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Figure 6. GABA Shunt Relating Cytosol and Mitochondria. GABA-T: GABA a-oxoglutarate transaminase, GAD: glutamic acid
decarboxylase, SSADH: succinic semialdehyde dehydrogenase.3¢

Once presynaptic neurons are depolarized, GABA is released into the synaptic cleft. Once bound
to receptors on the postsynaptic cell surface, GABA is uptaken by the GABA transporter (GAT) to prevent
binding to nearby synapses®® despite the internal GABA concentration being roughly 200 times greater
than the external GABA concentration.?® GABA is then reused by neurons or subsequently converted back
to succinic semialdehyde by GABA-T and enters the Krebs cycle.®® GABA can also be generated through
glial uptake and converted through the Krebs cycle to form glutamine, which can then be converted to

GABA.3¢

1.2 The y-Aminobutyric Acid A Receptor (GABAAR)

1.2.1 Discovery of the GABAAR

After nearly three decades of research, the GABA4R structure was first proposed in 1990.3° During
that time, glycine, nicotinic acetylcholine, and 5HT3 neurotransmitter receptors were discovered that
demonstrated sequence homology in the ligand-binding regions with the GABAAR.*® This group of
receptors was named the Cys loop ligand-gated ion channel superfamily.*' Approximations of GABA and

other modulator binding were needed until the heteropentameric GABAAR structure was characterized



through high-resolution cryo-electron microscopy (cryo-EM), confirming the binding site of GABA and

flumazenil, an allosteric modulator.#*43
1.2.2 The Structure of GABAAR

GABA4R arrangements contain a heteropentameric membrane bound receptor consisting of 19
possible subunits (a1-6, B1-3, y1-3, §, €, i, 8, p1-3).4+*° The cryo-EM structure (Figure 2) elucidated by
Zhu et al. in 2018 showed similar subunit structure with an extracellular domain containing a Cys loop and
10 B-strands within a B-sandwich, proceeded by four a-helices to form the membrane bound ion

channel.%?

Figure 7. Cryo-electron microscopy structure of the GABA4R. First elucidated in 2018, the GABA4R is composed of a1, 82, and y2
subunits with GABA and flumazenil bound as determined by Zhu et al.*? In red and yellow are antibodies used for isolation of the
protein. Accessed from the Protein Data Bank (PDB: 6D6U).

Classical GABAARs have two o, two B, and a tertiary y or 8 subunit.*® Expression of these subunits
is heterogeneous across cell and tissue types, and is discussed in 1.4 Distribution of GABAARGABAAR

Distribution.*” The cryo-EM structure in Figure 2 is an a1B2y2 receptor, one of the most common GABA4R



receptors found in the brain.*?> The receptor can be identified by monoclonal antibodies, which bind the

extracellular domain of the a and B subunits seen in red and yellow (Figure 3).#?
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Figure 8. Structure of the GABA4R. a.) Lateral view, and b.) vertical view of a typical GABA4R containing two a subunits, two 8
subunits, and one y subunit, forming two extracellular binding sites between o and 8 subunits for the endogenous ligand GABA
and one extracellular binding site between a and y subunits for positive allosteric modulators such as benzodiazepines.*®

Due to the number of ligand binding sites on GABAARs, it can be targeted by different ligands
including GABA. The three main binding sites for existing ligands are the GABA site, the benzodiazepine
site, and the chloride channel. Additional binding sites exists for allosteric modulators such as
neurosteroids, barbiturates, and ethanol.3%47

There are two binding sites for the endogenous ligand GABA, located between a and B
subunits.3®*” GABAARs contain a phenylalanine and three tyrosine residues that form an aromatic glove
that binds the exposed nitrogen on GABA.*? Once bound, the carboxylate group on GABA provides an

additional interaction with a threonine group on the GABAAR to further stabilize binding.*?
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Figure 4. Structure of Flumazenil. With a molecular weight of 303.3 g/mol, flumazenil is a competitive GABAAR antagonist and is
used to treat benzodiazepine overdoses.

Flumazenil contains a fluorine (Figure 4) that interacts with the al subunit and an ethyl ester that
binds with the y2 subunit.*?> Aromatic residues on both the alpha and gamma subunit form the
benzodiazepine binding site. A phenylalanine, two tyrosines, two serines, and one threonine form half of
the binding site situated on the alpha subunit, while a phenylalanine, one tyrosine, and one threonine the
other half located on the gamma subunit. The fluorine on flumazenil hydrogen bonds to a histidine on the
al subunit, a residue conserved through al-3 and a5 subunits.*?> GABAARs containing a4 and a6 subunits

are diazepam insensitive, as these subunits contain arginine residues.*?

1.3 GABAAR Modulation

1.3.1 The GABA Binding Site

Agonists

In addition to endogenous ligands, GABAaRs can be activated by synthetic agonists. Derived from
the psychoactive mushroom Amanita muscarina, muscimol is a conformationally restrained isoxazole that
behaves similarly to GABA due to similar structure.**>° Although its activity is subtype-independent, it has

been shown to act as an agonist at a4-containing receptors.®®
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Figure 9. Structure of Muscimol and Gaboxadol. Gaboxadol (4,5,6,7-tetrahydroisoxazolo(5,4-c)pyridine-3-ol (THIP)) targets the &
subunit of the GABAR and was derived from muscimol (isoxazole) as a sleep aid but was later discontinued. Muscimol behaves
similar to GABA due to structure similarity despite its confirmational rigidity. Gaboxadol is believed to belong to a separate class
of agonists.*3

Gaboxadol, an agonist selective for the 6 subunit, was developed from the muscimol structure as
a sleep aid,®° although it was discontinued after showing limited efficacy in addition to adverse side
effects. 552 Termed a “super agonist,” gaboxadol induces twice the response of GABA or muscimol at a4-
containing receptors.*® However, both GABA and muscimol binding is increased when diazepam is bound
to the benzodiazepine site, while gaboxadol binding is unaltered. In addition, gaboxadol is less potent with
ECso values over 30 times higher than either GABA or muscimol.*® Both of these factors support the notion
that gaboxadol, despite its structural similarity, belongs to a different class of agonist.>3
Antagonists

Gabazine (Figure 6) was first synthesized in 1986 after experiments were performed that
investigated arylaminopyridazine derivatives of GABA.>® It is a GABA binding site antagonist, as its effects
were shown to be reversed by muscimol?® in addition to mutational studies of the GABA binding site.>®

Bicuculline (Figure 10) is an alkaloid that was first characterized in 1970 as the first GABAAR
selective antagonist.>® When the convulsant activities of bicuculline were evaluated, it was shown to
have limited solubility and stability.*%:%¢ Bicuculline salts such as bicuculline methiodide or methochloride
were generate, although with limited success.>® These salts are typically less selective and interact with
other proteins resulting in cofounding results.>® GABAAR subunit composition has little effect on the

action of bicuculline, however a6-containing receptors are slightly less sensitive.>”
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Figure 10. Structure of Bicuculline (Left) and Gabazine (Right). Bicuculine is an alkaloid that was first characterized in 1970 as
the first GABA4R selective antagonist, while gabazine is a GABA binding site antagonist.>¢

Though gabazine and bicuculline have similar mechanisms of action, they interact with different
residues of the GABA binding site.>® In comparison, gabazine is more potent with an ICso of 0.2 pM
compared to 0.9 uM for bicuculline.®

1.3.2 The Chloride Channel

Antagonists

Isolated from moonseed plants, picrotoxin is a non-competitive antagonist of GABAAR with
universal efficacy.>®°° Although shown to be an equal mixture of picrotoxinin and picrotin (Figure 7),
picrotoxinin is 30 times more potent than picrotin.®® It is thought to bind within the chloride pore of
GABA4Rs, interacting with a alpha helix bound in the cell membrane.®® Mutational studies have shown
picrotoxin binding in the V257 region of the al subunit.®’ Picrotoxin binding within the chloride channel
is well known. The interactions are hypothesized on structurally similar nicotinic acetylcholine receptors,

which are homopentameric in contrast to GABAARs which are heteropentameric.®
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Figure 7. Structure of Picrotoxinin and Picrotin. Isolated from moonseed plants, picrotoxin is an equal mixture of picrotoxinin and
picrotin, however picrotoxinin is 30 times more potent than picrotin. ¢°

1.3.3 The Benzodiazepine Binding Site
Positive Allosteric Modulators

Benzodiazepines were discovered by molecular manipulation of benzheptoxdiazines, a class
originally investigated for new dyestuffs, which are precursors to many dyes.®? After failing their original
purpose, benzodiazepines were investigated as tranquilizers. They were yet largely unexplored, were
varied and easily transformed, and were a readily available compound that had similar structure to other
biologically active ligands.®?

Interestingly, no positive results were gained after years of trial and error. It was only during a
final laboratory cleaning that one compound and its salt formation were thought to have been overlooked
and was sent for biological testing. Results confirmed improved muscle relaxation and anticonvulsant
activities when compared to chlorpromazine, the current standard drug at the time.%? Once approved by
the FDA, the first benzodiazepine, named Librium, was on the market.®? Diazepam (trade name Valium®)
was introduced three years later. ®2 As benzodiazepine research soared, the structure-activity relationship
of benzodiazepines and GABAaRs began to unfold. In 1975, clonazepam entered the market closely
followed by lorazepam in 1977.%2 Many of these drugs are still in use today, as alprazolam and clonazepam

were the 23™ and 38™ most prescribed drugs in 2018.



Knock-in mouse models have recently been developed, with specific residues mutated in a
subunits,®* to perform pharmacological and behavioral studies that link each a subtype to certain
physiological effects. Anxiolysis and muscle relaxation can be achieved though targeting the a2 or a3
subunit-containing GABAAR, while avoiding the al subunit-containing GABAAR can greatly reduce adverse
effects such as unwanted amnesia or addiction.®* Furthermore, many other clinically relevant effects can
be achieved and are summarized in Figure 8.

Sedation Anxiolysis  Muscle Stop Amnesia Addiction
[33,34] [34,35,38] relaxation seizure [33,36, [8,9]
[35-38] [33] 39,40]
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Figure 8. Benzodiazepine Pharmacology of Different Subtypes. Knock-in mouse models show correlation between GABAsR
subunits and pharmacological effects.®*

To achieve subtype-selectivity of novel benzodiazepines, Professor James Cook developed a
pharmacophore model that guides synthesis towards compounds that selectively bind specific a subunit-

containing GABAaRs.®®* This successful model has generated subtype-selective imidazodiazepines
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targeting numerous diseases ranging from central nervous system diseases such as depression,®®
schizophrenia,®” and neuropathic pain®® to pulmonary diseases such as asthma.®®72 Biological results
pertaining to novel imidazodiazepines used for asthma and neuropathic pain are discussed in the
proceeding chapters.
Negative Allosteric Modulators

Flumazenil (Error! Reference source not found.) is an imidazodiazepine that antagonizes al-3 and
a5-containing GABAARs. Flumazenil competes for the benzodiazepine binding site and is used to reverse
benzodiazepine effects, such as diazepam-induced sedation.”® Interestingly, flumazenil can also act as a
weak partial agonist for a4/6-containing receptors.”#7°

First reported as a behavioral alcohol antagonist, Ro15-4513 (Figure 9) is an analog of flumazenil
that reverses ethanol-enhanced GABAAR currents through a4/6 and 8-containing GABAaRs.>® Flumazenil
is not capable of blocking the effects of ethanol, as it is thought the long nitrogen tail of Ro15-4513 blocks

ethanol binding at the 6 subunit, whereas the analogous fluorine on flumazenil does not.”®
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Figure 9. Structure of Ro15-4513. Analogous to flumazenil, Ro15-4513 differentiates with the presence of a long nitrogen tail that

is able to block ethanol binding at the 6 subunit. Flumazenil exhibits a fluorine at this position that is not able to block ethanol
binding.”®
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1.4 Distribution of GABAAR

GABAARs have been known to be highly expressed in the brain and meditate inhibitory
neurotransmission. More recently, GABAARs have been discovered across peripheral tissues throughout
the body. Endocrine tissues such as the testes have been shown to express GABARs in addition to GADss
and GADs7 in mouse, hamster, rat, and human models.2° Bone marrow stromal cells have also been shown
to express receptors with alpha 1, beta 2/3, and epsilon — containing GABAAR subunits when responding
to induction treatment.®* GABAaRs are also present on immune cells such as lymphocytes and
macrophages and in airway smooth muscle,®®® providing a target for ligands aimed to treat diseases
associated with airway hyperresponsiveness.

Error! Reference source not found. contains human proteome information from the Human

Protein Atlas (www.proteinatlas.org), and shows breakdown of protein expression by tissue, cell,

pathology, and other cellular effects.””7° This project combines data from three individual projects: i.) The
Human Protein Atlas, ii.) through Genotype-Tissue Expression, and iii.) The FANTOMS5 project, normalizing
the expression determined for each of these individual projects, combines it, and expresses it as
normalized unitless expression of transcribed RNA. The procedure is complex and described at

https://www.proteinatlas.org/about/assays+annotation.

Error! Reference source not found. also shows the distribution of alpha subunits throughout various tissue
types. Expression of alpha subunits in the brain varies widely by region. For instance, the cerebral cortex
has three times higher expression of al-3 and a5 subunits than a4 subunits, and fifty times as high as a6
expression. However, a6 expression has been found to be highly concentrated in the cerebellum, where
it has a concentrations ten times higher than any other alpha subunit. In contrast to the brain where
normalized expression of alpha subunits is quite high (levels around ~96), peripheral tissues have much

lower GABAAR expression, usually around normalized levels of ~1.
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Table 1. Distribution of GABAAR Alpha Subunits in Human Tissues””-7°

GABA.R Subunit
Tissue Type al a2 a3 od ab a6
Brain Olfactory Region 22 31 10.5 15.2 0
Cerebral Cortex 586 526 301 16.1 52.6 1.6
Hippocampal Formation 10.5 389 10.9 1.9 20.9 0
Amygdala 8.5 38.5 7.7 2.7 12 0
Basal Ganglia 219 344 15.2 8.9 48.2 0
Hypothalamus 8.8 7.7 15.9 1.4 6 0
Thalamus 0 7.1 1.1 2 0
Midbrain 6.7 3.7 4.7 1 2.3 0
Pons and Medulla 7.4 10.5 6.2 1 2.6
Cerebellum 352 104 1.3 0.3 0.1 96.4
Corpus Callosum 1.8 4.9 3.3 0.8 0
Spinal Cord 1.3 6.9 2.1 0 0.3 0.7
Lung Lung 1 1 0.7 0 0.8 0
Endocrine Tissues Thyroid Gland 1 11 0.7 0 0.9 0
Parathyroid Gland 1 0.9 0.6 0 0.7 0
Adrenal Gland 2.6 1.3 0.7 0.1 0.8 0
Pituitary Gland 0.1 0.6 0.9 0.2 0.1 0
Muscle Tissues Heart Muscle 1 1 0.7 4 0.9 0
Smooth Muscle 1 1.3 0.8 0 1.4 0
Skeletal Muscle 1 1 0.8 0 0.7 0
Lymphoid Tissues Thymus 0 0 0 1.3 0
Appendix 1 1.4 0.6 0.1 0.8 0
Spleen 1.1 2.3 0.7 0 0.8 0
Lymph Node 1 1.4 0.7 0 0.8 0
Tonsil 1.3 1.4 0.9 0 1.1 0
Bone Marrow 1 1.2 0.7 0 0.8 0

ASM has been shown to express GABAARs containing a4 and a5 subunits in mammalian airways,®”
and both a4- and a5-selective GABAAR positive modulators relaxed pre-contracted ASM.288 Even
GABARs containing a4 subunits are found in the membrane of various immune cells.®%9" GABA (the
natural ligand of the GABAAR) and muscimol (a full GABAAR agonist) have also been shown to elicit
significant lymphocyte membrane currents and GABA decreased phytohemagglutinin-induced T-cell

proliferation.”
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Taken together, the peripheral GABAergic system represents a compelling new drug target for
asthma in light of its influence on ASM relaxation, inflammatory modulation, and regulation of mucus
hypersecretion. The well-established class of benzodiazepines can now be tailored to new targets and
new diseases while maintaining the safety and efficacy of established pharmaceuticals. The following
chapters herein aim to support the use of imidazodiazepines to target non-neuronal cell types in diseases

like asthma and neuropathic pain.
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CHAPTER 2

Safety Evaluation of MIDD0301
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6.8 Conclusion

At the completion of training, it was determined that the nerve ligation test would not be further
pursued in live mice. Several factors contributed to this decision, including but not restricted to: limited
skill identifying and uncovering all nerves innervating the sciatic nerve, difficulty performing successful
nerve ligations without inflicting unnecessary nerve and muscle tissue damage, and most importantly,
IACUC concerns regarding a ~50% survival rate post-surgery as reported from collaborators at the Medical
College of Wisconsin.

However, with experienced personnel, the nerve ligation test is a valuable model to express
allodynia and hyperalgesia in live mice. Comparing sham ligation, ligation, and ligation + drug
administration provides insight as to the effect a lead compound may have in the treatment of
neuropathic pain. Furthermore, this test in parallel with the formalin test offers a more complete

understanding of the underlying mechanisms that may contribute to neuropathic pain.
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Appendix A — Asthma Compound Structures
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Appendix B — Pain Compound Structures
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GL-I-54
Chemical Formula: Cp3H oFN,O
Molecular Weight: 386.42
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GL-1-65
Chemical Formula: Cy3H,FN5O
Molecular Weight: 397.40

N o
—=
NV
N
/%
.

GL-II-76
Molecular Weight: 412.46

72N

ZK-111-56

MYM-III-10

Cl



OCDg

OCH; 0CD3
N—N, N—N N—N
T\ I\, [ o
| PZ-11-029 | DK-I-56-1 | DK-I1-58-1
H3CO H H3CO H Br H
OCF3
0OCDs
_ OCF3
N
\ /
N—N N—N
N—N
/ . / ) [ o
| DK-11-58-1 ‘ DK-IV-20-1 | DK-1V-22-1
Br H D3CO H Br H

139



Appendix C — RotaRod Graphs

Rotarod Testing of Asthma Compounds
with Amide Functionality at 40mg/kg (PO)

* = vs. Vehicle (PO)
|* =vs. Diazepam (5mg/kg IP)|
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1000+
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Figure 7. RotaRod Study of Asthma Compounds with Amide Functionality. Trained female CFW mice (N>10) were placed on the
RotaRod at 10, 30, and 60 min after compound administration. The Rotarod was set at a constant speed of 18 rom. Compounds
were administered 40mg/kg PO and compared to vehicle as negative control and diazepam as positive control.
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