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Abstract

Multiple conductance states and populations of mean single channel current
duration have been reported in gamma-aminobutyric acid type A receptors (GABAAR) by
numerous investigators. This thesis describes all of the distinguishable conductance
states of the GABAAR and their relationship to agonist concentration in an attempt to
define the role(s) these states play in channel activation.

From single channel recordings of at1p2y2L GABAARSs, we identified three
different conductance amplitudes of 7 pS (mini-conductance), 16 pS (sub-conductance)
and 29 pS (full-conductance). Open duration analysis indicated a single population of
mini-conductance currents, but two populations each of the sub- and full-conductance
currents. In total, five activated states of the GABAAR were identified.

The frequency of occurrence of the conductance amplitudes was determined from
time blocks of 500 ms at various concentrations of the endogenous ligand, y-
aminobutyric acid (GABA), or the partial agonists, 4,5,6,7-tetrahydroisoxazolo-[5,4-
c¢]pyridin-3-ol (THIP) or piperidine-4-sulphonic acid (P4S). The resulting frequency
concentration curves for the mini-conductance currents rose sharply to an asymptote at
very low agonist concentrations and remained constant thereafter, while both the sub- and
full-conductance curves rose in a biphasic manner. The independence of ECsq values for
each current amplitude is interpreted to indicate separate binding events involving
agonist. Comparing the whole cell concentration-effect curves to the frequency-
concentration curves of each amplitude state suggests that the majority of current is

passed through the full-conductance state at high concentrations of agonist.
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A series of novel bisfunctional GABAAR agonists, the polymethylene
digabamides, were also investigated. The whole cell concentration effect curves for these
compounds illustrated an increase in intrinsic activity and a decrease in potency with
increasing molecular length. All of these compounds are partial agonists in this system.
At concentrations of GABA greater than 100 uM, both a fast and slow phase of
desensitization was observed. These same components of desensitization were reported
with ethylene digabamide and propylene digabamide but the longer compounds only
evoked the slow phase of desensitization. These differences in desensitization kinetics

are discussed.
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CHAPTER 1:

INTRODUCTION
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GABA Overview

Gamma-aminobutyric acid (GABA) is an amino acid that serves as a
neurotransmitter in the brain. It functions primarily as an inhibitory neurotransmitter in
many pathways of the central nervous system, although there are situations during
development (Obata et al., 1978; Cherubini et al., 1991; Ben-Ari et al., 1997) and tonic
stimulation of adult hippocampal pyramidal neurons (Michelson & Wong, 1991; Staley et
al., 1995) when GABA behaves as an excitatory neurotransmitter. Intracellular
concentrations of chloride fall progressively with development due to the dominant
expression of a chloride transporter, KCC2, which transports chloride out of the cell (for
review see Le Van Quyen, 2006). This shifts GABA activity from net excitatory to net
inhibitory.

In the late 1950s and early 1960s GABA was initially identified as an inhibitory
neurotransmitter at the crustacean inhibitory neuromuscular junction. GABA was shown
to increase the conductance of chloride and hyperpolarize the post-synaptic membrane
potential (for review see Davidson, 1976). Determining the role of GABA in the
mammalian central nervous system proved to be much more difficult due to the
complexity of this system and disagreements over the conclusions reached by different
groups. By the late 1960s GABA was generally recognized as an inhibitory
neurotransmitter in the mammalian central nervous system (Davidson, 1976).

GABA is formed from the principal excitatory neurotransmitter glutamate by
glutamic acid decarboxylase using pyridoxal phosphate as a cofactor. After its release
into the synaptic cleft, GABA is removed from the synapse by GABA transporters on

nerve terminals and glial cells. It is either returned to the nerve terminal where it can be
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repackaged and re-released, or it is transported into glial cells where it is metabolized.
Glial cells contain GABA transaminase, which converts GABA into succinic
semialdehyde. This is converted into either a-hydroxybutyric acid or succinic acid,
which can enter the Kreb’s cycle. GABA is zwitterionic and, with pKas of 4.23 and
10.43, it is electroneutral at physiological pH (see Figure 1-1). Unlike the primary amino
acids, the amino and carboxyl groups of GABA are not attached to the a-carbon but

rather are attached to different carbon atoms in the molecule.

GABA Receptor Overview

GABA receptors fall into two major categories, ligand gated ion channels and G-
protein coupled receptors. GABA type A receptors (GABAARs) and GABA type C
receptors (GABAC(RS) are ligand gated ion channels while GABA type B receptors
(GABAGgRs) are G-protein coupled receptors. GABA4 and GABA( receptors have major
differences in pharmacology. For instance, GABA¢Rs are not sensitive to bicuculline,
the classical antagonist at GABAARs, nor are they sensitive to muscimol, the classical
agonist at GABAARs. These differences in pharmacology led to the distinction of two
classes of ion channel GABA receptors. However, due to the structural homology
between GABAsRs and GABACRs, GABA(CRs are often referred to as a subtype of
GABA,Rs. Baclofen is an agonist at GABAgRs, and these receptors are also insensitive
to bicuculline, a GABAAR antagonist.

Activation of GABA receptors usually leads to hyperpolarization of the neuron,
thereby effectively lowering the membrane potential. This reduces the probability that an

action potential will be generated by the depolarizing action of an excitatory
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neurotransmitter. GABA, and GABA( receptors achieve this by passing chloride
through their integral ion channel into the cell when the receptor is activated. This moves
the membrane potential towards the equilibrium potential for chloride, thereby reducing
the probability that an action potential will be generated by the depolarizing action of an
excitatory neurotransmitter. Unlike the ligand gated ion channel GABA receptors, the
GABARgR is not linked to a chloride channel. Through the inhibition of adenylate
cyclase, GABAgRs can inhibit voltage-gated calcium channels, thereby reducing
transmitter release, or through a direct action of the G-proteins, open potassium channels
to which they are coupled, leading to a reduction in postsynaptic excitability (see
Bowery, 1993 for review). The rest of the work reviewed here will focus on the
GABARs and other members of the cysteine-cysteine loop (cys-loop) ligand gated ion

channel superfamily.

The Ligand Gated Ion Channel Superfamily

The cys-loop ligand gated ion channel superfamily (LGIC) includes the
GABARs, the nicotinic acetylcholine receptors (nAChRs), the glycine receptors, and
serotonin type 3 receptors (SHT3 Rs) (Schofield et al., 1987, Sieghart, 1988). These
receptors all share a common structure as well as high sequence homology among their
subunits. Most importantly, there are regions of homology that are conserved in all
members of this superfamily. In this class, five subunits arrange in a rosette
conformation around a central ion pore (Unwin, 1989; Nayeem et al., 1994). The ion
pore in the GABAAR is chloride selective. Each subunit consists of a large extracellular

amino-terminal domain (N-terminal domain) and short extracellular carboxy terminal
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domain (C-terminal domain) (Schofield et al., 1987). Closer to the carboxy terminal
domain there are four hydrophobic domains (Schofield et al., 1987), each of which is
referred to as a transmembrane (TM) domain (see Figure 1-2).

The N-terminal domain of adjacent subunits interacts with ligands, which will be
discussed in more detail later. Within this N-terminal domain is a conserved pair of
cysteine residues at position 139 and 153 (GABAAR bovine ol subunit numbering)
(Schofield et al., 1987) that differentiate the cys-loop LGIC superfamily members from
other LGICs. Of the four TM domains, the second TM domain, TM2, lines the ion
channel pore (Seeburg ef al., 1990). Small loops connect TM1 to TM2 and TM2 to TM3
and a large intracellular loop connects TM3 to TM4. This region between TM3 and TM4
shares the least homology between the different subunits (Sieghart & Sperk, 2002), and
the significance of this region will be addressed later.

The nAChR is the best characterized member of the cys-loop LGICs and
information on its molecular structure has been advanced by cryo-electron
crystallography work on nAChRs from the Torpedo electric organ performed by Nigel
Unwin’s group. Initial results confirmed the five subunit arrangement around a central
pore which spans the membrane of the cell (Toyoshima & Unwin, 1988). The outer
vestibule is approximately 20 A wide. The extracellular domain is around 65 A long
while the intracellular domain is much shorter (see Figure 1-3). This was later confirmed
at 4.6 A resolution of the receptor by the same group (Miyazawa et al., 1999). The
acetylcholine (ACh) binding pockets were identified in the extracellular domain, around
30 A from the membrane, as cavities in the o subunits (Unwin, 1993). When ACh was

bound to the receptor, conformational changes in the receptor and the o subunits were
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induced (Unwin, 1995). The 4.6 A resolution of the receptor illustrated the intracellular
end of the receptor, which is composed of projections from the subunits which are
approximately 30 A long and form an inverted cone beneath the membrane spanning
domain (Miyazawa ef al., 1999). Therefore, ions cannot flow in a linear path through the
receptor, but rather divert laterally through narrow openings (portals) between the subunit
loops forming this inverted cone shaped structure. Two major openings were identified
opposite to the two o subunits which are approximately 8 A wide and 15 A long
(Miyazawa et al., 1999) (see Figure 1-4). This cytoplasmic domain is formed by the
large intracellular M3-M4 loop. For the nAChR, which is a cation-conducting receptor,
the net charge of this region is negative, while for anion-conducting receptors such as the
glycine receptor and GABAAR, this region is net positive (Unwin, 1989).

Much of the structural information provided by cryo-electron crystallography was
supported by the x-ray crystallography studies possible after the crystallization of the
acetylcholine binding protein (AChBP) and solving the structure at 2.7 A resolution
(Brejc et al., 2001). This protein was identified in the snail Lymnaea stagnalis (Smit et
al.,2001) as a protein made and stored in glial cells with the function of binding
acetylcholine as a means of inactivating the transmitter. Crystallization of this protein
was possible due to its solubility as it lacks the membrane-spanning domains
characteristic of the cys-loop LGICs. Numerous conserved residues of the N-terminal
domain of the nAChR and of other members of the cys-loop LGIC superfamily are
present in the AChBP, and as such this protein has been used as an example of the ligand
binding domains of the cys-loop LGICs. The crystal structure of the AChBP was in good

agreement with the size of the extracellular domain estimated from cryo-electron
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crystallography showing this region as 62 A high and 80 A wide with an approximately
18 A wide central cavitiy (Brejc ef al., 2001). The predicted location the ligand binding
sites was also very close to that seen in electron microscopy (see Figure 1-5), in the
AChBP being 30 A from the C-termini (Brejc et al., 2001), which, in a cys-loop LGIC,
corresponds to the start of the first TM domain. Before, ligand was thought to access the
binding pocket from inside the vestibule, as was suggested by the electron microscopy
studies (Miyazawa et al., 1999). Recent evidence suggests though that ligand accesses
the binding domain from the outside perimeter of the external domain, as suggested from
the AChBP (Brejc et al., 2001). In agreement with the earlier electron density map
(Miyazawa et al., 1999), the details of the tertiary structure include an N-terminal o-helix
followed by ten B-strands arranged in a B-sandwich (Brejc et al., 2001). The authors
suggested that the binding site for ligand is formed from loops from one interface and -

strands from the adjacent subunit.

The Acetylcholine Binding Pocket

The nAChR is composed of four different proteins in the stoichiometry of 2o 1[3:
1y: 18 (Raftery et al., 1980). The subunits are likely arranged o-y-0-9-3
counterclockwise around the central ion channel (Pedersen & Cohen, 1990; Czajkowski
et al., 1993). The binding site of the nAChR have been characterized through
mutagenesis and photoaffinity labeling and further supported by the crystallization of the
AChBP.

Using purified Torpedo nAChRs, Weill et al. (1974) separated the subunits with

dodecyl sulfate-acrylamide gel electrophoresis and showed through affinity-alkylation
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that the predominant subunit (the o subunit) was covalently labeled with 4-(N-
maleimido)benzyl trimethylammonium (MBTA). This led them to suggest that ACh
binding occurs exclusively at this subunit. Kao et al. (1984) purified nAChRs from
Torpedo electric tissue and labeled the protein with [BH]-MBTA. Following the
reduction of the disulfide bond within the ACh binding site, the o subunit was
predominantly labeled with [*H]-MBTA. The o-subunit was isolated and cleaved with
cyanogen bromide. High-performance liquid chromatography was used to separate the
fragments, and the sequence of the labeled fragment was elucidated using Edman
degradation. The [’H]-MBTA labeled fragment contained residues between 179 to 207
and specifically Cys 192 and Cys 193 were the residues labeled. This suggested that
these two cysteine residues are close to the ACh binding site. Dennis ef al. (1988)
labeled nAChRs from Torpedo with the competitive antagonist [*H]-p-(dimethylamino)-
benzenediazonium fluroroborate ([*H]-DDF). Again the o subunits were isolated,
cleaved using cyanogen bromide and purified using high-performance liquid
chromatography. Trp 149, Tyr 190, Cys 192 and 193 were labeled with [’H]-DDF. They
noted that these amino acids lie within hydrophilic domains of the o subunit and may
play a role in agonist binding. Abramson et al. (1988) used lophotoxin and lophotoxin
analog-1, a coral toxin that inhibits the AChR, to further probe the binding site. These
compounds covalently react with the o subunit of the nAChR. Using [*H]-lophotoxin
analog-1, o subunits were again isolated and digested and the labeled fragment was
isolated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Once the
labeled fragment was sequenced, Trp 190 was identified in the binding of lophotoxin.
Using [SH]-DDF labeling, Galzi et al. (1990) further identified Tyr 93 (and possibly Trp

8
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86). Binding of ["H]-DDF was inhibited by the agonist carbamoylcholine and the
antagonist o-bungarotoxin. Together with the photolabeling experiments done by Dennis
et al. (1988), Galzi et al. (1990) described a three ‘loop’ model of ACh binding to
nAChRs from fish electric organ. These three loops correspond to Tyr 93 (loop A), Trp
149 (loop B) and Trp 190/Cys 192/Tyr 197 (loop C) of the o subunit. Using the agonist
[*H]-nicotine, Middleton & Cohen (1991) demonstrated that Tyr 198, Cys 192 and Tyr
190 were labeled with nicotine, indicating that the same regions of the polypeptide chain
are involved in agonist and antagonist binding, with the major difference being the degree
of labeling of each residue. Using [3 H]-acetylcholine mustard (Cohen et al., 1991),
alkylation of the receptor occurred at Tyr 93, which further supported its involvement in
agonist binding. A number of point mutation studies have been performed to investigate
the functional significance of the above amino acid residues. For a review of some of
these studies, see Arias (1997). These often resulted in changes in agonist/competitive
antagonist binding or channel activation and often resulted in a decrease in agonist
affinity compared to wild type receptors. This supports the hypothesis that these residues
play a role in agonist binding and/or gating of the receptor complex.

Photoaffinity labeling of the nAChR with [*H]-tubocurarine indicated that the o, y
and O subunits each covalently interacted with the label (Pedersen & Cohen, 1990). This
could be inhibited by either a-bungarotoxin or carbamoylcholine. These results pointed
to both the y subunit and the  subunit contributing to the binding pocket along with the
highly characterized o subunit (Pedersen & Cohen, 1990). This follows from binding
studies performed with [*H]-d-tubocurarine that reported biphasic binding of this
compound to AChR-rich membranes from Torpedo electric organ (Neubig & Cohen,

9
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1979). This work had hinted at the possibility of two separate binding sites for [*H]-d-
tubocurarine due to the two affinities reported, which was later deciphered by Blount &
Merlie (1989) using subunit expression in fibroblasts as the a-y subunit interface
conferring high affinity and the a-0 subunit interface conferring low affinity for this
compound.

With more investigation of the binding pocket, the three loop model of ligand
binding has been extended to a six loop model which describes the contribution of
individual amino acids from separate regions of the two subunits forming the ligand
binding pocket, the o-y(€)/d interface. The major contributions to ACh binding involve
loops A, B and C from the o subunit, while loops D, E and F from the ¥/ subunit are
described as secondary contributors.

Torpedo nAChRs were equilibrated with [*H]-d-tubocurarine and irradiated with
ultraviolet light to identify specific residues that photoincorporated the tritiated antagonist
(Chiara & Cohen, 1997). Trp 55 (loop D) of the vy subunit and the corresponding residue
in the & subunit, Trp 57 were identified as residues incorporating the photolabel, as well
as residues on the o subunit that had previously been identified, such as Tyr 190, Cys 192
and Tyr 198. Trp 55 of the v subunit was also identified in agonist binding by labeling
with [*H]-nicotine (Chiara ef al., 1998). Using [*H]-d-tubocurarine, y Tyr 111 and Tyr
117 were also labeled (Loop E) (Chiara ef al., 1999). The vy subunit amino acid residue
Tyr 111 corresponds to & Arg 113, and point mutations of these two residues led to
changes in the binding of a-conotoxin. Czajkowski ef al. (1993) identified two residues
on the d subunit, Asp 180 and Glu 189 (loop F), that they believed contributed to the

ACh binding pocket due to the increase in ECso for ACh and increase in the inhibition of
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o-bungarotoxin binding by ACh when these two residues were mutated. Employing
chimeras of the -8 subunit, point mutations within the 8 and y subunits were introduced
and conotoxin M1 binding was investigated (Sine ef al., 1995). The amino acid residues
Y Lys 34/ & Ser 36 (loop D), ySer 111/ 8 Tyr 113 (loop E) and y Phe 172/ 8 Ile 178 (loop
F) were identified as contributing to conotoxin M1 selectivity (Sine et al., 1995).
Carbamylcholine binding further identified y Lys 34/ & Ser 36, y Phe 172/ 8 Ile 178, y Glu
57/ 8 Asp 59 and y Cys 115/ 8 Tyr 117 as residues involved in agonist binding or close to
the ACh binding site since introducing point mutations at these locations changed the
binding of carbamylcholine (Prince & Sine, 1996). The antagonist, dimethyl d-
tubocurarine, identified yIle 116/ d Val 118,y Tyr 117/ 8 Thr 119 and y Ser 161/ 6 Lys
163 as regions involved in antagonist binding (Bren & Sine, 1997).

The two site model of ACh binding to nAChRs has been questioned in the light of
evidence that there may be subsites for binding at the high affinity sites (Dunn & Raftery,
1997a, 1997b). After saturation of the high affinity binding sites with ["H]-ACh the
authors found that the rate of dissociation was dramatically increased when micromolar
concentrations of unlabelled ACh, carbamylcholine or suberyldicholine were added to the
dilution buffer compared to the rate of dissociation with dilution buffer without agonist
(Dunn & Raftery, 1997a). It was suggested that each high affinity site might have two
subsites. Initially [*H]-ACh would bind to site A. With the addition of micromolar
concentrations of unlabeled agonist, binding of the unlabeled ligand would occur at site B
which would led to a reduction in the affinity of site A, thereby increasing the rate of
dissociation from this site. This model was supported by the dissociation rate of [*H]-

suberyldicholine, a bis-functional ligand, where this rate was not largely affected by the
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addition of micromolar concentrations of agonist (Dunn & Raftery, 1997a). Furthermore,
by studying the agonist-induced changes in fluorescence of covalently attached 5-
iodoacetamidosalicylic acid, it appears as though ACh can occupy two sites, while
suberyldicholine only occupied one (Dunn & Raftery, 1997b). This work has introduced
the possibility of additional subsites for agonist binding within the well characterized
binding pocket.

Many of the amino acid residues that have been identified either within the
binding pocket or as contributing to the binding pocket are aromatic amino acids. This
observation led to the suggestion that cation-n interactions may be involved in
acetylcholine interaction with the binding pocket (Dougherty & Stauffer, 1990). Thisis a
noncovalent molecular interaction between an aromatic ring, which provides negative
electrostatic potential, and a cation. The amino acids most likely to contribute to these
interactions are phenylalanine, tyrosine and tryptophan due to the presence of an aromatic
ring with m-electrons on the amino acid structures. Zhong et al. (1998) studied this
interaction at four different tryptophan residues, replacing these residues in series or in
combination with a number of tryptophan derivatives. They determined that one of these
amino acids, Trp 149, interacts with the quaternary ammonium group of acetylcholine
and is probably the primary site of cation-w interaction of the nAChR. However, unlike
ACh, nicotine does not show strong cation-r interactions with Trp 149, nor with another
likely residue, the Trp y55/857 (Beene et al., 2002). Therefore, it appears that some
agonists will interact with the receptor differently from others.

In contrast to these short range cation-7 interactions, longer range charge-charge

interactions have been proposed to occur between binding domain amino acids that have
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acidic side chains and acetylcholine. The negative charge from the acid side chain would
interact with the positively charged quaternary ammonium group of ACh. Stauffer &
Karlin (1994) determined the mean effective charge of the binding pocket as -2.6. This
corresponds to two to three negative charges within the ACh binding domain. Stauffer &
Karlin (1994) speculated that these negative charges might be contributed by Asp 180
and Glu 189 of the d subunit, residues that were identified in contributing to the ACh
binding pocket by Czajkowski et al. (1993). However, binding of the agonist to the
binding pocket is thought to primarily involve cation-7 interactions over charge-charge
interactions (Dougherty & Stauffer, 1990).

The residues that have been implicated in binding at the nAChR are conserved in
the AChBP (Brejc et al., 2001), supporting the proposition that the AChBP is a good
model for the N-terminal domain of the nAChR. Together with mutagenesis and binding
studies, the AChBP model has also helped provide the identification of possible residues
involved in GABA binding (Cromer et al., 2002), residues that couple GABA binding to
channel gating (Boileau et al., 2002b), possible drug binding pockets (Ernst et al., 2005)
and support for the arrangement of the subunits in the heteropentamer (Trudell, 2002).

This will be considered in more detail later.

GABA AR Subunits
Five subunits assemble to form a GABAAR. These subunits are evolutionarily
related, but are encoded by different genes (Barnard et al., 1998). Subunits show 70%
sequence similarity within classes and approximately 30% between classes. Numerous

classes of subunits are available to assemble into receptors. To date, the subunits that
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have been identified are a1-6, B1-4, v1-3, 8, 6, m, €, and p1-2 (Simeone ef al., 2003). The
p subunits assemble into the so-called GABAcRs. Splice variants of some of these
subunits also occur (eg. y2 short and long- Whiting et al., 1990). Theoretically, many
possible combinations of GABA4Rs could occur, but the true number of GABARS in
vivo 1s likely to be substantially fewer (Seeburg et al., 1990; Wisden & Seeburg, 1992;
McKernan & Whiting, 1996). The specific subunits that make up a receptor determine
the pharmacology of the receptor, as well as the activation, deactivation and
desensitization kinetics and conductance values. For example, receptors composed of ol
and B2 subunits display a significantly lower conductance than receptors composed of
al, B2 and ¥2 (Seeburg et al., 1990; Angelotti & Macdonald, 1993).

The expression of the various receptor subtypes varies in different cells and brain
regions, suggesting a functional specificity of the different types of GABAARs (Simeone
et al., 2003). For example, ool mRNA is expressed ubiquitously throughout the brain,
while o6 mRNA is only found in the cerebellar granule cells (Wisden ef al., 1992). The
T subunit seems to be rare or nonexistent in the brain, but is highly expressed in female
reproductive organs (Hedblom & Kirkness, 1997). The significance of receptor
distribution and the differences in the behaviour of the different receptors may provide
important clues into broader functioning within the brain. This differential expression
profile, along with the observation that the pharmacological profile of the various
receptor subtypes is also often different may provide the opportunity to create novel
drugs that can target specific functions through the receptor subtypes. However, this also
means that it is not possible to conclude that the results seen at one type of GABAAR will

hold true at other types of GABAARs, leading to the necessity to test any novel drugs on
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multiple subtypes of receptors. The most common GABAAR is thought to be composed
of a1, B2 and 2 subunits (Laurie et al., 1992a; Laurie ef al., 1992b) in a stoichiometry of
two o subunits, two B subunits and one 7y subunit (Chang et al., 1996; Tretter ef al.,

1997). The arrangement of these subunits could vary, however, and Baumann ef al.
(2002) suggested that it is likely to be an y-B-o-B-ot arrangement in a counterclockwise
configuration from their results of expressing concatamered trimers with dimers. The
functionality of the above combination resembled wild type receptors and together with
observations of the AChBP structure (Brejc et al., 2000), this was proposed to be the

likely subunit arrangement.

GABA4R Assembly and Clustering

The observation that the AChBP can assemble to form a pentamer suggests that
the N-terminal domain of the cys-loop LGICs might play a role in subunit interactions
independent of transmembrane helices or cytoplasmic loops. In fact, evidence shows that
specific sequences within the o subunit and the 3 subunit N-terminal domains of the
GABARs mediate the subunit interactions. Specifically, two tryptophan residues in the
N-terminal domain of the rat ol subunit were implicated as obligatory for pentamer
formation since mutants of Trp 69 or Trp 94 did not appear to form GABAAR constructs
(Srinivasan et al., 1999). Taylor ef al. (2000) extended the list of critical amino acid
residues on the o subunit for oligomerization with the 33 subunit to include residues 58-
67 also. By creating truncated y2 subunits, Klausberger et al. (2000) determined that
residues 91-104 were necessary for assembly with an o subunit, while residues 83-90

were required for assembly with a § subunit. Tretter ef al. (1997) hypothesized that the
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assembly of the at133y2 GABARs begins with the association of an ol and B3, an ol
and ¥2 and/or a 33 and ¥2 subunit. In the presence of the third subunit, a pentamer
receptor would form. Without the third subunit, o133 subunits would arrange in
tetramers and pentamers, while only heterodimers of a1y2 and 3372 would form. This
supported the conclusions reached by Connolly et al. (1996) that only receptors formed
from a1f3y2 and o1 B3 subunits could assemble into pentamers. This further supports
the notion that the o and 3 subunits both play a role in pentamer formation.

The clustering of receptors in synapses has been attributed to the protein gephyrin
(Kneussel ef al., 1999) and the y2 subunit (Craig ef al., 1996). Although it is not clear
whether gephyrin controls the formation of GABAR clusters or stabilizes already
formed clusters, inhibiting gephyrin expression reduced the number of clustered receptors
without affecting the total number of receptors expressed (Jacob ef al., 2005). GABA,
receptor-associated protein (GABARAP) has also been shown to have a role in receptor
clustering through interaction with the y2 subunit and tubulin (Wang ef a/., 1999). Much
work has been done recently which illustrates the changes in channel behaviour when
GABAARs are expressed with GABARAP and without. GABARs coexpressed with
GABARAP have a higher single channel conductance than receptor expressed without,
and this high conductance current has a longer open duration (Everitt ef al., 2004; Luu et
al., 2006). It is clear that GABARAP does not change the kinetics of the channel directly
(Boileau et al., 2005), and it has been suggested that the clustering of receptors may make
them open co-operatively (Everitt ef al., 2004). However, GABARAP knock out mice
are phenotypically normal and do not show an increase in GABARAPs homologs or a

decrease in GABAAR expression, as determined by benzodiazepine binding (O'Sullivan
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et al., 2005). This suggests that GABARAP may not be a requirement for proper
GABAAR trafficking. A number of other factors have been shown to influence GABAAR

trafficking. For review, see Luscher & Keller (2004).

GABA AR Binding Sites

Numerous compounds besides its endogenous ligand GABA have affinity at the
GABA,R. Many drugs acting at this receptor have been useful clinically in the treatment
of anxiety, epilepsy, sleep disorders and alcohol withdrawal and to induce anesthesia.
For example, benzodiazepines (Mohler & Okada, 1977) are often used in the treatment of
general anxiety disorders, insomnia, and for the short-term management of status
epilepticus (Alldredge & Lowenstein, 1999), although their use is limited by the
development of tolerance and dependence. Barbiturates (Study & Barker, 1981) and
neurosteroids (Harrison & Simmonds, 1984) are other modulators of GABAAR activity.
A number of cations also modulate GABAR properties, including extracellular H"
(Takeuchi & Takeuchi, 1967), intracellular Ca** (Inoue et al., 1986), Zn** (Westbrook &
Mayer, 1987), La’" (Zhu ef al., 1998) and AI’* (Trombley, 1998). Some alcohols
(Celentano ef al., 1988 and reviewed by Grobin et al. (1998) may also have binding sites
on the GABA4R through which they can modulate GABAergic activity. The modulator
binding site that is best characterized is the benzodiazepine binding site at the ¢~y subunit
interface (see Sigel & Buhr, 1997). For the purposes here, only the GABA binding site

will be considered in detail.
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GABA LR Agonists

A number of agonists, including muscimol, isoguvacine, 4,5,6,7-
tetrahydroisoxazolo(5,4-c]pyridin-3-ol (THIP), isonipecotic acid, piperidine-4-sulphonic
acid (P4S), imidazole-4-acetic acid (IAA), 5-(4-piperidyl)-3-isothiazolol (thio-4-PIOL),
5-(4-piperidyl)-3-isoxazolol (4-PIOL) and Z-3-[(aminoiminomethyl)thio]prop-2-enoic
acid (ZAPA) have been identified for the GABAAR. Both the intrinsic activity and
potency of these compounds varies depending on which subunits make up the GABA4R
that is being studied. These agonists can be either more or less potent than GABA and
can exhibit a spectrum of intrinsic activities ranging from partial agonism to full agonism.
For example, at the presumed most common GABAAR composed of al, 2 and y2
subunits, isoguvacine is a full agonist with less potency than GABA. At this same
receptor THIP, isonipecotic acid, P4S, IAA and 4-PIOL are partial agonists and while
THIP and isonipecotic acid have similar intrinsic activity (around 70-80% of maximum
GABA response), THIP is less potent than GABA but more potent than isonipecotic acid
(Mortensen et al., 2004). ZAPA, on the other hand, has been shown to be a full agonist
with greater potency than GABA in binding experiments in rat brain membranes (Allan

et al., 1986).

The GABA Binding Pocket
The minimum subunit requirement for a GABA gated GABAAR is the presence
of an o and P subunit (Schofield ef al., 1987). Therefore, it was suspected that the
binding pocket must be formed by these two subunits. Similar to the nAChR, a loop

model of binding has been developed (see Figure 1-7). In the GABAAR, the B subunit

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



contributes loops A, B and C, while the o subunit contributes loops D and E (for review
see Smith & Olsen, 1995).

Numerous amino acids on the ol subunit have been implicated in having a role in
agonist binding. Mutation of Phe 64 (loop D) in the rat ol subunit (Sigel et al., 1992)
reduces agonist and antagonist affinities, and the equivalent position in the bovine o/l
subunit (Phe 65) can be labeled with [*H] muscimol (Smith & Olsen, 1994). The
equivalent position in the Torpedo nAChR o subunit (Arg 55) is required for o.-
bungarotoxin activity (Wahlsten et al., 1993). The substituted cysteine accessibility
method (SCAM) involves substituting a series of amino acid residues to cysteines then
using thiol reagents (which interact with the side chains of the cysteines) to study the
effect of the mutation. Using this method, Phe 64, Arg 66, Ser 68 (loop D) (Boileau et
al., 1999) and Val 178, Val 180 and Asp183 (loop F) (Newell & Czajkowski, 2003)
appear to line the binding site, with a mutation of only Asp 183 causing a reduction in
GABA affinity. Mutating the ol subunit amino acid residue Arg 120 (loop E) (Westh-
Hansen ef al., 1999) to lysine significantly reduced GABA affinity, suggesting that this
residue also participates in ligand binding.

Residues of the B subunit have been harder to define at the single amino acid
level, although mutations of regions encompassing Trp 157-Gly 158-Tyr 159-Thr 160
(loop B) and Thr 202-Gly 203-Ser 204-Tyr 205 (loop C) reduced the binding affinity for
agonists (Amin & Weiss, 1993). Amino acid residues Trp 157 to Thr 160 correspond to
Trp 149 in the nAChR while Thr 202 to Tyr 205 correspond to Tyr 197 in the nAChR.

Using SCAM, amino acid residues Tyr 205, Arg 207, Ser 209 (loop C) (Wagner &
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Czajkowski, 2001) and Tyr 97 and Leu 99 (loop A) (Boileau ef al., 2002b) appear to line
the binding pocket contributed by the [ subunit. This is summarized in Figure 1-6.

Cation-T interactions have been shown to be involved in ACh interaction with the
nAChR at o Trp 149 (Zhong et al., 1998), and the analogous amino acid residue of the
5STH;3AR, Trp 183, interacts with serotonin (Beene ef al., 2002). So far there has not been
a residue of the GABAAR implicated in creating a cation-w interaction with GABA;
however there are a number of aromatic amino acids that contribute to the GABA binding
pocket. The GABA(CR does not have a tryptophan at the corresponding position of o Trp
149, but the analogous position is Tyr 198. Lummis ef al. (2005b) have shown that this
tyrosine interacts with the ammonium of GABA through a cation-7t interaction. It is
likely that with further investigation this type of interaction may be identified between
the GABAARs and GABA.

Radioactive GABA binding studies identified three separate Kp values for GABA
in the low (13 nM) and high (100 nM-1 pM) concentration range (Olsen et al., 1981).
Although this binding was performed on brain preparations that would contain numerous
types of GABAARs, this work lead the authors to suggest that there are at least two
binding sites of moderate to high affinity. This sort of behaviour has been reported with
other compounds acting at GABAARs. Avermectin B, is an insecticide that is thought to
mediate GABAAR activity. While studying the effects of this compound on GABAARs
in rat cerebellar granule neurons, Huang & Casida (1997) reported two Kp values for
[3 H]-avermectin By, and determined that avermectin B,, binds at both a high affinity site
(Kp 5 nM) and a low affinity site (Kp 815 nM). Avermectin B, binding to the separate
binding sites was proposed to lead to very different responses. Binding to the high
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affinity site led to channel activation while binding to the low affinity site blocked
channel activity (Huang & Casida, 1997).

Since the most common GABAAR is composed of two o subunits, two B subunits
and one ¥ subunit, it follows that there would be at least two binding sites for GABA, one
between each of the two - interfaces (see Figure 1-6). Baumann et al. (2003)
hypothesized that since the subunit arrangement around the central ion pore is
pseudosymmetric, the subunits forming the two binding sites would be different and that
these two binding sites might display different affinities for ligands. Based on a B-o-y-B-
o counterclockwise arrangement of the subunits, they referred to the first B-o interface in
the above list as site 1 and the second as site 2. In an attempt to characterize these two
interfaces, the authors introduced point mutations into either the modified rat ol subunit
at Phe 65 (corresponds to Phe 64 in the unmodified rat o1 subunit) or B2 subunit at Tyr
205. Concatenated subunits were made with the mutation in one or both of the o or the
subunits and the effects on current were compared to receptors composed of wild type
subunits. The authors concluded that binding site 1 had lower affinity for GABA but
higher affinity for muscimol and bicuculline than binding site 2. The work suggested that
first, the two binding sites could be investigated independently using the methods
described and secondly that the two B-o interfaces form binding pockets for GABA that
are not identical.

There is a disparity of several orders of magnitude in defining values for
GABAARs in comparing binding studies with functional investigations. In both
electrophysiological studies (Segal & Barker, 1984) and ion flux experiments (Cash &

Subbarao, 1987a) ECs and ICsq values are in the micromolar concentration range, while
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Kp values, as mentioned earlier, are in the nanomolar to micromolar concentration range.
While the appearance of two Kp values could be explained by two GABA binding sites
on the GABAAR complex (one at each B-a interface), this discrepancy between Kp
values and ECs, values has not yet been fully elucidated.

By mutating the homolog of o Phe 64 on the 3 subunit, i.e. f Tyr 62, Newell ez
al. (2000) abrogated [*H]-muscimol binding. This led to the suggestion that the high
affinity binding site might lie at the o-P interface, while the low affinity sites are at the -
o interfaces. Further work with this mutant suggested that the former site may have an

additional role in stabilizing the desensitized state of the receptor (Newell ef al., 2000).

Channel Opening and Gating

Ligand binding to the N-terminal domain of the GABAAR is postulated to trigger
a rotation of part of the extracellular domain of the subunits that leads to a rotation of the
TM2 domain and causes the pore to open (Unwin, 1995), which allows ions to flow
through the channel. These structural movements in the channel are referred to as
‘gating’, which appears to be required for receptor activation (Miyazawa ef al., 2003) and
are the events that occur downstream from ligand binding which cause the channel to
open. Some residues that are involved in the GABA binding site also appear to be
involved in gating. Using SCAM analysis, Boileau et al. (2002a) showed that Tyr 97 and
Leu 99 of the B subunit line the binding pocket of the receptor and also that mutation of
Leu 99 could led to receptors that open spontaneously. This suggests a link between
binding and gating, possibly through some allosteric effect. The same type of action was

seen with the GABACR p! subunit when Tyr 102 was mutated (Torres & Weiss, 2002).

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This residue was identified as a component of the GABA binding domain and, when
mutated to serine, appeared to cause spontaneous channel openings (Torres & Weliss,
2002).

The TM2 domain has been shown to contain most of the amino acid residues
lining the ion channel (Xu & Akabas, 1996). Use of SCAM confirmed that TM2 lines
the channel pore of the nAChR, SHT3;R and GABAAR (Xu & Akabas, 1993; Akabas et
al., 1994; Xu & Akabas, 1996; Reeves ef al., 2001) and identified that approximately
every third amino acid was water accessible, which corresponds to a-helical turns of the
protein. However, amino acid residues in the TM1 (Akabas & Karlin, 1995) and the
cytoplasmic loop between TM1 and TM2 have also been suggested to make up part of
the ion-conducting pathway (Imoto ef al., 1988). The channel gate would likely be
located somewhere along the ion channel pore so that when closed it would inhibit the
flow of ions. It has been suggested that ACh binding to the binding pocket induces
changes in the conformation of the o subunits and that this change is transmitted to the
TM domain by a rotation of the o subunits (Unwin et al., 2002).

The 9° position of TM2 contains a highly conserved leucine ring found in
nAChRs, GABAARs, glycine receptors and SHT3Rs and is postulated to be located near
the middle of the pore region. If this leucine is replaced with a serine or threonine, the
open state of the receptor seems to be more stable, either in the presence or absence of
agonist (Revah ef al., 1991; Yakel ef al., 1993; Tiemey et al., 1996; Shan et al., 2003).
These groups have observed a decrease in the rate of desensitization and an apparent
increase in ligand affinity when leucine is mutated to serine or threonine in all members

of the cys-loop LGIC superfamily. Chang & Weiss (1998) showed that when this leucine
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was mutated to alanine, glycine, serine, threonine, valine or tyrosine, GABA¢Rs had a
larger resting conductance than wild type receptors, pointing to these receptors being
open more often than wild type in the absence of ligand.

Unwin had suggested that these leucines make up the nAChR channel gate by
interacting with each other to form a constriction in the channel when closed (Unwin,
1995). An alternative view, based on the observation of the effects of these leucines on
channel desensitization, is that the leucines block the channel when it enters
desensitization (Revah et al., 1991) and therefore contribute to the desensitized state.
While investigating another pore-domain residue, Ser 270 at the 15’ position, along with
the leucine at position 9°, Scheller & Forman (2002) suggested that the structures that
dictate gating and desensitization are distinct. This conclusion was based on the
observation that mutating Ser 270 to isoleucine did not affect the desensitization rate of
this receptor compared to wild type, but reduced the GABA ECsg. In comparison,
mutating the leucine to threonine both reduced the GABA ECs, and reduced the rate of
desensitization. Therefore, it appears that the role of the 9 leucines on channel gating
may be distinct from desensitization.

Using SCAM, accessibility of the closed channel was shown to be deeper than the
middle of TM2 of the nAChR (Akabas ef al., 1992). Gly 240, Glu 241 and Lys 242 of
the TM1-TM2 loop and Met 243 and Thr 244 of the intracellular end of TM2 of the &
subunit were inaccessible when the channel was closed but became accessible in the
presence of ACh (Wilson & Karlin, 1998). This corresponds to the proposal of Akabas
and colleagues (1992, 1994) that the channel gate is close to the intracellular end of TM2.

The channel gate has been postulated to begin on the cytoplasmic side of the TM pore
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and extend into the short TM1-2 cytoplasmic loop (Keramidas ez al., 2000; Gunthorpe &
Lummis, 2001; Wilson & Karlin, 2001; Jensen et al., 2002).

Regions of the TM2 and the TM2-TM3 linker are also implicated in the rate of
ion transport through the 1B 1yd nAChR (Imoto ez al., 1988). Investigation of channel
gating of neuronal AChR implicated Asp 266 of the o7 TM2-TM3 loop and the
homologous residue in B4, Asp 268, in coupling binding to gating (Campos-Caro ef al.,
1996).

The TM2-TM3 linker has also been identified in both GABAAR and GABACR as
having a role in channel gating. An arginine residue in this loop of the pl receptor, when
mutated to an alanine, increased the open probability of the channel. This suggests that
this residue may be involved in channel gating (Kusama et al., 1994). Using SCAM on
amino acid residues between the TM2 and TM3 of a1 3272s GABAARs in both the
presence and absence of GABA, Bera et al. (2002) concluded that this region undergoes a
conformational change during channel activation.

Kash et al. (2003) further implicated the TM2-TM3 linker in ion conductance, as
well as Asp 57 and Asp 149 in the extracellular loops 2 and 7 of the N-terminal ligand
binding domain of the GABAAR. During the process of gating, this group postulated that
the positively charged lysine 279 of the TM2-TM3 linker and the negatively charged Asp
149 become closer (Kash et al., 2003). This was introduced as a possible way in which
ligand binding might affect the opening of the ion channel.

In the same year, Miyazawa et al. (2003) introduced the ‘pin and socket’ model of
TM2-TM3 loop interaction with the extracellular N-terminal domain of the nAChR. This

involves Val 44 of the a1 subunit in loop 2 of the extracellular ligand binding domain
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interacting with a hydrophobic pocket between Ser 269 and Pro 272, both of the ol
subunit, on the TM2-TM3 linker. Ligand binding is thought to cause a rotation of the
TM2 domain of the receptor subunits. This interaction of Val 44 with the TM2-TM3
linker is postulated to cause the rotation in the TM2 domain that leads the channel gate
opening (Miyazawa et al., 2003) (see Figure 1-7). Although this appears as an unlikely
interaction due to the hydrophobic side chain of valine, the authors postulated that valine
interacts with a hydrophobic pocket at the N-terminal end of TM2. Lee & Sine (2005)
further identified Arg 209 and Glu 45 from the N-terminal domain as residues that may
play a role in linking the ligand binding domain with the channel. This was postulated as
a way in which the ligand binding domain may interact with the channel to lead to the
opening of the integral channel pore (Lee & Sine, 2005).

Recently, another amino acid residue on the loop between TM2 and TM3 of the
SHT;4R has been investigated for its possible role in linking binding to gating. This
residue is at the apex of this loop and is referred to as Pro 8* (Lummis et al., 2005a). By
replacing this proline with unnatural analogues of proline, this group showed that only
the analogues that can undergo cis-trans isomerization, as proline can, produced
functional receptors. The receptors composed of proline derivatives that could not
undergo cis-trans isomerization could still be expressed. Replacing Pro 8* with
analogues that prefer the cis conformation produced receptors that were more sensitive to
serotonin than wild type receptors. This lead to the conclusion that ligand binding would
cause a trans to cis isomerization of Pro 8* that could translate to a movement of TM2
and lead to channel opening (Lummis et al., 2005a). However, based on the longer time

scale required for a cis-trans isomerization compared to that of gating, it is unlikely that

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



this is a mechanism for gating. Also, while this Pro 8 is conserved in SHT;Rs and
nAChRs, it is not present in GABA4Rs, and therefore can play no role in GABAAR
gating.

It appears that there is an interaction between the N-terminal ligand binding
domain and the TM2-TM3 loop of both GABAsRs and nAChRs, which offers an

explanation for the linkage between ligand binding and channel gating.

Multiple conductance states

Single channel recordings of a receptor capture the activity of a single receptor
passing current by the opening and closing of its integral ion channel pore. Inspection of
single channel recordings, however, shows current levels that fall intermediate to the
channel being fully open or fully closed, suggesting that there are transitions between the
full open and closed state of the receptor (see Figure 1-8). These intermediate single
channel currents are often referred to as the sub-conductance states of a receptor.

Fox (1987) established a set of criteria to distinguish substates (sub-conductance
currents) of a channel from currents originating in other distinct channels recorded in the
same patch. This includes transitions between the states, which can often be seen during
bursting activity. Furthermore, the consistent occurrence of all of the conductance states
in the same patches and the observation of the lesser conductance currents only in the
presence of the main conductance current supports the proposition that the two are
produced by the same channel and are not the product of independent channels.

Additionally, if more than one channel were present in a patch, currents would summate.
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Therefore, by applying these criteria for channel substates, it should be possible to
determine whether sub-conductance currents are substates of a single channel.

GABAAR single channel activity often exhibits multiple conductance currents.
Miledi et al. (1983) suggested the existence of at least two conductance states for both the
GABAAR and the nACh receptor, while Hamill ez al. (1983) described two conductance
states at 30 pS and 19 pS for the GABAAR. Since then, sub-conductance states have
been reported in single channel recordings from neuronal preparations (Bormann ef a/.,
1987; Bormann & Kettenmann, 1988; Mathers et al., 1989; Mistry & Hablitz, 1990,
Newland et al., 1991) as well as in recombinant expression systems (Verdoom et al.,
1990; Fisher & Macdonald, 1997), with little additional comment as to mechanism.

Some have proposed that these states may be due to the cooperative openings of
additional distinct channels in the patch. Kaneda ef al. (1995) suggested that since the
proportion of openings to each conductance level varied between patches of rat granule
cells, the two conductance currents of GABAsRs might be due to the presence of two
separate channels. However, being that channel opening is a stochastic process, it would
be unexpected to see the exact same behaviour of a channel in every patch. Eghbali et al.
(1997) observed multiple conductance currents from GABAARS in rat hippocampal
neurons, and the conductance level appeared to increase with an increase in GABA
concentration alone or with GABA and diazepam. They concluded that these multiple
currents were caused by either multiple conformations of the channel or the synchronous
openings of a number of channels. Eghbali et al. (1997) favoured the latter explanation
but did not support this conclusion. Outside-out patching of dopaminergic neuron slices

and dissociated neurons yielded five conductance levels from the dopaminergic neurons
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and six conductance levels from the dissociated neurons (Guyon et al., 1999). An
increase in concentration of isoguvacine (GABAAR agonist) or zolpidem (which binds to
the benzodiazepine site) in the presence of isoguvacine, increased the number of
openings to the high conductance levels and decreased the number of smaller
conductance level openings. The opposite was seen in the presence of Zn®". Again it
was discussed that these multiple conductance levels were either the product of variable
conformational states of the receptor or due to the synchronous openings of GABAAR
clusters in the membrane patched. However, since direct openings to the highest
conductance level were observed, the authors concluded that they could not be caused by
sequential binding of the receptor and, coupled with the observation of five or six
conductance levels, there are not enough conventional ligand binding sites to
accommodate a model like this. Also, the conductance values Guyon et al. (1999)
reported were multiples of 3-5 pS and the highest conductance value varied between
patches. This further convinced them that they were observing the synchronous openings
of multiple channels. However, the difference of 3-5 pS is close to the bandwidth of
open channel noise, and one might question the validity of differentiating a level at 4 pS
from a level at 7 pS. Also, in the same paper, with the use of single cell reverse
transcriptase polymerase chain reaction, they reported the presence of multiple subtypes
of multiple subunits. Therefore, in a heterogenous population of receptors, one would
expect to record different results from different types of GABARs.

Bormann & Clapham (1985) argued that the bursting behaviour exhibited by the
channel indicates that the multiple conductance states are true states of a single channel

and not multiple channels within a single patch. Bursting behaviour does satisfy one of
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Fox's (1987) requirements for a channel substate in that it demonstrates transitions
between conductance states. They also observed these direct transitions between
conductance states with the glycine receptor and drew the same conclusion (Bormann et
al., 1993).

Other groups have not analysed the subconductance currents since the full-
conductance current is the predominant conductance event (Newland et a/., 1991;
Twyman & Macdonald, 1992; Mortensen ef al., 2004). From published sample traces, it
appears as though sub-conductance currents are seen more often that the suggested 5% of
the time (Mortensen et al. 2004), although it may be true that more than 90% of the
chloride current is carried across the membrane through the main conductance state.

The presence of multiple conductance states is not just an anomaly of GABAARs.
Glycine receptors have often been reported to exhibit multiple conductance states
(Bormann et al., 1993; Grewer, 1999; Moorhouse ef al., 2002), as have nAChRs (Mathie
etal., 1991; Lewis et al., 1997). Multiple conductance currents have also been observed
in single channel recordings from receptors as diverse as acid sensing ion channels
(Zhang & Canessa, 2002), scrotonergic dorsal raphe potassium channels (Penington et
al., 1993), kainate-type glutamate receptors (Smith ez al., 1999; Smith & Howe, 2000),
N-methyl-D aspartate (NMDA) type glutamate receptors (Cheffings & Colquhoun, 2000;
Whyllie et al., 2006), oi-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
type glutamate receptors (Banke ez al., 2000; Smith & Howe, 2000; Smith et al., 2000),
vanilloid receptors (Premkumar et al., 2002), ryanodine receptors (Lokuta et al., 2002),
P2X ATP receptors (Whitlock ef al., 2001) and voltage-gated drk1 potassium channels

(Chapman ef al., 1997).
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Chapman er al. (1997) suggested that the subconductance states they observed
during drk1 potassium channel activity were related to the degree of channel activation
based on the open position of the subunits making up the channel. Based on Hodgkin
and Huxley’s prediction, the open probability of a potassium channel would be n*, where
n is the fraction of gates open (Hodgkin & Huxley, 1952), since all four subunits of the
receptor would need to be in the proper activated position to open the channel. Chapman
& VanDongen (2005) tested their hypothesis with the use of two constructs of the wild
type drk1 channel, one that opens at normal voltages and has a large single channel
conductance (drk1-L) and one that opens at positive potentials and has the normal drk]
single channel conductance (drk1-S). After characterizing both constructs, a tandem
dimer of the two constructs was created and the channel kinetics of this dimer led the
authors to conclude that the sub-conductance states are a result of transient heterometric
conformations of the pore where some, but not all, of the subunits are in their open,
activated state (Chapman & VanDongen, 2005).

Cloues & Sather (2000) came to the same type of explanation to explain the
various conductance currents observed in single channel recordings of L-type Ca*"
channels expressed in Xenopus oocytes. They investigated the conductance events using
Ca®", Ba’" and Li" as the permeating ion and concluded that the various conductance
states were caused by nonequivalent channel activation (Cloues & Sather, 2000). The
multiple conductance states of ryanodine receptors have been investigated using a
number of different ligands to activate the channel. Quinidine appeared to induce sub-
conductance events, which led the authors to suspect that this compound was responsible

for the sub-conductance currents by partially occluding the pore of the channel (Tsushima
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et al., 2002). Ryanodine (Lokuta ef al., 2002) and 8-amino-9c-hydroxyryanodine
(Tanna ef al., 2005) also induce two conductances states of the ryanodine receptor, which
again are thought to be the effect of different gating states of the receptor. With NMDA
receptors, application of the polyamines, spermine or arcaine, to the internal or external
of hippocampal neurons or Xenopus oocytes clamped at -60 mV resulted in an
approximately 50% reduction of the main conductance state (Araneda er a/., 1999).
Polyamines are positively charged at physiological pH, therefore it is possible that they
may reduce current by open channel block, in the same manner that Mg”* and Zn*" are
thought to block NMDA receptors (Rock & Macdonald, 1992). With fast open channel
block, it may not be possible to resolve the channel openings and closings, and therefore,
there is only an apparent reduction in conductance. An alternative explanation is that the
association of the polyamines in the receptor vestibule changes the energy barriers around
the channel, thereby reducing the rate of ion passage. Regardless of mechanism, the
polyamine reduction of NMDA receptor conduction points to the ability of the receptor to
be occluded but still allow the partial movement of ions and suggests that the channel can
adopt partially activated states.

From the observation that bovine nAChRs had smaller conductance currents than
Torpedo nAChRs, Imoto et al. (1988) were able to determine that this difference was due
to the 4 subunit. Chimeras of this subunit from the two species were made and the
authors identified a portion of the TM2 domain and a region between TM2 and TM3 as
having a role in the conductance of the nAChRs. Mutating regions near the TM2 domain
have been shown to change the channel conductance and have been attributed to being a

determinant in channel conductance (Imoto et al., 1988). With the glycine receptor, the
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mutation of a single amino acid in the TM2 domain of the ¢.1 homo-oligomer resulted in
single channel main state conductance that resembled both o2 and &3 homo-oligomers
(Bormann et al., 1993). The authors concluded that this amino acid of the TM2 domain
was important for main state conductance. This suggests that, for the LGICs, the TM2
domain and neighbouring regions between TM1-TM2 and TM2-TM3 may be regions
that influence the conductance of the channel.

Amino acid residues in the M3-M4 intracellular loops have been implicated in
determining the single channel conductance of the SHT;Rs (Kelley et a/., 2003). The
homo-oligomeric SHT;4 receptor has a much lower single channel conductance than the
hetero-oligometric SHT;4/p receptor (Davies ef al., 1999). The SHT;4 subunit shows
four conserved arginine residues within this M3-M4 loop, which are not seen in the
5HT;p subunit. Point mutations of three of the four conserved arginine residues (432,
436 and 440) to the residues aligned in the SHT;p receptor sequence greatly increased the
single channel conductance of the channel (Kelley ef al., 2003). Based on the electron
microscopy images of the nAChR, these residues are part of the intracellular vestibule
(Miyazawa et al., 1999). It is not surprising that regions of the TM3-4 intracellular loop
of the SHT3R play a role in determining the magnitude of conductance since the ions
must flow through this structure to enter the cytoplasm of the cell from the intracellular
vestibule of the receptor. The size of these portals as depicted from the electron structure
(Miyazawa et al., 1999) would require the ions to interact with some of the amino acid
residues within this region of the protein, and thus it appears that certain amino acid
residues will either facilitate or hinder the movement of ions. It might be possible that

the rotation of TM2 induced by ligand binding may cause changes in the TM3 domain,
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which led to changes at the level of the intracellular vestibule. However, it is still not
entirely clear how the conductance of the cys-loop LGICs are regulated, nor how the

multiple conductance currents are achieved.

Desensitization

If GABA ARs experience prolonged or repeated exposure to agonist, the amount of
current flowing through the receptor will decrease over the time of exposure. This decay
of current in the presence of agonist infers a different state of the receptor referred to as
desensitization. This state was first studied on nAChR at frog muscle end plates by Katz
& Thesleff (1957). They noted that desensitization occurred within seconds of applying
agonist to the tissue and recovered within seconds of removing agonist. This work led
the authors to propose a cyclic kinetic model where agonist can bind to either an effective
or refractory form of the receptor, but the agonist’s affinity for the refractory form is
higher. Although highly characterized, desensitization is still not fully understood. The
exponential decay of current is often multiphasic. This has been explained by some
groups as distinct populations of receptors that desensitize at different rates (Cash &
Subbarao, 1987b) by entering different desensitized states. Since this work was done in
synaptoneurosomes, many types of GABARs could have been present and may explain
these results. Using hippocampal neurons and designing an experiment such that
saturating GABA was briefly applied to cells, then a brief second application was
preceded by a short wash out period, Celentano & Wong (1994) concluded that the
desensitization response was likely from a single population of receptors since a portion

of the receptors would still be desensitized from the first GABA application and yet the

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



second application of GABA still led to multiphasic desensitization (Celentano & Wong,
1994).

As is true of agonist intrinsic activity and affinity, the specific subunits that make
up a GABAAR also influence the desensitization kinetics of that receptor. o1f32y2
receptors show a rapid phase of desensitization followed by a slower phase which leads
to a steady state response where desensitization is never complete (Tia et al., 1996). In
contrast, receptors constructed with a o subunit desensitize with a single exponential of
decay (Bianchi er al., 2001). Using chimeras and point mutations of the y subunit and &
subunit, Bianchi ez a/. (2001) identified the N-terminal domain and two residues in the
TM1, Val 233 and Tyr 234, of the v subunit as having a role in the fast component of
desensitization. Replacing these regions with the equivalent residues in the & subunit
resulted in receptors whose desensitization resembled that of 6 containing receptors. This
work also suggested that the TM2 domain does not play an important role in the
desensitization of the channel.

Bianchi & Macdonald (2002) compared the rates of desensitization with various
application systems for GABA in both whole cells and excised patches. The perfusion
systems varied in their rate of delivery of GABA, and the quicker the exchange of
recording buffer with agonist, the more rapid the fast component of desensitization
appeared, along with the contribution of this component. Of all the systems that were
tested, excised patches achieved the quickest rise times of current and the proportion of
the fast desensitization component compared to the slow desensitization component was
highest (Bianchi & Macdonald, 2002). This likely corresponds to the degree of

desensitization that is apparently lost within the signal rise time when drug application is
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slow. Recording the desensitization of excised patches expressing o1 3372 GABAARSs,
Bianchi & Macdonald (2002) identified four phases of desensitization, fast, intermediate,
slow and very slow. Regardless of whether two (Tia et al., 1996), three (Haas &
Macdonald, 1999) or four (Bianchi & Macdonald, 2002) phases of desensitization were
reported, the multiphasic behaviour of desensitization suggests that there are various
states of the receptor that lead to multiple desensitized states (Celentano & Wong, 1994).
Whether these desensitized states are controlled at the level of the channel gate or are
different conformations of the receptor is not clear at this time (Bianchi & Macdonald,
2002).

Desensitization also shows a degree of concentration-dependence. The fast phase
of desensitization is not usually observed at concentrations less than the half maximal
concentration for GABA activation (Dominguez-Perrot et al., 1996). This points to a low
affinity site on the receptor that leads to the fast phase of desensitization. However, the
rate of the fast desensitization phase is not dependent on agonist concentration (Celentano
& Wong, 1994; Dominguez-Perrot et al., 1996). Dominguez-Perrot et al. (1996)
postulated that this phase of desensitization might be achieved from the open fully
liganded state of the receptor. Celentano & Wong (1994) showed, though, that a prepulse
of a low concentration of GABA could eliminate the fast phase of desensitization of a
secondary pulse of saturating GABA, suggesting that the receptor has both high and low
affinity sites that mediate the desensitized states. This group also concluded that with
low GABA concentrations the association of GABA to the receptor would be slow.
Therefore, the fast phase of desensitization would have occurred before the peak

activation response was achieved, making the fast desensitization phase immeasurable
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(Celentano & Wong, 1994). Dominguez-Perrot et al. (1996) showed that the rate of the
slow desensitization component is dependent upon agonist concentration, which led them
to suggest that this state is achieved through the fully liganded but closed receptor. This
is in contrast to the model published by Jones & Westbrook (1995) where so called
mono-liganded receptors activate to a brief open state then desensitize to a long
desensitized state while purported bi-liganded receptors enter a longer open state leading
to a rapid entry into a desensitized state (Jones & Westbrook, 1995) (see Figure 1-9). Bai
et al. (2001) also proposed a model involving both mono- and di-liganded states of the
receptor to explain tonic and phasic post-synaptic currents. In this model, the mono-
liganded state opens to a low conductance state which does not desensitize while the di-
liganded state could desensitize with either a fast or slow entry into the desensitized states
or this agonist bound state could led to an open state (Bai et al., 2001) (see Figure 1-9).
Therefore, the Jones & Westbrook (1995) and Bai et a/. (2001) models differed in the
origin of the state leading to desensitization.

While it appears that there are different states of receptor desensitization, the
question arises as to the physiological significance of these states. Desensitization has
often been considered a negative feedback mechanism that reduces the peak amplitude of
inhibitory post synaptic currents (IPSCs). This was questioned by Jones & Westbrook
(1995), who suggested that the fast component of desensitization may reduce the rate that
GABA unbinds from the receptor and therefore may increase the duration of IPSC. The
slow desensitized state is thought to have less physiological significance (Dominguez-
Perrot et al., 1996), although this phase may be important when the receptor is activated

repetitively (Bianchi & Macdonald, 2002).
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Expression Systems

Recombinant expression systems are a convenient means of expressing specific
receptor subtypes. As opposed to the use of native cultures, the particular GABAAR of
interest can be limited by the expression of particular subunit cDNA or RNA. Human
embryonic kidney cell line number 293 (HEK293) and Xenopus laevis oocytes are
common platforms for receptor expression. HEK293 cells have the advantage of being a
resilient cell line that is easily transfected using the calcium phosphate mediated gene
transfer technique. HEK293 cultures are often used for both whole cell and single
channel patch clamp experiments. Xenopus oocytes have been used as an expression
system since the early 1970s (Gurdon ef al., 1971). Since these oocytes have too large a
space constant for single electrode clamping, two electrode voltage clamping is used to
measure currents from eggs which have had their follicle cell layer removed. Also, if the
vitelline membrane is removed from an oocyte, which renders the egg much more fragile,
single channel recordings can be made.

One of the biggest drawbacks of these types of expression systems is the presence
of endogenous channels. In oocytes that have had their follicle layer removed this is not
of great concern since the Xenopus oocyte has few endogenous ion channels although
they do express stretch receptors. This is more problematic when working with HEK293
cultures. Endogenous voltage-gated K channels (Yu & Kerchner, 1998) and Ca*"
channels (Berjukow et al., 1996) have been identified, along with a proton-gated acid
sensing ion channel (Gunthorpe et al., 2001). Therefore, endogenous channels must be

characterized before single channel patch clamping results of channels transiently
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expressed in HEK293 can be attributed to the transfected protein. Also, a holding

potential can be chosen that ensures voltage-gated channel inactivation or deactivation.

Aims of the Present Study

The following studies were aimed at investigating the nature and agonist
dependence of the activated states of the GABAR. Previous studies had identified
multiple conductance states of the receptor, but few have investigated these states. Since
GABA 4Rs normally require agonist binding for activation (the observation of unliganded
openings has been observed), and the fact that various amplitudes of current flow through
the receptor, we suggest that these sub-conductance states are achieved through
differentially bound and activated forms of the receptor. Chapter 3 investigates all of the
conductance states of the most common GABAAR (012Y2) using single channel inside-
out patch clamping. The goal was to determine the number of conductance states that
could be differentiated, and how they were influenced by the concentration of GABA.
We investigated the changes in the frequency and proportion of the conductance states
and the open time duration at different concentrations of GABA in an effort to understand
the concentration-dependent differences in the behaviour of a single channel with its
endogenous ligand.

This work was extended in Chapter 4 to consider how these parameters change
when the GABA 4R is activated by partial agonists. The two compounds we chose to
investigate were THIP and P4S. Both of these drugs are partial agonists at this particular
GABAR construct and have more rigid chemical structures compared to GABA. It was

hypothesized that a compound with a rigid structure would inhibit the conformational
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changes required within the receptor to achieve the fully activated state compared to
GABA, and this could explain why these compounds have less intrinsic activity than
GABA. Inside-out single channel recordings were made as described in Chapter 3, this
time using THIP or P4S as the agonist. Frequency of opening to each conductance state
was measured in the same way as above, as was the open duration. These parameters
were compared to those which were obtained when the receptor was activated by GABA.
If the results we observed with the single channel studies can be explained by
differential binding of agonists to multiple binding sites on the receptor, then by
simultancously occupying two binding sites, we may expect to observe a change in the
channel activity. In an attempt to achieve this situation, we employed the use of
polymethylene digabamides. These are compounds composed of two GABA moieties
separated by a variable chain length. Since both ends of these compounds could
potentially bind to distinct sites on the GABAAR, they are referred to as bisfunctional
ligands. It may be possible to determine the optimal chain length separating the two
functional groups by considering changes in the activity of GABAARs in the presence of
the various compounds and therefore postulate the relative distance between two binding
sites. Of most interest initially was butylene digabamide, since ion flux experiments of
mouse synaptosomes suggested that this compound was a “superagonist” compared to
GABA (Carlier et al., 2002). A series of polymethlyene digabamide compounds was
investigated using the whole cell patch clamp configuration. All of these compounds
were partial agonists at the o1 3272 GABAAR and showed lower potency than GABA.

However, a dramatic change in the desensitization kinetics was observed. Since
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desensitization is a behaviour of bound receptors, this was further investigated in an

attempt to correlate agonist chain length with binding and binding with desensitization.
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Figure 1-1: The structure of GABA. GABA is zwitterionic (having both a positive
and negative charge) with an isoelectric point at physiological pH. At physiological
pH, GABA is electroneutral.
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Figure 1-2: Model of a GABA 4R subunit. Each subunit is composed of an
extracellular amino-terminal domain, four membrane spanning regions (numbered
above 1-4) and a short carboxy-terminal domain. Short loops connect the adjacent
membrane spanning regions to each other. Between the third and four transmembrane
domains this region is longer. The top image shows the transmembrane domains side
by side, while the bottom image depicts their arrangement in a lipid membrane.
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Figure 1-3: Cross section of a nAChR. The cryo-electron microscopy at 4.6 A
resolution of the Torpedo nAChR illustrates the large extracellular vestibule and
smaller intracellular vestibule. The putative ACh binding pocket is shown with a red
star. The postulated route of ion flow is depicted with a dashed line. Image modified
from Miyazawa et al. (1999).
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Figure 1-4: View of the cytoplasmic section of a nAChR achieved through cryo-
electron microscopy. Image modified from Miyazawa et al. (1999). The section in
blue illustrates the inverted cone formed by the cytoplasmic regions of the subunits
coming together at the intracellular surface of the receptor. The dashed line represents
the paths ions could travel to exit the internal vestibule.
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Binding Site

Figure 1-5: Crystal structure of AChBP at 2.7 A. Top: View looking down on the
protein shows the arrangement of five subunits with ligand binding occurring at each
of the subunit interfaces. The blue arrow depicts one of these sites. Bottom: Cross
sectional view of the protein illustrating one subunit in yellow and a second in blue.
This depicts the ligand interaction with the two subunit interfaces. Image modified
from Brejc et al. (2001).
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Figure 1-6: A model of the five subunits in the most common type of GABA,R.
The classical GABA binding pockets are located at the B-o interfaces. Specific amino
acid residues thought to contribute to the binding pocket are highlighted above.
References to each are available in the text (see Chapter 1). The B subunit contributes
residues from loops A, B and C while the o subunit contributes residues from loops D,
EandF.
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Figure 1-7: Model of nAChR gating. Cartoon version of the ‘pin and socket’ model
of nAChR gating proposed by Miyazawa et al. (2003). This model involves Val 44
from an extracellular domain loop, the B1-B2 loop (also called loop 2) interacting with
a hydrophobic region between Ser 269 and Pro 272 on the TM2-TM3 linker. This
interaction is thought to cause a rotation of the subunit that leads to the central ion
pore opening.
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Figure 1-8: Multiple conductance states of GABA,R. Modified from Bormann et al.
(1987). Single channel recordings from cell attached patches of mouse spinal cord
neuron soma illustrate two conductance levels of a GABA activated channel. Openings
to the full-conductance level (0) and sub-conductance level (#) are evident in the top
panel, while openings to the full-conductance level with closures to the sub-conductance
level (*) are evident at the bottom.
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Figure 1-9: Models of channel activation and desensitization. Top panel is the
Jones and Westbrook (1995) model and the bottom panel is the model proposed by
Bai et al. (2001). Both describe a mono-liganded form of the receptor, denoted by the
subscript 1, and a di-liganded states of the receptor, subscript 2. D refers to
desensitized states of the receptor while open and closed states of the receptor are
denoted O and C respectively. Ligand bound states are identified by L and Bound.
BC refers to a bicuculline bound state of the receptor. These models are described in
further detail in the text (see Chapter 1).
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CHAPTER 2

METHODS
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Cell culture and expression of recombinant receptors in cultures

Human Embryonic Kidney 293 (HEK293) cells were maintained in Dulbecco’s
Modified Eagle’s Medium (Sigma) supplemented with 10% Bovine Growth Serum
(Hyclone) at 37°C in 5% C0,/95% air. HEK293 cells were transiently transfected with
human GABAAR a1, B2, and y2L subunit cDNAs in the pcDNA 3.1 (+) vector. After
subculture, cells were grown on 35 mm plates for a minimum of four hours to
approximately 20-30% confluency. The growth medium was exchanged with 1.5 mL of
fresh medium at the start of the transfection procedure. Cultures were transfected with
0.38 ng of each of the human GABA 4 receptor subunits, al, 32, and y2L, using a
modified calcium phosphate-mediated gene transfer technique first described by Chen &
Okayama (1988). Briefly, 3.2 pug of each subunit cDNA ina 1:1:1 ratio in 507 pl
autoclaved water and 72 pl 2M calcium chloride were added dropwise to 590 pl of
concentrated HEPES buffered solution (in mM: 273 NaCl, 1.48 Na;HPO,, 55.6 HEPES,
pH 7.4). Increasing the ratio of the y subunit to the o and B subunits did not appear to
change the efficiency of transfections nor the amplitude of current of the resulting
receptors (not shown). An aliquot of green fluorescence protein (GFP) cDNA was also
transfected at the same time so that transfected cells could be easily identified when
excited with 470 nm blue light and emissions filtered at 510 nm (see Figure 2-1).
Transfections performed in the absence of GFP yielded receptors with the same current
amplitude as receptors from tranfections where GFP was added (results not shown). The
transfection reagent was allowed to sit at room temperature (approximately 21°C) for 10-

15 minutes before 136 pl was added dropwise with a 200 pl pipette to each 35 mm plate
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of cultured cells. Whole cell and excised inside-out single channel recordings were made

from these cells at room temperature, 24-72 hours after transfection.

Patch Clamp Electrophysiology
Single channel and whole cell GABA-activated membrane currents were recorded from
single cells using an Axopatch 200B amplifier. Currents were filtered, usually at 3 kHz,
by an npi LPBF-48DG Bessel filter and converted to a digital signal by a Digidata 1322A
before being stored on hard drive. Strathclyde electrophysiology software (John
Dempster, WinEDR 2.4.9 (single channel) and WinWCP 2.4.9 (whole cell)) were used in
acquisition and analysis of the recorded currents. Single channel acquisition digitization
frequency was set at 100 KHz. Patch electrodes were pulled with a Flaming Brown P-87
micropipette puller (Sutter Instrument Company, Novato, CA) to a resistance of 10-15
MQ for single channel and 3-5 MQ for whole cell. Thick walled (1.7 mm OD, 0.75 mm
ID) 22% PbO glass #0010 (World Precision Instruments, Inc., Sarasota, FL., USA) was
used for single channel electrodes, while thin walled glass (1.2 mm OD, 0.68 mm ID) (A-
M Systems, Inc., Everett, WA., USA. Item No. 7052) was used for whole cell recordings.
Electrodes for single channel recordings were coated with Sylgard®-184 at the tip to
reduce capacitance. In single channel recordings, drugs were dissolved directly in a
solution containing (mM): 135 NaCl, 5.4 KCl, 1.0 MgCl,, 1.8 CaCl, and 10 HEPES, pH
7.4 and filled into the recording electrode. The same solution without drug was used as
the bath solution. Voltage across the membrane was thus wholly determined by the patch

amplifier setting.
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The intracellular solution used for whole cell recordings was composed of (mM):
140 KCl, 2.0 MgCl,, 5.0 EGTA, 10 HEPES and 3 Mg-ATP, pH 7.4 and the extracellular
solution was composed of (mM): 140 NaCl, 4.7 KCl, 1.2 MgCl,, 2.5 CaCl,, 11 glucose

and 10 HEPES, pH 7.4.

Analysis of Whole-Cell Currents

The amplitude of membrane currents activated by ligand was determined at a
holding potential of -50 mV. GABA was applied by gravity flow from a micropipette at
a distance of approximately 500 um from the clamped cell. The rate of perfusion was
approximately 500 pl/minute or I ml/min, as specified. Since the clamped cell was
directly in the stream of fluid emitting from the pipette, concentration change was
virtually instantaneous in terms of the recording time frame, once the changed solution
cleared the delivery pipette. The amplitude of the current at the peak response, before
observable desensitization occurred, was reported as the current response.
Concentration-effect curves were fitted in GraphPad Prism 4 software using the

following equation:

= |ma>< [X]"
ECSOn + [X]

where | = measured current, [X] = agonist concentration, ECsy = agonist concentration
producing 50% of the maximum response (Imax) and n = Hill coefficient. In each
experiment, the current was normalized to the maximum current evoked by GABA, and
the normalized data were reported as the percent of the maximum GABA response in the

concentration-effect curves.
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Analysis of Single-Channel Currents

Recordings of single-channel currents from excised inside-out patches were made
at an electrode holding potential of +70 mV ie. The “inside” of the membrane patch was
negative with respect to the “outside”. Three conductance states were seen in all
recordings that were made of currents identified as GABAR currents. Other channel
types were occasionally identified, all of which could be seen in the absence of GABA,
the presence of bicuculline and without GABAAR transfection. Specifically, single
channel currents with an amplitude of 1.8 pA were observed displaying channel open
durations of multiple seconds. Another channel displayed single channel currents with an
amplitude of 4-5 pA. Patches manifesting these currents were excluded from analysis
since such currents are apparently endogenous to the HEK293 cells. Patches that yielded
current patterns indicative of more than one receptor were also excluded from the
analysis. The results shown in Chapters 3 and 4 are from at least 3 different patches at
each agonist concentration. Results are reported as mean = S.E.M., unless otherwise
stated, from a minimum of three patches derived from a minimum of two separate

transfections.

Amplitude Analysis

Current amplitudes were measured using the single channel analysis function of
the WinEDR software. The threshold of event detection was set at twice the peak
baseline noise amplitude to capture the smallest current events. By filtering at 3 KHz, the
shortest events that can be completely resolved in amplitude are 150 ps in duration.

Events shorter than this were, therefore, excluded from analysis.
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Amplitude histograms were generated using Clampfit 9.0. The events from three
different patches at each GABA concentration of 1nM, 10 nM, 100 nM, 1 uM, 10 uM, 30
pM and 500 pM were fitted by Gaussian populations. With channels activated by THIP
or P4S, amplitude histograms were created from three patches each for 10 uM, 100 uM
and ImM THIP and 1 uM, 10 uM and 100 uM P4S. Except when agonist concentration

was too low to evoke a large enough proportion of full-conductance events, these

histograms were fitted best by three Gaussian populations using the following formula:

_ n A '(lfloi)z
=L e (207 )

where I,= mean value, 6*= variance and A= amplitude.
Amplitude values for currents evoked by each agonist are reported as the average
amplitude determined from all agonist concentration in which histograms were created

S.D. Single channel conductance was calculated from the average chord conductance.

Frequency Analysis

Using the single channel analysis function of the WinEDR software, the threshold
for event detection was set separately for each current amplitude. For the mini- and sub-
conductance currents, amplitudes of current greater than that being studied were
excluded. Open events were counted in 500 ms time frames for each current amplitude.
500 ms was chosen as being of sufficient duration to encompass several receptor
occupation cycles if the concentration of ligand warranted (Mortensen et al., 2004).
Sections of time in which the channel was predominantly closed were excluded from the

analysis so that events represent periods of channel activity. Again, events shorter than
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150 ps were excluded. At least 25 bins composed of approximately the same number of
bins from 3-4 different patches were counted for each concentration. The average
number of events per bin £ S.E.M. were plotted against agonist concentration to generate

frequency concentration curves for each current amplitude.

Open Duration Analysis

Open events were detected using the WinEDR single channel analysis function.
As before, the event threshold was set to detect each current amplitude separately and
exclude larger current amplitudes where applicable (i.e. when investigating mini- and
sub-conductance currents). Events shorter than 150 ps were excluded from the analysis.
The open duration for each current amplitude was measured and placed into Sigworth-
Sine plots using logarithmic binning. Curves were fitted using the probability function:

e A -t
=2 5 e (5)
i=1

where n®P= number of exponential components, A= fraction of total number of dwell
times associated with component, i= component and ;= mean dwell time. Tau values
and the fraction of total dwell times with each component were solved using this
equation.

To verify these results, the open duration for each current amplitude at a single
concentration of each agonist close to its ECso was binned arithmetically and plotted on a
linear time scale in GraphPad Prism 4 (1 pM GABA, 10 uM P4S, 100 pM THIP). One,
two and three phase exponential decays were fitted to these graphs using the following

formulae for exponential decay to determine the best fit:
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y = span 1+ exp (-K1 + X} + plateau

y = span 1+ exp (-K1 * X) + span 2 =+ exp (-K2 + X) +
plateau

y = span 1 «exp (-K1 +« X) + span 2 xexp (-K2 * X) +
span 3 * exp (-K3 * X) plateau

K1, K2 and K3 are rate constants. Tau values (half lives) are calculated by dividing 0.69
by the rate constant. The resulting tau values measured by exponential decay agreed

closely to those measured using the probability function.

Expression in Xenopus laevis Oocytes

Mature (stage V-VI) Xenopus laevis oocytes were prepared and supplied by the
laboratory of James Young (Department of Physiology, University of Alberta). Oocytes
of this stage are approximately 1-1.2 mm in diameter and feature a dark coloured
hemisphere termed the animal pole and a light coloured hemisphere referred to as the
vegetal pole. Preparation was performed as described by Goldin (1992). Briefly, a
portion of the ovary lobe was removed from the Xenopus caudal coelom through a lateral
incision. Lobes were broken up with forceps while immersed in ND96 solution (in mM):
96 NaCl, 2 KCI, 1.8 CaCl; and 5 HEPES, pH 7.4, to expose the oocytes. The oocytes are
transferred to Ca®*- and Mg**- free ND96 solution containing 0.25 mg/ml collagenase P
and 0.25 mg/ml trypsin inhibitor and shaken in this solution, which is replaced as
necessary as it gets cloudy, to remove the follicle layer from the oocytes.

Plasmids containing the cDNA encoding the above mentioned individual

GABAR subunits were linearized with XBal (a1 and y2) or BspMI (2) and used as a
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template for in vitro transcription with T7 RNA polymerase (Invitrogen) to generate
RNA transcripts. Each oocyte was injected in the vegetal pole with a1, B2 and y2L RNA
ina 1:1:1 ratio (final RNA concentration of 1 pug/ul in diethylpyrocarbonate-treated
water) to a final volume of 30-50 nl of total RNA. Injected oocytes were maintained in
ND96 solution supplemented with 10% gentamicin antibiotic solution (10 mg/ml)
(Gibco). After 2-8 days maintained at 14°C, oocytes were used for desensitization

experiments.

Two-Electrode Voltage Clamp

Oocytes were maintained under two electrode voltage clamp at a holding potential
of -60 mV (see Figure 2-2). Both electrodes penetrated the oocyte at the vegetal pole.
Electrodes were pulled from glass capillary tubing (OD=1.5mm, ID=0.86mm) Warner
Instruments Inc. Cat# 64-0794 using a two stage electrode puller (Narishige model pp-
830) and filled with 3M KCI. In recording solution, electrodes had resistances of 0.5-1.5
MQ. Frog Ringer’s solution (in mM): 120 NaCl, 5 HEPES, 2 KCl, 1.8 CaCl,, pH 7.4,
was continuously perfused over the clamped oocyte, in a recording chamber
approximately 2 ml in volume. Bath solution was replenished at a rate of 8 ml/min and
drugs were added to the bath perfusate. The bath exchange time is approximately 15
seconds. Currents were recorded using a GeneClamp 500B amplifier and stored using

Axoscope 9 (Axon Instruments) software.
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Two-Electrode Voltage Clamp Analysis
Analysis of desensitization was performed using Clampfit 9 to determine the time
constant(s) of current decay by best fit iteration. Mono-, bi- and tri- exponentials of
decay were applied to each current decay to determine the best fit.
The formula for exponential decay used is:

n /.
fih= Y Ae “c
i=1

where A;= amplitude, 1;= rate constant and C= residual current.

Drugs Investigated
y-Aminobutyric acid (GABA), 4,5,6,7-tetrahydroisoxazolo-[5,4-c]pyridin-3-ol
(THIP) and piperidine-4-sulphonic acid (P4S) were purchased from Sigma. ZAPA and
the polymethylene digabamide compounds were synthesized in the laboratory of Dr. Paul
R. Carlier (Department of Chemistry, Virginia Tech) as described in Carlier ef al. (2002)
and generously supplied to our laboratory. All of these compounds are water soluble and

could be dissolved directly into water or a water based solution.
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Figure 2-1: Transfected HEK293 cells. HEK293 cells transfected with the cDNA
for GFP and human a1, 82 and Y2L GABAR subunits. In this photo, excitation was
achieved with ultraviolet light and emissions were filtered at 510nm. Patching round
(unhealthy-looking) cells expressing GFP achieved a high degree of success as
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Figure 2-2: Examples of channel closures. An open channel can close not only to
baseline but also to lower conductance levels. The arrow in the top panel points to a
full-conductance current closing to the mini-conductance current level. In the bottom
panel the arrow points to a closure from the full-conductance level to the sub-
conductance current level. In all cases, channel closure to a lesser current level was
considered the end of the open duration of the original opening.
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Nylon Xenopus oocyte
mesh Electrodes

Figure 2-3: Xenopus oocyte under two-electrode voltage-clamp. Image modified
from a picture taken by Erwin Sigel (http://www.cx.unibe.ch/~sigel/). This view
shows predominantly the white (vegetal pole) side of the oocyte, while an edge of the
black (animal pole) side can be seen on the left-hand side. RNA is injected and the
electrodes are impaled into the vegetal pole of the oocyte.
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THE ACTIVATED STATES OF THE

al1B2y2L GABA, RECEPTOR

A version this chapter has been submitted for publication
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Introduction

In single channel recordings from GABA4R, it has long been observed that the
channel can pass current at levels intermediate to the full-conductance current (Hamill et
al., 1983; Miledi et al., 1983). Such sub-conductance currents are regularly disregarded
for several reasons. Some have suggested the possibility that they could be
manifestations of multiple cooperative channels within the recording patch (Kaneda et
al., 1995; Gage, 1998; Guyon et al., 1999). Others accept the sub-conductance currents
as being indicative of substates of the receptor but have dismissed them since they are
rare in comparison with the predominant full-conductance currents (Newland et al., 1991;
Twyman & Macdonald, 1992; Mortensen et al., 2004). As no resolution has been
reached in defining the sub-conductance currents, the current work was undertaken to
determine the validity of the sub-conductance currents as representing additional
activated states of the receptor. To accomplish this, single channel recordings were made
from HEK293 cells transiently expressing the a1 32y2L GABAAR. The channel activity
of all the conductance states was investigated at various concentrations of GABA to

determine if these currents demonstrate concentration dependence.

Methods
Single channel and whole cell electrophysiological experiments were performed
on HEK?293 cells transiently transfected with the human a132y2L GABAAR constructs
as described in the previous chapter. In this chapter, whole cell experiments were

performed using a perfusion rate of 500 pl/min through a 2 ml recording dish.
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Results

Activation of GABA,R by GABA: whole cell recordings

GABA was applied over a concentration range of 0.1 — 300 pM to HEK 293 cells
expressing GABAAR (a1B2y2L) and the resulting whole cell currents were recorded.
Samples of these currents are shown in Figure 3-1. The resulting concentration-response
curve is also illustrated in Figure 3-1. The whole cell responses were used as a reference
for determining the range of GABA concentrations to be tested at the single channel
level. The concentration-response curve has an ECs of 1.94 uM and maximum response
was achieved between 30 and 100 uM. The mean Hill slope of this curve is 1.59 + 0.31.
Using similar expression protocols and systems, Hales ef al. (2005) reported an ECsg of
around 6.6 pM. While the ECsy value for GABA in our system is lower than is usually
reported, this may be explained by the differences in perfusion systems. Due to the slow
rate of our perfusion system, the peak current responses may be reduced by the
desensitization of receptors and thereby shift the concentration-effect curve to lower
concentration values. Although not the focus of this study, desensitization is increasingly
seen at concentrations of GABA 3 uM and above, while it is not seen at 0.1 or 1 pM

GABA.

Single Channel Conductance

Single channel recordings were made from excised inside-out patches at a
transmembrane holding potential of 70 mV with the inside negative to the outside. The
single channel properties of the GABAAR were investigated at nine concentrations of

GABA between 100 pM and 500 uM. At all concentrations of GABA considered the
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plots were fitted best with three Gaussian populations (see Figure 3-2) which indicate that
three distinct amplitudes of current were present, the lowest of which was at least three
times the value of baseline noise. The mean current amplitudes were determined and the
chord conductance calculated. We identified these amplitude states as the mini-
conductance state at 7 pS, the sub-conductance state at 16 pS and the full-conductance
state at 29 pS. Examples of currents at these amplitudes can be seen in Figure 3-3a and b.
These same three amplitude states in inverted form were also present when the holding
potential was reversed (results not shown). Open channel noise of the LGICs is a
problem for single channel analysis. Sigworth (1985) expected an increase in open
channel noise due to conformational changes in the channel. Open channel noise was
described by Colmenares (1993) as the non-uniform movement of ions through the open
channel pore as a result of, among other sources, the channel protein changing
conformation. GFP did not influence these states (results not shown). Channels closed
not only to baseline, but also from full-conductance openings to the sub-, or mini-
conductance state, or from sub-conductance openings to the mini-conductance state.
These types of closures were quite frequent and the closure from one current level to
another was always regarded as a closure of the initial opening. The frequency of open

channel events increased with increasing GABA concentration.

Frequency of Events
The frequency of channel openings to each of the three amplitude states was used
as a consistent means of comparing activity at various concentrations of agonist. During

episodes of GABAAR activity the number of mini-, sub-, and full- conductance events
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that occurred in sequential periods of 500 ms were counted and averaged at each
concentration of GABA. While an accurate determination of ECs for the resulting
frequency-concentration curves is not possible, an approximate value is provided for each
curve from an estimate of the delineation of the curves. The mean frequency of mini-
conductance events rose to around 11 events/bin at 100 pM GABA and to around 22
events/bin at 1 nM. Thereafter, the frequency of the mini-conductance currents appeared
nearly constant at around 20 events/bin over the rest of the concentration range (top panel
of Figure 3-4). The frequency-concentration curve for the mini-conductance events has
an estimated ECsg of approximately 100 pM. The mean frequency curves of both the
sub- and full-conductance currents rose in a biphasic manner (middle and bottom panels
of Figure 3-4). The initial rise of the sub-conductance frequency curve increased over the
concentration range of 100 pM to 1 nM to about 12 events/bin and remained constant
over the concentration range 1 nM to 100 pM to around 15 events/bin until showing a
late abrupt rise at 500 uM to around 30 events/bin. This curve would generate two ECs
values, one of approximately 200 pM and one greater than 100 pM. The first rise in full-
conductance frequency increased over the concentration range of 100 nM and 1 uM to
around 10 events/bin then increased further between 1 uM and 500 pM to a maximum of
around 40 events/bin. The ECs; values for this curve are estimated at approximately 100

nM and 30 uM.

Open Duration Analysis of GABALR

The open duration of the mini-conductance state was determined at three

concentrations of GABA between 1 uM and 30 pM. When plotted on a Sigworth-Sine
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plot (Sigworth & Sine 1987), the distribution of the mini-conductance currents durations,
though truncated by the lower limit of detection, apparently conforms to a single
exponential and could not be fitted with two exponentials using the WinEDR software
(top panel of Figure 3-5). The mean open time constant from this analysis was 0.18 ms.
Even though the mini-conductance events tended to be close to the lower limit of
detection, the possibility of them all being truncated sub-conductance events was ruled
out due to the occurrence of longer openings with an observable dwell time at this current
level. These longer openings were not observed in every patch examined and yet in a
cumulative plot such as the top panel of Figure 3-5 they appear as an extended foot to the
main population of currents. When the open durations of mini-conductance events
evoked by 1 uM GABA were plotted on a linear time scale, the graph could be fitted
better with two exponentials (r*=0.998) rather than one (r*= 0.973) (see Figure 3-6), with
time constants of 0.10 ms and 2.83 ms. While the shorter time constant was estimated
from a line extrapolated to below our limit of detection, the apparent presence of a longer
duration population raises the possibility of this being a true amplitude state. The sub-
and full-conductance current populations can both be defined by the sum of two
exponentials by defining the probability density function of Sigworth-Sine plots and
fitting exponentials to the linear graphed version of the data (middle and bottom panels of
Figure 3-5 and 3-6). Therefore, there was a population of both short and long sub- and
full-conductance openings. The open duration and the proportion of sub- and full-
conductance events that open either to the short or long population of currents as
determined by the probability density function are summarized in Table 3-1. The time

constants measured by exponential decay of the linearized open duration sub-
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conductance currents at IuM GABA were 0.39 and 5.97 ms, and 0.43 and 5.55 ms for
the full-conductance currents. These curves were fitted best with two exponentials rather
than one or three exponentials.

The sub-conductance open duration events were investigated at six concentrations
between 1 nM and 30 uM GABA. The short time constant is on average around 0.36 ms,
and the long time constant is around 2.28 ms. The proportions of the short and long sub-
conductance events do not change with GABA concentration over this range (top panel
of Figure 3-7).

The full-conductance open duration events were investigated at 1 pM, 10 uM and
30 uM GABA. The short full-conductance events have a time constant of about 0.31 ms,
and the long full-conductance events have a time constant of about 4.45 ms. This agrees
with the open duration time constants determined by Mortensen et al. (2004) for the full-
conductance current openings. The proportion of the short full-conductance events
decreased to the proportion of long full-conductance events with increasing GABA
concentration (bottom panel of Figure 3-7). At 1 uM GABA, the predominant full-
conductance population exhibited the short time constant, while at 30 uM the

predominant population demonstrated the long time constant.

Discussion
The detection of transient events such as single channel currents is fraught with
technical limitations associated with the detection equipment itself. The necessity of
reducing noise in the system requires the use of a filter, among other precautions, and to

maintain a reassuring signal to noise ratio, a -3dB frequency of 3 kHz was chosen. A
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high order Bessel filter has a tj9.99 of 100 ps, and so the attenuation of a step signal is
complete after 150 ps. Choosing this value as the lower limit of acceptance for the
duration of signals ensures that amplitude is accurately recorded at all times. It is more
than likely that this arbitrary cutoff duration fails to capture numbers of shorter currents
such as those seen in nAChR by Hallermann et al. (2005), and this loss will bias the
estimates of channel open time upwards and might affect current duration population fits
but will not affect the estimates of current amplitude.

We have identified three different amplitude states, which we have called the
mini-, sub-, and full-conductance states. Based on the open duration analysis, we have
identified a single population of very short mini-conductance openings as well as a
possible small population of longer mini-conductance openings. Due to the small size of
the population of longer duration mini-conductance events and the ambiguity in
establishing its separate existence, even at 1| uM GABA when these events have reached
their maximum frequency, it is difficult to comment definitively on the relationship of the
two. This must remain an open question to be answered only by more rigorous attention
to the reduction of baseline noise such as was used by Parzefall er al. (1998).

Two populations each of sub-, and full-conductance openings were identified.
This amounts in total to at least five activated states. While it has long been recognized
that the open duration of the full-conductance state is fitted best by two exponentials
(Jackson et al., 1982), this is the first time that the open duration has been considered for
the lesser conductance states. Such kinetic modeling as has been attempted to date has
focused exclusively on the full-conductance state (Lema & Auerbach, 2006). The

number of conductance states that could be elucidated was determined by compiling
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amplitude histograms of recordings analyzed using the Strathcylde electrophysiology
software WinEDR 2.4.9. We have considered the frequency of each conductance state as
a pharmacological response that can be quantified and compared over a range of
concentrations. The frequency of the lesser conductance states was also measured in an
effort to understand their behaviour as well as to prove their authenticity.

Although a recombinant expression system using HEK 293 cells is extensively
used for expressing receptor proteins (Thomas & Smart, 2005), there is evidence to
suggest that it does not necessarily always generate a homogenous population of
GABAARs (Ebert et al., 1996). Of most consequence to this work, there are reports that
o and P subunits can assemble into functional receptors in the absence of the y subunit
(Verdoorn et al., 1990b; Ebert ef al., 1996; Tretter et al., 1997). These receptors display
smaller conductances than receptors composed of all three subunits (Verdoorn et al.,
1990a), and Angelotti & Macdonald (1993) reported the conductance currents of the sub-
conductance and full-conductance states of an o131 receptor to be 10 pS and 15 pS,
respectively, while the corresponding values of an a1 B1y2s receptor were 21 pS and 29
pS, respectively. The realization that expression systems do not always produce a
pentamer constructed from three subunits has led to the investigation of this expression
problem. Angelotti ef al. (1993) demonstrated that in a different cell type (L929 cells) in
the presence of the y2s subunit, o1 1y2s receptors were preferentially expressed over
alP1 receptors. Much work has been done recently with HEK293 expression systems in
forcing subunit assembly by creating chimeras of the subunits to ensure that the a3y
subunits are expressed in the desired stoichiometry (Boileau & Czajkowski, 1999;

Baumann er al., 2001; Boileau et al., 2005). We have used the y2L variant without
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linkage to the other subunits and have apparently achieved homogeneous populations of
receptors in our cells since our single channel conductance values agree consistently with
those of proven a1p32y2 receptors.

From our observations of the multiple conductance states in single channel
recordings of GABAR and using the criteria for substates of a channel, recommended
by Fox (1987), it appears that the sub-conductance currents reflect substates of the
GABAAR. First, the bursting behaviour shows transitions between each of the states with
the three conductance states converting between each other. Second, these three states
are always seen in the presence of each other, and none of these was seen in a patch
independently of the other two. Finally, the sum of a mini-conductance current and a
sub-conductance current or the sum of two sub-conductance currents does not add up to
the value of the full-conductance current. Thus, taken together, these findings strongly
suggest that these states are indeed substates of a single channel and not separate
channels. Therefore, we have no evidence that the mini- or sub-conductance states are a
consequence of an additional GABAAR in the patch based on Fox’s criteria.

Since the contribution of the sub-conductance currents to total current passed
through the receptor has never been established nor a physiological role ever ascribed to
the sub-conductance currents, we believed it was important to determine some
information about the behaviour of these currents as well as determine their relationship
to the full-conductance currents. Channel activation with GABA has shown that the
frequency of occurrence of the various conductance states is influenced by the
concentration of GABA. At low GABA concentrations, there are predominantly

openings to the mini- and sub-conductance states. With increasing GABA
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concentrations, we witnessed an increase in the incidence of long full-conductance
events. Conventional pharmacological theory maintains that, on average, at low
concentrations of agonist, high affinity binding sites will bind ligand preferentially over
low affinity sites. As the concentration of agonist is increased there is a higher incidence
of low affinity binding. It follows that the binding event that produces the mini-
conductance currents has a higher affinity for GABA compared to the binding event that
produces the full-conductance currents. The sub-conductance currents are produced by a
binding event involving high to moderate affinity for GABA. It follows that the binding
event that produces the mini-conductance currents has a very high affinity for GABA
compared to the binding event that produces the full-conductance currents. The sub-
conductance currents are produced by a binding event with high to moderate affinity for
GABA.

In Figure 3-4, the frequency of events for each conductance current rises over
different GABA concentration ranges and the mean frequency curves for each of the
conductance states have different estimated ECsg values. This is consistent with each of
the conductance currents being a product of a binding event independent from the events
that produce the other conductance currents, but not necessarily in a linear scheme. The
frequency curve generated for the mini-conductance currents illustrates a very steep rise
in frequency and a very low estimated ECsg value for this curve. Again, this points to the
mini-conductance currents being generated by a binding site with very high affinity for
agonist. Due to the biphasic nature of both the sub- and full-conductance mean
frequency curves, two ECsq values were estimated for each curve. This behaviour is

indicative of agonist binding to two binding sites that have different affinities for agonist.
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Since the incidence of each of these activation states depicts multiple different estimated
ECs, values for GABA, it is suggested that individual conductance states reflect the
occupation of a series of binding sites by agonist.

On the basis of controlled iontophoresis studies at the frog neuromuscular
junction, Dionne ef al. (1978) predicted that the data were consistent with the presence of
at least two binding sites, although they suggested that additional sites may also be
present. This has led to extensive kinetic modelling of activation at the nicotinic
acetylcholine receptor based on a monoliganded and diliganded paradigm (Edmonds er
al., 1995). Unlike the nicotinic receptor, the GABA 4 receptor is recognized to be well
endowed with both high affinity and lower affinity binding sites, which originally could
have been explained by multiple receptor types in the preparation. However, apparently
homogenous preparations also exhibit multiple agonist binding sites (Newell et al.,
2000).

In our work we can distiguish five different activated states of the receptor,
although association of these states with known binding loci remains to be attempted.
Further evidence is required before a model of activation can be constructed.
Maconochie et al. (1994) noted that the rate at which receptors responded to GABA was
dependent on agonist concentration and concluded that more than one molecule of
GABA binds to the GABAR, and that the final binding step has low affinity. In
considering the mean frequency curves generated for each of the conductance states, the
full-conductance states appear to have a lower affinity for GABA than the mini- and
initial sub-conductance states. As well, the full-conductance currents occur most often at

high concentrations of GABA. The stochastic nature of ligand binding would not
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preclude the occupancy and activation of a low affinity site at low agonist concentrations,
and this is substantiated by our raw recordings, where full conductance events do occur,
albeit rarely, among the relatively more plentiful sub- and mini-conductance events at
low GABA concentrations.

The proportion of the short and long sub-conductance currents is not influenced
by GABA concentration and we interpret this to mean that these states are generated by
two independent binding events. However, the short and long full-conductance states do
appear to have reciprocal dependence on each other that can be seen as GABA
concentration is increased (bottom panel of Figure 3-7). The virtually complete
disappearance of the short full-conductance currents at 30 uM GABA is consistent with a
degree of cooperativity between the events producing these two currents. If both are the
product of binding events to different binding sites, if both sites were occupied
simultaneously this might result in a more stable conformational change and a longer
lasting current or currents would result. As was pointed out above, sufficient binding
sites apparently occur on the GABAAR pentamer to accommodate such a suggestion.

It is true that the majority of current that passes through the GABAR at
concentrations of GABA higher than 10 uM is through the full-conductance state
(Newland et al., 1991). The mini- and sub-conductance states seem to play a more
evident role at very low concentrations of GABA and this correlates well with whole cell
data that shows small amounts of current passing at low concentrations of GABA. The
rise in the whole cell concentration-response curve beginning at 1 M corresponds to the
increase in the incidence of full-conductance currents and their tendency to being longer

in duration.
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Once ligand binding has occurred in a LGIC, a conformational change is thought
to occur in the receptor, which allows the ion pore to open, possibly repetitively
(Grosman et al., 2000). If there are a number of independent binding sites on the
GABAAR the conformation of the receptor need not change to the same extent as each of
these binding sites interact with an agonist molecule, leading to the different activated

states of the receptor.
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Figure 3-1: Whole cell GABAAR currents. Top panel shows examples of whole cell
currents elicited by 0.1, 1, 3, 10 and 30 uM GABA at a holding potential of -50 mV.
Bottom panel shows the concentration-effect curve of GABA to HEK 293 cells
transiently expressing a1f2y2L GABAAR. Current is reported as the average percent
of maximal current + S.E.M. from three individual dose-response curves derived from
three separate transfections. ECso=1.94 + 0.16 pM, Hill slope =1.59 + 0.31.
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Figure 3-2: Amplitude histogram from GABA R activation with GABA.
Amplitude analysis produced amplitude histograms that were fitted best with three
Gaussian populations of current. The above illustrates these three populations in the
cumulative amplitude analysis from 3 patches at 10 uM GABA (*=0.86).

96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3-3a: Single channel current conductances of GABA,R activated by
GABA. Examples of single channel currents activated by GABA in excised inside-out
patches of HEK 293 cells expressing a.1p2y2L GABAAR at an electrode holding
potential of +70 mV. Channel openings are a deflection upward from baseline. The
full-conductance state is shown with a solid line (-) at 2.1 pA (29 pS), the sub-
conductance state is illustrated with a dotted line (--) at 1.2 pA (16 pS), and the mini-
conductance state is shown with a dashed line (--) at 0.6 pA (7 pS). Top panel: 100
pM GABA, bottom panel: 10 nM GABA. At these concentrations, the incidence of
mini- and sub-conductance events is greater than that of full-conductance events.
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Figure 3-3b: Single channel current conductances of GABA R activated by
GABA: Examples of single channel currents activated by GABA. Legend as stated in
Figure 3-3a. Top panel: 1 uM GABA, bottom panel: 100 uM GABA. At these

concentrations full-conductance events are very frequent, although openings and
closings to the lesser conductance states are still evident.
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Figure 3-4: Number of events per 500 ms bins. Graphs show the average number of
events per 500 ms bin from at least 25 bins accumulated from three to four different
patches + S.E.M. at each GABA concentration, except for 100 uM GABA (1 patch),
for: mini-conductance events (top panel), sub-conductance events (middle panel) and
full-conductance events (bottom panel). The mini-conductance events were fitted with
a sigmoidal dose-response curve, while the sub- and full-conductance events were
fitted with a two-site competition curve.
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Figure 3-5: Open duration of GABA,Rs activated by GABA: mini-, sub, and full-
conductance current durations at 1 uM GABA. The open duration of the mini-
conductance state (top panel) is fitted with a single exponential, while the sub-
conductance (middle panel) and full-conductance (bottom panel) open durations are
both fitted by two exponentials in Sigworth-Sine plots.
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Figure 3-6: Open duration analysis of GABA4Rs activated by 1 uM GABA.
When plotted on a linear time scale, the open duration of the mini-conductance
currents (top panel) could be fitted best with two exponentials with tau values of 0.10
and 2.83 ms. The open duration of the sub- (middle panel) and full- (bottom panel)
conductance currents were both fitted best with two exponentials. For the sub-
conductance currents, the tau values are 0.39 and 5.97 ms, while for full-conductance

currents these values are 0.43 and 5.55 ms.
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Mini-

conductance Sub-conductance Full-conductance
T Area 7l Area | 12 Area 2 Tl Area | 12 | Area2
GABA
19.95
040+ | 91.01 | 244+ +
1 nM 0.07 +5.70 0.82 11.14
034+ | 9403 | 231+ | 956+
10 nM 0.05 +3.97 1.93 3.16
16.71

021+ | 100+ | 042+ | 9414 | 229+ %
100 nsM 0.03 3.52 0.05 +20 0.92 26.76

577 | 2749

0.19+ | 100+ | 041+ | 72.69 | 3.25% | 3751 0.35 8349+ + +
1 uM 0.01 3.55 009 | £931 046 | +6.29 | +0.14 15.19 0.57 | 20.68
292 | 41.717

0.18+ | 100+ | 035+ | 8093 | 1.98+ | 2654 | 0.26+ 59.48 + +15.1
10 uM 0.01 2.57 0.03 +9.60 047 | £11.40 | 0.06 +11.67 | 0.23 4

92.99 17.20 4.67
017+ | 100+ | 029+ | £19.1 | 141+ + 030+ 6.37 + 93.07
30 uM 0.01 2.33 0.06 9 0.32 15.53 0.02 +5.46 0.36 | #7.11

Table 3-1: Open duration analysis summary. The open duration and proportion of
current that activates to the long and short sub- and full-conductance openings are
summarized above. These values were calculated using the probability density
function from the Sigworth-Sine plots. Tau values are in milliseconds while area is
reported as a percent. Results are expressed as means + S.E.M.
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Figure 3-7: Proportion of the long and short events with concentration of GABA.
Top panel: Long and short duration currents as a proportion of sub-conductance.
Bottom panel: Proportion of long and short full-conductance events to total full-
conductance events. Results are expressed as means + S.E.M.
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CHAPTER 4
THE SINGLE CHANNEL BASIS FOR PARTIAL AGONISM

AT THE a1B2y2L GABA, RECEPTOR

A version of this chapter has been submitted for publication.
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Introduction

Earlier investigations of the sub-conductance states of the a1p2y2L. GABAAR
identified three separate conductance currents, the mini-, sub- and full-conductance
currents (Chapter 3). In other receptor systems, a link has been observed between the
incidence of sub-conductance events and partial agonism. With the nAChR, 1on flux
studies showed that arecolone methiodide was more potent than ACh but never achieved
the same maximum flux rate as ACh (Kawai ef al., 2000). The single channel nAChR
currents evoked by carbamylcholine (a nAChR full agonist) and arecolone methiodide
illustrate two amplitudes of current. The sub-conductance currents appear to be favoured
over the full-conductance currents when the receptor in activated by arecolone
methiodide, which led Kawai ef al. (2000) to hypothesize that partial agonists
preferentially activate the sub-conductance state of the receptor over the full-conductance
state. This may explain why the total current evoked with partial agonists is less than
with full agonists. Study of the single channel activity of AMPA-type glutamate
receptors activated by a series of partial agonists led Jin ef al. (2003) to propose that the
receptor can achieve a number of conformational states which are dependent on the
ligand that activates the channel. These studies point towards ligand specific activation
of ligand-gated receptors, which can be observed at the single channel level as
differences in the proportion of sub- to full-conductance currents.

Having previously characterized the activated states of the GABAAR when
activated by GABA, the question arose as to how the behaviour of the channel might be
different when the receptor is activated with partial agonists and whether the same trends

in sub-conductance currents as described above also occur with GABAARs. 4,5,6,7-
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Tetrahydroisoxazolo-[5,4-c]pyridin-3-ol (THIP) and piperidine-4-sulphonic acid (P4S)
were chosen as compounds of interest since both of these agonists show less intrinsic
activity than GABA at this particular GABAAR. Also, the structure of these two
compounds tends to be more rigid than that of GABA (see Figure 4-1), which has been
suggested to increase the occurrence of sub-conductance currents (Kawai et al., 2000).
The present study focuses on comparing the frequency of all the conductance
states induced by THIP or P4S to receptor activation by GABA at the a1p2y2L
GABA R construct. The same three conductance currents were observed, and while the
same trends in frequency were observed, the concentration ranges that elicited the same
responses were different. With both THIP and P4S, the receptor did not reach the same
maximum frequency of full-conductance currents that was seen with GABA, which
suggests one explanation for why these compounds are partial agonists at this particular

GABAAR.

Methods

Human a1p2y2L. GABAARs were transiently expressed in HEK293 cultures.
Single channel or whole cell electrophysiology was performed on HEK293 cells
expressing these receptors as described previously (Chapter 2). In this chapter, whole
cell experiments were performed using a perfusion rate of 500 pl/min in a 2ml bath
volume. The frequency of channel opening to each current amplitude was determined by
counting the number of openings within 500 ms time blocks. Frequency is expressed as
the average number of times the channel opened to each current amplitude within 500 ms

+S.EM.
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Results

Concentration-effect Relationship of THIP and P4S Compared to that of GABA

The whole cell currents of HEK293 cells expressing a12y2L GABAARs were
recorded after application of a range of concentrations of THIP and P4S. Examples of
these currents are illustrated in the top panel of Figure 4-2. The resulting concentration-
response curves are shown in the middle panel of Figure 4-2. The response of these
receptors to THIP is shifted to the right of the GABA concentration-response curve, with
«an ECsp of around 1 mM and reached at least 81% of the maximum GABA response.
P4S has an ECsg around 5 pM and reached around 58% of the maximum GABA
response. The Hill slope of the GABA concentration-response curve is 1.59 + 0.3, while
this value is 0.90 + 0.03 for the THIP curve and 1.03 + 0.35 for the P4S curve. As
illustrated, even at 100 nM P4S, whole cell current was still evoked and recordable. At
this time, an explanation is not available for this observation. The whole cell responses
were used as a parameter for deciding the concentration ranges that would be investigated

at the single channel level.

Single Channel Currents

Single channel recordings were made from excised inside-out patches. The
membrane holding potential was set at 70 mV with the cytoplasmic face negative to the
extracellular face. Three amplitudes of current were seen when the receptor was
activated by THIP or P4S, and these amplitudes of current were the same as were seen
previously with GABA (Chapter 3). These were defined as the mini-conductance state at

7 pS, the sub-conductance state at 16 pS and the full-conductance state at 29 pS. Sample
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single channel currents are shown in Figures 4-3 and 4-4. Amplitude analysis confirmed
these current amplitudes as conforming best to three Gaussian populations (Figure 4-5).
The mean conductance was determined from the peak of each Gaussian curve, and these
values were the same at electrode holding potentials of either +70 mV or -70 mV. GFP
did not influence these states (results not shown). Channels closed not only to baseline,
but also from full-conductance openings to the sub-, or mini-conductance state, or from
sub-conductance openings to the mini-conductance state. These types of closures were

regarded as channel closure from the initial current level.

Frequency of Channel Openings to the Various Current Amplitudes

The channel activity at each concentration of THIP and P4S was compared by
considering the changes in frequency of openings to each of the three amplitude states.
This also gave a means by which to compare the results we found previously with
channel activation by GABA. The number of openings to each conductance state was
counted in 500 ms time segments from several patches and averaged to determine the
mean frequency of openings to any given conductance state at the various concentrations
of THIP and P4S investigated.

The frequency of the mini-conductance events rose over the concentration range
of 1 uM to 100 uM THIP to around 20 events/bin at 100 uM through to 3 mM THIP (top
panel of Figure 4-6). The concentration-effect curves for both the sub- (middle panel of
Figure 4-6), and full- (bottom panel of Figure 4-6) conductance currents both increased in
a biphasic manner with THIP and P4S. With THIP, the first rise in frequency occurred

over the concentration range of 1 pM to 100 pM. The second rise in frequency occurred
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over the concentration range of 1 mM and 3 mM THIP to about 40 events/bin. Full-
conductance currents increased in frequency initially over the concentration range of 1
uM to 100 uM, and a second time over the concentration range of ] mM to 3 mMto a
maximum of around 25 events/bin.

The frequency of mini-conductance events was greater at lower concentrations of
P4S than THIP with the frequency rising over the concentration of 1 nM to 10 nM P4S to
around 12 events/bin (top panel of Figure 4-7). This remained constant for the higher
concentration of P4S investigated. While the frequency of mini-conductance events
increased at lower concentrations of P4S than THIP, the maximum frequency reached
with P4S was slightly lower than that of THIP. With P48, the initial rise in sub-
conductance frequency occurred over the concentration range of 1 nM and 10 nM, with
the second rise occurring at 100 uM P4S to around 40 events/bin (middle panel of Figure
4-7). The frequency of the full-conductance currents rose initially over the concentration
range of 1 nM to 10 nM and the second increase occurred between 1 uM and 100 uM
P4S to around 15 events/bin (bottom panel of Figure 4-7).

The frequency of each conductance state elicited by the various concentrations of
THIP or P4S are compared with the corresponding GABA induced currents in Figure 4-8.
The concentration-effect curves of current frequencies evoked by THIP are consistently
shifted to the right of the frequency curves generated from GABA evoked currents. The
maximum frequency of mini- and sub-conductance currents was similar for THIP and
GABA, but the maximum frequency of full-conductance currents evoked by THIP did
not reach the same maximum as with GABA at the respective highest agonist

concentrations investigated. The concentration-effect curves evoked by P4S rose along
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the same concentration ranges as with GABA, but in the case of the mini- and full-
conductance currents, did not rise to the same maximum frequency that GABA evoked

currents did at the relative maximal concentrations of these agonists.

Open Duration of the Multiple Amplitude Currents

The open duration of each of the current amplitudes was plotted on Sigworth-Sine
plots (Sigworth & Sine, 1987). The average open dwell time was taken from multiple
patches. The open durations of the mini-conductance currents evoked by either THIP or
P4S were fitted by a single exponential with an average open time of approximately 0.18
ms (see top panels of Figures 4-9 and 4-10). When plotted on a linear time scale, the
mini-conductance currents were fitted best by a single exponential (see top panel of
Figure 4-11), with a time constant of 0.16 ms for THIP evoked currents and 0.23 ms for
P4S evoked currents. As with GABA evoked mini-conductance currents, the duration of
the mini-conductance currents are very close to our limit of detection. However, the
observation of longer duration openings to this current amplitude suggests that it is a true
amplitude state. The sub- and full-conductance currents were both fitted best with two
exponentials. Using the probability density function, the mean open durations of THIP
evoked sub-conductance currents were determined to be 0.23 ms and 1.23 ms (see middle
panel of Figure 4-9), while with P4S the mean durations were 0.30 ms and 2.52 ms (see
middle panel of Figure 4-10). The mean open durations of the full-conductance currents
were 0.32 ms and 2.07 ms with THIP (see bottom panel of Figure 4-9) and 0.27 ms and
1.51 ms with P4S (see bottom panel of Figure 4-10). This is summarized in Table 4-1.

The open durations of sub- and full-conductance currents were also plotted on a linear
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time scale and the time constants were measured by exponential decay. Both the sub-
and full-conductance currents were fitted best with two exponentials. The time constants
of THIP induced sub-conductance currents are 0.32 and 2.15 ms (middle panel of Figure
4-11), and 0.40 and 1.81 ms (bottom panel of Figure 4-11) for full-conductance currents
at 100 pM THIP. For currents evoked by 10 uM P4S, the time constants of the sub-
conductance currents are 0.50 and 1.37 ms (middle panel Figure 4-12) and for the full-
conductance currents the time constants are 0.28 and 1.17 ms (bottom panel Figure 4-12).

Using the probability density function, the proportion of long to short sub- and
full-conductance events were compared. The proportion of long and short duration sub-
conductance events to total sub-conductance events did not change significantly with
concentration of THIP with there being a larger population of short sub-conductance
currents to long sub-conductance currents at the concentrations considered (top panel of
Figure 4-13). With P4S, there was a predominance of short sub-conductance currents at
1 uM to slightly more long sub-conductance currents at 10 uM and 100 pM P4S. The
proportion of short and long full-conductance currents did not change significantly with
concentration of THIP or P4S (bottom panel of Figure 4-13) and at all the concentrations
considered there was a greater proportion of short full-conductance currents to long full-
conductance currents.

Discussion

Using Fox’s criteria for substates (1987), initial studies by our laboratory
provided evidence for the sub-conductance currents of the a1B2y2L. GABAAR being true
substates of the channel (Chapter 3). These criteria include transitions observed between

conductance states, the observation that all of the conductance currents occurred in the
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same patches without any occurring in the absence of the others and the lack of
summation of these currents. The frequency of openings to each current amplitude state
and the open duration of each current state were originally determined at various
concentrations of GABA to typify the behaviour of the sub-conductance currents. In an
attempt to characterize the sub-conductance currents of the GABAAR further, these same
parameters of channel activation were investigated using the partial agonists THIP or P4S
to activate the receptor. The three amplitudes of current that were elicited with GABA
were also elicited by either THIP or P4S. These agonists do not change the conductance
of the channel and this indicates that three different agonists of various efficacies can
activate the same three amplitude states of the receptor. This is further supported by the
open duration analysis of the amplitude states. More certainly than with GABA, there is
apparently only one discernable population of mini-conductance currents, and two
populations each of sub- and full-conductance currents. It follows that GABA, THIP and
P4S generate the same activated states of the GABAJR.

Classical whole cell recording techniques illustrated the differences in the
intrinsic activity of THIP or P4S compared to GABA. These results compare well with
the findings of other laboratories (Ebert ef al., 1994; Mortensen et al., 2004). The
intrinsic activity of these compounds compared to GABA is: GABA > THIP > P4S.
However, the potency of these compounds is GABA >P48S > THIP.

The frequency of the channel opening to each conductance state was chosen as a
means to compare the activity of each conductance state at various concentrations of
agonist. The frequency of openings of the three conductance states followed the same

trends in increasing frequency with increasing concentration of agonist. These agonists
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differed in the concentrations that were required to achieve the same frequency of
response from any particular conductance state. This was hypothesized from the whole
cell concentration-eftect curves since these compounds do differ in potency.

Mini-conductance events evoked by THIP increased in frequency over a
concentration range significantly higher than the range of GABA concentrations required
for the same effect. The THIP concentration-effect curve was also shifted to the right of
the GABA curve. With P4S, the curve was shifted to the right of GABA concentration-
effect curve, and never achieved the same maximum number of events as with GABA or
THIP. The sub-conductance events evoked by THIP and P4S both increased in
frequency in a biphasic manner, just as with GABA. Again, the THIP concentration-
effect curve was shifted to the right of the GABA concentration-effect curve while P4S
rose over the same concentration ranges as GABA. The frequency of full-conductance
events showed the same trend again, with THIP increasing over a higher concentration
range than GABA or P4S. As was observed with GABA, the frequency of each of the
different current amplitude events increased over different concentrations of agonist.
This further supports each of these currents being the product of different binding events
with each ligand having different affinity for each binding site.

Neither THIP nor P4S achieved the same maximum frequency of full-
conductance events as was seen with GABA (around 40/ 500 ms), but THIP was closer at
around 30 events/ 500 ms than P4S which was significantly lower at around 15 events/
500 ms. This may partly explain why P4S has lower intrinsic activity than GABA. The
greatest amount of current will flow through the full-conductance state, and since this

state is not achieved as frequently with P4S as with GABA, total current passed in a set
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frame of time will be less as well. THIP, on the other hand, reached around 80% of the
maximum GABA whole cell response and achieved slightly lower full-conductance
opening frequency at the maximum concentrations investigated. This suggests that P4S,
and to a lesser extent THIP, do not allow the receptor to achieve the full-conductance
state as readily as GABA. This may represent an inability of the receptor construct to
achieve a specific conformation that allows current to flow as readily through the full-
conductance state. The second observation noted from the concentration-frequency
curves was that none of the conductance states appear to be dependent upon the others.
An increase in the frequency of the sub-conductance events does not do so at the expense
of the mini-conductance events, and an increase in the frequency of the full-conductance
events does not do so at the expense of the sub- or mini-conductance events. These
states, therefore, do not appear to show any cooperativity or dependence to each other.
This is further supported by the examination of the proportion of short and long full-
conductance events across a range of agonist concentration. With increasing GABA
concentrations we noted an increase in the proportion of long full-conductance to short
full-conductance events (Chapter 3). This same trend did not hold true with THIP or
P4S. It appears as though neither THIP nor P4S are capable of achieving a dominance of
long full-conductance currents. This may offer an additional reason for why these two
compounds have a lower intrinsic activity than GABA.

The data presented here support the hypothesis that separate binding sites lead to
different activated states of the receptor, based on the different estimated ECs, values
obtained for the frequency plots of each conductance state. It appears that individual

agonists cause different proportions of openings to the different conductance states and
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that the ECsq values for each frequency plot are dependent upon the agonist used to elicit
the response. It would follow that the generation of fewer full-conductance events, and
additionally fewer long full-conductance events, as was seen with channel activation with
P4S and to a lesser extend THIP when compared with GABA, provides a functional
reason for P4S and THIP being partial agonists at this particular GABAAR construct.

Guyon et al. (1999) argued that there are not enough binding sites to
accommodate a theory that involves each conductance state representing an activated
state of a single receptor. However, it was proposed by Newell ef al. (2000) that while
the conventional agonist binding sites are at the -o subunit interfaces (see Smith &
Olsen, 1995), an addition binding site may be located at the a-3 subunit interface
(Newell et al., 2000). This site was proposed to play a role in stabilizing the desensitized
state of the receptor but its ability to bind agonist would suggest that binding might be
manifest as a distinct active state. While this binding site is not accepted by all (Baur &
Sigel, 2003), binding studies of the nAChR have yielded results that point to the
possibility of subsites for binding at the conventional ACh binding site (Dunn & Raftery,
1997b, 1997a). Therefore, additional binding sites for GABA on the GABAAR complex
that influence channel behaviour besides the two binding sites on the B-a interfaces

cannot be dismissed.
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Figure 4-1: Three GABALR agonists. From top to bottom, the structures of GABA
(y-aminobutyric acid), THIP (4,5,6,7-tetrahydroisoxazolo-[5,4-c]pyridin-3-ol) and P4S
(piperidine-4-sulphonic acid).
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Figure 4-2: Whole cell responses to GABA, THIP or P4S. Top panel shows
sample whole cell currents from HEK293 cells expressing a182y2L GABAAR. The
top line compares THIP induced currents to the cells maximal response to GABA.
The second line compares P4S currents to maximal GABA induced current. Below
are the corresponding whole cell concentration-effect curves for GABA, THIP and
P4S. The table illustrates the potency and intrinsic activity of each of these
compounds. Results represent means + S.E.M from three different cells.

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LLQA. [ .w,\w,.;}.‘#1‘1-‘,'Lé‘l\'a‘»,\*flx'v*r;.v,t?\w’ﬁ‘,w'-'-a ","‘:-.'f-'%'r.‘*»“#.“' t
10 ms

25 ms

[ A
IECTL
v‘vgg"il,!’ 1:

Figure 4-3: Sample single channel recordings evoked by THIP. HEK293 cells
expressing a1B82y2L GABAAR were exposed to THIP. Top 3: currents evoked by
exposure to 10 uM THIP. Channel opening to mini-, sub-, and full-conductance levels
are evident. Bottom 3: currents induced by 1mM THIP. The incidence of sub- and
full-conductance events appears to increase with concentration, and mini-conductance
openings are still evident. Solid lines indicate full-conductance currents, dashed lines
illustrate sub-conductance currents and dotted lines depict mini-conductance currents.
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Figure 4-4: Sample single channel recordings evoked by P4S. HEK293 cells
expressing a1B82y2L GABAAR were exposed to P4S. Top 3: currents induced by
exposure to 10 nM P4S. While full-conductance currents are evident, mini- and sub-
conductance currents appear to occur more frequently. Bottom 3: currents induced by
10 uM P4S. The incidence of full-conductance events increases with concentration,
however, the appearance of mini- and sub-conductance currents are still very apparent.
Solid lines indicate full-conductance currents, dashed lines illustrate sub-conductance
currents and dotted lines depict mini-conductance currents.
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Figure 4-5: Amplitude histograms from channel activation with THIP or P4S.
Amplitude analysis of the single channel currents from a182y2L GABAARs activated
by THIP (top panel) or P4S (bottom panel) are fitted best with three Gaussian
populations with r* values of 0.82 and 0.79 respectively. These results correspond very
closely to the results we obtained for receptors activated by GABA (see Figure 3-3).
Top: 100 uM THIP. Bottom: 10 uM P4S.
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Figure 4-6: Frequency of conductance events at various concentrations of THIP.
Graphs show the average number of events + S.E.M. per 500 ms bin from at least 25
bins accumulated from 3 to 4 different patches at each THIP concentration for: mini-
conductance events (top panel), sub-conductance events (middle panel) and full-
conductance events (bottom panel). The mini-conductance events were fitted with a
sigmoidal concentration-effect curve while the points were joined for the sub- and
full-conductance events.
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Figure 4-7: Frequency of conductance events at various concentrations of P4S.
Graphs show the average number of events + S.E.M. per 500 ms bin from at least 25
bins accumulated from 3 to 4 different patches at each P4S concentration for: mini-
conductance events (top panel), sub-conductance events (middle panel) and full-
conductance events (bottom panel). The mini-conductance events were fitted with a
sigmoidal concentration-effect curve while the points were joined for the sub- and
full-conductance events.
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Figure 4-8: Comparison of the frequency of conductance events at various
concentrations of agonists. Each of these concentration-effect plots has been shown
individually previously (GABA Figure 3-4, THIP Figure 4-6 and P4S Figure 4-7).
From top to bottom: mini-conductance events, sub-conductance events and full-
conductance events. Results are expressed as means + S.E.M.
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Figure 4-9: Open duration of GABARs activated by THIP: mini-, sub, and full-
conductance current durations at 100 uM THIP. The open duration of the mini-

conductance state (top panel) is fitted with a single exponential, while the sub-
conductance (middle panel) and full-conductance (bottom panel) open durations are
both fitted by two exponentials in the above Sigworth-Sine plots.
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Figure 4-10: Open duration analysis of GABA,Rs activated by 100 uM THIP.
When plotted on a linear time scale, the open duration of the mini-conductance
currents (top panel) were fitted best with a single exponential with a tau value of 0.16
ms. The open duration of both the sub- (middle panel) and full- (bottom panel)
conductance currents were both fitted best with two exponentials. For the sub-
conductance currents, the tau values are 0.32 and 2.15 ms, and for the full-
conductance currents these values are 0.40 and 1.81 ms.
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Figure 4-11: Open duration of GABA4R activated by P4S: mini-, sub, and full-
conductance current durations at 10 uM P4S. The open duration of the mini-

conductance state (top panel) is fitted with a single exponential, while the sub-
conductance (middle panel) and full-conductance (bottom panel) open durations are

both fitted with two exponentials.
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Figure 4-12: Open duration analysis of GABA4R activated by 10 uM P4S. When
plotted on a linear time scale, the open duration of the mini-conductance currents (top
panel) were fitted best with a single exponential with a tau value of 0.23 ms. The open
duration of both the sub- (middle panel) and full- (bottom panel) conductance currents
were both fitted best with two exponentials. For the sub-conductance currents, the tau
values are 0.50 and 1.37 ms, and for the full-conductance currents these values are

0.28 and 1.17 ms.
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Mini-
conductance Sub-conductance Full-conductance
T Area 1l Area 1 T2 Area 2 tl Area 1 12 Area 2
THIP

0.19+ | 100+ | 024+ | 9068 | 1.22+ | 186+ | 027+ | 66.05 | 201+ | 4131
10 yM 0.01 1.52 0.02 | +2.19 | 024 1868 | 003 | £6.59 | 0.52 | +6.71
93.06 69.23 39.37

0.19+ | 100+ | 022+ + 123+ | 1823 | 030+ + 221+ +
100uM | 0.02 8.83 002 | 1037 | 012 | +6.06 | 009 | 1009 | 0.19 | 21.90
015+ | 100+ | 024+ | 93.11 | 1.24+ | 1821 | 038+ | 8504 | 2,00+ | 23.07
300uM | 0.01 4.06 001 | 405 | 021 | £229 | 004 | £872 | 138 | +9.02

P4S

40.54

023+ 100+ | 051+ | 8271 | 225+ | 2855 | 030+ | 662+ | 122+ +
1 uM 0.03 1.22 005 | +5.17 ] 038 | =412 | 004 | 1782 | 0.59 17.75

4139 61.21

0.16+ | 100+ | 0.16+ + 383+ + 027+ | 73.06 | 164+ | 36.63
10 uM 0.01 1.70 0.03 1437 | 035 13.19 | 004 | +9.80 | 0.16 | +8.00
0.17+ | 100+ | 023+ | 4248 | 147+ | 6153 | 025+ | 90.22 | 1.66+ | 21.96
100uM | 0.02 3.01 004 | £123 ) 061 | +139 | 009 [ £732 | 0.88 | +4.36

Table 4-1: Summary of open duration analysis. The open time duration (t) and the

proportion of current at each amplitude of current that activates to either short (t) or

long () sub- or full-conductance openings are summarized. Tau values are reported in

milliseconds while area is a percentage. All values are reported as means + S.E.M.
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Figure 4-11: Proportion of long to short sub- or full-conductance openings. Top
panel shows the proportion of short to long sub-conductance events at various
concentrations of THIP or P4S. This proportion did not change significantly with the
concentrations of THIP investigated. This proportion did change over the
concentration range of 1 uM to 10 uM P4S, and then remained constant at 100 uM.
Bottom panel shows the proportion of short to long full-conductance events to total
full-conductance events. This proportion did not change significantly with the various
concentrations of agonists investigated. Results are expressed as means + S.E.M.
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CHAPTER §
PROBING GABAAR FUNCTION WITH NOVEL BISFUNCTIONAL LIGANDS:

THE POLYMETHYLENE DIGABAMIDES

A version of this chapter will be submitted for publication
The concentration-dependence desensitization experiments were

performed with the assistance of Isabelle Paulsen
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Introduction

Polymethylene digabamides were synthesized as novel GABA 4 receptor agonists
(Carlier et al., 2002). These compounds are composed of two GABA residues separated
by a polymethylene chain (see Figure 5-1). Analogous bischoline compounds have been
investigated with the nAChR and led to the hypothesis that there are multiple binding
sites on the nAChR (Dunn and Raftery, 1997a&b; Carter ef al., 2006). On the premise
that there are likely at least two binding sites for GABA on the GABAAR (Newell er al.,
2000), the polymethylene digabamides offer a unique tool for investigating the function
of these binding sites. These compounds are termed bisfunctional ligands since they are
capable of binding to two GABA binding sites simultaneously if the GABA residues and
binding site separation are congruent. Using chloride flux methods in mouse
synaptoneurosomes, one compound (butylene digabamide) was labelled a ‘superagonist’
(Carlier et al., 2002). The present work was undertaken to investigate the ‘superagonism’
of butylene digabamide using conventional whole cell electrophysiology and to establish
the effect of altering the distance between GABA moieties on receptor response. From
information linking GABA moiety separation and response, the relationship of binding
sites additional to the accepted high affinity binding pocket might be revealed. We have
compared the potency, intrinsic activity and desensitization kinetics of a series of
polymethylene digabamides in HEK293 cells and Xenopus oocytes expressing human
alPB2y2L GABAA receptors. The results observed with the polymethylene digabamides
were compared with those of GABA as well as with the potent GABAAR agonist Z-3-

[(aminoiminomethyl)thio] prop-2-enoic acid (ZAPA).
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Methods
Human a1pB2y2L GABAARs were expressed in HEK293 cells and Xenopus laevis
oocytes as described in Chapter 2. Conventional whole cell and two-electrode voltage
clamp techniques were used to measure current. Expression in HEK293 cells was used to
generate whole cell concentration-response curves. In this chapter, whole cell
experiments were performed as described previously but using a perfusion rate of 1
ml/min into a 2 ml recording dish. Xenopus oocytes were used in the desensitization

experiments.

Results
The Polymethylene Digabamides
A series of polymethylene digabamides with between two methyl groups (n=2)
and six methyl groups (n=6) separating the GABA moieties were investigated for their
intrinsic activity and potency at the a1p2y2L GABAAR. The generic structure of these
compounds is shown in Figure 5-1. When these compounds are fully extended, the
maximum length separating the nitrogen groups of the GABA residues (max N-N

distance) ranges between 16.4 and 21.2 A within this series of compounds (see Table 5-

).

Whole Cell Currents of a1p2y2 GABAAR Activated by the Polymethlyene
Digabamides
The whole cell concentration-effect curves were determined from transiently

transfected HEK293 cells expressing the alf2y2L GABAsR. Sample currents elicited
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by the various polymethylene digabamides are shown in Figure 5-2a. The resulting
concentration-effect curves are shown in Figure 5-2b. Due to the rate of the perfusion
system, the exchange times are not particularly fast, but the concentration-response
curves none the less provide a means of comparing the intrinsic activities and potencies
of the various compounds. Compared to the perfusion system used in Chapters 3 and 4,
this system flowed twice as fast and this difference could be observed in the resulting
GABA concentration-effect curves. In this chapter, the GABA concentration-effect
curve is further to the right than in the previous chapters, suggested that desensitization
may have truncated the maximal current responses in Chapters 3 and 4.

The shortest polymethylene digabamide compound investigated, ethylene
digabamide, showed very little intrinsic activity. However, the next compound in the
series, propylene digabamide, showed significantly greater intrinsic activity. However,
this compound was still a partial agonist compared with GABA with an intrinsic activity
of approximately 60%.

Butylene digabamide was shown in ion flux experiments in mouse synaptosomes
to evoke more CI” flux through the GABAARs than GABA, and was thus referred to as a
‘superagonist’ (Carlier ef al., 2002). In whole cell experiments, butylene digabamide did
not evoke a greater current than GABA, and therefore does not appear to behave as a
‘superagonist’ under the conditions of our experiments. Butlyene, pentylene or hexylene
digabamides are all partial agonists at this receptor, and an increase in chain length from
four methyl groups to six methyl groups reduced the potency of these compounds as seen
by the rightward shift in the concentration-effect curves. ZAPA appears as a full agonist

at this GABAAR, and is more potent than GABA. The maximum current elicited by each
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compound compared to GABA and their corresponding ECs, values are summarized in
Table 2. Butylene digabamide was also tested in Xenopus oocytes expressing the same
receptors as the HEK293 cells to verify that it could not elicit more current than GABA.
The results seen in oocytes were comparable to the HEK293 data, however a difference
in the current decay, or the rate of desensitization with butlyene digabamide compared to

GABA was noted and further investigated.

Desensitization of GABA AR with Polymethlyene Digabamides

The desensitization of GABAR in the presence of the polymethylene
digabamides was compared to that seen with GABA and ZAPA. Samples of these
currents can be seen in Figure 5-4. Both GABA and ZAPA currents decayed
exponentially with two phases, a fast component and a slow component. The decay of
current was fitted with exponentials by best fit analysis using Clampfit 9. Since ethylene
digabamide has such low intrinsic activity, the rate of desensitization with this compound
could not be determined. Propylene digabamide evoked the same fast and slow
components of desensitization that GABA and ZAPA evoked, while with the butylene,
pentylene or hexylene digabamides only the slow rate of desensitization could be seen.
These results are summarized in Table 5-3. Jones and Westbrook (1995) described a two
binding site model for GABAAR activation and desensitization. This model described
mono-liganded receptors activating to a brief open state then desensitizing to a long
desensitized state while bi-liganded receptors enter a longer open state that leads to a
rapid desensitized state. With low concentrations of ligand, this model would predict

receptors predominantly entering the long desensitized state over the short desensitized

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



state. A shift of more receptors entering the short desensitized state would be predicted
with increasing ligand concentration. While this model may be useful in describing the
results observed with the polymethylene digabamides, the validity of this model was
further tested by considering the desensitization rate of this GABAAR at sub-maximal

concentrations of GABA.

Concentration Dependence of GABAAR Desensitization with GABA or ZAPA

The rate of GABA AR desensitization was measured at concentrations of GABA
ranging from 30 pM to 10 mM and concentrations of ZAPA from 10 uM to 1 mM. The
activation and desensitization of these currents at various concentrations of agonist can be
seen in Figure 5-4. At concentrations of agonist less than approximately the EC4¢ value,
the desensitization of these currents resulted in only a single exponential of decay that
corresponds to the slow desensitization component. Graphing the proportion of current
that desensitizes in the fast and slow components of desensitization (see Figure 5-5)
illustrates that at concentrations greater than the EC5s of the agonist, both a fast and slow
component of desensitization were measurable, while at concentrations less than this
value only the slow component of desensitization was measurable. The proportion of the
fast component rose dramatically from 0% to between 20-25%, which remained constant
at the higher concentrations of agonist, while the corresponding proportion of the slow

component decreased from 100% to around 75-80%.

139

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Discussion

The polymethylene digabamide compounds offer a unique opportunity to study
the activation of the GABAAR due to the two GABA residues that make up each
compound. The initial goal of this investigation was to determine if there is an optimal
distance of separation between the two GABA moieties as this may reflect the relative
distance separating two binding sites on the receptor construct. Secondly, due to the
observation that one of these compounds, butylene digabamide, appeared as a
‘superagonist’ in ion flux experiments (Carlier et al., 2001), this compound was
examined for any indication of behaviour that would point to this compound having

greater intrinsic activity than GABA.

Whole cell currents

By measuring whole cell currents evoked by each polymethylene digabamide
compound, it was determined that the entire series of polymethylene digabamide
compounds investigated are partial agonists at the a1 2y2L GABA receptor. While the
shortest polymethylene digabamide compound, ethylene digabamide, showed little
intrinsic activity, there was a dramatic increase in intrinsic activity between ethylene
digabamide and propylene digabamide. This suggests that ethylene digabamide lacks the
ability either to bind to the receptor or to initiate channel activation. It may be possible,
due to its shorter structure than the other polymethylene digabamides, that there is a
higher degree of steric hindrance which reduces its ability to bind to the receptor binding
pocket. Clearly there is a functional significance of adding one additional methyl group

to ethylene digabamide. The result is a dramatic difference in the intrinsic activity of a
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digabamide compound with a maximal separation of 17.4 A between amino groups in the
GABA moieties with that of a digabamide compound with the same separation distance
being 16.4 A. Since these measurements are the maximal length that the compound can
achieve, it is also possible that the difference in the compounds seen at the receptor is
greater than a single Angstrom if these two compounds fold slightly differently from each

other in solution.

Butylene digabamide

The highlighted compound butylene digabamide does not behave as a
‘superagonist’ at the a132y2L. GABAAR according to the whole cell currents that it can
evoke. Also, the compounds with 4, 5 and 6 methy!l groups between GABA moieties
showed a trend towards a decrease in affinity with increasing length. A separation of
GABA moieties greater than 18.7 A, therefore, reduces the potency of these bisfunctional
ligands. Another trend noted with these particular compounds was that the
desensitization observed showed only a single exponential of decay, corresponding to the
slow component of desensitization observed with | mM GABA. Both a fast and a slow
component were seen when receptors were desensitized by GABA, ZAPA or propylene
digabamide at concentrations that evoke maximal response. Together with the high
intrinsic activity of butylene digabamide, the lack of the fast desensitization rate may
explain why this compound appeared as a ‘superagonist’ in ion flux experiments in
mouse synaptosomes as reported by Carlier ef al. (2002). This reduction in
desensitization equates to greater charge transfer with activation by butylene digabamide

compared to GABA over the duration of ion flux measurements. Charge is the integral of
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current with respect to time which, in the case of the GABARR, is carried by chloride
ions. Thus, the ‘superagonism’ observed by Carlier ef al. (2002) can be explained in
terms of slower overall desensitization of the receptor. Of course, the presence of a
heterogeneous population of GABA 4 receptors in the mouse synaptosomes used by
Carlier et al. (2002) may offer an alternative explanation, since these compounds may

exhibit different affinities and potencies at different GABAAR constructs.

Desensitization

Since desensitization is a behaviour of bound receptors, the lack of a fast
desensitization component may indicate differences in binding between the butylene,
pentylene or hexylene digabamides and GABA, ZAPA or the shorter polymethylene
digabamides. The observation of multiple rate constants of this current decay has
classically been interpreted to be the product of different receptor desensitized states.
Several authors have suggested that the multiple rates of desensitization of cys-loop
LGIC are products of agonist binding to separate binding sites with different affinities
(Jones & Westbrook, 1995; Haas & Macdonald, 1999 and see Giniatullin ez al., 2005). It
is likely that these multiple components of desensitization could correspond to different
conformations of the ligand bound receptor. The compounds that showed only a single
exponential of current decay had GABA residues separated by at least 18 A. This
distance corresponds with the internal diameter of the AChBP crystal structure (Brejc et
al.,2001).

Despite the two functional groups of the butylene, pentylene and hexylene

digabamides, the desensitization kinetics of these polymethylene digabamides resembles
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the desensitization kinetics observed with low concentrations of GABA. In agreement
with Frosch et al. (1992), low concentrations of GABA exposure resulted in a single slow
rate of desensitization. This was also observed with ZAPA. At higher concentrations,
desensitization became a bi-exponential event with either GABA or ZAPA (see Figure 5-
5). Due to the limitations of both this system and the analysis used, it is likely that due to
the smaller population of receptors activated at lower agonist concentrations, we can not
statistically distinguish the fast desensitization phase from the slow phase until the

agonist evoked response reaches approximately 75% of maximum evoked current.

Modeling

Jones and Westbrook (1995) suggested that slow desensitization is caused by a
mono-liganded state of the receptor and fast desensitization is an effect of the di-liganded
state. In this context, with the longer polymethylene digabamide compounds, two GABA
binding sites may be bound at the same time and prevent entry into the fast desensitized
state. An alternative explanation is these compounds may be long enough to inhibit
binding by steric hindrance at an adjacent binding site, thereby preventing the binding
that leads to the fast desensitized state. This model would also explain the existence of
only a single exponential of current decay with low concentrations of GABA. Bai et al.
(2001) also proposed a model involving both mono- and di-liganded states of the receptor
when investigating tonic current. In their model, the mono-liganded state opens to a low
conductance state while the di-liganded state could desensitize with either fast or slow

entry into the desensitized states or this agonist bound state could lead to an open state
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(Bai et al., 2001). These two models differed primarily in the origin of the state leading
to desensitization.

Considering that the distance separating the GABA moieties of the compounds
that desensitize with a single exponential corresponds to the diameter of the AChBP
cavity, it may be plausible that these compounds can stretch the distance of the two low
affinity GABA binding sites on the 3-o interfaces. However, this would require the
assumption that ligand can access the binding pocket from inside the external vestibule
(Miyazawa et al., 1999) as opposed to the external perimeter of the vestibule (Brejc ef al.,
2001). Both the N-terminal domain and the TM1 domain of the receptor have been
implicated as structures involved in desensitization (Bianchi et al., 2001; Bianchi and
Macdonald, 2002). Therefore, the interaction of these compounds with the N-terminal
ligand binding domain may account for the differences in desensitization that were
observed with the polymethylene digabamides. Modeling of these compounds bound to
the receptor may provide more evidence for where the two GABA moieties could be

interacting on the receptor.

Binding sites

With the nAChR, additional binding sites for ligand on the same subunit
interfaces as the characterized binding sites has been suggested from the association and
dissociation kinetics of suberyldicholine (Dunn & Raftery, 1997a&b). Trp 86 of the
Torpedo nAChR was postulated to be a residue that interacts with suberyldicholine
(Kapur et al., 2006). This residue was previously labeled with a nAChR competitive

agonist (Galzi ef al., 1990) and, based on the AChBP structure, is approximately 18 A
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away from the characterized binding site. Using bisquaternary ligands, comparing the
dimensions of these compounds to the AChBP structure suggests the interaction of one
end of the compound in the characterized binding pocket, and the other end interacting
with Trp 82, the equivalent position to Trp 86 on the Torpedo nAChR (Carter et al.,
2007). Previous single channel investigations of the GABAAR from our laboratory
suggests that there are multiple binding sites for GABA on the receptor complex and it
may be possible that these binding sites are located in similar positions to that of ACh on

the nAChR.

Other kinetic models

Haas & Macdonald (1999) introduced a third component of desensitization to a
linear kinetic model of at1B3y2L GABAAR activation and desensitization and is shown
below. This was necessary to account for their observation of triphasic desensitization.
In this model, fast desensitization develops from the third closed state while intermediate
desensitization develops from the fourth closed state. The slow desensitization state

develops from and recovers to the intermediate desensitization state.
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In this model, states of the receptor are denoted by O for open states, C for closed
states and D for desensitized states. The three desensitized states are referred to in the
text as fast, intermediate and slow which are illustrated above as D subscript f, i and s
respectively. Since these authors did not see any change in the rate of desensitization
with increasing concentrations of GABA, they proposed that the desensitization states are
achieved only from di-liganded states of the receptor, in contrast to that proposed by
Jones & Westbrook (1995) or Bai ef al. (2001). A fourth desensitization state was later
reported for a1 33y2L. GABAAR using excised patches and an ultra fast perfusion system

(Bianchi & Macdonald, 2002). This state has yet to be included into a kinetic model.

Conclusion

The Xenopus oocyte platform is not ideal for the study of fast desensitization due
to the large size of the cell (stage V and VI oocytes have diameters between 1 and 1.3
mm (Goldin, 1992)). This means that there is large membrane capacitance and therefore
slow response time of the clamp. A bath perfusion system was also used which delivers
drugs more slowly than a delivery pipette positioned close to the clamped cell. However,
this system is useful for measuring slower rates of desensitization. Using excised patches
and an extremely fast perfusion system, Bianchi & Macdonald (2002) were able to
resolve four components of fast desensitization. This suggests that the two state model of
Jones & Westbrook (1995) is a simplified model of receptor activation and
desensitization.

While it is likely that there are faster phases of GABAAR desensitization that

could not be measured by using Xenopus oocytes, the influence of the long
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polymethylene digabamide compounds on desensitization is dramatic. This could be a
reflection of ligand interaction at an additional GABA binding site on the receptor
construct which can be bound in addition to the characterized binding site when the
bisfunctional ligand is of sufficient length and/or an inability of the receptor to change

conformation in the presence of these ligands to achieve the fast desensitized state.
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Figure 5-1: Generic structure of polymethylene digabamides. The polymethylene
digabamide compounds are composed of two GABA moieties separated by a
polymethylene chain of variable length. Shown here, these compounds are in their
fully extended conformation.
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n= Maximum length (A)
16.4
17.4
18.7
19.9
21.2

AN WIN

Table 5-1: Maximum distance separating GABA moieties in each of the series of
polymethylene digabamides. In their fully extended form, the maximum distance
between the amine groups in the GABA residue of each polymethylene digabamide is
listed above.
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Figure 5-2: Sample whole cell currents elicited by GABA, ZAPA, PRC232,
PRC186, PRC233 and PRC187. Currents were measured from HEK293 cells
expressing a1B82y2L GABAAR at a holding potential of -50 mV. From top to bottom:
GABA, ZAPA, PRC232 (n=3), PRC186 (n=4), PRC233 (n=5) and PRC187 (n=6). The
response to each compound is compared to the response to 300 uM GABA.
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Figure 5-3: Concentration-response curves of polymethylene digabamide
compounds compared to GABA and ZAPA. The resulting concentration-response
curves of the polymethylene digabamide compounds to HEK 293 cells transiently
expressing a1B2y2L GABAAR are shown above. Current is reported as an average
percent of maximal current + S.E.M. from at least three individual dose-response
curves derived from at least two separate transfections for each drug.
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Ligand Log ECso (M) Intrinsic
Activity (%)

GABA -4.82 +0.19

ZAPA -5.70 = 0.10
PRC185 (n=2) -5.07 £ 0.35 29+09
PRC232 (n=3) -3.35+0.11 61.4+6.5
PRC186 (n=4) -4.69 = 0.20 76.1 £4.7
PRC233 (n=5) -3.74 £ 0.10 82327
PRC187 (n=6) -2.82 £ 0.09 75.7 £ 6.5

Table 5-2: Potency and intrinsic activity of the series of polymethylene
digabamide compounds compared to GABA and ZAPA. Values are reported as an
average percent of maximal current or the average ECso + S.E.M. from at least three

individual dose-response curves derived from at least two separate transfections for
each drug.
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Figure 5-4: Two-electrode voltage clamp currents from Xenopus oocytes. Currents
evoked by GABA are in black and currents evoked by the polymethylene digabamide
compounds are in red. The lines above the current traces denote the duration of drug
application to the oocyte. Top panel: currents evoked by 1| mM PRC185 do not show
any desensitization over the duration we investigated. Middle panel: currents evoked by
3 mM PRC232 decay in a biexponential manner, while currents evoked by 0.5 mM
PRC186 (bottom panel) decay with only a single exponential.
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Desensitization (s) Amplitude (%) Time to
Peak (s)
Ligand Conc Tau 1 Tau 2 Al A2
(mM)
GABA 1 16.7+2.4 | 579+73 | 24.8+43 | 752+43 6.8+0.6
ZAPA 1 13.3+£3.1 | 524+7.8 | 233+5.1 | 76.7+5.1 52+0.8
PRC185 1 Desensitization Not - - 353+33
(n=2) Measurable
PRC232 3 13.8+3.6 | 833+104 | 144+59 | 856+59 12119
(n=3)
PRC186 0.5 - 672+7.1 - - 93+09
(n=4)
PRC233 3 - 80.8 +2.3 - - 172+43
(=5)
PRC187 10 - 64.4+£16.9 - - 6.5+1.1
(n=6)

Table 5-3: Desensitization rates of GABA, ZAPA and the polymethylene
digabamides. GABA, ZAPA and PRC232 currents displayed biexponential decay
with two time constants. The proportion of amplitude that contributes to each is
displayed above. PRC186, 233 and 187 currents showed only a single exponential of
decay. Also listed are the average times required for the current to reach its peak
response with each compound. Values are reported as mean + S.E.M. and are
obtained from a minimum analysis of four currents for each drug.
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Figure 5-5: Concentration-dependence of desensitization. The concentration of
agonist applied to oocytes increases from black, red, green to blue. Top panel: GABA
10 uM, 30 pM, 100 uM, and 1 mM. Currents evoked with 10 and 30 uM GABA are
fitted best by a single exponential of decay while currents evoked by 100 uM and 1
mM GABA decay biexponentially. Bottom panel: ZAPA 3 pM, 10 uM, 30 uM and
100 uM. As with GABA, the two lowest concentrations of ZAPA decay with a single
exponential while the two higher concentrations show two exponentials of decay.
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Figure 5-6: Proportion of the maximum current entering slow or fast
desensitization when exposed to GABA (green squares) or ZAPA (blue triangles).
Top panel: the proportion of the fast component (pA1l) of desensitization is zero at
concentrations under 100 uM GABA and 30 uM ZAPA. These concentrations appear
to be the threshold concentration at which the fast component can be measured.
Bottom panel: the respective proportion of the slow component (pA2) of
desensitization decreases as the proportion of the fast component increases.
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CHAPTER 6

GENERAL DISCUSSION
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General Discussion

Based on the results from Chapters 3 and 4 we have identified in total at least five
activated states of the a132y2L GABAAR. These are manifested as different
conductance amplitudes and different populations of open durations of these amplitude
states. Current receptor theory views different activated states as derived from
differential binding to the receptor complex, and is reflected in the concentration
dependence observed for each conductance state. Our results are consistent with these
states being derived from separate binding events. Each binding site is thought to have
different affinities for a ligand, and in addition, have unique affinities for separate
ligands. Only two of these states demonstrated co-operativity with each other, and even
then, this was observed only when the receptor was activated with GABA and not with
the partial agonists THIP or P4S.

It is widely accepted that there are two binding sites for GABA at each of the B-a
subunit interfaces. These two sites have been postulated to have different affinities for
GABA and, therefore, were not regarded as equivalent binding sites (Baumann et al.,
2003). This disparity was proposed to be attributable to the influence of the subunits
adjacent to those forming the interface since these subunits are not identical (Baumann e¢
al., 2003). Dunn & Raftery (1997a&b) further proposed additional “sub-sites™ within the
binding pocket of the nAChR, a circumstance that is likely to extend to the GABAsR
given the homology between members of the cys-loop LGIC family. A putative high
affinity binding site at the a-f3 interface with a role in desensitization has also been

suggested (Newell er al., 2000).
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Based on the total number of postulated binding sites for both the nAChR and the
GABAAR, there are theoretically enough binding sites on the receptor complex to
accommodate a model that involves multiple binding events. From the single channel
studies using GABA, THIP or P4S to activate the channel, we propose the following
model as a summary of these results. Each of the small blue circles represents a ligand
molecule binding to a distinct binding site on the receptor (illustrated as the larger blue
circles). Each binding event leads to an activated state of the receptor which is more
permissive to channel opening(s). The co-operativity observed between the short and
long full-conductance states was not observed when the receptor was activated by either
THIP or P4S. It may be that the rate of conversion from the short full-conductance state
to the long full-conductance state is very long when the receptor is activated by THIP or
P48, or that the affinity for P4S and THIP at the site that produces the long full-

conductance currents is very low.

Short sub-
conductance

Mini- q Long sub-
conductance KO/ \ I / conductance
Inacts

S —@&
Long ful- Short full-
conductance conductance
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From the results obtained in Chapter 5 it is not possible to predict where the two
desensitization states we observed would fit into the above model. It is possible, based
on the desensitization studies performed by other investigators (Haas & Macdonald,
1999; Bianchi & Macdonald, 2002) that there are additional fast desensitized states of the
receptor that we could not measure using the Xenopus oocyte system and best fit least
squares analysis. Due to the millisecond time constants of these particular desensitization
states, they are incompatible with our model since such time frames do not match the
observed occurrence of the mini-, sub- or full-conductance currents.

The investigation of the desensitization rates of these GABAARs activated by the
series of polymethylene digabamide compounds illustrated a difference in desensitization
kinetics of compounds longer than 18.7 A (butylene digabamide) compared to the shorter
polymethylene digabamide compounds or GABA or ZAPA. As this difference in
desensitization may reflect differences in binding, one possibility for this observation is
that compounds longer than 18 A might be capable of binding to two binding sites on the
receptor. This would suggest that two of the binding sites might be found within
approximately 18 A of each other.

Single channel work with butylene digabamide was attempted but, unfortunately,
the open channel noise was too great to analyze the recordings in the same manner as the
GABA, THIP and P4S recordings. Even very low concentrations of butylene digabamide
yielded very noisy results. However, the conductance amplitudes that were observed
appeared to be close to those which were observed with GABA, THIP or P4S evoked
channel activation. Certainly there was no ‘super’-conductance state observed, which

may have provided an explanation for the ‘superagonism’ that Carlier et al. (2002)
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reported for this compound in ion flux experiments. The differences that were observed
in channel desensitization kinetics seems the most likely explanation for this compound
appearing as a ‘super agonist’ in ion flux experiments but appearing as a partial agonist in
whole cell recordings.

While the mechanism involved in determining the conductance of the cys-loop
LGICs has not been completely elucidated, it has been shown that the channel
conductance is influenced by both the TM2 domain (Imoto et al., 1988) as well as the
TM3-TM4 intracellular loop (Kelley er al., 2003). However, at this time it is not clear
what structures of the receptor are involved in generating the sub-conductance currents
that are so commonly observed in GABAR single channel recordings. Whether agonist
binding can lead to various conformations of the receptor pore and/or the intracellular
vestibules is unknown.

These five activated states that we observed may reflect different conformations
that the receptor undergoes during channel activation. Depending on the structure and
size of the agonist, certain conformations may be energetically more favourable than
others, explaining why certain conductance states are seen more often than others with
different agonists. When each of these binding sites is bound with an agonist molecule,
the conformation need not change to the same extent, leading to the different activated
states of the receptor. The effect that such graded conformational changes have on gating
are more difficult to conceive in detail. As ion permeation through the channel is single
file, variations in conductance must derive from changes in the rate of ion transition
through the channel. In turn, the rates of ion transition are determined by the positioning

of energy barriers within the transition pathway such as described for the nAChR by
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Cymes et al. (2005) and Hung et al. (2005). Thus variances in conduction values may

reflect variable repositioning of these energy barriers to ion passage.

Future Directions

Progress has been made in identifying the structures within the SHT;R that
control the conductance of this channel. Kelley ef a/. (2003) implicated three conserved
arginines (432, 436 and 440) of the internal vestibule (the portals) in controlling the
conductance of this channel. While these arginines are not conserved in the GABAAR, so
much homology is shared within the cy-loop LGIC superfamily, especially in terms of
structure, that it is possible that there are regions within the internal vestibule of this
receptor that determine the conductance of this channel as well. Furthermore, it may be
possible that the conductance currents are controlled within this region, possibly at the
interfaces of different subunits. It is not clear at this time how the channel gate would be
able to control the portals, but it might not be a stretch of the imagination to consider how
the rotation of the TM2 after agonist binding (Miyazawa et al., 2003) might be translated
along the entire length of this segment of the protein and cause movements in the internal
vestibule. There remains much work to be done to elucidate how the different
conductance currents are achieved, and considering the internal vestibules may be an
appropriate place to begin. For simplicity’s sake, this would probably best be achieved

using an af GABAR, since this receptor only demonstrates two conductance states

(Angelotti & Macdonald, 1993a) and likewise will only have - and B-a interfaces.

While some of this work has been started with the nAChR (Hales et al., 2006; Peters et
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al., 2006), it will be interesting to see how this translates to the glycine receptors and
GABAARs.

There is also evidence that the conductance of a cys-loop LGIC might also be
controlled at and around the TM2 domain (Imoto et al., 1988). This region could serve to
be further investigated. As ligand binds to each of the ligand binding sites, the energy
barriers to ion passage in the pore region of the receptor may be removed at different
extents as the TM2 domains rotate. This may lead to different activated states of the
receptor, as mentioned above.

Mutagenic studies on both of these regions may provide more evidence for the
structures that determine the multiple channel conductance currents. These types of
studies introduce their own uncertainties, due to the possibility that the changes observed
are caused by allosteric effects of the mutation as opposed to a direct action of the
mutation. However, coupled with functional studies, mutational work could provide
clues to the roles of specific amino acid residues in the pore region of the receptor.

Despite the poor results obtained from single channel work with butylene
digabamide, it may be useful to try to obtain single channel recordings of channel
activation by the other polymethylene digabamide compounds. While the same type of
single channel analysis done for GABA, THIP and P4S activated channels may not be
possible, nor even required, further single channel investigation may provide further
insights into the channel behaviour. For example, if all of these compounds produce very
noisy single channel recordings, this might point to less stable interactions of these

compounds to the binding sites leading to less stable conformational states of the

165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



receptor. If the other compounds generate analyzable results, it may be possible to
investigate whether the behaviour of any of the conductance states changes.

Modeling of these polymethylene digabamide compounds to the binding pocket,
such as was accomplished with the bisquaternary ligands at the nAChR (Carter et al.,
2006), would also be an interesting venture. This type of data could provide information
into the distances that these compounds can reach from the binding pocket and determine
if there are any other regions of the receptor within the vicinity of the second functional
group where this group could bind once the first group is bound to the binding site.
Modeling of this sort could determine if there are other binding sites that have not yet
been characterized and novel interactions of these compounds with the receptor may be
determined. While the interpretation of the results obtained from using these types of
bisfunctional ligands can be difficult, these are still interesting tools to use in probing the
function of the GABAAR.

Despite the great strides that have been made in determining the structure, ligand
binding domains and channel gating of members of the cys-loop LGIC superfamily, none
of these processes has been completely explained. Considering the importance of these
receptors in normal function, and specifically the role of GABAAR in fast inhibitory
synaptic activity, understanding their activity could provide great insight into greater
functionality of the central nervous system. Also, certain disease states such as
Angelman’s syndrome and some types of epilepsy are caused by or involve specific
problems involving GABAAR. Understanding the normal activity of these receptors may
provide more basis for understanding abnormal activity in disease states and bring us

closer to creating therapies that directly target the malfunction of the receptor.
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