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ABSTRACT

This thesis consists of three manuscripts that examine the effects of amino acids and
inhibitory neurotransmission in ventrobasal thalamus, a region of the brain responsible
for processing nociceptive information. In the first manuscript we examined the
possibility that a proposed antagonist of receptors for endogenous amino acids was
selective for -amino acids. In the second manuscript, we determined the ionic
mechanism of action of isovaline, a non-biogenic amino acid with chemical similarity to
glycine and GABA. In the third manuscript, we determined that the inhibitory action of

isovaline is mediated by metabotropic receptors, likely GABAg.

In the first manuscript we used whole-cell patch clamp electrophysiology and
immunohistochemistry to examine the differential antagonism of GABAergic IPSCs by
a proposed B-amino acid antagonist, TAG. In IPSCs that were attributable to both
GABAergic and glycinergic stimulation, TAG significantly reduced both components.
TAG had no effect in purely GABAergic IPSCs. Our data supports the hypothesis that

a specific GABAA, subunit, a4, is sensitive to the 3-amino acid antagonist, TAG.

The second manuscript examines the ionic mechanism of action of isovaline,
demonstrated to have analgesic properties in animal models. Isovaline inhibited action
potential firing of thalamocortical neurons by activating a long-lasting potassium
conductance that was insensitive to the glycine antagonist, strychnine. The sensitivity of

isovaline currents to K channel blockers, their reversal near Ex and Nernstian behavior



on changing the extracellular [K™] confirmed K* current involvement in isovaline

inhibition.

Since glycine receptors were not apparently involved in isovaline action, we proceeded to
determine whether the actions of isovaline were mediated by a metabotropic receptor. In
the third manuscript we showed that the long-lasting inhibition of isovaline was
eliminated by preventing activation of G-proteins and by antagonism of GABAg
receptors. Alteration of GABAg receptor function by CGP7930, an allosteric GABAg
modulator, resulted in a potentiation of isovaline’s actions, and the current-voltage
relationship of isovaline was similar to that of baclofen, a GABAg agonist. However
isovaline also had actions that were different from baclofen. For example, isovaline
increased a transient ‘A-type’ potassium current and did not activate some neurons that

responded to baclofen.
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1. GENERAL INTRODUCTION

1.1 Scope of thesis

This thesis consists of three manuscripts that examine the effects of amino acids and
inhibitory neurotransmission in ventrobasal (VB) thalamus, a region of the brain
responsible for processing somatosensory information, including nociception (Potes et
al., 2006a). The first manuscript of this thesis examines the action of an antagonist for
amino acid receptors in VB thalamus, implicating that blockade of inhibitory amino acid
neurotransmitters varies with the subunit composition of the receptor. In the second
manuscript, we examine the ionic mechanism of action of isovaline, an analgesic amino
acid that is a structural analog of glycine and y-aminobutyric acid (GABA), on neurons of
VB thalamus. The third and final manuscript examines whether the action of isovaline
on thalamocortical neurons is receptor-mediated. The implications of these manuscripts

are discussed in the General Discussion.

In the first manuscript, we examine inhibitory synaptic input into VB thalamus using an
antagonist of inhibitory amino acid receptors, TAG (taurine antagonist, 6-aminomethyl-
3-methyl-4H-1,2,4-benzothiadiazine-1,1-dioxide). Earlier reports from our laboratory
have shown that there are different decay kinetics of inhibitory postsynaptic currents
(IPSCs) in VB thalamus (Ghavanini et al., 2006). We speculated that the heterogeneity
of IPSC kinetics observed by Ghavanini et al. (2006) was due to activation of glycine
receptors by glycine and -amino acids (taurine and B-alanine). To examine this
hypothesis, we use the amino acid antagonist TAG on identified glycinergic and

GABAergic IPSCs. We were surprised to find that TAG had different effects on



glycinergic and GABAergic IPSCs. TAG reduced the glycinergic component in both
pure and mixed IPSCs, but it only antagonized the GABAaergic component of mixed
IPSCs, not purely GABAergic IPSCs. We believed that this difference of GABAergic
transmission was due to subunit composition differences of pure versus mixed IPSCs.
We used immunohistochemistry to support the idea that GABAA a4 subunits were
associated with glycine receptors and likely led to mixed IPSCs, while pure IPSCs were
likely a result of action on GABAaal subunits. GABAA, receptors with the a4 subunit
may be responsible for TAG’s antagonistic effects on the GABA aergic component of
mixed IPSCs. These results suggest that specific receptor subunits may provide targets

for pharmacological tools designed to treat pain.

The second manuscript sought to identify the ionic mechanism of action of isovaline, an
analgesic amino acid that is a structural analog of glycine and y-aminobutyric acid
(GABA), on neurons of VB thalamus. We used whole-cell patch clamp
electrophysiology to identify the actions of bath-applied isovaline, measuring changes in
input conductance and membrane potential, as well as current-voltage relationships, to
identify which ion(s) were involved in the response. Using pharmacological blockers we

confirmed a role for potassium in isovaline action.

Based on the long-lasting effects of isovaline, in the third manuscript we believed that the
actions of isovaline on thalamocortical neurons were due to metabotropic receptor
activation. Using whole-cell electrophysiology and pharmacological tools, we provide

evidence that isovaline actions are mediated by a metabotropic receptor, possibly



GABAg. However, isovaline does not behave as an agonist at GABAg receptors;
namely, it activates a persistent conductance change that increases on washout of the

compound. It also does not activate all GABAg expressing neurons.

In summary, the first manuscript supports the idea that the heterogeneous antagonism by
TAG of GABAergic IPSCs is due to the subunit composition of GABAA receptors in
VB thalamus. The second manuscript shows that the novel analgesic amino acid
isovaline inhibits thalamocortical neurons by activating a long-lasting potassium
conductance. The third and final manuscript provides evidence that isovaline’s actions
are mediated by a metabotropic receptor, likely GABAGg, although some of its actions are

different from the GABAg agonist, baclofen.

1.2 Background

1.2.1. Ventrobasal thalamic nuclei

The ventrobasal (VB) thalamic complex is located in the dorsal thalamus, in the
diencephalon of mammals (Jones, 1985). The VB complex is the principal thalamic
centre for the processing of somatosensory information (Sherman, 2005). VB thalamus
is composed of two nuclei, the ventral posterolateral (VPL) and ventral posteromedial
(VPM) nuclei (Jones, 1985). This distinction is made primarily on the afferent input to
each nucleus. The VPM nucleus receives input predominantly from the head and neck
regions by way of the trigeminal nerve (Abe, 1978). The VPL receives input
predominantly from the body via the medial lemniscus and spinothalamic tract

(Applebaum et al., 1979). The sizes of the nuclei vary according to the amount of



innervation density from the two regions. For example, in rodents that have whiskers on

their face for sensing tactile information, the VPM tends to dominate (Jones, 1985).

There are two classes of neurons in VB thalamus, thalamocortical relay neurons and
inhibitory interneurons. Thalamocortical neurons project outside the thalamus to the
cortex (Yen and Jones, 1983), and have a characteristic burst firing mediated by low-
threshold calcium spikes (LTSs), common to all thalamocortical neurons (Pape and
McCormick, 1995). This feature endows thalamocortical neurons with the ability to have
tonic and burst firing modes. Tonic firing occurs when the membrane potential is
relatively depolarized which inactivates the LTS (Pape and McCormick, 1995). Upon
depolarizing input, the neuron displays tonic firing of action potentials with
approximately equally spaced interspike intervals. Burst firing occurs when the
membrane potential of a neuron is hyperpolarized and is due to de-inactivation of LTSs.
Upon depolarization, calcium channels open which causes an LTS and bursting of
sodium-dependent action potentials on top of the slower calcium-mediated LTS (Weyand
etal., 2001). Inhibitory interneurons lack this LTS burst firing (Turner et al., 1997), and
are very few in number in VB thalamus of the rat (i.e., 0.4% of all cells; Harris and

Hendrickson, 1987).

Nuclei of VB thalamus project to Brodmann’s areas 1, 3, 4, 5 and 6 in the somatosensory
cortex of the rat (Herkenham, 1980). VB thalamus also receives input from the cortex,
from corticothalamic neurons of layer V1 of primary somatosensory cortex, which likely

help shape responses of VB thalamocortical neurons (Alitto and Usrey, 2003).



The nucleus reticularis thalami (nRT) is a major source of inhibition to VB thalamus. It
surrounds the rostral aspect of VB thalamus and contains mostly GABAergic
interneurons (Jones, 1985). The nRT receives input from both VB thalamus as well as
cortex and when excited, it releases GABA onto neurons of VB thalamus as well as other

nuclei of dorsal thalamus (Gentet and Ulrich, 2003).

1.2.2. Inhibitory neurotransmitter receptors

Three major inhibitory receptors, GABAA,, glycine and metabotropic GABAg receptors,
are present in VB thalamus (Roberts et al., 1992; Ghavanini et al., 2005; Ulrich and
Huguenard, 1996). Each of these receptors has a prominent role as discussed in the

manuscripts of this thesis.

1.2.2.1. GABAA receptors

GABA ergic inhibition in VB thalamus has been implicated in mediating neuropathic
pain, epileptogenesis and anesthesia (Roberts et al., 1992; Huguenard and Prince, 1994,
Wan et al., 2003). Under physiological conditions, GABAA receptors would
hyperpolarize the neuronal membrane, lowering the membrane potential away from the
threshold for firing tonic action potentials. Under these circumstances, thalamocortical
neurons are more likely to produce burst firing upon depolarization. This burst firing
may be responsible for establishing states of consciousness like sleep and anesthesia

(Wan et al., 2003).

There are three types of receptor for GABA in the central nervous system, ionotropic

GABA and GABA receptors, and metabotropic GABAg receptors (Kandel and



Seigelbaum, 2000). GABAA receptors are heteropentamers, which form a chloride
channel (Kandel and Seigelbaum, 2000). While GABAA receptors generally contain two
o, two 3, and one y subunit, there are nineteen GABA subunits available which combine
to form the pentamer, including a6, B1-3, Y1-3, O, €, 7, O or p;_3 (Steiger and Russek,
2004). The B subunit is responsible for conferring chloride selectivity to the receptor
(Jensen et al., 2002). In addition to the subunit composition of a receptor, the order of

the subunits is also important, as receptor modulation is possible at interfaces between

receptor subunits (Wingrove et al., 1997).

The ligand-binding domain of GABAA, receptors is on the a-subunit, which is also the
binding site of the antagonist bicuculline (Jensen et al., 2002). Differences in the type of
a-subunit can alter the sensitivity of the receptor to a ligand (Mohler et al., 1992). For
example, the extrasynaptic a4 subunit is known to be activated with greater efficacy by
taurine than the a1 subunit (Jia et al., 2008). This implies that 3-amino acids, such as
taurine, might have a more prevalent role at maintaining tonic inhibition than in synaptic

inhibition.

GABAergic and glycinergic IPSCs inhibit neurons by both hyperpolarizing the
membrane potential of a neuron away from the threshold for action potential production,
and by shunting excitatory input by increasing the conductance of the postsynaptic
neuron. To effectively shunt incoming excitatory currents, inhibitory receptors are in

high numbers at the proximal dendrites and soma (Kandel and Seigelbaum, 2000). This



allows activation of the inhibitory receptors to shunt excitatory input before the

excitatory input reaches the axon hillock for action potential production.

Once activated by a ligand, GABAA, receptors mediate inhibition by becoming permeable
to chloride ions (Kandel and Seigelbaum, 2000). When these channels are open,
negatively charged chloride ions flow across the membrane (D’Hulst et al., 2009). The
functional consequence of activating a chloride current depends on the concentration
gradient of chloride on either side of the membrane, as well as the chloride conductance.
In adult animals, the concentration gradient of chloride is higher outside the neuronal
membrane than inside (Blaesse et al., 2009), so that activation of the receptor leads to an
inward movement of chloride, which hyperpolarizes the neuron. However, the chloride
gradient is the shifted in young animals, with lower concentrations of chloride outside the
cell than there are in adults (Balakrishnan et al., 2003). This is an important distinction,
as activation of GABA receptors in younger animals leads to an efflux of chloride from

the cell, and this inward current depolarizes the neuron.

The difference in chloride gradient between immature and mature animals is due to a
developmental switch in the transport of chloride ions across the neuronal membrane
(Blaesse et al., 2009). In young animals, transport of chloride into the neuron via
NKCC1 transporters results in elevated intracellular chloride ions (Balakrishnan et al.,
2003). However, in mature neurons KCC2 and KCC3 co-transporters become active in
the cell membrane, which pump more chloride ions outside the cell, leading to lower

chloride concentrations inside the neuronal membrane (Blaesse et al., 2006).



The magnitude and kinetics of IPSCs are determined, in part, by the number and kinetics
of the single channels that give rise to the ISPCs. A greater number of activated channels
leads to larger IPSCs (Sakmann, 1992). Similarly, the closing time of the single
channels, in addition to diffusion of the ligand in the extracellular space, helps determine
the decay rate of IPSCs, as slower single channel kinetics lead to slower rates of decay of
IPSCs (Sakmann, 1992). For example, GABAA, receptors containing the a4 subunit are
known to open for longer periods of time than those containing the a1 subunit

(Keramidas and Harrison, 2008).

The subunit composition of GABAA receptors varies depending on anatomical location
(Pirker et al., 2000). Of relevance, al, a4, B2, y2 and & subunits are expressed
abundantly in VB thalamus (Pirker et al., 2000). Fast, transient GABAaergic responses
occur due to activation of synaptic GABAA, receptors containing al/B2/y2 subunits
(Farrar et al., 1999). GABAA receptors composed of a4/32/5 subunits are more often
located extrasynaptically, and mediate tonic inhibition (Jia et al., 2005). Upon repeated
activation of inhibitory nerve terminals, spillover of GABA from the synapse would
activate these extracellular receptors, hyperpolarizing the neuron. It is believed that the
extrasynaptic location of a4/32/3-containing GABAA receptors is due to the o subunit

(Jia et al., 2005).

The exact mechanism by which extrasynaptic GABAA receptors mediate tonic inhibition

is not completely clear. Activation of these receptors most likely occurs due to spill-over



of GABA from synaptic release onto the postsynaptic neuron (Jia et al., 2005).
Presumably, activation of these receptors would increase the conductance of the
membrane, making it less sensitive to changes from excitatory input, effectively acting as
a shunt. It was recently shown that activation of extrasynaptic GABAAa receptors in CAl
hippocampal neurons results in changes to the threshold for firing an action potential and
does not shunt excitatory input (Pavlov et al., 2009). This suggests that activation of
extrasynaptic receptors reduces the likelihood of firing in the postsynaptic neuron by

raising the threshold for action potential generation.

1.2.2.2. Glycine receptors

The discovery of functional, inhibitory glycine receptors in ventrobasal thalamus
expanded the early view that functional glycine receptors were only found in caudal
regions of the neuraxis (Ghavanini et al., 2005). Interestingly, two types of glycinergic
IPSCs, short and long, are observed in VB thalamus upon medial lemniscal stimulation
(Ghavanini et al., 2006). The decay time constant of short IPSCs was 12 ms, while long
IPSCs had a decay time constant of 80 ms. This matched the decay time constants from
spontaneous IPSCs (Ghavanini et al., 2006). The inference of this study was that

recordings were the result of two distinct receptor populations, slowly decaying a2

subunit receptors and faster a1 receptors.

Glycine receptors are heteropentamers that consist of a and  subunits. The o subunits
are responsible for ligand-binding whereas the 3 subunits are responsible for trafficking

the receptors to the synapse by interaction with the anchoring protein, gephyrin (Kirsch



and Betz, 1995). While it is possible to have functional glycine receptors that are
homomeric for o subunits (Kirsch and Betz, 1995), these are not strongly expressed in
adult neurons and are considered to be extrasynaptic, due to the lack of the 3 subunit-
gephyrin interaction (Lynch, 2009). B subunits are not capable of forming functional
homomers (Bormann et al., 1993), likely because they are not able to bind a ligand
(Lynch, 2009). The general stoichiometry of glycine receptors in mature neurons is

either 3. and 23 subunits (Grenningloh et al., 1987), or 2a. and 3 (Kuhse et al., 1993).

Four a isoforms have been described, a.4, in addition to a single 3 subunit (Lynch,
2009). The al subunit is the most prevalent o subunit in the adult brain, and the majority
of functional, synaptic glycine receptors are believed to be composed of a1 heteromers
(Lynch, 2009). The a2 subunits are prevalent in young animals, with expression
dropping substantially in adults (Becker et al., 1988). Conversely, expression of al
increases postnatally (Lynch, 2004). Expression of the a3 subunit seems to be limited to
nociceptive areas of the nervous system, such as in the spinal dorsal horn (Harvey et al.,
2004). Indeed, mice lacking this specific subunit are immune to inflammatory pain
caused by prostaglandin E2 (Harvey et al., 2004). Expression of a4 appears to be
restricted to the chick, as there is very little expression of the a4 subunit in either rat or

human (Harvey et al., 2000).

Antagonists for glycine receptors include strychnine and the chloride channel antagonist
picrotoxin. Strychnine is a competitive antagonist at the ligand-binding site of the

glycine receptor o subunit (Lynch, 2004). Picrotoxin is an allosteric antagonist of both
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GABAA and glycine receptors, although it is able to block more GABAA receptors than

glycine receptors at lower doses (Lynch, 2004).

Along with GABAA receptors, glycine receptors are ionotropic receptors that are
permeable to chloride ions upon activation. The developmental change in chloride ion
gradient mentioned above has similar implications for glycine as for GABAA receptors.
Activation of glycine receptors in juvenile animals leads to a depolarization of the
neuronal membrane, whereas activation of glycine receptors in adult animals

hyperpolarizes the membrane (Wang et al., 2005).

1.2.2.3. GABAGg receptors

GABAg receptors are heterodimers consisting of GABAg; and GABAg; subunits. Both
subunits have seven transmembrane domains, and both have an extracellular region that
is best modelled with a ‘Venus flytrap’ module in which the binding of the ligand results
in closure of the two lobes of the extracellular domain (cf: Fig. 1.1; Galvez et al., 1999).
The GABAGg: subunit contains the agonist binding site, whereas the GABAg; subunit
couples the receptor to G-proteins which inhibit adenylyl cyclase via G, subunits (Hill,
1985; Kaupmann et al., 1998; Galvez et al., 1999). While the GABAg; subunit has a
similar ‘“Venus flytrap’ structure to GABAGR;, this region of the GABAg; is not known to
bind any ligand directly (Bettler and Tiao, 2006). Both subunits must heterodimerize in
order to form a functional receptor (Kaupmann et al., 1998). The GABAg, subunit is
required for trafficking of GABAGg; to the cell membrane, as cells without GABAg;

accumulate GABAg; in the endoplasmic reticulum (Kaupmann et al., 1998). While
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GABAg: is able to be inserted into the cell membrane without GABARg1, it is not able to

function as a receptor, likely due to its inability to bind ligands (Couve et al., 1998).

There are 2 known subtypes of GABAGg; receptor, GABAg1, and GABAg1, (Bettler and
Tiao, 2006). The only difference between the two subtypes is the presence of N-terminal
protein interaction motifs called Sushi domains, which are involved in subcellular
localization (Biermann et al., 2010). Specifically, the GABAGg1, subtype is localized to
axon terminals due to the presence of Sushi domains, while GABAg3;, subtypes are not
found in the presynaptic terminal due to the lack of Sushi domains (Biermann et al.,
2010). While attempts have been made to identify pharmacologically distinct GABAg
isoforms (Cunningham and Enna, 1996; Pham and Lacaille, 1996), these experiments
have not been readily reproducible, are not supported by current molecular models
(Bettler and Tiao, 2006). Therefore, the existence of pharmacologically distinct GABAg

receptors is still a topic of debate.

Agonists of GABAg receptors include the endogenous ligand GABA, as well as baclofen
(B-chlorophenyl GABA) which can be used to identify the presence of GABAg receptors
(Bowery et al., 1980). These two ligands differ in their ability to activate the receptor in
that GABA requires the presence of Ca** ions to effectively stimulate the receptor, while
baclofen does not (Galvez et al, 2000b). Positive allosteric modulators of GABAg

include GS39738 and CGP7930, which bind to the heptathelical domain of the GABAg;

subunit and potentiate the responses of agonists that bind to the GABAg; subunit
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(Urwyler et al., 2005). Several compounds antagonize GABAg receptor activation,

including CGP35348 and CGP52432 (Urwyler et al., 2004).

Upon activation of the GABAg receptor, the Ga protein changes its conformation,
allowing it to exchange GTP for GDP (Brown and Sihra, 2008). This conformational
change allows both G-protein subunits, Go. and Gy, to activate their respective effector
proteins (see: Fig. 1.1). The GBy subunit directly couples to G-protein-coupled inwardly
rectifying K™ (GIRK) channels, where it activates the channels (Bettler et al., 2004). Gy
also directly couples to calcium channels, which it closes (Callaghan et al., 2008).
Activation of GABAg receptors can also lead to increases in other potassium channels
through second messenger cascades via the Ga subunit (see below), including outwardly

rectifying and leak K* channels (Saint et al., 1990; Deng et al., 2009).

The Ga subunit inhibits adenylyl cyclase activity, which leads to reduced cyclic AMP
concentrations and, as a result, lower PKA levels (Hill, 1985). This change in adenylyl
cyclase activity leads to alterations of a variety of transcription factors (ATF4; Steiger et
al., 2004) and kinases (Src; Diverse-Pierliussi et al., 1997; PKA, Couve et al., 2002).
Activation of the G-protein subunits is terminated by the endogenous GTPase activity of
the Ga subunit. Once GTP is exchanged for GDP, the Ga. re-associates with Gy to stop
the actions of the G-protein. The GTPase activity of the Ga subunit is modified by
regulator of G-protein signalling proteins (RGS), which enhances both the rate of G-

protein activation and inactivation (Fig. 1.1; Fowler et al., 2007).
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GABAg receptors, and the channels they activate, are vulnerable to modification from
many intracellular enzymes. Protein kinase A is involved in regulating desensitization of
GABAg receptors. Increasing protein kinase A, which is reduced following GABAg
activation, prevents GABAg receptor desensitization (Couve et al., 2002).
Desensitization via PKA involves internalization of the receptors, and phosphorylating a
specific residue on the GABAg; subunit stabilizes the location of the receptor in the
cellular membrane. Conversely, inhibition of N-methylmaleimide-sensitive factor (NSF)
proteins, which are known to be associated with GABAg receptors, prevents GABAg
receptor desensitization (Pontier et al., 2006). GABAg stimulation leads to activation of
Src kinase (Diverse-Pierliussi et al., 1997). Src kinase can both increase (Yue et al.,
2009; Gomes et al, 2008) and decrease (Fadool et al., 1997; Clayton et al., 2009) the
magnitude of potassium currents activated by GABAg receptors, including outwardly

rectifying I (Gomes et al., 2008) and inwardly rectifying Kig channels (Yue et al., 2009).

Recently, it was revealed that GABAGg receptors are tightly coupled to a subfamily of
KCTD (potassium channel tetramerization domain-containing) proteins through the
GABAGg; subunit (Schwenk et al., 2010). These KCTD proteins were found to increase
potency and accelerate onset and inactivation of GABAGg receptors (Schwenk et al.,
2010). The presence of particular KCTD proteins was described as a potential
mechanism responsible for some of the pharmacologically distinct actions of GABAg

receptors (Schwenk et al., 2010).
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GABAg receptors are found on both pre- and post-synaptic membranes. When pre-
synaptic, they can be autoreceptors or heteroreceptors, depending on whether they exist
on inhibitory or excitatory terminals (Bettler and Tiao, 2006). Presynaptic GABAg
receptors are believed to inhibit neurotransmitter release predominantly via inhibition of
Ca”" influx into the presynaptic terminal (Mintz and Bean, 1993). The receptors coupled
to K* channels may be less common at presynaptic sites (cf. Thompson and Gahwiler,
1992). Postsynaptic GABAg receptors are generally coupled to K* channels (Ulrich and

Huguenard, 1996; Luscher et al., 1997).

Postsynaptically, GABAg receptors are found around the base of dendritic spines
apposed to putative glutamatergic synapses (Kulik et al., 2002). In this way, it appears as
though the role of postsynaptic GABAg receptors is to shunt excitatory postsynaptic
potentials (Kulik et al., 2002; Bettler and Tiao, 2006). Presumably, their activation
comes about as a result of spill-over of ambient GABA from GABAergic synapses

(Bettler and Tiao, 2006).

1.2.3. Isovaline

Isovaline is an a-amino acid that is structurally similar to glycine, as well as GABA (Fig.
1.2). Isovaline is a non-biogenic amino acid that is found as a racemate in carbonaceous
meteorites (Kvenvolden et al., 1971; Zhao and Bada, 1989). Isovaline is also found as
part of an antibiotic peptide constructed by filamentous fungi (Bruckner et al., 2009;
Raap et al., 2005). These fungi, which include genera Emericellopsis and Trichoderma,

are able to synthesize peptaibiotic antibiotics, named because they are peptides that
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contain aminoisobutyrate (AIB; Bruckner et al., 2009). These compounds, which can
range from 4 to 19 amino acids in length, have the remarkable ability to form voltage-
dependent ion channels within lipid bilayers (Condamine et al., 1998; Raap et al., 2005).
These channels increase the permeability of the bacterial cell wall which may be
responsible for their antibiotic action (Condamine et al., 1998). Although they are non-
biogenic, isovaline and its structural analogue, AlIB, are known to be actively transported

by the gut into the bloodstream (cf: Christensen, 1962).

Recently, isovaline was shown to have antinociceptive properties (MacLeod et al., 2010).
Intravenous administration of isovaline in mice reduced chronic phase 2 pain in a
formalin foot test. Isovaline was also effective at countering phase 2 pain when
administered intrathecally in mice. Isovaline had anti-allodynic properties after treatment
with strychnine. There were very few side effects of isovaline (i.e.: no sedation,
scratching, agitation, or motor impairment) compared to controls. Interestingly, the S-
isomer of isovaline was the only isomer effective at treating acute phase 1 pain in the
formalin foot test. The antinociceptive properties, combined with few side effects,

suggest that isovaline may have the potential to be an effective analgesic agent.

1.3. Overview and objectives

This thesis consists of three manuscripts that examine the effects of amino acids and
inhibitory neurotransmission in ventrobasal thalamus. The first manuscript examines the
actions of the B-amino acid antagonist, TAG, on pharmacologically identified IPSCs in

VB thalamus, to test whether the heterogeneity of IPSC kinetics was due to activation of

16



glycine receptors by glycine and 3-amino acids. Next, we examine the ionic action of
isovaline to identify how this analgesic amino acid inhibits neurons of VB thalamus.
Last, we look for a receptor-based action of isovaline to determine if the persistent action

observed is due to activation of a metabotropic receptor.

Following the observation that functional glycine receptors exist in ventrobasal thalamus
(Ghavanini et al., 2005), two types of glycinergic IPSCs were observed in VB thalamus
upon medial lemniscal stimulation (Ghavanini et al., 2006). The results of the work
suggested to us that the different responses were due to heterogeneity of the receptors.
We used the amino acid antagonist TAG to determine whether heterogeneity of

glycinergic IPSCs was due to activation by glycine versus activation by [3-amino acids

like taurine or B-alanine.

In the course of the TAG work, concurrent research on novel analgesic properties
provided an impetus for studying the actions of isovaline on inhibitory neurotransmitters
in ventrobasal thalamus. The basis for testing isovaline was related to its chemical
similarity to glycine which presumably modulated inhibitory somatosensory transmission
in VB thalamus via glycine receptors. Knowing that VB thalamus receives nociceptive
input from the spinothalamic tract, and that VB thalamus has functional glycine
receptors, we hypothesized that isovaline activated glycine receptors in VB thalamus in

the second manuscript.
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On investigating an ionic mechanism of isovaline action, we were surprised to discover
that the inhibitory actions of isovaline did not involve an increase in chloride
conductance and was insensitive to strychnine. Isovaline increased a long-lasting
potassium conductance. Both p-opioid and GABAg receptors are involved in an anti-

nociceptive role and are prominent in VB thalamus (Potes et al., 1996b). The long-

lasting action of isovaline was reminiscent of a K*-activating metabotropic receptor. The

structural similarity between isovaline and GABA led us to suspect that isovaline might

be activating GABAg receptors, as dealt with in the third manuscript.
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Figures
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Figure 1.1. Schematic representation of the GABAg receptor. Binding of the ligand
(GABA or Baclofen) to the ‘Venus flytrap’ region of the GABAg; subunit causes a
conformational shift that either dissociates or alters the arrangement of Ga. and Gy
subunits by exchange of GDP for GTP at the Go. subunit. Free GBy subunits activate K*
currents (indicated with +) as well as inhibit Ca?* channels (indicated with -). The free
Ga subunit inhibits adenylyl cyclase (AC) (indicated with -), which results in lower
CAMP levels, which drops PKA. The GTPase activity of Ga subunit is increased by
Regulators of G-protein Signalling proteins (RGS). Once the Ga. and Gy are re-

associated, the actions of the receptor are terminated. GDP = guanosine diphosphate;

19



GTP = guanosine triphosphate; GABA = y-aminobutyric acid; cAMP = cyclic adenosine

monophosphate; PKA = protein kinase A. Figure adapted from Bowery and Smart, 2006.
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Figure 1.2. Chemical structures of isovaline (R-isomer), glycine and GABA (y-amino

butyric acid).
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2. 'FIRST MANUSCRIPT: EFFECTS OF THE B-AMINO ACID ANTAGONIST TAG ON
THALAMOCORTICAL INHIBITION

2.1. Introduction

In the central nervous system, receptor antagonism is instrumental for elucidating the
nature of the neurotransmitter that mediates synaptic inhibition. For issues of co-
mediation by y-aminobutyric acid (GABA) and glycine, the selectivities of antagonists
are critical for identifying inhibitory postsynaptic currents (IPSCs). In mixed IPSCs,
bicuculline or gabazine antagonizes the GABAaergic component and not glycine
receptors, whereas the reverse is true for strychnine which only blocks the glycinergic
component (Jonas et al., 1998; Dumoulin et al., 2001). Combined GABA, and glycine
receptor antagonism eliminates the mixed IPSCs, frequently observed in thalamic
neurons, which less commonly display pure GABAaergic and pure glycinergic IPSCs

(Ghavanini et al., 2005; cf. cerebellum, Dumoulin et al., 2001).

The observed biophysical characteristics of mixed and pure IPSCs may result from
precise receptor subtypes that play a crucial role in transmitter agonist recognition and
kinetic properties (cf. Takahashi et al., 1992; Keramidas and Harrison, 2008). Thus, the
a1B2v2 GABAA receptor subtype which is abundant at forebrain synapses (cf. Farrar et al.,
1999) likely mediates the pure GABAergic IPSCs that decay with a time constant of
~22 ms) (Ghavanini et al., 2006). Although the presence of the 6 subunit often results in

receptor expression in the extrasynaptic membrane, atypical GABAA, receptors of

1 A version of this chapter has been published. Mathers DA, McCarthy, SM, Cooke JE,
Ghavanini, AA. and Puil, E. (2009) Effects of the 3-amino acid antagonist TAG on
thalamocortical inhibition. Neuropharmacology. 56: 1097-1105.
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composition ayf206 (Korpi et al., 2002) likely occur in synapses on ventrobasal neurons

(Jia et al., 2008).

The extent to which ay GABAA, receptors determine the pharmacological and biophysical
properties of mixed and pure IPSCs is presently unclear. Previous studies have shown
that a2y, and o420 GABAA receptors differ in their pharmacological properties (Jia et
al., 2005). Taurine and B-alanine are full agonists at o420 receptors (Jia et al., 2008), but
are partial agonists at o 32y, receptors (cf. Wu et al., 1993; Hussy et al., 1997). The
observations suggest that these f-amino acids may activate ay GABAA receptors in

producing mixed IPSCs.

In view of previous studies, we also considered the possibility that the endogenous 3-
amino acids, in addition to glycine itself, may activate glycine receptors in the mixed
IPSCs. Endogenous -amino acids activate glycine receptors on neurons of the
hippocampus (Mori et al., 2002), nucleus accumbens (Jiang et al., 2004), and amygdala,
(McCool and Botting, 2000). The glycinergic component decays rapidly or slowly
(Ghavanini et al., 2006). In this component, the kinetically distinct currents likely reflect
two receptor populations that contain oy glycine subunits (faster decay) or co-assembled
ay and ay subunits (slower decay, cf. Takahashi et al., 1992; Singer and Berger, 1999).
The faster decay correlates to short-duration channel bursts induced by glycine, taurine
and B-alanine. The slower decay correlates to long-duration bursts induced mainly by the
B-amino acids. On these grounds, therefore, $-amino acids may contribute to the

glycinergic component of mixed IPSCs and to pure glycinergic IPSCs.
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If available, a selective f-amino acid antagonist would facilitate analysis of inhibition in
the thalamus. Early studies on the role of taurine as a transmitter resulted in discovery of
the putative antagonist, TAG (6-aminomethyl-3-methyl-4H-1,2,4-benzothiadiazine-1,1-
dioxide (Yarbrough et al., 1981; Girard et al., 1982). In central neurons, TAG
antagonized the firing depression induced by f-amino acids, and not by glycine or GABA
(Okamoto et al., 1983; Padjen et al., 1989; Billard and Batini, 1991). This selectivity of
TAG for receptors activated by taurine and -alanine was compatible with its antagonism
of B-amino acid binding in tissue homogenates (Martin et al., 1981; Frosini et al., 2003).
While these actions likely involved extrasynaptic receptors, there is little information

about TAG actions on synaptic currents.

In the first part of the present studies, we sought to visualize as GABAA receptors in the
ventrobasal nuclei. We used confocal microscopy to visualize o/, glycine and oy
GABAA receptor subunits and inhibitory nerve terminals. In the second part, we
determined TAG’s actions on pharmacologically and kinetically defined IPSCs, evoked
by electrical stimulation of the medial lemniscus. We sought to clarify the selectivity of
TAG, relative to strychnine and bicuculline on IPSCs that involved populations of
GABAA\, glycine, or both receptor systems. One expectation was that TAG’s effects

would reveal heterogeneities in GABAergic and glycinergic transmission.
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2.2. Methods

2.2.1. Animals and slice preparation

All experiments on Sprague-Dawley rats (12-14 days old) were approved by University
of British Columbia Committee on Animal Care. The brain was removed from the
anesthetized animal and submerged in ice-cold artificial cerebrospinal fluid (aCSF)
bubbled with 95% O, and 5% CO,. The aCSF contained (in mM): 124 NaCl, 26
NaHCOg, 1.25 NaH,PQ,, 2.5 KCI, 2 MgCl,, 2 CaCl,, and 10 dextrose. Parasagittal slices
(200-250 um) were cut using a vibroslicer (Campden Instruments Ltd., London, England)

and submerged for 1.5 h in aCSF (pH 7.3-7.4) at room temperature (23-25°C).

2.2.2. Tissue preparation and immunocytochemistry

Sprague-Dawley rats (P12) were anesthetized with pentobarbital (40 mg/kg) and
transcardially perfused with cold 0.1% PBS, followed by 4% formaldehyde. The brain
was dissected and post-fixed in 4% formaldehyde for 2 h at 4°C, followed by submersion
in 30% sucrose for 24-48 h at 4°C. The tissue was embedded with Tissue-Tek
embedding medium (Sakura Finetek, Torrence, CA) and frozen in liquid nitrogen.

Sagittal sections were made at 14 um thickness and stored at -20°C.

Immunocytochemistry (ICC) was performed on sections, post-fixed in 4% formaldehyde
for 10 min. The sections were permeabilized with 0.1% Triton X-100, blocked with 0.5%
BSA in PBS, and incubated in primary antibody overnight at 4°C in PBS solution
containing 0.1% BSA. The primary antibodies were mouse anti-microtubule associated

protein-2 (MAP-2; 1:200, Thermo Scientific, Waltham MA, ms249), goat anti-GABAA
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o subunit (1:500; Santa Cruz Biotechnology Inc; sc-7355), rabbit anti-glycine receptor
oz Subunit (1: 200; Abcam, Cambridge, MA; ab23809), and guinea pig anti-vesicular
GABA transporter (VGAT; 1:1000; Chemicon; ab5855). The VGAT antibody visualized
inhibitory presynaptic terminals by binding to the vesicular transporter shared by

GABA and glycine (Dumoulin et al., 1999).

Secondary antibodies purchased from Invitrogen (Burlington, ON), were incubated for 1
h at room temperature. Secondary antibodies were goat anti-mouse Alexa 594 (MAP-2),
chicken anti-goat Alexa 488 (GABAA a4), chicken anti-rabbit Alexa 647 (glycine o),
and goat anti-guinea pig Alexa 594 (VGAT). To prevent secondary cross-reaction, the
antibodies used to label a4 and o/, subunits were applied at room temperature for 1 h, the
sections were fixed again with 4% formaldehyde, and received the secondary antibody
for labelling VGAT. Sections were coverslipped with Prolong Gold (Invitrogen,

Burlington, ON) and allowed to cure overnight before imaging.

2.2.3. Imaging and quantification

Low magnification images were captured using an Axioskop 2 MOT microscope, (Zeiss,
Jena, Germany) fitted with a SPOT camera (Diagnostic Instruments, Sterling Heights,
MI) and Northern Eclipse software (Empix Imaging, Mississauga, Ontario, Canada).
High magnification images were captured using an Olympus Fluoview 1000 confocal
microscope (60x/1.4 Oil Plan-Apochromat objective). Images were modified slightly
using Adobe Photoshop software to enhance visualization. Briefly, presynaptic terminals

and postsynaptic receptor subunits were analyzed at a threshold of 65, to eliminate
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background and ensure only puncta were quantified The incidence of co-localization of
puncta for two or three antibodies was quantified using Image J (National Institutes of
Health, Bethesda, MD). A minimum pixel number of 10 was used to define a punctum
(cf. Bamji et al., 2006). The amount of random co-localization was assessed by rotating a
staining channel by 90 degrees prior to calculation. The incidence of chance co-

localization of all three antibodies was only 3%.

2.2.4. Electrophysiological recording

Recording electrodes pulled from borosilicate tubing (WP-Instruments, Sarasota, USA),
had resistances of 5-10 MQ after filling with solution that contained (in mM): 140 K-
gluconate, 5 KClI, 4 NaCl, 3 MgCl,, 1 CaCl,, 10 EGTA, 1 HEPES, 3 Mg-adenosine
triphosphate, 0.3 Na,-guanosine triphosphate. The pH was adjusted to 7.3-7.4 using 50%

gluconic acid or KOH.

The slices were immobilized in the recording chamber and superfused with oxygenated
aCSF at a rate of 2 ml/minute at room temperature. The ionotropic glutamate receptor
blocker, kynurenate (1 mM), was used to isolate IPSCs (Ghavanini et al., 2005). The
ventrobasal nuclei were identified using DIC microscopy at 400x magnification

(Axioscope, Carl Zeiss, Germany).

Whole-cell IPSCs were recorded with a List EPC-7 (HEKA, Lambrecht, Germany),

filtered at 3 kHz and analyzed using pClamp software (Axon Instruments). Recorded

neurons were located predominantly at the margin of the ventrobasal complex, near the
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reticular nucleus (cf. Fig. 1A,B). A bipolar electrode (5 MQ) was placed in medial
lemniscus, ~3 mm from the recording electrode. Stimuli were adjusted to produce just-
maximal IPSCs (rate, <0.5 Hz). The stimulus artifacts often were removed by
subtraction, for clarity. The Nernst potentials for CI” and K* were -53 mV and -84 mV.

Neurons were held at V,=-80 mV.

2.2.5. Current clamp data analysis

Membrane potential was corrected for junction potential of -11 mV. Membrane input
resistance and time constant were calculated from <5 mV voltage responses to
hyperpolarizing current pulses. Action potentials were elicited from -60 mV by current
pulse injection and recorded at an apparent bandwidth of DC — 2 kHz. In view of the
distortions resulting from patch-clamp amplifiers operating in current-clamp mode (cf.

Magistretti et al., 1998), we did not quantify the effects of TAG on action potentials.

2.2.6. IPSC classification and analysis

We defined purely glycinergic or GABAergic IPSCs as >95% inhibition of the IPSC
amplitude by strychnine (2 uM) or bicuculline (20 uM), respectively (Ghavanini et al.,
2005). Mixed IPSCs required both antagonists for >95% abolition, always decayed
biexponentially and were separable into two categories on pharmacological and kinetic
grounds (cf. Ghavanini et al., 2006). We defined Type 1 IPSCs as having a rapidly
decaying component (time constant, T = ~9 ms) eliminated by strychnine, and a

bicuculline-sensitive component with t=~40 ms). We defined Type 2 IPSCs as also
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showing this GABAergic component, accompanied with a strychnine-sensitive

component which decayed very slowly (t =~230 ms).

For kinetic analysis, 10 successive IPSCs were aligned at their peaks, averaged and their
decay phase was fitted with single (y = A.exp(-t/t)) or double exponential (y = Aj.exp(-
t/t1) + Az.exp(-t/t2)) functions using the Levenberg-Marquadt method with a sum of
squared errors minimization. Here, A, A; and A, were fit amplitude components with

time constants 1, t; and To.

2.2.7. Drugs

Bicuculline methiodide, strychnine, and kynurenate (Sigma Chemical Company, St.
Louis, USA) were applied by superfusion. TAG was a gift of Merck Frosst Company
(Montreal, Quebec, Canada) or was synthesized by BioFine International (Vancouver,
BC, Canada). TAG was dissolved in dimethyl sulphoxide (DMSQ) and diluted in aCSF
to a final DMSO concentration of 0.01%. Control applications of DMSO did not affect

IPSCs. Fluid exchange with the bath media required 4-6 min (Mathers et al., 2007).

A concentration-response relationship for TAG antagonism was established using
cumulative applications. The fitting equation for sigmoid relationships was y = maximal
response/(1 + ICso — [TAG])", where I1Cso was the concentration causing half-maximal
block and n, the slope of the sigmoid curve. The percentage inhibition of IPSC amplitude

was calculated from the relationship [(control amplitude — amplitude during antagonist
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application)/control amplitude] x 100%. Recovery of IPSCs from the effects of

antagonists was defined as restitution to >75% of the control amplitude.

2.2.8. Statistical analysis

All data were expressed as mean = SEM. Application of the Kolmogorov-Smirnov test
showed that electrophysiological data occasionally deviated from a normal distribution.
In these cases we employed the non-parametric Wilcoxon test, with significance defined
as P < 0.05. Because reversal of TAG effects proceeded slowly, it was not always
possible to obtain washout values for IPSC parameters, precluding the use of ANOVA

tests or their non-parametric equivalents.

2.3. Results

2.3.1. Co-localization of GABAA a4 subunits and glycine receptors with inhibitory
nerve terminals

Assuming an involvement in mixed IPSCs, we predicted that synaptic GABAA o4
receptors should occur predominantly on neurons that express synaptic glycine receptors.
We confirmed this possibility using ICC methods, including an antibody against VGAT

which identified synaptic receptor clusters in ventrobasal thalamus of P12 rats.

Figure 2.1A shows a low-power epifluorescence micrograph of a sagittal section through
the thalamus, delineating the ventral posterolateral (VPL), ventral posteromedial (VPM)
and reticular nuclei (nRT). Neuronal somata and major processes were visualized by

staining with an antibody against microtubule-associated protein-2 (MAP-2, red). Cell
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nuclei were stained with DAPI (blue). The large V in Fig. 2.1A points to the VPL region
where recording electrodes were typically placed and detailed immunocytochemical
studies were performed. Fig. 2.1B is a confocal image of this anatomical region in
another slice, stained for GABAA a4 subunits (green) and glycine ay/, Subunits (red), with
nuclei stained using DAPI (blue). Punctate and diffuse staining on somata was evident
for both the GABAA and glycine receptor subunits. Yellow staining in Fig. 2.1B indicates

numerous puncta in which GABAA a4 and glycine a3/, subunits were co-localized.

Figure 2.1C shows high power confocal views of the neurons contained in the box in Fig.
2.1B, stained for glycine a3/, subunits (red, left panel) and GABAA a4 subunits (green,
right panel). Punctate (large arrow heads) and diffuse (small arrows) staining was evident
in somatic regions for both receptors. High power confocal images in Fig. 2.1D-F were
obtained from the VPL nucleus of another slice. These images represent the same optical
section stained for VGAT (Fig. 2.1D), GABAA a4 subunits (Fig. 2.1E) and glycine ay/,
subunits (Fig. 2.1F). White arrows indicate puncta of co-localized staining for the 3
antigens, whereas arrowheads indicate puncta of positive staining only for VGAT (D), ou
GABAA (E), or glycine a2 (F). In each case, a lack of staining for the remaining antigens

implied spatially distinct locations for the antigens.

Glycine receptor o/, subunits were co-localized with VGAT, and inferred to be synaptic
in 436/817 puncta (53%). GABAA a4 subunits were co-localized with VGAT, and
inferred to be synaptic in 497/919 puncta (54%). Of synaptic glycine a.y/, subunits,

379/436 puncta were co-localized with GABAA a4 subunits (87%). Of synaptic GABAA
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oy subunits, 379/497 puncta were co-localized with glycine receptor oy, subunits (76%).
Hence, VPL neurons exhibited a high degree of co-localization of GABAA a4 and glycine

o/, receptor subunits, closely apposed to release sites for inhibitory amino acids.

2.3.2. TAG effects on membrane properties

Applications were performed on 57 neurons, displaying stable potentials at rest near -55
mV. TAG application at 250 uM (cf. Mathers 1993) did not significantly alter membrane
potential, input resistance or membrane time constant (Table 1). TAG had no effect on
action potential firing evoked by current injection (cf. Methods). TAG had negligible
effects on the voltage-current relationship in most neurons at potentials depolarized from
rest to threshold for action potentials. The absence of significant effects on membrane

properties were consistent with anticipated receptor antagonism.

2.3.3. Effects on mixed IPSCs

We studied the effects of TAG on the mixed IPSCs of neurons receiving GABAergic
and glycinergic inputs. In 19 such neurons, we applied TAG (250 uM) prior to
application of other antagonists and observed incomplete IPSC blockade, as shown for
the sample neuron of Figure 2.2A. Initial application of TAG reduced this IPSC by 24%.
On TAG washout, maximal antagonism by strychnine (2 uM) caused a similar reduction
(28%). Co-application with bicuculline (20 uM) eliminated the portion that remained

after strychnine.
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The effects of TAG were attributable to blockade of both GABAA and glycine receptors.
In a second group of 19 neurons we first applied bicuculline to block GABAA receptors.
Co-application of TAG with bicuculline reduced the remaining IPSC component, as
shown for the sample neuron of Figure 2.2B. In this neuron, bicuculline reduced IPSC
amplitude by 14%. Co-application with TAG produced a further 24% reduction in IPSC

amplitude, attributable to blockade of glycine receptors.

In a third group of 19 neurons, we first applied strychnine to block glycine receptors.
Co-application of TAG with strychnine reduced the remaining IPSC component, as
shown for the sample neuron of Figure 2.2C. In this neuron, strychnine application
produced a 30% reduction in the IPSC. Co-application with TAG eliminated the IPSC,

attributable to blockade of the GABAA receptor mediated component.

In the 19 neurons administered TAG (250 uM) before the other antagonists, the reduction
in peak amplitude of mixed IPSCs averaged 62 + 6%. The amplitude reduction by TAG
did not differ from the suppression caused by first application of bicuculline in the
second group of 19 neurons (59 + 4%, P >0.05). Surprisingly, TAG suppression of the
mixed IPSC exceeded that due to first application of strychnine in the third group of 19

neurons (41 + 4%, P < 0.05).

We determined the effects of TAG (250 uM) on the mixed IPSC amplitude which

outwardly rectified in control media (Fig. 2.3). Without TAG, the IPSCs were largest in

amplitude at -80 mV and diminished to zero at or near the chloride Nernst potential, Ec,
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(-53 mV). While suppressing IPSC amplitude, TAG application did not greatly change
rectification. TAG did not alter the reversal potential of the IPSC near -54 mV (Fig.
2.3E). In summary, TAG actions were voltage-independent and did not alter rectification

of the mixed IPSC amplitude, consistent with being a receptor antagonist.

2.3.4. Concentration-response relationship

We determined the relationship of concentration to effect on mixed IPSCs by application
of TAG in a stepwise, cumulative manner to 7 of the 19 previously untreated neurons. As
shown in Figure 2.4A, TAG produced a concentration-dependent reduction in the peak
amplitude. The concentration-response curve was well-described by a single Hill function
with an 1Csp of 67 uM and a Hill coefficient of 0.8 + 0.8. Even at 1 mM, TAG did not
eliminate the IPSCs, producing a ~70% reduction in peak amplitude (Fig. 2.4A). Since
blockade was not significantly enhanced by stepping TAG concentration from 250 uM to

1 mM, we employed the lower concentration for the remaining experiments.

The reduction in the amplitude of mixed IPSCs commenced within 2-4 minutes of TAG
application. The effects reached a steady-state value within 5-10 min and were slowly
reversible. We observed recovery to ~50 % of control amplitude in many neurons after a
50 min washout period (Fig. 2.4B). Recovery was incomplete in the majority of neurons
despite washout periods of >90 min. Although we sometimes observed full recovery from

the effects of TAG, the effects of bicuculline usually reversed within 30 min.
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2.3.5. Effects on mixed IPSC components with isolated decay kinetics

To further analyze the actions of TAG, we isolated the glycinergic and GABAergic
components from their mixed condition. Figure 2.5A shows the effects of TAG on a
typical Type 1 IPSC. Evoked in control conditions, this IPSC was well-described by the
sum of 2 exponential terms. After application of bicuculline, the slower decay
component (t =26 ms) was eliminated, indicating mediation by GABA 4 receptors.
Bicuculline did not alter the amplitude or decay time constant of the faster IPSC
component (t = 6.4 ms). Co-application with TAG reduced the amplitude of the faster
component by 18%, with negligible effects on the decay time constant. These
observations indicated that TAG antagonized receptor mediation of the faster component.
TAG reversibly reduced this component by an average of 46 + 5% in 9 neurons, with

negligible effects on decay kinetics (see Table 2).

Figure 2.5B shows the effects of TAG on a typical Type 2 IPSC. In control conditions,
this current was well-described by the sum of 2 exponential components with decay time
constants T=10.8 ms and t = 111 ms. TAG application reduced both component
amplitudes, with negligible effects on the decay time constants. After TAG washout,
strychnine application eliminated the slower component, without affecting the faster
component. Co-application with bicuculline abolished the IPSC, demonstrating that the

faster component was mediated by GABAA receptors. Table 2 summarizes the effects of

TAG on the bicuculline-sensitive component of mixed IPSCs in 9 neurons. In 2 of these

neurons, TAG completely abolished the component (cf. Fig. 2.2C). TAG reversibly
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reduced the amplitude of the component by an average of 56 £ 10% with no significant

change in decay kinetics.

2.3.6. Effects on pure GABAergic and glycinergic IPSCs

To assess selectivity, we determined the effects of TAG on 6 IPSCs mediated solely by
GABA, and 4 IPSCs mediated only by glycine-like amino acids. The pure GABAaergic
IPSCs identified by abolition by bicuculline and resistance to strychnine antagonism,
decayed with a mean time constant of 21 + 6 ms. TAG had negligible effects on the
amplitude and decay kinetics of pure GABAergic IPSCs (Fig. 2.6A; Table 2). The
absence of changes in these IPSCs during and after TAG application confirmed that

negligible rundown of IPSC amplitude occurred in the timeframe of our experiments.

Pure glycinergic IPSCs identified by abolition by strychnine and resistance to bicuculline
antagonism, decayed with a mean time constant of 6.1 + 0.6 ms. TAG reduced the
amplitude of pure glycinergic IPSCs in all neurons by an average of 61 + 6% (see Fig.
2.6B). TAG application did not significantly affect the decay time constant of these
currents (8.1 £ 2.4 ms, n =4, P > 0.05). In 3 out of the 4 glycinergic IPSCs, this
component was accompanied by a slower component, forming an IPSC that we
designated as a Type 3 (Fig. 2.6B). Similar slowly decaying components were observed
in the 3 Type 2 IPSCs (cf. Fig. 2.5B). As shown in Table 2, TAG reduced the amplitude
of the slower components in 6 pooled neurons by an average of 49 + 7%, with negligible

effects on the decay kinetics.
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2.4. Discussion

This study on the effects of TAG demonstrated an unusual spectrum of antagonist actions
on medial lemniscal inhibition, consistent with blockade of 3-amino acid activation of
glycine and GABAA receptors. TAG did not affect pure GABAergic IPSCs. Our ICC
studies showed that o/, glycine- and atypical oy GABAA- receptors were co-localized at
inhibitory synapses. Given the ICC results, mixed IPSCs likely involved o, GABAA
receptors. On mixed IPSCs, TAG was equi-effective in reducing the amplitudes of the
GABAergic, and the faster or slower glycinergic component, as well as the pure
glycinergic IPSC. These results implicate heterogeneity between pure and mixed

inhibitory currents in ventrobasal neurons.

The chief finding was TAG’s ability to diminish all contributions to mixed IPSCs,
identified pharmacologically and by their kinetic components. To a similar extent, TAG
decreased the amplitudes of the faster or slower glycinergic component and pure
glycinergic IPSCs, as well as the GABAaergic component. These effects are in line with
previous studies on other central neurons (cf. Introduction) showing that TAG attenuates
responses to f-amino acids without greatly affecting responses to glycine or GABA (cf.
Curtis et al., 1982; Mathers, 1993). As deduced from the effects of TAG, synaptic

inhibition may involve B-amino acids.

The simplest explanation for our observations of incomplete antagonism is that TAG

antagonized the B-amino acid contributions to the mixed IPSCs and pure glycinergic

IPSCs. Electrical stimulation of the medial lemniscus may have released glycine and -
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amino acids, as well as GABA. Glycine and the B-amino acids bind to different sites on
the glycine receptor (Vafa et al., 1999; Han et al., 2001), consistent with a differential
blockade of their actions by TAG (cf. Introduction). Taurine activates bicuculline-
sensitive currents by partial agonism at classical GABAA receptors (cf. Hussy et al.,
1997), or by full agonism at oy GABA receptors (Jia et al., 2008). Taurine and GABA are
co-localized in nerve terminals at some synapses (Ottersen et al., 1988) and high affinity
taurine transporters are present in thalamic nuclei (Pow et al., 2002). Due to the three-
dimensional nature of our slice preparations, the spatial resolution of our confocal
images is less than can be attained in monolayer cell cultures. Nevertheless, our
observations indicate that GABAA a4 and glycine receptor subunits co-localize at the
same nerve endings, signifying co-release, or perhaps occur under very closely apposed

nerve terminals, compatible with co-transmitting pathways.

Synaptic GABAA receptors that mediate the mixed IPSC in neurons of young rats appear
to differ in some aspects from the classical receptors. TAG did not affect the pure
GABAaergic IPSCs which we assume resulted from GABA activation of the prevalent a;
form of the GABAA receptor (Farrar et al., 1999). Compared to the oy form, ay GABAA
receptors have higher affinity for taurine (Jia et al., 2008). Hence, taurine may co-activate
the GABAaergic component of mixed IPSCs, susceptible to TAG blockade. Receptors
containing o4 subunits open in longer duration bursts than receptors containing o
subunits (Keramidas and Harrison, 2008). However, the tendency for the GABAaergic
component of mixed IPSCS to decay more slowly than pure GABAaergic IPSCs was not

significant (cf. Table 2).
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The effects of TAG were attributable to antagonism at postsynaptic receptors. TAG
lacked effects on membrane properties. We observed a trend towards lower input
resistance upon TAG application that did not reach significance. This trend and the
relatively high standard errors in these measurements may have reflected the ability of
TAG to block the neuronal transport of endogenous taurine (cf. Lewin et al., 1994).
When applied to neurons exhibiting mixed IPSCs, TAG behaved like a submaximal

dose-combination of strychnine and bicuculline.

Conceivably, TAG may have acted presynaptically to suppress the release of GABA or
glycine. However, TAG does not inhibit GABA release from rat cortical synaptosomes
(Girard et al., 1982), and pure IPSCs eliminated by bicuculline were not suppressed by
the antagonist. In spinal cord (Jonas et al., 1998) and trapezoid body neurons (Turecek
and Trussel, 2001), glycine enhances GABA release by actions on strychnine-sensitive
presynaptic receptors. Hence TAG may have suppressed GABA release indirectly, by
blocking the facilitatory effect of glycine on GABA release. This mechanism also seems
unlikely since strychnine did not occlude TAG actions on the bicuculline-sensitive

components of mixed IPSCs.

The functional significance of the heterogeneous inhibition revealed in this study remains
unclear. In contrast to higher species, there is little evidence for distinct subtypes of
neurons within the ventrobasal complex of rats (Harris, 1986). However, small changes

in the decay time course of IPSCs greatly affect rebound burst firing and oscillogenesis in
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thalamocortical neurons (Sohal et al., 2006). As recently shown, co-agonism by glycine
and GABA at glycine receptors alters the decay rate of glycinergic IPSCs (Lu et al.,
2008). Co-release of glycine or GABA with f-amino acids may fine-tune synaptic
current kinetics, affecting the duration of inhibition and firing pattern of thalamocortical

neurons.

Our studies focused on synaptic inhibition rather than extrasynaptic inhibitory responses,
as previously. We showed that TAG had little or no effect on pure GABAergic IPSCs
but suppressed the GABAaergic component of mixed IPSCs, possibly by interacting with
an atypical form of GABA receptor. TAG antagonized the glycinergic components
which occur separately as pure IPSCs or in combination with the GABAergic
component of mixed IPSCs. Thus, TAG has a unique spectrum of synaptic effects,

distinct from classical glycine- and GABAa-receptor antagonism.
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Figures

Figure 2.1. Co-localization of synaptic glycine and GABAA a4-containing receptors
in VPL. (A) Low power epifluorescence photomicrograph montage showing sagittal

section of rat thalamus (P12) stained with antibody to MAP-2 (red), with nuclei counter-
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staining using DAPI (blue). Ventroposterolateral (VPL), ventroposteromedial (VPM),
and reticular (NRT) nuclei of the thalamus are outlined. Note that MAP-2 staining was
absent in the white matter of the stria terminalis (st) or the internal capsule (ic). The
large V points to the VPL region used for recording and detailed immunocytochemical
studies. (B) Confocal image of this region in another slice, stained for GABAA receptor
a4 subunits (green) and glycine receptor o/, Subunits (red) with DAPI nuclear staining
(blue). Co-localized staining for the two receptor subunits is indicated by yellow puncta.
(C) High power confocal images of the neurons in the box in (B), stained for glycine
receptor o.y/» subunits (red, left) and GABAA a4 subunits (green, right). Punctate (large
arrow heads) and diffuse (small arrows) staining was evident for both receptor subunits in
somatic regions. (D-F) In a further slice, a field similar to that in (C) is shown at high
magnification, stained using antibodies for (D) VGAT (red), (E) GABAA o4 subunits
(green) and (F) glycine receptor o/, subunits (blue), captured with a confocal
microscope. White arrows in D-F indicate where staining for all three antigens
overlapped, showing co-localization. Arrowheads indicate where staining was positive
for the specified antigen but negative for the remaining two, showing no co-localization.
Scale bars are (A) 500 um, (B) 15 um and (C) 5 um. Scale bar in F is 5 um and applies

to D-F.
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Figure 2.2. Comparison of effects of TAG with strychnine and bicuculline on mixed
IPSCs. TAG (250 uM) reduced the amplitude of IPSCs and pharmacologically isolated
components in 3 sample neurons (A-C). The order of drug application is read upwards

from each control. Neurons were voltage-clamped at V}, = -80 mV.
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Figure 2.3. Effects of TAG on voltage-dependence and reversal potentials of mixed
IPSCs. (A-B) Amplitude of control IPSC was reduced by TAG application (250 pM)
which also did not greatly change the IPSC reversal potential near -50 mV. Panels (C-D)
show IPSC current-voltage relationships for 6 neurons in control (C) and during 250 uM
TAG application (D). (E) Mean IPSC current-voltage relationships for these neurons

showed that TAG did not alter the IPSC reversal potential which was -54 mV, near Eg.
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Figure 2.4. TAG concentration-response curve and partially Vh = -80 mV
reversible antagonism of mixed IPSCs. (A) TAG was applied cumulatively in a
stepwise manner to 7 neurons at V, = -80 mV. The data points, fitted with a sigmoidal
function, yielded an ICs, (dashed line) and Hill slope of 0.8. (B) In this representative
neuron voltage-clamped at V}, =-80 mV, TAG (250 uM) reduced IPSC amplitude by
63% within 8 min of starting the application. Washout of TAG for ~45 min partially

restored the IPSC, which remained depressed by 37% relative to control.
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Figure 2.5. Effects of TAG on kinetically resolved components of mixed IPSCs. (A)
Type 1 IPSC was well described by a biexponential function (smooth curve
superimposed on IPSC). The parameters of the faster component were A; =-143 pA, 1=
6.4 ms and of the slower component were A; = -46 pA, T = 26 ms. Bicuculline (Bic, 20
uM) reduced control amplitude by 15% and resulted in a monoexponential decay with
parameters of A =-151 pA and © = 6.6 ms. Co-application of Bic and TAG (250 uM)
reduced the amplitude of the remaining monoexponential component, yielding
parameters of A =-124 pA and t= 7.7 ms. IPSC parameters returned to near control
values after a 60 minute washout of both antagonists (not shown). (B) Type 2 IPSC was
well described by a biexponential function with parameters of A; = -69 pA and 7; = 10.8

ms (faster ), and A, = -10 pA and 1, = 111 ms (slower component). TAG (250 uM)
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reduced IPSC amplitude by 43%, while the decay remained biexponential with
parameters of A;=-41 pA and 11 = 11 ms (faster component), and A, = -4.4 pA and 1, =
123 ms (slower component). Following washout of TAG in 60 minutes, strychnine (Str, 2
uM) reduced amplitude by 11% relative to control and changed decay to an exponential
function with parameters of A =-71 pA and t = 13 ms. Co-application of Str with Bic

abolished the IPSC. V;, =-80 mV.
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Figure 2.6. Effects of TAG at 250 pM on pure GABAAergic and glycinergic IPSCs.
(A) TAG had no effects on an IPSC, subsequently eliminated by bicuculline (Bic). The
control decayed monoexponentially with parameters of A =-55 pA and 1 =20 ms. TAG
application resulted in decay well described by monoexponential function with
parameters of A =-62 pA and © = 14 ms. After TAG washout, strychnine (Str, 2 uM) did
not significantly change the amplitude or decay parameters (A = -66 pA, t =20 ms). Co-
application of Str with Bic (20 uM) abolished the IPSC. (B) Effects of TAG on a Type 3
IPSC, subsequently eliminated by Str. The IPSC had biphasic decay Kkinetics, well fit
with parameters of A; =-174 pA and 11 = 9.2 ms (faster component), and A, = -39 pA

and 1, = 151 ms (slower component). TAG reduced IPSC by 38%, still with
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biexponential decay (A; = -104 pA and 11 = 12 ms, faster component; A, =-27 pA and 1,
=201 ms, slower component). After TAG washout, Str (2 uM) reduced IPSC to a

negligible level. V,, =-80 mV.
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Table 2.1. Effects of TAG (250 pM) on passive properties.

Property (n =19 neurons) Control TAG
Membrane potential (mV) -53x1 -49 + 2
Input resistance (MQ) 323 +£44 222 £38
Membrane time constant (ms) 41+6 26 £ 7
Capacitance (pF) 130+ 10 120 + 30

For all parameters, P > 0.05, paired t-test.
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Table 2.2. Effects of TAG (250 pM) on the fit parameters for IPSC components.

Component Parameter Control TAG Wash

Faster glycinergic

(n =9) Amplitude (pA) -76 + 20 -41+11*  -63+46
Time constant (ms) 8.7 +1.2 87+10 1245

Slower glycinergic

(n =6) Amplitude (pA) -25+7 -14 + 5* -18+8
Time constant (ms) -228 + 87 235+42  -159 +36

Mixed GABAergic

(n=9) Amplitude (pA) -134+72 -59 + 26*  -162+ 88
Time constant (ms) 43 +11 30+38 44 + 15

Pure GABAergic

(n=6) Amplitude (pA) -87 £ 47 -74 + 33 -93+51

Time constant (ms) 21+6 17+6 16+6

* Significantly different from control (P < 0.05, Wilcoxon test).
Data are mean = S.E.M.
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3. 2SECOND MANUSCRIPT: ISOVALINE CAUSES INHIBITION BY INCREASING POTASSIUM

CONDUCTANCE IN THALAMIC NEURONS

3.1 Introduction

Isovaline is an amino acid that resembles glycine-like amino acids, especially
endogenous a-alanine and glycine. Although originally found in carbonaceous
meteorites (Kvenvolden et al., 1970; Zhao and Bada, 1989), some filamentous fungi
synthesize isovaline (Briickner et al., 2009). Fungi grown in media supplemented with
RS-isovaline produce a membrane-modifying antibiotic that contains the R-enantiomer
(Raap et al., 2005). Both enantiomers of synthetic isovaline can serve as a substrate for
amino acid transporters in the gastrointestinal tract (Christensen, 1962). Recently, we
demonstrated that the R- and S- enantiomers have analgesic properties when
administered intravenously or intrathecally to mice (B.A. MacLeod et al., submitted for

publication). However, the pharmacology of isovaline has received little attention.

Inhibition mediated by glycine receptors plays an important role in the central processing
of pain information (Zeilhofer, 2005). On administration, glycine-like amino acids
suppress hyperalgesia induced by strychnine (Beyer et al., 1988; Yaksh, 1989). Glycinea
receptors identified by antagonism with strychnine mediate ionotropic inhibition in
nociceptive regions of the neuraxis (brainstem, Miraucourt et al., 2007; thalamus,

Ghavanini et al., 2005; spinal cord, Racz et al., 2005). Glycine agonists that activate

2 A version of this chapter has been published. Cooke JE, Mathers DA and Puil, E.
(2009) Isovaline causes inhibition by increasing potassium conductance in thalamic
neurons. Neuroscience. 164: 125-1243.
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these receptors shunt excitatory currents and reduce firing of such neurons (cf. Ghavanini
et al., 2005). At least in theory, prospective analgesics would mimic glycinergic

inhibition (cf. Khandwala and Loomis, 1998).

On a basis of the chemical similarity, we anticipated that R-isovaline could suppress the
firing of neurons by mimicking the inhibitory actions of glycine in the thalamus. We
investigated this possibility using patch clamp recording in the whole-cell configuration

in slices of rodent brain.

3.2 Experimental procedures

3.2.1. Tissue preparation for immunohistochemistry

Experiments were approved by the Animal Care Committee at the University of British
Columbia. Sprague-Dawley rats (P12) were anesthetized with pentobarbital (40 mg/kg)
and transcardially perfused with cold 0.1% PBS, followed by 4% formaldehyde. The
brain was dissected and post-fixed in 4% formaldehyde for 2 h at 4°C, followed by
submersion in 30% sucrose for 24-48 h at 4°C. The tissue was embedded with Tissue-
Tek embedding medium (Sakura Finetek, Torrence, CA) and frozen in liquid nitrogen.

Sagittal sections were made at 14 um thickness and stored at -20°C.

Immunohistochemistry was performed on sections post-fixed in 4% formaldehyde for 10
min. The sections were permeabilized with 0.1% Triton X-100, blocked with 0.5%
bovine serum albumin (BSA) in phosphate buffered saline (PBS), and incubated in

primary antibody overnight at 4°C in PBS solution containing 0.1% BSA. The primary
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antibody was rabbit anti-glycine receptor o, subunit (1: 200; Abcam, Cambridge, MA;
ab23809). Sections were incubated in chicken anti-rabbit Alexa 488 secondary antibody
for 1 hour at room temperature (Invitrogen, Burlington, ON), followed by 4',6-diamidino-
2-phenylindole (DAPI) nuclear counterstain. Sections were coverslipped with Prolong

Gold (Invitrogen, Burlington, ON) and allowed to cure overnight before imaging.

Images were captured using an Axioskop 2 MOT epifluorescence microscope (Zeiss,
Jena, Germany), fitted with a SPOT camera (Diagnostic Instruments, Sterling Heights,
MI) and Northern Eclipse software (Empix Imaging, Mississauga, Ontario, Canada).
Image brightness was modified slightly using Adobe Photoshop software to enhance

visualization.

3.2.2. Slice preparation for electrophysiology

Tissue preparation for recording is described in detail by Ghavanini et al. (2006).

Briefly, the brains of anesthetized rats (P10-15) were placed in oxygenated artificial
cerebrospinal fluid (aCSF) at 4°C. Hemispheres were sectioned sagittally into 250 um
thick slices using a vibroslicer (Campden Instruments, London, UK) and incubated for >1
h at 23-25°C in aCSF containing (in mM): 124 NaCl, 26 NaHCOs, 1.25 NaH,PQy, 2.5
KCI, 2 MgCl,, 2 CaCl,, and 25 dextrose, saturated with 95:5% mixture of O, and CO,.

In some experiments the extracellular K* concentration was increased from 2.5 to 5.25 or
9.25 mM, corresponding to K* Nernst potentials of -103, -84 and -70 mV. The Nernst

potential for CI" was constant at -53 mV.
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3.2.3. Electrophysiology

Recording procedures were similar to those described previously (Ghavanini et al.,
2005). Slices were immobilized in a Perspex recording chamber (volume ~2 ml) and
perfused at room temperature (22-24°C) with oxygenated aCSF at a rate of ~2 ml/min.
Thalamocortical neurons were visualized at 400x magnification with a differential

interference contrast microscope (Axioscope I, Zeiss, Germany).

Recording pipettes were filled with a solution containing (in mM): 133 K-gluconate, 12
KCI, 4 NaCl, 0.5 CaCl,, 10 EGTA, 1 HEPES, 3 Mg-adenosine triphosphate, and 0.3
disodium guanosine triphosphate. The pH was adjusted to 7.3-7.4 using 50% gluconic
acid or KOH. For K channel blockade in some experiments, cesium salts replaced the
potassium salts of gluconate and chloride. In some experiments, the high affinity
calcium chelator 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA)

replaced EGTA.

Whole-cell, patch clamp recordings were performed using a List EPC 7 amplifier
(HEKA, Germany) in current- and voltage-clamp modes. Electrode resistances ranged
from 4 to 7 MQ. Series resistance ranged from 10 to 30 MQ, and data were discarded if
series resistance increased by more than 25%. Signals were filtered (DC-3 kHz),
digitized at 10 kHz, and analyzed using pClamp software (Axon Instruments, Sunnyvale
CA). Neurons had stable resting potentials and showed burst firing when depolarized

from -80 mV. Membrane potentials were corrected for a junction potential of -11 mV.
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Input conductance was averaged from steady-state currents in response to -5 mV steps

from -70 mV.

3.2.4. Drugs

Drugs for bath application were either freshly prepared or diluted from stock solutions
just prior to use. ZD7288 was purchased from Tocris Cookson (St. Louis, MO), cesium
chloride (CsClI) was purchased from Sigma Aldrich (St. Louis, MO) and tetrodotoxin
(TTX) was purchased from Alomone Labs (Jerusalem, Israel). R-isovaline was
synthesized by BioFine International (Vancouver, BC). The dose-response relationship
for R-isovaline was established using single-concentration bath applications to individual

neurons. Each neuron tested was subjected to only one experimental condition.

3.2.5. Data analysis

Data were analyzed and graphed using GraphPad Prism (San Diego, CA), and CorelDraw
software (Ottawa, ON). Differences between control and isovaline treatment groups
were analyzed using one-way ANOVA, with Bonferroni’s post-hoc test for comparison
at specific time points. The Pearson correlation coefficient was used to study the
relationship between input conductance and current amplitude required to elicit action
potentials. Differences were considered significant when p < 0.05. All data were

expressed as means +/- SEM, where n was number of neurons.
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3.3. Results

3.3.1. Effects of R-isovaline on evoked firing in ventroposterolateral neurons

In this paper we examined a total of 94 neurons with mean resting membrane potential of
-72 £ 0.8 mV and input resistance of 330 £ 16 MQ. The neurons were located mostly in
the ventroposterolateral (VPL) nucleus. As shown in the sagittal brain section in Fig.
3.1A, this area of the thalamus stained intensively with an antibody to o4 and o, subunits
of the glycine receptor. Other thalamic regions, such as the ventroposteromedial (VPM)
nucleus, showed markedly less staining with the glycine a4/, antibody. The high-power
insert in Fig. 3.1A shows a group of glycine a4/, —positive VPL neurons, with nuclei
counterstained using DAPI. These observations confirmed the presence of glycine

receptor subunits in the ventrobasal thalamus.

We compared effects of isovaline and glycine on firing of action potentials and low
threshold spikes (LTSs) evoked by current-pulse injection. Application of isovaline (25
uM) inhibited action potentials, either eliminating or reducing their number per pulse
(Fig. 3.1B, n = 8; 2C, n = 8). Isovaline also eliminated the LTSs that gave rise to action
potential firing in bursts (Fig. 3.1D,E). Unexpectedly, the inhibitory effects induced by
isovaline were resistant to blockade with even high concentrations of strychnine (Fig.
3.1C; n=6). We confirmed that functional glycinea receptors were present in the
preparations (cf. Ghavanini et al., 2005). The inhibition of firing due to application of
150 uM glycine (Fig. 3.1F) was susceptible to antagonism by 2 uM strychnine (Fig.

3.1G; n =5). Importantly, the neuron shown in Fig. 3.1F was insensitive to isovaline
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application. Hence the inhibitory effects of isovaline were not consistent with an

involvement of glycinea receptors.

3.3.2. Mechanism of inhibitory action on evoked firing

The inhibitory action of isovaline was surmountable by increasing the depolarizing
stimulus. As shown in Figure 3.2A, application of isovaline eliminated action potentials
elicited by a 120 pA current-pulse whereas an increase to 180 pA restored the action
potentials. The increase in current required to restore the first action potential in the
response was significantly correlated to the conductance increase caused by isovaline
(Fig. 3.2B; r = 0.838; n = 8). Similar restoration of the LTS and accompanying burst was
observed on increasing the amplitude of the hyperpolarizing current pulse (Fig. 3.2D).
Isovaline had no effects on the threshold, amplitude, half width, or rates of rise and fall of
action potentials (Table 1) (Insert Table 1 about here). These observations suggested that

isovaline acted by shunting action potential and LTS generation.

3.3.3. Effects on membrane properties

Under voltage-clamp conditions, isovaline (25 uM) produced membrane effects on 11
out of 17 neurons. The input conductance determined from the current response to a step
from -70 to -75 mV, increased on isovaline application (Fig. 3.3A). The remaining 6
neurons failed to respond to 25 uM with a >10% change in conductance, despite
observation for 25-30 min. The responsive neurons showed a 15-20% increase in
conductance that further increased to ~60% during isovaline washout. Under current-

clamp conditions, these neurons hyperpolarized by 1-5 mV (Fig. 3.3A, lower) which
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mirrored the conductance changes over the same time course. In a majority of neurons,
the effects of isovaline did not reverse after washout for up to 2 h. However, several
neurons either completely or partly recovered during a 20 min washout period. Figure
3.3B shows the reversibility of effects on conductance and potential in 3 neurons. In
summary of most neurons, isovaline application at 25 uM triggered persistent changes in

conductance and hyperpolarization.

3.3.4. Dose-response relationship

Given the persistent effects, we examined the dose-dependence of the conductance
change by applying each concentration only once to a neuron and slice. As shown in
Figure 3.3C, a non-sigmoidal relationship was evident between the conductance increase
and isovaline concentration. An apparently maximal response occurred at ~100 uM
whereas higher concentrations resulted in smaller conductance changes. This unusual
relationship suggested that isovaline did not act like conventional amino acid ligands (cf.
Discussion). The lack of a response to isovaline concentrations of 10 uM to 25 mM did
not apparently correlate to the anatomical location of the tested neuron. For example, we
observed that there were both responsive and non-responsive neurons in VPL and VPM

nuclei (Fig. 3.3D).

3.3.5. Current-voltage (I-V) relationship for isovaline action
Our observations of a conductance increase combined with a hyperpolarization
implicated K™ currents in isovaline action. To study this possibility, we examined

isovaline effects on steady-state 1-V relationships of neurons clamped to -70 mV (Fig.
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3.4A,B). The individual currents evoked by steps between -120 and -20 mV showed that
isovaline increased net outward current. In the I-V relationships, this increase was
evident at potentials positive to Ex (-103 mV). The difference current showed that
isovaline application caused a large increase in outward rectification between -100 and -
50 mV and a small net inward current at potentials negative to Ex, with a reversal at -91
+4mV (Er.va). These results suggested that K™ was the main contributor to the

isovaline-induced current.

Because Er-iva Was depolarized by 12 mV from Eg, a CI” current may have contributed to
Er-va. For reference, we determined the I-V relationships during glycine application in 5
neurons (Figs. 3.4C,D). As expected, glycine actions were eliminated by strychnine,
reversed close to Ec; and hence, were mostly attributable to CI” current. Co-application
of strychnine and isovaline to 6 neurons did not result in a significantly different Eg_ja (-
90 +6 mV; p>0.05, ANOVA). Thus, there was little or no glycinea receptor

involvement in isovaline’s action.

3.3.6. Identifying the ionic basis for isovaline inhibition

Potassium channel blockers prevented the effects of isovaline. We studied isovaline
effects on neurons treated with the K* channel blockers, Ba?* (100 pM) and Cs* (3 mM).
Pre-treatment of Ba** in 6 neurons reduced the magnitude of inward rectification on
stepping from -70 to -120 mV (Fig. 3.5A). On co-application with isovaline (75 uM), no
additional change in current was observed in this voltage range or at voltages up to -30

mV (Fig. 3.5B; p > 0.05). Pre-treatment of Cs” in 6 neurons greatly reduced the
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magnitude of inward rectification (Fig. 3.5C). On co-application with isovaline (75 uM),
no additional change in current was observed in this voltage range or at voltages up to -
30 mV (Fig. 3.5D; n =4, p>0.05). These results demonstrated that K* currents were

largely responsible for the effects of isovaline.

Replacement of intracellular [K*] with the blocker Cs" in 5 neurons reduced the average
inward current elicited by hyperpolarizing steps from -70 to -110 mV, compared to 6
neurons with normal intracellular [K*] (Fig. 3.6A). Co-application of isovaline to the 5
neurons with intracellular Cs* produced negligible effects on conductance over the
voltage range -90 to -60 mV (Fig. 3.6B; p > 0.05). The small difference current observed
at voltages negative to -90 mV may have reflected unblocking of K* channels by inward
K" currents (cf. Armstrong, 1966). The blockade with intracellular Cs* confirmed that

K" currents were the major contributors to isovaline actions.

3.3.7. Effects of altering extracellular K* concentration on Eg.jva

As a further test for K* involvement, we altered the extracellular K* concentration, [K']e,
and determined the subsequent effects on Eg.va. An increase in [K*]e from 2.5 mM
shifted Eg.iva to more positive potentials, remaining slightly depolarized from the
calculated values of Ex (Fig. 3.6C). While a major contribution of K* conductances to
isovaline actions seemed assured, we investigated possible contributions from other

cationic conductances.
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Co-application with TTX (300 nM) had little or no effect on the isovaline-induced
conductance change (data not shown). An isovaline action on a persistent Na*
conductance was unlikely because TTX did not shift Eg.jy, towards Ex (data not shown;
cf. Fig. 3.4B). An involvement of Ca?* currents also was unlikely because replacement of
EGTA by the fast chelator BAPTA (10 mM) in the recording pipette did not reduce
isovaline-induced currents or produce a hyperpolarizing shift in Eg.j,, as expected for
Ca®*-dependent K* currents (data not shown). In short, indirect effects due to mediator
release or actions on voltage-dependent Na* and Ca** channels did not likely contribute

to isovaline actions.

We examined the possibility that action on a hyperpolarization-activated Na*/K* current
(In) contributed to the isovaline-induced current. On blockade of inwardly rectifying K*
currents with Ba?* (100 uM) and stepping from -70 mV to -120 mV for 4's, I, was
apparent as a slowly activating inward current (cf. Fig. 3.7A). In 6 neurons, isovaline did
not alter the amplitude of I, (Fig. 3.7B; p >0.05, ANOVA). Without Ba?*, co-application
of isovaline with the I, blocker, ZD7288 did not prevent the appearance of an outward
current at potentials positive to, and inward current negative to Ex (Fig. 3.7C). Using t-
test comparisons (p > 0.05), the amplitude of the isovaline-induced current was not
altered by ZD7288 in 3 neurons (-120 mV, -37 £ 41 pA; -40 mV, 65 + 23 pA) from 6
control neurons (-120 mV, -32 £ 15 pA; -40 mV, 70 = 14 pA). After pre-treatment with
ZD7288, Er-vawas -99 + 4 mV, not different from control (n = 3, p > 0.05, t-test). These
results indicated that the deviation of Eg.;ys from Ex was not due to activation of I, by

isovaline.
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3.4. Discussion

Our research has shown that R-isovaline inhibited thalamic neurons through an
unexpected mechanism, distinct from agonist action at the glycinea-receptor. On
isovaline application, ventrobasal neurons developed rectifying K* currents in a dose-
dependent, long-lasting manner. The increased conductance shunted action potential or
LTS generation and hyperpolarized neurons. The decreased excitability of these neurons
may partly account for the anti-nociceptive effects of isovaline when administered

systemically in pain models (cf. Introduction).

The chief reason for the depression of excitability produced by isovaline was the
increased input conductance, which shunted action potential generation and caused a
hyperpolarization. Isovaline did not affect threshold, half width, amplitude, rate of rise
and fall of action potentials or LTSs (Table 1). The depression extended to a shunt of
LTS firing observed during TTX-blockade of Na* channels. Shunting was apparent from
the restoration of evoked firing on increasing the magnitude of injected current. Hence
isovaline did not alter voltage-dependent Na* and K* conductances in the action potential
and T-type Ca®* conductance in the LTS. Since E¢; was positive to the resting potential,
the major current in isovaline action was not mediated by CI". The combination of a

conductance increase and hyperpolarization implicated K".

An examination of the current-voltage relationships revealed that isovaline acted by

increasing K* conductance. The reversal potential (Er.iv,) for this action was near Ex.
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On increasing extracellular [K™], Er.wa shifted to more depolarized voltages with a slope
similar to prediction by the Nernst equation. In contrast, glycine elicited currents that
reversed in polarity near Ec, (cf. Ghavanini et al., 2005). Whereas strychnine
antagonized the glycine currents, isovaline-induced currents were insensitive to
strychnine. Hence isovaline was not an agonist at glycinea receptors, but acted

predominantly through K™ currents.

Observations on blockers of K™ currents demonstrated a major role for rectifiers.
Intracellular Cs* which blocks rectifying and leak K* currents (cf. Golshani et al., 1998)
suppressed the responses to isovaline. Extracellular Ba?* or Cs* which blocked the
inward rectifier, lx;,, and leak current (McCormick and Pape, 1990; Wan et al. 2003), also
prevented the responses. At holding potentials near rest, a constitutive I, confounded
measurements of the voltage-independent current. During ZD7288 blockade of I,
however, isovaline increased the leak current at VV, = -70 mV (cf. Figure 3.7C). Isovaline
induced appreciable currents at potentials positive to -60 mV indicating involvement of
additional K™ currents, such as outward rectifiers. These results were consistent with

isovaline actions on several types of K* channels.

We observed that Eg.,s Was several millivolts depolarized to Ex. Chelation by internal
BAPTA or application of TTX or ZD7288 had little effect on isovaline-induced currents.
Hence, the offset was not due to Ca?* involvement, voltage-dependent Na* channels, or Iy
activation. The large conductance shunt introduced by isovaline may have impaired

voltage control at remote dendritic sites. However, errors of this type should cause

85



overestimation rather than underestimation of Eg.;ys Negativity (cf. Ries and Puil, 1999).
Although a strychnine-insensitive CI” current or a mixed cationic conductance may have

contributed, the source of the offset in Er.jva remains unknown.

In this study, many neurons did not respond to isovaline application in a range of 10 uM
to 25 mM. At 25 uM which was the most commonly tested dose, isovaline did not
produce a conductance change of >10% in 6 out of 17 neurons. It is conceivable that a
first application at a higher dose may have elicited a response in these neurons. The
reasons for failure of neurons to respond remain unknown but may relate to an absence of

a presumed receptor for isovaline.

This study has identified isovaline’s ability to inhibit neurons and the main aspects of its
mechanism of action. Other substances with analgesic properties cause inhibition by
increasing K* conductance (reviewed by Ocana et al., 2004), with selective coupling to
G-protein-coupled inwardly rectifying K* channels (GIRK channels). Metabotropic
receptors are frequently coupled to GIRK channels, as with acetylcholine muscarinic,
GABAGg, 5-hydroxtrypamine 5-HT1, nociceptin, and opioid receptors (e.g., Pham and
Lacaille, 1996; Brunton and Charpak 1998). In view of these possibilities, the exact
signalling pathways that couple isovaline application to development of K* currents

require detailed study.

In summary, our results showed that R-isovaline was not an agonist at glycinea receptors.

R-isovaline inhibited firing in nociceptive thalamus by a shunt mechanism, mainly
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reflecting an increased K* conductance. Isovaline enhanced K currents including
rectifying and possibly leak currents that were sensitive to block by Cs* and Ba**.
Isovaline responses were notably long-lasting and displayed a non-sigmoidal relationship
with dose. Shunting of action potentials would impair faithful transmission of pain
information to cortex. An ability to shunt action potentials and spike bursts in cortico-
thalamocortical circuits suggests that isovaline may produce analgesia without sedative

side-effects.
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Figures
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Figure 3.1. Isovaline inhibited action potential and low threshold spike (LTS) firing

in neurons by actions independent of glycineA receptors. (A) Low-power
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epifluorescence micrograph montage shows sagittal section of rat thalamus (P12) stained
with glycine ay, antibody (green), with nuclei counter-staining using DAPI (blue).
Ventroposterolateral (VPL), ventroposteromedial (VPM), and reticular (nRT) nuclei are
outlined. The insert shows a high-power image taken from the VVPL nucleus, showing
numerous glycine a4/, antibody-positive cells. Scale bar is 250 um in A, 50 um in insert.
(B, D) Application (4-5 min) of isovaline (R-lva, 25 uM) decreased frequency of action
potentials evoked by pulse injection (90 pA, 400 ms) and eliminated LTS evoked at
offset of hyperpolarizing pulse injection. (E) During TTX blockade of action potentials,
R-Iva (75 uM) eliminated LTS in association with increased conductance (reduced pulse
amplitude). Co-application with strychnine (Str, 20 uM) did not prevent inhibition (C).
(F, G) In 2 neurons, glycine application (150 uM) caused inhibition of action potentials
that was prevented by co-application with Str (2 uM). Neuron in F was previously found
to be unresponsive to isovaline. Vertical bar represents 25 mV for B, C, F, G and 15 mV
in D, 10 mV in E. Current pulse calibration, 90 pA in B. V,, =-70 mV as in subsequent

figures.
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Figure 3.2. Increased conductance shunted genesis of action potential and LTS. (A)
Blockade of firing (120 pA pulse) by isovaline was surmountable by increasing pulse
amplitude to 180 pA. Lower record in (A) shows that 22 mV hyperpolarization (black)
due to a 25 pA pulse was reduced to 13 mV by isovaline (grey), demonstrating a 41%
increase in conductance in the same neuron. (B,C) Increase in current required to restore
the first action potential in response correlated to the conductance increase induced by
isovaline (r = 0.838, n = 8 neurons). Isovaline decreased total number of spikes/400 ms
pulse in all 8 neurons. (D) Total blockade of LTS (45 pA pulse) by isovaline was

surmountable by increasing pulse amplitude to 75 pA (grey).
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Figure 3.3. Increased input conductance in voltage-clamp caused persistent
hyperpolarization and was concentration-dependent. (A) Conductance and potential
changes greatly outlasted period of application (black bars in A and B). Insert shows
determination of input conductance using 400 ms voltage steps from —70 to —75 mV
(control current, black trace; current after isovaline, grey trace). *p < 0.05, ANOVA

compared with control, n = 11. (B) Three neurons showed substantial reversibility of
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changes induced by isovaline. (C) Dose-response relationship for isovaline was non-

sigmoidal, showing a maximal response near 100 uM (n = 37).
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Figure 3.4. Current-voltage (1/V) relationships during isovaline administration
showed reversal near Eg, dissimilar to glycine. (A) Isovaline (R-lva, 75 uM) increased
the magnitude of currents in a neuron stepped in 10 mV increments between -120 and -30
mV (Vy =-70 mV, 400 ms pulses). (B) I/V relationships averaged for 6 neurons (error
bars omitted for clarity) showed that 25 uM isovaline induced outward current at
potentials positive to, and a small inward current negative to Ex (-103 mV). Difference
current shows reversal potential (Eg-iva) Nnear -91 mV. (C) Glycine (150 uM) increased
rectifying currents in neuron stepped from V}, =-70 mV to between -110 and -40 mV.

Note decrease in holding current. (D) Glycine applied to 5 neurons (error bars omitted
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for clarity) induced outward current at potentials positive to, and inward current at

potentials negative to the reversal potential for glycine action (Egiy) which was near Ec;.
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voltage-dependent currents. (A) An exemplary neuron in which Ba** (100 uM; grey

trace) reduced inward current due to a voltage step from -70 to -120 mV.

(B) Co-

application of isovaline (75 pM) with Ba®* to 6 neurons did not increase conductance in

the voltage range of -120 to -30 mV (cf. difference curve). (C) An exemplary neuron in

which Cs* (3 mM; grey trace) reduced the current due to voltage step from -70 to -120

mV. (D) Co-application of isovaline (75 uM) to 4 neurons did not increase conductance

in the voltage range of -120 to -30 mV (cf. difference curve).
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Figure 3.6. Intracellular K* channel blockade with Cs™ prevented isovaline action.

(A) In 5 neurons where intracellular Cs™ replaced K™ (grey trace), there was a marked

decrease in the inward current, compared to 6 neurons with normal K* (black trace). (B)

Isovaline (75 uM) applied to 6 neurons recorded with intracellular Cs* did not cause a
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conductance increase in the voltage range of -90 to -60 mV (cf. difference curve). (C)
On varying the external [K™], the reversal potential for isovaline was close to, but slightly

more depolarized than Ek.
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Figure 3.7. Isovaline did not alter I,. (A) I, evoked by 4s steps from -70 mV to -120
mV was unchanged in a neuron on application of 75 uM isovaline. I was obtained by
subtracting the current amplitude at 40 ms after beginning of the pulse from the
amplitude near the end of the pulse. (B) In 6 Ba**-treated neurons, the mean amplitude of
I, evoked by the indicated voltage steps (Vsep) from Vi, = -70 mV was unchanged after
application of isovaline. (C) Mean I-V relationships for 3 neurons determined during

ZD7288 application and co-application with isovaline.
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Table 3.1. R-isovaline (25 uM — 250 uM) did not alter properties of action potentials

evoked by depolarizing current pulses.

Control Isovaline 5" wash 10" wash 20" wash
Threshold (mV) -44 £ 2 -44 £ 2 -43£2 -43+3 44 + 2
Amplitude (mV) 60 2 58 + 2 59 +2 59 +2 62+1
Rate of rise (mV/ms) 84 +10 75+8 78 £10 82+7 89+5
Rate of fall (mV/ms) 202 -19+2 20£2 20£2 23+1
Half width (ms) 1.5+0.2 1.6+0.2 1.5+0.2 1.4+0.1 1.2+0.1

Data are mean +/- S.E.M, n = 8. ANOVA showed no significant differences in any

parameter. Action potentials were elicited from a holding potential of =70 mV.
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4.*THIRD MANUSCRIPT: METABOTROPIC RECEPTORS FOR THE NOVEL AMINO ACID

ISOVALINE

4.1. Introduction

The rare amino acid isovaline (2-amino-2-methylbutanoic acid) is structurally similar to
glycine and to another neurotransmitter, 4-aminobutanoic acid (y-aminobutyric acid or
GABA). In earlier experiments, we found that antagonists of ionotropic receptors for
glycine-like amino acids and GABA did not prevent the shunting inhibition and
conductance increase induced by isovaline in thalamic neurons (Cooke et al., 2009).
These actions were mostly attributable to a long-lasting activation of outwardly rectifying
currents (Cooke et al., 2009). The sensitivity of isovaline currents to K* channel
blockers, their reversal near Ex and Nernstian behavior on changing the extracellular [K]
confirmed K" current involvement in isovaline inhibition in the ventrobasal nuclei.

While in theory, isovaline could directly activate K* channels, the persistent nature of the

response suggested a linkage of the K* currents to metabotropic receptors.

Potential receptors for isovaline are especially interesting in view of recent
demonstrations of the anti-nociceptive properties of systemically administered isovaline
in rodent pain models (MacLeod et al., 2010). Indeed isovaline may activate inhibitory
systems involved in nociceptive processing at different levels of the neuraxis. In the
thalamus, GABAg and opioid receptors mediate metabotropic inhibition (Brunton and

Charpak, 1998; Potes et al., 2006a; 2006b; Andreou et al., 2010). While opioid receptors

% A version of this chapter will be submitted for publication. Cooke JE, Mathers DA and
Puil, E. (2010) Metabotropic receptors for the novel amino acid isovaline.
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(e.g., for small peptides) that activate G-protein-coupled K* currents are widespread in
the brain, isovaline has greater chemical similarity to GABA agonists. Hence our
working hypothesis was that isovaline activated GABAg receptors on ventrobasal

neurons.

GABAg receptors are heterodimers consisting of GABAg; and GABAg; subunits. The
GABAGg; subunit contains the agonist binding site, whereas the GABAg; subunit couples
the receptor to G-proteins which inhibit adenylyl cyclase via G, subunits (Kaupmann et
al., 1998; Galvez et al., 1999; Bettler and Tiao, 2006). Agonists of GABAg receptors
activate G-protein-coupled inwardly rectifying K* (GIRK) channels (Bettler et al., 2004),
as well as outwardly rectifying and leak K* channels (Saint et al., 1990; Deng et al.,
2009). The receptors coupled to K* channels are less commonly present at presynaptic
sites (cf. Thompson and Gahwiler, 1992). In ventrobasal neurons that modulate
nociceptive and other sensory inputs (Guilbaud et al., 1980; Price, 1995), the
postsynaptic GABAg receptors are coupled to K* channels (Ulrich and Huguenard,

1996).

In the thalamus, GABAg agonists are known to have anti-nociceptive properties (Potes et
al., 2006b). Hence, we used immunohistochemical methods to verify the presence of
GABAG&: and GABAGg; receptor subunits in ventrobasal nuclei, as well as
pharmacological methods and slice preparations to elucidate isovaline actions on the

receptor mechanisms. We also compared actions of baclofen (4-amino-3-(4-
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chlorophenyl)butanoic acid), a canonical GABAg agonist with actions similar to GABA

(Bowery, 2006).

4.2. Methods
All experiments were approved by the Animal Care Committee at the University of

British Columbia.

4.2.1. Slice preparation

Sprague-Dawley rats (P10-15) were decapitated under deep isoflurane anesthesia and
their brains placed in oxygenated artificial cerebrospinal fluid (aCSF) at 4°C which
contained (in mM): 124 NaCl, 26 NaHCO3, 1.25 NaH,PQOq, 2.5 KCI, 2 MgCl,, 2 CaCl,,
and 25 dextrose. Hemispheres were sectioned sagittally into 250 pum thick slices using a
vibroslicer (Campden Instruments, London, UK) and incubated for >1 h at 23-25°C in

aCSF saturated with a 95:5% mixture of O, and CO.,.

4.2.2. Electrophysiology

Slices were immobilized with polypropylene mesh in a Perspex recording chamber
(volume, ~2 ml) and perfused at room temperature (22-24°C) with oxygenated aCSF at a
rate of ~2 ml/min. Thalamocortical neurons were visualized at 400x magnification with

a differential interference contrast microscope (Axioscope Il, Zeiss, Germany).

Recording pipettes were made from borosilicate glass tubing (World Precision

Instruments, Sarasota FL) filled with a solution containing (in mM): 133 K-gluconate, 12
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KCI, 4 NaCl, 0.5 CaCl,, 10 EGTA, 1 HEPES, 3 Mg-adenosine triphosphate, and 0.3
disodium guanosine triphosphate (GTP). In some experiments, GTP was omitted and
replaced with trilithium guanosine 5'-[B-thio]diphosphate (GDP-B-S; 1 mM; Sigma
Aldrich, St. Louis, MO) or tetralithium guanosine 5’-[y-thio]triphosphate (GTP-y-S; 0.3
mM; Sigma Aldrich, St. Louis, MO). The pH was adjusted to 7.3-7.4 using 50%

gluconic acid or KOH.

Whole-cell, patch clamp recordings were performed using a List EPC 7 amplifier
(HEKA, Germany) in current- and voltage-clamp modes. Electrode resistances ranged
from 4 to 7 MQ. Series resistance ranged from 5 to 30 MQ, and data were discarded if
series resistance increased by more than 25%. Signals were filtered (DC to 3 kHz),
digitized at 10 kHz, and analyzed using pClamp software (Axon Instruments, Sunnyvale
CA). Neurons had stable resting potentials and showed burst firing when depolarized
from -80 mV. Membrane potentials were corrected for a junction potential of -11 mV.
Input conductance was averaged from 10 steady-state currents in response to -5 mV steps
of 400 ms duration delivered from a holding potential, Vi, = -70 mV. Current-voltage
relationships were obtained using voltage commands of —120 mV to — 30 mV (10 mV
increments), delivered from V}, =-70 mV. In the standard extracellular K* concentration

of 2.5 mM, the K Nernst potential was calculated as -103 mV.

4.2.3. Drugs

Drugs for bath application were either freshly prepared or diluted from stock solutions

just prior to use. Strychnine, picrotoxin, R(+)-baclofen, 4-aminopyridine and CGP35348
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were purchased from Sigma Aldrich (St. Louis, MO). CGP7930 was obtained from
Tocris Bioscience (Ellisville, MO). Naloxone was obtained from Endo Pharmaceuticals
(Newark, DE). Curare and tetrodotoxin (TTX) were purchased from City Chemical Corp
(West Haven, CT) and Alomone Labs (Jerusalem, Israel). R-isovaline was synthesized

by BioFine International (Vancouver, BC).

In some experiments, R-isovaline was applied locally from a pipette placed ~25 um from
the cell soma. The amino acid was ejected using 0.5 psi pressure pulses of 1 s duration
delivered by a N, powered applicator. (Picospritzer 11, General Valve Corp., Fairfield,
NJ). In view of the lack of reversibility in membrane responses to isovaline (cf. Cooke et
al., 2009), the dose-response relationship for local application was established by
applying a single isovaline concentration to each neuron. The distance of the puffing
electrode was estimated at 25 um using the fine focus objective of the microscope and a
piece of agar sectioned at 100 um and dipped in Trypan blue. A complete rotation of the
fine objective knob went the distance of approximately 100 um in the agar cube. The
soma of recorded neurons was roughly a quarter of a rotation of the fine focus knob away

from the tip of the puffing electrode.

4.2.4 Data analysis

Data were analyzed and graphed using GraphPad Prism (San Diego, CA), and CorelDraw
software (Ottawa, ON). Where appropriate, differences between treatment groups were
analyzed using student’s t-test, paired t-test, one-way ANOVA, or two-way ANOVA,

with Bonferroni’s post-hoc tests for comparison at specific data points. Fisher’s exact
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test was used to evaluate whether the ratio of responders to non-responders was
significantly different between isovaline and baclofen groups. Differences were
considered significant when p <0.05. All data were expressed as means = SEMs, with n

being the number of neurons.

4.2.5. Tissue preparation for immunohistochemistry

Sprague-Dawley rats (P12) were anesthetized with pentobarbital (40 mg/kg) and
transcardially perfused with cold 0.1% PBS, followed by 4% formaldehyde. Brains were
dissected and post-fixed in 4% formaldehyde for 2 h at 4°C, followed by submersion in
30% sucrose for 24-48 h at 4°C. The tissue was embedded with Tissue-Tek embedding
medium (Sakura Finetek, Torrence, CA) and frozen in liquid nitrogen. Sagittal sections

were made at 14 pm thickness and stored at -20°C.

Immunohistochemistry was performed on sections post-fixed in 4% formaldehyde for 10
min. The sections were permeabilized with 0.1% Triton X-100, blocked with 0.5%
bovine serum albumin (BSA) in phosphate buffered saline (PBS) and incubated in
primary antibody overnight at 4°C in PBS solution containing 0.1% BSA. The primary
antibodies were mouse anti-GABAgR1 subunit (1:100; ab55051; Abcam, Cambridge,
MA) and rabbit anti-GABAgR2 subunit (1:100; ab75838; Abcam, Cambridge, MA).
Sections were incubated in goat anti-mouse Alexa 546 and goat anti-rabbit Alexa 488
secondary antibodies for 1 h at room temperature (Invitrogen, Burlington, ON) followed

by 4',6-diamidino-2-phenylindole (DAPI) nuclear counterstain. Sections were
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coverslipped with Prolong Gold (Invitrogen, Burlington, ON) and allowed to cure

overnight before imaging.

High magnification images were captured using an Olympus Fluoview 1000 confocal
microscope (10x and 60x/1.4 oil Plan-Apochromat objectives). For co-localization, a
minimum pixel number (5) was used to define a punctum. Co-localized puncta were
quantified using Image J software (NIH, Bethesda, MD). Random co-localization was
assessed by rotating a staining channel by 90°. The number of subunits within the soma
was quantified by outlining the soma using the magnetic lasso tool in Photoshop and
cropping all other pixels out of the image. The subunit labelling was measured for each
fluorescence mark of 2 pixels® or greater, and was counted for GABAg; and GABAg;

subunits individually. Differences were analyzed using a student’s t-test.

4.3. Results

4.3.1. Immunocytochemistry in ventrobasal thalamus

Using antibodies against GABAg; and GABAGg; subunits, we sought to identify GABAg
receptors in the thalamic area of electrical recording. Similar to the adult rat (Kulik et al.,
2002), staining for GABAg subunits was ubiquitous in the VB nuclei (Fig. 4.1A,C). The
immunoreactivity in nucleus reticularis thalami (nRT) appeared less dense (Fig. 4.1A, top
inset). VB regions presumably occupied by fine dendrites showed extensive staining for
GABAg; and GABAGg; subunits. Proximal dendrites showed mostly GABAg;, not
GABAGg; labelling (arrows in Fig. 4.1B). On high magnification, GABAg; and GABAg;

subunits (arrows in Fig. 4.1D) showed co-labelling in 675/2440 puncta (28%; arrowheads
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in Fig. 4.1D). Labelling of GABAGg; subunits were co-localized with GABAg; occurred
in 675/2766 (24%). Co-localization was reduced to ~12% when one staining channels

was rotated by 90° (see Methods).

Somata indicated by DAPI-stained nuclei showed prominent labelling for GABAg:
subunits, but little staining for GABAg; subunits (arrowheads in Fig. 4.1B). Figure 4.2
shows the quantification of B1 and B2 subunits on somata. After isolating the somata
from the background image (Fig. 4.2A), we quantified (see Methods) the numbers of
GABAg; and GABAGg; subunits per soma (Fig. 4.2B-D). There were significantly fewer

pixels representing GABAg; subunits than GABAg; subunits per soma.

4.3.2. Isovaline effects on bath and local applications

Previous experiments showed that the responsiveness of thalamocortical neurons to bath
applied isovaline was variable and largely irreversible during extended periods of
recording (Cooke et al., 2009). We confirmed these observations (cf. Fig. 4.3A),
showing that bath application of isovaline (~EDsy = 75 uM) shunted action potentials and
low-threshold Ca** spikes in 9 out of 13 neurons. The 4 remaining neurons did not
respond to isovaline. As evident in voltage-clamp (Fig. 4.3B), the isovaline response
(Fig. 4.3B,C) at 10 min after terminating the application was an increase in membrane
conductance of 48 £ 8 % (n = 20). The time course of the conductance increase was
long-lasting (Fig. 4.3C), usually for the duration of an experiment (1-2 h). These data

from a different population sample are consistent with our earlier findings.
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In an effort to obtain a more refined dose-response relationship and reversibility, we
applied isovaline locally from a micropipette (Fig. 4.3D,E). We tested responsiveness to
concentrations that ranged from 10°® to 10 M. For locally applied isovaline, 27 out of
37 neurons (73 %) showed an increase of >10 % in conductance. At 10 min after ceasing
an application, isovaline (1 uM) increased conductance by 136 + 53 % (range 77-242 %,
n = 3). The conductance increase persisted for the duration of recording which was up to
2h (Fig. 4.3D). The concentration-response curve reached a maximum near 1 uM (Fig.
4.3E). While the percentage of neurons responsive to isovaline was independent of
concentration, many neurons displayed substantial effects to locally applied isovaline that

were largely irreversible.

4.3.3. Isomer-specific actions of isovaline

Application of the S-isomer of isovaline (S-lva) did not produce the large, long-lasting
effects of the R-isomer. We applied S-lva to 3 neurons at 10 uM, 25 uM, and 250 uM,
and found that there was no significant increase in conductance at any point in our

recording (p > 0.05, ANOVA; Fig. 4.3E, 25 uM S-Iva).

4.3.4 Comparison to baclofen, GABAg agonist

We examined the ability of isovaline to mimic the effects of baclofen on the same, and
different neurons. As shown in Figure 4.4, both substances increased outward currents in
neurons stepped from a holding potential of -70 to -30 mV and slightly increased when
stepped from -70 to -120 mV (cf. Fig. 4.4A and 4.4B). The averaged current-voltage

(I/V) relationships (Fig. 4.4C,D) indicated a greater enhancement of outward compared
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to inward currents for both substances. The difference currents obtained from subtraction
of drug and control conditions verified this observation, and showed the similarities of
isovaline and baclofen currents (Fig. 4.4E; p > 0.05, ANOVA). The intersections of
isovaline and baclofen with their control curves yielded reversal potentials that were not
different from Ex (= -103 mV, p > 0.05, ANOVA) or from each other. The reversal
potential for isovaline (Eg.va, 18 neurons) was -92 = 3 mV and that for baclofen (Eggc, 9
neurons) was -95 = 2 mV (not significant; p > 0.05, ANOVA). Hence isovaline had

actions on steady state currents that were similar to baclofen.

4.3.5. Outward currents are activated by isovaline, not baclofen

Isovaline and baclofen differed in their effects on the outward current activated by
depolarizing steps. Figure 4.5 shows that isovaline increased the outward current evoked
in 4 neurons by stepping the membrane from -70 mV to -30 mV. In contrast, baclofen
had little effect on the peak outward current but increased the steady state current in 6
neurons. Application of 4-aminopyridine (4-AP, 1 mM), an A-current blocker,
substantially reduced the magnitude of both peak and steady-state currents in 3 neurons
(data not shown). In these neurons, isovaline still increased the peak current (p > 0.05, t-
test) but had no effect on the steady state current (p < 0.05, t-test).

Hence some of the isovaline-induced outward current was an A-like current, and was not

activated by baclofen.
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4.3.6. Absence of extracellular Ca’* does not alter isovaline action

The literature suggests that baclofen reversibly activates GABAg receptors even in the
absence of extracellular [Ca®"] and differs from GABA in this respect (cf. Galvez et al.,
2000b). In a subset of experiments, we found that the 1/V relationship induced by
isovaline was not significantly different than control in 4 neurons tested with a nominally
Ca**-free aCSF (data not shown; p < 0.05; ANOVA). Similarly, isovaline induced a
significant increase in fast outward, A-like current under conditions of low Ca** (data not

shown; p > 0.05; ANOVA).

4.3.7. Potential involvement of GABAg receptors

We studied the effects of a positive modulator and an antagonist of GABAg receptors,
applied by bath, to address whether isovaline activated GABAg receptors. CGP7930 is a
positive allosteric modulator at recombinant GABAg receptors (Urwyler at al., 2001).
By itself, CGP7930 (30 uM) did not appreciably change conductance (Fig. 4.6A). Co-
application of CGP7930 with isovaline enhanced the responses to cumulatively applied
increasing doses of isovaline, compared to a cumulatively applied doses of isovaline
applied alone (Fig. 4.6A, left). The CGP7930-induced potentiation of a single dose of 10
uM isovaline was greater than control at all time points tested (Fig. 4.6A, right). Figure
4.6C shows that the responses to isovaline in 3 neurons were significantly greater during

co-application with CGP7930 (p < 0.05).

In other experiments, we observed that pre-treatment with 100 uM CGP35348, an

orthosteric GABAg antagonist (Gjoni and Urwyler, 2009) prevented responses to
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isovaline. Subsequent co-application with isovaline (25 uM) did not evoke a
conductance increase in 9 neurons at voltages in the range of -110 to -30 mV (Fig. 4.6B).
Attempts to counteract the long-lasting actions of isovaline by applying CGP35348 (100
uM) were unsuccessful after establishing a response to isovaline. In 3 neurons,
CGP35348 did not reverse a conductance increase of >10 % caused by 25 uM isovaline
(data not shown). Figure 4.6C shows that the responses to isovaline in 9 neurons were

significantly abrogated during co-application with CGP35348 (p < 0.05).

We studied the effects of non-hydrolysable analogues of GTP, applied internally in the
recording pipettes to block G-proteins (cf. Labouebe et al., 2007). Internal perfusion with
1 mM GDP-B-S (Pin et al., 2004) in place of GTP had no effect on input conductance
(Fig. 4.7E). However, perfusion with 300 uM GTP-y-S (David et al., 2006) increased
input conductance by about 2-fold compared with GTP perfusion (Fig. 4.7E). GTP-y -S
also enhanced inward rectification at potential negative to Ek, without altering currents at

other membrane potentials (Fig. 4.7F).

When GTP was replaced by GDP-B-S in 8 neurons, isovaline did not significantly
increase conductance, measured >15-20 min after whole-cell breakthrough (Fig. 4.7A).
In 5 neurons where GTP-y-S replaced GTP, isovaline again did not significantly increase
conductance (Fig. 4.7A). The results summarized in Figure 4.7C showed that isovaline
responses were dependent on G-protein activation. Similarly, the ability of baclofen to
increase input conductance was evident in 7 neurons perfused with GTP, but was

abrogated in neurons perfused with the non-hydrolysable GTP analogs (Fig. 4.7B, D).
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4.3.8. Dissimilarities to baclofen

We examined the possibility that isovaline and baclofen increased conductance by acting
on the same receptor population. A chi-square test (p < 0.05) revealed that the fraction of
neurons responding to isovaline (54 out of 77, 70%) was less than the fraction activated
by baclofen (16 out of 17, 94%; Figure 4.8A). Moreover, 3 neurons that did not respond
to 100 uM isovaline, did respond to a subsequent application of baclofen (5 uM) with
substantial conductance increase (Fig. 4.8B). A high concentration of isovaline (1 mM)
did not greatly alter the effect of baclofen (5 uM) on 4 neurons (Fig. 4.8C). However,
when an optimal dose of isovaline (100 uM) is co-applied with baclofen (5 uM) to 3
neurons, the baclofen-induced conductance increase is much less than in an initial
application of baclofen alone (Fig. 4.8D). Control experiments showed that a second
application of baclofen is able to induce a conductance increase that is not significantly
different from the initial conductance increase (Fig. 4.8E; p < 0.05, t-test). In summary,
isovaline and baclofen differ in their ability to activate GABAg receptors, but they appear

to require the same machinery to exert their effects.

4.4. Discussion

The chief finding was that isovaline activated metabotropic receptors, mediating a long-
lasting inhibition of thalamic neuron excitability. A GABAg-like receptor mediated the
responses which in several respects resembled GABAg-agonist actions. The shared
effects of R-isovaline and R-baclofen included the ionic nature of response, G-protein

dependency, and insensitivity to extracellular, nominally zero [Ca®*]. Significantly,
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isovaline had actions which were atypical of GABAg receptor activation. These actions
included slow response kinetics, voltage-dependent K* current involvement, and in some

neurons, an insensitivity of baclofen-receptors to isovaline.

4.4.1. GABAg agonist-like actions

The effects of isovaline on the membrane properties decreased neuron excitability,
similar to a GABAg agonist. As previously (Cooke et al., 2009), isovaline inhibited
firing by increasing conductance. This increase produced a net inward current at
potentials negative to Ex and net outward current at potentials positive to Ex. The
inhibitory effects were similar to those resulting from GABAGg receptor activation in
ventrobasal neurons (cf. Ulrich and Huguenard, 1996). The steady-state current-voltage
relationships for isovaline and baclofen did not differ, both reversing near Ex. These

effects of isovaline were consistent with activated GABAg receptors.

4.4.2. Pharmacological properties consistent with GABAg agonism

Manipulation of GABAg receptors by application of antagonist or modulator had marked
effects on isovaline actions. The GABAg antagonist, CGP35348, prevented isovaline
from inducing a conductance increase, whereas antagonists of GABAa, GABAC, glycine,
opioid, and nicotinic receptors, were ineffective in altering the responses. Co-application
of isovaline with CGP7930, an allosteric modulator of the GABAg receptor (Urwyler et
al., 2005), potentiated the conductance increase. CGP35348 antagonizes effects of
baclofen in thalamic neurons (Potes et al., 2006) and CGP7930 potentiates baclofen-

induced inhibition in other central neurons (Chen et al., 2005). Hence the sensitivity of
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isovaline responses to antagonism and modulation was similar to that of baclofen,

implicating the involvement of the GABAg receptor system.

The specificity of these effects argues in support of the proposal that isovaline activated
GABAg receptors. We cannot exclude the possibility that isovaline may act partly
through another G-protein coupled receptor system, such as the “GABAg-like receptor”
(Calver et al., 2003) or the Family C G-protein-coupled receptor (Christiansen et al.,
2007). This sort of mechanism may account for the potentiation of baclofen responses by
other amino acids, including isoleucine (Urwyler et al., 2004). However, our
immunocytochemical studies demonstrated co-localization of GABAg; and GABAg;
subunits in ventrobasal thalamus. It seems likely therefore that a functional relationship

between these subunits is prerequisite for the responses to isovaline.

4.4.3. G-protein dependency and role of GIRK channels

As observed for baclofen, when we compromised G-protein activation and deactivation
by applying non-hydrolyzable analogues of GTP and GDP to the neuron’s interior, we
observed no response to isovaline application. Internal application of the GTP-y-S
analogue alone resulted in increased membrane conductance and the appearance of an
inwardly rectifying current that reversed near Ex. This observation was consistent with
activation of GIRK current, likely due to liberation of GBy subunits from G-protein
coupled receptors. Hydrolysis of GTP by Ga subunits is necessary for inactivation of
GPy dimers and closure of GIRK channels (Fowler et al., 2007). As expected therefore,

GTP-y-S application produced the sustained current. The analogue GDP-B-S which
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prevents liberation of GBy subunits, failed to activate a significant current. Both
nucleotides prevented a conductance increase to isovaline application. Hence, the

responses to isovaline application were likely G-protein dependent.

We found that membrane currents activated by isovaline displayed outward rectification,
rather than strong inward rectification typical of GIRK currents. Previous studies over a
more narrow range of membrane voltage have ascribed baclofen’s effects on thalamic
neurons to activation of leak K* channels (Ulrich and Huguenard, 1996). In cortical
neurons, GABAGg receptor activation by baclofen causes a Ga-mediated inhibition of
adenylate cyclase activity. The fall in CAMP levels results in reduced PKA
phosphorylation of TREK-2 leak channels, and an increased leak K* current (Deng et al.,
2009). This mechanism may account for a large portion of K* current activated by
isovaline. We also observed that isovaline increased the 4-aminopyridine-sensitive
current in depolarized neurons, as reported for baclofen in hippocampal neurons (Saint et
al., 1990). A fall in intracellular PKA activity would enhance such transient K* currents
(cf. Zhang et al., 2009), providing further support for our view that isovaline acts on the

G-protein coupling to intracellular cascades.

4.4.4. Unique actions of isovaline

Unlike the rapidly reversible effects of baclofen, isovaline produced responses that
resisted washout on discontinuing the application. Neurons responsive to baclofen did
not always respond to isovaline. This observation raises the possibility that isovaline is

an agonist only at a subtype of GABAGg receptors. However, conclusive evidence for
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pharmacologically distinct types of GABAGg receptors is elusive (Pham and Lacaille,
1996; Zhang et al., 1997, but cf. Bettler and Tiao, 2006). Certain analgesic conotoxins
also produce GABAg receptor-mediated increases in K™ conductance that persist,
apparently by activating Src kinase (Callaghan et al., 2008; cf. Diverse-Pierliussi et al.,
1997). Indeed, phosphorylation by Src kinase enhances the magnitude of inwardly
rectifying (Yue et al., 2009) and transient outward K™ currents (Gomes et al., 2008). An
absence of essential downstream effectors could account for the lack of isovaline

responses in some neurons.

The persistent effects of isovaline are unlikely to involve simply by enhancing the release
of GABA from glia or neurons in the slice. Firstly, the effect of isovaline was
independent of extracellular [Ca?*] similar to baclofen but not GABA, which requires
Ca®* for GABAGg receptor activation (Galvez et al., 2000b). Secondly, GABA release
would activate GABA receptors in thalamocortical neurons, but the isovaline response
does not include a significant CI" component or susceptibility to GABAA receptor
blockade. Thirdly, application of antagonists rapidly terminates GABAg receptor
activation by GABA or baclofen (Labouebe et al., 2007), but was ineffective in curtailing
an established response to isovaline. The persistence of isovaline responses may be
attributable to avid binding to a site that recognizes baclofen, actions on Src kinase or

other downstream components of the G-protein system.

In summary, we have shown that the novel amino acid isovaline mediated a long-lasting

inhibition of thalamocortical neurons through metabotropic, likely GABAg receptors.
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Isovaline actions were similar to the GABAg agonist baclofen with regard to steady state
currents, sensitivity to block by inhibition of G-proteins and insensitivity to low [Ca*].
An allosteric modulator of GABAg receptors potentiated isovaline action whereas
antagonism of GABAg receptors occluded its effects. Unique to GABAg receptor
activation, isovaline had slow response kinetics, activated a voltage-dependent outward
K" current, and in some neurons, was unable to stimulate baclofen-receptors. Activation
of GABAg receptors is antinociceptive in some animal models of pain (Potes et al.,
2006b) and hence isovaline may produce analgesia (MacLeod et al., 2010) through

GABAg receptor activation.
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Figure 4.1. GABAg; and GABAg; receptor subunits are present in ventrobasal
thalamus. (A) The rectangular insert shows a low power photomicrograph of a sagittal
brain slice containing ventrobasal nuclei (VB) and the nucleus reticularis (nRT). Both
regions exhibited immunoreactivity to antibodies against the GABAg; (red) and GABAg;
(green) receptor subunits. Staining for both subunits was more evident in VB than in

nRT. The main image in (A) shows a region of VB thalamus at higher magnification and
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reveals extensive staining for both subunits. (B) Square insert from (A) is shown at
higher power and reveals extensive GABAg; subunit staining in proximal dendrites
(arrows) and somata (arrowheads). (C) A region from the field in (B) is shown at higher
power. Note extensive labelling for both GABAg; and GABAg; subunits. (D) The insert
in C is shown a high magnification, revealing the occurrence of some co-localized
staining for GABAg; and GABAg; subunits (yellow, arrowheads) as well as for spatially
segregated GABAg; and GABAg, subunits (arrows). The scale bar was 270 um for
insert in (A), 45 um for the main panel in (A), 23 um for (B), 15 wm for (C) and 5 pum for
(D). Nuclei were counter-stained with DAPI. Note that panel D is rotated 90° counter-

clockwise from the box in panel C.
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Labels per soma

GABAg; GABAg,

Figure 4.2. Somata show more labelling for B1 subunits than for B2 subunits. (A)
Somata in an area of VB were cropped from background using digital image processing.
Staining of these somata for GABAg,; and GABAg; subunits is shown in (B) and (C)
respectively. (D) The somata showed higher fluorescence label counts for GABAg; than
for GABAg; subunits (* p < 0.05, t-test, n = 30 somata). Scale bar in (B) represents 25

um in (A-C).
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Figure 4.3. Bath application of isovaline inhibits action potential firing by causing a
persistent increase in membrane conductance. (A) Current-clamp recording from a
VB neuron showed that tonic and low-threshold spike (LTS) firing were inhibited by
application of isovaline (R-Iva). Firing was elicited by application of 400 ms duration
current pulses and the neuron was held at V, = -70 mV with DC current. Injected current
traces are shown below voltage records. (B) In a second neuron voltage-clamped to —70
mV, application of isovaline (red trace) increased outward membrane current and
increased current needed to step the membrane to —75 mV (400 ms command pulse),
compared to control (black trace). Traces each represent an average of 10 sweeps. (C)
The conductance increase caused by bath application of isovaline persisted during
reperfusion of the slice with normal aCSF (data from n = 20 neurons). (D) Local
application of isovaline by pressure ejection (puff) also caused a persistent increase in
conductance (data from n = 3 neurons). (E) The dose-response curve for local
application of isovaline showed a maximal response near 1 uM (n = 15 neurons). (E)
The action of isovaline is isomer-specific, as S-isovaline (S-lva) was not able to

substantially increase conductance at any dose tested (10 to 250 uM). Here, we show the

mean of 3 neurons tested at 25 uM.
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Figure 4.4. Steady-state current-voltage relationships for isovaline and baclofen are
similar. (A,B) Current traces were obtained from two neurons by applying voltage
commands from -120 mV to -30 mV in 10 mV increments, delivered from a holding
potential of -70 mV. Application of isovaline (A) or baclofen (B) increased both inward
and outward currents. The effects of isovaline and baclofen on the holding current were
subtracted from these traces. (C) Steady-state current-voltage relationship for 18 neurons
(error bars omitted for clarity) indicated that isovaline (red) increased outward current at

potentials depolarized to Ex (-103 mV), and slightly increased inward current at
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potentials hyperpolarized to Ex. (D) Application of baclofen to 9 other neurons (blue)
also increased outward current at potentials depolarized to Ex and inward current at
potentials hyperpolarized from Ex. (E) Current-voltage relationships for Ir.jva (R-lva —
Control difference current, red) and lg,c (Bac — Control difference current, blue) were

similar to each other.
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Figure 4.5. Isovaline and baclofen differ in their effects on peak and steady state
outward currents. (A) Current traces in response to 10 mV depolarizing steps (400 ms
duration) to -30 mV from a holding potential of -70 mV before (Control, left) and after
application of isovaline (right, red traces). Note that both peak (arrow, peak) and steady
state (arrow, SS) increased after application of isovaline. (B) Current traces in response
to the same voltage steps as in (A) before (Control, left) and after application of baclofen
(right, blue traces). Baclofen application increased steady state but not peak current. (C)
Peak current amplitude on stepping from -70 to -30 mV was increased by isovaline (R-
Iva, *p < 0.05, paired t-test, n = 4 neurons) but was unchanged by baclofen (Bac, n = 6
neurons). (D) Steady state current amplitude on stepping from -70 to -30 mV was
increased by both isovaline (R-Iva, *p < 0.05, paired t-test, n = 4 neurons) and baclofen

(Bac, *p < 0.05, paired t-test, n = 6 neurons).
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Figure 4.6. Potential involvement of GABAg receptors in isovaline responses. (A,
top left) Application of CGP7930 (green trace) did not itself alter the conductance of a
neuron compared to control (black trace). Conductance was measured as in Fig. 4.3B.
Top, middle, application of isovaline (red trace) to a second neuron increased
conductance. Top, right, co-application of CGP7930 and isovaline to a third neuron
caused a large conductance increase. (Left) The graph shows that cumulative co-
application of isovaline with CGP7930 to 3 neurons caused a significantly greater
increase in conductance than caused by application of isovaline alone to 3 other neurons

(* p < 0.05, ANOVA). Both data groups were fitted with sigmoid curves. (Right)
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CGP7930 increased the conductance change caused by 10 uM R-Iva by a factor of 10
after 5 minutes of washing (from 11 + 17, n = 4; to 101 £ 34, n = 4; right). (B) Current-
voltage plots showed that co-application of isovaline with CGP35348 prevented the
increase in conductance caused by isovaline (Vy =-70 mV, n = 9 neurons). Conductance
increase after CGP35348 was calculated the same way as CGP7930, with a -5 mV
hyperpolarizing pulse from -70 mV. (C) Summary bar graphs illustrating that CGP7930
potentiated the conductance increase due to 25 uM isovaline while the drug was on (left,
p < 0.05, n = 3), and that CGP35348 blocked the conductance increase due to 25 uM
isovaline at the peak of the conductance increase, 10 minutes after washing (right, p <

0.05,n = 9).
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Figure 4.7. Isovaline actions require G-protein activation. (A) When intracellular
GTP was replaced with GDP-B-S (orange line; n = 8) or GTP-y-S (green line; n = 5),
application of isovaline failed to increase conductance (cf: Fig. 3C). (B) Similarly,
baclofen-induced conductance increase with GTP (black line, n = 6) was prevented by
inclusion of both GDP-B-S (orange line, n = 3) or GTP-y-S (green line, n = 3). (C) Bar

graphs illustrating the block of isovaline action by GDP--S or GTP-y-S (* less than seen
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with intracellular GTP, n = 20; * p < 0.05, ANOVA). (D) Bar graphs illustrating the
block of baclofen action by GDP-b-S or GTP-g-S (* less than seen with intracellular
GTP). (E) Bar graph illustrating the increase in input conductance caused by GTP-y-S (n
= 5) compared to GTP controls (n = 20; * p < 0.05; ANOVA with Bonferroni’s post-hoc
test), prior to application of any ligand. (F) GTP-y-S (n =5) increased the amount of
inward current at -110 and -120 mV compared to 20 GTP control neurons (* p < 0.05,

ANOVA with Bonferroni’s post-hoc test).
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Figure 4.8. Isovaline and baclofen may activate different receptors. (A) The
fraction of neurons that responded to isovaline was lower than that responding to
baclofen (*p < 0.05, Fisher’s exact test). (B) Three neurons that did not respond to
isovaline (R-Iva, 100 uM) at an optimum concentration showed a vigorous response to

baclofen (Bac, 5 uM). (C) Three additional neurons unresponsive to a high concentration
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of isovaline (R-lva, 1 mM) responded to the co-application of baclofen (Bac, 5 uM). (D)
Three individual neurons that responded to an initial application of baclofen (Bac, 5 uM)
responded to an application of isovaline (R-lva, 100 uM). A subsequent co-application
of baclofen (Bac, 5 uM) resulted in a conductance increase that was smaller than the
initial conductance increase caused by baclofen, and did not recover. (E) A second
application of baclofen was able to elicit a response that was, at its peak, not significantly
different from the peak value of the first baclofen response (n = 3; p > 0.05; student’s t-

test).
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Table 4.1: Effects of receptor antagonists on the conductance increase caused by 75

uM R-lva. * represents a difference from R-lva application without an antagonist, p <

0.05, ANOVA.

Antagonist Conductance change, % n (cells)

None (Control) 47 + 8 20

CGP35348 (100 uM) 1+2* 9

Naloxone (1 uM) 50 +10 3

Picrotoxin (50 uM) 43+ 8 4

Strychnine (20 uM) 40+ 14 5

44 +13 4

Curare (50 uM)
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5. GENERAL DISCUSSION

The broad theme encompassing all 3 manuscripts of this thesis is the actions of amino
acids on inhibitory neurotransmitter receptors in the ventrobasal nuclei of the rat
thalamus. The first manuscript of this thesis proposes that the difference in antagonism
of mixed and purely GABAergic IPSCs by the f-amino acid antagonist TAG is due to
the subunit composition of GABAA receptors. Furthermore, we propose a role for
endogenous -amino acids separate from glycine in synaptic transmission in ventrobasal
thalamus. The second and third manuscripts of this thesis examine the actions of the
antinociceptive amino acid, isovaline, on neurons of VB thalamus. We determine that
isovaline inhibits firing of action potentials by activating a potassium conductance. Next,
we provide evidence that the long-lasting actions of isovaline are attributable to

activation of a G-protein coupled receptors, likely GABAg receptors.

This discussion will address these findings, their implications and future studies that |
believe would advance the field. In particular, I will focus on the actions of isovaline, as
it has formed the bulk of my PhD work. The exact locus(i) of action of this amino acid
remains unresolved, and | dedicate a substantial portion of this discussion to

hypothesizing where isovaline is acting to produce its unique effects.

5.1. TAG actions on IPSCs of VB thalamus: GABAA a4 and glycine receptor co-

localization
The first manuscript of this thesis dealt with differential inhibition of purely GABA aergic

IPSCs compared with the GABAaergic component of mixed IPSCs. We found that
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GABAergic IPSCs had distinct kinetic properties when they were pure compared to the
GABAaergic component of IPSCs mixed with a glycinergic component in neurons of
ventrobasal thalamus. Knowing that specific subunit composition of receptors confers
distinct kinetic properties as well as agonist recognition (Keramidas and Harrison, 2008),
we wondered if the different kinetic properties of GABAergic IPSCs were due to

heterogeneity of GABAA receptor subunits.

GABAA receptor subtypes composed of a132y2 are located synaptically in neurons of
VB thalamus (Jia et al., 2005), whereas a4325 subtypes are more sensitive to the 3-
amino acid taurine than a1p32y2 subtypes, and are located extrasynaptically ~75% of the
time (Jia et al., 2008). We reasoned that the synaptic a423 subtypes might be co-
localized with glycine receptors and thus, be sensitive to TAG blockade. On the other
hand, purely GABAergic IPSCs would result from activation of predominantly a1p32y2

subtype, and be less sensitive to TAG blockade.

My contribution to this study was the immunohistochemical examinations, which were
conducted in coordination with the other experiments to identify whether synaptic
GABA04 subunits were co-localized with glycine receptors. This would be expected if
o4 subunits are mediating the TAG-sensitive GABAaergic component of mixed IPSCs.
We initially screened for the anchoring protein gephyrin, which we found in VB
thalamus (see: Appendix A). One of the first things we noticed in the a4 immuno
staining was the relatively high number of a4 subunits that were apposed to presynaptic

terminals. We found that just over half (54%) of a4 subunits were co-localized with

143



presynaptic terminals and were therefore inferred to be synaptic. This is higher than the

23% found by Jia et al. (2005).

There are 2 explanations for the discrepancy in o4 distribution between the two studies.
First, the cell types between the two studies were different. While we performed studies
on slices of postnatal day 12 rat brain, Jia et al. (2005) used cultures of thalamic cells
from embryonic day 18 mice, which were grown in culture for a minimum of 11 days.
Second, the ability of taurine to generate currents via extrasynaptic a4 subunits is very
low in young mice (~P10) compared to adult (Jia et al., 2008). Therefore, it may be that
in young rats, there are fewer extrasynaptic o4 subunits, but more synaptic a4 subunits.
Indeed, our own lab has shown that responses to application of taurine to neurons of VB
thalamus are completely blocked by strychnine (Ghavanini et al., 2005), suggesting that,
at least in juvenile animals, there are few taurine-sensitive a4 GABAA, receptors and that
the taurine activates glycine receptors. It could be that there is a developmental shift in
o4 expression from synaptic to extrasynaptic, which could have important implications
for a4-containing GABAA receptors in the establishment of inhibitory neural networks of
the thalamus (see: Section 5.1.2.2). We attempted to use the novel technology of
quantum dots to visualize the trafficking of receptors in the membrane of the living brain

slice, but were met with technical limitations (see: Appendix B).

The immunohistochemical data support the idea that at least some of the TAG
antagonism of the GABAergic component of mixed IPSCs is due to activation of

GABAA receptors containing the a4 subunit, as they were frequently co-localized with
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glycine receptors when synaptic (76%). The simplest explanation for our observations is

that TAG blocked GABA action on a4-containing receptors.

5.1.1. Implications of GABAaa4-glycine co-localization

The functional consequences of co-localization of a4-containing GABAA, receptors and
glycine receptors are not immediately clear. Knowing that a4 subunit-containing
GABAA receptors open for longer periods than do al-containing GABAA receptors
(Keramidas and Harrison, 2008), we could suggest that the kinetics of inhibitory
neurotransmission in the thalamus could be altered through the a4 subunit. Activation of
o4 subunit-containing GABA receptors would shift neurons towards burst firing (Sohal
et al., 2006), which may have implications for processing pain information (Guilbaud et
al., 1980), sensitivity to alcohol (Jia et al., 2007), as well as anxiety and learning
behaviours during development (Shen et al., 2007; Shen et al., 2010). There is interest in
designing pharmacological agents that are GABAa-subtype specific, particularly in the
interest of developing novel analgesic compounds (cf. Zeilhofer et al., 2009). It may be

that the a4 subunit will be a target of analgesic compounds in the future.

5.1.2. Future studies

5.1.2.1 GABAaa4 subunit: site of action of TAG?

We have used immunohistochemistry and electrophysiology to provide evidence that the
amino acid antagonist TAG is acting at the atypical, a4-containing GABAA receptor. To
determine conclusively whether TAG is, in fact, acting on o4 subunits, an experiment

involving a recombinant cell line could be performed. Specifically, GABAAx receptors
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with either o1 or a4 subunits could be expressed in the cells. Then the ability of TAG to

antagonize the actions of GABA, and 3-amino acids including taurine, could be tested.

Next, it would be interesting to use knock-out mice lacking the a4 subunit to evaluate 1)
whether there are pure and mixed IPSCs present, and 2) whether there are TAG-sensitive
components to one or both of pure and mixed IPSCs. If the proposed action of TAG is
correct (that is, TAG is blocking endogenous GABA action on a4 subunits of GABAA
receptors), we would expect TAG to have virtually no effect on GABAergic IPSCs of
o4 knock-out mice. If mixed IPSCs are in fact due to activation of glycine and a4
subunit-containing GABAA, receptors, we would expect to see little to no mixed IPSCs in
o4 knock-out mice. At this point, I am not aware of a knock-out mouse for the a4

subunit, but there is an a1 subunit knock-out mouse (Vicini et al., 2001).

5.1.2.2. Developmental switch from synaptic to extrasynaptic?

Another issue worth exploring is the possible developmental change in the location of
synaptic versus extrasynaptic a4 subunits, and whether this correlates to TAG sensitivity.
As mentioned above, extrasynaptic taurine sensitivity is much lower in younger (~P10)
animals than in adults (Jia et al., 2008). We found that in young animals, we get less (i.e.
~50%) extrasynaptic a4 expression than Jia et al. (i.e., ~75%; 2005). It is possible that
the lower rates of activation of taurine in younger animals are due to a relative decrease
in the amount of extrasynaptic a4 subunits when compared with adults. That is, young
animals may have more synaptic a4 and few extrasynaptic a4 subunits, whereas adults

would have more extrasynaptic a4 with fewer synaptic a4 subunits.
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To identify whether there are more synaptic a4 subunits in younger animals, we could
employ a technique similar to that we used in Manuscript #1 in which thin sections are
made from brains of rats of different ages. For example, we would use sections from
postnatal day 1, 5, 10, 15, 20 and adult, use antibodies against the a4 subunit and a
synaptic marker to identify the percentage of subunits that are synaptic versus
extrasynaptic at each developmental time point. Using this technique, we could observe
whether there is a developmental shift from synaptic to extrasynaptic location of a4

subunits.

An important caveat with images taken from brain slices is that receptors on membranes
of both the cell surface and intracellular components (like the endoplasmic reticulum)
would be labelled. To circumvent this problem, a similar experiment could be conducted
using neurons cultured from embryonic rats, as done by Jia et al. (2008). Incubating
neurons for different times and monitoring the location of a4 subunits would indicate
whether a4 subunits change location during maturation. The combination of these two
imaging approaches should give a reasonable idea as to whether there is a developmental

shift in the proportion of a4 subunits.

5.2. Isovaline: actions of an analgesic amino acid

The latter two manuscripts of this thesis show for the first time the inhibitory action of
the analgesic amino acid isovaline on neurons of ventrobasal thalamus. Application of

isovaline resulted in an increase in input conductance with a concomitant
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hyperpolarization of the neuronal membrane. The combination of increase in
conductance with hyperpolarization could only be attributable to activation of K* or CI°
conductance; however we set our Ec; to a more depolarized level (-53 mV) than the
resting membrane potential (~ -70 mV), which means that K™ is the only ion that could be

involved in isovaline action.

The reversal potential obtained for isovaline (Er-iva) Was close to, albeit slightly
depolarized from, the reversal potential for K* (Ex). While it is possible that there is an
underlying ‘leak’ conductance permeable to Ca®* or Na* present at -70 mV, it is likely
that the difference between Eg.1ys and Ex is due to a technical limitation such as a space
clamp problem. That is, if the conductance is activated in the distal dendrites of the
neuron, we may not be able to have an effective voltage clamp on this region. When we
changed the extracellular [K], we observed a similar change in Eg.y, that followed a

Nernstian pattern. These data support that isovaline activates a K* conductance.

Observations with blockers for K* channels also indicated a major role for K",
Intracellular Cs*, which blocks rectifying and leak K* conductances (Golshani et al.,
1998), suppressed isovaline action. Extracellular application of Cs* or Ba?*, which block
inwardly rectifying and leak currents (McCormick and Pape, 1990), also prevented
isovaline action. The hyperpolarization-activated current, In, was not apparently involved
in the isovaline response, as pre-incubation of the slice with the I, antagonist ZD7288 did
not have any effect on isovaline actions. The outward current activated by isovaline was

significantly reduced by 4-AP (1 mM), which blocks the slow transient ‘A-type’ K*
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current (Ficker and Heinemann, 1992). The chloride channel blocker picrotoxin had no
effect on isovaline-induced currents. Taken together, these data suggest that isovaline
activates a K™ conductance, and does not involve CI', precluding any involvement of

glycine or GABAA receptors.

We next examined whether isovaline was acting on metabotropic GABAg receptors
because of the chemical similarity between isovaline and GABA, and because the
activation of a long-lasting potassium conductance was consistent with a metabotropic
receptor. We found that the steady state current-voltage relationship of isovaline was
similar to that of the GABAg agonist, baclofen. Consistent with this, Egr.jva Was not
different from the reversal potential for baclofen, Eg,.. Baclofen and isovaline actions
were also similar with regard to their independence of a Ca?* requirement. Galvez et al.
(2000b) showed that GABA requires Ca* in the aCSF in order to activate GABAg
receptors, whereas baclofen does not. Similar to baclofen, isovaline was able to elicit a
response in aCSF with nominally zero extracellular [Ca?*]. Multiple similarities with the

GABAg agonist baclofen indicated that isovaline activates GABAg receptors.

The actions of isovaline were susceptible to modulation by pharmacological tools that
target GABAGg receptors. When we co-applied isovaline with the GABAg antagonist
CGP35348, we did not observe any increase in conductance. Furthermore, pre-treatment
with the positive allosteric modulator of GABAg receptors, CGP7930, enhanced the
magnitude of the conductance increases observed with low doses of isovaline.

Consistent with an action on G-protein coupled metabotropic receptors, the effects of
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isovaline were prevented by replacing intracellular GTP with non-hydrolyzable
analogues GTP-y-S and GDP--S in the pipette. While our data strongly implicate
activation of GABAg receptors, isovaline may work on another G-protein coupled
receptor that is potentiated by CGP7930 and blocked by CGP35348 (see: section 5.3.2.

below).

Importantly, isovaline does not activate all GABAg receptor-containing neurons. In
addition, higher doses (1 mM) of isovaline did not occlude the actions of baclofen. The
reason(s) for these observations are unclear. If isovaline acts intracellularly, on Src
kinase or PKA for example, there would be state-dependent effects of isovaline action.
That is, the presence, amount and phosphorylation state (for example) of Src or PKA (or
others) would determine whether isovaline would be able to elicit its effects (see: Section

5.3 below for more information).

Ours is not the first study to show that amino acids other than GABA are capable of
acting on GABAg receptors. Kerr and Ong (2003) showed that L-amino acids, including
L-leucine, L-isoleucine and L-valine, potentiate responses of GABAg receptors without
activating them directly. Specifically, they found that when they applied the amino acids
to neocortical neurons, they did not observe any hyperpolarization of the membrane. Co-
application of the L-amino acids with baclofen increased the magnitude of the
hyperpolarization, more than doubling the effect of baclofen alone. Importantly, the
actions of the L-amino acids were quite long, with a 3 minute application prolonging the

baclofen-induced hyperpolarization for up to 20 minutes.

150



However it has since been shown that, unlike CGP7930, L-leucine, L-isoleucine and L-
valine do not act as true allosteric modulators at GABAGg receptors, because they were not
able to increase GABAg-mediated GTP-y-S binding in native or recombinant cell
systems (Urwyler et al., 2004). Speculation has arisen as to the mechanism of the L-
amino acid-induced potentiation of baclofen responses observed by Kerr and Ong (2003;
cf: Urwyler et al., 2004). Specifically, it was mentioned that the L-amino acids might be
altering neural networks by acting on other cells possibly releasing GABA. An
additional theory proposed by Urwyler et al. (2004) was that the L-amino acids might be

activating intracellular effector proteins such as adenylyl cyclase.

5.3. Isovaline: possible mechanisms of action

This thesis showed that isovaline inhibits neurons of ventrobasal thalamus by activating a
long-lasting potassium conductance, an action mediated by a metabotropic receptor.
However, the precise mechanism of action of isovaline remains to be elucidated. The as
yet undetermined site of isovaline action is likely responsible for the unique features of
isovaline, including an increasing effect upon washout, activation of an I current, a
larger (compared to baclofen) proportion of neurons not responsive to isovaline, and

failure to elicit a response from some GABAg receptors sensitive to baclofen.

Blockade of isovaline action by non-hydrolysable analogues of GTP indicate that

isovaline acts through a G-protein coupled receptor. The occlusion of isovaline action by

a GABAg antagonist, and the potentiation of isovaline by a GABAg modulator suggest
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that isovaline is acting in one of two ways: (1) isovaline actions are mediated by GABAg
receptors, and (2) isovaline activates some other G-protein coupled receptor that is

sensitive to potentiation by CGP7930 and blockade by CGP35348.

5.3.1. Isovaline actions mediated by GABAg receptors

GABAg receptors are heterodimers consisting of GABAg; and GABAg; subunits, each of
which consists of a heptathelical transmembrane domain and extracellular ‘Venus fly-
trap’ (Galvez et al., 1999). The GABARg; subunit contains the agonist binding site,
whereas the GABAG&: subunit couples the receptor to G-proteins which inhibit adenylyl
cyclase via G, subunits (Kaupmann et al., 1998; Galvez et al., 1999; Bettler and Tiao,
2006). Agonists of GABAg receptors activate G-protein-coupled inwardly rectifying K*
(GIRK) channels (Bettler et al., 2004), as well as outwardly rectifying and leak K*
channels (Saint et al., 1990; Deng et al., 2009). The receptors coupled to K* channels are
less commonly present at presynaptic sites (cf. Thompson and Gahwiler, 1992). In
ventrobasal neurons that modulate nociceptive and other sensory inputs (Guilbaud et al.,
1980; Price, 1995), the postsynaptic GABAGg receptors are coupled to K* channels

(Ulrich and Huguenard, 1996).

In the following Sections, | propose several hypotheses that may describe isovaline’s
unique actions on GABAg receptors. Hypotheses are arranged according to proposed
location of action, starting at extracellular, then intracellular regions. Please see Figure

5.1 for visual aid.
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5.3.1.1. Proposed sites of isovaline action: extracellular loci

5.3.1.1.1. Isovaline may increase release of GABA from surrounding cells

One hypothesis is that isovaline might release GABA from cells surrounding the
recorded neuron, as proposed for the potentiating effects of other a.-amino acids on
GABAg responses (Urwyler et al., 2004; Kerr and Ong, 2003). The constant release of
GABA onto the recorded neuron would give a persistent effect, as was observed. If
isovaline failed to release GABA in some local networks, the recorded neuron would
appear as a non-responder, but would still have GABAg receptors available for activation
by baclofen. Against this hypothesis is the lack of any GABAA component to the
isovaline-induced action, and the inability of CGP35348 to terminate an ongoing
response. There is also no Ca®* requirement for isovaline’s actions, which further
precludes this theory, as GABA needs Ca®* present to activate the GABAg receptor

(Galvez et al., 2000b).

5.3.1.1.2. Isovaline may bind to the LIV-BP of GABAg; subunits with high affinity,
preventing the ‘fly-trap’ from re-opening

The agonist binding site of the GABABg: subunit contains a conserved domain that
consists of a leucine-isoleucine-valine binding protein (LI1V-BP; Galvez et al., 2000a).
Mapping the structure of R-isovaline into the LIV-BP of the GABAg; subunit supports
the idea that R-isovaline fits into the LIVV-BP in an energetically favourable way (Dr.
Richard Wall, personal communication). Importantly, these same mapping studies

suggest that the S-isomer of isovaline is not predicted to fit into the LIV-BP in an
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energetically favourable way, which corroborates our preliminary finding that S-isovaline

does not increase input conductance when applied to neurons of VB thalamus.

If R-isovaline activates GABAg receptors by binding to the GABAg; subunit with high
affinity, it is conceivable that once isovaline has bound to the LIVV-BP, it may not be

easily removed from the receptor. There is one particular residue, Ser®*°

, Which is
evolutionarily conserved and is an important component of the LIV-BP, forming H-
bonds with carboxylic groups of leucine and acetamide (Galvez et al., 2000b). Itis
possible that the carboxylic group of isovaline also bonds with this Ser®*® domain with
high affinity. This hypothesis would account for the prolonged action of isovaline.
Against this idea is that high doses of isovaline do not activate GABAg receptors, and
concurrent application of a high dose (1 mM) of isovaline and baclofen (5 uM) results in
a baclofen-induced activation that is not discernibly different from baclofen applied
alone. This model also does not explain the existence of non-responder neurons (those

that do not show an increase input conductance > 10%), which can in turn be activated by

baclofen.

To test the theory that isovaline binds with high affinity to the LIV-BP region of the
GABAGg; subunit, we could use recombinant cell lines in which the LIV-BP has been

modified by changing one critical residue (i.e., Ser®*®

) with another. If isovaline were
still able to elicit its long-lasting effects with mutated LI1V-BP proteins, this suggests that

it does not bind with high affinity to this region of the GABAg subunit.
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5.3.1.1.3. Isovaline may cause conformational changes in GABAg receptors that confer
constitutive activity

The allosteric modulator of GABAg receptors, CGP7930, has been shown to decrease
CAMP levels alone by binding to its allosteric site on the GABAg, subunit (Binet et al.,
2004). This action is not due to potentiation of ambient GABA in the slice, as the effect
IS seen in the absence of the GABAg; subunit, which is required for binding of ligands
(Binet et al., 2004). CGP7930 appears to bind to the heptathelical domain of the
GABAg; subunit, causing a conformational shift. This shift is sufficient to activate the
G-protein associated with this subunit, leading to the drop in cAMP. While the inhibition
of CAMP is done with low efficacy, this example might hold true for isovaline. That is,
isovaline might bind to a site on either GABAg; or GABAg; subunit, changing the

configuration of the receptor and rendering it constitutively active.

To test this hypothesis, a biochemical assay similar to that mentioned above could be
employed to identify whether isovaline is able to decrease CAMP levels through GABAg
receptors in the presence of an antagonist known to prevent agonist binding to the ligand-
binding domain of the GABAg; subunit. Specifically, recombinant cell lines could be
used with expression of GABAg; and GABAGg; subunit heterodimers. Each subunit
could then be expressed individually to identify whether isovaline is capable of causing
CAMP decreases by acting on one particular subunit. Following this, the subunits could
be broken down into heptathelical domains and ‘Venus fly-trap’ domains, to identify the

specific locus of action, such as the action of CGP7930 on the heptathelical domain.
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5.3.1.2. Proposed sites of isovaline action: intracellular loci

5.3.1.2.1. Isovaline may inhibit the GTPase activity of the G« subunit

Once a ligand or agonist has bound to a G-protein coupled receptor, the receptor induces
a conformation change in the G-protein which exposes a region of the a-subunit that
promotes exchange of GTP for GDP (Brown and Sihra, 2008). The By and o subunits
are then able to activate or inhibit effector proteins. For example, GPy activates inwardly
rectifying potassium channels (Bettler and Tiao, 2006), while Ga inhibits adenylate
cyclase (Hill, 1985). Termination of the G-protein cascade occurs when GTP is
hydrolysed to GDP by an intrinsic GTPase activity in the o subunit (Brown and Sihra,
2008). The GDP-bound a subunit can then re-associate with the By subunit to restore a

normal, inactive state.

After isovaline has initiated GABAg receptor activation, it is possible that it also prevents
hydrolysis of GTP to GDP by inhibiting the GTPase activity of the o subunit. To
accomplish this feat, isovaline would have to gain access to the inside of the cell. The
most likely route for an amino acid would be through one of the many amino acid
transporters, and both enantiomers of isovaline are actively transported across the gut
(Christensen, 1962) , suggesting that similar transport may occur into a thalamocortical

neuron.

In order to identify whether isovaline is acting on Ga subunits specifically, these subunits
should be expressed in a cell line in an assay to identify GTPase activity. There is an

assay that uses fluorescent-tagged phosphate-binding protein, which scavenges free
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phosphate as an indication of GTPase activity (in the absence of other phosphorylation
reactions; Shutes and Der, 2005). This allows for real-time assessment of GTPase
activity. If isovaline application to the intracellular region results in a decrease of
GTPase activity as revealed by fluctuations in the fluorescent signal, this would confirm

its actions on Ga. subunit.

5.3.1.2.2. Isovaline may inhibit regulators of G-protein signalling proteins

Regulator of G protein Signalling (RGS) proteins are involved in accelerating both
activation and inactivation of G-protein coupled receptors, by promoting GTP hydrolysis
via the a subunit of G proteins (see: General Introduction, section 1.2.2.3; Lambert et al.,
2010). The application of RGS4 from the recording electrode has been shown to
decrease the time constant of activation of muscarinic receptors by 50%, and that of
deactivation by 75% (Fowler et al., 2007). While RGS proteins enhance the kinetics of
activation and inactivation, they are not required for activation or inactivation; blocking
RGS proteins does not result in non-decaying responses (Labouebe et al., 2007). There
are up to 12 different RGS proteins, which vary according to anatomical location (Gold et
al., 1997). Of the 12 subtypes, RGS2, 3, 4, 7 and 8 are all found in ventrobasal thalamus

(Gold et al., 1997; Ingi and Aoki, 2002).

RGS proteins have been implicated in pain. Up-regulation of RGS4 leads to neuropathic
pain and morphine insensitivity of the spinal cord in sciatic nerve-ligation model rats
(Garnier et al., 2003). Garzon et al. (2001) showed that blocking expression of RGS2 or

3 reduced morphine-induced analgesia, while inhibition of RGS9 proteins enhanced this
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analgesia. GABAg receptors are known to be coupled to RGS2 proteins, which couple
them to potassium channels (Labouebe et al., 2007). Specifically, Labouebe et al. (2007)
showed that RGS2 acts to decrease the efficiency of the GBy subunit coupling to the
GIRK3 channel. If isovaline inhibited, RGS proteins 2 or 4, for example, analgesia may
result, as observed in other models (Garnier et al., 2003). The analgesia presumably
would result from prolonged activation of GABAg receptors. However, this would not
fully account for isovaline’s actions, as inhibition of RGS proteins does not prevent

inactivation of GABAg responses (Fowler et al., 2007).

To test whether isovaline acts, at least in part, by inhibiting RGS proteins, we could
conduct experiments in which the RGS inhibitor phosphatidylinositol
(3,4,5)-trisphosphate (PtdIns(3,4,5)P3)** is added to the intracellular environment.
Having already blocked RGS actions, isovaline would presumably not be able to further
inhibit RGS proteins. In a complementary study, we would want to increase the amount
or action of RGS proteins during isovaline application. To do this, we could employ a
recombinant cell line in which RGS proteins are greatly over-expressed. In this way,
isovaline would likely not be able to inhibit all RGS within the cell. Another option for
increasing RGS levels would be to transfect neurons with a virus that leads to increased
RGS levels. The benefit of this approach is that one could use the same type of cells

(thalamocortical neurons) to test isovaline’s ability to inhibit RGS proteins.
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5.3.1.2.3. Isovaline may interfere with normal function of intracellular tyrosine kinases
Activation of GABAg receptors can lead to activation of the non-receptor tyrosine kinase
Src (see: Figure 5.1; Diverse-Pierliussi et al., 1997). Src kinase is known to be activated
directly by both Ga and Gy subunits (Fadool, 1998) and Src activation has been

implicated in regulating many types of K* channels.

Src associates with potassium channel Kv1.5, which is a delayed rectifier K* channel
(Holmes et al., 1996). Holmes et al. (1996) found that phosphorylation of Kv1.5 by Src
inhibited outward currents evoked by depolarizing current steps in HEK293 cells.
Similarly, Fadool et al. (1997) showed that Src inhibited Kv1.3 delayed rectifier K*
channels by phosphorylating them. The transient outward potassium (l15) channel Kv4.3
is also associated with Src (Gomes et al., 2008). When a Src inhibitor peptide is applied
intracellularly, the Kv4.3-mediated outward current is abrogated, while intracellular
application of recombinant Src increased peak current amplitude (Gomes et al., 2008).
Src kinase has also been shown to be involved in mediating inward rectifying K*
currents. The inward rectifying K* channels called ROMK are inhibited by a kinase
called WNKA4 (lysine deficient kinase 4), which closes the channels when phosphorylated
(Yue et al., 2009). Activation of Src phosphorylates WNK4, thereby occluding WNK4’s
ability to inhibit ROMK channels (Yue et al., 2009). Therefore, Src activation indirectly

leads to activation of ROMK inward rectifying channels.

In our studies, observations on blockers of K* currents demonstrated a major role for

rectifiers in thalamic neurons. Intracellular Cs* which blocks rectifying and leak K*
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currents (cf. Golshani et al., 1998) suppressed the responses to isovaline. Extracellular
Ba?* or Cs" which blocked the inward rectifier, i, and leak current (McCormick and
Pape, 1990; Wan et al. 2003), also prevented the responses. Isovaline induced
appreciable currents at potentials positive to -60 mV indicating involvement of additional
K" currents, such as outward rectifiers. These results were consistent with isovaline

actions on several types of K* channels with voltage-dependent and leak properties.

It was recently shown that the analgesic actions of conotoxins, Vcl1.1 and Rg1A, are due
to closure of N-type Ca?* channels through GABAGg receptor activation (Callaghan et al.,
2008). When Src kinase activity was blocked, GABAg receptor activation was no longer
able to block Ca®* channels, showing that Src kinase is critical for GABAg closure of N-
type Ca** channels. Src kinase is believed to be associated with the Ca** channel itself,
and activation of the receptor leads to increased Src activity, through either the Ga or
Gy subunit, which can alter the kinetics of activation and the magnitude of the Ca®*

channel currents (Richman et al., 2004).

The modification of intracellular Src tyrosine kinase has also been shown to be involved
in antinociception by acting on potassium channels (Gamper et al., 2003). The inhibition
of Src increases the magnitude of ‘M-currents’ in cultured sympathetic neurons, which
leads to antinociception (Gamper et al., 2003). Additionally, Src-induced
phosphorylation of Kir3.1 inward rectifying K* channels, caused by «k-opioid receptors,

leads to desensitization of the receptors and provides another mechanism for increased
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nociception (Clayton et al., 2009). The data showing Src involvement in antinociception

further supports the possibility that isovaline may act through Src kinase.

To test whether isovaline increases or inhibits Src action, we can both block or augment
Src action inside the cell prior to bath application of isovaline. To block Src activity, we
can add the cell permeable Src kinase inhibitor PP2 to the bath for 30 minutes prior to
isovaline application (Gomes et al., 2008). To increase Src activity, we can add active
recombinant Src kinase to our recording electrode prior to isovaline application (Gomes
et al., 2008). Assuming that Src activity would be saturated by the recombinant Src
kinase, both inhibition and augmentation of Src kinase activity should occlude isovaline

action if Src is involved in isovaline actions.

5.3.1.2.4. Isovaline may inhibit NSF proteins

The regulatory proteins called N-ethylmaleimide-sensitive factor (NSF) proteins are
associated with GABAg receptors, and are capable of ‘priming’ the receptors such that
activation leads to rapid desensitization by protein kinase C (Pontier et al., 2006).
Desensitization via NSF involves internalization of the receptors (Couve et al., 2002).
Inhibition of NSF proteins with a synthetic peptide prevents receptor desensitization
during prolonged baclofen exposure (Pontier et al., 2006). While inhibition of NSF
proteins would likely prevent desensitization, this is likely not the sole cause of the
prolonged conductance increase caused by isovaline. It seems that there would need to
be a continued stimulation of GABAg receptors in addition to the lack of desensitization

in order to obtain the observed prolonged conductance increase.
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To test whether isovaline produces its prolonged effects via NSF proteins, we could
inhibit NSF proteins with a cell permeable peptide, TAT-Pep27, prior to application of
isovaline. The TAT-Pep27 peptide would likely occlude the isovaline-induced inhibition

of NSF proteins.

5.3.2. Isovaline actions mediated by another G-protein coupled receptor

We cannot exclude the possibility that isovaline is activating another G-protein coupled
receptor that is potentiated and occluded by CGP7930 and CGP35348, respectively.
Family C G-protein-coupled receptors (GPRC6A) are stereoselectively activated by | -a-
amino acids (Christiansen et al., 2007). To our knowledge, the only antagonist identified
for GPRCG6A receptors is Calindol, a calcimimetic (Faure et al., 2009), while CGP
compounds have not yet been tested on this receptor. However, the selective activation
by R-isovaline (D- enantiomer) over S-isovaline (L- enantiomer) in our study suggests

that coupling to GPRC6A is less likely.

A novel, GABAg-like amino acid receptor has been described, although due to the lack
of an as yet unidentified second subunit, this GABAg-like receptor is not active (Calver
et al., 2003). R-isovaline could potentially activate this new, GABAg-like receptor
subunit if/when co-localized with its partner in vivo. Again, we are not aware of any

study evaluating potentiation or blockade of this receptor with CGP7930 or CGP35348.
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5.4. Future studies

This thesis has identified, for the first time, the mechanism of inhibition of
thalamocortical neurons by the novel amino acid, isovaline. However, the precise
mechanism by which isovaline exerts its effects has yet to be determined. Future studies
should utilize the technology of recombinant cell lines to identify the how isovaline is
causing its effects. This will allow a great deal of control to manipulate specific sites

involved in the actions on GABAGg receptors or other signalling molecules.

The first objective should be to confirm that the GABAg receptor is the receptor activated
by isovaline. Initial experiments with one subtype of GABAg; subunit should be
followed by experiments to identify whether the other GABAg; subunit is also activated
by isovaline. For example, start by transfecting GABAg:a With GABAg; (need a
heterodimer) and see if isovaline is able to activate the receptors. Next, proceed with
GABAGg15 and GABAg; transfection, because both subtypes are present in VB thalamus
(Ulrich and Bettler, 2007). If only one subtype is activated by isovaline, this may be the

first demonstration of a pharmacological difference between the two receptor subtypes.

The next step would be to determine whether isovaline acts intracellularly or
extracellularly. This could be done by placing isovaline in the recording electrode and
observing whether there is an increase in conductance. Regardless of outcome,
application of intracellular isovaline should be followed by application of a GABAg
agonist, for example baclofen, to determine whether intracellular isovaline prolongs the

action of the normally reversible agonist.
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The brain slice experiments performed in this thesis were all done in ventrobasal
thalamus. However, behavioural experiments involving injection of isovaline
intrathecally or into the cisterna magna both produced marked analgesia (MacLeod et al.,
2010). This suggests that there is a local action of isovaline in the spinal cord and/or
brainstem. It would be prudent to determine whether the actions of isovaline are similar
in these regions of the nervous system. A similar slice preparation and application of

isovaline as was done in this thesis would allow for such an assessment.

5.4.1. Synaptic actions of isovaline

In addition to the experiments described above, future work should include an assessment
of isovaline’s ability to modulate synaptic transmission. The cyclic analogue of
isovaline, aminocyclobutyric carboxylic acid (ACBC), has even more potent actions as
an analgesic than isovaline in the formalin foot test (Wang, 2008). The mechanism of
action of ACBC is that of a partial agonist/antagonist, occupying the glycineg site of
NMDA receptor, and preventing the receptors from being maximally activated (Inanobe
et al., 2005). Itis possible that isovaline also interacts with the glycine site of NMDA

receptors, preventing the receptor from being maximally activated.

This is not to rule out the potential of a synaptic action of isovaline on other

neurotransmitter systems; the analgesic action of isovaline suggest that it might be

reducing excitatory input through NMDA or non-NMDA receptors (AMPA and kainate
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receptors), or it could be augmenting inhibitory neurotransmission through GABAA or

glycine receptors.

5.5. Implications of isovaline action

Neuronal inhibition via activation of a potassium conductance is known to generate
antinociception. Receptors that are coupled to K+ channels and mediate antinociception
include opioid, 5-HT;, and muscarinic cholinergic receptors (Ocana et al., 1990; Robles
et al., 1996; Raffa and Martinez, 1995). Indeed, activation of GABAg receptors is
antinociceptive as well (Potes et al., 2006). It is plausible that the analgesic action of
isovaline (MacLeod et al., 2010) is due to its ability to generate a long-lasting potassium

conductance.

This thesis has begun the process of identifying the mechanism of action of a novel
analgesic amino acid. This is particularly exciting given the effectiveness of isovaline at
treating pain, especially phase 2, chronic pain, in combination with a relative paucity of
deleterious side effects (MacLeod et al., 2010). | have done immunohistochemistry to
show that there are co-localized GABAGg receptor subunits in the epidermis of the
hindpaw, and these peripheral receptors may be the site of action of isovaline in the
periphery (see: Appendix C). The search for better analgesic compounds is important
given the magnitude of the side effects common with most ‘effective’ analgesics for

treatment of chronic pain (Eisenberg et al., 2005).
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We now know that isovaline, at the very least, is capable of activating a long-lasting
potassium conductance, and that this is mediated by a G-protein coupled receptor, likely
GABAg. The GABAg receptor agonist baclofen is an effective antinociceptive agent,
although it has adverse side effects, including the requirement for administration via
pump (Slonimski et al., 2004). This suggests that activation of GABAg receptors
represents a strategy in the treatment of pain, but that current ligands are not ideal. The
unique actions of isovaline, including its long-lasting action, may make isovaline a strong
candidate to treat chronic pain in particular. The reason(s) for isovaline’s lack of adverse
side effects are unclear, but may be due to the low potency of the compound (cf.

MacLeod et al., 2010).

Once the precise mechanism of action of isovaline has been identified, this can be used as

a target by others looking to synthesize drugs designed to have antinociceptive properties

with minimal side effects.
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Figure 5.1. Potential sites of isovaline action. Isovaline could act extracellularly,
increasing release of GABA onto neurons. Isovaline could bind with high affinity to the
LIV-BP region of the GABAg; subunit. Isovaline could interact with the heptathelical
domain known to bind the allosteric modulator CGP7930. Isovaline could interact with
NSF proteins, preventing desensitization of the receptor. Isovaline could be inhibiting
the GTPase action of the Ga subunit, preventing the G-protein complex from re-
associating. Isovaline could be activating Src tyrosine kinase, which would presumably

activate multiple K* channels. Last, isovaline could be inhibiting RGS proteins,
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prolonging the activation and inactivation rates of G-proteins. See text for full details

(i.e.: section 5.3.1.). Adapted from Bowery and Smart, 2006.
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APPENDIX A: IMMUNOHISTOCHEMICAL IDENTIFICATION OF THE ANCHORING PROTEIN
GEPHYRIN IN VENTROBASAL THALAMUS.

Brief background

Gephyrin is an anchoring that is responsible for localizing both glycine (Prior et al.,
1992) and GABAA (Cabot et al., 1995) receptors to the cell membrane. Prior to
performing immunohistochemistry for glycine oy, receptor subunits (see: Manuscript

#2), we wanted to verify the presence of gephyrin in VB thalamus.

Methods

Immunohistochemistry

Immunohistochemistry was performed on sections post-fixed in 4% formaldehyde for 10
min. The sections were permeabilized with 0.1% Triton X-100, blocked with 0.5%
bovine serum albumin (BSA) in phosphate buffered saline (PBS) and incubated in
primary antibody overnight at 4°C in PBS solution containing 0.1% BSA. The primary
antibody was rabbit anti-gephyrin (1:200; Abcam, Cambridge, MA; ab32206).
Secondary antibody was chicken anti-rabbit Alexa 488 (Invitrogen, Burlington, ON), and
was applied for one hour at room temperature. Sections were followed by 4',6-
diamidino-2-phenylindole (DAPI) nuclear counterstain. Sections were coverslipped with
Prolong Gold (Invitrogen, Burlington, ON) and allowed to cure overnight before

imaging.

Low magnification images were captured using an Axioskop 2 MOT epifluorescence

microscope (Zeiss, Jena, Germany), fitted with a SPOT camera (Diagnostic Instruments,
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Sterling Heights, MI) and Northern Eclipse software (Empix Imaging, Mississauga,
Ontario, Canada). Image brightness was modified slightly using Adobe Photoshop

software to enhance visualization.

Results

We used immunohistochemistry to determine whether gephyrin, an anchoring protein
required for the stabilization of glycine receptors to the synapse (Prior et al., 1992), was
present in VB thalamus. Indeed, we found extensive expression of gephyrin throughout
both ventroposteromedial (VPM) and ventroposterolateral (VPL) nuclei of VB thalamus
(Fig. A.1). Higher power image in the inset of Fig. A.1 shows gephyrin positive neurons
in the VPL, with nuclei counter-stained with DAPI. Negative controls, in which the
primary antibody for gephyrin is omitted from the protocol above, did not show any

gephyrin staining at all (data not shown).

While the pattern of gephyrin expression in the VPL corresponds to that of glycine
receptor expression (see: Figure 2.1), there is much more gephyrin expression than there
are glycine receptors in the VPM. Gephyrin in the VPM is likely anchoring GABAA

receptors (Cabot et al., 1995).
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Figure A.1. Gephyrin is found throughout the ventrobasal thalamus. (A) Gephyrin
(green), which anchors both glycine and GABAA receptors to the cell membrane, is
expressed throughout the ventroposterolateral (VPL) and ventroposteromedial (VPM)
nuclei of the thalamus. The inset shows cells expressing gephyrin at high magnification.
Scale bars in (A) are 250 um for low magnification and 50 um for inset. ST = stria
terminalis. Nuclei are counter-stained with DAPI. VAL = ventro-anterolateral thalamic

nucleus.
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APPENDIX B: LIMITATIONS OF QUANTUM DOTS AS FLUOROPHORES FOR VISUALIZING

RECEPTORS IN TISSUE

Brief background

Following our observations of co-localization of GABAaa4 subunits and glycine
receptors (See section 2), we wondered if there was a change in synaptic location of these
receptors developmentally (see Section: 5.1.2.2), or in response to increased synaptic
input from afferent fibres. To address these questions, we were interested in using the
emerging technology of quantum dot (Qdot) nanocrystals. Qdots are a special type of
semiconductor made from cadmium mixed with selenium, and they range from ~ 10 to
40 nm in diameter. Qdots are inherently fluorescent and are able to be conjugated to
biological reagents, such as antibodies, for imaging studies. Qdots are extremely
photostable, which allows them to be used for imaging over prolonged periods of time
(Dahan et al., 2003). Having been used to follow the trafficking of glycine receptors in
cultured neurons (Dahan et al., 2003), we wondered if we could use them to following

trafficking of glycine and GABAaa4 receptors in the living brain slice.

The following appendix outlines our attempts to use Qdots to visualize glycine receptors

under various conditions, in an attempt to follow receptor trafficking.

Methods
Tissue preparation
Sprague-Dawley rats (P12) were anesthetized with pentobarbital (40 mg/kg) and

transcardially perfused with cold 0.1% PBS, followed by 4% formaldehyde. Brains were
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dissected and post-fixed in 4% formaldehyde for 2 h at 4°C, followed by submersion in
30% sucrose for 24-48 h at 4°C. The tissue was embedded with Tissue-Tek embedding
medium (Sakura Finetek, Torrence, CA) and frozen in liquid nitrogen. Sagittal sections

were made at 14 um thickness and stored at -20°C.

Immunohistochemistry

Immunohistochemistry was performed on sections post-fixed in 4% formaldehyde for 10
min. The sections were permeabilized with 0.1% Triton X-100, blocked with 0.5%
bovine serum albumin (BSA) in phosphate buffered saline (PBS) and incubated in rabbit
anti-glycine receptor a1/2 subunit (1: 200; Abcam, Cambridge, MA; ab23809) overnight
at 4°C in PBS solution containing 0.1% BSA. The secondary antibody, chicken anti-
rabbit, was conjugated to either Alexa 488 fluorophore as a positive control (Invitrogen,
Burlington, ON), or to Qdot 525 fluorophore. Secondary antibodies were applied for one

hour at room temperature in 0.1% BSA.

Sections were all followed by 4',6-diamidino-2-phenylindole (DAPI) nuclear
counterstain, except certain preparations containing Qdots. Since Qdots are excited by
UV light, the fluorescence filter normally used for DAPI was not ideal for use with
Qdots. Sections were all coverslipped with Prolong Gold (Invitrogen, Burlington, ON)

and allowed to cure overnight before imaging.

Low magnification images were captured using an Axioskop 2 MOT epifluorescence

microscope (Zeiss, Jena, Germany), fitted with a SPOT camera (Diagnostic Instruments,
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Sterling Heights, MI) and Northern Eclipse software (Empix Imaging, Mississauga,
Ontario, Canada). Image brightness was modified slightly using Adobe Photoshop

software to enhance visualization.

Immunohistochemistry on living slices

In a subset of experiments, we wanted to visualize the trafficking of receptors in the
living brain slice. As a control, we first wondered whether antibodies against the
receptors would be able to permeate the living slice to allow visualization. First, we
prepared 300 um thick brain slices (as in Slice preparation). While in aCSF, antibodies
against glycine receptor oy, subunits were added for one hour, suspended in 0.1% BSA
in PBS. After 2 washes of 5 minutes in aCSF, secondary antibodies were added for one
hour, also suspended in 0.1% BSA in PBS. The secondary antibodies were either

conjugated to an Alexa 488 fluorophore or Qdot 525 fluorophores.

Live slices were then fixed with 4% formaldehyde and embedded with Tissue-Tek
embedding medium (Sakura Finetek, Torrence, CA) and frozen in liquid nitrogen.
Sections were made perpendicular to the plane of the original slice at 14 um thickness.
Nuclei were counter-stained with DAPI (for Alexa 488) and sections were coverslipped
with Prolong Gold (Invitrogen, Burlington, ON). Images were captured using an
Axioskop 2 MOT epifluorescence microscope (Zeiss, Jena, Germany), fitted with a
SPOT camera (Diagnostic Instruments, Sterling Heights, MI) and Northern Eclipse
software (Empix Imaging, Mississauga, Ontario, Canada). Image brightness was

modified slightly using Adobe Photoshop software to enhance visualization.
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Physical dissociation of thalamocortical neurons

For experiments involving immunocytochemistry on dissociated thalamocortical cells,
we first prepared 300 mm thick sagittal sections of postnatal day 9 (p9) Sprague-Dawley
rats. The thalami were removed using a razor blade and placed in a coverslip-bottomed
petri dish. A glass capillary tube was inserted into the thalamus which was vibrated at 2
Hz for 2 minutes. The thalamus was removed and dissociated cells were given an hour to
attach to the bottom of the petri dish. Immunocytochemistry was carried out as for

immunohistochemistry on fixed, frozen sections, outlined above.

Results

Quantum dots: methodological limitations to visualization of receptor trafficking in
living brain slices

Having shown a high degree of co-localization of synaptic glycine receptors with a
GABAA subunit that is more often located extrasynaptically (Jia et al., 2008), we
wondered if GABAA a4 subunits were trafficked to synapses during periods of increased
stimulation. To test this theory we decided to use stimulation of medial lemniscus,
known to elicit both glycinergic and GABAergic IPSCs (i.e.: Fig. 2.5), in combination

with visualization of receptors using the emerging technology of quantum dots.

First, we needed to verify that we could, in fact, visualize fluorophore-conjugated
antibodies in living brain slices. To test this, we prepared 300 um thick sections of p10-

15 Sprague-Dawley rats to include ventrobasal thalamus. Sections were placed in
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oxygenated aCSF, and incubated with antibodies against glycine receptor al/2 subunits
for one hour. Following washes with normal aCSF, secondary antibodies were added for
one hour. In 3 brain slices, secondary antibodies were conjugated to Alexa 488
fluorophores, while another 3 brain slices received secondary antibodies conjugated to
Qdot 525 fluorophores. After washes with normal aCSF, the slices were all fixed with
4% formaldehyde, embedded and sectioned at 14 um perpendicular to the plane of the
brain slice with a cryostat. The nuclear counter-stain DAPI was added to Alexa 488-
receiving sections, and the sections were coverslipped. Sections were then examined

with a fluorescent microscope.

We found that in brain slices incubated with secondary antibodies conjugated to Alexa
488 fluorophores, glycine receptors were clearly visible throughout the thickness of the
300 um thick brain slice (Fig. B.1A). By contrast, we found that all brain slices
incubated with secondary antibodies conjugated to Qdot 525 fluorophores had no glycine
receptors visible above background (Fig. B.1B). These results suggested that, while it is
possible for fluorophore-conjugated antibodies to penetrate the living brain slice, Qdot-

conjugated antibodies were not detectable.

Quantum dots: methodological limitations to visualization in fixed, frozen tissue
Since we were unable to use Qdots to visualize glycine receptors in 300 um thick, living
tissue, we wondered if they would be able to work on 14 um sections of fixed, frozen
tissue. We made sagittal sections from p12 Sprague Dawley rats and incubated them

with antibodies against glycine o/, subunits. We then followed with secondary
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antibodies conjugated to either Alexa 488 fluorophores or Qdot 525 fluorophores. We
examined the brainstem area of the sections, as these areas generally have a high amount

of expression of glycine receptors (Ghavanini et al., 2005).

While there was a large amount of glycine receptors visible using the Alexa 488
fluorophore (Fig. B.2A), we were not able to visualize any signal above background
using the Qdot 525 fluorophore (Fig.B.2B), compared with negative control in which the
primary antibody has been omitted (Fig. B.2C). These results suggested that, while it is
possible to visualize glycine receptors using conventional Alexa fluorophores, Qdot-

conjugated antibodies are not detectable in fixed, frozen tissue.

Quantum dots: detectable using the experimental setup

Having had successive failures in our attempts to visualize glycine receptors using Qdots,
we wondered if our imaging setup was not ideally configured to detect the Qdots. To test
whether we were able to visualize Qdots themselves, we placed 1 uL of Qdot 525
fluorophores on a glass slide and covered them with a coverslip. Using the filter settings
optimized for emission around 525 nm wavelength we found that the quantum dots
emitted a large amount of light with minimal exposure time. When we used 10 ms
exposure, we were clearly able to resolve Qdots on our slide (Fig. B.3A). As we
increased the duration of the exposure to 20 (Fig. B.3B) and 50 ms (Fig. B.3C), there was
a large increase in the amount of light given off by the Qdots. Compare these exposure

times with that used to visualize the Alexa 488 fluorophore in Fig. B.2A, which was 250
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ms. These results suggest that our setup was indeed able to resolve the Qdots, and that

the problems we had been having were not due to limitations of our imaging setup.

Quantum dots: only on dissociated cells

A major difference between our approach to visualize receptors with Qdots and the
approach used by others is that we were using brain slices while others tend to use
dissociated or cultured cells (cf: Dahan et al., 2003). Knowing that our setup was able to
resolve Qdots, we decided to test whether we could visualize glycine receptors with
Qdots on neurons of ventrobasal thalamus after they had been physically dissociated. To
do this, we prepared 300 um thick sagittal brain slices from p9 Sprague-Dawley rats as
previously, and then isolated the thalamus using a razor blade. The thalamus was
transferred to a coverslip-bottom petri dish and vibrated at 2 Hz with a glass capillary
tube for 2 minutes. The thalamus was removed and any dissociated cells were given one
hour to adhere to the bottom of the petri dish. Immunocytochemistry was carried out

with the same protocol as in fixed, frozen tissue.

Using the Alexa 488 fluorophore as a positive control, we found glycine receptor
expression throughout the somata and proximal dendrites of thalamocortical neurons,
with intact presynaptic terminals labelled with VGAT (Fig. B.4A,B). Similarly, using
Qdot 525 fluorophores we observed glycine receptor expression throughout the somata
and proximal dendrites, with presynaptic terminals labelled with VGAT (Fig. B.4C,D).

These results suggest that Qdots are able to visualize receptors of thalamocortical
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neurons, but that they are optimally suited for use with cultured or dissociated cells, and

not with intact nervous tissue.
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Figure B.1. Quantum dots (Qdots) do not work in live brain slices. Brain slices were
incubated in primary antibodies directed against glycine receptor o/, subunits, followed
by secondary antibodies conjugated to (A) Alexa 488 flourophores, or (B) 525 Qdots.

After fixing and embedding, the slices were sectioned perpendicularly at 14 um and
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imaged. (A) Glycine receptors revealed with Alexa 488 were present throughout the
brain slice (arrows). Inset shows a lower power image of the same slice. (B) Using the
same preparation but with Qdots instead of the Alexa 488 fluorophore, no glycine
receptors could be seen anywhere in the slice, even at higher magnification. Nuclei in
(A) were counter-stained with DAPI, those in (B) were not (see: Methods). Bar in (A)

represents 100 um, 200 um in inset and 400 um in (B).
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Figure B.2. Quantum dots (Qdots) do not work on fixed, frozen tissue. Glycine
receptors were visualized in the brainstem of fixed, frozen tissue using secondary
antibodies conjugated to either Alexa 488 fluorophores, or Qdot 525. (A) Glycine
receptors in the brainstem visualized using an Alexa 488 secondary antibody showed
extensive expression of glycine receptors. (B) Glycine receptors in the brainstem
visualized using secondary antibodies conjugated to Qdots had no signal detectable over
background. (C) Negative control for Qdot 525 in which the primary antibody was
omitted. Note the similarity in (B) and (C). Nuclei were counter-stained with DAPI.

Scale bar in C is 50 um for each panel.
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Figure B.3. The experimental setup used is able to visualize quantum dots (Qdots).
To verify that the Qdots were working and that we could observe them with our
experimental setup, 1 uL of Qdot 525 were placed on a slide and coverslipped. We then
exposed the Qdots to ultraviolet light and recorded images at increasing exposure times
of (A) 10, (B) 20 and (C) 50 ms. For comparison, the Alexa 488 in Fig. 5(A) was
captured with an exposure time of 250 ms. Scale bar in (C) represents 50 um in all

panels.

197



VGAT

VGAT

Figure B.4. Quantum dots are able to visualize glycine receptors in dissociated cells.
(A, B) Thalamocortical neurons were mechanically dissociated and
immunohistochemistry was performed with antibodies against the vesicular inhibitory
amino acid transporter (VGAT; red) and glyciney1/, (green). The secondary antibodies
for glycine,1/» were conjugated to an Alexa 488 fluorophore. (C, D) Using the same
preparation as in (A) and (B) but with secondary antibodies for glycine,s/, conjugated to
Qdot 525, showing similar distribution of glycine receptors as with Alexa 488. Nuclei in

(A) and (B) are stained with DAPI. Scale bar in (D) is 50 um and applies to all panels.
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APPENDIX C: IMMUNOHISTOCHEMISTRY TO IDENTIFY GABAg RECEPTORS IN THE

EPIDERMIS OF THE MOUSE HIND-PAW

Brief background

Ongoing studies in the laboratory of a colleague have investigated the analgesic action of
isovaline injected into the hindpaw. While studies have shown that the GABAg agonist
baclofen is effective at treating prostaglandin E2-induced pain (Reis and Duarte, 2006), it

is not known whether GABAg receptors exist in the skin.

To address this question, we performed immunohistochemistry on a skin-punch biopsy

taken from the intraplantar surface of the mouse hind-paw.

Methods

Tissue preparation

A skin punch of 2 mm diameter was taken from the intraplantar surface of the mouse
hind-paw and placed in 4% formalin in PBS for 48 hours. The tissue was then
cryoprotected in 30% sucrose for 24 hours. Sections were made perpendicular to the

plane of the biopsy at 30 um using a cryostat, and were kept at -20°C until needed.

Immunohistochemistry

Immunohistochemistry was performed on sections post-fixed in 4% formaldehyde for 10
min. The sections were permeabilized with 0.1% Triton X-100, blocked with 0.5%
bovine serum albumin (BSA) in phosphate buffered saline (PBS) and incubated in

primary antibody overnight at 4°C in PBS solution containing 0.1% BSA. The primary
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antibodies were as follows, according to the experiment performed: mouse anti-
GABAGgRL1 subunit (1:100; ab55051; Abcam, Cambridge, MA), rabbit anti-GABAgR?2
subunit (1:100; ab75838; Abcam, Cambridge, MA), and chicken anti-MAP-2 (1:100;

ab75713; Abcam, Cambridge, MA).

Sections were incubated in goat anti-mouse Alexa 546, goat anti-rabbit Alexa 488, and
goat anti-chicken 633 secondary antibodies for 1 h at room temperature (Invitrogen,
Burlington, ON) followed by 4',6-diamidino-2-phenylindole (DAPI) nuclear counterstain.
Sections were coverslipped with Prolong Gold (Invitrogen, Burlington, ON) and allowed

to cure overnight before imaging.

Images were captured using an Olympus Fluoview 1000 confocal microscope (10x and
60x/1.4 oil Plan-Apochromat objectives). Image brightness was modified slightly using

Adobe Photoshop software to enhance visualization.

Results

Immunocytochemistry of GABAg receptors in the epidermis of the mouse hind-paw
Baclofen is known to produce analgesia on GABAg receptors in the periphery in animal
models of pain that involve injection of prostaglandin E2 into the intraplantar region of
the hindpaw (Reis and Duarte, 2006). However, no histology has ever shown the
presence of GABAg receptors in the dermal or epidermal tissue of the hind-paw. For this
reason, we performed immunohistochemistry on the dermal and epidermal tissue of the

mouse hind-paw using antibodies directed against both GABAg receptor subunits and the
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neuronal marker MAP-2. We found that both GABAg; (Fig. C.1A, B) and GABAg;
(Fig. C.1B, D) subunits are expressed in cells of the stratum spinosum of the epidermis,
cells which do not express MAP-2. Both GABAGg subunits are also expressed in MAP-2
positive neural processes of the stratum basale of the epidermis (Fig. C1C, D;

arrowheads).

In summary, there is extensive GABAg expression in the epidermis of the mouse hind-
paw. The MAP-2 positive processes expressing GABAg receptors are likely free nerve
endings, which others have shown to be responsible for transmitting nociceptive
information (Navarro et al., 2005). The cells in the stratum spinosum are likely all
keratinocytes, which have been implicated in pain due to inflammation (Radke et al.,

2010).
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Figure C.1. GABAg receptors are present in the epidermis of the mouse foot pad.
(A, D) GABAg; and (B, D) GABAGg; subunits are both expressed in cells of the stratum
spinosum (ss) of the epidermis (arrows). Both GABAg subunits are also expressed in (C,

D) MAP-2 positive neural processes of the stratum basale of the epidermis (sb;
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arrowheads). Scale bar in (D) is 20 um and applies to all panels. sc = stratum corneum;

sg = stratum granulosum; d = dermis.
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Investigator or Course Director: Ernest Puil
Department: Pharmacology & Therapeutics
Animals:

Rats SD 520
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The Animal Care Committee has examined and approved the use of animals for the

above experimental project.
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provided there is no change in the experimental procedures. Annual review is required by the CCAC

and some granting agencies.

A copy of this certificate must be displayed in your animal facility.
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