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ABSTRACT

THE BRAIN'S VALIUM: INSIGHTS INTO DIAZEPAM BINDING INHIBITOR
EFFECTS ON GABA-MEDIATED INHIBITION

Jennifer S. Borchardt

Cellular and Molecular Biology PhD Program, University of Wisconsin-Madison

Benzodiazepines (BZDs) were discovered in the mid-1950s and have been widely
prescribed since their synthesis. BZDs are used to treat a wide variety of conditions based on
their antiepileptic, anxiolytic, and sleep-inducing properties, and act by binding gamma-
aminobutyric acid type A receptors (GABARs). GABARSs are found in synapses between
neurons and mediate the majority of fast inhibition in the brain. Disruptions in GABA-mediated
inhibition has been linked to Alzheimer’s, anxiety, epilepsy, autism, and other diseases. In order
to exert their clinical effects, BZDs bind to a specific pocket in the extracellular domain between
two subunits of the GABAR. Generally, the binding of a BZD increases the amount of GABA-

elicited current, thus increasing inhibition.

Scientists have long theorized that there is an endogenous ligand for the BZD binding
site. In 1983, a candidate protein was identified based on its ability to displace a radiolabeled
BZD from GABARs. This protein, the diazepam binding inhibitor (DBI), is proposed as an
endogenous benzodiazepine or endozepine, but evidence for its direct effects on GABA-

mediated inhibition are limited.

In my thesis, | take a reductionist approach to understand how DBI interacts with and
affects GABAR activity. After purifying DBI, | used multiple electrophysiology techniques to
study how the effects of DBI vary with alternate GABAR subunit composition. | found that a3-

containing GABARs are weakly negatively modulated by DBI, while a5-containing receptors are



Xiv

positively modulated. | also found that GABARs without y subunits are strongly positively
modulated by DBI and used kinetic modeling to explore how this potentiation might be achieved.
The ability of DBI to modulate a3 GABARSs provides the first evidence that DBI does not need a

BZD binding site to modulate GABARSs.

Taken together, my results provide novel insights into DBI’s role in GABA-mediated
inhibition. | found that not only do the effects of DBI vary by GABAR subunit compaosition, but
that DBI can modulate GABARs without binding to the BZD site. My findings dispute the role of
DBI as an endogenous version of a classical benzodiazepine, and shed new light on how this

peptide is able to modulate GABA-mediated inhibition.



CHAPTER I:

Introduction

Chemical Signaling in the Brain

The brain is one of the most important organs in the body. It regulates the functions of
other organs, monitors sensory input, and processes information into learning, memory and
feeling. Much of this function is performed by communication between neurons, where chemical
signals are passed from one cell to another and are transformed into electrical signals known as
action potentials. This electrochemical communication occurs at the synapse (Figure 1.1) where
bioactive chemicals called neurotransmitters are released from one neuron to the next. The
presynaptic neuron has vesicles packed with neurotransmitters which fuse to the cell membrane
and release their contents into the synaptic cleft. These neurotransmitters then diffuse across
the synapse and bind to receptors embedded in the membrane of the post-synaptic neuron,
which transduce binding of the neurotransmitter into downstream signals.

These receptors fall into two general classes — G-protein coupled receptors (GPCRS)
and ligand-gated ion channels (LGICs). In response to neurotransmitter binding, GPCRs initiate
an internal signal cascade which can lead to changes in gene expression and protein
production. Faster communication, on the order of microseconds to milliseconds rather than
milliseconds to minutes, occurs when neurotransmitters bind to LGICs, which causes these
proteins to open an integral ion-conducting pore. As the pore opens, charged ions will flow into
or out of the postsynaptic neuron depending on the LGIC type and the ion’s electrochemical
gradient. This flow of ions will alter the membrane voltage of the neuron.

Neurons have a threshold membrane voltage which, when reached via excitatory
signaling, will trigger an action potential. An action potential is a signal which propagates along
the axon of the neuron to the nerve terminal. Depolarization in the nerve terminal causes the

influx of calcium from voltage-gated channels. The calcium triggers the fusion of



neurotransmitter-packed vesicles to the cell membrane. Releasing these neurotransmitters into
the synaptic cleft initiates communication with downstream neurons. Inhibitory signaling makes
it harder for the neuron to reach the threshold voltage, and thus less likely to fire an action
potential. This thesis focuses on one specific LGIC, the gamma-aminobutyric acid type A
receptor (GABAR).
pLGIC Family

GABARs are part of the pentameric ligand-gated ion channel (pLGIC) superfamily.
These are proteins comprised of five homologous subunits arranged around a central, ion-
conducting pore (Figure 1.2). The binding sites for specific neurotransmitters are found at
subunit interfaces in the extracellular domain (ECD), and the channel is lined by the second
transmembrane domain (TMD) spanning alpha helix, M2, from each of the five subunits.
Members of the pLGIC superfamily bind distinct neurotransmitters and are either cation-
selective (K*, Na*) or anion-selective (CI"). Excitatory cationic-conducting pLGICs include
serotonin type 3 receptors (5-HT3Rs) and nicotinic acetylcholine receptors (NnAChRs), while
inhibitory anionic-selective pLGICs include glycine receptors (GlyRs) and GABARs. Recent
cryogenic electron microscopy (cryoEM) studies of members of the pLGIC superfamily including
the GABAR (Laverty et al., 2019; Masiulis et al., 2019; Phulera et al., 2018), the nAChR (Walsh
et al., 2018), and 5-HT3R (Basak et al., 2018a; Basak et al., 2018b), have generated high-
resolution structures of these receptors. In brief, each of the five subunits have large N-terminal
extracellular domains (ECDs) primarily composed of beta-strands, four transmembrane-
spanning alpha-helices, and additional intracellular structure (daCosta and Baenziger, 2013).
While prokaryotic pLGICs like GLIC and ELIC are made up of five identical subunits, the
majority of eukaryotic channels are hetero-oligomeric.
GABA Receptors

The GABAR is made up of five heterologous subunits (Figure 1.3). There are nineteen

different subunits, including six a subunits, three 3, and three y subunits. The majority of



GABAR receptors are comprised of a:82y2. subunits arranged in a clockwise pattern of a--a-f-
y around a central, chloride-conducting (Olsen and Sieghart, 2008). The y subunit can also be
replaced with a 8, €, 11, 8 or one of three p subunits, or an additional a or 8 subunit. The
receptor has two binding sites for GABA, located in the ECD at the interfaces between a and 8
subunits. Binding GABA makes the receptor more likely to shift from its closed, non-conducting
state into an open, chloride-conducting state. In the continued presence of GABA, the channel
transitions to a non-conducting, desensitized state.

GABAR Function

GABARSs are the primary inhibitory neurotransmitter receptors in the brain and are
responsible for the majority of the fast inhibition. This fast inhibition is also known as phasic
inhibition. When synaptic GABARs are exposed to short, sub-millisecond exposures
(Mozrzymas et al., 2003) of high, millimolar concentrations of GABA (Mody et al., 1994), they
open the chloride-conducting channel. Given a mature neuron has a resting voltage of
approximately -65mV and the equilibrium potential for chloride is roughly -75mV (Ben-Ari,
2002), chloride will flow in a net inward direction and cause an inhibitory postsynaptic potential
(IPSP) which makes the cell less likely to fire an action potential (Farrant and Nusser, 2005).
These inhibitory, GABAergic synapses have an important role in regulating neuronal firing and
signal propagation. For example, phasic inhibition regulates rhythmic thalamocortical
oscillations which are important for cognition and sleep-wake cycles (Llinas et al., 2005), as well
as hippocampal network oscillations which are needed for navigation and memory (Mann and
Paulsen, 2007).

GABARs also function as regulators of tonic inhibition. Tonic inhibition occurs when
GABARs expressed extrasynaptically bind ambient, micromolar levels of GABA found in the
brain and reduce the excitability of the neuron (Farrant and Nusser, 2005; Mody and Pearce,
2004; Semyanov et al., 2003). For example, the dentate gyrus, which regulates hippocampal

excitability, contains granule cells that exhibit more polarized membrane potentials and lower



firing rates than other neurons. These differences are attributed to tonic inhibition from
extrasynaptic receptors, and are important for regulating the excitability of the hippocampus
(Lee and Maguire, 2014). This tonic inhibition is mediated primarily by & and a6 subunit-
containing receptors (Stell et al., 2003), though other combinations are also observed. af3
GABARs are also located extrasynaptically and believed to play a role in regulating tonic
inhibition (Mortensen and Smart, 2006).

The GABAR's role in regulating inhibition in the brain through both phasic and tonic
inhibition makes it important for a variety of normal brain functions including sleep, learning, and
memory. Disruption or deficits in GABAR function are associated with a variety of diseases and
disorders including: anxiety (Engin et al., 2018), Alzheimer’s (Calvo-Flores Guzman et al., 2018;
Govindpani et al., 2017), epilepsy (Palma et al., 2017), insomnia (Wisden et al., 2019), autism
(Vien et al., 2015), Fragile X (Van der Aa and Kooy, 2020), and schizophrenia (de Jonge et al.,
2017).

Subunit Composition and Location

Multiple subtypes of GABAR pentamers are possible, based on assembling nineteen
different subunit isoforms. There are six possible a subunits, three B, and three y subunits, and
the y subunit can be replaced with a 8,¢,1T, or one of three p subunits, or an additional a or 8
subunit. Receptor subunit composition varies based on developmental stage (Barnard et al.,
1998) and also by brain region (Sequeira et al., 2019).

Immunocytochemistry and immunogold electron microscopy experiments have shown
that the majority of GABARSs in the brain are made up of a,  and y subunits (Bohlhalter et al.,
1996; Fritschy et al., 1992; Nusser et al., 1995; Somogyi et al., 1996), and the most abundant
combination across the brain is ai32y2. However, regional expression of alternate subunit
combinations has been observed. For example, analysis of mMRNA and protein expression using
in situ hybridization and immunohistochemistry in mouse brains reveals high expression of a3 in

the thalamic reticular nucleus, while a5 and B3 are highly expressed in the hippocampus



(Hortnagl et al., 2013). GABARs can also be found extrasynaptically as well, where they bind
low levels of GABA and regulate tonic inhibition of neurons. These extrasynaptic receptors are
generally asBy2 in hippocampal and neocortical pyramidal cells; a4 in thalamic relay neurons,
neocortical pyramidal cells, and hippocampal dentate granule cells; asBd in cerebellar granule
cells; and a1d in hippocampal and neocortical interneurons (Brickley and Mody, 2012). Using
immunogold electron microscopy in cerebellar granule cells, the Somogyi group was able to
detect high level of the & subunit in extrasynaptic regions, but did not reveal any synaptic
expression of & subunits (Nusser et al., 1998).

In 2008, Olsen and Sieghart generated a list of known, native combinations of GABAR
subunits based on the criteria of being functionally expressed in heterologous systems with
unique properties; being seen to colocalize in native tissue as observed via in situ hybridization,
single-cell RT-PCR, light and electron microscopy; coimmunoprecipitation; and evidence of
function in a native environment. Their list (Olsen and Sieghart, 2008) is comprised of three
categories with minor adjustments in Smart and Stephenson’s 2019 review (Smart and

Stephenson, 2019):

e Identified —
o aifay2 o 4320 o QgP20
o azBy2 o 4330 o QagP3d
o asPy2 o QasPay2 o p1-3
o aafy2 o 0sPB2y2

e Existence with High Probability —
o a1fsy2 o apiy/apid o 0106PRY/a1
o ai13d o af asPd

@) GSB3Y2



e Tentative —
o afyi o apm
o apys o axayPBy2 where ay and ay represent two
o apo different a subunits
o afe

Due to advances in RNASeq, scientists are able to evaluate levels of GABAR subunit
gene expression across the brain in a higher throughput manner. In 2019, the Limon group used
microarray and RNA-Seq datasets from the Allen Institute to evaluate transcription of GABAR
subunits across 111 substructures in the human brain (Figure 1.4). For example, high levels of
a5, B3 and y2 can be seen in the hippocampal region, while notable levels of a3, f3 and y2 can
be observed in the hypothalamus. Their study demonstrates the frequent co-expression of some
GABAR subunit genes and the similarities across tissues with common embryonic structural
origin (Sequeira et al., 2019), and illustrates how large-scale databases can be used to evaluate
expression of GABARSs across the brain.

The subunit composition of the GABAR affects the function and pharmacology of the
receptor. GABA potency and efficacy is affected by different subunit combinations, with shifted
GABA ECsovalues and changes in maximum evoked currents for expressed receptors
(Mortensen et al., 2012). Subunit composition can also alter the effects of different GABAR-
modulating drugs (Knoflach et al., 1996).

Accessory/Auxiliary Subunits

GABARs also are associated with proteins that function as auxiliary subunits which
stabilize their position and function at the synapse. One such protein family, the GABAR
regulatory Lhfpl (GARLH), are associated with the gamma subunit of the GABAR and
neuroligin-2. Yamasaki et al. use mass spectrometry to show that GARLH3 and GARLH4

stabilize synaptic expression of gamma subunit containing GABARs at the synapse (Cho, 2017;



Yamasaki et al., 2017). Shisa7 has also been shown to co-localize with GABARs and the
trafficking protein, gephyrin. Shisa7 also co-precipitates with some GABAR subunits and may
potentiate BZD effects for some subunit combinations (Han et al., 2019). Proteins like gephyrin,
GABARAP and radixin have also been shown to affect trafficking of GABARSs to the cell surface
(Lorenz-Guertin et al., 2018).
GABAR Ligands
Orthosteric Agonists

GABA is the endogenous neurotransmitter ligand for the orthosteric binding site of the
GABAR. GABA interacts with residues located in regions A, B and C in the ECD of the 8 subunit
and regions D, E and F of the a subunit (Ernst et al., 2003; Garcia-Nafria and Tate, 2020; Smith
and Olsen, 1995). GABA binding at both B-a interfaces is required to open the channel with high
probability. Additional, exogenous compounds are able to bind to the orthosteric site including
muscimol; partial agonists such as 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP) or
piperidine-4-sulphonic acid (P4S), which bind in the orthosteric site but elicit smaller currents
than GABA or muscimol even at saturating concentrations (Mortensen et al., 2004); and
competitive antagonists like gabazine (SR95531) and bicuculline that bind in the orthosteric site
but do not open the channel.
Allosteric Modulation

In addition to binding ligands at the orthosteric site, the GABAR also binds ligands which
can modulate GABA-elicited current. By binding at alternate sites in the receptor, they act as
either positive allosteric modulators (PAMSs), which increase the amount of current elicited by
GABA,; negative allosteric modulators (NAMs), which decrease the amplitude of GABA-elicited
current; or zero modulators, which bind the modulatory site but do not affect the GABA-gated
current (Figure 1.5). These allosteric modulators do not promote high probability opening or

closing of the channel on their own, rather they amplify or inhibit the GABA-elicited currents.



See Figure 1.6 for a summary of GABAR drug binding sites from the 2020 Garcia-Nafria and
Tate review of crystal and cryoEM structures.
Benzodiazepines

Benzodiazepines (BZDs) are one of the most common classes of drugs that target the
GABAR. They have been widely prescribed since their 1955 discovery and have been included
on the World Health Organization’s list of essential drugs since the list was first compiled in
1977 (Organization, 1977). BZDs are prescribed for a wide variety of therapeutic effects
including anxiogenic, sleep aid and antiepileptic properties.

BZD effects are mediated by binding to an intersubunit pocket in the ECD between a
and y subunits (Figure 1.6). Experiments using mutagenesis and cysteine modification have
identified key regions and residues for BZD-binding and efficacy in regions A-F, much like the
GABA-binding site (Morlock and Czajkowski, 2011; Olsen and Sieghart, 2009). Recent high
resolution cryoEM structures of the GABAR in the presence of BZDs have confirmed this
extracellular BZD site location (Masiulis et al., 2019; Zhu et al., 2018). A second BZD site in the
TMD was also observed for diazepam (valium) but not for alprazolam (Xanax). A histidine
residue, H101 in a; subunits, is present in the extracellular BZD binding site and is conserved in
a subunits 1, 2, 3, and 5, and is critical for high-affinity binding of classical BZDs (Rudolph et al.,
1999). a4 and a6 have an arginine instead of the histidine residue at this locus; this substitution
renders them insensitive to classical BZDs (Kelly et al., 2002).

BZDs comprise a wide variety of clinical drugs. Some BZDs, like flurazepam (FZM),
have a classical BZD structure, with two benzene rings and a cycloheptane, while others like
R015-4513 have a more novel imidazobenzodiazepine structure (Figure 1.5A). When PAMs like
FZM bind the BZD site, they increase the current elicited by a sub-saturating concentration of
GABA. This increase in current results in a left-shifted GABA dose-response curve. In the
presence of saturating concentrations of GABA, BZD binding prolongs the deactivation phase of

macroscopic currents, which slows the channels’ transition from a conducting to a non-



conducting state (Bianchi, 2010). Conversely, the binding of NAMs like the beta carboline
methyl-6,7-dimethoxy-4-ethyl-beta-carboline-3-carboxylate (DMCM) act as inverse agonists and
decrease the current elicited by a given amount of GABA, which shifts the GABA dose response
curve to the right (Figure 1.5B, C). Drugs like flumazenil (FLZ, Ro15-1788) act as zero
modulators or BZD antagonists in that they elicit no change in current and prevent the binding of
other drugs to the BZD site that may potentiate or inhibit GABA-induced currents. Zero-
modulators do not shift the GABA dose-response curve. Whether a BZD is a PAM, NAM or a
zero modulator can be influenced by subunit composition of the GABAR. For example, while
R015-4513 acts as a NAM for a2y, it is a PAM for a4f2y2 and asB2y2 (Knoflach et al., 1996).
The structural and kinetic effects of BZDs will be described later in this chapter.

Neurosteroids

When progesterone and deoxycorticosterone are metabolized, they can create
neurosteroids which bind and positively modulate the GABAR (Belelli and Lambert, 2005).
These endogenous compounds can affect stress, anxiety, and seizure-susceptibility by binding
the GABAR and are released in the brain in response to stress or pathophysiological conditions
(Carver and Reddy, 2013; Reddy, 2010). Tetrahydro-deoxycorticosterone (THDOC) is one of
the most potent GABAR ligands and acts as a PAM. There are also neurosteroids such as
pregnenolone sulfate (PS) which act as NAMs (Laverty et al., 2017).

Mutagenic studies and crystallography experiments indicate that neurosteroid binding
sites are found within the TMD. Site-directed mutagenesis suggests that the cytoplasmic end of
the M1 helix in the a; subunit is required for neurosteroid effects (Bracamontes et al., 2012),
while recent crystal structures of chimeric GABARSs indicate that THDOC binds at the
cytoplasmic side of the B-a interface in the TMD, while the PS binds between the M3 and M4
helices of a single subunit (Laverty et al., 2017; Miller et al., 2017).

Other GABAR Ligands
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In addition to BZDs and neurosteroids, GABARS also bind intravenous anesthetics
including etomidate (ETO), ketamine, propofol (PPF) and barbiturates like pentobarbital (PB), as
well as volatile anesthetics like isoflurane, nitrous oxide, and halothane. These compounds all
enhance the effects of the GABAR and cause analgesia, amnesia, hypnosis or muscle
relaxation (Garcia et al., 2010). Photolabeling studies indicate PB binds in the TMD between the
M1 and M3 helices of a- and y-B interfaces (Chiara et al., 2013), while ETO and PPF bind at
both B-a M1-M3 TMD interfaces (Chiara et al., 2012; Yip et al., 2013). The results of these
experiments were validated by recent cryoEM studies (Masiulis et al., 2019). Both ETO and PB
act as PAMs at low concentrations, but directly gate the channel open at higher concentrations,
greater than 3uM and 50-500uM, respectively (Jackson et al., 1982; Riisch et al., 2004). When
used in concentrations greater than 1mM, PB will block the channel (Muroi et al., 2009).

GABAR currents can also be blocked by compounds like picrotoxin (PTX). PTX is a non-
competitive antagonist which blocks the effects of GABA without binding to the orthosteric site.
This compound is derived from plants in the moonseed family and can inhibit GABA-mediated
signaling (Olsen, 2006). Recent cryoEM of the picrotoxin-bound GABAR suggest that PTX binds
in the channel pore between M2 2’ and 9’ rings and stabilizes a closed channel (Masiulis et al.,
2019).

GABAR Structure

In an effort to visualize GABARs and other pLGICs and to examine how structure is
linked to function, scientists have purified these proteins in both unliganded and liganded states,
including in the presence of different allosteric modulators, and used x-ray crystallography and
cryoEM to evaluate their structure. While x-ray crystallography can yield high-resolution
structures, the sample needs to form a crystal which can be challenging for membrane-bound
proteins like pLGICs. CryoEM structures do not require crystallization, but they tend to be
slightly lower resolution. In addition, each image from a cryoEM experiment must be correctly

oriented in order to assign subunit position in the final structure. Because these samples do not
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need to be crystallized, it is easier to study the protein in a native lipid environment. Many
pLGIC structures have been resolved including prokaryotic channels GLIC and ELIC (Bertozzi
et al., 2016; Gonzalez-Gutierrez et al., 2013; Kumar et al., 2020), 5HT3:R (Basak et al., 2018a),
GluClI (Althoff et al., 2014), nAChR (Morales-Perez et al., 2016), and GlyR (Huang et al., 2017a;
Huang et al., 2017b). B3-homopentameric GABARS have also been crystalized in a
desensitized, GABA-bound state (Miller and Aricescu, 2014). Recent cryoEM studies of hetero-
oligomeric GABARs have shed additional light on the structure, stoichiometry, and
pharmacology of these receptors (Laverty et al., 2019; Masiulis et al., 2019; Phulera et al.,
2018; Zhu et al., 2018).

While the Hibbs, Gouaux, and Aricescu groups used GABARs comprised of different
subunits — a1fB2y21, a1PBiyzs, and aiBsyzL, respectively, each of the structures was expressed in a
lipid environment, and shared a common stoichiometry of 2 alpha, 2 beta and 1 gamma subunit
arranged in a clockwise a-B-a-B-y pattern. The receptors form a cylinder that is approximately
110 A high and 80 A wide, and confirm previously established principles of GABAR structure:
the ECD is composed of beta sheets, ECD subunit interfaces make up the agonist binding sites,
and the TMD is composed of four alpha helices where the second M2 helix from each subunit
lines the ion-conducting pore (Scott and Aricescu, 2019). Each structure also revealed N-linked
glycosylation of residues in the alpha subunits in the ECD vestibule, which may play a steric role
in determining the stoichiometry of the receptors by blocking the incorporation of more than two
alpha subunits in a single pentamer. The Hibbs structure includes a gamma subunit which has
collapsed into the transmembrane pore. This likely represents a non-physiologically relevant
conformation and makes the TMD region of this structure less interpretable (Zhu et al., 2018).

The Hibbs sample was prepared in the presence of GABA and flumazenil (Zhu et al.,
2018), the Gouaux in the presence of GABA (Phulera et al., 2018), and the Aricescu samples
were prepared in the presence of a PAM megabody, as well as multiple drug combinations:

PTX, PTX and GABA, bicuculline, alprazolam and GABA, and diazepam and GABA (Laverty et
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al., 2019; Masiulis et al., 2019). These ligand-bound structures confirm the orthosteric and BZD
binding sites and suggest ways that drug binding may alter receptor structure (Figure 1.7).
Based on comparing structures in the presence of different ligands, gating motions have been
postulated. GABA-bound structures have a more closed loop C region, which is hypothesized to
cause a rotation of the five ECDs. When the ECDs rotate, the TMD helices move to open the
channel gate. BZD binding also stabilizes a closed loop ¢ at the a/y interface, which helps to
facilitate the lock and pull motion and suggests that the binding of a PAM at this site may
stabilize a pre-open conformation.
GABAR Kinetics

In an effort to understand mechanisms underlying GABAR activity, scientists examine
the kinetics of ligand binding and channel gating. When GABA binds the receptor, it increases
the probability that the channel will open and current will flow. The initial current rise is called the
activation phase. In the continuous presence of GABA, current decays and some of the
receptors will transition into a desensitized state where they are still bound to GABA but the
channel does not conduct chloride. As GABA is washed off or removed from the synapse, the
current decays faster as GABA unbinds and the GABAR returns to an unbound, resting closed
channel state (Figure 1.8). Kinetic models describing this behavior have grown more
complicated as they seek to account for allosteric drug modulation and current desensitization.

One of the earliest models was the Monod, Wyman and Changeux (MWC) model, which
was an initial attempt to model transitions in multi-oligomeric proteins (Monod et al., 1965)
(Figure 1.8B). The MWC shows how a protein with multiple ligand-binding sites can move from
a resting to active state based on the higher affinity of the open state versus lower affinity of the
resting state for the ligand, unliganded gating, and the number of binding sites.

However, earlier MWC models did not account for desensitization. Jones and Westbrook
proposed a linear kinetic model that includes desensitized states in addition to multiple open

states, and microscopic rate constants to govern agonist binding and unbinding, channel
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opening and closing, and desensitization and recovery from desensitization (Jones and
Westbrook, 1995) (Figure 1.8C).

Recently, the Akk group has expanded the MWC model to include the role of
desensitization in steady-state kinetics (Akk et al., 2020; Germann et al., 2019). They call their
three-state model the resting-active-desensitized (RAD) model, which incorporates a GABA
high affinity, non-conducting, desensitized receptor state (Figure 1.8D). They suggest that
PAMs and NAMs can increase GABA binding by binding to and stabilizing a high- or low-affinity
state of the receptor for GABA (Akk et al., 2020).

While key GABAR residues for BZD binding have been identified (Morlock and
Czajkowski, 2011; Olsen, 2018), exactly how BZDs affect GABA binding and channel gating is
still under study. Perrais and Ropert used outside-out patch clamp electrophysiology to evaluate
the effect of the PAM zolpidem on miniature IPSCs and concluded that the modulator effects
are not due to increased channel conductance or increasing the channel’s maximal open
probability, but instead are due to increasing the receptor’s affinity for GABA (Perrais and
Ropert, 1999). However, Li et al. later used single-channel patch clamp to demonstrate that the
application of PAM diazepam increases channel open-time, and decreases the rate of channel
closing, suggesting that BZD modulation is mediated by increased gating activity (Li et al.,
2013).

In an alternate model, Goldschen-Ohm et al. used patch-clamp electrophysiology and
kinetic modeling to suggest that BZD binding modulates an intermediate element between
ligand binding and channel gating (Goldschen-Ohm et al., 2014). The binding of this
intermediate element stabilizes the receptor’s transition from agonist binding to opening the
main channel gate (Figure 1.8E). The Smart group also offers an model of BZD effects where
BZD binding stabilizes an intermediate preactivated receptor state which enhances the
transition between agonist binding and channel gating (Gielen et al., 2012).

Diazepam Binding Inhibitor
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Discovery

Scientists have long theorized that the brain may modulate GABARS with its own
endogenous BZD, or “endozepine”. Much of the evidence for the endozepine comes from the
use of flumazenil (FLZ, Ro15-1788), a BZD binding site antagonist. Studies in the hippocampus
(King et al., 1985), dentate gyrus (Leroy et al., 2004), neocortical pyramidal neurons (Ali and
Thomson, 2008) and the thalamic reticular nucleus (Christian et al., 2013) all showed a
reduction in amplitude or duration of GABA-evoked IPSCs in the presence of FLZ, a zero-
modulator. This raises the possibility that there is an endogenous chemical in the brain that is a
positive modulator of the GABAR which is blocked by binding of the BZD-site antagonist, FLZ.
However, it is not known whether in some brain regions of the brain FLZ may act as a negative
modulator due, for example, to the presence of various GABAR accessory subunits.

In 1983, a candidate polypeptide that displaced [*H]diazepam (a classic BZD ligand) in a
radioligand binding assay was initially isolated from brain homogenates, and called the
‘diazepam binding inhibitor’ (DBI, Figure 1.9) (Guidotti et al., 1983). This 87 aa, 10kD peptide is
considerable larger than the BZDs that competitively bind the same site.

DBI Transcription, Expression and Structure

The single human DBI gene encodes eleven mRNA transcription variants, which are
translated into seven protein isoforms (Figure 1.10). Isoform 3 is the 87aa protein sequence
most scientists refer to as DBI, while the other isoforms are not well characterized. Nitz et al.
used real-time gPCR and 5’-RACE and showed that DBI transcript variants can be synthesized
through the use of alternate promoters (Nitz et al., 2011). The variants are completely
homologous on the 3’ end but have different 5 UTRs and alternate starts to their protein-coding
regions. The other ten variants have also been detected in human tissue, though at significantly
lower levels (Nitz et al., 2005; Nitz et al., 2011).

DBl is expressed across many tissue types, with high expression in liver, breast, blood,

and the brain (Thul et al., 2017; Uhlén et al., 2015). mRNA expression patterns for DBI obtained
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from the Protein Atlas are shown in Figure 1.11. In the brain, some of the highest levels of
MRNA expression are found in the hypothalamus, hippocampus, and striatum (Tonon et al.,
2020). Additionally, DBI-like immunoreactivity using antibodies for human DBI is detected in the
cerebellum, brain stem, amygdala, and sacral spinal cord (Ball et al., 1989; Ferrarese et al.,
1989), and is generally highest in glial cells (Alho et al., 1990).

DBI has a number of biologically active cleavage products including
octadecaneuropeptide (ODN), octapeptide (OP), and triakontetraneuropeptide (TTN). Taskinen
et al. solved high-resolution crystal structures of unliganded human DBI (PDB 2FJ9) (Taskinen
et al., 2007). DBI is comprised of four alpha helices connected by short loops. Figure 1.12
shows the complete structure of the most abundant human DBI isoform, with common cleavage
products highlighted. DBl and ODN (residues 33-50) both displaced radiolabeled BZD or beta-
carboline binding from brain membrane homogenates (Ferrarese et al., 1987; Ferrero et al.,
1984; Ferrero et al., 1986; Guidotti et al., 1983), while DBl and TTN (residues 17-50) bind the
mitochondrial translocator protein (TSPO) and contribute to neurosteroidogenesis by increasing
cholesterol transport through the TSPO. The physiological effects of the third known cleavage
product, OP (residues 43-50) (Farzampour et al., 2015), have not been well-documented.
Evidence for DBI’s role in GABAR signaling in the brain

Using DBI RNAIi knock-down experiments in the subventricular zone of the lateral
ventricles, it was demonstrated that DBI and one of its peptide fragments, ODN, inhibit GABA-
induced currents and promote neurogenesis (Alfonso et al., 2012), indicating that DBl and ODN
work as NAMs of GABARs in vivo. Further experiments in hippocampal stem cells provide
additional evidence for DBI’s role in neurogenesis as a NAM of GABA-mediated activity. In
addition to detecting DBI in the neural stem cells of all postnatal neurogenic niches, they found
that knocking-out DBI in the hippocampal subgranular zone reduced the number of stem cells
and favored a neuronal fate, whereas DBI overexpression increases the progenitor pool

(Dumitru et al., 2017). These effects may be mediated via GABAR signaling given GABA is a
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well-known regulator of adult neurogenesis (Aimone et al., 2014). Patch clamp recordings from
stem cells in the subgranular zone of hippocampal slices showed that exogenously applied
ODN acted as a NAM for GABAergic currents, while puffs of GABA in slices from mice with a
BZD-insensitive mutation (F771 in the y subunit) were significantly less affected by ODN
(Figure2.13A) (Dumitru et al., 2017). Similarly, DBI overexpression had significantly less effect
on proliferation in F771 mice (Dumitru et al., 2017). Both papers studying the effects of DBI on
neurogenesis indicate that DBI is a NAM of GABA-induced currents in these neurogenic niches.

However, in the thalamic reticular nucleus (nRT), knock-down and over-expression
studies provide evidence that DBI may work in vivo as a PAM where it suppresses epileptic
activity (Christian et al., 2013). When the Huguenard group compared spontaneous IPSCs
(sIPSCs) from the thalamic reticular nuclei of wild-type and BZD-insensitive mice (using an
H126R mutation in the a3 subunit), they found the BZD-insensitive mice had a shorter IPSC
duration. They also found that the zero-modulator FLZ reduced duration of sIPSCs for wildtype
but not a3-H126R mice. They saw this same reduction in sIPSC duration when they compared
wild-type mice to those with a chromosomal deletion of DBI and several proximal genes (Figure
1.13B). Taken together, their results indicate that wild-type mice have an endogenous positive
modulator of the GABAR and that its effect is blocked by rendering the BZD site insensitive to
modulation, blocking the BZD site with a zero-modulator, or removing the DBI gene (Christian et
al., 2013). This group also went on to show that DBI is expressed in both neurons and
astrocytes in the nRT, and that use of the gliotoxin fluorocitrate (FC) also shortens sIPSC
duration. No effect of FC is observed in either a3-H126R mice or those lacking the DBI gene,
suggesting that astrocytic function is necessary for the PAM effects of DBI (Christian and
Huguenard, 2013).

Experiments from the Christian lab used a DBI knockout mouse to study the effects of
DBI on hippocampal learning and memory, and found that DBI knockout mice showed a

disruption in spatial learning and memory (Ujjainwala et al., 2019) and social behavior
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(Ujjainwala et al., 2018). The GABAR plays a large role in these hippocampal-dependent forms
of learning and memory, usually mediated via a5-containing receptors (Collinson et al., 2006;
Crestani et al., 2002; Joksimovic¢ et al., 2013; Timi¢ et al., 2013). The disruption in these
GABAR-dependent forms of learning and memory by the loss of DBI provides additional indirect
evidence that DBI may alter GABA-mediated signaling. The Christian lab also recorded somatic
IPSCs from the hippocampal CAl and dentate gyrus regions. They found that a loss of DBI
altered miniature IPSCs (mIPSCs) in both regions — CA1 knockout mIPSCs were more frequent
with larger amplitudes, while in the dentate gyrus the mIPSCs had smaller amplitudes but longer
decay times (Courtney and Christian, 2018). However, these fast IPSCs recorded from the
soma of pyramidal neurons are unlikely to capture the effects of DBI on a5-containing receptors
which are expressed primarily in the distal dendritic regions and responsible for much of
hippocampal learning and memory (Groen et al., 2014; Rodgers et al., 2015).

Taken together, these results provide strong evidence that DBI has a functional effect in
vivo and may work as an endogenous modulator of GABARs. However, they raise the question
of how a single peptide can generate contrasting effects. The underlying hypothesis of my
thesis is that the effects of DBl are GABAR subunit dependent. GABAR subunit
composition varies between regions of the brain and the effects of some BZDs such as Ro15-
4513 differ depending on GABAR subunit expression. | hypothesize that the role of DBl as a
PAM or NAM is dependent on regional variation of GABAR subunits in the brain.

Intracellular actions of DBI

Our understanding of DBI’s role in regulating GABAR-mediated inhibition is complicated
by the fact that sequencing the human genome revealed that DBI is also acyl-CoA binding
protein (ACBP) (Knudsen, 1991). ACBP is expressed in many tissues, most abundantly in the
liver and adipose tissue and plays a role in lipid metabolism (Feergeman et al., 2007).
Recombinant, purified human DBI/ACBP binds the long-chain fatty acid palmitoyl-CoA which

promotes DBI to form a dimer around the ligand (Augoff et al., 2010). In astrocytes, DBI/ACBP
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regulates long-chain fatty acid metabolism by binding long-chain acyl-CoA esters (Bouyakdan et
al., 2015) and delivering them to the TSPO.

The TSPO protein has important intracellular roles and binds some ligands that also
interact with the GABAR. This protein is primarily located in mitochondria, where it is part of a
complex for importing cholesterol. Cholesterol is a key metabolite in neurosteroidogenesis
(Slobodyansky et al., 1989). As described above, neurosteroids can modulate GABARS,
suggesting an alternate, indirect pathway through which DBI may be able to alter GABA-
mediated signaling. BZDs like diazepam and R05-4864 have been shown to bind the TSPO.
Radiolabeled diazepam has been shown to bind TSPO and even led to its original name, the
peripheral benzodiazepine receptor (Squires and Braestrup, 1977). The TSPO binding site for
radiolabeled R05-4864 has been identified via site-directed mutagenesis (Farges et al., 1994).
DBI has also been shown to interact with the TSPO in experiments where purified DBI and its
proteolytic peptides were added to multiple cell-lines and increased neurosteroid production in a
dose-dependent manner. This increase was blocked by the use of flunitrazepam, a BZD which
has been shown to bind the TSPO (Papadopoulos et al., 1991; Regan et al., 1981; Rupprecht et
al., 2010). Additionally, the DBI cleavage product TTN displaces radiolabeled Ro 5-4864, a
BzZD-derived compound which selectively binds the TSPO rather than GABARSs (Slobodyansky
et al., 1989).

In addition to their interactions with TSPO, DBI and its proteolytic peptides have been
suggested to interact with other important cellular components. DBI, ODN and TTN have been
suggested to interact with GPCRs and initiate signaling cascades. Experiments using cultured
rat astrocytes demonstrated that ODN increases inositol triphosphate and decreases
phosphatidylinositol diphosphate. These effects are blocked by pertussis toxin and unaffected
by the use of FLZ or PK 11195, a TSPO ligand (Patte et al., 1995), suggesting that ODN
interacts with a pertussis toxin-sensitive GPCR. Experiments using human polymorphonuclear

leukocytes showed that TTN increased intracellular calcium via a protein kinase C (PKC)-
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dependent pathway (Marino et al., 2004). TTN also increased intracellular calcium via a PKC-
dependent pathway in cultured rat astrocytes (Gandolfo et al., 1997) and cerebellar granule
neurons (Kaddour et al., 2013). A putative GPCR-mediated DBI/TTN signaling pathway is
shown in Figure 1.14, though scientists have not identified a specific GPCR which binds DBI or
TTN (Tonon et al., 2020).

Disease phenotypes

DBI knockout mice have greasy fur, orangey skin (Neess et al., 2011), disrupted social
behavior (Ujjainwala et al., 2018), and reductions in hippocampal-dependent learning and
memory (Ujjainwala et al., 2019). No mutations in the DBI gene have been directly associated
with human pathology. However, changes in DBI expression and activity have been implicated
in multiple diseases.

Beta-amyloid protein, which forms plaques in the brains of Alzheimer’s patients,
increases the expression and secretion of ODN from astrocytes as measured using antibodies
for ODN intracellularly and in cell serum (Tokay et al., 2008). Additionally, an RNA-Seq
experiment performed by Mills et al. comparing healthy parietal zones to those of Alzheimer’s
patients showed altered transcript variant expression patterns for DBl mRNA in Alzheimer’s
brains (Mills et al., 2013). Moreover, DBI/ODN is elevated in the cerebral spinal fluid of patients
with Alzheimer’s and Parkinson’s disease (Barbaccia et al., 1986; Ferrarese et al., 1990).

DBI and its cleavage products are also highly expressed in brain tumors, including
medulloblastomas, glioblastomas, and astrocytomas (Alho et al., 1995; Miettinen et al., 1995),
perhaps due to their effects on cell proliferation. Additionally, a multi-omic study from
Pichitpunpong et al. found DBI protein expression in patient-derived lymphoblastoid cell lines to
be significantly reduced in autism spectrum disorder (Pichitpunpong et al., 2019). Changes in
DBI protein expression has also been associated with both obesity (Siejka et al., 2015) and
anorexia (Conti et al., 2013).

Release of DBI
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In the brain, DBI is generally thought to be released from astrocytes, and this release is
regulated by extracellular factors (Farzampour et al., 2015). GABA and somatostatin, a peptide
hormone secreted by neuroendocrine neurons in the hypothalamus, both reduce the amount of
DBI secreted by cultured astrocytes (Masmoudi et al., 2005; Patte et al., 1999), while beta-
amyloid protein increases DBI secretion from cultured astrocytes (Tokay et al., 2008).

The mechanisms underlying the release of DBI are currently unknown. Experiments in
yeast, social amoeba, and astrocytes found that disrupting Golgi-mediated protein release
prevents the release of DBI, suggesting that the protein is released via an autophagic process
(Duran et al., 2010; Loomis et al., 2010). However, experiments in cultured rat astrocytes
suggest an ATP binding cassette (ABC) transporter mediates the process. Astrocytic DBI
release was blocked by somatostatin, a PKA inhibitor, a phospholipase C inhibitor, a PKC
inhibitor, and an ABC transport blocker, all of which are associated with release from an ABC
transporter (Tokay et al., 2008). This potential DBI release pathway is depicted by cartoon in
Figure 1.15.

Overview and Significance of this Dissertation

The goal of my thesis work is to understand the role that DBI plays in modulating
inhibition in the brain. | sought to understand how DBI’s modulatory effects vary based on
alternate GABAR subunit composition, and to explore the mechanism via which DBI exerts its
positive or negative effects.

In Chapter Il, | describe the process for purifying the DBI protein, which was required for
the experiments performed in this thesis. | also describe the steps | took to ensure the protein
was pure and folded correctly. Because this purified DBI was needed for all of my experiments,
purification of sufficient quantities and the quality of the purification were essential.

In Chapter Ill, | discuss the experiments | performed using two-electrode voltage
clamping of GABARS heterologously expressed in Xenopus laevis oocytes. | hypothesized that

the effects of DBI on GABA-elicited currents would vary based on the subunit composition of the
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receptor. To test this theory, | compared the effects of a known PAM and NAM (FZM and
DMCM, respectively), as well as DBl on GABA-elicited currents of asBsy2. and asPsy2 receptors.
| also used in silico protein-protein docking to suggest ways that DBI may positively modulate
one receptor combination, but negatively modulate another.

In Chapter 1V, | used outside-out patch-clamp electrophysiology to study the effects of
DBI on the macroscopic currents of asBsy2. receptors. | theorized that if DBI is an endogenous
benzodiazepine, it would affect GABAR macroscopic kinetics similarly to a BZD. To test this
hypothesis, | compare the effects of DBI and FZM on the amplitude, activation rate, and
deactivation phases of GABA-elicited currents to determine whether these drugs modulate the
receptor using similar kinetic mechanisms.

In Chapter V, | use outside-out patch-clamp electrophysiology to compare the effects of
DBI on asBsy2. and asBs receptors. | hypothesized that if DBI mediates its effects by binding to
the BZD site on GABARSs, only asBsy2. receptors should be modulated by this peptide. | compare
the effects of DBI on amplitude, activation, and deactivation on GABARs with and without the y
subunit to evaluate the importance of the BZD site in mediating the effects of DBI.

In Chapter VI, | describe experiments to evaluate the release of DBI from neurons and
astrocytes. | used neurons derived from induced pluripotent stem cells (iPSCs) to evaluate how
an endogenous, BZD-site modulator may alter electrical communication between neurons. |
used a variety of mass spectrometry techniques to evaluate whether ODN was being released
by iPSC-derived neurons and astrocytes.

In the first appendix to this thesis, | discuss experiments | performed to study the
macroscopic effects of the BZD negative modulator DMCM, and used the elements kinetic
model (Goldschen-Ohm et al., 2014) to determine effects of DMCM on GABA binding rates. In
the second appendix, | describe experiments | performed to test the function of mutant GLIC

protein reconstituted in liposomes and injected into Xenopus oocytes. These mutations were
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designed and used by Dr. Varun Tiwari to monitor extracellular motions of GLIC in response to
agonist binding.

Chapter VII summarizes and discusses the overall findings of my thesis and their impact.
| discuss the results of my experiments and their implications for DBI’s role in regulating
neuronal inhibition. My experiments represent some of the first approaches to understanding
how purified DBI interacts with specific populations of GABARs. My data and findings advance

our understanding of the role that DBI plays in regulating GABA-mediated inhibition in the brain.



23

Presynaptic o | Postsynaptic
Neuron Neuron

Voltage (mV)

0 = Ligand-gated ion channel

@ = Neurotransmitter

Figure 1.1 — Synaptic cartoon. Cartoon depicting a synapse between a presynaptic and
postsynaptic neuron. Vesicles in the presynaptic neuron (shown in red) contain
neurotransmitters (green circles). These neurotransmitters are released into the synapse when
the vesicles fuse with the neuronal membrane in response to an action potential.
Neurotransmitters diffuse across the cleft and bind to ligand-gated ion channels (orange ovals)
on the postsynaptic neuron (shown in blue). These ligand-gated ion channels open after

neurotransmitter binding and conduct ions in and out of the neuron.
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Figure 1.2 — Structure of pLGICs. A) Crystal structure of the pLGIC 5-HT3aR (PDB 4PIR) in
side-view with the extracellular domain (ECD), transmembrane domain (TMD), and intracellular
domain (ICD) labelled. The ECD of each subunit is comprised mainly of beta sheets and TMD is
made up of four alpha helices. Colors pertain to individual subunits B) Top-down view of pLGIC
showing arrangement of subunits around a central pore. C) Cartoon showing structure of a
single pLGIC subunit. The N-terminus is in the ECD which is comprised primarily of beta-
strands. This region connects to four transmembrane alpha-helices (M1-M4). The ICD is made

up of loops between these helices.
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Figure 1.3 — Cartoon showing GABAR subunit stoichiometry and arrangement. A) Side
view of a GABA containing five subunits (2a in yellow, 2B in blue, 1y in pink) surrounding a
channel with a central, chloride-conducting pore in a lipid membrane, shown in dark blue.
GABAR contains two neurotransmitter ligand binding sites (G) in the extracellular domain (ECD)

and one BZD binding site (B). B) Top-down view of pLGIC cartoon showing arrangement of the

five subunits.
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Proportional contribution to total mRNA for GABA, Rs subunits (%)
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Figure 1.4 — Regional expression of GABAR subunit mRNA. Figure adapted from Sequeira
et al. 2019. Subunit labels show the expression of each GABAR subunit using data from the
Allen Brain Institute. Colored bands show the percentage of total GABAR expression for each
region displayed along x-axis. The first bar below the graph indicates specific brain regions with
second bar showing more general brain regions. Key GABAR genes are highlighted on graph
for clarity. Abbrevations: “FL frontal lobe, Ins insula, CgG cingulate gyrus, HiF hippocampal
formation, PHG parahippocampal gyrus, OL occipital lobe, PL parietal lobe, TL temporal lobe,
Amg amygdala, GP globus pallidus, Str striatum, Cl claustrum, Hy hypothalamus, SbT
subthalamus, DT dorsal thalamus, VT ventral thalamus, MES mesencephalon, CbCx cerebellar
cortex, CbN cerebellar nuclei, Bpons basal part of the pons, PTg pontine tegmentum, MY

myelencephalon” (Sequeira et al., 2019).
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Figure 1.5 — Benzodiazepine structures and effects A) Examples of BZD chemical
structures: flurazepam (FZM), a classical PAM; Ro15-4513, a non-classical, subunit-dependent
PAM or NAM; methyl-6,7-dimethoxyl-4-ethyl- B-carboline-3-carboxylate (DMCM), a beta
carboline NAM; and flumazenil (FLZ, Ro15-1788), a zero-modulator. B) Sample GABA-
mediated current traces from oocytes expressing WT GABARs showing the effects of FZM and
DMCM on GABA-elicited currents. C) Theoretical GABA dose-response curves showing EC50

shifts resulting from PAM (blue) or NAM (orange).
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Figure 1.6 — Drug binding sites observed in GABAR structures. Figure from Garcia-Nafria
and Tate showing GABAR structure from the top (A) and side views (B). Insets show binding
sites for agonists, benzamidine and GABA,; orthosteric antagonist, bicuculline; PAMs, diazepam
and alprazolam; PAM antagonist, flumazenil; and neurosteroids, THDOC, alphaxalone and PS
from various crystal and cryoEM structures. a subunits shown in red, 8 in blue, and y in yellow

(Garcia-Nafria and Tate, 2020).
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Figure 1.7 — CryoEM structures of GABAR. Figures adapted from Aricescu publications
(Laverty et al., 2019; Masiulis et al., 2019). A) Side view of a:83y.. GABAR in the presence of
megabody expressed in lipid nanodiscs, Mb38, for cryoEM orientation. B) Top view of receptor

showing N-linked glycans from alpha subunits in the central pore. C) and D) show cryoEM
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structures of GABARSs in the presence of alprazolam (ALP) and diazepam (DZP). ALP and DZP
bind in ECD between alpha and gamma subunits (shown in red and yellow), and DZP also

binds in the transmembrane domain. PDB 6153, 6HUO, 6HUP
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Figure 1.8 — GABAR Kinetic Models. Suggested models for receptor gating and ligand binding
A) Sample GABA-elicited current trace showing rising current phase (activation), desensitization
of channels in the presence of GABA, and deactivation as channels transition from desensitized
to open to closed, unliganded states as GABA washes off. B) MWC model of GABAR function
taken from Akk et al., 2020 showing the active, high affinity state A binding agonist X with two
sites and resting, low affinity state R, with equilibrium rates L between A and R states and Kx as
equilibrium dissociate constants for X binding. C) Jones-Westbrook model taken from Jones
and Westbrook, 1995 showing binding of two agonists and transitions to open or desensitized
states. Desensitized states represent fast (Drast) and slow (Dsiow) desensitization. Forward and
reverse rate constants are indicated alongside each arrow. D) Updated three-state kinetic model
taken from Akk et al., 2020 showing the addition of a desensitized state to the MWC model, with
additional rate constants Q. E) Elements model taken from Goldshen-Ohm et al, 2014, with two
agonist binding sites (A), a main channel gate (m), two intermediate elements (F), fast and slow

desensitization gates (d: and ds), and a BZD-binding site (D).
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Figure 1.9 — Cartoon of DBl interacting with GABAR. GABAR cartoon with subunits in yellow
(a), light blue (B), and pink (y) shown in a transmembrane. GABA (G) and BZD (B) binding sites
are shown in the extracellular domain. DBI binding at the BZD site causes either positive or
negative modulation, which alters the amount of chloride ions that flow through the channel

upon GABA binding.
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Figure 1.10 — DBI transcript variants and isoforms. A) The single human DBI gene shown in
green encodes twelve different RNA transcript variants (TVs) shown in light blue. Those TVs
can be translated in seven different protein isoforms, with TVs 1, 7, 8, 9 and 10 encoding the
same isoform. TV12 is long noncoding RNA (INRNA) and is thus untranslated, while TV3 is
translated into the most abundant isoform, Iso3. B) Data is taken from the NCBI database and
shows the region of human chromosome 2 which encode DBI. Purple boxes represent exons for
each RNA TV and purple lines represent introns. Red boxes represent translated regions and

red lines are untranslated regions of each isoform.
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Figure 1.11 — DBI mRNA expression levels across human tissue. Figure taken from

proteinatlas.org representing a consensus of mMRNA expression in human tissue of DBI from the

HPA, GTEx and FANTOMS databases (Thul et al., 2017; Uhlén et al., 2015). Normalized

expression (NX) is shown for 55 tissues and 6 blood cell types using the normalization pipeline

from proteinatlas.org. Tissue groups are indicated by color with tissue types labelled below.
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Figure 1.12 — Structure of DBI with cleavage products highlighted. DBI crystal structure
(PDB 2FJ9) shown in green with biologically active cleavage products highlighted:
triakontatetraneuropeptide (TTN, residues 17-50) in purple, octadecaneuropeptide (ODN,
residues 33-50) in blue, and octapeptide (OP, residues 43-50) in orange. Full DBI amino acid

sequence is shown below with cleavage product residues indicated via brackets.
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Figure 1.13 — Effects of DBI on inhibition in the brain. A) Adapted from Dumitru et al., 2017.
Sample traces evoked by a puff of GABA onto patch pulled from a wild-type hippocampal
subgranule zone stem cell in black with GABA+ODN overlayed in blue. Summary bar graph
shown on right with the percent current decrease from ODN for wild-type and BZD-insensitive
y2-F771 mutant. Mutant mice are less affected by ODN. ODN negatively modulates GABA-
elicited currents. B) Adapted from Christian et al., 2013, showing spontaneous inhibitory post-
synaptic currents (sIPSCs) recorded from neurons in the thalamic reticular nucleus. Disrupting
the BZD site via a3-H126R mutation (blue), blocking BZD site using zero-modulator FLZ (red),
and deleting the DBI gene using the nm1054 partial chromosomal deletion mutant (green) all
reduce the duration of the sIPSC compared to traces from wild-type mice (black). These results

suggest that in the thalamic reticular nucleus that DBI is acting as an endogenous PAM of

inhibitory currents.
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Figure 1.14 — ODN-triggered GPCR signaling cascade. Figure from Tonon et al., 2020,
showing the hypothesized GPCR signal cascade triggered by ODN binding. ODN-binding of the
transmembrane GPCR triggers a PLC/PKC-dependent cascade which can lead to release of
intracellular calcium from the endoplasmic reticulum (ER) and MEK-mediated changes in

transcription.
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Figure 1.15 — Putative DBI release. Figure from Tonon et al., 2020, showing a potential
method of release for DBI and its cleavage products. Signaling from GPCRs triggers cAMP-
mediated increases in transcription of the DBI gene. Products are released via an ATP binding
cassette (ABC) transporter protein into extracellular space. Activation of PKC promotes release

of DBI.
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Chapter II:

DBI purification and verification of folding

Introduction

In order to study the effects of DBI on the GABAR, | needed to purify DBI on order of
tens to hundreds of milligrams, as a single electrophysiology experiment uses approximately
2mg of protein. DBI is a soluble, cytosolic 11kD protein (Farzampour et al., 2015) that can easily
be over-expressed in E. coli cells and purified. Although a bacterial expression system will not
provide any post-translational modifications, it will allow the synthesis of hundreds of milligrams
of protein necessary for my purposes (Rosano and Ceccarelli, 2014). | utilized a histidine-
tagged human DBI construct inserted into a pET28a vector, which has been optimized for
inducible expression of protein in bacterial cells (Shilling et al., 2020). This plasmid was
transformed into BL21 DE3 cells, which are competent E. coli cells designed for high-efficiency
protein expression. | then utilized a nickel nitrilotriacetic acid (NINTA) column to purify the
histidine-tagged protein. Finally, | used SDS-PAGE and NMR to confirm the purity and identity

of DBI.

As DBI’s function may be regulated by post-translational modifications and
phosphorylation, acetylation, and methylation modification sites have been predicted based on
DBI’'s amino acid sequence (Wang et al., 2020), we also examined if mammalian cells (HEK
293T cells) could be used to express DBI. My short experiment revealed that our current HEK
culturing and over-expression protocol would not express enough DBI for our electrophysiology

needs.
Methods and Results

A summary of the DBI purification process is shown below in Figure 2.1.
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Expression

In order to express DBI, we used cloned cDNA for human DBI isoform3 (GeneBank ID
CAG33237.1) containing a C-terminal histidine tag in a pET28a vector (generously provided by
Dr. William Zagotta). The plasmid was chemically transformed into BL21 DE3 competent cells
(ThermoFisher Scientific, Waltham, MA) following recommended protocol. Transformation
reaction was plated on on luria broth (LB) LB containing Kanamycin (Kan, 30ug/mL) agar plates,
and grown overnight at 37°C. A single colony was picked and grown overnight in a 5mL culture
of LB supplemented with Kan (30pug/mL) while shaking at 37°C. The resulting cell culture was
used to inoculate a 500mL of LB containing Kan. Culture was grown until ODeoo Of 0.6-0.8.
Protein expression was then induced with IPTG (500uM) for 4 hours at 37°C under constant
agitation (250rpm). After induction, cells were pelleted by centrifugation at 10,000xg for 10min at

4°C. Pellet was frozen at -80°C until purification steps.
NiNTA Column preparation

A 2mL NiINTA flowthrough column was packed using NiNTA agarose beads (Qiagen,
Hilden, Germany) which uses Ni?* ions to bind the electron donor groups from the imidazole
rings of the histidine tag (Bornhorst and Falke, 2000). Column was pre-equilibrated with 40 mL
of Buffer A supplemented with 10mM IDA at room temperature to prevent non-specific protein

binding to the column. The Qiagen NINTA beads have a binding capacity up to 50mg/mL.
Purification

Cell pellet was thawed and resuspended in 50mL Buffer A (50mM sodium phosphate,
300mM NacCl, pH 7.4) supplemented with 25mM imidazole (IDA) and a protease inhibitor
cocktail (pepstatin, aprotinin, leupeptin). An Emulsiflex (ATA Scientific, Taren Point, NSW
Australia), kept on ice, was used to break open the cells and homogenize the solution, which

was then spun at 16,800xg for 20min at 4°C. Supernatant containing soluble DBI was then
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loaded to the pre-packed 2 mL NiNTA column. Column was then washed with 10mL of Buffer A
supplemented with 20mM IDA, followed by 6 mL of Buffer A supplemented with 30mM IDA. DBI
was eluted using 5mL Buffer A containing 250mM IDA. Increasing the concentration of IDA
outcompetes the IDA-rings in the histidine tag for the Ni?* ions in the column, causing the
histidine-tagged sample to be washed out of the column as the IDA concentration increases
(Bornhorst and Falke, 2000). IDA was removed from the protein sample by using a desalting
gravity column pre-packed with Sephadex G-25 resin (PD10 column, Sigma-Aldrich, St Louis,
MO). Sephadex uses size-exclusion chromatography to remove low molecular weight
substances from proteins greater than 5kDa, which also separates out small molecules and
salts such as IDA (GE-Healthcare, 2007). Two PD10 columns with a maximum loading capacity
of 2.5mL were equilibrated with 25mL Buffer A. Purified DBI was then added to each column

and eluted using 3.5mL Buffer A.
Purity and Yield

Protein samples from each step of the purification process (supernatant, flow-through,
washes and elution from NiNTA column, and flow-through and final elution from the desalting
column) were separated on a 15% SDS-PAGE and stained with Coomassie Blue to assess
eluted protein size and purity and efficiency of purification (Figure 2.2). Histidine-tagged DBI has
an expected molecular weight of 10.87kDa, which corresponds to the overexpressed and
purified protein observed on the SDS-PAGE (Figure 2.2). DBI concentration was measured
using a Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA) using an extinction coefficient
of 1.68, which reflects how the protein absorption at 280 nm is affected by the number of
aromatic residues in the protein and is calculated using ExPasy’s ProtParam tool (Duvaud et al.,
2021). Protein yield was calculated by dividing the mass of protein from the final PD10 elution

(53mg) and the total mass of protein in the supernatant (192mg), resulting in an approximate
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30% purification yield and a final quantity of more than 50mg of protein, which is sufficient for

over twenty electrophysiology experiments.
NMR Purification and Spectrum

!H-15N heteronuclear single quantum coherence (HSQC) spectroscopy elicits a two-
dimensional spectrum, with one for *H and the other *N. When a protein sample is translated in
a ®N-rich environment, the amino acid backbone nitrogen atoms will be isotopically labelled.
HSQC measures the corresponding chemical shifts of the nitrogen and amide proton of the
peptide bond for each residue excluding proline when the sample is held in a strong, constant
magnetic field and perturbed by a weaker, oscillating magnetic field. Local molecular
environment, chemical links between atoms and freedom of movement all effect the resulting
NMR spectra. Residues with NH groups in the sidechain will yield additional HSQC peaks.
Based on the noise and number of peaks predicted from the protein sequence, a HSQC
spectrum can be used to estimate sample purity and folding. Distinct, well-dispersed peaks
indicate a correctly folded protein, whereas an excess of peaks would indicate additional protein
in the sample and large overlapping peaks indicate unstructured regions in the protein (Dyson

and Wright, 2004; Marion, 2013).

In order to evaluate DBI’s purity and folding, DBI-containing plasmid was transformed
into BL21DES3 cells and grown in *N-labelled M9 media. DBI was purified as described above
and sent to the Henzler-Wildman lab to collect a *H-®N HSQC spectrum (Figure 2.3) with a
Bruker Avance Il 600 MHz spectrotometer, with 5-10% DO added to the DBI sample. The data
was collected at 25°C and analyzed using NMRPipe (Delaglio et al., 1995). The spectrum
showed low noise, appropriate spectral dispersion, and close to the expected number of peaks
(93 expected, 96 detected). This number of peaks indicates that the sample is pure,

unaggregated and uniformly folded.
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DBI Expression in HEK Cells

HEK 293T cells were cultured in Minimum Essential Media with Earle’s salts with L-glutamine
(Corning, Corning, NY), supplemented with 10% fetal bovine serum (Atalanta Biologics, Atlanta,
GA), penicillin-streptomycin (Sigma-Aldrich, St Louis, MO) and Plasmocin™ (Invivogen, San
Diego, CA) and grown in a 37°C incubator with 5% CO.. Cells were plated on twenty 10cm
dishes and transfected at approximately 70% cell confluency, with 18ug pUNIV-DBI per plate,
using standard calcium phosphate transfection protocol (Graham and Van Der Eb, 1973). Cells
were washed 6 hours after transfection with Dulbecco’s Phosphate-Buffered Saline (Corning,
Corning, NY) to remove residual calcium phosphate precipitant. 48 hours after transfection, cells
were scraped and pelleted at 1000xg for 8min at 4°C. The pellet was homogenized in HEPES
Glucose buffer (124mM NacCl, 2.9mM KCI, 1.3 mM MgS04, 1.2mM KH2P0O4, 25mM HEPES,
and 5.2mM D-glucose; pH 7.4) using a Polytron homogenizer (Brinkman Instruments, Westbury,
NY) and spun at 36,000xg for 25min at 4°C. Samples containing the putative soluble DBI
protein and specific E.coli purified-DBI concentrations (1.2, 0.6, 0.2, 0.12, 0.06 and 0.02ug)
were analyzed on a Coomassie Blue stained 15% SDS-PAGE (Figure 2.4). Although E. coli-
produced DBI was observed at concentrations as low as 3.3ug/mL, no HEK-produced DBI was
detected using a Coomassie stained gel, suggesting that HEK cells did not produced enough

DBI protein in quantity needed for detection nor for electrophysiology experiments.
Discussion

The gquality and quantity analysis of DBI revealed that a single batch of E. coli over-
expression and column-based purification systems yield approximately 50mg of pure,
unaggregated and uniformly folded DBI, while the HEK/ mammalian-based over-expression

system did not yield enough soluble DBI for our experiments.
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It is possible that the use of a vector optimized for mammalian expression could have
increased transfection efficiency and resulting protein expression yield. Similarly, using a non-
adherent cell culturing system could also benefit protein yield. As we produced and purified
enough soluble, uniformly folded pure DBI using E. coli, all remaining experiments were

performed using unmodified DBI expressed in E. coli BL21 cells.
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Figures
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+Induce with IPTG (500pM) for 4 hours

Grow cultures
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*Pour supernatant over equilibrated ImL NiNTA column
*Wash column twice
*Elute with Buffer A+250mM imidazole
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Figure 2.1 — Flow chart of DBI purification process. BL21 E. coli cells were transformed with
a His-tagged DBI in a pET28a vector. 500mL cultures were grown to 0.6-0.8 ODego and induced
with IPTG for 4 hours. Cells were pelleted, resuspended in Buffer A and protease-inhibitor
cocktail, and lysed using the Emulsiflex prior to a high-speed spin. Supernatant was poured
through an equilibrated NiNTA column, then washed twice and eluted with 250mM imidazole
(IDA). A desalting PD10 column was used to remove IDA from the soluble DBI protein sample.

Protein purity and concentration was determined using 15% SDS-PAGE and a Nanodrop 2000.
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Figure 2.2 — 15% SDS-PAGE showing isolation of pure DBI. Lanes 1 and 10 show Biorad’s
Precision Protein Plus All Blue protein standards ranging from 10 kD to 75 kD. Lane 2 shows
protein content of the supernatant after emulsion and final high-speed spin. Proteins contained
in flow-through, first and second washes are observed in lanes 3, 4 and 5, respectively. Sample
was then eluted from the NiNTA column with a single band observed at the expected size of
11kD (lane 6). Lane 7 is the flow-through when the sample is loaded onto the PD10 desalting
column. Lanes 8 and 9 are 12 and 6uL of the PD10 elution, which represents the final, purified
and desalted DBI. Overall, we observed the purification of a single ~11 kDa protein, which is the

expected size of His-hDBI.



47

= Qo
105 — ¢
i e
7] °4 ° ®
110 — °
i . © o
- * & 9 0é
_ 15— o - : o é
£ - o9° o
g . © %" ¢“- o0 -
i pe 4
520 ’ e” ° :l? ?: ¢
_ @ L "‘w gr o
- < :. ) . @
125 — & ¢
§ o ,°
i °
130 — °
_ 0
I]II|III[II]II|III[II]II||I[I|I]II|II[I|I1I||II[I
100 95 9.0 8.5 8.0 75 7.0 6.5 6.0
1H (ppm)

Figure 2.3 — *H-*N spectrum shows DBI is folded and non-aggregated. DBI grown in *°N

M9 media was analyzed using Bruker Avance Il 600 MHz spectrometer to create a *H-°N

HSQC spectrum. The spectrum shows close to the expected number of peaks (93 expected, 96

detected) as well as appropriate spectral dispersion and low noise, which indicates the protein

sample is pure, folded and non-aggregated. NMR was performed by the lab of Dr. Henzler-

Wildman.
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Figure 2.4 — 15% SDS-PAGE showing HEK 293T cells do not express high levels of
transiently-transfected DBI. HEK cells were transfected with pUNIV-DBI. DBI-transfected HEK
293T cell-homogenate supernatant sample was collected and analyzed on a 15% SDS-PAGE
with known masses of E. coli purified ranging from 1.2-0.02ug. Coomassie Blue staining allowed
detection up to 0.02ug of DBI, but no bands were observed in the HEK supernatant lane,
indicating that our current HEK transfection conditions are unable to express sufficiently high

concentrations of DBI necessary for electrophysiology experiments.
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CHAPTER Il

The diazepam binding inhibitor's modulation of the GABA-A receptor is
subunit-dependent

Introduction

Since their discovery over fifty-five years ago, benzodiazepines (BZDs) have been some
of the most widely prescribed drugs in the world and have remained on the World Health
Organization’s list of essential drugs since the list’s inception in 1977 (Organization, 1977).
BZDs are used to treat a variety of conditions ranging from epilepsy to insomnia to anxiety
(Engin et al., 2018; Palma et al., 2017; Wisden et al., 2019), and mediate their effects by binding
to the main inhibitory neurotransmitter receptor in the brain, the gamma-aminobutyric acid-A
receptor (GABAR) (Mohler, 2011). BZDs modulate GABAR activity, and thus alter neuronal

signaling.

GABARs are heteropentamers comprised from nineteen possible subunits (a1-6, 1-3,
y1-3, 0, €, 6, ™ and p1-3) that are expressed in distinct brain regions, with distinct
pharmacological properties. There are two GABA binding sites in the extracellular interfaces
between B and a subunits, while BZDs bind in an extracellular pocket at the a/y subunit
interface. BZDs, such as diazepam or flurazepam (FZM), can act as positive allosteric
modulators (PAMs), which increase GABA-mediated currents, or negative allosteric modulators
(NAMs) like methyl-6,7-dimethoxy-4-ethyl-beta-carboline-3-carboxylate (DMCM) which
decrease GABA-elicited currents. Zero-modulators, such as flumazenil (FLZ, Ro15-1788),
occupy the BZD site but do not alter GABA-elicited currents. The effects of some BZDs like
R015-4513 are subunit dependent. Ro15-4513 acts as PAM when interacting with as32y2 and
asB2y2 GABARS, but is a NAM when bound to ai.y2 receptors (Knoflach et al., 1996).

The presence a binding site on the GABAR for synthetically manufactured BZDs has
long suggested the existence of an endogenous synthesized molecule that binds to the same

site. In 1983, a candidate peptide was isolated from rat brain homogenates, which displaced
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tritiated diazepam in a radioligand binding assay (Guidotti et al., 1983). This 10kD, 87 amino-
acid protein was named the diazepam binding inhibitor (DBI). Recent DBI knock-down and over-
expression studies in the thalamic reticular nucleus (nRT) demonstrate that DBI works in vivo as
a PAM where it potentiates GABA-mediated currents and suppresses epileptic activity(Christian
et al., 2013). In contrast, DBI knock-down in the subventricular zone of the lateral ventricles and
in the hippocampal subgranular zone demonstrate that DBI and one of its peptide fragments,
ODN, inhibit GABA-induced currents (Alfonso et al., 2012; Dumitru et al., 2017), indicating that
in these brain regions DBI and ODN work as NAMs of GABARs. We hypothesize that the
differences in DBI's modulatory effects are due to regional differences in GABAR subunit
expression and GABAR subunit composition.

Here, we used two-electrode voltage clamping and measured DBI effects on GABA-
activated currents from GABARSs expressed in Xenopus laevis oocytes. Given DBI is highly
expressed in the hippocampus and thalamus (Costa and Guidotti, 1991; Liu et al., 2005), we
focused on asBsy2 and asBsy2. GABAR subtypes which are enriched in these regions
(Mortensen et al., 2012). We found that DBI positively modulates asBsy2. receptors, whereas DBI
is a weak negative modulator of asBsy2. GABARS. We used in silico protein-protein docking to
visualize DBI-GABAR interactions and highlight some differences that may explain DBI’s distinct
effects on these two GABAR subtypes.

Methods
DBI expression and purification for functional testing

We used cDNA for human DBI isoform3 (GeneBank ID CAG33237.1) with a C-terminal
histidine tag in a pET28a vector. The plasmid was chemically transformed into BL21 DE3
competent cells, plated on LB-Kanamycin (Kan) agar plates, and grown overnight at 37°C. A
single colony was picked and grown overnight in a 5mL culture of LB with 250pg Kan while
shaking at 37°C. This culture was used to inoculate 500mL LB + Kan and the culture was grown

until ODeoo reached 0.6-0.8. Protein expression was induced with IPTG (500uM) for 4 hours at



51

37°C. After induction, cells were pelleted by spinning at 10,000xg for 10min at 4°C. The
bacterial cell pellet was frozen at -80°C. Cell pellet was thawed and resuspended in 50mL
Buffer A (sodium phosphate, 50mM, pH 7.4; NaCl, 300mM) and 25mM imidazole (IDA) with a
protease inhibitor cocktail (pepstatin, aprotinin, leupeptin). After lysis using an Emulsiflex (ATA
Scientific, Taren Point, NSW Australia), samples were spun at 16800xg for 20min, 4°C. The
supernatant was bound to an Ni-NTA column which was pre-equilibrated in column buffer
(Buffer A and 10mM imidazole, pH 7.4). His-tagged DBI was eluted using elution buffer (Buffer
A and 250mM imidazole). A PD10 desalting column was used to remove imidazole, DBI was
eluted in Buffer A. DBI molecular weight was verified via 15% SDS-PAGE stained with
Coomasie blue and protein level quantified using a Nanodrop 2000 (Thermo Fisher Scientific,
Waltham, MA), using an absorption coefficient of 1.68. DBI with the histidine tag attached has a
mass of 10.87kDa.
DBI purification for NMR

DBI was transformed into BL21 DE3 cells, grown in *N-labeled M9 media, and purified
as described above. A *H-*"N HSQC spectrum was obtained using a Bruker Avance Il 600 MHz
spectrometer, with 5-10% D,O added to the protein sample. The spectrum was collected at
25°C. Data were processed using NMRPipe (Delaglio et al., 1995) and analyzed using CcpNmr
analysis (Vranken et al., 2005).
DBI Vector Mutagenesis and Purification

In order test the function of DBI without the histidine tag attached, a histidine tag and
TEV cleavage site was introduced at the N-terminus of the protein, and a stop-codon was
inserted before the original C-terminal histidine tag. This mutagenesis was performed using
QuikChange site-directed mutagenesis with PfuUltra Il Fusion HS DNA polymerase (Agilent,
Santa Clara, CA) using a large ultramer primer (Integrated DNA Technologies, Coralville, IA) for
5’ insertions and single primer for 3’ insertions. Reaction products were digested with Dpnl

(Thermo Fisher Scientific, Waltham, MA) and transformed into Top10F’ E. coli cells. Clones
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were selected and successful mutagenesis was confirmed via sequencing. DBI was purified as
described above, and incubated overnight with TEV protease at 4°C.
Palmitoyl-CoA Incubation

To assess whether DBI function may change in the presence of the long-chain fatty acid
ligand palmitoyl-CoA, purified DBI was pre-incubated with palmitoyl-CoA. Palmitoyl-CoA was
suspended at 1mM in Buffer A and combined with DBI in final concentrations of 50uM DBI and
100uM palmitoyl-CoA. Samples were incubated for 30min or 3 hours at 4°C or room
temperature.
Expression in Xenopus laevis oocytes

Rat cDNA encoding the GABAR a3, a5, B3 and y2L subunits subcloned into the pUNIV
vector (Venkatachalan et al., 2007) were used. cRNA was transcribed from Notl digested cDNA
using the mMessage T7 kit (Ambion, Austin, TX). Xenopus laevis oocytes were harvested and
prepared as described previously (Boileau et al., 1998). Oocytes were injected with 27-54nL of
GABAR subunit cRNA at 10ng/uL a, 10ng/uL B and 100ng/uL y2L following previously
described methods (Boileau et al., 2002), stored at 16°C in ND96 buffer (96mM NaCl, 2mM KCl,
1TmM MgCI2, 1.8mM CaCl2, and 5mM HEPES, pH 7.2) supplemented with 100ug/ml bovine
serum albumin and gentamycin and recorded from 2-7 days after injection.
Two Electrode Voltage Clamp

Electrophysiological recordings were performed as described previously (Hanson and
Czajkowski, 2008). Oocytes expressing GABARs were held at -40 to -80 mV under a two-
electrode voltage clamp and continuously perfused with ND96 at 5mL/min in a 200 yL volume
chamber. Borosilicate glass electrodes (0.4-1.0mQ, Warner Instruments, Hamden, CT) were
filled with 3M KCI. Data were collected at room temperature using two different voltage clamps.
One was a GeneClamp 500 (Molecular Devices, Sunnyvale, CA) interfaced to a computer via a
Digidata 1200 device (Molecular Devices) with data recorded using Whole Cell Program,

version 3.6.7 (J. Dempster, University of Strathclyde, Glasgow, UK). The other was an Oocyte
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Clamp OC-725A (Warner Instruments, Hamden, CT) with a Digidata 1440A (Molecular Devices,
Sunnyvale, CA) with data recorded using AxoScope, pPCLAMP 10 (Molecular Devices,
Sunnyvale, CA). Data and results obtained from the clamps were indistinguishable.

A stock solution of 1 M GABA (Sigma-Aldrich, St Louis, MO) was made in water, stored
at -20 C and thawed before use. GABA dilutions for experiments were prepared fresh daily in
ND96. A stock solution of 10 mM FZM (Sigma/RBI, Natick, MA) in water was diluted in ND96 for
working concentrations daily. A stock solution of 10mM DMCM (Sigma/RBI, Natick, MA) was
prepared in dimethyl sulfoxide and diluted daily in ND96 for working concentrations in which the
final concentration of dimethyl sulfoxide (<0.1%) did not affect GABAR function.
Concentration-response analysis

GABA concentration-response curves were determined as described previously (Hanson
and Czajkowski, 2008). Seven concentrations of GABA (1uM, 3uM, 10uM, 30uM, 100uM, 1mM
and 10mM) were used to fit concentration response curves and determine GABA EC50 values.
Concentration-response data were fit using Prism version 8.4 (GraphPad Software Inc., San
Diego, CA) to the equation: | = Imax/[1 + (EC50/[A]nH)], in which | is the peak current response
to a given GABA concentration, Imax is the maximal amplitude of GABA activated current,
EC50 is the GABA concentration that produces the half-maximal response, [A] is the GABA
concentration, and nH is the Hill coefficient.

Drug modulation

Drug modulation was measured at GABA ECx and evaluated as lgasa+orug/lcasa, Where
Icasa+prug IS the GABA-mediated current in the presence of drug and Icaea is the GABA-mediated
current in the absence of drug. To measure drug modulation, a 5 sec pulse of GABA ECzwas
applied and followed immediately by a 5 sec pulse of GABA ECz+Drug. When multiple drugs
were applied to a single oocyte, GABA ECy,was applied following drug treatment until current
amplitudes returned to initial GABA ECx level to ensure complete washout of drugs between

different drug treatments.
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Statistical analysis

All data were from at least three different oocytes from at least two different frogs. Data
are represented as mean + SD. Significant differences in drug modulation between subunit
compositions were calculated via Kruskal-Wallis test with a Dunn’s multiple comparisons (Prism
v9.1, GraphPad Software Inc, San Diego, CA). This test was selected due to the non-normal
distribution of data, as evaluated using a D’Agostino and Pearson test which evaluates
skewness and kurtosis and generates a P value based on how much these values differ from a
Gaussian distribution (D'Agostino et al., 1990). Normalized values are used to compare the
effects of drug or DBI between asfsy2. and asBsy2. GABARSs. Normalized values were also
compared to a hypothetical null value of 1 using a one-sample t-test in Prism.

Statistical differences in GABA+drug versus GABA alone current amplitidues elicited
from the same oocyte were calculated using a ratio paired t-test of raw, non-normalized values
using Prism software rather than a standard paired t-test. For our data, differences between
control and treatment is not a consistent measure of effect. The differences are larger when
the control current amplitudes are larger. Thus, the ratio (treated/control) is a more
consistent way to quantify the effect of the treatment (GraphPad, 2021).

The effects of DBI on asBsy20 GABA-elicited currents were more variable than effects
observed with FZM, a BZD (coefficient of variation for FZM asBsy2Lis 17.2%, DBI is 36.0%). The
variation was not correlated with DBI purification batch nor oocyte/frog. We hypothesize that
flexibility and conformation dynamics of DBI (11kDa) may contribute to the increased variability
of its effects as compared to a small BZD drug.

Protein-protein docking

We made asBsy2 and asBsy2c GABAR homology models based on the cryoEM structure

of the a1Bsy2. GABAR obtained in the presence of the BZD alprazolam (PDB 6HUO) (Masiulis et

al., 2019). The homology models were built on Sybil, Tripos Inc. The GABAR a3 or a5
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sequences were manually threaded on to the cryoEM model of the ai1Bsy2. GABAR based on
their sequence alignment with the al subunit using the graphical interface of the Sybil program.
After resolving steric clashes, the resulting structures were subject to energy minimization using
the Tripos force field. The GABAAR model images were developed using PyMOL (Schrédinger,
LLC, New York).

Protein-protein interactions between the asBsy2. and asBsy2. GABAR models and the
unliganded human DBI crystal structure (PDB 2FJ9) (Taskinen et al., 2006) were identified
using ClusPro a web-based program for computational docking of proteins (Kozakov et al.,
2013; Kozakov et al., 2017; Vajda et al., 2017). ClusPro analyzes 70,000 rotations of the ligand
and generates up to 30 highly populated clusters of ligand structures docked in similar locations
on the receptor with low energy scores. Clusters are ranked by population size rather than an
energy score. Docking clusters selected for analysis were based on their proximity to the BZD
binding site. We analyzed the hydrogen bonding between the alpha subunit and DBI (Figure 4B-
C) and the gamma subunit and DBI (Figure 4D-E) using Pymol’'s hydrogen bonding feature.
Results

In order to study the effects of DBI on the GABAR receptor, we needed to efficiently
purify milligram quantities of pure, non-aggregated and correctly folded DBI. We used a
histidine-tagged human DBI construct (His-DBI) inserted into a pET28A vector, which is
optimized for inducible expression of protein in bacterial cells (Shilling et al., 2020). We
expressed the His-DBI in BL21 E. coli cells and purified the protein as described in Methods.
DBI purity and size was evaluated using 15% SDS-PAGE (Figure 3.1A). Following purification,
a single Coomassie stained band was observed with a molecular weight of 11kDa. DBI with the
histidine tag attached has a mass of 10.87kDa. Heteronuclear single quantum correlation
(HSQC) nuclear magnetic resonance (NMR) of *N-labeled DBI demonstrated that our DBI

purification methods produced pure, non-aggregated and correctly folded protein, as number of
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peaks was very close to the total number of residues in the His-tagged DBI, spectral dispersion
was good, and the linewidths were relatively uniform (Figure 3.1B).

We expressed asBsy2. and asPsyz GABARS in Xenopus laevis oocytes and used two-
electrode voltage-clamping and measured the effects of a BZD PAM (FZM), a BZD NAM
(DMCM) and DBI on GABA-elicited currents. Initially, we measured GABA concentration
responses from oocytes expressing asBsy2. and asPsy. GABARS. GABA ECsp values were
47+11.8 uM, n=5 for asBsy.. GABARSs (Figure 3.2A) and 3418.6 uM, n=3 for asBsy2. GABARS
(Figure 3.2B), which are consistent with previously published results (Karim et al., 2013;
Nimmich et al., 2009).

To evaluate and compare the effects of the positive BZD modulator, FZM, the negative
BZD modulator, DMCM and DBI, we applied a low GABA EC20 concentration and then co-
applied FZM (10pM), DMCM (10uM) or DBI (50uM) with GABA EC20 (Figure 3.3A). FZM
(10uM) significantly increased GABA currents from oocytes expressing asBsyz. and asBsya.
GABARS: lgaga+rzm/lcasa Was 2.73+0.72 and 2.04+0.38, respectively (Figure 3.3; ratio paired t-
test p<0.0001 for both GABAR subtypes). The effects of FZM on a3-containing receptors
compared to a5-containing receptors were not significantly different (Figure 3.3B, Dunn’s
multiple comparisons p>0.999). DMCM (10uM) significantly inhibited GABA currents from both
03Bay2 and asBayar GABARS: Igasatomem/lcasa Was 0.75£0.13 and 0.60+0.15, respectively (Figure
3.3, ratio paired t-test p<0.0001 for both GABAR subtypes) and the effects of DMCM on a3-
containing versus a5-containing GABARs were not significantly different (Figure 3.3B, Dunn’s
multiple comparisons p>0.999).

We used the same methods to evaluate the effects of purified DBI (50uM) on GABA
EC20 currents from asBsy2. and asBzy.. GABARS. DBI weakly inhibited GABA currents from
asBsy2. GABARSs (Figure 3.3A). asBsy2c GABAR current amplitudes in the presence of DBI were
significantly different from currents elicited by GABA alone: lgaga+pei/lcasa Was 0.93+0.10 (Figure

3.3C, ratio paired t-test p=0.001). In contrast, DBI significantly potentiated asBsy2. GABA
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currents, where Igasa+oei/lcasa Was 1.34+0.48 (Figure 3.3, ratio paired t-test p<0.0001). The data
indicate that DBI acts as a very weak NAM for a3-containing receptors and a modest PAM for
a5-containing receptors (Figure 3.3). DBI’s effects were not changed by pre-incubating DBI with
palmitoyl-CoA (a long-chain fatty acid known to bind DBI), or by cleaving the histidine tag
(Supplemental Figure S3.1)

Data for the effects of DBI on asBsy2. GABA-elicited currents were more variable than a
BZD (coefficient of variation for FZM asBsy2. data is 17.2%, DBI asBsy2. effects 36.0%). This may
be due to either the fact that the structure of the DBI protein is more flexible than the BZD
chemical. Alternatively, DBI may bind a more flexible region of the GABAR than the BZD
binding site. Increased motility of either DBI or the GABAR could cause more variability in the
effects of the DBI/GABAR interaction.

a3 and a5 are homologous GABAR subunit isoforms with many conserved residues
(73% identity) (Duvaud et al., 2021). To explore potential mechanisms underlying DBI’s different
actions on a3-containing versus a5-containing GABARs, we constructed asBsyz. and asBsya.
GABAR homology models and examined protein-protein interactions with DBI using ClusPro, a
web-based program for computational docking of proteins (Kozakov et al., 2013; Kozakov et al.,
2017; Vajda et al., 2017). This program generates clusters which represent populations of
structures where the ligand has docked with low energy at similar locations on the protein.
Clusters are ranked based on population size.

For both asBsy2. and asBsy2c GABARS, ClusPro generated many highly populated
clusters with the ODN loop of DBI penetrating the BZD-binding pocket of the GABAR between
the a and y subunits in the extracellular domain. ODN is a DBI cleavage product that has been
shown to displace *H-BZD binding from primary cultures of rat cerebellar granule cells (Ferrero
et al., 1986) and is made up of residues found in the loop between the second and third alpha
helices in DBI. We selected two clusters (those that showed the closest ODN-BZD site

interactions) for further analysis. Figure 3.4A shows DBI docked at GABAR a3/y2 and a5/y2
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subunit interfaces. Figure 3.4B highlights differences in residues in the a3 and a5 GABAR
subunits that are located at the BZD binding site interface that are within H-bonding distance to
DBI while Figure 3.4C highlights differences in DBI residues that interact with the a3 and a5
GABAR subunits. Residues in the GABAR vy subunit interacting with DBI and residues in DBI
interacting with the y subunit are displayed in Figure 3.4D and E.

When comparing DBI docking results to a3 and a5-containing receptors, we identified
subtle differences in DBI-GABAR interactions. Non-homologous residues in the a subunits
interact differently with DBI. For example, the a3 histidine at position 142 in Loop7 is not
predicted to H-bond with DBI but the aligned a5 glutamine does. In Loop C, the a3 1le202 does
not interact but the aligned a5 asparagine does. The GABAR y subunit residues that interact
with DBI were the same for both GABAR subtypes. The GABAR a5 subunit had more residues
that H-bonded with DBI than the a3 subunit. In addition, DBI had more H-bond interactions with
the y subunit of a5-containing GABARs. Future studies should examine how mutating these
residues in both GABAR subunits and DBI alter DBI effects. While the docking results did not
clearly illuminate why DBI is a NAM at a3-containing and a PAM at a5-containing receptors,
they provide evidence to support the idea that DBI can bind at the BZD binding site interface of
GABARSs ad establish potential interactions that may underlie specific response differences in
the two receptor subtypes.

Discussion

While DBI was identified as a putative endozepine in the mid-1980s (Guidotti et al.,
1983), much of DBI's mechanism of action is still unknown. Due to DBI’s intracellular roles in
long-chain fatty acid metabolism, and its multiple biologically active cleavage products
(Bouyakdan et al., 2015; Knudsen, 1991; Slobodyansky et al., 1989; Tonon et al., 2020), direct
effects of DBl on GABAR function have not been extensively studied. The use of FLZ (a BZD
antagonist) provides indirect evidence for the existence of an endogenous GABAR modulator.

Application of this zero-modulator increased the decay of GABA-evoked inhibitory postsynaptic
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currents in neurons in the hippocampus (King et al., 1985), dentate gyrus (Leroy et al., 2004),
neocortex (Ali and Thomson, 2008) and the nRT (Christian et al., 2013), suggesting that FLZ is
displacing an endogenous GABAR modulator. Recording from cells in the nRT suggested that
DBI positively modulates GABARs (Christian et al., 2013) while studies in the subventricular
zone and hippocampal subgranular cells suggest DBI is a NAM (Alfonso et al., 2012; Dumitru et
al., 2017). Some benzodiazepines like Ro15-4513 have different actions depending on GABAR
subunit composition (Knoflach et al., 1996). We hypothesized that the modulatory effects of DBI
on GABAR activity are regulated by receptor subunit composition, which varies by brain
location. In this study, we found that DBI is a PAM for a5-containing GABARs and a weak NAM
for a3-containing receptors.

Recordings from cells in the hippocampal subgranular zone suggest that DBI or its
peptide cleavage product, ODN, act as a NAM (Dumitru et al., 2017). Given a5 subunits are
highly expressed in the hippocampus (Sequeira et al., 2019), these published experiments
predict that heterologously expressed a5-containing receptors would be negatively modulated
by DBI versus positively modulated, which we observed (Figure 3). Similarly, patch clamp
recordings from the nRT where a3 is highly expressed (Hortnagl et al., 2013) suggested that
these receptors are positively modulated by DBI (Christian et al., 2013), while our experiments
with heterologously expressed asBsy2c GABARSs demonstrated that DBI acts as weak NAM
(Figure 3).

There are several possible explanations for differences between our data and previously
published results. In our experiments, DBI was expressed in E. coli and purified, and GABARs
of a single subtype were expressed in Xenopus laevis oocytes. The Monyer (Alfonso et al.,
2012; Dumitru et al., 2017) and Huguenard (Christian et al., 2013) experiments relied primarily
on up- or down-regulating endogenous DBI expression. DBI has several biologically active
cleavage products, multiple predicted sites for post-translational modifications, and can bind

long-chain fatty acids. The effects of full-length DBI purified from E. coli without eukaryotic
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modifications may be different than a cleavage product such as ODN, or DBI with post-
translational modifications. Moreover, GABARSs in neurons are likely associated with accessory
subunits like GARLH or Shisa7 (Han et al., 2019; Yamasaki et al., 2017). The absence of these
accessory subunits in Xenopus oocytes may alter DBI actions. Furthermore, a3 and a 5 are not
the only a subunits expressed in nNRT and hippocampus, respectively. In neurons, the presence
of GABARs which contain other a subunits that might be modulated by DBI make it difficult to
assign DBI’s effects to one specific GABAR subtype. Here, using a reductionist approach, we
demonstrate that DBI is a PAM of asBsy2. GABARs and a weak NAM of asBsyz GABARS.

asBsy2. GABARSs are highly expressed in the hippocampus and can be found both
synaptically and extrasynaptically (Mortensen et al., 2012). a5-containing GABARS play a large
role in hippocampal-dependent forms of learning and memory (Collinson et al., 2006; Crestani
et al., 2002; Joksimovi¢ et al., 2013; Timi¢ et al., 2013). Our data demonstrating that DBI acts as
a PAM for as-containing receptors suggests that DBI may have effects on learning and memory.
Consistent with this idea, previous experiments with DBI-knockout mice showed a disruption in
spatial learning and memory (Ujjainwala et al., 2019) and social behavior (Ujjainwala et al.,
2018). While somatic IPSC recordings from hippocampal CA1 and dentate gyrus regions found
that DBI knockout DBI knockout did not change the effects of FLZ on mIPSCs (Courtney and
Christian, 2018), these fast IPSCs recorded from the soma of pyramidal neurons are unlikely to
capture the effects of DBI on a5-containing receptors which are expressed primarily in the distal
dendritic regions and responsible for much of hippocampal learning and memory (Groen et al.,
2014; Rodgers et al., 2015).

asBsy2. GABARSs are highly expressed in the cortex, hypothalamus and nRT (Crestani
and Rudolph, 2015; Engin et al., 2018; Fischer et al., 2011; Rudolph and Knoflach, 2011). While
they are generally expressed synaptically, it has been suggested that as-containing GABARS
can be expressed extrasynaptically and mediate tonic inhibition in the nRT (Devor et al., 2001,

Pangratz-Fuehrer et al., 2016). Disruptions in the development of the nRT have been tied to
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absence seizures (Pangratz-Fuehrer et al., 2016). Additionally, work using mice with BZD-
insensitive as subunits has shown that these receptors mediate some of the myorelaxant effect
of benzodiazepines (Crestani et al., 2001). Some have suggested that as-containing GABARs
can also mediate anxiolytic effects of BZDs (Fischer et al., 2011; Morris et al., 2006; Rowlett et
al., 2005), though these findings are somewhat controversial (Crestani and Rudolph, 2015;
Koester et al., 2013; Low et al., 2000). Our data showing DBI acts as a weak NAM for asBsy2.
GABARSs suggests that DBI could alter the effects of as-containing GABARS in maintaining tonic
inhibition in the nRT and in regulating muscle control and anxiety.

Dysregulation of GABA-mediated signaling is implicated in a wide variety of neurological
diseases and disorders, including Alzheimer’s (Calvo-Flores Guzman et al., 2018; Govindpani et
al., 2017), anxiety (Engin et al., 2018), Parkinson’s (Brickley and Mody, 2012) and epilepsy
(Palma et al., 2017). Our findings showing that DBI’s effects are dependent on GABAR subunit
composition lay an important foundation for understanding how inhibition in the brain is

regulated.

See bioRxiv paper “The diazepam binding inhibitor’s modulation of the GABA-A receptor is

subunit-dependent” (Borchardt et al., 2021) for additional analysis and control experiments.
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Figure 3.1 - Purified DBI is fully folded. 15% SDS-PAGE (A) showing a marker lane with 50,
37, 25, 20, 15 and 10kDa bands, and histidine-tagged DBI running at the correct weight (11kD).
The single band for DBI indicates the protein is pure and unaggregated. 1H-15N HSQC
spectrum (B) from DBI grown in N M9 media shows close to the expected number of peaks
(93 expected, 96 detected), appropriate spectral dispersion and low noise, indicating the protein

sample is folded and non-aggregated. NMR was performed by the lab of Dr. Henzler-Wildman.



63

o o
A) 3BavaL B) sBaYaL
1.0 1.0
» x
© ©
£
= 097 = 0.5
EC50 47uM EC50 34uM
Hill slope 0.97 Hill slope 1.03
n=5 n=3
0.0 T T T T T 1 0.0 T T T T T 1
7 6 5 4 3 2 A 7 6 5 4 3 2 A
log [GABA] (M) log [GABA] (M)

Figure 3.2 — GABA dose response curves for asBzy2. and asBsy2.. Using two-electrode
voltage clamping of Xenopus oocytes injected with asBsyz. (A) and asBzy2 (B) CRNA, increasing
concentrations of GABA (1uM-10mM) were applied. Data were fit using a non-linear
transformation. Data are normalized to calculated top and averaged from three to five different
oocytes, with error bars showing SD. Calculated ECso values and Hill slopes were 47uM and
0.97 for asPsyz, and 34uM and 1.03, and are within normal ranges. Data for GABA dose

response curves were collected by Luke Blecker.
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Figure 3.3 — DBI modulates asBsy2. differently than asBszy... Sample two-electrode voltage
clamp current traces (A) from oocytes injected with asBsy2. (top) and asBsyz. (bottom) show that
co-application of FZM with GABA EC20 increases current as a PAM and co-application of
DMCM decreases current as a NAM, while co-application of DBI weakly negatively modulates
a3Bsy2 and moderately positively modulates asBsy2z.. The effects of FZM, DMCM and DBI are
plotted in B, showing lprg+casa Normalized to paired lgaga. Data are shown as individual points
over bar graphs of mean with SD error bars. A Kruskal-Wallis test with Dunn’s multiple
comparisons comparing the effects of each drug between asBsy2. and asBsy2 shows the effect
of DBI is significantly different between subunit types, while the effects of FZM and DMCM were
not. Panel C is a table of mean normalized current effects for FZM, DMCM and DBI for both
receptor combinations and lists total n for each condition and the p-value of paired t-tests
comparing long to lcasa, demonstrating co-application of each drug has a significantly different

effect than GABA alone.
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Figure 3.4 — Protein-protein docking of DBI with asBs;y2. and asBzy2. GABARS. asBsy2. and
asBsy2. homology models based on the alprazolam-bound aiBsy2. cryoEM (6HUO) with
alprazolam removed. These structures were docked with the DBI crystal structure (2FJ9) using
the ClusPro web server. Clusters where the ODN-loop of DBI interacts with the BZD-binding site
of each receptor were compared, with relevant structures shown. A) Full side-view crystal
structures of asBsy2L (top) and asBsy2. (bottom) with sample DBI docking. B) Alpha subunit ECDs
with DBI-hydrogen bonding residues highlighted in red. Sequence alignments shown below,
with hydrogen-bonding residues highlighted in red and nonhomologous residues underlined.
The a5 subunits form more hydrogen bonds. C) DBI structure with alpha-subunit hydrogen
bonding residues highlighted in green. Sequence shown below. D) Gamma subunit ECD and
sequence with DBI-binding residues shown in blue. The gamma subunit residues which
interacted with DBI were the same for both subunit combinations. E) DBI structures and
sequences with gamma hydrogen-bonding residues highlighted in grey. DBI has more hydrogen
bonds with the gamma subunit of a5-containging GABARs. Homology modeling and protein-

protein docking performed by Dr. Ken Satyshur.
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Supplemental Figure 3.1 — Neither the removal of histidine tag nor incubation with
palmitoyl-coA affects DBI modulation. The effects of DBI are plotted for asBsy2. and asBayar,
showing lorug+casa NOrmalized to paired Igasa. Data are shown as individual points over bar
graphs of mean with SD error bars. A Kruskal-Wallis test comparing the effects of each drug
between asBsyz and asBsyz shows the effect of DBI is significantly different between subunit
types. Data from DBI with a cleaved histidine tag are highlighted in orange in panel A. Data from
DBI incubated with palmitoyl-CoA are highlighted in red in panel B. Highlighted data were
compared to the rest of the data using a student’s t-test. His-tag cleavage and co-incubation
with palmitoyl-CoA did not significantly alter the effects of DBI (a3 His-tag cleavage p=0.45 n=2,

a5 His-tag cleavage p=0.18 n=3, a3 palmitoyl-CoA p=0.24, n=18).
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Chapter IV:

DBI effects on asBzy2. GABAR currents do not mimic BZD actions

Introduction

Benzodiazepines (BZDs) are widely prescribed drugs that target the GABA-A receptor
(GABAR). These drugs have a variety of therapeutic effects including antiepileptic, somnogenic,
and anxiogenic actions (Sigel and Ernst, 2018). BZDs exert these actions by binding to the
GABAR, the main inhibitory receptor in the brain. GABARSs are pentameric ligand-gated
channels. The majority of GABARSs are comprised of two a subunits, two 3 subunits and one y
subunit. BZDs bind in a pocket located in the GABAR extracellular domain at the interface of a

and y subunits. BZD binding modulates GABA-mediated channel gating.

BZDs that are positive allosteric modulators (PAMs, e.g. diazepam or flurazepam (FZM))
increase the amount of current elicited by a non-saturating concentration of GABA, while
negative allosteric modulators (NAMs) like methyl-6,7-dimethoxy-4-ethyl-beta-carboline-3-
carboxylate (DMCM) decrease the amount of current elicited by GABA. BZD PAMs increase
peak current responses for low concentrations of GABA and slow the rate of current

deactivation, with little effect on the rate of current activation (Goldschen-Ohm et al., 2014).

The diazepam binding inhibitor (DBI) was identified in 1983 based on its ability to
displace [*H]-diazepam from binding GABARSs (Guidotti et al., 1983). While this 11kD protein is
significantly larger than a BZD, based on its ability to displace BZDs and research showing that
mutating the BZD site or using flumazenil (FLZ), a BZD-site antagonist (Christian et al., 2013)
alters DBI’s effects on the GABAR, it is widely assumed that DBI binds to the BZD binding site
on the GABAR. In Chapter Il of this thesis, | used GABAR expression in Xenopus laevis

oocytes and two-electrode voltage clamping and demonstrated that DBI acts as a PAM for a5-
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containing receptors and a weak NAM for GABARs containing a3 subunits. Since DBI is
believed to bind to the BZD site, | hypothesized that DBI’s effects on GABAR macroscopic

current responses would be similar to BZD effects.

In this thesis chapter, | expressed asBsy2. receptors in HEK-293T cells and pulled
outside-out patches to compare the effects of FZM and purified DBI on GABA-mediated current
activation, deactivation, and GABA peak current amplitude. | used rapid application flow pipettes
(<1ms solution exchange times) and evaluated if DBl modulates the kinetics of GABAR
macroscopic currents in the same manner as a BZD PAM. FZM, as expected, significantly
slowed the rate of current deactivation, and did not alter 10-90% rise time (activation) or peak
current amplitude in response to a high concentration of GABA (ECso). Surprisingly, at high
GABA concentrations, application of DBI did not have a significant effect on any of these
macroscopic current properties. These data demonstrate that DBI is not functioning like a BZD
positive modulator under these experimental conditions (i.e. GABAR expression in HEK293
cells, outside-outside patch clamp recording, high GABA concentration, lower DBI
concentration). At first glance, my data in HEK293 cells are not consistent with data in Chapter
Il where | showed that DBI potentiated asBsy2. GABAR currents elicited by a low concentration
of GABA. Using a kinetic model, | identified a potential mechanism that may explain why my
patch-clamp data in this chapter and the two-electrode voltage clamp data from Chapter lll

differ.

Methods

HEK cell culture and DNA transfection

Human embryonic kidney (HEK 293T-17) cells were cultured in Eagle’s minimum
essential medium with Earle’s salt (Mediatech, Manassas, VA). Media was supplemented with
10% fetal bovine serum (Atlanta Biologics, Flowery Branch, GA), penicillin-streptomyacin-

glutamine (100U/mL penicillin, 100ug/mL streptomycin, Sigma-Aldrich, St. Louis, MO), and
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plasmocin 50ug/mL (InvivoGen, San Diego, CA). Cells were grown at 37°C with 5% CO», and
plated on 12mm circular glass coverslips in 60mM dishes 48-72 hour before transfection.

Cells were transfected using lipofectamine 2000 (Invitrogen, Carlsbad, CA) at 85-90%
confluency. 0.5-2ug of pUNIV GABAR DNA was used, with a 1:1:3-5 ratio of a5:83:y2L
subunits, and 2-10ng of pUNIV GFP DNA. Cells were used for recording 24-60 hours post
transfection.

DBI Purification

DBI was grown and purified as described in Chapter Il of this thesis. In brief, BL21 DE3
chemically competent E. coli cells were transformed with histidine-tagged DBI cDNA in a
pET28a vector. Single colonies were grown in 500mL LB-Kan media at 37°C until ODego=0.6-
0.8. Cells were spun at 10,000xg for 10min at 4°C. Pellet was resuspended in Buffer A (sodium
phosphate, 50mM, pH 7.4; NaCl, 300mM) with 25mM imidazole (IDA) and protease inhibitors
pepstatin, aprotinin and leupeptin. Cells were lysed using an Emulsiflex (ATA Scientific, Taren
Point, NSW Australia) and homogenate was spun at 16,800xg for 20min at 4°C. DBI was bound
to a Ni-NTA flowthrough column (Qiagen, Hilden, Germany), washed, and eluted using Buffer A
and 250mM IDA. PD10 columns (Sigma-Aldrich, St. Louis, MO) were used to remove IDA, and
eluted DBI in Buffer A. Purity and yield were evaluated via SDS-PAGE and Nanodrop (Thermo
Fisher Scientific, Waltham, MA).

Patch-clamp solutions and drugs

Recording pipettes were pulled from borosilicate glass using a Flaming-Brown P-1000
mulitstage micropipette puller (Sutter Instruments, Novato, CA). Pipette tips were fire-polished
with a Narishige MF-83 microforge (Narishige, Tokyo, Japan) until open tip resistance was
between 2-9 MQ. Electrodes were filled with intracellular solution (140mM KCI, 10mM EGTA,
2mM MgATP, 10mM phosphocreatine, 10mM HEPES, pH 7.3-7.4).

HEPES normal Ringer (HNR) perfusion solution contained 145mM NaCl, 2.5mM KClI,

1mM MgCl,, 1mM CacCl,, and 10mM HEPES, pH 7.3-7.4, 300-310 mOsm. 1M stocks of GABA
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and 10mM stocks of flurazepam (FZM) were prepared in water and frozen at -20°C. Fresh drug
solutions were prepared daily in HNR and diluted to 10-50uM GABA in the presence and
absence of 10uM FZM and 10-50uM DBI. 1mM, 100, 30, 10, 7, 3 and 1 uM GABA solutions
were prepared for dose-response curves. Equivalent volumes of Buffer A were added to FZM
and GABA solutions to ensure isosmolarity. Recordings were performed at room temperature.
Application Pipette Assembly and Function

Theta-barreled glass (thin walled, filamented glass capillary, outer-diameter (OD)
1.5mm, inner diameter (ID) 1.2mm) was pulled until tip openings were approximately 100um
between the centers of both channels. Glass was cut to 2-3 cm in length and the larger end was
fire-polished. 10cm lengths of polyimide tubing (0.24mm OD, 0.2mm ID, Cole-Parmer, Vernon
Hills, IL) were inserted into both channels of the theta barrel and pushed up to the tip. The free
ends of polyimide tubing were threaded into 30cm lengths of 28-gauge polytetrafluoroethylene
(PTFE) tubing. PTFE tubing was pushed flush to the end of the theta-barreled glass. 2-3cm
lengths of fused silica tubing (170um OD, 110um ID, Trajan Scientific, Victoria, Australia) were
inserted into theta barrels to sit 0.5cm behind the openings of polyimide tubing to serve as
drains for dead space within glass barrels and to increase liquid exchange time. Glass and
tubing were sealed together at interface with PTFE/fluorinated ethylene propylene (FEP) dual
shrink tubing (Cole-Parmer, Vernon Hills, IL), and tested for leaking at the end of glass or
between channels of glass. Gripper fittings were attached to the ends of PTFE tubing.

Glass slides were prepared with Sylgard 184 (Dow Corning, Midland, MI) material as a
border to create approximately 5mL wells. The assembled application pipette was glued to a
glass slide with the theta perpendicular to the bottom of the plate. Pipette was secured with
quick drying epoxy and left to cure overnight.

The theta application pipette was installed on a piezoelectric biomorph (Physik
Instrumente, Costa Mesa, CA) and connected to 6-way Rheodyne low pressure valves (IDEX

Health and Science, Rohnert Park, CA). Valves were connected to tubes containing HNR and
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drug solution via 26-gauge PTFE tubing. The biomorph is moved to position the application
barrel in front of the cell by WinPos (ITK Dr. Kassen GmbH, Hahnau, Germany), with <lmsec
10-90% solution exchange times, measured via liquid junction potential tests of open recording
pipette tips after experiments. Valve switches took <30sec to fully exchange from low to high
concentration and 1min to exchange from high to low concentrations (100% HNR to 10% HNR).

4-barrel application pipettes were also constructed using 4-Square Bore borosilicate
glass (VitroCom, Mountain Lakes, NJ), approximately 1mm internal square width, 6mm outer
width of all four squares. Glass was heated, pulled, and cut so that tip openings were
approximately 200um from the center of one opening to the next, and cut to be 2-3cm in length.
Polyimide tubing threaded into 28-gauge PTFE was inserted into all four barrels, with polyimide
extended further into the barrels than PTFE tubing. The barrel/tubing interface was sealed using
Norland Optical Adhesive 73 (Norland Products, Cranbury, NJ). Glue was cured using >20min
exposure to UV light. After testing seals between each barrel, the 4-barrel application pipette
was glued to a glass slide. Borders for glass slides were cut from polycarbonate and adhered to
the slide using silicone grease. The fully assembled 4-barrel application pipette was installed in
piezoelectric biomorph and connected directly to tubes containing HNR and drug solutions,
omitting the need for valves.
Outside-out patch clamp recording

Recording pipettes were sealed onto the membrane of GFP-positive HEK cells to obtain
a giga-seal with -5 to -10mmHg pressure. Once a high resistance seal was formed, increased
negative pressure was used to break into the cell. The pipette was then immediately withdrawn
from the cell, enabling the patch to reseal in an outside-out conformation with the extracellular
side of the membrane facing out. Patches were held at -40mV. Currents were low-pass-filtered
at 2 kHz with an eight-pole Bessel filter. Data was collected at 20kHz via an Axopatch 200B
amplifier (Axon Instruments, Sunnyvale, CA) interfaced to a computer using a Digidata 1440A

(Axon Instruments, Sunnyvale, CA). Amplifier function was controlled by Clampex (version
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10.4.1.10; Molecular Devices, Sunnyvale, CA) and analyzed using Clampfit (version 10.4.1.10;
Molecular Devices, Sunnyvale, CA). Patches were exposed to 100ms pulses of 10-50uM GABA
with and without 10uM FZM and 10-50uM DBI, with 10-20sec of HNR wash between pulses to
minimize accumulation of desensitization.

Data Analysis

Averaged traces using 3-15 sweeps were generated in Clampfit and used to measure
10-90% rise time of activation and calculate the rate of deactivation via a weighted tau (Tw). Tw
was calculated by fitting the current decline after GABA removal until a return to baseline with a
bi-exponential equation (I = Ai*e™ + A*e ™), where | is current, t is time, A; and A; are the
relative amplitudes for the fast and slow components respectively, and 11 and 1, are the time
constants for the fast and slow components. See Figure 4.4 for sample curve fits. These values
are used to calculate Twwhere 1, = (A1T1+A2T2)/(A1+A2). Normalized T values were calculated as
Tw(GABA+Drug)/ Tw(casa). Normalized 10-90% rise times were calculated as
RiseTimeasa+prug/RiseTimecasa). Significance was evaluated using a paired-test for GABA and
GABA+drug values within the same patch, and using a one-sample t-test of normalized data
comparing to a hypothetical null value of 1. Data were analyzed and displayed using GraphPad
Prism (version 9.1.2, GraphPad Software Inc, San Diego, CA).

Peak current responses from outside-out patches often decreased over the course of the
experiment (Amico et al., 1998; Gyenes et al., 1994). In order to accurately assess drug-
induced changes in amplitude, run-down was taken into account. Peak amplitude for every
sweep of GABA was plotted over time and fit with a one-phase exponential decay, where
PeakCurrent = (PeakCurrento-Plateau)*e-X'. PeakCurrent, is the current at t=0, Plateau is
PeakCurrent at t=, K = rate constant of decay (s™), and t is time. Current amplitudes of GABA
and GABA+Drug traces were divided by the decay-predicted amplitude to generate current

values corrected for run-down, described as fold increase in amplitude. These values were



73

averaged for all initial GABA and all GABA+Drug sweeps in a single patch. Data were analyzed
as paired data and compared to a hypothetical null value of 1.

GABA concentration-response traces were fit using Prism software to the equation, | =
Imax/[1 + (EC50/[A]"™)], in which | is the peak response to a given drug concentration, Imax is
the maximal amplitude of current, EC50 is the drug concentration that produces the half-
maximal response, [A] is drug concentration, and nH is the Hill coefficient.

Kinetic Modeling

GABA-elicited currents from asBsy2c GABARS were simulated in Kinetic Model Builder
2.0 (Goldschen-Ohm et al., 2014) in Monte Carlo mode. Currents were simulated for 500ms
pulses of 1ImM, 100uM, 30uM, 10uM, 3uM, and 1uM GABA, and adjusted to simulate to the
experimental dose-response GABA by altering binary element rate constants and interactions
between elements. 2s pulses of 5uM and 50uM GABA were also simulated in the presence and
absence of 10uM DBI. This model describes the two agonist bindings sites (A1 and A2), two
intermediate elements (F1 and F2), fast and slow desensitization gates (Df and Ds,
respectively), a benzodiazepine binding site (D), and the channel gate (m) as binary elements.
These binary elements can transition between two metastable configurations, like open or
closed for the channel gate, or bound or unbound for a drug binding site. The transitions
between these states are governed by intrinsic rate constants for the forward and reverse
reactions. Interactions between elements can contribute energy towards the transition to an
alternate energy state. For this model, rate constants for each element were aa =
[GABAJ*1.2*10°M1s?, Bo = 500 Ms?, ar = 5.5 Ms?, B = 1124 M1s?, agr = 0.25 MisL, Byt =
31 Ms?, ags = 0.0033 M1s, Bgs = 0.19 M2s?, ap = [BZD]*108 Mis %, Bp = 0.3 Mis?, is am =
380*(-0.5e) s, Bm = 380 s. Interactions between elements (kcal/mol at 298K) are AGar = -5,
AGenm = -3.8, AGrgt = -0.8, AGrgs = -1.7, and AGpaz = -0.3.

Results
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| expressed asBsy.. GABARSs in HEK cells and used outside-out patch clamping and
ultra-fast solution exchange to compare the effects of DBl and FZM on GABA-elicited currents. |
examined the effects of FZM and DBI on GABA-mediated current activation, deactivation, and
current amplitude. Initially, | measured peak current responses to 1mM, 100, 30, 10, 7,3 and 1
MM GABA (Figure 4.1) and fit the data as described in Methods to determine the GABA EC50
for asPsy.. GABARS. The GABA ECso value was13uM which is similar to published values

(Burkat et al., 2014; Neelands and Macdonald, 1999).

To evaluate and compare the effects of the positive BZD modulator, FZM, and DBI, |
applied 3-10 applications (150ms) of 50uM GABA (approximately EC80) and then applied 3-10
applications of wash or 50uM GABA solutions containing 10uM FZM or 10-50uM DBI. When
recording from outside-out patches, it is common for the currents to rundown over time (Amico
et al., 1998; Gyenes et al., 1994) and one observes smaller current responses to the same
GABA concentration. In order to accurately assess the effects of FZM and DBI on GABA-elicited
current amplitudes, | corrected the amplitudes to account for rundown as described in Methods.
(Figure 4.2). Neither FZM nor DBI had any significant effects on GABA peak current amplitudes.
DBI data, however, had a larger variability than FZM (Figure 4.2C, D). Recorded peak currents
and rundown adjusted current amplitudes for every patch are included in Supplemental Figure
4.1 for DBI and Supplemental Figure 4.2 for FZM. The data were analyzed using a paired t-test
between mean GABA and GABA+Drug corrected amplitudes (Figure 4.2C), as well as
comparing the mean GABA+Drug corrected amplitudes to a hypothetical null value of 1 (Figure

4.2D).

Data for the effects of DBI on asBsy2. GABA-elicited peak currents were more variable
than a BZD (coefficient of variation for FZM 6.8%, DBI asfay.. effects 33.1%). This may be due
to either the fact that the structure of the DBI protein is more flexible than the BZD chemical.

Alternatively, DBI may bind a more flexible region of the GABAR than the BZD binding site.
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Increased motility of either DBI or the GABAR could cause more variability in the effects of the
DBI/GABAR interaction.

To compare activation rates, | measured the 10-90% rise time of currents elicited by
50uM GABA and compared them to currents elicited by 50uM GABA+Drug. Sample normalized
current traces are shown in Figure 4.4A&B. Neither DBI nor FZM altered 10-90% GABA current

rise times (Figures 4.3C, D).

The strongest effect of FZM on currents elicited by 50uM GABA, which is approximately
ECso, was on the rate of deactivation. | calculated weighted taus (14) to assess current
deactivation. FZM significantly slowed deactivation (Twcasa+rFzm/Tw(casa)=1.50+0.37, p=0.005,
n=8), but DBI had no effect (p=0.57, n=14) (Figure 4.4). When comparing normalized Ty values
for DBl and FZM to a hypothetical null value of 1 (Figure 4.4D), the effects of FZM also showed
a significant increase in 1y (0ne sample t-test p=0.007, n=8), while DBI had no effect (p=0.65,

n=14).

Table 4.1 contains mean values (£SD) for DBl and FZM’s effects on GABA current peak
amplitudes, current rise times, and current deactivation rates. A summary table of the fold
increase in amplitude, normalized deactivation, activation, starting amplitude and percent
noise/amplitude can be found in Supplemental Table 4.1 which shows that none of the results

were dependent on channel expression, signal to noise ratio, or application pipette type.

With the help of Dr. Robert Pearce, | used an elements-based kinetic model to simulate
asBsy2L current responses and to model the effects of DBI on different interactions within the
model. We adjusted the binary element rate constants and the energetics of each interaction to
simulate experimental current responses to 500ms pulses of 1TmM, 100uM, 30uM, 10uM, 3uM,
and 1uM GABA which | recorded using outside-out patches from asBay.. receptors (Figure 4.5).
Using this model, | then introduced a DBI-binding element with a weak (AG=-0.3) interaction

with one of the GABA binding sites, and simulated current responses to 5uM GABA
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(approximately EC20) and 50uM GABA (approximately EC80) in the presence and absence of
10uM DBI. | used a longer simulated GABA exposure time of 2s to reflect the longer application
times used in two-electrode voltage clamping. This energetically stabilizing AG=-0.3 interaction
between the DBl and GABA bound states elicited simulated traces with a small increase in
amplitude at EC20 GABA (lsasa+pei/lcasa=1.34+0.48), but no change in amplitude or deactivation
rates at EC80 GABA (Figure 4.6). | also assessed the effects of DBI interacting with each of the
other elements: the F-element (Supplemental Figure 4.3), main gate (Supplemental Figure 4.4),
and the fast and slow desensitization gates (Supplemental Figures 4.5 and 4.6, respectively).

None of these interactions accurately simulated my experimental data.

Discussion

The effects of BZD PAMs on macroscopic GABAR kinetics have been well-documented.
At high concentrations of GABA, BZDs have been shown to slow the rate of GABA-induced
current deactivation (Goldschen-Ohm et al., 2014; Jones and Westbrook, 1995; Tsao, 2018).
Other groups have suggested that PAM BZDs stabilize a pre-activated, intermediate flip state
(Gielen et al., 2012), while others have used single-channel patch clamp electrophysiology to
show that BZDs increases channel open-time, and decreases the rate of channel closing (Li et
al., 2013). In this chapter, as expected, | showed that FZM slowed rate of GABA current
activation elicited 50uM GABA, which is approximately ECgo for asBsy2. receptors and had no
effect on GABA current peak amplitude or GABA current application as measured from 10-90%

rise times.

Unexpectedly, DBI did not alter any of the macroscopic kinetic metrics that | evaluated.
Previous research has shown that DBI can alter GABA-mediated currents in the brain, though
most of these experiments either rely on up- and down-regulating endogenous DBI, or apply

synthesized ODN, a DBI cleavage product (Alfonso et al., 2012; Christian et al., 2013; Dumitru
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et al., 2017). My data suggest that mechanism underlying DBI effects in the brain are not similar

to how BZD PAMs work since DBI had no effect on GABA current deactivation.

Supplemental Figure 4.7 breaks down the outside-out patch data by the type of
application pipette used. DBI’s effects on current deactivation were not significant when
analyzing data obtained using the 4-barrel application pipette or when combining all the data.
However, DBI significantly slowed deactivation when data collected using a theta application
pipette were analyzed (p=0.02, n=5). No other parameter for DBI was altered when the data
were separated based on application pipette type, which argues that all the data should be
combined for analysis. It is not apparent why effects of DBI on deactivation would be different
depending on the application pipet. In addition, due to the small number of patches using the
theta application pipette (n=5) one must be careful not to over-interpret the statistical
significance, especially given FZM did not have a statistically significant effect on deactivation

when analyzing so few samples (p=0.051, n=5).

It was somewhat surprising to see no significant effects of DBI using outside-out patch
ultra-rapid GABA application experiments when, in Chapter Ill of this thesis, | showed that DBI
acted as a modest positive modulator of GABA-elicited amplitude for asBsy.. GABARS
expressed in Xenopus oocytes using two-electrode voltage clamping (TEVC). Using TEVC, |
measured lprg/lcasa to be 1.3+0.48 (n=47) for 50uM DBI and 2.10+0.36 (n=25) for 10uM FZM.
Additionally, the TEVC data were collected using a low GABA EC concentration, versus the
high ECso GABA concentration that was used in my outside-out patch experiments. | used an
elements-based kinetic model (Goldschen-Ohm et al., 2014) to test if changing various
interactions in the model, | could model moderate increases in amplitude at low GABA
concentrations in the presence of DBI, but no effect on amplitude or deactivation rates at higher
GABA concentrations. | found that introducing a weakly stabilizing interaction between DBI and

GABA binding was able to increase GABA-elicited amplitude at low concentrations of GABA,
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but not at high concentrations, and did not alter the rate of deactivation, similar to what | found

experimentally.

If DBI exerts its effects on asBsy2 receptors by weakly stabilizing a GABA-bound state, it
is unlikely to have much effect on synaptic GABARSs. At the synapse, GABA is released from
vesicles at high, millimolar concentrations (Mody et al., 1994). However, asBsy2. receptors can
also be found extrasynaptically (Brickley and Mody, 2012), where they are exposed to only
micromolar ambient levels of GABA (Farrant and Nusser, 2005). This proposed mild stabilizing

effect of DBl on GABA binding may have a greater effect on extrasynaptic GABARSs.

If DBI is weakly stabilizing a GABA-bound state, this phenotype would be very difficult to
detect using the high concentration of GABA that was used in my outside-out patch
experiments. Moreover, due to the run-down commonly associated with outside-out patch
recording, it makes it challenging to reliably record smaller currents elicited by lower
concentrations of GABA. In order to use patch clamp to test the effects of DBI on lower
concentrations of GABA, whole-cell recordings which have both larger currents and lower noise

to amplitude ratios should be used in the future.

It should also be noted that the TEVC experiments were performed using 50uM DBI,
while the outside-out patch experiments were performed using 10-50uM DBI. Initial statistical
tests showed no functional difference between the effects of 10 and 50uM DBI (data not shown,
n=7). However, DBI dose-response experiments should be performed to evaluate whether the

effects of DBI vary between 10 and 50uM.

Even though DBI and FZM both potentiate GABA-elicited currents when using low
concentrations of GABA, my patch-clamp experiments demonstrate that DBl and FZM do not
modulate GABAR function via the same mechanism. FZM, a BZD PAM, slows the rate of

GABA-e¢licited deactivation, while DBI does not. Uncovering the mechanism by which DBI elicits



its effects on GABARs may open new clinical avenues for novel pharmaceutical modulation of

GABARs.
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Figure 4.1 — Sample GABA dose-response traces and dose response curve for asfsya
receptors from outside-out patches. A) Overlayed outside-out current responses of asBsy2.
receptors to 500ms applications of 1mM, 100, 30, 10, 7, 3 and 1 uM GABA. Bar above traces
indicates duration of GABA application. B) Concentration-response curve fitted with | = Imax/[1
+ (EC50/[A]™)]. | = current, Imax = current elicited by saturating GABA, EC50 = GABA

concentration eliciting half of the maximal response, [A] = GABA concentration, and nH = hill

slope.
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Figure 4.2 — DBl and FZM do not alter GABA-elicited amplitudes for asBsyz. receptors. Top
graphs showing sample peak current responses over time for GABA (black), GABA+DBI (A,
green), and GABA+FZM (B, blue). GABA peak current responses are fit with a one-phase

decay equation to monitor run-down of current where PeakCurrent = (PeakCurrento-Plateau)*

e Xt PeakCurrenty is the current at =0, Plateau is PeakCurrent at t=«, K = rate constant of
decay (s?), and t is time. Bottom graphs plot fold increase in amplitude (raw amplitude/one-
phase decay predicted amplitude) over time. Brackets indicate data averaged to a single data
point for plots in C and D. C) Paired data averaging all initial GABA and all GABA+Drug fold
increases in amplitude from the same patch. Paired t-tests show no significant effect of DBI
(p=0.25, n=14) or FZM (p=0.86, n=8). D) Mean fold increase in amplitude for DBl and FZM was
compared to a null hypothesis of one using a one sample t-test. Neither drug had a significant

effect on amplitude (DBI p=0.23, FZM p=0.66). Error bars represent SD.



82

DBI FZM
A) 50uM GABA C) _ 2001 50
Wash 50uM GABA, 10uM DB Tg Tg
10uM DBI < 150-] s 404
Y £ £
- = 30
2 100+ 3
GABA 10-90%: 7.92ms 10ms = = 20+
o DBI 10-90%: 4.12ms = =
o & 50 & 104
S e —
0- L
N
&F & & 4
0\" & v x
B) 50uM GABA 0‘& &
Wash 50uM GABA I_:}_l] FZM _1 3- .
7\ o
10uM FZN D)g z
g ? @
g <
m 9
< O 2] R
.Gﬁ?A?D‘-?D%f;.Sms Toms q’-’z g .
M 2 n Ig 8 . . "
= o = ]
o = Py
N Do A b ... el |
< 8 e[® —.
2 o
g e .
- 0

Figure 4.3 — DBl and FZM do not affect the 10-90% rise time of activation. Overlayed,
averaged traces for GABA (black) and GABA + DBI (A, green), or FZM (B, blue). Bars above
indicate duration of 150ms GABA application. Traces are normalized to peak amplitude. C)
Paired 10-90% rise times for GABA and GABA+Drug. Neither drug significantly affected 10-90%
rise time (paired t-test DBI p=0.09, n=14, FZM p=0.10, n=8). D) Normalized 10-90% rise times
for DBI and FZM show that neither drug significantly affects activation when compared to a

hypothetical null value of n=1 (DBI p=0.61, FZM p=0.19). Error bars represent SD.
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Figure 4.4 — FZM slows the rate of deactivation and increases 1, but DBI does not.
Overlayed, averaged traces for GABA (black) and GABA + DBI (A, green), or FZM (B, blue).
Bars above indicate duration of 150ms GABA application. Traces are normalized to peak
amplitude. C) Paired 14 values for GABA and GABA+Drug calculated by fitting the curve
immediately after GABA is removed with the equation | = A*e™ + A*eV™2 where | is current, t
is time, A; and A; are the relative amplitudes for the fast and slow components respectively, and
11and T2 are the time constants for the fast and slow components. Ty = (A1T1+A2T2)/(A1+A2). FZM
significantly slowed the rate of deactivation (paired t-test p=0.005, n=8) but DBI did not (p=0.57,
n=14). D) Normalized 1, values for DBl and FZM. FZM significantly increases the normalized Ty

(p=0.007), but DBI does not (p=0.65). Error bars represent SD.
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Figure 4.5 — Elements-based kinetic model of asBsyz. receptor macroscopic kinetics. An
elements model adapted for asBsyz. receptors (A) was created to simulate GABA-elicited
currents. AG values (kcal/mol at 298K) for interactions between elements are shown in green,
and element rate constants (M*sfor all but channel gate, m, s for m) are shown between
element states. Al and A2 represent agonist binding sites, F1 and F2 are intermediate F
elements, df is the fast desensitization gate, ds is the slow desensitization gate, and m is the
main channel gate. Experimental electrophysiology data from Figure 4.1 (B) and simulated
responses to 500ms pulses of 1mM, 100uM, 30puM, 10uM, 3uM, and 1uM GABA (C). Initial
elements model was based on aif32y2 receptors (Goldschen-Ohm et al., 2014) and adapted to

asBsy2 with the help of Dr. Robert Pearce.



85

A) B) GABAEC,,

DBI 50uM
@ GABAEC,)

[
o

L

[GABAI*1.2*10
-y

[BZD]*10°

GABA tw: 163ms
100ms

Time (s)

Figure 4.6 — DBl may weakly stabilize the GABA-bound site to increase peak currents at
low concentrations of GABA. A) A DBI element (D) is added to the elements-based model
described in Figure 4.5, with a direct interaction with the GABA binding site A2 where AGpa2 = -
0.3. B) Sample two-electrode voltage clamping currents showing subsequent application of
50uM DBI (green) slightly increases amplitude elicited by EC20 GABA (left). Sample averaged
outside-out patch clamping currents showing applications that co-application of DBI (green)
does not increase the rate of deactivation for EC80 GABA. Traces were normalized at amplitude
immediately before deactivation, though peak current amplitude was unaffected by DBI data not
shown). C) Simulated currents from 2s pulses of 5uM (EC20) and 50uM (EC80) GABA in the
presence (green) and absence (black) of 10uM DBI. Simulated traces show that DBI binding
causes a small increase in amplitude at EC20 GABA, but no change in amplitude or

deactivation rates at EC80 GABA.
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Effect on GABA current | 10-90% Rise Timecaga.prug) Tw(GABA+Drug)
amplitude 10-90% Rise Time gaga) Tw(GABA) n
Mean+SD p-value Mean+SD p-value [MeaniSD| p-value
DBI[ 1.13+0.37 0.23 0.94+0.45 0.61 1.03+0.27| 0.65 14
FZM| 1.01+0.07 0.66 1.36+0.07 0.19 1.50+0.37| 0.007 8

Table 4.1 - Summary of drug effects on amplitude, deactivation, and activation for DBI

and FZM. Table showing mean+SD and p-values from one sample t-tests for rundown

corrected amplitude, 10-90% rise timeasa+brug)/10-90% riS€ timecasa), @Nd TwcABA+Drug)/ Tw(GABA), AS

well as n of total patches for DBl and FZM.
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Supplemental Figure 4.1 — Plots of peak current and fold increase in amplitude for each
patch of asBsy.. receptors in the presence of GABA and DBI. Top graphs showing peak
current responses over time for GABA (black) and GABA+DBI (green). GABA peak current
responses are fit with a one-phase decay equation where PeakCurrent = (PeakCurrento-
Plateau)*e-X. PeakCurrento is the current at t=0, Plateau is PeakCurrent at t=«, K = rate
constant of decay (s?), and t is time. Bottom graphs plot fold increase in amplitude (raw

amplitude/one-phase decay predicted amplitude) over time.
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Supplemental Figure 4.2 — Plots of peak current and fold increase in amplitude for each

patch of asBsy2. receptors in the presence of GABA and FZM. Top graphs showing peak

current responses over time for GABA (black) and GABA+FZM (green). GABA peak current

responses are fit with a one-phase decay equation where PeakCurrent = (PeakCurrento-

Plateau)*e-X. PeakCurrenty is the current at t=0, Plateau is PeakCurrent at t=», K = rate

constant of decay (s), and t is time. Bottom graphs plot fold increase in amplitude (raw

amplitude/one-phase decay predicted amplitude) over time.
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Effect on

GABA current Normalized Normalized Starting MNoise/
amplitude  gaactivation activation  Amp Amp %
Cell #13 1.01 13.07 |aes
Cell #12 1.09 1469 = 3.40
Cell #5 0.72 321 | 6.23 |
Cell #10 0.86 7152 2.10
Cell #11 0.57 65.69 | 5.33 |
E Cell #14 1.59 5621  2.67
4 Cell#7 | 0.0 1.07 052 [N2088Y o0.24
& Cell #8 1.04 0.96 0.88 172 291
T cCell#1 1.03 0.91 181 [191.55] 1.04
Cell #6 1.34 0.85 0.52 9%  2.08
Cell #3 1.61 0.82 0.77 - 0.31
Cell #4 0.74 0.80 1.54 1.30
Cell #2 0.80 0.63 0.24 68.2  0.73
Cell #9 1.14 0.60 0.99 75 067
Cell #8 2.96 35.7 = 4.20
Cell #4 1.16 -ﬂ
= Cell #5 1.05 21.29
S Cell#7 : : 1.64 107.9  0.93
g cell#6 [ 108 1.31 123 2250600 0.44
5 Cell #2 1.00 1.28 1.11 19.14 | 522
Cell #3 1.03 1.25 1.04 32.88  3.04
Cell #1 0.96 1.01 0.69 96.33  2.08

Supplemental Table 4.1 — Fold increase in amplitude, normalized deactivation,
normalized activation, noise to amplitude ratio and starting amplitude for each patch in
the presence of DBI and FZM. Table showing rundown-corrected amplitude, normalized
deactivation and activation, noise to amplitude ratios and the starting amplitude for DBI (on top)

and FZM (on bottom) for every patch. Columns are colored from white to darkest shade to



indicate lowest to highest value. Rows have been sorted by highest normalized deactivation
value. Cells highlighted in grey were obtained using the theta application pipette, non-

highlighted cells are from the 4-barrel application pipette.
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Supplemental Figure 4.3 — A stabilizing interaction between DBI and the F-element does
not accurately simulate experimental data. A DBI element (D) is added to the elements-
based model described in Figure 4.5, with a direct interaction with the F-element F2 where
AGpr2 = -1. B) Sample two-electrode voltage clamping currents (left) showing subsequent
application of 50uM DBI (green) slightly increases amplitude elicited by EC20 GABA. Sample
averaged outside-out patch clamping currents (right) showing applications that co-application of
DBI (green) does not increase the rate of deactivation for EC80 GABA. Traces were normalized
at amplitude immediately before deactivation, though peak current amplitude was unaffected by
DBI (data not shown). C) Simulated currents from 2s pulses of 5uM (EC20) and 50uM (EC80)
GABA in the presence (green) and absence (black) of 10uM DBI. Simulated traces show that
DBI binding causes an increase in amplitude at EC20 GABA, a small increase in amplitude at

ECB80, and a slowing in the rate of deactivation which does not match experimental data.
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Supplemental Figure 4.4 — A stabilizing interaction between DBI and the main channel
gate does not accurately simulate experimental data. A DBI element (D) is added to the
elements-based model described in Figure 4.5, with a direct interaction with the main channel
gate M where AGpm = -1. B) Sample two-electrode voltage clamping currents (left) showing
subsequent application of 50uM DBI (green) slightly increases amplitude elicited by EC20
GABA. Sample averaged outside-out patch clamping currents (right) showing applications that
co-application of DBI (green) does not increase the rate of deactivation for EC80 GABA. Traces
were normalized at amplitude immediately before deactivation, though peak current amplitude
was unaffected by DBI (data not shown). C) Simulated currents from 2s pulses of 5uM (EC20)
and 50uM (EC80) GABA in the presence (green) and absence (black) of 10uM DBI. Simulated
traces show that DBI binding causes an increase in amplitude and slower rate of deactivation at

both GABA concentrations, which does not match experimental data.
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Supplemental Figure 4.5 — A destabilizing interaction between DBI and the fast
desensitization gate does not accurately simulate experimental data. A DBI element (D) is
added to the elements-based model described in Figure 4.5, with a direct interaction with the
fast desensitization gate df where AGpgr = 1. B) Sample two-electrode voltage clamping currents
(left) showing subsequent application of 50uM DBI (green) slightly increases amplitude elicited
by EC20 GABA. Sample averaged outside-out patch clamping currents (right) showing
applications that co-application of DBI (green) does not increase the rate of deactivation for
EC80 GABA. Traces were normalized at amplitude immediately before deactivation, though
peak current amplitude was unaffected by DBI (data not shown). C) Simulated currents from 2s
pulses of 5uM (EC20) and 50uM (EC80) GABA in the presence (green) and absence (black) of
10uM DBI. Simulated traces show that DBI binding does not affect the rate of deactivation, as
seen experimentally, but the amplitude of EC80 is slightly increased by DBI while the EC20

current is not, which does not reflect the experimental data.
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Supplemental Figure 4.6 — A destabilizing interaction between DBI and the slow
desensitization gate does not accurately simulate experimental data. A DBI element (D) is
added to the elements-based model described in Figure 4.5, with a direct interaction with the
slow desensitization gate ds where AGpgs = 1. B) Sample two-electrode voltage clamping
currents (left) showing subsequent application of 50uM DBI (green) slightly increases amplitude
elicited by EC20 GABA. Sample averaged outside-out patch clamping currents (right) showing
applications that co-application of DBI (green) does not increase the rate of deactivation for
EC80 GABA. Traces were normalized at amplitude immediately before deactivation, though
peak current amplitude was unaffected by DBI (data not shown). C) Simulated currents from 2s
pulses of 5uM (EC20) and 50uM (EC80) GABA in the presence (green) and absence (black) of
10uM DBI. Simulated traces show that DBI binding does not affect the rate of deactivation, as
seen experimentally, but the amplitude of EC20 GABA current is not affected by DBI, which

does not reflect the experimental data.
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Supplemental Figure 4.7 — Effects of DBl and FZM on amplitude, rate of deactivation and
rate of activation with separated results from theta-barrel and 4-channel application

pipettes. Bar graphs for fold increase in amplitude, normalized T, and normalized 10-90% rise
time for DB and FZM. Each graph shows combined values, as well as data separated into data
obtained from the theta application pipette and data from the 4-barrel application pipette. Data

from the theta pipette are highlighted in pink. Error bars represent SD. One sample t-tests
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comparing to a null hypothesis of 1 show that FZM significantly increases normalized Ty for the
combined data (p=0.007). DBI significantly increases normalized 1., for the data acquired using
the theta application pipette (p=0.02), but the cumulative data are not significantly different than

1 (p=0.65).
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Chapter V:

asPB3 GABARSs are positively modulated by DBI

Introduction

Benzodiazepines have been a widely prescribed class of drugs since their discovery in
the mid-20" century. These drugs exert their antiepileptic, anxiogenic, and somnogenic effects
by binding to GABA-A receptors (GABARSs). GABARSs are pentameric ligand-gated ion channels
(pLGICs) made up of five distinct subunits arranged around a central pore. There are a wide
variety of GABAR subunit isoforms including six different a, three  and three y. The most
common GABARs are formed by a:[3:a:B:y subunits arranged clockwise around a central pore,
though some GABARs are formed by only a and 8 subunits (Smart and Stephenson, 2019).
Heterologously expressed af GABARs have been observed in both 3a:23 (Boileau, 2005;
Wagoner and Czajkowski, 2010) and 2a:38 (Baumann et al., 2001; Chang et al., 1996;
Gonzales et al., 2008; Tretter et al., 1997) stoichiometries. Some drugs, such as zolpidem, are
selective for a specific af GABAR stoichiometry (3a:2f3 for zolpidem), suggesting they may be

binding to a unique interface between two homologous subunits (Che Has et al., 2016).

Generally, aBy receptors are found at the synapse where they mediate the majority of
fast inhibition in the brain, whereas af3 receptors are generally located extrasynaptically
(Brickley and Mody, 2012; Mortensen and Smart, 2006) where they may mediate tonic
inhibition. af receptors have lower maximum open probabilities than a3y receptors (Goldschen-
Ohm et al., 2010; Wagner, 2004) and lower main conductance states (Mortensen and Smart,

2006).

The high affinity binding site for BZDs located in the extracellular domain of GABARS in

an intersubunit pocket located between the a and y subunits and is absent in a receptors. This
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binding site has been well-characterized by mutagenesis, cysteine modification experiments,
and high resolution cryoEM structures (Masiulis et al., 2019; Morlock and Czajkowski, 2011;
Olsen and Sieghart, 2009; Zhu et al., 2018). Some BZDs like diazepam also have a second,
lower affinity binding site located in transmembrane domain interface between a and 8 subunits

(Masiulis et al., 2019).

The diazepam binding inhibitor (DBI) was identified as a putative endogenous
benzodiazepine (BZD) based on its ability to displaced [*H]-diazepam from binding GABARS
(Guidotti et al., 1983). Experiments from the Huguenard lab also provided indirect evidence for
an interaction between DBI and the BZD binding site. They showed that application of
flumazenil (FLZ, Ro15-1788, a BZD-site antagonist) and the use of a BZD site knockout
mutation shorten the durations of spontaneous inhibitory post synaptic currents (IPSCs)

recorded from neurons in the thalamic reticular nucleus.

While DBI is posited as an endogenous benzodiazepine, there is little evidence that all of
its effects are mediated by binding to the BZD site, or that it has the same modulatory effects as
a BZD. In fact, in Chapter IV of this thesis | showed that while the positively modulating BZD,
FZM, slowed the rate of GABA-elicited deactivation for aspzy2. receptors, application of DBI did
not. In this chapter, | used ultra-rapid solution exchange and outside-out patch experiments to
examine the effects of DBI on GABA-elicited currents from asp; receptors which lack the aly
interface needed for high-affinity BZD binding. Surprisingly, | discovered that DBI increased high
concentration GABA-elicited current amplitudes and slowed the rate of current deactivation for
asB3 GABARSs. Using an elements-based kinetic model, | showed that these effects on GABA-

mediated current are reproduced by DBI directly interacting with the main gate.
Methods

HEK cell culture and DNA transfection
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Human embryonic kidney (HEK 293T-17) cells were cultured in Eagle’s minimum
essential medium with Earle’s salt (Mediatech, Manassas, VA). Media was supplemented with
10% fetal bovine serum (Atlanta Biologics, Flowery Branch, GA), penicillin-streptomyacin-
glutamine (Sigma-Aldrich, St. Louis, MO), and plasmocin (InvivoGen, San Diego, CA). Cells
were grown at 37°C with 5% CO.,, and plated on 12mm circular glass coverslips in 60mM dishes
48-72 hour before transfection.

Cells were transfected using lipofectamine 2000 (Invitrogen, Carlsbad, CA) at 85-90%
confluency. 0.5-5ug of pUNIV GABAR DNA was used, with a 1:1:3-5 ratio of a5:83:y2L subunits
or a 1:1 ratio of a5:83 subunits, and 2-10ng of pUNIV GFP DNA. Cells were used for recording
24-60 hours post transfection.

DBI Purification

DBI was grown and purified as described in Chapter Il of this thesis. In brief, BL21 DE3
chemically competent E. coli cells were transformed with histidine-tagged DBI cDNA in a
pET28a vector. Single colonies were grown in 500mL LB-Kan media at 37°C until ODgpo=0.6-
0.8. Cells were spun at 10,000xg for 10min at 4°C. Pellet was resuspended in Buffer A (sodium
phosphate, 50mM, pH 7.4; NaCl, 300mM) with 25mM imidazole (IDA) and protease inhibitors
pepstatin, aprotinin and leupeptin. Cells were lysed using an Emulsiflex (ATA Scientific, Taren
Point, NSW Australia) and homogenate was spun at 16,800xg for 20min at 4°C. DBI was bound
to a Ni-NTA flowthrough column (Qiagen, Hilden, Germany), washed, and eluted using Buffer A
and 250mM IDA. PD10 columns (Sigma-Aldrich, St. Louis, MO) were used to remove IDA, and
eluted DBI in Buffer A. Purity and yield were evaluated via SDS-PAGE and Nanodrop (Thermo
Fisher Scientific, Waltham, MA).

Patch-clamp solutions and drugs

Recording pipettes were pulled from borosilicate glass using a Flaming-Brown P-1000

mulitstage micropipette puller (Sutter Instruments, Novato, CA). Pipette tips were fire-polished

with a Narishige MF-83 microforge (Narishige, Tokyo, Japan) until open tip resistance was
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between 2-9 MQ. Electrodes were filled with intracellular solution (140mM KCI, 10mM EGTA,
2mM MgATP, 10mM phosphocreatine, 10mM HEPES, pH 7.3-7.4).

HEPES normal Ringer (HNR) perfusion solution contained 145mM NacCl, 2.5mM KClI,
1mM MgCl,, 1ImM CaCl,, and 10mM HEPES, pH 7.3-7.4, 300-310 mOsm. 1M stocks of GABA
were prepared in water and frozen at -20°C. Fresh drug solutions were prepared daily in HNR
and diluted to 10-50uM GABA in the presence and absence of 10uM DBI. Equivalent volumes
of Buffer A were added to GABA solutions to ensure isosmolarity. Recordings were performed
at room temperature.

Application Pipette Assembly and Function

4-barrel application pipettes were constructed using 4-Square Bore borosilicate glass
(VitroCom, Mountain Lakes, NJ), approximately 1mm internal square width, 6mm outer width of
all four squares. Glass was heated, pulled, and cut so that tip openings were approximately
200um from the center of one opening to the next, and cut to be 2-3cm in length. Polyimide
tubing threaded into 28-gauge PTFE was inserted into all four barrels, with poly-imide extended
further into the barrels than PTFE tubing. The barrel/tubing interface was sealed using Norland
Optical Adhesive 73 (Norland Products, Cranbury, NJ). Glue was cured using >20min exposure
to UV light. After testing seals between each barrel, the 4-barrel application pipette was glued to
a glass slide. Borders for glass slides were cut from polycarbonate and adhered to the slide
using silicone grease.

The application pipette was installed on a piezoelectric biomorph (Physik Instrumente,
Costa Mesa, CA). The biomorph is moved to position the application barrel in front of the cell by
WinPos (ITK Dr. Kassen GmbH, Hahnau, Germany), with <lmsec 10-90% solution exchange
times, measured via liquid junction potential tests of open recording pipette tips after
experiments.

Outside-out patch clamp recording
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Recording pipettes were sealed onto the membrane of GFP-positive HEK cells to obtain
a giga-seal with -5 to -10mmHg pressure. Once a high resistance seal was formed, increased
negative pressure was used to break into the cell. The pipette was then immediately withdrawn
from the cell, enabling the patch to reseal in an outside-out conformation with the extracellular
side of the membrane facing out. Patches were held at -40mV. Currents were low-pass-filtered
at 2 kHz with an eight-pole Bessel filter. Data was collected at 20kHz via an Axopatch 200B
amplifier (Axon Instruments, Sunnyvale, CA) interfaced to a computer using a Digidata 1440A
(Axon Instruments, Sunnyvale, CA). Amplifier function was controlled by Clampex (version
10.4.1.10; Molecular Devices, Sunnyvale, CA) and analyzed using Clampfit (version 10.4.1.10;
Molecular Devices, Sunnyvale, CA). Patches were exposed to 150ms pulses of 10-50uM GABA
with and without 10uM DBI, with 20sec of HNR wash between pulses.
Data Analysis

Averaged traces using 3-15 sweeps were generated in Clampfit and used to measure
10-90% rise time of activation and calculate the rate of deactivation via a weighted tau (1w). Tw
was calculated by fitting the current decline after GABA removal until a return to baseline with a
bi-exponential equation (I = Ai*e™ + A*e ™), where | is current, t is time, A1 and A; are the
relative amplitudes for the fast and slow components respectively, and 11 and 12 are the time
constants for the fast and slow components. See Figure 5.3 for sample curve fits. These values
are used to calculate 1w where 1, = (A1T1+A2T2)/(A1+A2). Normalized T, values were calculated as
Tw(casa+DBI) Tw(casa). Normalized 10-90% rise times were calculated as
RiseTimeasa+pay/RiseTimecasa). Significance was evaluated using a paired-test for GABA and
GABA+DBI values within the same patch, and using a one-sample t-test of normalized data
comparing to a hypothetical null value of 1. Data were analyzed and displayed using GraphPad
Prism (version 9.1.2, GraphPad Software Inc, San Diego, CA).

Peak current responses from outside-out patches often decreased over the course of the

experiment. In order to accurately assess drug-induced changes in amplitude, run-down was
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taken into account. Peak amplitude for every sweep of GABA was plotted over time and fit with
a one-phase exponential decay, where PeakCurrent = (PeakCurrento-Plateau)*e-X.,
PeakCurrento is the current at t=0, Plateau is PeakCurrent at t==, K = rate constant of decay (s
1), and t is time. Current amplitudes of GABA and GABA+DBI traces were divided by the decay-
predicted amplitude to generate current values corrected for run-down, described as fold
increase in amplitude. These values were averaged for all initial GABA and all GABA+DBI
sweeps in a single patch. Data were analyzed as paired data, and compared to a hypothetical
null value of 1.
Kinetic Modeling

GABA-elicited currents were simulated in Kinetic Model Builder 2.0 (Goldschen-Ohm et
al., 2014) in Monte Carlo mode. Currents were simulated from 2s pulses of 1mM, 30uM, 3uM,
and 1uM GABA and adjusted to simulate to the experimental dose-response GABA by altering
binary element rate constants and interactions between elements. 150ms pulses of 1m and
50uM GABA were also simulated in the presence and absence of 10uM DBI. This model
describes the two agonist binding sites (A1 and A2), two intermediate elements (F1 and F2),
fast and slow desensitization gates (Df and Ds, respectively), a DBI binding site (D), and the
channel gate (m) as binary elements. These binary elements can transition between two
metastable configurations, such as open or closed for the channel gate, or bound or unbound
for a drug binding site. The transition between these states are governed by intrinsic rate
constants for the forward and reverse reactions. Interactions between elements can contribute
energy towards the transition to an alternate energy state. For this model, rate constants for
each element were aa = [GABA]*1.3*10°M1s?, Ba =511 Mis? ar = 7.6 M1s?, B =978 M1s,
Ot = 0.29 M2sL, Bur = 24 M2sL, ags = 0.0031 Ms?, Bgs = 0.07 M1s?, ap = [BZD]*108 Mis?, Bp =
1 M1s?, is am = 0.0038 s, Bm = 382 s™. Interactions between elements (kcal/mol at 298K) are
AGar = -6, AGrm = -3.8, AGrar = -0.9, AGrgs = -1.4, and AGpm = -1.

Results



104

| expressed asB3 GABARSs in HEK cells and used outside-out patch clamping and ultra-
fast solution exchange to examine the effects of DBl on GABA-elicited currents. | examined the
effects of DBl on GABA-mediated current amplitude, activation, and deactivation and compared
them to DBI’s effects on asBsy2. GABARS. When recording from outside-out patches, it is
common for the currents to rundown over time (Amico et al., 1998; Gyenes et al., 1994) and one
observes smaller current responses to the same GABA concentration. In order to accurately
assess the effects of DBI on GABA-elicited current amplitudes, | corrected the amplitudes to
account for rundown as described in Methods. As shown in Figure 5.1C, DBI significantly
increased peak current amplitude elicited by high concentration of GABA from asf3; but not
0sBsy2. GABARS (asB3 p=0.0009 n=9, asBsyz p=0.25 n=14, Figure 5.1C). When comparing the
mean fold increase in amplitude elicited by DBI between subunit combinations against a
hypothetical null value of 1 (Figure 5.1D), amplitude of asps receptors was significantly
increased (2.67+0.97, p=0.0009, n=9), but asPsy.. amplitude was not increased (1.13+0.37,
p=0.23, n=14). Peak current and adjusted amplitudes for every patch are included in

Supplemental Figure S5.1 for asBs and Supplemental Figure 4.1 for asBaya..

In order to evaluate the effects of DBI on activation, | measured 10-90% rise time for
traces averaged from 3-15 sweeps of GABA and GABA+DBI (Figure 5.2). Comparing paired 10-
90% rise times for GABA and GABA+DBI shows that DBI does not affect activation for either
0sPBs or asPBsyz receptors (asPs p=0.15, asBsyz p=0.09). Normalized 10-90% rise times were
calculated by dividing rise times for GABA+DBI by rise times for GABA. Comparing these mean
values to a hypothetical null value of 1 also confirms that DBI does not affect activation for either

subunit combination (asB3 p=0.66, asBsy2. p=0.61).

| also compare the effects of DBI on deactivation rates for asBs and asBsy2. receptors by
measuring weighted tau (1w). Plotting paired 1, for GABA and GABA+DBI illustrates that DBI

slowed the rate of deactivation for asBs (p=0.01) but not asBsy.. receptors (p=0.57). Normalized
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TwWas calculated as Twasa+oe)/Twcasa) and compared against a null hypothesis of 1. DBI
significantly increased the normalized 1y for asBs (1.54+0.62, p=0.03, n=9), but not for asPBsyaL

(1.03+0.27, p=0.65, n=14).

Table 5.1 lists mean valueststandard deviation for DBI’'s effects on rundown-corrected
amplitude, normalized rise time, normalized deactivation rate, and n for asBs and asBsy2.. A
summary table of the fold increase in amplitude, normalized deactivation, activation, starting

amplitude and percent noise/amplitude can be found in Supplemental Table 5.1.

| used an elements-based kinetic model to identify a possible mechanism for DBI's
effects. | created a model for asPBstraces by fitting dose-response traces previously obtained by
Dr. Paul Burkat and Dr. Robert Pearce using aspB. receptors (Burkat et al., 2014) where
EC50=3.3uM. In order to reflect the lower maximum open probability of as receptors, |
normalized the reference data to -0.4 instead of -1. | altered the intrinsic rate constants for each
element and the changes in free energy associated with each interaction (Figure 5.4A) in order
to model currents elicited by 2s exposures of 1mM, 30uM, 3uM, and 1uM GABA (Figure 5.4B)
which closely matched the experimental traces recorded under the same conditions (Figure
5.4C). Using this model, | evaluated with which element DBI may interact in order to slow the
rate of deactivation and increase the peak current amplitude by 2.5-fold even at saturating or
near-saturating GABA concentrations. | simulated 150ms applications of 50uM and 1mM GABA
in the presence and absence of 10uM DBI and found that a large amplitude increase, as
measured experimentally, could only be created by a direct interaction between the DBI element
and the main channel gate (Figure 5.5). Interactions between the DBI element and an F-
element (Supplemental Figure 5.2), GABA binding site (Supplemental Figure 5.3), and
desensitization gates (Supplemental Figure 5.4 for the fast gate, Supplemental Figure 5.5 for

the slow gate) do not accurately simulate experimental data.

Discussion
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Outside-out patch clamp experiments demonstrated that DBI does not affect the peak
current amplitude, 10-90% rise time, or deactivation rate for asBsy2. receptors. In this chapter, |
discovered that DBI significantly slows the rate of deactivation (Twcaga+peiy/ Twcasa)=1.54+0.62)
and increases the peak current amplitudes elicited by saturating concentration of GABA
(2.67+0.97 fold) for asBs GABARs. DBI's minimal effects on macroscopic currents from asBsya.
GABARs but large effects on asBs GABARSs are surprising, given DBI's proposed role as an
endogenous BZD. The high-affinity BZD site located at the aly interface is clearly not required to
mediate DBI’s effects on a GABARs. Moreover, the inclusion of a y subunit significantly

reduces the modulatory effects of DBI on ay GABARS.

Radioligand displacement experiments have shown that DBI can displace BZD binding
to membrane homogenates prepared from rat and bovine brain (Guidotti et al., 1983; Shoyab et
al., 1986). Additionally, Christian and Huguenard showed that use of a BZD antagonist or a
BZD-insensitive mutant had the same effect on spontaneous IPSC duration as a DBI knockout
(Christian et al., 2013). These experiments support the idea that DBI interacts with GABARSs at
the BZD site. However, it is possible that DBI has multiple binding sites on the GABAR, and that
the removal of the high affinity BZD site allows increased DBI binding to another site which is
responsible for DBI effects on asps GABARS current responses. Alternatively, asBs have unique
subunit interfaces, either a/a or B/B depending on the stoichiometry of the pentamer (see Figure
7.2). It is possible that DBI mediates its asp; effects by binding to one or both of these unique
interfaces which are absent in a asBsy2. conformation, as has been seen with zolpidem (Che

Has et al., 2016).

In addition, the radioligand binding assays and Christian slice recordings examine
endogenously expressed GABARs and DBI, or DBI purified from animal brain. In my
experiments, DBI was expressed in E. coli and purified, and heterologously expressed GABARs

of a single subtype in HEK cells were used. Post-translational modifications of DBI or cleavage
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into one of its biologically active peptide products such as ODN may alter how DBI interacts with
a GABAR, but E. coli lack the enzymes required for post-translational modifications. Also, the
GABAR subtypes expressed may differ between my experiments and previously published
work. The radioligand binding experiments used crude synaptic membrane homogenates
prepared from rat or bovine brain (which contain a variety of GABAR subtypes) and the
Christian experiments used slices from the thalamic reticular nucleus where a3 is highly
expressed. It is possible that GABARs with different alpha subunit isoforms bind DBI differently,
which results in different functional effects. In addition to alternative GABAR subunit
composition, GABARs in neurons interact with accessory subunits such as GARLH or Shisa7
(Thul et al., 2017; Uhlén et al., 2015). One of these auxiliary proteins may be necessary to

mediate DBI’s effects on afy receptors.

One of DBI’'s most striking effects on the asBs GABARS was the large increase in peak
current, even at a near-saturating concentration of GABA. 50uM GABA is approximately EC90
for this receptor combination (Burkat et al., 2014) and yet co-application of DBl more than
doubles the amplitude. This may be possible due to the low maximum open probability of af
receptors of approximately 0.4 (Wagner, 2004). Modeling the effects of DBI on asps receptors
using an elements-based kinetic model shows that in order for DBI to slow the rate of
deactivation while significantly increasing the peak GABA response, DBI must interact directly

with the main channel gate and stabilize an open state.

Future experiments are needed to understand how DBI is affecting aspsreceptors. It
would be intriguing to see if these effects are similar across all possible af§ subunit
combinations, or if this positive modulation is specific to asBsreceptors. Additionally, use of a
GABAR af3 concatamer construct would allow us to control receptor stoichiometry and explore

whether DBI binds a unique a/a or B/B interface.
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ap GABARs are generally expressed extrasynaptically, where they mediate tonic
inhibition (Brickley and Mody, 2012; Mortensen and Smart, 2006). Tonic inhibition occurs when
extrasynaptic receptors bind low, ambient levels of GABA and increase cell conductance to
decrease the cell’s firing rate in response to excitatory stimulation (Farrant and Nusser, 2005).
By measuring a persistent, GABA-mediated cell conductance and abolishing it via the use of
picrotoxin, a GABAR channel blocker, or bicuculine, a GABA-antagonist, scientists have
observed tonic inhibition in hippocampal interneurons (Semyanov et al., 2003), CA1 (Bai et al.,
2001), and dentate gyrus (Nusser and Mody, 2002), among other regions. In this chapter, |
show that DBI is able to slow the rate of deactivation and significantly increase the peak current
of aff receptors. These modulatory effects may represent a new pathway that the brain uses to

regulate tonic inhibition.

Though the specific mechanism for DBI’'s modulation of GABARs comprised of different
subunits has yet to be fully characterized, the data in this chapter clearly refute the idea that a
BZD binding site is necessary for DBI’'s modulation of the receptor. This raises many new
guestions about where DBI may be interacting with asBs receptors, and why the same effects
are not seen with asBsy2. At high concentrations of GABA, the macroscopic channel kinetics of
asBs receptors are significantly affected by DBI while asBsyz. receptors are not, suggesting that

DBI much more strongly modulates the GABAR in the absence of a y subunit.
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Figure 5.1 — DBl increases GABA-elicited amplitudes for asBsreceptors, but not asBsya..
Top graphs showing peak current responses over time for GABA (black) and GABA+DBI
(green) for asBs (A) and asBsyz (B) receptors. GABA peak current responses are fit with a one-
phase decay equation where PeakCurrent = (PeakCurrento-Plateau)*e-“'. PeakCurrento is the
current at t=0, Plateau is PeakCurrent at t==, K = rate constant of decay (s?), and t is time.
Bottom graphs plot fold increase in amplitude (raw amplitude/one-phase decay predicted
amplitude) over time. Brackets indicate data averaged to a single data point for C and D. C)
Paired data averaging all initial GABA sweeps and all GABA+DBI sweeps current amplitude
corrected for rundown. Paired t-tests show DBI significantly increases amplitude for asf3s
receptors (p=0.0009), but not asBsyz. (p=0.25). D) Mean DBI effect on GABA current amplitude
for asBs and asBsy2. was compared to a null hypothesis of one using a one sample t-test. as3;
adjusted amplitude was significantly increased by DBI (p=0.0009), while asBsy2. was not

(p=0.23). Error bars represent SD.
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Figure 5.2 — DBI does not affect the 10-90% rise time of activation for asBs or asfsyaL
receptors. Overlayed, averaged traces for GABA (black) and GABA + DBI (green), for asBs (A)
or asPBsyzL (B) receptors. Bars above indicate duration of 150ms GABA application. Traces are
normalized to peak amplitude. C) Paired 10-90% rise times for GABA and GABA+DBI. DBI did
not significantly affect 10-90% rise time for either subunit combination (paired t-test asfs; p=0.15,
0sBsy2L p=0.09). D) Normalized 10-90% rise times show that DBI does not significantly affect
activation for asBz or asBsyz receptors when compared to a hypothetical null value of n=1 (aspBs

p=0.66, asPsy2. p=0.61). Error bars represent SD.
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Figure 5.3 — DBI slows the rate of deactivation and increases Tw for asBsreceptors, but not
asBsy2. Overlayed, averaged traces for GABA (black) and GABA + DBI (green), for asfs (A) or
asBsy2L (B) receptors. Bars above indicate duration of 150ms GABA application. Traces are
normalized to peak amplitude. C) Paired 1, values for GABA and GABA+DBI calculated by
fitting the curve immediately after GABA is removed with the equation | = Aj*e¥™ + Ay*e V2,
where | is current, t is time, A1 and A are the relative amplitudes for the fast and slow
components respectively, and 1; and 1, are the time constants for the fast and slow components.
Tw = (A1T1+A2T2)/(A1+A2). DBI significantly slowed the rate of deactivation for as3; (paired t-test
p=0.01) but not asBsyz (p=0.57). D) Normalized 1y values for DBI applied to asBsand asBsya.
receptors. DBI significantly increases the normalized T, for asf3s receptors (one sample t-test

p=0.03), but not asBsyz (p=0.65). Error bars represent SD.
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Figure 5.4 — Elements-based kinetic model of asBs receptor macroscopic kinetics. An
elements model adapted for asf3 receptors (A) was created to simulate GABA-elicited currents.
AG values (kcal/mol at 298K) for interactions between elements are shown in green, and
element rate constants (Ms for all but channel gate, m, s for m) are shown between element
states. A1 and A2 represent agonist binding sites, F1 and F2 are intermediate F elements, df is
the fast desensitization gate, ds is the slow desensitization gate, and m is the main channel
gate. Electrophysiology data provided by Dr. Burkat (B) is well modeled by simulated responses
to 2s pulses of 1mM, 30uM, 3uM, and 1uM GABA (C). Reference data was normalized to -0.4 in

to reflect the lower maximum open probability of a3 receptors.
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Figure 5.5 — DBI directly interacts with main gate to slow rate of deactivation and
significantly increase peak currents even at high concentrations of GABA. A) A DBI
element (D) is added to the elements-based model described in Figure 5.4, with a direct
interaction with the main gate where AGpm = -1. B) Sample outside-out patch clamp recording
traces of 8 averaged 150ms pulses of 50uM GABA (black) and 50uM GABA + 10uM DBI
(green). DBI co-application causes slower rates of deactivation and increased peak current
amplitudes. C) Simulated currents from 150ms pulses of 1mM and 50uM GABA in the presence
(green) and absence (black) of 10uM DBI. Simulated traces show slower rates of deactivation

and roughly 2-times larger peak current amplitudes.
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Effect on GABA current | 10-90% Rise Timegagaipa) Tw(GABA+DBI)
amplitude 10-90% Rise Timegaga) Twicasa) n
MeanSD p-value MeanSD p-value [MeantSD| p-value
asBs| 2.67+0.97 0.0009 1.20+1.29 0.66 1.54+0.62| 0.031 9
asPsya| 1.13%0.37 0.23 0.94+0.45 0.61 1.03+0.27| 0.65 14

Table 5.1 — Summary of DBI effects on amplitude, deactivation, and activation for asfs
and asBsya receptors. Table showing mean+SD and p-values from one sample t-tests for
rundown-corrected amplitude, 10-90% rise timecasa+oei)/10-90% rise timecaga), and

Tw(cABA+DBI) TwcABA), @S Well as n of total patches for applying DBI to asBsand asBsy2 receptors.
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Supplemental Figure 5.1 — Plots of peak current and fold increase in amplitude for each
patch of asBs receptors in the presence of GABA and DBI. Top graphs showing peak current
responses over time for GABA (black) and GABA+DBI (green). GABA peak current responses
are fit with a one-phase decay equation where PeakCurrent = (PeakCurrento-Plateau)*e- ..

PeakCurrenty is the current at t=0, Plateau is PeakCurrent at t=, K = rate constant of decay (s
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1), and t is time. Bottom graphs plot fold increase in amplitude (raw amplitude/one-phase decay

predicted amplitude) over time.
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Supplemental Figure 5.2 — A stabilizing interaction between DBI and the F-element does
not accurately simulate experimental data. A) A DBI element (D) is added to the elements-
based model described in Figure 5.4, with a direct interaction with the F-element (F2) where
AGpr2 = -1. B) Sample outside-out patch clamp recording traces of 8 averaged 150ms pulses of
50uM GABA (black) and 50uM GABA + 10uM DBI (green). DBI co-application causes slower
rates of deactivation and increased peak current amplitudes. C) Simulated currents from 150ms
pulses of ImM and 50uM GABA in the presence (green) and absence (black) of 10uM DBI.
Simulated traces show that DBI binding slows the rate of deactivation as seen in the

experimental data, but does not increase the peak current amplitude.
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Supplemental Figure 5.3 — A stabilizing interaction between DBI and the GABA binding

site does not accurately simulate experimental data. A) A DBI element (D) is added to the

elements-based model described in Figure 5.4, with a direct interaction with the GABA binding

site (A2) where AGpa2 = -1. B) Sample outside-out patch clamp recording traces of 8 averaged

150ms pulses of 50uM GABA (black) and 50uM GABA + 10uM DBI (green). DBI co-application

causes slower rates of deactivation and increased peak current amplitudes. C) Simulated

currents from 150ms pulses of ImM and 50uM GABA in the presence (green) and absence

(black) of 10uM DBI. Simulated traces show that DBI binding slows the rate of deactivation as

seen in the experimental data, but does not increase the peak current amplitude.
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Supplemental Figure 5.4 — A destabilizing interaction between DBI and the fast
desensitization gate does not accurately simulate experimental data. A) A DBI element (D)
is added to the elements-based model described in Figure 5.4, with a direct interaction with the
fast desensitization gate (df) where AGpgt = 1. B) Sample outside-out patch clamp recording
traces of 8 averaged 150ms pulses of 50uM GABA (black) and 50uM GABA + 10uM DBI
(green). DBI co-application causes slower rates of deactivation and increased peak current
amplitudes. C) Simulated currents from 150ms pulses of 1mM and 50uM GABA in the presence
(green) and absence (black) of 10uM DBI. Simulated traces show that DBI binding slightly
increases peak current amplitude for 50uM GABA, though not as strongly as seen in the
experimental data. Deactivation rates are unchanged by the presence of DBI, which does not

match the experimental data.
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Supplemental Figure 5.5 — A destabilizing interaction between DBI and the slow
desensitization gate does not accurately simulate experimental data. A) A DBI element (D)
is added to the elements-based model described in Figure 5.4, with a direct interaction with the
slow desensitization gate (ds) where AGpgs = 1. B) Sample outside-out patch clamp recording
traces of 8 averaged 150ms pulses of 50uM GABA (black) and 50uM GABA + 10uM DBI
(green). DBI co-application causes slower rates of deactivation and increased peak current
amplitudes. C) Simulated currents from 150ms pulses of 1mM and 50uM GABA in the presence
(green) and absence (black) of 10uM DBI. Simulated traces show that DBI binding does not
affect peak current amplitude or the rate of deactivation for 150ms pulses, which does not

reflect experimental data.
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Effect on
GABA current MNormalized MNormalized S5Starting Noise/
amplitude  gozctivation  activation Amp  Amp %
Cell #1 1.89 - 3.76 27.1
Cell #3 2.67 0.58 18.6
Cell #9 1.56 1.69 2.85
Z Cellwa [NNABATT 158 0.16
o Cell#7 3.76 1.38 0.33
g cell#e 2.67 1.14 1.59 354  5.65
Cell #2 2.15 1.08 0.17 21.9
Cell #8 3.15 1.00 0.57 124  4.03
Cell #5 1.73 0.91 0.77 373 6.70
Cell #13 1.01 13.07
Cell #12 1.09 14.69 = 3.40
Cell #5 0.72 32.1
Cell #10 0.86 7152 2.10
Cell #11 0.57 65.69
S Cell #14 1.59 56.21  2.67
o cell#7 | 090 1.07 052 [N2088Y o0.24
& Cell#8 1.04 0.96 0.88 172 291
T cell# 1.03 0.91 181 [19155 1.04
Cell #6 1.34 0.85 0.52 96  2.08
Cell #3 1.61 0.82 0.77 - 0.31
Cell #4 0.74 0.80 1.54 1.30
Cell #2 0.80 0.63 0.24 68.2  0.73
Cell #9 1.14 0.60 0.99 75 067

Supplemental Table 5.1 - Fold increase in amplitude, normalized deactivation, normalized
activation, noise to amplitude ratio and starting amplitude for each patch of asfzand
asBsy2 receptors. Table showing rundown-corrected amplitude, normalized deactivation and
activation, noise to amplitude ratios and the starting amplitude for DBI applied to asps (top) and

asPBsy2L receptors (bottom) for every patch. Columns are colored from white to darkest shade to
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indicate lowest to highest value. Rows have been sorted by highest normalized deactivation

value.
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CHAPTER VI:

Evidence for the Release of DBI Derived Peptides in Brain Cell Cultures

Introduction

The diazepam binding inhibitor (DBI) is a protein which was identified by its ability to
block the binding of benzodiazepines (BZDs) to the GABA-A receptor (GABAR) (Guidotti et al.,
1983). Direct application of DBI and its peptide cleavage product, octadecaneuropeptide (ODN),
can alter GABA-elicited currents, as shown in earlier chapters of this thesis as well as evidence
from patch clamp recordings of outside-out patches from neurons located in the subgranular
and subventricular zones (Alfonso et al., 2012; Dumitru et al., 2017). However, which cells
release DBl and ODN, and the mechanism(s) by which they are released to act on the GABAR

are not well established.

Numerous studies using cultured astrocytes have demonstrated the release of DBI and
modulation of release by a variety of different factors: beta-amyloid protein increases the
astrocytic release of DBI (Tokay et al., 2008), while application of GABA and somatostatin
reduce the release of DBI (Masmoudi et al., 2005; Patte et al., 1995). Other experiments in
cultured astrocytes revealed that release of DBI can be blocked by using inhibitors of PKA, PKC
and phospholipase C, as well as an ABC transport blocker, which suggests that not only is DBI
released from astrocytes, this release is mediated by an ABC transporter protein (Tokay et al.,
2008). Additionally, slice recordings in the thalamic reticular nucleus show that the use of
fluorocitrate, a gliotoxin, alters GABAR currents in wild-type mice but does not affect GABAR
currents for DBI knockout mice, suggesting astrocytes are necessary in order for DBI to act on

neuronal GABARSs in this region (Christian and Huguenard, 2013).
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While there is strong evidence showing astrocytes express and release DBI, there is
little evidence regarding neuronal release of DBI. Immunohistochemistry experiments have
shown that DBI protein is expressed in neurons (Alho et al., 1989; Alho et al., 1990; Ferrarese
et al., 1987) and RNA-Seq detects DBI mRNA in both mouse and human neurons (Zhang et al.,
2014; Zhang et al., 2016), but the ability of these neurons to release DBl or ODN has not been
explored. My initial experiments using a multielectrode array (MEA) described below suggested
that neurons derived from induced pluripotent stem cells (iPSCs) may be releasing an
endogenous BZD, based on the ability of the BZD-site antagonist, flumazenil (FLZ), to alter
neuronal communication. | then utilized four different mass spectrometry techniques (MALDI-
TOF, Orbitrap, Triple-Quad coupled with nanospray, and FTICR) to evaluate whether the DBI-
derived peptide ODN could be detected in media conditioned by iPSC-derived glutamatergic
neurons, GABAergic neurons, or astrocytes. We were unable to detect ODN in the media from
any of the cell types, even astrocytes. We cannot exclude the possibility that ODN may be
present but at too low of a concentration to detect or that the relatively pure populations of
neurons derived from iPSCs do not have the correct signaling cues needed to foster robust DBI

expression and/or signaling.

Methods

IPSC-derived brain cell cultures

Human iPSC derived brain cells were obtained from Cellular Dynamics, Inc (Madison,
WI). Glutamatergic neurons (iCell GlutaNeurons) and GABAergic neurons (iCell GABANeurons,
FujiFilm Cellular Dynamics Inc, Madison, WI) were grown on plates coated with 0.01% poly-L
ornithine (PLO) and Matrigel (Corning, Corning, NY), and cultured in BrainPhys neuronal culture
medium without phenol red (STEMCELL, Vancouver, BC) with iCell Neural Supplement A
(Cellular Dynamics Inc, Madison, WI) for GABAergic neurons, and Neural Supplement B

(Cellular Dynamics Inc, Madison, WI), iCell Nervous System Supplement (Cellular Dynamics
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Inc, Madison, WI), N-2 supplement (Thermo Fisher Scientific, Waltham, MA), laminin (Sigma-
Aldrich, St. Louis, MO) and penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA) for
glutamatergic neurons. Cells were plated at 2x10° cells/cm? in 6-well plates and incubated at
37°C, 5% CO,. Media was replaced every 48-72 hours. Four lots of glutamatergic neurons were
thawed from individual vials and were designated Lots 1-4. iCell astrocytes were provided by Dr.
Sheibani’'s lab (UW-Madison) and were initially plated and grown in DMEM with FBS for 14
days, but were switched to the same supplemented BrainPhys media as glutamatergic neurons

for 72h before use.
Multielectrode array recording

Glutamaterigic neurons were plated on a MEA (Axion, Atlanta, GA) with 48 wells per
plate and 16 electrodes per well. Plates were left in the same supplemented BrainPhys media
for 48h prior to experimentation. Baseline recordings were obtained, after which 30x
concentrations of FLZ were added in 10uL samples to 300uL wells. Final FLZ concentrations
were 0.3, 1, 3, 5, 10, 30 and 50uM (in < 0.5% DMSO final) with six replicates per condition. A
control plate was also used with cells in unchanged media for 60h, with 0.5% DMSO, added to
each well. 10 min after drug additions, a second MEA recording was obtained. 20 min later, the
media was exchanged for fresh media in the control plate and a third MEA reading was

recorded.
Mass spectrometry

iPSC derived GABAergic, glutamatergic and astrocytic cells were cultured in 6 well
plates for fourteen days after thawing, with media changes every 72h. 17 days after thawing,
1mL samples of media from a total volume of 2mL were taken from each well and processed for

a variety of mass spectrometry techniques to detect ODN.
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Working with UW Madison’s Biotechnology Center, samples were fractionated using
high-performance liquid chromatography. Fractionations of synthetic ODN (Alfa Aeser, Ward
Hill, MA) or isotopically-labelled ODN (Thermo Fisher, Waltham, MA) suspended in BrainPhys
to determine the elution pattern of ODN. Spectra were then obtained from the HPLC fractions,
which should contain ODN, using three different mass spectrometry methodologies: matrix-
assisted laser desorption/ionization (MALDI), an Orbitrap ion trap mass analyzer, or a triple-

qguad 5500 fitted with a nanospray ionization.

Media samples were also studied in collaboration with Dr. Ying Ge at the Human
Proteomics Core Facility (UW Madison). Media samples and synthetic ODN in BrainPhys were
prepped for FTICR using Pierce C18 tips (Thermo Scientific). Samples were adjusted to 0.5%
trifluoracetic acid (TFA) using 2.5% TFA in water and filtered through Pierce C18 tips that were
initially washed with 50% acetonitrile (ACN) in water and equilibrated with 0.1% TFA. Protein
bound to the C18 resin was rinsed with 0.1% TFA/5% ACN and eluted with 0.1% formic acid in
95% ACN solution. A SpeedVac vacuum concentrator was used to remove solvent, and
samples were reconstituted in 20uL of 0.1% formic acid in 50% ACN in water. Samples were
then analyzed Using Fourier-transform ion cyclotron resonance (FTICR) and mass spectra were
obtained. Six starting concentrations of synthetic ODN (1mM, 10uM, 100nM, 1nM, 10pM and
100fM) were used to determine the lowest concentration of ODN that was detectable using this

method.

Results and Discussion

We utilized an MEA to examine if an endogenous, secreted compound targeting
GABARs affected synchronous bursting in IPSC-derived glutamatergic cells. The MEA is a plate
with sixteen 50um electrodes arranged in a four-by-four grid with 350pm between electrodes at
the bottom of each well in a 48-well plate (Figure 6.1A and B). These electrodes detect network-

level electric events between neurons plated in each well. The electrical activity is represented
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as both a heatmap (Figure 6.1C) and as individual lines on a raster plot corresponding to each
action potential detected by the electrode (Figure 6.1D). Raster plots from each of the sixteen
electrodes are displayed together showing electrical activity over time, which an overlayed

histogram of activity showing potential synchronous activity across the well (Figure 6.1E).

Glutamatergic neurons in fresh media tend to burst synchronously across the well, with
cells firing at the same time at multiple electrodes at regular intervals (Figure 6.1E). However,
the neurons lose this synchronous bursting phenotype following 48h in the same media (Figure
6.2), where 16 of 36 wells were not bursting synchronously. Application of FLZ (Ro15-1788,
BZD binding site antagonist, final concentration in well 0.3, 1, 3, 10, 30 and 50uM) restored
bursting in 13 of the 16 non-bursting wells in a dose-dependent manner, leading to synchronous

activity in 33 out of 36 wells.

A second, control plate of neurons had lost the bursting phenotype in all wells.
Application of DMSO (0.5% final concentration, vehicle used for dissolving FLZ) did not affect
signaling, but changing the media restored bursting for 47 of 48 wells (Figure 6.2B). Overall, the
data suggest that glutamatergic neurons are releasing a compound into the media that builds up
over time and inhibits rhythmic, synchronous bursting. The effects of this compound are blocked
by FLZ. The ability of this BZD-site zero modulator to restore rhythmic signaling suggests that a
released compound may bind at the BZD site. At the time of these experiments, biosafety
restrictions at Cellular Dynamics prevented us from applying purified DBI to cells on the MEA.
Instead, we used mass spectrometry to evaluate the presence of the DBI cleavage product,

ODN, in media conditioned by these glutamatergic neurons.

To examine if this released compound could be DBI or one of its cleavage products, we
collected media from iPSC-derived glutamatergic and GABAergic neurons, as well as astrocytes
and used a variety of mass spectrometry technigues to determine if ODN was present in the

media. In order to simplify the analysis of our mass spectra, we looked for the shorter ODN
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peptide rather than full-length DBI. | worked with both the UW Madison Biotechnology Center

and the Human Proteomics Core Facility (Table 6.1).

Initially, we used MALDI-TOF to look for ODN in media conditioned by glutamatergic
neurons. MALDI-TOF is one of the fastest and least expensive methods for peptide mass
fingerprinting (Sommerer et al., 2007). After culturing neurons in six-well plates for seventeen
days and replacing media every 72h, we took 1mL samples from each well (total volume per
well was 2mL). Synthetic ODN in water was used as a control. Synthetic ODN and media
samples were fractionated using HPLC, and the relevant fractions were dried down and
resuspended with 0.1% formic acid. Initial MALDI and MS/MS spectra indicated that ODN was
present in two of the six wells (Figure 6.3), based on similarities in molecular mass and

comparable relative abundances of ions during fragmentation.

In order to examine these samples with higher sensitivity, we used an Orbitrap which
has higher resolution and greater mass accuracy than MALDI-TOF and allows a targeted
method to detect ODN which increases the sensitivity. ODN was detected in the media samples
similar to what was seen using MALDI. However, ODN was also detected in the water blank,
raising concerns that residual synthetic ODN may have contaminated the experimental samples
during fractionation. We then switched to using isotopically labelled ODN as a control since it
can be readily distinguished from endogenous ODN by changes in its mass. Thus, we spiked
each media sample with isotopically labelled ODN to act as an internal control. Repeating the
Orbitrap experiment with the new standard, we detected very low levels of ODN in two of the six
wells suggesting that ODN was being released in these wells (Figure 6.4). When we repeated
the MALDI-TOF and Orbitrap experiments with media exposed for 72h to a second lot of
glutamatergic neurons 14 days post-thaw, and isotopically labelled ODN, ODN was not detected
in any of the samples. However, following the fractionation, these samples had lower than

expected levels of even the labelled peptide standard.
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In an effort to further increase our sensitivity, we switched to a Triple Quad 5500 LC-
MS/MS system coupled with nanospray, which should increase detection of ODN. We analyzed
glutamatergic neurons from lots 1-3 using this technique and did not detect ODN in lots 1 or 2
(Figure 6.5). For the third lot, we detected low levels of ODN in both the media samples and
surprisingly also in the water blanks. After conversation with the manufacturer of the isotopically
labelled ODN, we learned that their peptides are not fully labelled, and still contain low levels of
unlabeled protein (1%). This makes it challenging to determine if low levels of detected ODN are

endogenously released into media or if they originated from our partially-labelled control.

While we had some early positive indications that ODN was present in glutamatergic-
conditioned media, we were ultimately unable to consistently detect this peptide using MALDI,
Orbitrap, or Triple Quad. Our initial positive mass spectrometry results may have been caused
by contamination from a variety of sources, including both our synthetic and isotopically-labeled
ODN controls. After our initial experiments using synthetic ODN as a control, we detected ODN
present even in a water blank, suggesting carryover likely originating from our synthetic control.
Switching to isotopically labeled ODN spiked into each sample also led to contamination, due to

low levels of unlabeled ODN present in the isotopic control samples.

Spectra for media incubated for 72 hours with GABAergic neurons 17 days post-thaw
were also obtained using Orbitrap and Triple-Quad instruments. Six biological replicates of
media were fractionated using the same technique as the glutamatergic media samples. Neither

experiment detected endogenous ODN in any media samples or blanks.

After exhausting our efforts with the Biotechnology Center, we worked with the Human
Proteomics Core Facility to use their FTICR instrument, which is generally thought to be the
highest level of performance and resolving power. In order to determine the detection limits for
ODN, we used a range of concentrations of synthetic ODN from 1mM to 1pM in media. Samples

were dried down using a speed-vacuum. C18 resin was used to clean and resuspend samples
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in 0.1% formic acid in 50% ACN in water. FTICR spectra for these samples (Figure 6.6A)
revealed that the [ODN-NH;]** peak was in a low background area of the spectra and would be
the best species to monitor for detecting ODN (Figure 6.6B). Examining this peak from spectra
obtained from different concentrations of synthetic ODN revealed ODN suspended in BrainPhys

media can be detected at 1nM but not 10pM (Figure 6.6C)

| calculated a rough estimate of how much ODN we might expect to be present in our
media samples (Figure 6.7). Given the cell density plated in each well (>1.5x10° cells/cm?) and
an estimated 150 synapses per cultured neuron (Cullen et al., 2010), | estimate about 2.2x10°
synapses per well. Using two different estimates for synaptic volumes (Bracciali et al., 2008;
Rangaraju et al., 2014) and an approximated synaptic ODN concentration of 10uM ODN
(Masmoudi-Kouki et al., 2020), ODN concentration in the media may range between 10pM and

1nM ODN. These rough calculations are at the threshold range of detection.

We then used FTICR to analyze media samples taken from a fourth lot of glutamatergic
neurons, but did not detect ODN in any of the samples. We were also unable to detect ODN in
media from astrocytes. Drying down larger initial volumes of conditioned media may result in
detectable levels of ODN given a greater theoretical number of moles of peptide in a larger

volume.

It is also possible that we were unable to detect ODN in the media of glutamatergic
neurons because of manufacturing changes in these IPSC-derived cells. Our initial experiments
using the MEA relied on cells that lost the synchronous bursting phenotype over time but, due to
pressure from larger corporate partners who found this loss of bursting to be inconvenient,
current commercially available iPSC-derived glutamatergic neurons from Cellular Dynamics
have been engineered to never lose the synchronous bursting phenotype. It is possible that in
preventing the loss of bursting, Cellular Dynamics disrupted the cells’ production or release of

ODN. It would be helpful to compare RNASeq or DBI protein levels between the older
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glutamatergic cells we used for the MEA experiments and the newer commercial cells we used

for collecting mass spectra.

Our inability to detect ODN in media conditioned by astrocytes also suggests we may
need to use larger initial volumes of media, given astrocytes have frequently been shown to
release ODN using HPLC and radioimmunoassay (Farzampour et al., 2015). Multiple studies
have demonstrated release of ODN or DBI from cultured astrocytes, and were able to modulate
that release via the use of extracellular factors like GABA, somatostatin (Masmoudi et al., 2005;
Patte et al., 1995) or beta-amyloid (Tokay et al., 2008). In the future, it would be interesting to
see if it is possible to detect ODN in media conditioned by IPSC-derived astrocytes if a larger
starting sample volume is used during initial concentration. Also, while my experiments were
focused on using pure populations of neuronal cell types obtained from iPSC cells to help
distinguish the type of cell that was releasing DBI, it is possible that these cells do not mimic the
conditions seen in vivo. Current mass spectrometry methodology that | used was unable to
detect ODN released from either of our iPSC-derived neuronal cell types, nor iPSC-derived

astrocytes.



132

[T IIT""" lﬂ

i wn'h

HIH \H\ H

'Wlllh |
il

Figure 6.1 — Multielectrode array records electrical signals from plated neurons. A)
Cartoon of multielectrode array (MEA) consisting of sixteen electrodes arranged in a four-by-
four grid on the bottom of the well. B) Photo showing electrodes are 50pm wide and spaced
350um apart. Neurons are plated on top of electrode grid. Electrical recordings can be
presented either as a heatmap of activity at all sixteen electrodes in well (C), or as individual
dashes on raster plot corresponding to a single action potential. D) Cartoon of neuron plated on
electrode with inset showing an action potential in inset corresponding to lines on a raster plot.
E) Sample raster plots from each of sixteen electrodes are depicted in rows. A histogram of
activity for every electrode is shown above raster plots, demonstrating synchronous bursting

across the well. Figure adapted from Axion Biosystems and Cellular Dynamics.
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Figure 6.2 — Flumazenil restores bursting phenotype in iPSC-derived glutamatergic
neurons. A) Example raster plots from MEA recordings of 3 wells of iPSC-derived
glutamatergic neurons, with histograms at the top. GNCs lose bursting phenotype after >48
exposure to conditioned media (top). Application of BZD antagonist FLZ restores synchronous
bursting (bottom). B) Bar graph showing percent of wells bursting synchronously. After 48h in
conditioned media, only 55% of wells were bursting, but the addition of FLZ led to bursting in
92% of wells. Inset shows that a total loss of bursting after >48h exposure to conditioned media
can be complete restored by changing media, but not by adding 0.5% DMSO, the solvent for
FLZ. These experiments were done with the help of Dr. Kile Mangan and our collaborators at

FujiFilm Cellular Dynamics, Inc.



134

A) = - MALDI .00 MS/MS 5 1007
0 2150 .048 1 11E+4 700.0564 PP-1E+3
@) 80 80
- >
O 60 » 60 e 2024o705
H a a V v iIIJ
_QCJ 40 = 40
= L 2166.0415 Tl T
> ) 33.|:64u | 0
%) 2000 2060 2120 2180 2240 2300 9.0 4614 Pfqﬂ 8 13 5.2 18186 2231.0
B) — Wass s 588 100 panan L.
o )
= 80 80
> >
3 2
2 e i
(o] =40 = 40 0
E 0 2135.0159 22039731 ;
2000 2060 2120 2180 2240 2300 9.0 4614 9138 1366.2 1818.6 2271.0

Mass (m/z) Mass (m/z)

Figure 6.3 — MALDI detects ODN in media from glutamatergic neurons. Sample MALDI
(left) and MS/MS (right) spectra from synthetic ODN (A) and glutamatergic neuron media (B)
indicates presence of ODN in neuron-conditioned media. The synthetic and endogenous
peptides have the same molar mass and produce the same ions with similar relative
abundances during fragmentation. MALDI experiments were performed by Dr. Greg Barrett-Wilt

at the University of Wisconsin-Madison Biotechnology Center.
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Figure 6.4 — Initial Orbitrap spectra show presence of ODN in media from glutamatergic
neurons. Sample spectra of A) 3+ and 2+ species spectra showing peaks from endogenous
peptide in media samples (first and third rows) and isotopically-labeled ODN. Peaks highlighted
in yellow boxes are detected endogenously in media and from the isotopically-labeled control
peptide. MS/MS spectra for 3+ peaks from media sample (B) and isotopically-labeled control
peptide (C) are similar in fragmentation and abundance, suggesting the presence of ODN in
media. Orbitrap experiments were performed by Dr. Greg Barrett-Wilt at the University of

Wisconsin-Madison Biotechnology Center.
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Figure 6.5 — Triple-Quad does not detect ODN in glutamatergic-conditioned media
samples. Sample spectra showing no peaks discernable amidst noise in neuron-conditioned
media when compared to isotopically-labeled ODN peptide standard. Yellow box highlights
expected peak location. Triple-Quad experiments were performed by Dr. Greg Barrett-Wilt at

the University of Wisconsin-Madison Biotechnology Center.
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Figure 6.6 — FT-ICR can detect synthetic ODN in media at 1nM starting concentration, but
not 10pM. A) Spectra of synthetic ODN suspended in BrainPhys at 1mM. B) Peaks for [ODN-
NH;]?* are in a low-noise region of the spectra and will be used to identify ODN. C) Comparing
spectra of [ODN-NH3]?* peaks (highlighted in yellow boxes) for 1mM, 1nM and 10pM starting
concentrations of ODN in BrainPhys demonstrates that ODN can be detected at 1nM but not
10pM. FT-ICR experiments were performed with the help of Dr. Yanlong Zhu at the University of

Wisconsin — Madison Human Proteomics Program Mass Spectrometry Facility.
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Cell Density:
1.5x10° cells/cm?

150 synapses/cell (Cullen et al. 2011)
9.6 cm? surface area in 6-well plate

# of Synapses per Well:
2.16x108 synapses

1x10-'7L/synapse If 1x10-15L/synapse
(Bracciali et al, 2007) (Rangaraju et al, 2014)

Synaptic Volume per Well: Synaptic Volume per Well:
2.16nL 216nL
10uM ODN at synapse 10uM ODN at synapse
(Masmoudi-Kouki et al, 2010) (Masmoudi-Kouki et al, 2010)
Moles of ODN per Well: Moles of ODN per Well:

2.16x10-"*mol ODN 2.16x10-"2mol ODN
2mL media/well ﬁ 2mL media/well

[ODN] in Media: [ODN] in Media:

10.8pM ODN 1.08nM ODN

Figure 6.7 — Flow chart calculating theoretical ODN concentration of ODN in media. Flow
chart shows how using the number of cells plated in each well, | estimated the concentration of
ODN in media samples based on the assumptions of 150 synapses per cultured neuron, two
different estimates of synaptic volume, and a potential concentration of 10uM ODN at each
synapse. These assumptions allowed me to calculate the potential concentration of ODN in

each well to be between 10pM and 1nM.
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Instrument Cell Type Standard Result
MALDI-TOF Glutamatergic neurons - Lot 1 Synthetic ODN ODN detected in samples
Glutamatergic neurons - Lot 2 Isotopically-labelled ODN No/very low ODN deteced in samples, standard levels are lower than expected
Orbitrap Glutamatergic neurons - Lot 1 Synthetic ODN ODN detected in samples and water blank
Glutamatergic neurons - Lot 1 Isotopically-labelled ODN Maybe very low ODN detected in samples, not blanks
Glutamatergic neurons - Lot 2 Isotopically-labelled ODN No/very low ODN detected in samples, standard levels are lower than expected
GABAergic neurons Isotopically-labelled ODN No ODN detected in samples or blanks
. Glutamatergic neurons - Lot 1 Isotopically-labelled ODN No ODN detected in samples or blanks
Triple-Quad
5500 w/ . . .
Glutamatergic neurons - Lot 2  Isotopically-labelled ODN No ODN detected in samples
Nanospray
Glutamatergic neurons - Lot 3 Isotopically-labelled ODN Potentially very low levels, but learned isotopic standard is not fully labelled
GABAergic neurons Isotopically-labelled ODN No ODN detected in samples or blanks
FTICR Unconditioned media Synthetic ODN Control experiment to determine level of detection is between 10pM and 1nM

Astrocytes

Synthetic ODN

No ODN detected in samples or blanks

No ODN detected in samples or blanks

Table 6.1 — Table summarizing the cell types studied using different mass spectrometry

instruments. Media samples taken from glutamatergic neurons are highlighted in green, with

each lot from different vials shown in different shades. Media samples from GABAergic neurons

are highlighted in yellow and astrocytes in pink. For each instrument, the cell types tested are

listed, along with what type of ODN standard was used, and the results of the experiment.
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CHAPTER VII:

Discussion and Future Directions

Since its discovery in 1983, DBI has been referred to as a putative endogenous
benzodiazepine (Guidotti et al., 1983). In addition to its ability to displace [*H]-diazepam from
binding the BZD site on GABARs in brain membrane homogenates (Guidotti et al., 1983), loss
of DBI has been connected to disruptions in hippocampal-dependent learning, memory, and
social behavior (Ujjainwala et al., 2018; Ujjainwala et al., 2019). Interestingly, DBI has been
suggested as a positive modulator of GABARSs in the thalamic reticular nucleus (Christian et al.,
2013), but a NAM in the subventricular and hippocampal subgranular zones (Alfonso et al.,
2012; Dumitru et al., 2017). Experiments in the Monyer lab showed that exogenously applied
DBI-derived peptide, ODN, negatively modulated GABAR currents from wild-type stem cells in
the subgranular zone of hippocampal slices, and that ODN modulation of BZD-insensitive
GABAR mutants was significantly decreased (Dumitru et al., 2017). However, evidence for
DBI’s direct modulation of GABARSs is limited. In this thesis, | took a reductionist approach to
uncover DBI's modulatory effects on heterologously expressed GABARs and found that the

effects of DBI are dependent on the GABAR subunit composition. | found:

1. DBI purified from E. coli heterologously expressing DBI is pure, non-aggregated and
correctly folded, as indicated by SDS-PAGE and NMR (Chapter II).

2. The effect of DBl on GABARs is a subunit isoform dependent. a3-containing GABARS
are weakly negatively modulated, while DBI is a PAM for a5-containing GABARS
(Chapter I11).

3. DBI does not modulate asBsy2. receptors via the same mechanism as the BZD FZM.
Data from outside-out patch clamp experiments show that, when coapplied with a
near-saturating concentration of GABA (ECsgo), FZM slows the rate of current

deactivation while DBI does not. (Chapter V).
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4. DBI acts as a PAM and strongly modulates asB; GABARSs. Outside-out patch clamp
experiments revealed that DBI slows the rate of current deactivation and significantly
increases the peak current amplitude of saturating concentration of GABA (Chapter V).

5. DBI's modulation of GABARs does not require binding to the BZD site. Receptors
lacking the a,y BZD binding site are strongly modulated by DBI.

6. Use of an elements kinetic model suggests that DBI exerts its effects on af GABARs
by directly stabilizing the main gate, rather than stabilizing an intermediate element like
a PAM BZD (Chapter V). Modeling suggests that DBI may exert its effects on the

asBsy2. GABARS by weakly stabilizing a GABA-bound state (Chapter 1V).

DBI’s effects are subunit-dependent

In Chapter lll, | used two-electrode voltage clamping (TEVC) and low concentrations of
GABA to show that a3-containing GABARSs heterologously expressed in Xenopus oocytes are
weakly negatively modulated by DBI, while GABARs containing a5 subunits are positively
modulated. These results provide an answer to a question raised by previously published work
in the Monyer and Huguenard labs — how can DBI seemingly act as a NAM in some regions of
the brain and a PAM in others? GABAR subunit composition varies by brain region (Olsen and
Sieghart, 2009) and | have shown that DBI can act as either a PAM or a NAM depending on the
a subunit identity.

While my results show that the effects of DBI can vary based on subunit combination,
they contrast with the effects seen by the Monyer and Huguenard groups. Recordings in the
hippocampal subgranular zone show that DBI or its peptide cleavage product, ODN, may be
acting as a NAM (Dumitru et al., 2017). Given a5 subunits are highly expressed in the
hippocampus (Sequeira et al., 2019), these published experiments would predict that
heterologously expressed a5-containing receptors should be negatively modulated by DBI.

Similarly, patch clamp recordings from the thalamic reticular nucleus where a3 is highly
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expressed (Hortnagl et al., 2013) show that these receptors may be positively modulated by DBI
(Christian et al., 2013), while my experiments with heterologously expressed asfBsy.. receptors
show that DBI acts as NAM.

There are several possible explanations for the differences between my data detailed in
this thesis and published in vivo electrophysiology results. While | used full-length DBI purified
from E. coli, the Monyer and Huguenard experiments relied primarily on up- or down-regulating
endogenous DBI expression. DBI has several biologically active cleavage products, multiple
predicted sites for post-translational modifications, and can bind long-chain fatty acids. Changes
in any of these features may alter DBI’s effects on GABAR modulation. While my initial
experiments showed that preincubation with the long-chain fatty acid palimitoyl-CoA did not alter
DBI’s effects (Supplemental Figure 3.1), future study is needed to evaluate the effects of various
DBI peptide cleavage products, possible post-translational modifications of DBI that might be
present in eukaryotic cells, and alternate DBI protein isoform expression on GABAR function.

Additionally, future experiments should determine concentration-dependance of DBI
actions. Some drugs such as propofol and barbiturates like pentobarbital exhibit dose-
dependent effects on GABAR modulation. For example, pentobarbital positively modulates
GABARs at low concentrations, directly causes the channel to open at concentrations above 50-
500uM, and blocks the GABAR channel at greater than 1mM (Jackson et al., 1982; Muroi et al.,
2009; Rusch et al., 2004).

GABARSs may also differ when comparing receptors endogenously expressed in neurons
to those heterologously expressed in Xenopus oocytes. While Xenopus oocytes have been
shown to be able to phosphorylate, glycosylate, and acetylate some exogenous proteins, they
lack the tissue-specific enzymes necessary for post-translational modifications of some proteins
(Colman et al., 1984, Lane, 1983). It is possible that some endogenous post-translational
modifications are lacking when GABARSs are expressed in Xenopus oocytes, which may alter

the modulatory effects of DBI. Additionally, GABARSs in neurons are likely associated with
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accessory subunits like GARLH or Shisa7 (Han et al., 2019; Yamasaki et al., 2017). The
potential absence of these accessory subunits in Xenopus oocytes and HEK-293 cells may alter
the effects of DBI on the GABAR. Future experiments should be conducted to evaluate whether
co-expression of GARLH or Shisa7 alongside GABARs alters the modulatory actions of DBI.

Future experiments to evaluate the effects of DBI on additional GABAR subunit
compositions are needed. a1f2y2 receptors are the most widely expressed receptor
combination across the brain (Olsen and Sieghart, 2009). The effects of DBI on this subunit
combination are particularly important to evaluate due to its abundance.

Reconciling DBI TEVC and outside-out patch clamp effects

One point of interest in my thesis is the effect of DBI on asBay.. GABARS. In Chapter 11, |
used TEVC and showed that co-application of DBI potentiates GABA EC20 currents, but in
Chapter IV, | demonstrated that DBI does not affect the amplitude, rise-time, or deactivation rate
of currents elicited by GABA EC80. While the solution exchange times for TEVC are too slow to
measure changes in deactivation, the potentiating effects of DBI can be measured via the
increase in GABA EC20 current amplitudes. When using ultra-rapid solution exchange and
patch clamping, drug-induced changes in the current deactivation rate are detectable at high
near-saturating GABA concentrations when increases in GABA amplitude are difficult or near
impossible to measure (e.g. BZD PAM effects). | believe that the different DBI effects that |
observe when examining asBsy2. GABARS are due to differences in the GABA concentration
used in TEVC versus patch clamp experiments.

To test this idea, | used an elements-based kinetic model (as shown in Figure 4.6) to see
what kinetic parameters DBI could be altering to generate my experimental observation that DBI
potentiated GABA currents at low GABA concentrations (EC20) but had no effect on GABA
current amplitude, rise-time, or deactivation at high GABA concentrations (EC80). | showed that
a weak stabilizing interaction between a DBI element and a GABA-binding element caused a

modest increase in peak current amplitude without altering the rate of deactivation at low
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concentrations of GABA. As GABA approaches a saturating concentration, this stabilizing
interaction has less of an effect, and the simulated peak currents are unchanged by the
presence of DBI (Figure 7.1A, B).

Future experiments should test whether the differences in DBI’s effects are due to GABA
concentration. Experiments could be conducted using higher concentrations of GABA and
TEVC or using lower GABA concentrations and patch clamping. Due to the propensity of an
outside-out patch to run down, accurately recording small GABA currents can be difficult with
this technigue; these experiments would be more effective using whole-cell patch clamp to
generate larger currents from a greater number of GABARSs in an entire cell.

In the elements model, BZD potentiation is mediated by a direct interaction with an
intermediate “F” element which couples GABA binding to channel gating (Goldschen-Ohm et al.,
2014). In Dr. Vicki Tsao’s thesis, she proposed that this F element represents an actual physical
component of the GABAR, namely the $4-B5 linker of the a subunit which links the inner and
outer B sheets in the ECD (Tsao, 2018). Our lab has previously shown that disruption of this
linker via glycine insertion can significantly reduce the PAM effects of FZM (Venkatachalan and
Czajkowski, 2012), and ongoing work in our lab indicates that disruption of this linker does not
alter inhibition by a NAM like DMCM. In Appendix | of this thesis, | propose that DMCM
modulates GABAR function through a direct interaction with a GABA binding site rather than an
F-element. Similarly, | propose that DBI is modulating aspzy.. GABA-binding directly rather than
interacting with an F-element. Given the similarities between the proposed interactions for DBI
and DMCM, it would be interesting to perform the TEVC experiments using a subunits with a
disrupted p4-B5 linker to see if DBI can still positively modulate these mutants.

It would also be worthwhile to evaluate the kinetic effects of DBI on asBsy2. GABARS.
Experiments should be conducted using outside-out or whole cell patch using high and low
concentrations of GABA in the presence and absence of DBI. | hypothesize that DBI binding

would weakly destabilize the GABA-bound state, leading to kinetic changes similar to those



145

seen in the presence of DMCM (Supplemental Figure 7.1). If so, | would expect to see a
reduction in amplitude at non-saturating concentrations of GABA and no changes in the rate of
deactivation.

Another difference between the TEVC and outside-out patch clamp experimental
approach is that in the outside-out patch clamping experiments, the patch is continually
perfused with DBI and then switched to a GABA+DBI solution, whereas for the TEVC data,
there was no preincubation with DBI. Further experiments should be conducted to evaluate
whether preincubation with DBI has any effect on DBI’s effect on GABAR currents during TEVC
recording.

Implications for DBI’s different effects on GABARs with and without y subunit

Though DBI has often been described as an endogenous BZD, my thesis shows that
DBI does not act like a BZD when it interacts with the GABAR. Not only do the macroscopic
kinetic effects of DBI differ significantly from the BZD FZM, but a y subunit is not even
necessary for DBI to modulate a GABAR. Currents from af GABARSs, which do not contain a
BZD aly interface binding site, are significantly potentiated by DBI, as demonstrated by a 1.5-
fold slowing in the rate of deactivation and a greater than two-fold increase in the peak current
amplitude even at GABA EC90. In Chapter V, | demonstrate that DBI could exert its effects on
asB3 GABARSs by directly stabilizing the main gate using an elements-based kinetic model to
simulate traces which resemble those recorded from asf3; receptors and reflect the lower open
probability of af GABARs (Figure 7.1C). In future experiments, the maximum open probabilities
for asBs and asBsy2 receptors in the presence and absence of DBI should be measured directly
to confirm that as3;s GABARS have a lower maximum open probability and to evaluate whether
DBI can increase the open probability.

My experiments suggest that underlying mechanisms underlying DBI’s effects on a3
versus apfy GABARs are different. It would be interesting to see if asBay2. receptors lacking a

functional BZD site via a aH101R or yF771 mutation lose the ability to be potentiated by DBI at
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low concentrations of GABA. Future experiments should also try a locate where DBI binds on
the asB3z GABARSs. One possibility is that y-containing GABARs have a high affinity binding site
for DBI at the BZD site in addition to a lower affinity binding site also present on asBsreceptors
(Figure 7.2A, B).

Alternatively, asBs GABARSs may possess a unique binding site for DBI (Figure 7.2C, D).
These receptors have unigue inter-subunit interfaces compared to asBsy2. receptors, either a/a
or B/B depending on their stoichiometry. Some drugs like zolpidem are selective for a specific
interface between homologous subunits of af3 receptors (a/a in the case of zolpidem) (Che Has
et al., 2016). Further experiments could use concatemers of a--a-B-a or a-B-a-B-p receptors to
assess whether DBI preferentially binds or potentiates one stoichiometry over another.
Obtaining cryoEM structures of asBs; and asPsy2. receptors in the presence of DBI would also
shed more light on the differences in DBI binding.
DBI in the brain

DBI’s effects on asB; GABARSs also raise questions about the physiological role af8
receptors have in GABAergic signaling in the brain, and what purpose might be served by an
endogenous modulator for this receptor combination. a receptors are generally located
extrasynaptically (Brickley and Mody, 2012; Mortensen and Smart, 2006) and are thought to
mediate tonic inhibition. GABA-mediated tonic inhibition has been measured in the dentate
gyrus (Nusser and Mody, 2002), hippocampal interneurons (Semyanov et al., 2003), and
hippocampal CA1 (Bai et al., 2001), as well as other regions, by measurement of a persistent
GABA-mediated conductance which can be abolished with the use of a GABA-antagonist like
bicuculine or a channel-blocker like picrotoxin. This tonic current leads to increased cell
conductance which affects the cell’s likelihood of responding to an excitatory signal, leading to a
reduction in a neuron’s firing rate (Farrant and Nusser, 2005). If DBI is able to substantially
increase the peak current and open probability of af receptors, this may be a new avenue

through which the brain can regulate tonic inhibition. In addition, my data demonstrating that
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DBI’s effects on asBsy2. receptors are only seen at low GABA concentrations would suggest that
its effects on this GABAR subtype would be observed at extrasynaptic sites where GABA
concentrations are low versus at synaptic sites where GABA concentration is in the millimolar
range (Mody et al., 1994).

In order to explore this idea, future experiments should examine effects of DBI when
recording from neurons. It would be intriguing to compare the effects of exogenously applied
DBI on spontaneous IPSC duration and size, as well as evaluating DBI’s effects on the inward
holding current in the presence and absence of bicuculine or picrotoxin.

My results demonstrate DBI can modulate GABAR currents, and its effect on afg
receptors is especially robust. Dysfunctions in GABAergic signaling are linked to various
diseases. Some forms of epilepsy are linked to a reduction in extracellular GABA concentration
(Bai et al., 2001; During et al., 1995), which may be relevant for DBI as a regulator of tonic
inhibition. Additionally, the Christian group has seen that loss of DBI in the hippocampus leads
to disruptions in learning, memory, and social behavior in mice (Ujjainwala et al., 2018;
Ujjainwala et al., 2019). These hippocampal-dependent processes are often mediated via a5-
containing GABARSs (Collinson et al., 2006; Crestani et al., 2002; Joksimovic¢ et al., 2013; Timi¢
et al., 2013).

DBI’s effects on a5-containing GABARs may also be linked to Alzheimer’s disease.
Alzheimer’s patients are found to have elevated levels of DBl and ODN in cerebral spinal fluid
as well as altered DBI transcript variant expression in the parietal zone (Barbaccia et al., 1986;
Miettinen et al., 1995; Mills et al., 2013). Beta-amyloid, which accumulates and forms plaques in
the brains of Alzheimer’s patients as the disease progresses, has been shown to increase
expression and secretion of DBI cleavage products (Tokay et al., 2008). Additionally, disruptions
in adult hippocampal neurogenesis have been associated with the progression of Alzheimer’s
disease (Moreno-Jiménez et al., 2019), and DBI has been shown to modulate GABARs

regulating neurogenesis in this region (Dumitru et al., 2017). It would be interesting to compare
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the expression and release of DBI in the hippocampus of healthy and Alzheimer’s disease
model animals. In Chapter VI, | described our inability to use mass spectrometry to detect ODN
in the media of iPSC-derived human neurons and astrocytes, but ODN may be present in higher
concentrations in a native environment rather than isolated neuronal or astrocytic cultures. It
would also be possible to use DBI-specific antibodies rather than mass spectrometry to evaluate
DBI expression both intra- and extracellularly.
Conclusions

In summary, the findings of this thesis demonstrate that DBI's modulation of the GABAR
is subunit dependent. | show for the first time that DBI potentiates as3; GABARs and thus its
actions do not depend on a BZD binding site. The data in this thesis provide valuable insights
into understanding DBI’s role in GABA-mediated inhibition and suggest mechanisms by which

DBI can regulate both phasic and tonic inhibition in the brain.
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Figure 7.1 — Simplified elements models showing proposed interactions for FZM and DBI.

Elements models showing interactions between elements: agonist binding sites (A),
intermediate F-elements (F), fast and slow desensitization gates (df, ds respectively), and the
main channel gate (m). When modeling asBsy2. receptors, an FZM element has a stabilizing
interaction with an F-element which increases the GABA-elicited current at low [GABA], has no
effect on high [GABA] current amplitudes and slows the rate of current deactivation at all
[GABA] (A). For the same receptor combination, the DBI element (B) interacts directly with an
agonist binding site to increase GABA-elicited current at low [GABA] without changing the rate
of current deactivation. When using a model for asf3; receptors, the DBI element interacts
directly with the main channel gate to stabilize an open state. This increases the GABA-elicited

amplitude even at high [GABA] and slows the rate of deactivation.
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Figure 7.2 — Cartoons showing proposed mechanisms for effects of DBI on asfBsy2. and
asfs receptors. Receptor cartoons showing pentameric GABARS spanning a plasma
membrane. a subunits shown in yellow, 8 in blue, and y in pink. Binding sites shown as circles
for GABA (G, grey), BZDs (B, purple), and DBI (D, pink or orange). Cartoons in the top row
depict DBI’s interaction with asBsy2. (A) and asBs (B) GABARSs if DBI preferentially binds at the
BZD site rather than a lower-affinity site at a*/p interfaces (A, orange DBI circles). When DBI
binds the BZD site present only in asBsy2. receptors, it stabilizes the GABA-binding site and
increases amplitude at low [GABA]. In asBs receptors, only the lower affinity site is present. DBI
binding at this site stabilizes the open main channel gate which slows the rate of deactivation

and increases the peak GABA-elicited amplitude. Cartoons in the bottom row depict a possible
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scheme where DBI binds the BZD site (C) and a unique site at the a/a (left) or B/B (right)
interfaces in asBs (D, pink DBI circles). Binding the BZD site stabilizes the GABA-bound state as
described above. Binding either of the unique asBsinterfaces stabilizes the open main gate as

described above.
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Supplemental Figure 7.1 — Simplified elements models showing proposed interactions
for DMCM on aBy and DBI on asBsy2 receptors. Elements models showing interactions
between elements: agonist binding sites (A), intermediate F-elements (F), fast and slow
desensitization gates (df, ds respectively), and the main channel gate (m). A) A DMCM element
(red circle) has a destabilizing interaction with the GABA binding site A, as discussed in
Appendix I. This leads to a decrease in GABA-elicited amplitude, but no changes in
deactivation. B) When modeling asBsy.. GABARS, a hypothesized destabilizing interaction
(dotted line) between the DBI binding element (green circle) has a destabilizing interaction with
the GABA binding site A, which leads to a decrease in GABA-elicited amplitude, but no changes
in deactivation. Further patch clamp experiments are necessary to determine if co-application of

DBI alters the deactivation rate of asBsy2. GABARS.



153

APPENDIX I:

Comparing kinetic effects of positive and negative modulators

Rationale:

Benzodiazepines (BZDs) have been a widely used class of GABA-A receptor (GABAR)
modulators since their discovery in the mid-1950s. These drugs bind an inter-subunit pocket in
the extracellular domain of GABARSs, between a and y subunits (Masiulis et al., 2019).
Depending on their structure, BZDs can either act as positive allosteric modulators (PAMs) and
increase the amount of GABA-elicited current, or act as negative allosteric modulators (NAMS)
and decrease the amount of GABA-elicited current. Some BZDs can act as either PAMs or
NAMs depending on the subunit composition of the GABAR (Knoflach et al., 1996). While much
of my thesis focuses on the diazepam binding inhibitor, a persistent question during many of my
experiments was what is the real difference between positive and negative modulation? How
can ligand binding at the same site lead to such different effects?

In general, the effects of BZD PAMs like diazepam or flurazepam (FZM) have been more
thoroughly studied than NAMs like methyl-6,7-dimethoxy-4-ethyl-beta-carboline-3-carboxylate
(DMCM). Mutagenesis, cysteine modification experiments, and cryoEM structures all identified
key residues in PAM binding (Masiulis et al., 2019; Morlock and Czajkowski, 2011; Olsen and
Sieghart, 2009; Zhu et al., 2018). Additionally, multiple kinetic models have been proposed
which seek to explain how positive modulation works — the resting-active-desensitized (RAD)
model suggests PAMs increase GABA binding by stabilizing a high-affinity receptor state (Akk
et al., 2020), while the elements model suggests that a BZD PAM modulates an intermediate
element between ligand binding and channel gating, stabilizing the transition from agonist
binding to opening the channel gate (Goldschen-Ohm et al., 2014). There is limited published
data modeling the effects of a NAM. Is a NAM acting as a true opposite of a PAM and

destabilizing the intermediate element, or are the effects of a NAM mediated by a different
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interaction entirely? In this appendix, | show outside-out patch data for GABARS in the presence
of either FZM or DMCM, and compare effects on peak current and deactivation. | also use the
elements model to explore what interactions may be responsible for the effects of positive
versus negative modulation.

Methods:

HEK cell culture and DNA transfection

Human embryonic kidney (HEK 293T-17) cells were cultured in Eagle’s minimum
essential medium with Earle’s salt (Mediatech, Manassas, VA). Media was supplemented with
10% fetal bovine serum (Atlanta Biologics, Flowery Branch, GA), penicillin-streptomyacin-
glutamine (Sigma-Aldrich, St. Louis, MO), and plasmocin (InvivoGen, San Diego, CA). Cells
were grown at 37°C with 5% CO,, and plated on 12mm circular glass coverslips in 60mM dishes
48-72 hours before transfection.

Cells were transfected at 85-90% confluency using lipofectamine 2000 (Invitrogen,
Carlsbad, CA). 0.5-2ug of pUNIV GABAR (either ai2y2. or asPzy2) DNA was used, with a
1:1:3-5 ratio of a:B:y subunits, and 2-10ng of pUNIV GFP DNA. Cells were used for recording
24-60 hours post transfection.

Patch-clamp solutions and drugs

Recording pipettes were pulled from borosilicate glass using a Flaming-Brown P-1000
mulitstage micropipette puller (Sutter Instruments, Novato, CA). Pipette tips were fire-polished
with a Narishige MF-83 microforge (Narishige, Tokyo, Japan) until open tip resistance was
between 2-9 MQ. Electrodes were filled with intracellular solution (140mM KCI, 10mM EGTA,
2mM MgATP, 10mM phosphocreatine, 10mM HEPES, pH 7.3-7.4).

HEPES normal Ringer (HNR) perfusion solution contained 145mM NacCl, 2.5mM KClI,
1mM MgCl,, 1mM CacCl,, and 10mM HEPES, pH 7.3-7.4, 300-310 mOsm. 1M stocks of GABA
and 10mM stocks of flurazepam (FZM) were prepared in water and frozen at -20°C. 10mM

stocks of methyl-6,7-dimethoxy-4-ethyl-beta-carboline-3-carboxylate (DMCM) were prepared in
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DMSO and frozen at -20°C. Fresh drug solutions were prepared daily in HNR and diluted to 10-
50uM GABA in the presence and absence of 10uM FZM and 1-10pM DMCM. Recordings were
performed at room temperature.

Application Pipette Assembly and Function

Theta-barreled glass (thin walled, filamented glass capillary, outer-diameter (OD)
1.5mm, inner diameter (ID) 1.2mm) was pulled until tip openings were approximately 100um
between the centers of both channels. Glass was cut to 2-3 cm in length and end was fire-
polished. 10cm lengths of polyimide tubing (0.24mm OD, 0.2mm ID, Cole-Parmer, Vernon Hills,
IL) were inserted into both sides of the theta barrel and pushed up to the tip. The free ends of
polyimide tubing were threaded into 30cm lengths of 28 gauge polytetrafluoroethylene (PTFE)
tubing. PTFE tubing was pushed flush to the end of the theta-barreled glass. 2-3cm lengths of
fused silica tubing (170um OD, 110um ID, Trajan Scientific, Victoria, Australia) were inserted
into theta barrels to sit 0.5cm behind the openings of polyimide tubing to serve as drains for
dead space within glass barrels to increase liquid exchange time. Glass and tubing were sealed
together at interface with PTFE/fluorinated ethylene propylene (FEP) dual shrink tubing (Cole-
Parmer, Vernon Hills, IL), and tested for leaking at the end of glass or between channels of
glass. Gripper fittings were attached to the ends of PTFE tubing.

Glass slides were prepared with Sylgard 184 (Dow Corning, Midland, MI) material as a
border to create approximately 5mL wells. The assembled application pipette was glued to glass
slide with the theta perpendicular to the bottom of the plate. Pipette was secured with quick
drying epoxy and left to cure overnight.

The application pipette was installed on a piezoelectric biomorph (Physik Instrumente,
Costa Mesa, CA) and connected to 6-way Rheodyne low pressure valves (IDEX Health and
Science, Rohnert Park, CA). Valves were connected to tubes containing HNR and drug solution
via 26 gauge PTFE tubing. The biomorph is moved to position the application barrel in front of

the cell by WinPos (ITK Dr. Kassen GmbH, Hahnau, Germany), with <lmsec 10-90% solution
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exchange times, measured via liquid junction potential tests of open recording pipette tips after
experiments. Valve switches took <30sec to fully exchange from low to high concentration and
1min to exchange from high to low concentrations (100% HNR to 10% HNR).
Outside-out patch clamp recording

Recording pipettes were sealed onto the membrane of GFP-positive HEK cells to obtain
a giga-seal with -5 to -10mmHg pressure. Once the pipette was sealed, increased negative
pressure was used to break into the cell. The pipette was immediately withdrawn from the cell,
enabling the patch to reseal in an outside-out conformation with the extracellular side of the
resealed membrane facing out. Patches were held at -40mV. Currents were low-pass-filtered at
2 kHz with an eight-pole Bessel filter. Data was collected at 20kHz via an Axopatch 200B
amplifier (Axon Instruments, Sunnyvale, CA) interfaced to a computer using a Digidata 1440A
(Axon Instruments, Sunnyvale, CA). Amplifier function was controlled by Clampex (version
10.4.1.10; Molecular Devices, Sunnyvale, CA) and analyzed using Clampfit (version 10.4.1.10;
Molecular Devices, Sunnyvale, CA). Patches were exposed to 100ms pulses of 10-50uM GABA
with and without 10uM FZM and 1uM DMCM, with 10sec of HNR wash between pulses.
Data Analysis

Averaged traces using 3-15 sweeps were generated in Clampfit and used to measure
peak current responses and calculate the rate of deactivation via a weighted tau (1v). Twwas
calculated by fitting the curve after GABA removal until a return to baseline with a bi-exponential
equation (I = Ar*e'™ + Ay*e¥™ where | is current, t is time, A1 and A; are the relative amplitudes
for the fast and slow components respectively, and 11 and 1. are the time constants for the fast
and slow components. These values are used to calculate 1, where Ty = (A1T1+AT2)/(A1+AL).
Normalized 1y values were calculated as Twcasa+brug)/Tweasa). Normalized peak responses were
calculated as lcasa+prug/lcasa initial @Nd lcaa Recovery/lcaga miiar. Significance was evaluated using a
one-sample t-test comparing against a null hypothesis of 1. Data was analyzed and displayed

using GraphPad Prism (version 9.1.2, GraphPad Software Inc, San Diego, CA).
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Kinetic Modeling

GABA-elicited currents were simulated in Kinetic Model Builder 2.0 (Goldschen-Ohm et
al., 2014) in Monte Carlo mode. Currents were simulated from 150ms pulses of 10m and 50uM
GABA in the presence and absence of 10uM benzodiazepine (BZD). This model describes the
two agonist bindings sites (Al and A2), two intermediate elements (F1 and F2), fast and slow
desensitization gates (Df and Ds, respectively), a benzodiazepine binding site (D), and the
channel gate (m) as binary elements. These binary elements can transition between two
metastable configurations, like open or closed for the channel gate, or bound or unbound for a
drug binding site. The transition between these states are governed by intrinsic rate constants
for the forward and reverse reactions. Interactions between elements can contribute energy
towards the transition of to an alternate energy state. For this model, rate constants for each
element were aa = [GABA]*1.2*10°M1s?, B =500 Ms?, ar = 5.5 Ms?, B = 1124 M1s?) agr =
0.25 M1s?) By = 31 Ms?, ags = 0.0033 M2s?, Bgs = 0.19 M1s?, ap = [BZD]*108 M1s?, Bp = 0.3
M1s? is am = 380*(-0.5e) s, Bm = 380 s*. Interactions between elements (kcal/mol at 298K)
are AGar = -5, AGrm = -3.8, AGrgr = -0.8, AGpgs = -1.7, and AGp.F = -2 for FZM or 0 for DMCM,
AGp.a= 0 for FZM, 1 for DMCM. These values were used to generate a revised kinetic model for
asBsy2L receptors to match outside-out patch data, as described in Chapter V.
Results and Conclusions:
Comparing effects of FZM and DMCM on GABAR outside-out patches

In order to compare the effects on macroscopic kinetics of a PAM and NAM, | applied
both FZM and DMCM to outside-out patches of GABARs and compared the resulting peak
amplitudes and rates of deactivation. | compared mean peak amplitudes for GABA and
GABA+Drug and found that FZM did not significantly affect amplitude, but co-application of
DMCM caused a significant reduction in peak current (Figure Al1.1). GABA-elicited currents
recover to close to the original amplitude after drug is washed off. Conversely, FZM significantly

slowed the rate of deactivation, while DMCM had no significant effect (Figure Al.2)
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Modeling PAM vs NAM

In an effort to explore possible mechanisms for the difference in FZM versus DMCM, we
used a version of the elements model created in Kinetic Model Builder 2.0 (Goldschen-Ohm et
al., 2014). Dr. Robert Pearce assisted in changing values for element rate constants and
energies for interactions so that simulated responses to GABA matched the asBsy.. GABA dose
response curve described in Chapter 1V, Figure 4.1. We can model to the effects of FZM as
primarily slowing the rate of deactivation without largely affecting amplitude at high
concentrations of GABA by including an interaction between the BZD binding site (D) and an F
element (F2) to stabilize a pre-open state (Figure A1.3).

If a NAM like DMCM is thought of as a true opposite of a PAM, binding at the BZD site
should destabilize the F element. However, when the energy values for this interaction are
altered to reflect this destabilization, the resulting simulated traces showed a decrease in
amplitude, but also much faster rates of deactivation, which did not match my electrophysiology
data (Figure Al.4). In order to accurately model the data, we needed to introduce a separate
interaction between the BZD site and a GABA binding site (A2). By modeling the binding of a
NAM stabilizing an unbound-GABA state, we were able to simulate a reduction in amplitude
without altering deactivation kinetics (Figure A1.5).

Conclusions

The electrophysiology data shows clear differences in the kinetic effects of the PAM
FZM versus the NAM DMCM. Where FZM slows the rate of deactivation and has little effect on
amplitude at high GABA concentrations, DMCM decreases peak currents without altering the
rate of deactivation. Our modeling data suggests that these results may be due to different
interactions, even though both drugs bind the same BZD site on the receptor. We can
accurately model our PAM data by including an interaction where BZD binding stabilizes a pre-
open state, while modeling the NAM data requires a new interaction where the binding of a

NAM to the BZD site directly destabilizes GABA binding. These results suggest new insights
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into the difference between positive and negative modulators, and offer a perspective on how

two ligands can bind the same site but yield such different effects.
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Figure Al1.1 — GABA-elicited peak currents are not affected by FZM, but are inhibited by
DMCM. Sample averaged traces showing 100ms applications of 50uM GABA (black) and 50uM
GABA + 10uM FZM (blue, A) or 50uM GABA + 1uM DMCM (red, B). Scale bars included. Peak
responses normalized to initial GABA amplitudes are shown for FZM in C and DMCM in D. One-
sample t-tests comparing to a hypothetical value of 1 show that FZM does not significantly affect
amplitude at 50uM GABA, but DMCM does (p=0.02). GABA-elicited peak responses recover

after DMCM is washed off.
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Figure Al.2 — FZM affects the rate of deactivation, but DMCM does not. Sample averaged
traces showing 100ms applications of 50uM GABA (black) and 50uM GABA + 10uM FZM (blue,
A) or 50uM GABA + 1uM DMCM (red, B). Scale bars included. Traces have been normalized to
amplitude immediately before removal of GABA. 1, are shown below for GABA and
GABA+Drug. 1 for rate of deactivation for GABA+Drug is normalized to 1 for GABA. FZM (C)
significantly slows the rate of deactivation (one-sample t-test of null=1, p= 0.0070), while DMCM

does not have a significant effect on deactivation.
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Figure Al1.3 — Elements model for FZM. An elements model adapted for asBsy2. receptors (A)
accurately models the effects of FZM when an energetically favorable interaction is introduced
between the BZD site (D) and an intermediate F-element (F2). AG values (kcal/mol at 298K) for
interactions between elements are shown in green, and element rate constants (Ms* for all but
channel gate, m, s for m) are shown between element states. Al and A2 represent agonist
binding sites, D is the BZD binding site, F1 and F2 are intermediate F elements, df is the fast
desensitization gate, ds is the slow desensitization gate, and m is the main channel gate. B)
Modeled traces for 150ms applications of TmM GABA (black), 50uM GABA (grey), TmM
GABA+10uM FZM (blue), and 50uM GABA+10uM FZM (light blue). Modeled traces show FZM

does not have substantial effect on amplitude at high GABA concentrations, but does slow the

rate of deactivation.
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Figure Al.4 — A destabilizing interaction between DMCM and the F-element does not
accurately simulate experimental data. Using the same elements model as described in
Figure A1.3, the AGpr, was switched from -2 to 2 kcal/mol (A, circled in yellow) to represent a
BZD which would destabilize the F2 element, rather than stabilizing it as a PAM. B) This change
does not generate simulated traces that match experimental data, as the modeled data shows
an increase in the rate of deactivation unlike what experimental results. Simulated traces for

150ms applications of TmM GABA (black), 50uM GABA (grey), 1mM GABA+10uM DMCM (red),

and 50pM GABA+10uM DMCM (light red).
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Figure A1.5 - DMCM stabilizes non-GABA-bound state. A) Using the same elements model
as described in Figure Al.3, the interaction between the BZD binding site and F2 element was
removed, and a new interaction was introduced between the BZD binding site and a GABA
binding site, with AGpg2 = 1 kcal/mol (circled in yellow). B) This new interaction simulates traces
which are a good match for our experimental data, where peak currents are decreased in the
presence of DMCM, but the rate of deactivation is unaffected. Simulated traces for 150ms
applications of 1mM GABA (black), 50uM GABA (grey), TmM GABA+10uM DMCM (red), and

50pM GABA+10uM DMCM (light red).
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APPENDIX II:

Testing function of GLIC liposomes injected in Xenopus oocytes

Rationale:

In addition to my thesis research, | assisted Dr. Varun Tiwari in testing the function of
multiple mutations in the extracellular domain of Gleobacter violaceus (GLIC), a bacterial
pentameric ligand-gated ion channel made up of five homologous subunits. He introduced
cysteine residues at the top of the extracellular domain B-strands and used site-directed spin
labeling electron paramagnetic resonance (SDSL EPR) spectroscopy to study ligand-induced

structural changes in GLIC.

| injected samples of his purified GLIC protein reconstituted in lipids into Xenopus
oocytes to confirm the cysteine mutant channels were functional and proton-gated. | confirmed
that all twelve of his GLIC mutants were functional. Additionally, | injected cRNA to test the
function of double-mutants designed to measure how the GLIC extracellular domain moves in
the presence of a hon-activating mutant. | found that T248A/Q101C GLIC mutants were gated
by protons, even though T248A was thought to be a non-activating mutant. | confirmed that
Y251A/N19C GLIC mutants do not open in the presence of protons. Once | assessed the
function of these mutants, Dr. Tiwari used them in his EPR studies to determine that proton
activation causes an inward motion at the top of the extracellular domain, and that this motion is
associated with a pre-activated state rather than directly accompanying channel gating. | am a
co-author of a paper published in bioRxiv describing these results, which is conditionally

accepted in eLife pending revisions.
Methods:

Liposome injection
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As described previously (Tiwari et al., 2020), GLIC mutant protein was purified and
reconstituted into 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (PE, Avanti Polar
Lipids) and 1-palmitoyl-2-oleoyl-sn-glycero-3- phospho- (1’-rac-glycerol) (PG, Avanti Polar
Lipids) at a PE: PG = 2.7:1 molar ratio. Pelleted samples were thawed on ice and resuspended
in buffer B1 (20 mM Tris, 150 mM NacCl, pH 7.6) at approximately Img/mL, assuming 70%

reconstitution efficiency.

Oocytes were harvested from an in-house X. laevis colony and treated as described
previously (Boileau et al., 1998) or directly obtained from Ecocyte Biosciences. Due to the
viscous hature of liposome solutions, glass injection pipette diameter was widened to
approximately 5-10 5-10 um for injecting the purified lipid reconstituted GLIC protein into
oocytes. Each oocytes was injected with 27 nL containing approximately 1ug/uL protein.
Protein-injected oocytes were incubated for 16-24 h at 16°C before recording in ND96 (5 mM
HEPES pH 7.4, 96 mM NacCl, 2 mM KCI, 1 mM MgCl;, 1.8 mM CacCl,) supplemented with 100

pg/ml of gentamycin and 100 pg/mL of bovine serum albumin.

cRNA purification and injection

cDNA for WT GLIC was subcloned into pUNIV vector for oocyte expression
(Venkatachalan et al., 2007). QuikChange site-directed mutagenesis was used to create GLIC
mutants in a pUNIV backbone. Capped cRNAs encoding WT and mutant GLIC were transcribed

in vitro from the pUNIV cDNA constructs using the mMessage mMachine T7 kit (Ambion).

Single oocytes were injected with 27 nL of cRNA (100 ng/uL). Injected oocytes were
incubated at 16°C in ND96 supplemented with 100 pug/ml of gentamycin and 100 pg/mL of

bovine serum albumin for 2—4 days before use for electrophysiological recordings.

Two-electrode voltage clamping
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Oocytes were perfused continuously with ND96 at pH 7.4 at a flow rate of 5 mL/min in a
200 pL bath while being held under two-electrode voltage clamp at —40 mV. Borosilicate glass
electrodes (Warner Instruments) used for recordings were filled with 3 M KCl and had
resistances of 0.4 to 1.0 MQ. Electrophysiological data were collected using Oocyte Clamp OC-
725A (Warner Instruments) interfaced to a computer with a Digidata 1440A (Axon CNS) and
were recorded using the AxoScope program, version 10.2 (Molecular Devices). Proton-induced
currents were measured by perfusing ND96 buffered at pH 7.0-3.0. pH 4.6-3.0 buffers used
5mM Na Citrate to replace HEPES as the buffering agent. Proton-induced currents were
measured at pH 3.0 until peak current amplitudes varied by <10%, then measured at pH 7.0 as
a control, followed by a final application of pH 3.0. pH-induced currents from uninjected oocytes
were used as controls. Dose-response traces were generated using pH 6.4, 4.6, 3.5 and 3.0.
Statistical significance of the effect of pH 3.0 was assessed using a one-way analysis of
variation (ANOVA) and a Dunnett’s multiple comparisons test versus the uninjected oocyte

current responses (GraphPad Prism 8.2.1).

Results and Conclusions:

Mutant GLIC protein reconstituted in lipids was injected into Xenopus oocytes (Jarecki et
al., 2013; Morales et al., 1995) and tested for proton-gating function. | injected proteoliposomes
containing wild-type (wt) GLIC and GLIC mutants T17C, N19C, S46C, K48C, G60C, D91C,
192C, S93C, T99C, Q101C, 1140C and V141C. Dose-response curves were recorded using pH
solutions of 6.4, 4.6, 3.5 and 3.0 for each mutant, as well as wild-type GLIC and uninjected
oocytes (Figure A2.1A). | compared the current elicited by pH 3.0 for n=5 for each mutant to the
pH 3.0 response of uninjected oocytes (Figure A2.1B) and used a one-way ANOVA and
Dunnett’s multiple comparisons test to determine that each of these mutants was significantly

different than uninjected oocytes, indicating that the channels were still functional.
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| also tested cRNA and liposomes for two GLIC double mutants, Q101C/T248A and
N19C/Y251A. Both the T248A and Y251A mutants render the channel insensitive to the proton
agonist by stabilizing an agonist-bound, closed-channel state (Bertozzi et al., 2016; Gonzalez-
Gutierrez et al., 2013). | found that combining the Q101C and T248A mutations caused GLIC to
still be activated by protons when recording from oocytes injected with cRNA as well as
liposomes. N19C/Y251A mutants functioned as expected and were not activated by protons
(Figure A2.2). Dr. Tiwari then used the N19C/Y251A GLIC double mutant rather than the
Q101C/T248A for his experiments examining motions caused by agonist binding decoupled

from channel gating.

Once | had confirmed the function of Dr. Tiwari’s twelve single GLIC mutants and
identified the appropriate double mutant to study non-activating channels, he was able to
perform the necessary EPR experiments. His results suggested that channel activation leads to
an inward tilt of GLIC extracellular domains, and that these motions were associated with a pre-
activation closed state rather than directly accompanying an open channel. These results

provide more insight into the gating transitions of pentameric ligand-gated ion channels.
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Figure A2.1 - Purified GLIC mutants reconstituted in liposomes are functional. A) Sample

dose-response traces for uninjected oocytes as well as wild-type (wt), 1140C, 192C and S46C

elicited by pH 6.4, 4.6, 3.5 and 3.0. B) Summary of pH 3.0 responses for uninjected, wt, T17C,

N19C, S46C, K48C, G60C, D91C, 192C, S93C, T99C, Q101C, 1140C and V141C mutants. Bars

represent = SD for 25 ooctyes. One-way ANOVA and Dunnett’s post-test shows currents

elicited by mutants and wt are significantly larger than uninjected (p<0.05).
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Figure A2.2 — N19C/Y251A mutants are not proton-activated, but Q101C/T248A mutants
are. Sample pH 3.0 elicited currents from wt, Y251A, N19C/Y251A, Q101C, Q101C/T248A, and
uninjected cRNA (top) and proteoliposomes (bottom). N19C/Y251A channels are non-
conducting the presence of pH 3.0, but Q101C/T248A channels still have larger pH 3.0 current

responses than uninjected oocytes, indicating that these channels are still proton-activated.
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