitor TAK-063 Improves Cognitive Functions Associated with
Schizophrenia in Rodent Models. J Pharmacol Exp Ther 2016;356:587-95.

[105] Z Abdul-Monim, GP Reynolds, JC Neill. The atypical antipsychotic ziprasidone, but
not haloperidol, improves phencyclidine-induced cognitive deficits in a reversal
learning task in the rat. J Psychopharmacol 2003;17:57-65.

[106] B Grayson, NF Idris, JC Neill. Atypical antipsychotics attenuate a sub-chronic
PCP-induced cognitive deficit in the novel object recognition task in the rat. Behav
Brain Res 2007,184:31-8.

[107] SL McLean, ML Woolley, D Thomas, JC Neill. Role of 5-HT receptor mechanisms in
sub-chronic PCP-induced reversal learning deficits in the rat. Psychopharmacology
(BerD) 2009;206:403-14.

[108] JS Sutcliffe, KM Marshall, JC Neill. Influence of gender on working and spatial
memory in the novel object recognition task in the rat. Behav Brain Res
2007;177:117-25.

[109] S Maehara, S Okuda, H Ohta. Ameliorative effect of N-desmethylclozapine in animal
models of social deficits and cognitive functions. Brain Res Bull 2011;86:146-51.

[110] O Buresova, J Bures. Radial maze as a tool for assessing the effect of drugs on the
working memory of rats. Psychopharmacology (Berl) 1982;77:268-71.

[111] W Zajaczkowski, G Quack, W Danysz. Infusion of (+) -MK-801 and memantine —c
ontrasting effects on radial maze learning in rats with entorhinal cortex lesion. Eur J
Pharmacol 1996;296:239-46.

[112] MR Weed, MA Taffe, I Polis, AC Roberts, TW Robbins, GF Koob, FE Bloom, LH Gold.
Performance norms for a rhesus monkey neuropsychological testing battery:

acquisition and long-term performance. Brain Res Cogn Brain Res 1999;8:185-201.

93



[113] BM Roberts, DE Holden, CL Shaffer, PA Seymour, FS Menniti, CJ Schmidt, GV
Williams, SA Castner. Prevention of ketamine-induced working memory impairments
by AMPA potentiators in a nonhuman primate model of cognitive dysfunction. Behav
Brain Res 2010;212:41-8.

[114] NF Idris, P Repeto, JC Neill, CH Large. Investigation of the effects of lamotrigine and
clozapine in improving reversal-learning impairments induced by acute phencyclidine
and D-amphetamine in the rat. Psychopharmacology (Berl) 2005;179:336-48.

[115] Z Abdul-Monim, JC Neill, GP Reynolds. Sub-chronic psychotomimetic phencyclidine I
nduces deficits in reversal learning and alterations in parvalbumin-immunoreactive
expression in the rat. J Psychopharmacol 2007;21:198-205.

[116] JD Jentsch, RH Roth. The neuropsychopharmacology of phencyclidine: from NMDA
receptor hypofunction to the dopamine hypothesis of schizophrenia.
Neuropsychopharmacology 1999;20:201-25.

[117] DC Hoffman, H Donovan. Catalepsy as a rodent model for detecting antipsychotic
drugs with extrapyramidal side effect liability. Psychopharmacology (Berl)
1995;120:128-33.

[118] MM Hu W, Elswick DE, Sweet RA. . The glutamate hypothesis of schizophrenia:
evidence from human brain tissue studies. Ann N'Y Acad Sci. 2015;1338:38-57.

[119] J Hall, S Trent, KL. Thomas, MC O'Donovan, MJ Owen. Genetic risk for schizophrenia:
convergence on synaptic pathways involved in plasticity. Biol Psychiatry 2015;77:52-8.

[120] V Wiescholleck, D Manahan-Vaughan. Long-lasting changes in hippocampal synaptic
plasticity and cognition in an animal model of NMDA receptor dysfunction in psychosis.
Neuropharmacology 2013;74:48-58.

[121] VS Sohal, F Zhang, O Yizhar, K Deisseroth. Parvalbumin neurons and gamma
rhythms enhance cortical circuit performance. Nature 2009;459:698-702.

[122] CM Chen, AD Stanford, X Mao, A Abi-Dargham, DC Shungu, SH Lisanby, CE
Schroeder, LS Kegeles. GABA level, gamma oscillation, and working memory
performance in schizophrenia. Neuroimage Clin 2014;4:531-9.

[123] R Birnbaum, DR Weinberger. Genetic insights into the neurodevelopmental origins of
schizophrenia. Nat Rev Neurosci 2017;18:727-40.

[124] X Zhu, FV Gomes, AA Grace. The methylazoxymethanol acetate rat model: molecular
and epigenetic effect in the developing prefrontal cortex: An Editorial Highlight for
'Epigenetic mechanisms underlying NMDA receptor hypofunction in the prefrontal
cortex of juvenile animals in the MAM model for schizophrenia' on page 320.
2017;143:264-7.

[125] S Missault, K Van den Eynde, W Vanden Berghe, E Fransen, A Weeren, JP

94



Timmermans, S Kumar-Singh, S Dedeurwaerdere. The risk for behavioural deficits is
determined by the maternal immune response to prenatal immune challenge in a
neurodevelopmental model. Brain Behav Immun 2014;42:138-46.

[126] U Meyer, J Feldon. Neural basis of psychosis-related behaviour in the infection model
of schizophrenia. Behav Brain Res 2009;204:322-34.

[127] M Mackowiak, MJ O'Neill, CA Hicks, D Bleakman, P Skolnick. An AMPA receptor
potentiator modulates hippocampal expression of BDNF: an in vivo study.
Neuropharmacology 2002;43:1-10.

[128] VN Barth, E Chernet, LJ Martin, AB Need, KS Rash, M Morin, LA Phebus.
Comparison of rat dopamine D2 receptor occupancy for a series of antipsychotic drugs
measured using radiolabeled or nonlabeled raclopride tracer. Life Sci 2006;78:3007-12.

[129] KH Nuechterlein, SJ Luck, C Lustig, M Sarter. CNTRICS final task selection: control
of attention. Schizophr Bull 2009;35:182-96.

[130] TA Jenkins, MK Harte, GP Reynolds. Effect of subchronic phencyclidine
administration on sucrose preference and hippocampal parvalbumin immunoreactivity
in the rat. Neurosci Lett 2010;471:144-7.

[131] JC Neill, S Barnes, S Cook, B Grayson, NF Idris, SL McLean, S Snigdha, L. Rajagopal,
MK Harte. Animal models of cognitive dysfunction and negative symptoms of
schizophrenia: focus on NMDA receptor antagonism. Pharmacol Ther 2010;128:419-32.

[132] RW Buchanan, RS Keefe, D Umbricht, MF Green, T Laughren, SR Marder. The
FDA-NIMH-MATRICS guidelines for clinical trial design of cognitive-enhancing drugs:
what do we know 5 years later? Schizophr Bull 2011;37:1209-17.

[133] RS Keefe, KH Fox, PD Harvey, J Cucchiaro, C Siu, A Loebel. Characteristics of the
MATRICS Consensus Cognitive Battery in a 29-site antipsychotic schizophrenia
clinical trial. Schizophr Res 2011;125:161-8.

[134] PV Kahn, TM Walker, TS Williams, BA Cornblatt, RC Mohs, RS Keefe. Standardizing
the use of the Continuous Performance Test in schizophrenia research: a validation
study. Schizophr Res 2012;142:153-8.

[135] D Frydecka, AM Eissa, DH Hewedi, M Ali, J Drapala, B Misiak, E Klosinska, JR
Phillips, AA Moustafa. Impairments of working memory in schizophrenia and bipolar
disorder: the effect of history of psychotic symptoms and different aspects of cognitive
task demands. Front Behav Neurosci 2014;8:416.

[136] JH Barnett, TW Robbins, VC Leeson, BJ Sahakian, EM Joyce, AD Blackwell.
Assessing cognitive function in clinical trials of schizophrenia. Neurosci Biobehav Rev
2010;34:1161-77.

[137] DM Barch, TS Braver, CS Carter, RA Poldrack, TW Robbins. CNTRICS final task

95



selection: executive control. Schizophr Bull 2009;35:115-35.

[138] G Gilmour, A Arguello, A Bari, VJ Brown, C Carter, SB Floresco, DJ Jentsch, DS Tait,
JW Young, TW Robbins. Measuring the construct of executive control in schizophrenia:
defining and validating translational animal paradigms for discovery research.
Neurosci Biobehav Rev 2013;37:2125-40.

[139] M Ranganathan, N DeMartinis, B Huguenel, F Gaudreault, MM Bednar, CL Shaffer, S
Gupta, J Cahill, MA Sherif, J Mancuso, L, Zumpano, DC D'Souza. Attenuation of
ketamine-induced impairment in verbal learning and memory in healthy volunteers by
the AMPA receptor potentiator PF-04958242. Mol Psychiatry 2017;22:1633-40.

[140] BA Clementz, JA Sweeney, JP Hamm, EI Ivleva, LE Ethridge, GD Pearlson, MS
Keshavan and CA Tamminga. Identification of Distinct Psychosis Biotypes Using
Brain-Based Biomarkers. The American journal of psychiatry 2016;173:373-84.

[141] JT Kantrowitz, ML Epstein, M Lee, N Lehrfeld, KA Nolan, C Shope, E Petkova, G
Silipo, DC Javitt. Improvement in mismatch negativity generation during d-serine
treatment in schizophrenia: Correlation with symptoms. Schizophr Res 2018;191:70-9.

[142] M Lee, P Sehatpour, MJ Hoptman, P Lakatos, EC Dias, JT Kantrowitz, AM Martinez,
DC Javitt. Neural mechanisms of mismatch negativity dysfunction in schizophrenia.
Mol Psychiatry 2017;22:1585-93.

[143] T Kojima, M Mochizuki, T Takai, Y Hoashi, S Morimoto, M Seto, M Nakamura, K
Kobayashi, Y Sako, M Tanaka, N Kanzaki, Y Kosugi, T Yano, K Aso. Discovery of
1,2,3,4-tetrahydropyrimido[1,2-albenzimidazoles as novel class of corticotropin
releasing factor 1 receptor antagonists. Bioorg Med Chem 2018;26:2229-50.

[144] N Divac, M Prostran. Second-generation antipsychotics and extrapyramidal adverse
effects. 2014;2014:656370.

[145] M Kondej, P Stepnicki, AA Kaczor. Multi-Target Approach for Drug Discovery against
Schizophrenia. Int J Mol Sci 2018;19.

[146] H Fu, Z Chen. Positron Emission Tomography (PET) Ligand Development for
Tonotropic Glutamate Receptors: Challenges and Opportunities for Radiotracer
Targeting N-Methyl-d-aspartate (NMDA),
alpha-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid (AMPA), and Kainate
Receptors. 2019;62:403-19.

96



