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To all my humans.
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The difference between perseverance
and obstinacy is that one comes
from a strong will, and the other
from a strong won’t.

Henry Ward Beecher
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ABSTRACT

Ionotropic glutamate receptors (iGluRs) mediate the majority of fast

excitatory neurotransmission in the mammalian central nervous system (CNS).

While AMPA-type (AMPARs) and NMDA-type iGluRs are critical for synaptic

plasticity throughout the CNS, kainate-type (KARs) iGluRs modulate neuronal

circuits. Despite sharing many structural features, AMPARs and KARs respond

differently to the neurotransmitter, l-glutamate. In the CNS, AMPARs and KARs

exist as heteromeric tetramers, associated with auxiliary proteins. Both these

elements influence the activation and deactivation properties of the channels. As

such, it is becoming clear that more information is needed to understand the roles

of native synaptic iGluRs.

Using outside-out patch electrophysiology with an ultra-fast solution exchange

system, we identified specific functional properties of heteromeric KARs formed of

the most widely expressed subunits, GluK2 and GluK5. We found that the gating

of GluK2/GluK5 heteromers is independent of external ions, which is in contrast

with homomeric GluK2 receptors. Moreover, by coupling the analysis of

macroscopic and microscopic current responses, we conclude that each subunit type

within the tetramer has independent gating contributions.

Polyamine block is a common feature of many cation-selective ion channels,

including AMPARs and KARs. Here, we show that KAR subunit heteromerization,

and their association with auxiliary proteins, attenuate channel block by

facilitating polyamine permeation. By combining electrophysiological data with

Molecular Dynamics simulations, we demonstrate that relief of block in

GluK2/GluK5 heteromers is due to a proline residue in GluK5, located in the
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pore-lining region. In silico, this residue increases the pore flexibility and facilitates

polyamine permeation.

We also found that the auxiliary proteins of AMPARs relieve polyamine block

through enhanced polyamine permeation. At positive membrane potentials, this

hinders Na+ permeation, causing a decrease in the overall conductance. Our data

identify an unappreciated role of polyamine permeation in shaping the signalling

properties of cation-selective ion channels.

Three conclusions can be drawn from my results. First, the activation of

heteromeric KARs does not rely on external ions and each subunit type can gate

independently. Second, relief of polyamine block by KAR heteromerization and

channel association with auxiliary proteins occurs through an increase in polyamine

permeation. Finally, auxiliary proteins of AMPARs produce a similar increase in

polyamine permeation, such that they interfere with Na+ permeation at positive

membrane potentials. The flux of polyamines through AMPARs may represent a

yet unidentified mechanism of regulating intracellular polyamine levels in an

activity-dependent manner. Taken together, these results improve our

understanding of the functioning of native AMPARs and KARs, an essential step

in the design of therapeutic approaches targeting these receptors.

v



ABRÉGÉ

Les récepteurs ionotropes glutamatergiques (iGluRs) sont responsables pour la

majorité de la neurotransmission excitatrice dans le système nerveux central

(SNC). Les iGluRs de type AMPA et NMDA sont essentiels à la plasticité

synaptique, tandis que les récepteurs de type kainate (KARs) modulent les circuits

neuronaux. Cependant, malgré plusieurs similarités structurelles, les AMPARs et

les KARs répondent différemment au neurotransmetteur l-glutamate. Dans le

SNC, les AMPARs et les KARs existent en tant qu’hétéromères tétramériques et

sont associés à des protéines auxiliaires. Ces deux éléments influencent les

propriétés d’activation et de désactivation des canaux. Par conséquent, il devient

de plus en plus clair que de plus amples informations seront nécessaires à notre

compréhension des rôles des iGluRs synaptiques.

À l’aide d’une approche électrophysiologique de type “outside-out patch” avec

un système d’échange de solutions ultra-rapide, nous avons identifié des propriétés

fonctionelles spécifiques aux KARs hétéromériques formés par les sous-unités les

plus répandues, GluK2 et GluK5. Nous avons trouvé que l’activation de ces

hétéromères est indépendante des ions externes, contrairement aux récepteurs

homomériques GluK2. De plus, en combinant l’analyse des courants

macroscopiques et microscopiques, nous concluons que chaque sous-unité du

tétramère hétéromérique contribue indépendamment à l’activation du récepteur.

Le bloquage par les polyamines est une caractéristique commune aux canaux

cationiques, tels les AMPARs et les KARs. Nous démontrons ici que

l’hétéromérisation des sous-unités des KARs, ainsi que leur association aux

protéines auxiliaires, atténuent ce bloquage en facilitant la pénétration des
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polyamines. En combinant des données électrophysiologiques à des simulations de

dynamique moléculaire, nous démontrons que le soulagement du bloquage chez les

hétéromères GluK2/GluK5 peut être attribuée à une proline dans la sous-unité

GluK5, située dans la région du pore. In silico, cet acide aminé augmente la

flexibilité du pore, ce qui pourrait expliquer la pénétration accrue des polyamines.

Nous avons également découvert que les protéines auxiliaires des AMPARs

soulagent le bloquage par les polyamines en facilitant leur pénétration. À des

potentiels membranaires positifs, ceci gêne la pénétration du Na+ et diminue la

conductance. Nos données identifient un rôle sous-estimé de la pénétration des

polyamines dans le fonctionnement des canaux cationiques.

Trois conclusions peuvent être tirées de mes résultats. Premièrement,

l’activation des KARs hétéromères ne dépend pas des ions externes et chaque

sous-unité agit indépendamment. Deuxièmement, le soulagement du bloquage

polyamine-dépendant par l’hétéromérisation et l’association des canaux aux

protéines auxiliaires provient d’une augmentation de la pénétration des polyamines.

Finalement, les protéines auxiliaires des AMPARs augmentent la pénétration des

polyamines, à un point tel qu’elles interfèrent avec le Na+ à des potentiels

membranaires positifs. Le flux des polyamines à travers les AMPARs pourraient

représenter un mécanisme non-identifié jusqu’à maintenant, régulant le niveau de

polyamines dans la cellule de façon activité-dépendante. Globalement, ces résultats

enrichissent notre compréhension du fonctionnement des AMPARs et des KARs

natifs, une étape essentielle à la conception d’approches thérapeutiques ciblant ces

récepteurs.
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PREFACE

The role of the nervous system is to allow an organism to interact with its

environment. In mammals, it is an exquisitely complex network containing many

types of neurons and glial cells, each playing a specific role in the transmission of

information. This information can be transmitted electrically, for example through

gap-junctions (Connors and Long, 2004), or more commonly, chemically, through

the pre-synaptic release of neurotransmitter molecules that act through receptors to

change the post-synaptic membrane potential. In the mammalian central nervous

system, l-glutamate is the major excitatory neurotransmitter.

Glutamate-mediated rapid neurotransmission occurs through ionotropic

glutamate receptors (iGluRs), which are divided into three families: NMDA,

AMPA and kainate receptors (KARs). NMDA and AMPA receptors have been

well-characterized as being the main mediators of excitatory transmission and

synaptic plasticity, while KARs modulate synaptic transmission and neuronal

circuits (Traynelis et al., 2010). Although an increasing number of studies have

described the functional properties of recombinant AMPA and kainate receptors, it

is becoming more obvious that synaptic receptors have different functional

properties than those that are studied in a dish. For example, KAR-mediated

synaptic currents tend to have much slower decay kinetics than their recombinant

counterparts. How do we explain these differences? This was the main question

that motivated me when I started my PhD in Dr. Bowie’s lab. At the time,

evidence was emerging, suggesting that synaptic KARs existed mainly as

heteromeric complexes, and this could, at least in part, account for the differences

xxvi



in kinetic properties (Barberis et al., 2008; Fernandes et al., 2009). Additionally,

auxiliary proteins had been recently identified, interacting with AMPARs and

KARs, and modifying their channel properties. A clearer picture of synaptic

iGluRs was being painted, but many pieces of this puzzle were still missing.

The overarching aim of my thesis work was to understand how the different

components of AMPA and kainate receptors affected their functional properties.

Specifically, what are the mechanisms governing the changes in gating incurred by

simply heteromerizing with distinct subunits? And how do auxiliary proteins also

achieve this? To tackle these questions, I combined functional data with emerging

structural information and Molecular Dynamics simulations through international

collaborations.

This thesis is divided into five chapters andAppendices. Chapter 1 contains

background information about the structure and function of AMPARs and KARs,

as well as the objectives and rationales. The following three chapters describe

my experimental results on the functional properties of AMPARs and KARs. Each

chapter is presented in manuscript format. The Chapter 5 is a general discussion of

the results and focuses on the gating properties of heteromeric KARs. I also discuss

the physiological consequences of heteromerization on ion modulation, as well as the

relevance of polyamine permeation. Finally, the Appendices contain re-prints and

copyright waivers, and also additional articles that are related to my thesis work to

various degrees.
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CHAPTER 1. INTRODUCTION

1.1 Ionotropic Glutamate Receptors

Ionotropic glutamate receptors (iGluRs) are ligand-gated cation-selective

channels that are found at many excitatory synapses in the central nervous system.

They are gated by the neurotransmitter, l-glutamate, and play an important role

in fast excitatory neurotransmission and in synaptic plasticity mechanisms,

processes that are crucial for learning and memory (Traynelis et al., 2010). Based

on their pharmacology, kinetic properties and sequence similarities, they are

classified into three families, namely the NMDA, AMPA and kainate (KAR)

receptors.

Each of these receptor types plays an important role in chemical synaptic

neurotransmission. AMPA receptors open and close with sub-millisecond time

scales, making them ideal for fast neuronal communication (Traynelis et al., 2010).

In contrast, the behaviour of NMDA receptors is different in multiple ways. For

example, these channels are blocked by Mg2+ ions at resting membrane potentials,

and therefore require membrane depolarization in order to conduct current (Nowak

et al., 1984; Mayer et al., 1984). For this reason, they are considered to be

coincidence detectors of membrane depolarization and l-glutamate release.

Additionally, they are highly Ca2+ permeable (Mayer and Westbrook, 1987) and

have very slow activation and deactivation kinetics (Lester et al., 1990). Together

at the same synapses, AMPA and NMDA receptors are the major players in

synaptic plasticity (Traynelis et al., 2010). On the other hand, kainate receptors

are known as modulators of neuronal excitability (Contractor et al., 2011). Their

relative contribution to synaptic currents is small, but their slow deactivation

kinetics allow for temporal summation (Contractor et al., 2011). Pre-synaptic

KARs also regulate neurotransmitter release (Pinheiro and Mulle, 2008).
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As iGluRs play important roles in the central nervous system (CNS), a

disruption of their normal functioning can lead to various CNS disorders (Bowie,

2008). For example, several lines of evidence suggest that kainate receptors play a

role in temporal lobe epilepsy (Mulle et al., 1998; Smolders et al., 2002; Epsztein

et al., 2005). A thorough investigation of the functional properties of iGluRs, as

well as the roles they play in neuronal communication, will help us understand how

they contribute to these pathologies and promote rational therapeutic design.

1.1.1 Brief overview: the discovery of glutamate receptors

Nowadays, l-glutamate (l-Glu) is taken for granted as mediating the majority

of fast excitatory neurotransmission in the mammalian CNS. However, this amino

acid, found in high concentrations in the mammalian brain (Berl and Waelsch, 1958),

was not always considered a neurotransmitter. l-Glu and many other related d- and

l- amino acids were potent excitants of neurons (Curtis and Watkins, 1963). Since

l-Glu was found in high concentrations throughout the brain and could depolarize

almost all neurons, it could not be responsible for specific neurotransmission (Curtis

et al., 1960; Curtis and Watkins, 1963; Watkins and Jane, 2006). Despite these

early beliefs, l-Glu and l-Asp were shown to be released in a Ca2+ -dependent

manner following electrical stimulation or depolarization (Watkins and Jane, 2006).

Furthermore, high-affinity amino acid transporters were identified as a transmitter

clearance mechanism, and the role of l-Glu as an excitatory neurotransmitter was

reconsidered (Watkins, 1972).

The development of pharmacological tools was crucial in the identification and

characterization of these excitatory amino acid transmitter receptors (Watkins and

Jane, 2006). Two important compounds, N -methyl-d-aspartate (NMDA) and

kainate, a toxin first isolated from the marine algae Digenea simplex by Murakami
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and colleagues (1953), helped divide these receptors into “aspartate-preferring” and

“glutamate-preferring” (or “NMDA” and “non-NMDA”) receptors (Watkins and

Jane, 2006; Lodge, 2009). Specifically, two neuronal cell types, spinal interneurons

and Renshaw cells, showed differential sensitivities to these compounds (McCulloch

et al., 1974). Quisqualic acid, isolated from the plant Quisqualis indica, produced

similar effects as l-Glu on crayfish neuromuscular junctions (Shinozaki and

Shibuya, 1974) and cat spinal neurons (McLennan and Lodge, 1979).

The NMDA receptors were further distinguished from the non-NMDA

receptors with additional pharmacological properties, such as their weak preference

of the antagonist, d-α-aminoadipate (DαAA) (Davies and Watkins, 1979), and

block by Mg2+ (Evans et al., 1977). Furthermore, a subgroup of the receptors that

were relatively insensitive to DαAA, those that were excited by l-Glu and

quisqualate, were inhibited by glutamic acid diethyl ester (GDEE) (Hicks et al.,

1978; McLennan and Lodge, 1979). Kainate-responsive receptors differed in their

sensitivity to these antagonists, and it was postulated that l-Glu receptors and

kainate receptors were different entities (McLennan and Lodge, 1979). The idea of

three receptor types was further strengthened with the observation that the d and

l forms of γ-glutamylglycine (γDGG) selectively inhibited responses to kainate and

NMDA, but not l-Glu or quisqualate, in cat spinal neurons (Davies and Watkins,

1981). It was later discovered that quisqualate was also an agonist at metabotropic

glutamate receptors (Sladeczek et al., 1985; Nicoletti et al., 1986), and the

quisqualate receptors became the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic

acid (AMPA) receptors, for their high responsiveness to this novel compound

(Krogsgaard-Larsen et al., 1980; Lodge, 2009).
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Though emerging pharmacological tools were useful in separating and

characterizing synaptic iGluRs, the cloning of the channel subunits revealed their

molecular identity.

1.1.2 Cloning of the glutamate receptor subunits

The first cloned subunit of the iGluR family was GluR-K1 (now GluA1)

(Hollmann et al., 1989). This was done by injecting Xenopus oocytes with

gradually decreasing sizes of cDNA libraries from the rat forebrain until a very

small pool of cDNA resulted in oocytes that reversibly responded to l-Glu, kainate

and domoate (Hollmann et al., 1989). Interestingly, this clone was initially believed

to belong to the kainate-type family of iGluRs, because it did not respond to

quisqualate (Hollmann et al., 1989). In the following years, multiple groups also

identified this receptor subunit, each time giving it a new nomenclature (Lodge,

2009) (Figure 1–1). Additional AMPA receptor (AMPAR) subunits were then

cloned and characterized, closely followed by the primary KAR and NMDAR

subunits (Lodge, 2009). Interesgintly, KA-1 and KA-2 (GluK4 and GluK5, see

Figure 1–1), were named this way because of their high affinity kainate binding

sites (Werner et al., 1991; Herb et al., 1992). The various nomenclatures for all

these iGluR subunits quickly became very confusing, and it was necessary to

implement a standardized nomenclature, one which is arguably much more

intuitive (Collingridge et al., 2009). Figure 1–1 illustrates the different classes of

receptors and their subunits, as they are known today.

1.1.3 AMPARs and KARs in the CNS

The emergence of pharmacological tools, for example the quinoxalinediones,

DNQX, CNQX and NBQX, and the 2,3-benzodiazepines, GYKI52466 and

GYKI53655, were extremely valuable in separating synaptic contributions of
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Figure 1–1: Ionotropic Glutamate Receptor Subunits
The current nomenclature of the subunits belonging to the NMDA, AMPA and Kainate-type iGluRs
(Collingridge et al., 2009). Previous nomenclature is included in parentheses.

AMPA and kainate receptors (Lerma et al., 1997; Bleakman and Lodge, 1998;

Lodge, 2009). For example, the GYKI compounds, AMPAR-selective antagonists,

were used to isolate slow KAR-mediated responses in hippocampal CA3 neurons

(Castillo et al., 1997; Vignes and Collingridge, 1997). Similarly, GluK1-selective

antagonists (e.g. LY293558) and agonists (e.g. ATPA) could confirm the

contribution of KARs to synaptic responses (Clarke et al., 1997).

Together with the specific agonists and antagonists, early cloning and in situ

hybridization studies showed that the expression of AMPARs and KARs in the CNS

is widespread and developmentally-regulated (Keinnen et al., 1990; Werner et al.,

1991; Herb et al., 1992; Seeburg, 1993; Wisden and Seeburg, 1993; Bahn et al., 1994).

A more recent study has used high-resolution quantitative mass spectrometry to

characterize the spatio-temporal expression of native AMPAR complexes (Schwenk

et al., 2014).
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Overall, with the exception of the cerebellum, GluA2 is the most prevalent

AMPAR subunit in various rodent brain regions including the cortex, the

hippocampus and the striatum (Schwenk et al., 2014). GluA4 has the lowest

expression in the brain, but seems to be in high relative abundance in the

cerebellum (Schwenk et al., 2014). GluA1 and GluA3 have intermediate expressions

throughout the brain (Schwenk et al., 2014), and their relative contribution to

synaptic AMPAR currents may also be dynamically-regulated through plasticity

mechanisms (Nicoll and Schmitz, 2005; Ehlers et al., 2007; Granger et al., 2013;

Granger and Nicoll, 2014).

Native AMPARs are also associated with auxiliary proteins, which are also

expressed differentially in various brain regions (Schwenk et al., 2014). For

example, the transmembrane AMPAR regulatory protein (TARP) γ8 is highly

expressed in the cortex, the hippocampus and the striatum, but the expression of

γ2 and γ4 dominate in the thalamus (Schwenk et al., 2014). The relative

abundance of the various TARPs during development seems to be much more

regulated than the AMPAR subunits themselves, with the expression of γ8

increasing and γ4 decreasing with age (Schwenk et al., 2014). Interestingly,

Cornichon Homolog 3 (CNIH-3) is found in low abundance relative to CNIH-2 in

all the brain regions that were tested (Schwenk et al., 2014). At synapses, the

subunit composition and trafficking of AMPARs is regulated through both TARPs

and CNIHs (Herring et al., 2013).

The expression of KAR subunits is more discrete than with AMPARs (Hollmann

and Heinemann, 1994), with the exception of GluK5, which seems to be ubiquitous

(Herb et al., 1992). The relative abundance of KAR mRNAs generally increases

during development (Bahn et al., 1994). Interestingly, the mRNAs for both primary

and secondary KAR subunits are observed in the same cell types (Seeburg, 1993;
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Wisden and Seeburg, 1993; Bahn et al., 1994; Hollmann and Heinemann, 1994),

suggesting that KARs most likely assemble as heteromers. In the rodent brain, the

most widely expressed KAR subunits are GluK2 and GluK5 (Petralia et al., 1994).

Despite the lack of evidence for their protein expression, there is

electrophysiological and pharmacological evidence of synaptic KARs. Notably, the

development of selective AMPAR antagonists, such as the 2,3-benzodiazepines

(Wilding and Huettner, 1995; Bleakman et al., 1996) enabled the characterization

of isolated synaptic KAR-mediated responses (Paternain et al., 1995). Interestingly,

KARs can be found at both pre- and post-synaptic sites (Nicoll and Schmitz, 2005)

and act as modulators of neuronal excitability (Contractor et al., 2011). A great

example demonstrating the role of KARs as neuronal circuit modulators is at the

hippocampal mossy fibre synapses. Here, post-synaptic KARs produce

l-Glu-evoked excitatory post-synaptic currents (EPSCs) with slow deactivation

(Castillo et al., 1997; Vignes and Collingridge, 1997; Frerking and Ohliger-Frerking,

2002), while the activation of pre-synaptic KARs causes pre-synaptic facilitation

(Contractor et al., 2003; Nicoll and Schmitz, 2005). These two processes contribute

to the frequency facilitation at these synapses (Nicoll and Schmitz, 2005). The

KARs involved are thought to be assembled from GluK2, GluK4 and GluK5

subunits (Darstein et al., 2003; Fernandes et al., 2009). Post-synaptic KARs are

also found in the retina, amygdala, spinal cord and cortex (Frerking and Nicoll,

2000). Pre-synaptic GluK2/GluK5 KARs in cerebellar granule cells play an

important role in the induction of long-term depression (LTD) (Crépel and Crepel,

2009).

In contrast to AMPAR-mediated EPSCs, the kinetic properties of

KAR-mediated EPSCs are very different from those of recombinant homomeric

GluK2 responses (Heckmann et al., 1996; Bowie, 2002; Swanson et al., 2002; Bowie
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et al., 2003). Recent studies are showing that subunit composition, especially

including the GluK4 and GluK5 subunits (Barberis et al., 2008; Fernandes et al.,

2009), as well as the association of KARs with auxiliary proteins (Zhang et al.,

2009), can account for these differences and gives insight into the functional

mechanisms underlying the synaptic roles of KARs (for example, see Yan et al.

(2013)).

1.1.4 Architecture and Topology

Not long after the cloning and functional classification of the iGluR subunits, a

plethora of functional and structural evidence quickly expanded. However, the

stoichiometry of the iGluRs was not always as clear as it is today. In fact, initial

biochemical and functional evidence suggested that they assembled as pentamers

(Blackstone et al., 1992; Wenthold et al., 1992; Brose et al., 1993; Wu and Chang,

1994; Sutcliffe et al., 1996; Ferrer-Montiel and Montal, 1996; Mano et al., 1996). At

first, this made sense, since other ligand-gated ion channels, such as nicotinic

acetylcholine receptors, were also thought to be pentamers (Changeux et al., 1987;

Cooper et al., 1991). However, functional evidence for the tetrameric assembly of

iGluRs soon emerged (Laube et al., 1998; Mano and Teichberg, 1998; Rosenmund

et al., 1998). For example, electrophysiological analysis of recombinantly-expressed

wild-type or mutant NMDAR subunits led to the conclusion that these receptors

were composed of two GluN1 and two GluN2 subunits (Laube et al., 1998).

Similarly, electrophysiological approaches were useful in determining the tetrameric

organization of non-NMDARs (Mano and Teichberg, 1998; Rosenmund et al.,

1998).

Ionotropic glutamate receptors have four main topological domains: the

amino-terminal domain (ATD), the ligand-binding domain (LBD), the
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transmembrane domain (TMD) and the C-terminal domain (CTD) (Figure 1–2). A

detailed description of each one will follow.

With the observation that the S1 and S2 domains of the iGluR subunits were

sufficient and necessary for agonist binding (see “LBD” section below) (Kuusinen

et al., 1995; Paas, 1998), it became possible to obtain an X-ray crystal structure of

an isolated GluA2 LBD in complex with the agonist, kainate (Armstrong et al.,

1998). Shortly thereafter, 2-fold symmetrical dimeric structures of the GluA2 LBD

were solved in the apo (unbound) state, in complex with the agonists, l-Glu,

kainate and AMPA, as well as with an antagonist, DNQX (Armstrong and Gouaux,

2000). The analysis of functional mutant assembly suggested a dimers-of-dimers

formation, occurring through critical NTD interactions (Ayalon and Stern-Bach,

2001). Interestingly, the various degrees of cleft closure observed with different

ligands gave important insight into the structural mechanisms underlying the

agonist selectivity and the activation properties of these channels (Armstrong and

Gouaux, 2000; Hogner et al., 2002; Jin et al., 2002, 2003). Structures of isolated

domains from related iGluRs emerged, for example GluR0 (Mayer et al., 2001) and

GluK1 and GluK2 (Mayer, 2005), and suggested that the overall structure of these

receptors is conserved.

In the following years, several biochemical and lower-resolution

electron-microscopy (EM) experiments provided the first glimpse into the

tetrameric nature of the full-length channel and its dimer-of-dimers arrangement

(Safferling et al., 2001; Tichelaar et al., 2004; Nakagawa et al., 2005, 2006; Midgett

and Madden, 2008). The first crystal structure of a full-length GluA2 receptor

revealed the intricacies of the tetrameric complex with some unexpected features

(Figure 1–2) (Sobolevsky et al., 2009). For example, “domain swapping” was

observed between the ATDs and LBDs, and despite the identical primary sequence
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Figure 1–2: Structure of iGluRs
Left, Schematic illustration of the subunit topology of iGluRs. Right, Cryo-EM structure of the
full-length GluA2 homotetramer (PDB # 5KBV). The A/C subunits are coloured in cyan; the B/D
subunits are coloured in orange.
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of the subunits within the homotetramer, there were differences in the structural

arrangement of the different subunits, which led to their A/C and B/D designation

(Sobolevsky et al., 2009) (Figure 1–2). Since then, multiple X-ray crystal and

cryo-EM structures of AMPARs (Chen et al., 2014; Dürr et al., 2014; Twomey

et al., 2016; Herguedas et al., 2016) and KARs (Meyerson et al., 2014, 2016) have

been solved.

The details regarding the different domains of the iGluR are discussed in the

following sections below. This thesis will focus on the AMPA and kainate receptors.

1.1.4.1 The Amino-Terminal Domain

The first 14–33 residues of all iGluRs constitute a signal peptide, which targets

the receptor for membrane insertion before being removed (Traynelis et al., 2010).

The numbering of the iGluR residues sometimes varies in reference to the “immature”

(i.e. including the signal peptide residues) or “mature” peptide (i.e. beginning after

the signal peptide). The ATD is assembled from the following 400–450 residues and

has a structure similar to amino acid binding proteins (Traynelis et al., 2010).

The structure of this domain resembles that of the iGluR LBD clamshell

structure with two distinct domains, the N-terminal R1 and the lower R2 domain,

linking to the LBD (Sobolevsky et al., 2009; Karakas et al., 2009; Kumar et al.,

2011). At the ATD level, the iGluRs have a 2-fold symmetrical arrangement

(Sobolevsky et al., 2009; Karakas et al., 2009; Meyerson et al., 2016). More

specifically, within one of the dimers, ATDs for each of the two subunits are not

equivalent. There are multiple interactions between the ATDs within a dimer, and

only the “proximal” ATDs (i.e. from subunits B and D) form contacts with the

second ATD dimer (Figure 1–3) (Sobolevsky et al., 2009; Karakas et al., 2009;

Karakas and Furukawa, 2014).
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Figure 1–3: X-ray crystal structure of the GluK2/GluK5 ATD
A, X-ray crystal structure of an ATD dimer formed of GluK2 and GluK5 (PDB # 3QLU). B,
Structure of the tetrameric GluK2/GluK5 ATD assembly (PDB # 3QLV). The GluK2 subunits
are in orange and the GluK5 subunits are in cyan.
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Although this extracellular domain is not essential for channel function

(Pasternack et al., 2002; Matsuda et al., 2005; Rachline et al., 2005; Gielen et al.,

2009; Yuan et al., 2009), it interacts with modulators and influences channel

function (Traynelis et al., 2010). These studies have also provided insight into the

specific roles of the ATD in the regulation of channel gating and assembly.

Interestingly, a recent study also identified the signal peptide as playing a role in

receptor assembly (He et al., 2016).

The ATD is the main place where the iGluRs are glycosylated as they are

trafficked through the endoplasmic reticulum (ER) and Golgi (Everts et al., 1997).

N-linked glycosylation impacts receptor trafficking, desensitization and channel

open probability [(Hollmann and Heinemann, 1994; Everts et al., 1997; Leuschner

and Hoch, 1999; Ayalon and Stern-Bach, 2001; Ayalon et al., 2005); see Traynelis

et al. (2010) for a more thorough review]. Interestingly, some of the N-linked

oligosaccharides are association sites for extracellular modulators. For example, the

plant lectin, concanavalin-A (Con-A) (Partin et al., 1993; Everts et al., 1997, 1999),

increases the steady-state current in KARs (Bowie et al., 1998), an effect that can

be disrupted by the ablation of the glycosylation sites (Fay and Bowie, 2006).

Other exogenous lectins, like wheat-germ agglutinin and succinyl concanavalin-A

(Yue et al., 1995), as well as marine and vertebrate galectins, also modulate

AMPAR and KAR function in a subunit-dependent manner (Ueda et al., 2013;

Copits et al., 2014). Although the ATD of NMDARs contains multiple binding sites

for allosteric modulators, such as Zn2+ and ifenprodil, no ions or small molecules

are known to bind to the AMPA/kainate receptor ATD (Traynelis et al., 2010).

The ATDs of AMPA and NMDARs were also shown to interact with

extracellular proteins such as N-cadherin (Saglietti et al., 2007) and the ephrin

receptor (Dalva et al., 2000; Takasu et al., 2002), which may be important for their
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roles in the development and maintenance of synapses. Specific subunit-subunit

interactions at the level of the ATD are critical for the specificity of assembly

between the subtypes of iGluRs (Ayalon et al., 2005) and could also promote

heteromeric assemblies within these iGluR families (Kumar et al., 2011). ATDs

could also play a role in the stabilization of the tetrameric structure (Sobolevsky

et al., 2009).

1.1.4.2 The Ligand-Binding Domain

The LBD follows the ATD C-terminally (Figure 1–2). However, instead of being

composed of a single stretch of residues, it is made up of 2 stretches of amino acids

that are separated by the pore-forming sequences of the channel. These 2 regions,

termed S1 and S2 (Stern-Bach et al., 1994), form the “upper” (D1) and “lower” (D2)

lobes of a clamshell structure (Sobolevsky et al., 2009).

The S1 domain spans about 150 residues (Stern-Bach et al., 1994) after the

ATD–LBD linker and leads into the S1-M1 linker (or pre-M1) (Sobolevsky et al.,

2009). S2 emerges after the M3 segment and spans about 160 residues before

leading into the M4 segment (Figure 1–2) (Stern-Bach et al., 1994). The S2-M3

linker is thought to be important for the conformational changes that lead to the

opening of the channel pore (Sobolevsky et al., 2009); this will be discussed in more

detail below. Together, the D1 and D2 domains form a clamshell structure, where

agonists and competitive antagonists can dock (Armstrong and Gouaux, 2000;

Furukawa and Gouaux, 2003; Du et al., 2005; Gonzalez et al., 2008; Sobolevsky

et al., 2009). Encouragingly, the structures of the isolated LBDs are very close to

that of the LBDs in the full-length GluA2 structures (Armstrong and Gouaux,

2000; Furukawa and Gouaux, 2003; Du et al., 2005; Gonzalez et al., 2008;
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Figure 1–4: X-ray crystal structure of the GluA2 LBD
Homodimeric structure of GluA2 bound to l-Glu (PDB # 1FTJ). A, Top view. B, Side view.

Sobolevsky et al., 2009; Meyerson et al., 2014; Chen et al., 2014; Dürr et al., 2014;

Herguedas et al., 2016; Twomey et al., 2016).

The binding of agonists occurs through several conserved residues within the

cleft, a process that is similar in all iGluRs (Traynelis et al., 2010). This causes

a conformational change, namely the closure of the clamshell via the movement of

D2, leading to the opening of the channel pore (Armstrong and Gouaux, 2000).

Subsequently, a re-opening of the cleft releases the agonist and leads to channel

closure (Traynelis et al., 2010). Deactivation can occur in each subunit independently,

resulting in gradually smaller conductance states as each agonist unbinds, as can be

observed in single-channel openings (Rosenmund et al., 1998). Alternatively, the

clamshell can remain closed, trapping the agonist and causing a “pulling” force to

destabilize the D1–D1 dimer interface, which results in desensitization (Armstrong

and Gouaux, 2000).

In AMPARs, agonist efficacy and antagonism is thought to depend on the

degree of cleft closure. The first evidence for this came from the crystal structures

of the isolated GluA2 LBD in the apo (unbound) state, or bound to agonists or

antagonists (Armstrong and Gouaux, 2000). A comparison of the degree of cleft
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closure suggested that the full agonist l-Glu caused a larger conformational change

(i.e. a larger D2 movement toward D1) compared to partial agonists (20� for l-Glu

versus 12� for kainate) (Armstrong and Gouaux, 2000). In contrast, the competitive

antagonist DNQX resulted in a conformation that was much closer to the apo state

(Armstrong and Gouaux, 2000), suggesting that the degree of cleft closure lies at

the heart of the mechanism of activation in AMPARs. A similar phenomenon exists

in KARs, where the partial agonists, kainate and domoate, produce intermediate

clamshell closure compared to l-Glu (Mayer, 2005; Nanao et al., 2005; Fay et al.,

2009). Antagonists also seem to prevent cleft closure in KARs (Mayer, 2005).

Interestingly, many partial agonists of GluK2, small amino acids that are

structurally related to l-Glu, seem to result in a cleft closure that is similar to

l-Glu, suggesting that the interactions between the agonist and the residues in the

clamshell are also important for determining agonist efficacy at KARs (Fay et al.,

2009).

The D1–D1 dimer interface forms binding pockets for ions and allosteric

modulators, which affect the stability of the LBD dimer and regulate the

time-course of activation in AMPARs and KARs. For example, in AMPARs, the

benzothiazide molecule, cyclothiazide (CTZ) binds at the dimer interface (Kovcs

et al., 2004), presumably holding it together. This essentially abolishes

desensitization, as suggested by non-decaying steady-state currents and

single-channel openings that remain open until the agonist is removed (Yamada

and Tang, 1993). In GluK2 KARs, the LBD dimer interface forms an ion-binding

pocket, in which monovalent anions and cations bind (Plested et al., 2008). Here,

the presence of one anion (Cl– ) and two cations (Na+ ) (Plested and Mayer, 2007;

Plested et al., 2008) is necessary for the activation of GluK2 (Wong et al., 2006,
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2007). These ions are thought to increase the stability of the dimer interface and

regulate the time course of KAR activation (Dawe et al., 2013).

Consistent with this, the substitution of the Na+ ions for other cations (i.e.

Li+ , K+ , Rb+ , Cs+ ) accelerates desensitization (Wong et al., 2006), presumably

because the binding of these ions in the pocket is sub-optimal (Plested et al., 2008).

Interestingly, AMPARs also have a putative ion-binding site, but only the smallest

(Li+ ) ions are able to bind and regulate channel gating (Dawe et al., 2016). Here,

a network of electrostatic interactions at the LBD dimer interface, through

conserved electronegative structural features, is critical for channel gating (Dawe

et al., 2016). Although the LBD of the bacterial GluR0 has a similar structure and

dimeric arrangement to that of the AMPA and kainate receptors (Mayer et al.,

2001; Lee et al., 2008), its dimer interface is relatively electroneutral (Mayer et al.,

2001), suggesting that it may not bind to external ions.

However, as I will discuss in Chapter 2 of this thesis, the ion-dependency of

KARs is limited to homomeric GluK2 channels, since the heteromeric channels

formed with GluK2 and GluK5 subunits display ion-independent gating. In

addition, functional evidence shows that Li+ ions, but not larger monovalent

cations, are able to regulate the time-course of GluK2/GluK5 activation, suggesting

that there may be structural similarities between the LBD dimer interface of

GluK2/GluK5 and GluA2 receptors (see Chapters 2 and Discussion, and Dawe

et al. (2016)). The ion sensitivity of heteromeric KARs formed of the GluK2 and

GluK3 subunits, which are likely found pre-synaptically (Pinheiro et al., 2007), has

not yet been tested.
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1.1.4.3 The Transmembrane Domain

The TMD of iGluRs is formed by 3 transmembrane helices (M1, M3 and M4)

and one re-entrant loop (M2) from each subunit, which assemble with a similar

quaternary arrangement to the inverted K+ -selective ion channel (Wo and Oswald,

1995; Kuner et al., 2003; Sobolevsky et al., 2009), as well as the Bacillus cereus NaK

channel (Figure 1–5) (Siegler Retchless et al., 2012; Brown et al., 2016). The TMD

of the homomeric GluA2 structure has a 4-fold symmetrical arrangement around the

central pore cavity (Sobolevsky et al., 2009).

Structurally, the M2 helix lines the internal region of the pore and the M3 helix

lines the external portion (Sobolevsky et al., 2009). At the level of the extracellular

membrane boundary, the four M3 helices cross and occlude the channel pore; this

presumably represents a closed channel state (Sobolevsky et al., 2009). The M1 and

M4 helices are positioned on the exterior of M2 and M3, with the M4 segment of

one subunit making contacts with the pore-forming helices of the adjacent subunit

(Sobolevsky et al., 2009; Salussolia et al., 2011). Interestingly, the K+ -selective

bacterial glutamate receptor, GluR0 (Chen et al., 1999), as well as K+ channels (Wo

and Oswald, 1995; Kuner et al., 2003), share a similar architecture (though inverted)

but lack the M4 segment. In AMPARs, the ablation of the M4 segment or mutation

of M4 residues interacting with the M1 or M3 segments eliminates receptor surface

trafficking and curtails their function (Salussolia et al., 2011). This segment is also

critical for AMPAR dimers to assemble as tetramers (Salussolia et al., 2013) Together,

this suggests that the M4 helices play an important structural role in AMPARs, and

perhaps they help regulate channel stability.

There are 3 linkers that bridge the extracellular domains to the TMD. The

S1–M1 linker, or pre-M1, forms a short helix that is positioned orthogonally to the
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Figure 1–5: Structure of the iGluR pore
A, Structure of the GluA2 pore (view from cytoplasmic side, PDB # 5KBV). B, Subunits A
and C from the GluA2 pore (orange, PDB # 3KG2) aligned with two equivalent subunits of the
open Bacillus cereus NaK channel structure (purple, PDB # 3E86). A spermine molecule (Spm) is
docked in the selectivity filter of the NaK channel, illustrating a potential binding site for polyamine
blockers.

membrane plane and makes contacts with the C-terminal region of M3 and the N-

terminal region of M4 (Sobolevsky et al., 2009). In the tetrameric GluA2 structure,

these helices form a “cuff”, which lines the exterior of the pore (Sobolevsky et al.,

2009).

The M3–S2 and S2–M4 linkers are particularly interesting in that they are

arranged with a 2-fold symmetry (Sobolevsky et al., 2009). In the distal (A/C)

subunits, the M3–S2 linkers form short helices while in the proximal subunits

(B/D), they are extended (Sobolevsky et al., 2009). In contrast, the S2–M4 linkers

are extended in the A/C subunits but compact in the B/D subunits (Sobolevsky

et al., 2009). This region is located just outside the extracellular boundary of the

membrane and forms the transition from 2-fold to 4-fold symmetry (Sobolevsky

et al., 2009). Given this, it is highly likely that these linkers are critical for channel

opening, and that their 2-fold symmetry endows the distal and proximal subunits

with distinct gating properties (Sobolevsky et al., 2009).
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As mentioned above, the extracellular portion of the pore is made up of the

M3 segment (Sobolevsky et al., 2009). The highly conserved SYTANLAAF motif

is critical for the normal gating of iGluRs, with mutations resulting in changes in

desensitization and activation (Huettner, 2015). The intracellular region of the pore

is made up of residues from the M2 segment, but, apart from the short M2 helix,

the structure of the pore-lining residues is disordered, (Sobolevsky et al., 2009),

suggesting a higher motility in this region (Huettner, 2015).

Multiple residues along the channel pore are important in determining the

modulation of channel gating by external factors. For example, substitutions in the

pore-lining residues of M3 to positively-charged lysine (Lys) or arginine (Arg)

residues can endow the AMPARs with anion permeability (Wilding et al., 2008)

and alter Ca2+ permeability (Jatzke et al., 2003). In KARs, M3 residues are also

involved in the strong inhibition by fatty acids (Wilding et al., 2010). Additionally,

RNA editing at several positions in the M1, M2 and M3 segments are critical

determinants of channel block by intracellular polyamines and divalent

permeability (Köhler et al., 1993; Bowie and Mayer, 1995; Burnashev, 1996;

Wilding et al., 2010). The pore properties of AMPARs and KARs will be discussed

in more detail in the “Channel Gating” section of this chapter. Given the subunit

specificity of RNA editing, alternative splicing and post-translational modifications,

the stoichiometry of AMPA and kainate receptors, as well as their association with

auxiliary proteins, are likely critical in determining the channel properties

(Huettner, 2015). Indeed, the association of GluK2 and GluK5 as heteromers yields

receptors with distinct gating properties (Barberis et al., 2008), which will be

discussed in detail in the results Chapters of this thesis.
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1.1.4.4 The Carboxy-Terminal Domain

The CTD, or C-tail, is the most variable of the iGluR domains (Traynelis et al.,

2010). Indeed, the various C-tails of glutamate receptors come in many flavours,

differing in both sequence and length. In addition, some subunits also undergo

alternative splicing, which can alter the composition of the C-tail (Traynelis et al.,

2010). Interestingly, with the exception of a small C-terminal peptide from GluN1

bound to Ca2+/CaM (Ataman et al., 2007), very little structural information is

known about the C-tail of iGluRs (Traynelis et al., 2010). Despite this, many studies

have investigated the role of the splice variants and the many post-translational

modifications that occur in this intracellular domain. A thorough review of all the

C-terminal modifications and the roles of the CTD is beyond the scope of this thesis;

for this reason, only a brief overview will be discussed.

Splice variants were identified for the GluA2 and GluA4 AMPAR subunits,

and for all but the GluK4 subunit in KARs. The main consequence of the various

C-tails is the presence or absence of sites for post-translational modifications, such

as phosphorylation, palmitoylation and SUMOylation (Traynelis et al., 2010), but

also potentially different interactions with scaffolding or auxiliary proteins. The

CTD of AMPAR subunits contain multiple phosphorylation sites that are involved

in the regulation of binding proteins (Traynelis et al., 2010). For example,

glutamate receptor-interacting protein (GRIP) binding to GluA2 is weakened by

the activity-dependent protein kinase C (PKC) phosphorylation of serine 880

(Matsuda et al., 1999; Chung et al., 2000), promoting the internalization of the

complex (Chung et al., 2000). Generally, the phosphorylation state at any given

site somehow regulates the trafficking, membrane insertion and recycling properties

of AMPARs in a subunit-dependent, cell-dependent and developmentally-regulated

manner (Malinow and Malenka, 2002; Traynelis et al., 2010). Several
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phosphorylation sites are also found in the C-tails of the GluK1 (Rivera et al.,

2007; Hirbec et al., 2003), GluK2 (Kornreich et al., 2007; Traynelis and Wahl,

1997) and GluK4 KAR subunits (Traynelis et al., 2010). Phosphorylation at these

sites regulates the trafficking but also the gating properties of KARs. For example,

protein kinase A (PKA)-dependent phosphorylation in the long splice variant of

GluK2 (GluK2a) (Traynelis et al., 2010) increases whole-cell currents (Kornreich

et al., 2007), potentially through an increase in channel open probability (Traynelis

and Wahl, 1997).

In addition to being phosphorylated, AMPA and kainate receptors may also be

palmitoylated, a modification resulting in the covalent attachment of fatty acids,

such as palmitic acid, to cysteine (Cys) residues. This also impacts the localization

of the channels through the binding of intracellular proteins (Hayashi et al., 2005).

SUMOylation is the covalent attachment of small ubiquitin-like modifier (SUMO)

proteins. GluK2 and GluK3 KAR subunits can be SUMOylated (Martin et al.,

2007; Wilkinson et al., 2008); this is thought to regulate receptor endocytosis.

Generally, the CTD of iGluRs has been shown to interact with a large number

of intracellular proteins, with roles including membrane trafficking and recycling,

scaffolding and signalling (Traynelis et al., 2010). The trafficking and recycling of

AMPAR subunits is critical for the expression of plasticity mechanisms like long-term

potentiation (LTP) and LTD (Malinow and Malenka, 2002). This thesis will focus

on the auxiliary proteins of AMPARs and KARs, TARPs and Netos, respectively;

this will be discussed in more detail in a section below.

1.1.5 Assembly and Trafficking

The assembly of the iGluR tetramers is thought to first occur via ATD

interactions (Ayalon and Stern-Bach, 2001; Ayalon et al., 2005), then through LBD
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and TMD interactions (Greger and Esteban, 2007; Hansen et al., 2010). Receptor

assembly occurs in the ER (Ma-Högemeier et al., 2010; Hansen et al., 2010). At

this point, receptors also undergo quality control steps, such as ligand binding and

channel activation and desensitization, before being trafficked to the plasma

membrane. Indeed, mutations in KAR subunits that disrupt ligand binding or

channel activation greatly reduce the trafficking of the receptor to the plasma

membrane (Greger et al., 2002; Fleck et al., 2003; Grunwald and Kaplan, 2003;

Mah et al., 2005; Valluru et al., 2005; Greger et al., 2006; Priel et al., 2006; Penn

et al., 2008; Hansen et al., 2010; Traynelis et al., 2010). Also, mutations that affect

dimerization (Fleck et al., 2003) or RNA editing (Lomeli et al., 1994; Greger et al.,

2002) of AMPARs impacts their surface trafficking. Likewise, null mutations of

ligand-binding residues in GluK2 are retained intracellularly (Fleck et al., 2003). In

addition, mutants of both AMPA and kainate receptors with reduced or absent

desensitization also traffic poorly (Traynelis et al., 2010). Two examples of this are

the L483Y mutation in GluA2 (Greger et al., 2006) and the D776K mutation in

GluK2 (Nayeem et al., 2009; Dawe et al., 2013). In contrast, mutant receptors with

increased desensitization (i.e. the N754D mutation in GluA2 (Greger et al., 2006))

are able to traffic normally.

The trafficking of iGluRs is also regulated by trafficking and retention signals

within the protein sequence. In KARs, the GluK2a subunit has a forward

trafficking signal, which promotes its membrane insertion, as well as that of other

retained subunits, such as GluK5, through heteromerization (Jaskolski et al., 2004).

Multiple retention signals are responsible for the ER-retention of GluK5 (Ren

et al., 2003; Nasu-Nishimura et al., 2006; Vivithanaporn et al., 2006). Interestingly,

the ablation of these retention signals allows GluK5 tetramers to be inserted in the
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plasma membrane (Reiner et al., 2012), but these surface receptors are not

responsive to l-Glu (Ren et al., 2003).

Other factors that regulate proper localization and membrane insertion are post-

translational modifications such as phosphorylation, palmitoylation, SUMOylation

and glycosylation (Traynelis et al., 2010). AMPARs and KARs also associate with

auxiliary proteins, which may also regulate their trafficking and localization; this will

be briefly discussed in a section below.

1.1.6 Heteromerization

Although the existence of functional homomeric channels is possible, native

AMPARs and KARs are likely found as heteromeric receptor complexes, assembled

from their various respective subunits (Bahn et al., 1994; Seeburg, 1993; Wenthold

et al., 1996; Fernandes et al., 2009; Lu et al., 2009).

1.1.6.1 AMPARs

AMPARs seem to assemble with a preferred subunit composition, the majority

of which contain GluA2 subunits with either GluA1 or GluA3 (Wenthold et al.,

1996; Greger et al., 2002; Lu et al., 2009). The GluA2 subunit is subject to

post-transcriptional RNA editing at the Q/R site (Sommer et al., 1991). This

process, which alters the sequence so that edited subunits harbour a

positively-charged Arg (R) residue instead of a charge-neutral glutamine (Gln, Q)

at the narrowest region in the pore (Sommer et al., 1991). In the rodent brain,

virtually all GluA2 subunits are edited (i.e. contain an Arg, > 99%), while the

GluA1, GluA3 and GluA4 subunits remain unedited and contain a Gln residue at

the pore apex (Sommer et al., 1991). The inclusion of GluA2 subunits in AMPARs

reduces Ca+ permeability and polyamine-dependent inward rectification

(Burnashev et al., 1992; Washburn et al., 1997). However, not all synapses express
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GluA2-containing AMPARs, and GluA2-lacking Ca2+-permeable AMPARs are

expressed during development and synaptic plasticity (Isaac et al., 2007). The

exact stoichiometry of AMPARs has been debated. For example, one study, using

Ca2+ permeability, inward rectification and polyamine block as functional

measures, concluded that the relative abundance of GluA2 in AMPARs was

variable (Washburn et al., 1997). More recent studies have since suggested that

AMPARs assemble with a fixed stoichiometry of 2:2 (Mansour et al., 2001; Greger

et al., 2002, 2003, 2006), though the positioning of the subunits does not appear to

be strict (Herguedas et al., 2016). Interestingly, Q/R editing is important in

regulating the assembly of AMPAR but not KAR subunits (Greger et al., 2006;

Ma-Högemeier et al., 2010; Ball et al., 2010).

1.1.6.2 KARs

In contrast to the AMPAR subunits, not all KAR subunits form functional

homomers. The so-called “primary” subunits, which can form functional homomers

when expressed in a recombinant system, are GluK1–3. On the other hand, the

GluK4 and GluK5 subunits are considered as “secondary” subunits, because they

do not function as homotetramers (Cui and Mayer, 1999; Paternain et al., 2000),

even when they are found as tetramers at the cell surface (Ren et al., 2003; Reiner

et al., 2012). Instead these subunits can co-assemble with primary subunits and

form heteromeric channel complexes. In native systems, KARs most likely assemble

as heteromers, since different subunits are often expressed in the same cells (Bahn

et al., 1994; Seeburg, 1993). Additionally, the kinetic properties of KAR-mediated

EPSCs are different from those of homomeric KARs (Castillo et al., 1997; Heckmann

et al., 1996; Swanson et al., 2002). For example, whereas GluK2 homomers have

very fast kinetic properties (deactivation time constant of ≈ 2.5 ms) (Heckmann
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et al., 1996), the presence of the GluK5 subunit confers slow decay kinetics that

resemble those observed in native KAR-EPSCs (deactivation slow time constants of

≈ 73–133 ms) (Bannister et al., 2005; Barberis et al., 2008). In fact, a knockout

study suggest that post-synaptic KARs in the hippocampus function exclusively as

heteromeric complexes composed of both primary and secondary subunits (Fernandes

et al., 2009).

The most widely expressed KAR subunits are GluK2 and GluK5 (Seeburg, 1993;

Petralia et al., 1994; Barberis et al., 2008). In line with this, an increasing number

of studies has focused on a more detailed investigation of the properties of such

heteromeric KARs (Swanson et al., 2002; Barberis et al., 2008; Fernandes et al.,

2009; Mott et al., 2010; Fisher and Mott, 2011; Straub et al., 2011). Heteromers

containing either GluK4 or GluK5 exhibit unique biophysical and pharmacological

properties, most notably in their responsiveness to AMPA and slower deactivation

kinetics (Herb et al., 1992; Barberis et al., 2008; Mott et al., 2010; Fernandes et al.,

2009).

1.2 Auxiliary Proteins

Native iGluRs are not found alone, but instead exist as a part of a multi-protein

synaptic complex (Jackson and Nicoll, 2011). The following sections will provide a

brief overview of the structural and functional characteristics of the major auxiliary

subunits of AMPARs and KARs that will be discussed in the Results chapters of

this thesis.

1.2.1 AMPAR auxiliary proteins

The first auxiliary protein for AMPARs was identified through the stargazer

mouse, in which a spontaneous mutation of the transmembrane protein stargazin (or

γ2) renders it non-functional (Letts et al., 1998; Vandenberghe et al., 2005; Jackson
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and Nicoll, 2011). Stargazin is the founding member of the TARP family of auxiliary

subunits (Jackson and Nicoll, 2011). Additional homologous proteins were identified

and further classified into functional groups. For example, γ2, γ3, γ4 and γ8 are

part of the Type I TARPs; they impact the trafficking, targeting and functional

properties of AMPARs and their exogenous expression in stargazer mice can rescue

the otherwise absent AMPAR-mediated currents (Tomita et al., 2003; Kato et al.,

2010; Jackson and Nicoll, 2011; Sumioka, 2013). Type II TARPs, γ5 and γ7, have a

smaller impact on the function and localization of AMPARs (Kato et al., 2007, 2008;

Soto et al., 2009; Jackson and Nicoll, 2011).

The best-known Type I TARP, γ2, is a transmembrane protein with 4

membrane-spanning regions (Letts et al., 1998). Recently, the structure of γ2

bound to an intact AMPAR was solved using cryo-EM (Twomey et al., 2016; Zhao

et al., 2016). This will prove to be greatly useful in identifying the molecular

mechanisms underlying their effects on AMPARs. Stargazin interacts with AMPAR

subunits via several sites, the effects of which can be separated. The main

interactions are thought to occur at the level of the TMD, with the TM3 and TM4

helices of γ2 interacting with M1 and M3 of GluA2, with additional interactions

occur between the extracellular domain of γ2 and the D2 lobe of GluA2 (Twomey

et al., 2016). Dawe et al. (2016) identified a positively-charged region in the D2

lobe of GluA2, namely the KGK motif, which is crucial for γ2 functional

interactions. Consistent with this, Twomey et al. (2016) predicted that several

negatively-charged residues in the extracellular loop of γ2 form an “electronegative

patch”, positioned just below the KGK motif of GluA2 (Twomey et al., 2016)

(Figure 1–6). This motif is conserved in the Type I TARPs, which provides

additional evidence that this interaction is important for having a functional impact

on the AMPARs (Twomey et al., 2016). Indeed, a recent LRET study showed that
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Figure 1–6: Structure of GluA2 with bound stargazin
A, Structure of the full-length GluA2 (blue) with two stargazin (magenta) bound, PDB # 5KBU).
B, A closer view of the extracellular interacting domains of GluA2 and stargazin, highlighting the
KGK motif in GluA2 (i.e. the “electropositive patch” (Dawe et al., 2016)), which is thought to
interact with an “electronegative patch” in stargazin (Twomey et al., 2016).

γ2 promotes cleft closure and influences the gating properties of GluA2 receptors

(MacLean et al., 2014). Interestingly, the disruption of this interaction by mutating

the KGK motif abolishes the effect of γ2 on the gating properties of GluA2, but it

does not affect its ability to relieve polyamine block (Dawe et al., 2016). In

contrast, the C-tail of γ2 is critical for the attenuation of AMPAR polyamine

block, ion permeation and single-channel conductance, potentially through

interactions with the pore-lining residues of the AMPARs (Soto et al., 2014). These

studies demonstrate that the functional effects of γ2 on AMPARs are separable.

More recently, another family of AMPAR auxiliary proteins was identified,

namely the Cornichon homologs -2 and -3 (CNIH-2 and CNIH-3) (Schwenk et al.,

2009). This family of proteins is related to the Drosophila Cornichon, which is

involved in the ER export of the growth factor, Gurken (Bökel et al., 2006). The

structure of CNIH-2 and CNIH-3 has not yet been solved, but they are predicted to
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have 3 transmembrane helices (Schwenk et al., 2009), interacting with the TMD of

AMPARs through membrane-boundary proximal residues on the extracellular and

intracellular sides (Shanks et al., 2014). Heterologously-expressed CNIH-2 and

CNIH-3 have a more profound impact on the decay kinetics of recombinant

AMPARs compared to TARPs (Schwenk et al., 2009; Coombs et al., 2012). In

addition, they increase the single-channel conductance and alleviate

voltage-dependent polyamine block of Ca2+-permeable AMPARs (Coombs et al.,

2012). However, their synaptic roles are less well understood. For example,

although CNIH-2 modulates AMPAR function, its cellular distribution remain

uncertain (Jackson and Nicoll, 2011). Interestingly, CNIH-2, but not CNIH-3, is

found in high relative abundance throughout the rodent brain (Schwenk et al.,

2014). In addition to this, there may be an interplay between the CNIHs and

TARPs, which affect the subunit composition of synaptic AMPARs (Herring et al.,

2013).

Other potential AMPAR auxiliary subunits have also been identified, including

SynDIG1 (Kalashnikova et al., 2010), GSG1L (Shanks et al., 2012),

CKAMP44/Shisa9 (Pei and Grishin, 2012; von Engelhardt et al., 2010), SOL-1

(Zheng et al., 2006; Walker et al., 2006), SOL-2/Neto (Wang et al., 2012), Shisa6

(Klaassen et al., 2016) and Porcupine (Erlenhardt et al., 2016), but much less is

known about their role in AMPAR function at synapses. For a review of the

modulatory effects of some of these auxiliary proteins, see Haering et al. (2014).

1.2.2 KAR auxiliary proteins

The two related proteins, neuropillin and tolloid-like -1 and -2 (Neto1 and

Neto2), were identified as KAR auxiliary subunits (Zhang et al., 2009; Tang et al.,

2011). They are single-pass transmembrane proteins containing two extracellular
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complement C1r/C1s, Uegf, Bmp1 (CUB) domains and a low-density lipoprotein

receptor domain A (LDLa) domain (Stöhr et al., 2002). No further structural

information is known. Interestingly, Neto1 also interacts with NMDARs, ensuring

the proper abundance of GluN2A at post-synaptic densities, which is necessary for

synaptic plasticity (Ng et al., 2009). Both Neto1 and Neto2 interact with the

GluK1 and GluK2 KAR subunits (Zhang et al., 2009; Tang et al., 2011; Copits

et al., 2011). Both auxiliary proteins regulate the trafficking and functional

properties of KARs (Sheng et al., 2015) in a subunit-dependent manner (Fisher,

2015).

Generally speaking, they slow the decay kinetics of recombinant and synaptic

KARs (Zhang et al., 2009; Straub et al., 2011). For Neto2, this results from an

increase in the open probability and burst length of GluK2 single-channel currents

(Zhang et al., 2009). Like TARPs, Netos also relieve voltage-dependent polyamine

block of KARs (Fisher and Mott, 2012). Some positively-charged residues in the

proximal C-tail of Netos are important for this relief of block (Fisher and Mott,

2012). Interestingly, the removal of these residues rescues polyamine block (Fisher

and Mott, 2012), further demonstrating that effects on the pore and gating properties

are separable. In Chapter 3 of this thesis, I show that this effect occurs by facilitating

polyamine permeation through the channel pore, suggesting that interactions at the

TMD level are critical in determining the pore architecture and functional properties

of KARs. Consistent with this, interactions of Neto2 with the GluK2 M3-S2 linker, as

well as with the D1–D1 dimer interface, are critical for its modulatory effects (Griffith

and Swanson, 2015). The stoichiometry of Neto1 and Neto2 with homomeric and

heteromeric KARs remains unknown.

SAP90 (also known as PSD-95) is a scaffolding protein of the

synapse-associated protein (SAP) family that is found at excitatory post-synaptic
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densities (Garcia et al., 1998). It contains three PDZ (post synaptic density protein

(PSD-95), Drosophila disc large tumor suppressor (Dlg1), and zonula occludens-1

protein (zo-1)) domains followed by an SH3 (SRC Homology 3) domain and an

inactive GK (guanylate kinase) domain (Garcia et al., 1998). The C-tail of some

KAR subunits interacts with members of the SAP family through their different

domains. For example, GluK2 co-immunoprecipitates with SAP90, SAP97 and

SAP102 due to an interaction with its C-terminal ETMA sequence (Garcia et al.,

1998). This interaction clusters the receptors and accelerates their recovery from

desensitization (Garcia et al., 1998; Bowie et al., 2003). Conversely, the SH3 and

GK domains of SAP90 and SAP97 interact with the C-tail of GluK5, which also

results in clustering (Garcia et al., 1998; Mehta et al., 2001). Interestingly, the

interaction between PSD-95 and GluK5 is weakened by the phosphorylation of the

GluK5 CTD by CaMKII (Carta et al., 2013). This leads to an increased motility of

the receptors and a decrease in synaptic GluK5-containing KARs, which is

consistent with their implication in KAR-dependent LTD at mossy fibre–CA3

hippocampal synapses (Carta et al., 2013; Suzuki and Kamiya, 2016). Taken

together, PSD-95, and other SAP family members, interact with the CTDs of

certain KAR subunits through various domains and influence their localization

(Carta et al., 2013; Aller et al., 2015) and to a lesser extent, their functional

properties (Garcia et al., 1998; Bowie et al., 2003). Interestingly, PSD-95 can also

interact with the TARP, γ2, an interaction which influences the localization of the

AMPAR complex at the post-synaptic density (Bats et al., 2007). A detailed

review of these interactions, however, is beyond the scope of this thesis.
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1.3 Channel Gating

1.3.1 Overview

The mechanisms governing the activation, deactivation and desensitization of

iGluRs was pushed forward with the advent of X-ray crystal structures of the isolated

GluA2 LBD bound to full and partial agonists and antagonists (Armstrong and

Gouaux, 2000). As mentioned in the section above, channel gating occurs as a result

of agonist binding (Armstrong and Gouaux, 2000). It has also been proposed that

ligand-gated ion channels isomerize between closed and open states, with the binding

of the ligand greatly increasing the probability of the receptor being in the open

state by providing the energy necessary for the receptor to undergo conformational

changes (Auerbach, 2013, 2015). AMPARs and KARs are thought to behave in a

similar manner to one another, given their shared structural features.

For both AMPARs and KARs, the LBD dimers form the functional units of the

receptor (Horning and Mayer, 2004; Mayer et al., 2006; Mayer, 2011), as the removal

of the ATD still yields functional receptors (Pasternack et al., 2002; Matsuda et al.,

2005; Du et al., 2005). Agonist docking results in the closure of the LBD clamshell

(Armstrong and Gouaux, 2000; Du et al., 2005; Mayer et al., 2006; Du et al., 2008;

Landes et al., 2011). This has been demonstrated in isolated AMPAR LBDs by

crystal structures (Armstrong and Gouaux, 2000; Mayer et al., 2006) as well as

fluorescence-based measurements (Du et al., 2008; Landes et al., 2011). In an intact

receptor, where the LBDs are constrained by their adjacent domains (i.e. ATD and

TMD), clamshell closure produces strain on the LBD dimer interface, which can be

relieved by the upward motion of the D2 lobes, pulling on the LBD–TMD linkers to

open the channel pore (i.e. activation) (Traynelis et al., 2010). Alternatively, the

D1 lobes can move downward, thereby disrupting the integrity of the LBD dimer

interface (Armstrong et al., 2006; Traynelis et al., 2010) (Figure 1–7).
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Figure 1–7: Conformational changes in AMPAR gating
Diagrams of the GluA2 LBD dimer corresponding the apo (resting) state (left, PDB # 1FT0) and
the glutamate-bound active (PDB # 1FTJ) and desensitized (PDB # 2I3V) states. Figure taken
from Traynelis et al. (2010).

Although this represents a simplification of channel gating, several lines of

evidence are consistent with this general mechanism. For example, functional

experiments using electrophysiology showed that mutations affecting the stability

of the agonist-binding cleft reduced agonist efficacy/potency (Robert et al., 2005;

Zhang et al., 2008; Weston et al., 2006a). Furthermore, the stabilization of the

LBD dimer, either with an allosteric modulator or through mutations, is correlated

with sustained channel activation in both macroscopic and single-channel

experiments (Rosenmund et al., 1998; Smith et al., 2000a; Fucile et al., 2006; Prieto

and Wollmuth, 2010; Nayeem et al., 2009; Stern-Bach et al., 1998; Sun et al., 2002;

Gonzalez et al., 2010; Dawe et al., 2013). Indeed, the L507Y mutation in GluA2 is

thought to increase the stability of the interface, thereby blocking receptor

desensitization (Stern-Bach et al., 1998). CTZ is also thought to stabilize the dimer

interface and reversibly blocks desensitization of AMPARs (Stern-Bach et al.,

1998).

Additionally, several mutations in the GluK2 receptor also support this idea.

For example, in the D776K substitution, the Lys residue acts as a surrogate cation
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for the cation-binding pocket at the D1–D1 dimer interface (Nayeem et al., 2011),

and this results in a non-desensitizing current (Nayeem et al., 2009; Dawe et al.,

2013). The occupancy of the cation-binding pocket presumably stabilizes the LBD

dimer interface, thereby preventing the channel from entering a desensitized state

(Dawe et al., 2013). In contrast, the M770K mutation also acts as a surrogate cation

but the occupancy of Lys770 in the cation-binding pocket is only partial (Nayeem

et al., 2011). As a result, GluK2(M770K) channels are able to gate in the absence

of external ions, but their activation is short-lived as desensitization occurs quickly

when Lys770 ceases to occupy the cation-binding pocket (Wong et al., 2006, 2007;

Nayeem et al., 2011; Dawe et al., 2013). The ion requirement for GluK2 gating will

be further discussed below.

In the absence of allosteric modulators and in intact wild-type receptors,

however, currents mediated by AMPARs and KARs are not sustained, but instead

desensitize rapidly in the presence of agonist. Desensitization defines the transition

of the receptors to an agonist-bound, not measurably conducting state.

Structurally, this is thought to occur via the separation of the LBD dimer interface.

In AMPARs, and especially in KARs, desensitization can be very profound, with

receptor recovery rates ranging from sub-millisecond in GluA1 to tens of seconds in

GluK2 (Bowie and Lange, 2002; Traynelis et al., 2010). This is different from

deactivation, a process that can be thought of as the return of the receptor to the

non-conducting apo state following the unbinding of the agonist. Deactivation and

desensitization are very rapid for both recombinant AMPARs and KARs, occurring

on the order of milliseconds or tens of milliseconds (Traynelis et al., 2010).

Interestingly, native and heteromeric KARs exhibit slower deactivation kinetics

(Bureau et al., 2000; Barberis et al., 2008); this will be further discussed in Chapter

2 of this thesis.
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Figure 1–8: Conductance states in a non-desensitizing iGluR chimera
A, A single-channel recording from a GluK2/GluA3 chimera evoked by 1mm quisqualate at a
holding potential of -160 mV. B, Multiple responses jumping from the antagonist, NBQX, into the
agonist, quisqualate. These jumps reveal intermediate a small, intermediate and large conductance
states. C, Response from B on a different timescale. Modified from Rosenmund et al. (1998).
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The binding of two agonist molecules is necessary for the channels to open

(Clements et al., 1998). This was proposed by examining the activation kinetics of

non-NMDARs in cultured hippocampal neurons and comparing them with gating

models which had 1, 2 or 3 binding sites (Clements et al., 1998). Though this study

could not determine the exact number of binding sites, Rosenmund and colleagues

further developed this idea and suggested a tetrameric stoichiometry (Rosenmund

et al., 1998). In this case, they built a non-desensitizing GluA3-GluK2 chimeric

channel and studied single-channel responses (Rosenmund et al., 1998). To observe

the rapid transitions between the 3 observed sub-conductance states, the agonist

binding rate was slowed by imposing a much slower step, namely the unbinding of

the high-affinity antagonist, NBQX (Rosenmund et al., 1998). The transition into the

smallest conducting state occured with two time-constants, consistent with the idea

that 2 molecules are necessary for activation, and the simplest explanation for the

3-conductance observation was therefore that these receptors are tetramers (Figure

1–8) (Rosenmund et al., 1998).

In AMPARs, the relative contribution of these conductance states is

agonist-dependent, with higher conductances being more abundant in higher

agonist concentrations (Rosenmund et al., 1998; Smith et al., 2000a). However,

though the distribution of conductance levels in KARs does not appear to be

agonist concentration-dependent, the results remain unclear due to the lack of

pharmacological tools (such as CTZ for AMPARs) to remove desensitization

(Smith et al., 2000a). These experiments could be performed with the

non-desensitizing KAR mutant, D776K (Dawe et al., 2013).
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1.3.2 The requirement for external ions

The gating properties of KARs, but not of AMPARs, are regulated by external

cations and anions (Bowie, 2002; Paternain et al., 2003; Wong et al., 2006; Plested and

Mayer, 2007; Wong et al., 2007; Plested et al., 2008; Dawe et al., 2013). Interestingly,

AMPARs do seem to harbour the structural hallmarks of a cation-binding pocket,

but in contrast with KARs, the occupancy of this pocket is not required for receptor

activation (Wong et al., 2006; Dawe et al., 2016).

The first description of the phenomenon of ion sensitivity was published in

2002 (Bowie, 2002). In this study, it was discovered that ionic strength and species

can modulate AMPAR and KAR peak responses (Bowie, 2002). However, in

addition to this, the decay kinetics of KARs, but not of AMPARs, are also

modulated by external ions (Bowie, 2002). Specifically, lowering the external ionic

strength resulted in faster deactivation and desensitization rates of GluK2

receptors, while increasing it lead to slower decay kinetics (Bowie, 2002).

Importantly, changing the chemical nature of the external ions (i.e. from Na+ to

Li+ or Cs+ and Cl– to Br– or F– ) also modulated the KAR gating properties

(Bowie, 2002). Interestingly, both permeant and non-permeant cations and anions

produce similar effects (Bowie, 2002). This phenomenon is voltage-independent and

occurs only through external and not internal ions, suggesting that these ions are

not influencing gating via the pore, but rather allosterically, through a site outside

the membrane electric field (Bowie, 2002). A single methionine (Met) residue, at

position 770 in GluK2, is critical for external ion modulation (Paternain et al.,

2003). Mutating this residue to a Lys, as is found in AMPARs and NMDARs (i.e.

GluK2 (M770K)), eliminates the modulation by external ions (Paternain et al.,

2003; Wong et al., 2006). It was further demonstrated that external Na+ ions are

an absolute requirement for KAR gating and not simply allosteric modulators
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Figure 1–9: GluK2 KARs require external ions to gate
Membrane currents evoked by 1mm l-Glu for GluK2 (GluR6, left), GluA1 (GluR1, middle) and
GluK2 (M770K) (GluR6M770K , right) at various holding potentials (range: -100 to +110 mV).
Modified from Wong et al. (2006).

(Wong et al., 2006). Indeed, the removal of all external ions prevented the gating of

GluK2, but not of GluA1 (Figure 1–9) (Wong et al., 2006).

Structural insight into the mechanism underlying the ion requirement came with

the crystal structure of the GluK1 LBD dimer, to which an anion was bound (Plested

and Mayer, 2007). A Cl– or Br– ion was found wedged at the interface between the two

LBDs, interacting with residues in both protomers (Plested and Mayer, 2007). Non-

stationary fluctuation analysis (NSFA) experiments suggested that external anion

substitutions did not change the average unitary conductance of GluK2, but instead

affected the number of receptors that were able to activate (Plested and Mayer,

2007). A separate study found that dimer interface mutants (GluK2(Y521C,L783C)),

expected to hold the LBDs together during gating via a cross-dimer disulfide bridge,

eliminated the ion requirement (Weston et al., 2006b). Taken together, these data

strongly suggest that the Cl– ions act at the dimer interface and hold it together.

Since the effects of cations and anions is similar in KARs (Bowie, 2002), and that

single point mutations can abolish both effects, it was postulated that ion binding

occurred through a dipole mechanism (Wong et al., 2007). Indeed, two cation-

binding sites were identified at the LBD dimer interface, one for each protomer,
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Figure 1–10: X-ray crystal structure of the wild-type and mutant GluK2 LBD
Top, Homodimeric structures from wild-type GluK2 (left, PDB # 2XXR), GluK2(M770K) (middle,
PDB # 2XXU) and GluK2(D776K) (right, PDB # 2XXW). Bottom, Close-up of the ion-binding
pocket (view from top), illustrating the position of the Met, Asp and Lys residues in relation with
the Na+ (purple ball) and Cl– (green ball) monovalent ions.

with Na+ being the optimal cation for these electronegative pockets (Plested et al.,

2008). Interestingly, the Lys in GluK2(M770K) is acting as a tethered Rb+ ion in

terms of speeding the decay kinetics and eliminating anion sensitivity (Wong et al.,

2007). Given that the larger Rb+ ion has a much lower affinity for the cation-binding

site compared to Na+ (Plested et al., 2008), this provides a likely explanation for

the behaviour of GluK2(M770K). Another GluK2 mutant, GluK2(D776K), was also

found to relieve the ion requirement through a tethered charge in the cation-binding

pocket (Nayeem et al., 2011; Dawe et al., 2013). The difference between these two

“tethered charge” mutants is that the occupancy of the cation-binding pocket by the

Lys in GluK2(M770K) is partial and short-lived, and maintained in GluK2(D776K)

(Nayeem et al., 2011; Dawe et al., 2013).

An important observation was that the GluK2(D776K) substitution also

rendered GluK2 non-desensitizing (Nayeem et al., 2009; Dawe et al., 2013).
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Surprisingly, however, they also found that the macroscopically non-desensitizing

double-cysteine mutant, GluK2(Y521C,L783C) (Weston et al., 2006b; Plested

et al., 2008), could not sustain activation at the single-channel level as the

GluK2(D776K) did (Dawe et al., 2013). Therefore, cross-linking the LBD dimer

interface does not allow the receptor to fully activate, and the conformational

restrictions probably do not allow them to desensitize.

Using these mutants as tools, the authors proposed a mechanism for activation

and desensitization that was ion-dependent (Dawe et al., 2013). Briefly, external

cations and anions are required for KAR activation. Desensitization occurs when the

receptor is agonist-bound but cation-unbound (i.e. in the absence of external ions or if

the cations unbind during a prolonged agonist application), while deactivation occurs

when the receptor is cation-bound and the agonist unbinds (Dawe et al., 2013). The

role of the ions is to maintain the LBD dimer together, and their unbinding promotes

the separation of the LBDs (Dawe et al., 2013). Despite this being the case for the

GluK2(Y521C,L783C) mutant, the positioning and lack of flexibility of the dimer

interface is sufficient to relieve the ion requirement but not optimal for sustained

activation (Dawe et al., 2013).

Although there is much less known about the ion sensitivity in heteromeric

KARs, this will be discussed in Chapter 2 of this thesis. As mentioned in an earlier

section, the ion sensitivity of KARs seems to be limited to homomeric channels.

However, functional evidence shows that Li+ ions, but not larger monovalent

cations, are able to regulate the time-course of GluK2/GluK5 activation, suggesting

that there may be structural similarities between the LBD dimer interface of

GluK2/GluK5 and GluA2 receptors (see Chapter 2 and Discussion) (Dawe et al.,

2016).
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1.3.3 Polyamine block

1.3.3.1 Polyamines

Polyamines are organic non-protein cations containing two or more charged

amine groups. In mammals, the naturally-occurring polyamines are putrescine

(Put), spermidine (Spd) and spermine (Spm), with the most abundant being Spd

and Spm (Pegg and McCann, 1982; Pegg, 2009). The synthesis pathway for these

polyamines is well established and tightly regulated (Pegg, 2009), and imbalances

in the synthesis or catabolism of polyamines lead to a variety of disorders, such as

cancer (Nowotarski et al., 2013) and Snyder-Robinson Syndrome (SRS) (Snyder

and Robinson, 1969; Cason et al., 2003). Polyamines are found in high

concentrations in mammalian cells and are involved in a large number of cellular

processes (Pegg, 2009). Given their cationic nature, they interact with negatively

charged domains of biomolecules (Tabor and Tabor, 1984), including the pore

regions of cation-selective ion channels, where they bind with micromolar affinity

and hinder ion flow (Lopatin et al., 1994; Bowie and Mayer, 1995; Gomez and

Hellstrand, 1995; Haghighi and Cooper, 1998; Lu and Ding, 1999; Kerschbaum

et al., 2003; Fu et al., 2012). In this capacity, cytoplasmic polyamines are

recognized as important determinants of neuronal signaling by regulating action

potential firing rates (Fleidervish et al., 2008) as well as the strength of

neurotransmission (Rozov and Burnashev, 1999; Aizenman et al., 2002). The

following section will focus on the channel block by polyamines in non-NMDARs.

1.3.3.2 Channel block

Polyamine block of AMPARs and KARs is voltage-dependent and is displayed as

the inward rectification of the current-voltage relationship (Bowie and Mayer (1995)

and Figure 1–11). Polyamines are considered to be permeant channel blockers due to
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Figure 1–11: Block of GluK2(Q) by intracellular polyamines
A, Example electrophysiological recordings comparing I–V ramps (range: ± 100 mV) in HEK293
cells expressing GluK2(Q) (formerly GluR6(Q)) in the whole-cell configuration or in the outside-
out patch configuration, for which 60 �m Spm was included in the patch pipette. 50 �m domoate
was used as the agonist and voltage ramps were measured at the steady-state current. B, G–V
plot for the data in A, fit with the Woodhull equation, estimating the free intracellular spermine
concentration to be 62.1 �m. C, Polyamine block rates in GluK2(Q) in the presence of 20 �m Spm(i)

as described by a single binding site model. According to the rate estimates of this model, polyamine
permeation occurs at more positive membrane potentials. D, Relief of block at positive membrane
potentials varies with the molecular size of the blocker (inset shows the chemical composition of
Philanthotoxin-343 (PhTX, top) and spermine (Spm, bottom). G–V plots for GluK2(Q) with Spm
or PhTX demonstrate relief of block due to the permeation of Spm but not of the much larger
PhTX. Modified from Bowie and Mayer (1995) (A, B), Bowie et al. (1998) (C) and Bowie et al.
(1999) (D).
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their ability to both block and pass through the ion permeation pathway of cation-

selective ion channels (Bowie et al., 1999). In the case of AMPARs and KARs, the

degrees of polyamine block and permeation vary with the cross-sectional width and

length (i.e. number of charges) of polyamines (Bowie and Mayer, 1995; Bahring

et al., 1997). For almost all ion channels, cytoplasmic polyamine block is observed

at negative and physiologically relevant membrane potentials, making it an ideal

regulator of cellular excitability (Nichols and Lopatin, 1997; Bowie et al., 1999; Lu,

2004; Baronas and Kurata, 2014). In contrast, polyamine permeation occurs at

extreme (>+50 mV) positive membrane potentials (Bahring et al. (1997) and Figure

1–11 C) and therefore has not been considered particularly significant. However, as

will be discussed in Chapters 3 and 4 of this thesis, polyamine permeation also occurs

at physiologically relevant membrane potentials when the ion channels are associated

with auxiliary proteins. Given the relationship between block and permeation, the

fraction of channels blocked by polyamines at any given membrane potential is the

sum of these two opposing mechanisms.

The dynamics of this block were first described following a model for permeant

ion blockers, a model developed to describe the voltage-dependent block of Na+

channels by H+ ions (Woodhull, 1973; Bahring et al., 1997). This model assumes

that the ion blocker, H+ ions in the case of the Na+ channel, is able to permeate

through the same pathway as the permeant ion, Na+ , but that the energy barrier for

H+ to exit the pore is much larger than that for Na+ (Woodhull, 1973). The same

principle can be applied to polyamines (Bahring et al., 1997). The following simple

model, based on the Woodhull model for permeant ion blockers (Woodhull, 1973),

describes the relationship of the polyamine blocker (X) in relation to its binding site,

with rates of onset of block (kon), unbinding (koff ) and permeation (kperm) (Bowie

et al., 1998).
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Xin

[B]kon
koff

Xsite

kperm
Xout

The probability for any given channel to not be blocked is estimated as the

sum of exit rates (i.e. unbinding and permeation) divided by the sum of all rate

constants. The contribution of each rate constant is illustrated in Figure 1–11 C.

The fitting of G–V plots, as shown in Figure 1–11 B and D, with equations derived

from this model provides critical information about the relationship between the

pore and the blocker, such as the affinity of the blocker for its binding site and its

relative position in the membrane electric field (Woodhull, 1973; Bahring et al., 1997).

Using the Eyring rate theory to model polyamine block at equilibrium, it was initially

estimated that there were two binding sites and three energy barriers (Bahring et al.,

1997). However, estimating the rate constants directly, by using voltage steps in the

presence of polyamines and observing blocker-induced decay with first-order kinetics,

was consistent with one single binding site (Bowie et al., 1998). Although blocker

permeation has been experimentally demonstrated with the observation of inward

currents evoked in solutions where polyamines were the only external permeant cation

(Bahring et al., 1997), the assumption remained that polyamines, like H+ ions at Na+

channels (Woodhull, 1973), did not contribute significantly to the overall current

flowing through the channel. However, as will be discussed in Chapters 3 and 4 of

this thesis, auxiliary proteins facilitate polyamine permeation through the channel

pore and change the dynamics of channel block and permeation. In such cases,

polyamines may contribute a significant conductance through the channel, causing

an interaction with Na+ permeation, which is especially visible at positive membrane

potentials.
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1.3.3.3 Q/R editing

Multiple residues along the pore have been shown to influence polyamine block

(Wilding et al., 2010), and one of the best known is the Q/R site, which is found at

the apex of the channel pore (Sobolevsky et al., 2009). This substitution abolishes

polyamine sensitivity (Bowie and Mayer, 1995; Koh et al., 1995) and Ca2+

permeability (Köhler et al., 1993; Burnashev et al., 1995; Burnashev, 1996). The

relationship between divalent permeability, polyamine block and editing state of

the Q/R site has been ratified by extensive work on the AMPAR subunit GluA2,

where the vast majority (>99%) of neuronal transcripts are in the edited form

(Sommer et al., 1991).

Interestingly, RNA editing is limited to the AMPAR GluA2 subunit and the

KAR GluK1 and GluK2 subunits (Sommer et al., 1991; Seeburg, 1993). While GluA2

is found almost exclusively in the edited (R) form (Sommer et al., 1991), editing of the

KAR subunits is “incomplete” and developmentally-regulated (Bernard et al., 1999).

For example, while the editing of the GluK1 and GluK2 subunits is 10% and 32%

in the embryonic hippocampus, these levels increase to 50% and 90% in adulthood

(Bernard et al., 1999). This amino acid substitution does not alter the functionally-

measured pore size, which indicates that AMPARs and KARs may have a distinct

selectivity mechanism involving residue interactions with distinct energy barriers,

but not necessarily changes in the pore diameter (Huettner, 2015). Additional RNA

editing in GluK2 (i.e. GluK2(V,C,Q)) can also determine divalent permeability and

polyamine sensitivity, and these sites are also regulated to different extents (Köhler

et al., 1993).
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1.3.3.4 Relief of channel block

The degree of polyamine block is dynamically regulated, with two of the most

prevalent mechanisms occurring through receptor subunit composition or by receptor

association with auxiliary proteins (Perrais et al., 2010; Cull-Candy et al., 2006;

Jackson and Nicoll, 2011). In KARs, polyamine block is relieved by the formation

of heteromers that contain the GluK4 or GluK5 subunits (Barberis et al., 2008). In

both AMPARs and KARs, the inclusion of edited subunits alleviates block (Bowie

and Mayer, 1995; Kamboj et al., 1995; Donevan and Rogawski, 1995; Isa et al., 1995).

In addition, relief of block can also occur through their co-assembly with auxiliary

proteins, such as Neto1 and Neto2 for KARs (Fisher and Mott, 2012) and TARPs

or CNIHs for AMPARs (Soto et al., 2007, 2009; Coombs et al., 2012). In both cases,

the proximal regions of the C-terminal domains of the auxiliary proteins were found

to be critical for their effect (Fisher and Mott, 2012; Soto et al., 2014).

Until recently (see Chapter 3), the mechanism underlying the attenuation of

block at GluK2/GluK5 heteromers was still unknown (Barberis et al., 2008). The

role of heteromerization, as well as the association of the ion channels with auxiliary

proteins, in regulating polyamine block will be briefly discussed in the following

sections and examined in further detail in Chapters 3 and 4 of this thesis.

1.3.4 Heteromerization

All the AMPARs subunits are able to form functional homomeric channels in

recombinant systems, which have similar fast deactivation and desensitization

kinetics (Traynelis et al., 2010). In contrast, only some of the KAR subunits

(GluK1–3) can assemble in this way, and others (GluK4–5) must co-assemble with

the former. At synapses, however, AMPARs and KARs are thought to exist as
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heteromeric complexes (Seeburg, 1993; Wenthold et al., 1996; Fernandes et al.,

2009; Lu et al., 2009).

1.3.4.1 AMPARs

Interestingly, Q/R editing of the GluA2 subunit also influences the assembly

and favours heteromerization of AMPAR subunits (Traynelis et al., 2010). As

previously mentioned, the presence of GluA2 subunits reduces Ca+ permeability

and polyamine block (Burnashev et al., 1992; Geiger et al., 1995; Washburn et al.,

1997). Additionally, noise analysis experiments showed that GluA2(Q)-containing

AMPARs have a much lower single-channel conductance than GluA2-lacking (or

GluA2(Q)-containing) AMPARs (Swanson et al., 1997b). At synapses, AMPARs

display variable conductance levels (Vodyanoy et al., 1993; Smith et al., 2000b),

something that may be attributed to the variable abundance of GluA2-containing

receptors. The unitary conductance of synaptic AMPARs increases with LTP; this

is thought to occur via a decrease in the number of GluA2-containing AMPARs

and a concomitant increase in GluA2-lacking receptors (Benke et al., 1998).

Subunit- and activity-dependent phosphorylation may also directly (and indirectly,

by influencing assembly and trafficking) contribute to changes in the conductance

of synaptic AMPARs (Malinow and Malenka, 2002; Traynelis et al., 2010).

1.3.4.2 KARs

While Q/R editing of the GluA2 subunit is critical in determining the function

of synaptic AMPARs, editing of the KAR subunits is much less extensive and less

well understood (Sommer et al., 1991; Puchalski et al., 1994; Schmitt et al., 1996).

So far, only the GluK1 and GluK2 subunits were found to be edited to different

extents and in a developmentally-regulated manner (Sommer et al., 1991; Seeburg,

1993; Bernard et al., 1999). It has yet to be tested whether the Q/R site of other
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KAR subunits (i.e. GluK3–5) is edited or not. Similar to GluA2(R), GluK2(R) has

a very low unitary conductance (Swanson et al., 1996).

At synapses, the assembly of primary and secondary KAR subunits appears to

be a much more critical determinant of their functional properties. For example,

heteromeric KARs containing GluK4 or GluK5 are responsive to AMPA and

exhibit slower deactivation kinetics (Herb et al., 1992; Barberis et al., 2008;

Fernandes et al., 2009; Mott et al., 2010). The secondary KAR subunits have a

higher affinity for l-Glu than the primary subunits, and the dose-response curve for

GluK2/GluK5 channels is left-shifted compared to that of homomeric GluK2

(Barberis et al., 2008; Mott et al., 2010; Fisher and Mott, 2011). The mechanisms

underlying the unique gating properties of heteromeric channels are still emerging.

For example, one possibility would be that the GluK4–5 subunits act merely as

accessories, altering the responsiveness of the primary subunits, since it was

thought that there were unable to gate (Figure 1–12 A) (Fisher and Mott, 2011).

However, recent studies have supported an independent mechanism of activation,

whereby both subunits contribute independently to the overall channel response

(Swanson et al., 2002; Mott et al., 2010; Fisher and Mott, 2011). More specifically,

GluK1–2 subunits are thought to be responsible for channel desensitization, while

activation of the GluK4–5 subunits sustains channel activation (Mott et al., 2010;

Fisher and Mott, 2011). Indeed, the specific activation of GluK4–5 subunits within

KAR heteromers results in macroscopically non-decaying currents (Fisher and

Mott, 2011). This was achieved pharmacologically (i.e. by blocking GluK2 with

kynurenic acid or by using l-Glu concentrations that were too low to evoke

currents in GluK2 homomers) and by introducing a point mutation in GluK2,

E738D, which reduces the subunit’s l-Glu affinity by 290-fold (Fisher and Mott,

2011). Interestingly, the initial evidence for this model suggested that GluK5 was
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responsible for desensitizing the channel, because the application of l-Glu during a

steady-state dysiherbaine current (DH, which binds with high affinity to GluK2)

caused an initial fast current followed by a long-lived desensitization (Swanson

et al., 2002).

The results from Chapter 2 of this thesis are consistent with an independent

model of activation for the KAR subunits, and also provide further information

regarding the specific gating contributions of each subunit. Based on these findings,

I propose that each of the subunits is able to gate independently, but that the

concerted activation of all four subunits leads to desensitization (Figure 1–12 C)

(Fisher and Mott, 2011).

For GluK2 receptors, structural and functional evidence indicates that the time-

course of activation and desensitization is controlled by external ions, which interact

with the homomeric LBD interface (Wong et al., 2006, 2007; Plested et al., 2008;

Nayeem et al., 2009, 2011; Dawe et al., 2013). However, the sensitivity of heteromeric

KARs to external cations (Paternain et al., 2003) and anions (Plested and Mayer,

2007) is poorly understood. In Chapter 2 of this thesis, I report that the gating

kinetics of GluK2/GluK5 heteromeric KARs is ion-independent and further suggest

that there are important structural differences at the heteromeric LBD interface.

1.3.5 Auxiliary Proteins

The pore properties of synaptic AMPARs and KARs are modulated by auxiliary

proteins, such as TARPs and CNIHs for AMPARs (Chen et al., 2000; Schwenk et al.,

2009; Herring et al., 2013) and Netos for KARs (Zhang et al., 2009; Tang et al., 2011,

2012).
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Figure 1–12: Gating models for heteromeric KARs
A, Accessory Model: GluK5 acts as an accessory to GluK2 gating, whereby GluK2 affects the
gating response of GluK2 to glutamate. Also, the same model predicts that AMPA binding to
GluK5 causes GluK2 to gate. B, Independent Model: GluK2 and GluK5 gate independently in
response to agonist binding. C, Concerted Model: Despite both subunits being able to gate the
channel independently, the simultaneous activation of both subunits results in desensitization. Black
circles and magenta triangles represent L-glutamate and AMPA molecules, respectively. GluK2 and
GluK5 subunits are represented by orange and cyan symbols. This model illustrates a single dimer
from the KAR tetramer.
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1.3.5.1 AMPARs

One of the hallmark effects of auxiliary proteins on the AMPARs is that they

slow their desensitization kinetics and cause an increase in the steady-state current

(Priel et al., 2005; Coombs et al., 2012). The TARP γ2 increases the unitary

conductance and ion permeability of Ca2+-permeable AMPARs (Soto et al., 2014).

Results regarding the effect of γ2 on Ca2+ permeability are conflicting, with the

first study showing no shift in reversal potential in high Ca2+ (Soto et al., 2007)

while the other showed a significant increase in the relative Ca2+ permeability

(Coombs et al., 2012). In addition, the presence of γ2 alleviates polyamine block

(Soto et al., 2007). CNIH-3 also shifts polyamine block of GluA1 channels, albeit to

a lesser extent than γ2 (Coombs et al., 2012). While CNIH-2 was shown to increase

the Ca2+ permeability of GluA1, this has not been tested for CNIH-3 (Coombs

et al., 2012). In both cases, the proximal residues of the auxiliary protein

C-terminal regions are critical for these changes in the pore properties (Shanks

et al., 2014; Soto et al., 2014), but the exact mechanism by which this occurs

remains unclear. In Chapter 4 of this thesis, I demonstrate that the auxiliary

proteins, γ2 and CNIH-3, increase polyamine permeation through the channel pore.

1.3.5.2 KARs

A similar phenomenon has been reported with KARs and their auxiliary

proteins. For example, Neto2 also slows the decay kinetics and increases the steady

state current of GluK2 (Zhang et al., 2009), as well as GluK1- and

GluK5-containing channels (Straub et al., 2011). However, in GluK2, it does not

achieve this by increasing the unitary conductance, but rather by significantly

increasing the burst length and open probability (Zhang et al., 2009). Both Neto1

and Neto2 alter the l-Glu sensitivity of GluK1 and GluK5 in a subunit-dependent
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manner (Fisher, 2015). In GluK2, both auxiliary proteins relieve polyamine block

without affecting divalent permeability (Fisher and Mott, 2012). Interestingly,

similar to the TARPs and CNIHs, the positively-charged proximal C-tail residues

of the Netos are also critical for this effect and they are proposed to act in a

charge-screening mechanism (Fisher and Mott, 2012). In Chatper 3 of this thesis, I

also demonstrate that Neto2 facilitates polyamine permeation through the channel

pore, though the structural mechanism remains unknown.
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1.4 Rationale and Objectives

The goal of my thesis work is to understand how the different components of

AMPA and kainate receptors affect their functional properties. In order to gain

understanding of the gating of synaptic receptors, I focused on heteromeric receptors,

and receptors that are in complexes with auxiliary proteins. The initial question was

how each subunit within a heteromeric kainate receptor contributes to the gating

and functional properties of the channel. Following this, we asked how subunit

heteromerization itself, as well as receptor association with auxiliary proteins, relieve

polyamine block of kainate and AMPARs.

Chapter 2

What are the specific contributions of the GluK2 and GluK5 subunits in

a heteromeric KAR?

Early work on recombinant KARs described them as abundantly expressed

and with fast kinetics, comparable to AMPARs (for example, Bowie (2002)).

However, synaptic KAR-mediated responses are very small and generally much

slower than AMPARs (Cossart et al., 2002). Synaptic KARs were already

considered to be heteromeric complexes based on their localization (Seeburg, 1993;

Bahn et al., 1994), and there were clues suggesting that the co-expression of certain

subunits endowed the receptors with different functional properties. For example,

GluK5-containing receptors are responsive to AMPA (Herb et al., 1992). It was

discovered that a specific residue within the binding cleft of this subunit (N721 in

GluK2) was responsible for the AMPA sensitivity (Swanson et al., 1997a), but since

they could not form functional homomers, the mechanism through which AMPA

binding could induce responses in heteromeric channels remained a mystery. An

independent gating of the subunits was proposed, as the activation of specific
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subunits produced different channel behaviours of activation and desensitization

(Swanson et al., 2002; Mott et al., 2010; Fisher and Mott, 2011).

What causes synaptic KARs to have slow kinetics? When I started my thesis

work, it had just been established that the co-expression of secondary subunits,

GluK4 and GluK5, endowed the receptors with slow deactivation kinetics (Barberis

et al., 2008; Fernandes et al., 2009). In order to characterize the molecular and

structural mechanisms underlying the contribution of GluK5, I studied the

functional properties of KAR heteromers formed of GluK2 and GluK5 subunits in

a recombinant system. An ultra-fast solution exchange system, driven by a

piezo-stack, was used to rapidly apply agonist solutions to outside-out patches,

thereby mimicking synaptic neurotransmitter release. First, the functional

properties of GluK2/GluK5 heteromers were tested under different agonist

concentrations to reveal the GluK5 gating components. Next, since the decay

kinetics of GluK2 are regulated by external ions, the ion-dependency of

GluK2/GluK5 gating was tested. Finally, it has been proposed that the GluK5

subunits within heteromeric channels are non-desensitizing. To assess this,

single-channel recordings of GluK2/GluK5 receptors were performed and a lower

l-Glu concentration was used (300 �m) to reveal the gating of GluK5.

Chapter 3

How is polyamine block relieved in KARs that are heteromeric or

associated with auxiliary proteins?

Recombinant KAR homomers are blocked by intracellular polyamines in a

voltage-dependent manner (Bowie and Mayer, 1995; Bahring et al., 1997; Bowie

et al., 1998). However, another characteristic of heteromeric KARs is that channel

block is relieved, resulting in a much more linear I–V relationship (Barberis et al.,
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2008). Interestingly, a similar relief of block is also observed when GluK2

homomers are co-expressed with the auxiliary proteins, Neto1 and Neto2 (Fisher

and Mott, 2012). Positively-charged residues in the proximal region of the auxiliary

protein C-terminal domains are believed to act as a charge screening mechanism to

repel polyamines from the pore (Fisher and Mott, 2012). However, the mechanism

underlying relief of block in GluK2/GluK5 heteromers remained unknown, and

therefore, the aim of this chapter was to investigate this phenomenon.

Electrophysiological recordings were combined with Molecular Dynamics to identify

the molecular determinants underlying the relief of channel block.

Chapter 4

Do AMPAR auxiliary proteins facilitate polyamine permeation?

When investigating the polyamine block in KARs, we uncovered that the relief of

block by auxiliary proteins occurred through a facilitation of polyamine permeation

(Brown et al., 2016). Similar to KARs, the auxiliary proteins of AMPARs also relieve

channel block (Soto et al., 2007; Coombs et al., 2012; Soto et al., 2014). The aim

of this chapter was to assess whether polyamine permeation was also facilitated by

the auxiliary proteins through AMPARs. Furthermore, we estimated the rates of

polyamine block, unblock and permeation using a mathematical model.
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2.1 Foreword to Chapter 2

The study of recombinant AMPA and kainate receptors has been useful to

characterize the functional properties of these channels and help establish a role for

them in synaptic neurotransmission. However, the properties of recombinant KARs

are different from synaptic KARs, something that can be attributed to subunit

heteromerization (Barberis et al., 2008; Fernandes et al., 2009; Mott et al., 2010;

Fisher and Mott, 2011; Fisher and Housley, 2013) and auxiliary proteins (Zhang

et al., 2009; Tang et al., 2011; Fisher and Mott, 2012; Tang et al., 2012; Fisher,

2015).

When I first began my thesis work, our lab was interested in studying the

biophysical properties of KARs, in order to gain a better understanding of their

pre- and post-synaptic roles. For example, one of the main focus points was to

identify the molecular basis of ion-dependent gating of GluK2 homomers. With

this in mind, a potential role for KARs as sensors of changes in extracellular ion

concentrations was proposed (Paternain et al., 2003; Plested et al., 2008; Bowie,

2010; MacLean, 2011). However, since it was becoming clear that native KARs

were heteromers, I was motivated to study them, using a reductionist approach to

gain insight into the molecular mechanisms underlying their gating.

GluK2 and GluK5 are the most widely expressed subunits (Petralia et al.,

1994) and they form functional heteromers. One of the most prominent

characteristics of GluK2/GluK5 KARs is their slow deactivation kinetics (Barberis

et al., 2008). In this chapter, I report that the slow gating component in

GluK2/GluK5 KARs are independently mediated by GluK5. As suggested by

blocking the GluK2 component (Fisher and Mott, 2011), the specific activation of

GluK5 subunits (i.e. using AMPA or 300�m l-Glu) revealed slow deactivation

kinetics. The time-course of GluK2 activation is regulated by external ions that
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interact with the receptor at the dimer interface (Wong et al., 2006, 2007; Dawe

et al., 2013). Although it has been observed that heteromeric KARs are less

sensitive to ionic changes (Paternain et al., 2003), the results in this chapter show

that the gating of GluK2/GluK5 is independent of external ions, suggesting that

the heteromeric dimer interface is altered. Finally, previous studies have proposed a

model in which GluK5 gating is non-desensitizing (Mott et al., 2010; Fisher and

Mott, 2011). However, the single-channel records presented in this chapter suggest

that specific GluK5 activation does not sustain channel opening, but rather allows

the channels to re-open frequently after the agonist has been removed.
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2.2 Abstract

Kainate receptors are modulators of synaptic transmission and are found at

both pre- and post-synaptic sites. However, the kinetic properties of

KAR-mediated EPSCs differ from those of recombinantly-expressed homomeric

KARs. More recent evidence indicates that synaptic kainate receptors likely

assemble as heteromeric complexes in combination with auxiliary proteins. In the

hippocampus, the removal of the secondary (GluK4–GluK5) subunits abolishes

KAR-mediated synaptic currents. Indeed, subunit composition is a critical

determining factor for their functional and pharmacological properties. The most

widely expressed KAR subunits, GluK2 and GluK5, assemble as heteromers with

unique gating properties. Our data support that GluK5 subunits can gate

independently and that the concerted activation of all subunits results in the

desensitization of the channel. Furthermore, we find that the gating of

GluK2/GluK5 KARs is ion-independent, suggesting that the LBD dimer interface

is structurally altered compared to homomeric channels. Finally, GluK2/GluK5

receptors exhibit unique single-channel properties, with distinct behaviours that

can be attributed to specific subunit types.
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2.3 Introduction

Ionotropic glutamate receptors (iGluRs) mediate the vast majority of fast

excitatory neurotransmission in the mammalian central nervous system (CNS).

While AMPA- and NMDA-type iGluRs account for the majority of fast excitatory

transmission, kainate-type (KARs) iGluRs are thought to act as neuronal circuit

modulators (Frerking and Nicoll, 2000; Contractor et al., 2011). KAR-mediated

EPSCs display slow kinetics at various synapses, and for this reason they are

thought to play a role in synaptic integration (Castillo et al., 1997; Vignes and

Collingridge, 1997; Frerking and Ohliger-Frerking, 2002).

Two separate gene families encode the five subunits that assemble to form the

KAR tetramers. GluK1–GluK3 are considered to be the primary subunits because

they can form functional homomeric and heteromeric channels. On the other hand,

the secondary GluK4–GluK5 subunits form obligate heteromers with the primary

subunits but are not functional as homomers (Cui and Mayer, 1999; Paternain

et al., 2000). In native systems, KARs most likely assemble as heteromers since

different subunits are often expressed in the same cells (Bahn et al., 1994; Seeburg,

1993). Additionally, the kinetic properties of KAR-mediated EPSCs are different

from those of homomeric KARs (Castillo et al., 1997; Heckmann et al., 1996;

Swanson et al., 2002). More recent knockout studies support that postsynaptic

KARs function as heteromeric complexes composed of primary and secondary

subunits (Fernandes et al., 2009; Fisher and Mott, 2011), with the most widely

expressed subunits being GluK2 and GluK5 (Seeburg, 1993; Petralia et al., 1994;

Barberis et al., 2008). In line with this, an increasing number of studies have

focused on a more detailed investigation of the gating properties of such

heteromeric KARs (Swanson et al., 2002; Barberis et al., 2008; Fernandes et al.,

2009; Mott et al., 2010; Fisher and Mott, 2011; Straub et al., 2011).
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The subunit composition of KARs has a profound effect on their functional

properties. For example, heteromeric KARs containing GluK4 or GluK5 subunits

exhibit unique biophysical and pharmacological properties, most notably in their

responsiveness to AMPA and slower deactivation kinetics (Herb et al., 1992;

Barberis et al., 2008; Fernandes et al., 2009; Mott et al., 2010). Though the

mechanisms underlying the unique gating properties of heteromeric channels are

still emerging, previous studies have supported an independent mechanism of

activation, that is, that individual subunit types within a heteromeric complex can

activate and contribute independently to the overall channel response (Swanson

et al., 2002; Mott et al., 2010; Fisher and Mott, 2011). Specifically, GluK1–2

subunits are thought to be responsible for channel desensitization, while GluK4–5

subunits are responsible for sustained channel activation (Mott et al., 2010; Fisher

and Mott, 2011). For GluK2 receptors, structural and functional evidence indicates

that the time-course of activation and desensitization is controlled by external ions,

which interact with the homomeric LBD interface (Wong et al., 2006, 2007; Plested

et al., 2008; Nayeem et al., 2009, 2011; Dawe et al., 2013). Here, we report that the

gating of GluK2/GluK5 heteromeric KARs is ion-independent, suggesting that

there are important structural differences at the heteromeric LBD interface.

Although our results are consistent with the independent subunit activation

mechanism, we demonstrate that GluK5 does not sustain activation, but instead

allows the receptor to open multiple times.
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2.4 Methods

2.4.1 Plasmids and molecular biology

All experiments were performed using cDNA of rat GluK2 and GluK5

kainate-type ionotropic glutamate receptors. For electrophysiology, pRK5 plasmids

containing the GluK2a(V,C,Q) and GluK5 cDNA each contained a downstream

IRES sequence encoding mCherry and eGFP respectively, which were used to

identify transfected cells.

2.4.2 Cell Culture and Transfection

HEK293T/17 cells (ATCC) were maintained in minimal essential medium

(MEM) containing glutaMAX� supplemented with 10% fetal bovine serum

(Invitrogen). Cells were plated at low density (1.6 − 2.0 × 104 cells ml−1) on

poly-d-lysine-coated 35 mm plastic dishes and were transiently transfected 24 hours

later using the calcium phosphate technique as previously described (Brown et al.,

2016). A GluK2:GluK5 cDNA molar ratio of 1:10 was used for all co-transfections.

2.4.3 Electrophysiological recordings

Experiments were performed 36–48 h after transfection. Agonist solutions were

rapidly applied to outside-out patches excised from transfected cells using a

piezoelectric stack (Physik Instrumente, Auburn, MA, USA). Solution exchange

(10–90% rise time of 250–350 μs) was determined in a separate experiment by

measuring the liquid junction current. All recordings were performed using an

Axopatch 200B (Molecular Devices, Sunnyvale, CA, USA) using thick-walled

borosilicate glass pipettes (3–6 MΩ) coated with dental wax to reduce electrical

noise. Current records were filtered at 5 kHz, digitized at 25 kHz and series

resistance (3–12 MΩ) was compensated for by 95%. Recordings were performed at

holding potentials of -20 or -60 mV. Data acquisition was performed using
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pClamp9 or pClamp10 software (Molecular Devices) and tabulated using Microsoft

Excel. All experiments were performed at room temperature.

All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) unless

otherwise indicated. External solutions contained (in mm) 150 NaCl, 5 HEPES, 0.1

MgCl2 and 0.1 CaCl2, pH 7.3–7.4. For ion substitution experiments, NaCl was

replaced with LiCl, KCl, RbCl, CsCl, NaBr, NaF or NaI. The corresponding

hydroxyde solutions (i.e. LiOH for LiCl) were used to adjust the pH. For

experiments using 55mm NaCl, sucrose was added to adjust the osmotic pressure

to 295–300 mOsm and the internal solution remained the same. The internal

solution contained (in mm) 115 NaCl, 10 NaF, 5 HEPES, 5 Na4BAPTA (Life

Technologies, Invitrogen, Burlington, ON, Canada), 1 MgCl2, 0.5 CaCl2 and 10

Na2ATP, pH 7.3–7.4. The osmotic pressure of all solutions was adjusted to 295–300

mOsm with sucrose. Concentrated (10× or 100×) agonist stock solutions were

prepared by dissolving agonist [l-glutamate (l-Glu) or

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) (Tocris, Ellisville,

MO, USA)] in the appropriate external solution, adjusting the pH to 7.3–7.4, and

stored frozen at −20 ◦C. Stocks were thawed on the day of the experiment and used

to prepare agonist-containing external solutions.

2.4.4 Data analysis, fitting and statistics

Current responses were fit with multiple exponential functions using Clampfit9

or Clampfit10 software. Correlations between the components of deactivation and the

AMPA / l-Glu current ratio were analyzed using Origin 7 (OriginLab). Data were

illustrated using Origin 7 and Adobe Illustrator. Statistical analysis was performed

using the statistical software, SPSS Statistics.
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2.5 Results

2.5.1 GluK5 contributes slow deactivation kinetics

The functional properties of GluK2/GluK5 kainate receptors (KARs) were

studied using outside-out patches excised from HEK293T cells transfected with the

cDNA encoding for the GluK2 and GluK5 subunits. To characterize the decay

kinetics of GluK2/GluK5 in the continued presence of agonist (from here on

referred to as ”desensitization kinetics”), patches were subjected to prolonged (250

ms) l-Glu applications (1mm; Figure 2–1, left panels). As previously described

(Bowie et al., 2003), desensitization kinetics for GluK2 homomers were best fit with

a double-exponential function with fast and slow time constants of 6.3 ± 0.3 ms

and 46 ± 8 ms (92 % and 8 % of peak for τ1 and τ2, respectively, n = 27 patches;

Table 2–1). GluK2/GluK5 responses evoked by 250 ms l-Glu applications were also

fit with double-exponential functions having similar amplitudes to those of GluK2

(Table 2–1). However, the time constants were faster in GluK2/GluK5 responses,

with a τ1 of 2.8 ± 0.1 ms and a τ2 of 31 ± 7 ms (Table 2–1), suggesting that the

rates into desensitization are faster for GluK2/GluK5 receptors. In addition, while

GluK2 responses typically displayed a steady-state current at 250 ms that was

significantly larger than baseline (0.36 % ± 0.08 % of peak response; t-test, t(26) =

4.242, P = 0.000248, n = 27 patches; Figure 2–1 A, left panel) (Bowie et al., 2003),

GluK2/GluK5 responses returned to baseline with no residual current (t-test, t(82)

= -1.988, P = 0.0502, n = 83 patches; Figure 2–1 B and C, left panels). Taken

together, these data indicate that the rate and degree of desensitization are faster

and more profound when the GluK5 subunit is present in the receptor complex.

To mimic synaptic conditions, 1mm l-Glu was applied for 1 ms. Example

responses for GluK2 homomers and GluK2/GluK5 heteromers are shown in Figure

2–1 (middle panels). As previously described (Barberis et al., 2008), GluK2/GluK5
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Figure 2–1: Recombinant GluK2/GluK5 KARs have variable kinetic and
pharmacological properties
Example electrophysiological responses from GluK2 (A, patch # 100429p1) and GluK2/GluK5-
containing (B and C, patches # 100330p4 and 111108p3, respectively) outside-out patches evoked
by long (250 ms, left) and short (1 ms, middle) pulses of l-Glu (1mm), as well as 250 ms pulses of
AMPA (1mm, right). Holding potential (Hp) = -20 or -60 mV.
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heteromers displayed slow deactivation kinetics (i.e. the decay after the removal of

the agonist) compared to GluK2 homomers. In addition, patches containing

GluK2/GluK5 heteromeric receptors were responsive to

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), while patches

containing GluK2 homomers were not (Herb et al., 1992; Swanson et al., 1997a; Alt

et al., 2004) (Figure 2–1, right panels). However, the deactivation kinetics and

pharmacology of GluK2/GluK5 were variable between patches, as illustrated in

Figure 2–1 B and C, where examples from two different GluK2/GluK5-containing

patches are shown. Specifically, the overall deactivation rates of the l-Glu-evoked

responses (left panels) and the AMPA responsiveness were different for each patch.

The relationship between these functional properties were analyzed in greater detail

in order to better understand the contribution of the individual subunit types.

Table 2–1: Desensitization kinetics of GluK2 and GluK2/GluK5
Receptor τ1 ± SEM % τ2 ± SEM % n

(ms) (ms) (patches)
GluK2 6.3 ± 0.3 92 46 ± 8 8 27
GluK2/GluK5 2.8 ± 0.1 92 31 ± 7 8 26
Desensitization kinetics represent current relaxations in the continued presence
of 1mm l-Glu (250 ms duration). Values are shown as mean ± SEM.

GluK2 deactivation responses were best fit with a double-exponential function

with fast and slow time constants (τ1 and τ2) of 3.3 ± 0.2 ms and 21.1 ± 2.9 ms

(3% of peak for τ2, n = 28), respectively (Table 2–2 and Figure 2–2 A). In contrast,

GluK2/GluK5 deactivation responses required an additional slower exponential

component (τ3, Figure 2–2 A) (Barberis et al., 2008). Interestingly, we found that

while the time constant for this third component (τ3) did not vary (linear

regression, r = 0.0335, P = 0.8984, n = 17 patches), its relative amplitude (%A3)

was positively correlated with AMPA responsiveness (defined as the AMPA / l-Glu

ratio in a given patch; linear regression, y = −2.54836 + 70.45256x, r = 0.957, P <
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Figure 2–2: Exponential fits of GluK2 and GluK2/GluK5 deactivation
A, Exponential fits of the deactivation of GluK2 (top) and GluK2/GluK5 (middle and bottom)
receptors after a 1 ms l-Glu (1mm) pulse. Patches containing GluK2/GluK5 receptors required an
additional slower exponential component (orange). B and C, Relationships between the exponential
components (time constant, τ, B; relative amplitude, %A, C) and the AMPA/l-Glu current ratio
obtained for individual GluK2/GluK5 patches (cyan data points). Exponential components for
GluK2 receptors are shown in orange (mean ± SEM).

0.0001; Figure 2–2 B and C). Since the AMPA responsiveness can be directly

related to the presence GluK2/GluK5 channels, this observation suggests that the

additional slow exponential component corresponds to a specific gating

contribution by the GluK5 subunit. Although the structural correlate of these

exponential components remains unknown, they may represent the different gating

modes or open states imparted by the individual subunits within the tetrameric

complex. For example, while the fast component (τ1) may represent an initial brief

channel opening, the slowest component (τ3) could be due to longer openings or

channel re-openings. Figure 2–2 illustrates the correlation of each exponential

component (τ; panel B) and its relative contribution (%A; panel C) with the

AMPA responsiveness of a given patch.
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As illustrated in Figure 2–2, the presence of GluK5 also had a significant

impact on the intermediate (τ2) and fast (τ1) exponential components of

deactivation. Similar to τ3, there was no significant variation of the time constant

for τ2 with AMPA responsiveness in GluK2/GluK5 patches (linear correlation, r =

-0.1341, P = 0.6079), but we did observe a significant positive correlation for %A2

(linear correlation, r = 0.6087, P = 0.0095; Figure 2–2). In contrast to τ3, which is

specific to the GluK5 subunit, τ2 was present in both homomeric and heteromeric

responses. However, the average τ2 was significantly smaller for GluK2/GluK5

responses than for GluK2 responses (one-way ANOVA, F2,63 = 12.29, P =

0.000031, Bonferroni post-hoc pairwise comparisons, P = 0.000062; Table 2–2).

These data suggest that the second exponential component, which is found in

GluK2 responses, is modified by the presence of GluK5. It is unclear whether τ2

represents a gating state incurred by GluK5, or whether GluK5 is directly

influencing a state that exists in GluK2. Interestingly, we also found τ2 to be faster

in GluK2(M770K), an ion-insensitive mutant of GluK2, compared with the WT τ2

(P = 0.007; Table 2–2).

Table 2–2: Deactivation kinetics of GluK2 and GluK2/GluK5
Receptor τ1 ± SEM % τ2 ± SEM % τ3 ± SEM % n

(ms) (ms) (ms) (patches)
GluK2 3.3 ± 0.2 97 21.1 ± 2.9 3 – – 28
GluK2/GluK5 1.2 ± 0.1 44 9.7 ± 0.5 21 60 ± 2 35 35
GluK2(M770K) 1.1 ± 0.2 89 6.4 ± 0.7 11 – – 5
Deactivation kinetics represent current relaxations back to baseline after a brief
(1 ms) l-Glu pulse (1mm). Values are shown as mean ± SEM.

Finally, the presence of GluK5 also significantly accelerated the fast time

constant, τ1, (exponential correlation, r
2 = 0.5442, P = 0.0053) while decreasing its

relative amplitude (linear regression, r = -0.9398, P < 0.0001; Figure 2–2). Patches

displaying a %A3 of over 30% were considered to be containing high levels of
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GluK2/GluK5. In these patches, the mean τ1 was significantly faster than that of

GluK2 (one-way ANOVA, F2,65 = 96.377, P = 3.59E-20, Bonferroni post-hoc

pairwise comparison, P = 5.88E-20; Figure 2–2 and Table 2–2). Interestingly, this

fast time constant in GluK2/GluK5 was statistically indistinguishable from that of

GluK2(M770K) (P = 1.000).

2.5.2 The slow component of deactivation is specific to GluK5

To identify the subunit responsible for the ”ultra-fast” component of

deactivation, outside-out patches were subjected to various concentrations of l-Glu.

It has been proposed that GluK5 is the high-affinity, non-desensitizing subunit

while GluK2 is the low-affinity, desensitizing subunit within the heterotetrameric

channel (Fisher and Mott, 2011). Here, we used 0.3mm l-Glu to preferentially

activate GluK5 and 10mm l-Glu to promote the activation of all four subunits

(Barberis et al., 2008). The deactivation kinetics of currents elicited by 0.3 and 10

mm l-Glu were compared to those evoked by 1mm l-Glu. The results from this

experiment are shown in Figure 2–3 and Table 2–3.

As expected with GluK2 homomers, the current amplitudes of responses were

strongly concentration-dependent (Figure 2–3 A). As before, responses were fit with

double-exponential functions. Interestingly, although the time constants and their

proportions were slightly affected by the l-Glu concentration (Figure 2–3 D, orange;

Table 2–3, the overall deactivation kinetics did not change (Figure 2–3 A, Overlay

and Table 2–3, weighted τ). The increase in τ2 and its variability could be due

to fitting an exponential with an extremely small relative amplitude (≤ 1% of the

response) (Figure 2–3 and Table 2–3).

To probe GluK2/GluK5 receptors, responses were first assessed in 1mm l-Glu

and patches with high levels of heteromers (i.e. with a %A3 ≥ 30%) were subjected to

the remaining l-Glu concentrations. In contrast to GluK2 homomers, GluK2/GluK5
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Figure 2–3: Deactivation kinetics of GluK2/GluK5 are glutamate-dependent
A and B, Example electrophysiological responses (A, GluK2, patch # 150316p3; B, GluK2/GluK5,
patch # 121109p4) evoked by 10, 1 and 0.3 mm l-Glu (1 ms). Responses were standardized to the
peak and the overlay is shown in the right panel. C and D, Each component of the multi-exponential
fits of the deactivation (C, the time constants; D, the relative amplitudes) in relation to the l-Glu
concentration, for GluK2 (orange) and GluK2/GluK5 (cyan). ∗ ∗ P < 0.01, ∗ ∗ ∗P < 0.001, n.s.
not significant.
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peak responses were consistent with a shift in their apparent l-Glu affinity (Figure

2–3 B) (Barberis et al., 2008). Responses were fit with three exponential components,

irrespective of l-Glu concentration (Figure 2–3 B). Interestingly, despite the obvious

change in the deactivation kinetics (Figure 2–3 B, Overlay), the time constants for

responses evoked by 10 and 0.3 mm l-Glu were not statistically different from those

evoked by 1mm l-Glu (2-way ANOVA, simple effects of Receptor at l-Glu; τ1, F2,85

= 2.117, P = 0.127); τ2, F2,79 = 0.256, P = 0.775; one-way ANOVA for τ3, F2,41

= 0.576, P = 0.566; Figure 2–3 C and Table 2–3). However, the relative amplitude

of each component was greatly affected (2-way ANOVA, simple effects of Receptor

at l-Glu; %A1, F2,85 = 66.546, P = 4.06E-18; %A2, F2,85 = 16.04, P = 0.000001;

one-way ANOVA for %A3, F2,42 = 22.718, P = 2.06E-7; Figure 2–3 D). Specifically,

the relative contribution of the fastest exponential component, τ1, became greater

with higher l-Glu concentrations, going from 30% in 0.3mm l-Glu to about 90% in

saturating (10mm) l-Glu (Figure 2–3 D and Table 2–3). Conversely, the relative

contributions of the intermediate (τ2) and slow (τ3) components decreased with

higher l-Glu concentration (Figure 2–3 D and Table 2–3). The effect of the l-Glu

concentration on GluK2/GluK5 desensitization kinetics (i.e. with prolonged l-Glu

applications) was similar, with the weighted τ being 5-fold larger in 0.3mm compared

to 10mm l-Glu (Table 2–3). The desensitization kinetics of GluK2 were slightly

slower with 1mm l-Glu compared to 10mm, but did not change any further with

0.3mm l-Glu (Table 2–3).

As mentioned above, the fast component of deactivation of GluK2/GluK5

responses was akin to the fast deactivation of GluK2(M770K), which is thought to

result from a change at the level of the LBD interface. Figure 2–4 A and B

highlight the position of the ion-binding sites at the LBD dimer interface of GluK2

in an X-ray crystal structure (Nayeem et al., 2011). Since GluK2/GluK5
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Table 2–3: Agonist dependence of KAR deactivation kinetics

Deactivation kinetics
Receptor [l-Glu] τ1 ± SEM % τ2 ± SEM % τ3 ± SEM % Weighted τ n

(mm) (ms) (ms) (ms) (ms) (patches)

GluK2
10 2.7 ± 0.2 99 52 ± 16 1 – – 3.0 7
1 3.3 ± 0.2 97 21 ± 3 3 – – 3.9 28
0.3 2.2 ± 0.2 91 14 ± 4 9 – – 3.3 11

GluK2/GluK5
10 1.2 ± 0.1 90 13 ± 2 7 70 ± 15 3 3.9 4
1 1.2 ± 0.1 44 10 ± 1 21 60 ± 2 35 23.6 35
0.3 1.8 ± 0.4 30 14 ± 4 31 58 ± 9 39 27.5 6

Desensitization kinetics
Receptor [l-Glu] τ1 ± SEM % τ2 ± SEM % Weighted τ n

(mm) (ms) (ms) (ms) (patches)

GluK2
10 3.9 ± 0.4 79 15 ± 5 21 – – 4.8 7
1 6.3 ± 0.3 92 46 ± 8 8 – – 7.5 27
0.3 5.6 ± 0.4 95 57 ± 16 5 – – 7.1 12

GluK2/GluK5
10 1.5 ± 0.1 93 11 ± 3 7 – – 2.0 3
1 2.8 ± 0.1 92 31 ± 6 8 – – 4.2 26
0.3 7.5 ± 0.8 99 166 ± 54 1 – – 9.9 3

heteromers assemble with a 2:2 fixed stoichiometry (Kumar et al., 2011; Reiner

et al., 2012), we hypothesized that the dimer interface is formed as a heterodimer

and predicted that the dependency of the heteromeric receptor to external ions

should be altered.

2.5.3 Ion sensitivity is decreased in GluK2/GluK5

To test the ion sensitivity of GluK2/GluK5 receptors, outside-out patches were

subjected to 1mm l-Glu in the presence of various external ions, as previously done

for GluK2 receptors (Figure 2–4) (Wong et al., 2006). Here, the relative peak

amplitudes, the desensitization kinetics and the deactivation kinetics of GluK2- and

GluK2/GluK5-containing patches were compared (Figure 2–4).

Example traces from GluK2 and GluK2/GluK5 responses from the same patch

in three different external cations are illustrated in Figure 2–4 C. As previously shown

(Paternain et al., 2003; Wong et al., 2006), the peak amplitudes of GluK2 (relative

to responses obtained in 150mm NaCl) were strongly dependent on the species of

external ions (Figure 2–4 C and D). In addition, the desensitization kinetics (τ1;
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Figure 2–4: Ion sensitivity is decreased in GluK2/GluK5
A and B, Top and side views of the GluK2 LBD dimer (PDB # 2XXR) to illustrate the position
of the ion-binding site. The Na+ ions are in purple and the Cl– ions are shown in green. l-Glu
is illustrated as sticks. C, Example current traces from GluK2 (left, patch # 101126p2) and
GluK2/GluK5 (right, patch # 110111p2) patches in the presence of external NaCl, LiCl and CsCl.
D, Summary of the relative amplitudes for GluK2 (grey) and GluK2/GluK5 (cyan) in various
external ions. All amplitudes are relative to NaCl. E and F, Summary of the fast component of
desensitization kinetics (E) and of the deactivation kinetics (F) for GluK2 (grey) and GluK2/GluK5
(cyan) in various external ions.
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Figure 2–4 E) and deactivation kinetics (τ1; Figure 2–4 F) were generally faster in

the presence of other monovalent cations and anions compared to the control Na+

and Cl– (present study and Wong et al. (2006)). Because the relative contribution of

τ2 was very low in GluK2 receptors, only τ1 for the desensitization and deactivation

kinetics of homomers and heteromers was used for this analysis.

Interestingly, GluK2/GluK5 peak responses were also affected by the species of

external ions, but this effect was reduced (Figure 2–4 C and D), indicating that the

presence of GluK5 attenuated the ion-dependency of the heteromeric receptor

complex. Furthermore, the presence of variable amounts of homomeric GluK2 in

heteromeric patches is likely to obscure the properties of pure GluK2/GluK5

receptor populations. Despite this, in stark contrast with homomeric GluK2

channels, the species of external cations and anions did not affect the fast

component of the desensitization kinetics of GluK2/GluK5 responses (Figure 2–4

E), which were about 2-fold faster than GluK2 in 150mm NaCl, as described above

in Figure 2–2 and Table 2–1. One interesting exception was with LiCl, which

resulted in a 3.5-fold slowing of the GluK2/GluK5 desensitization kinetics (Figure

2–4 E).

As described above, the deactivation τ1 of GluK2/GluK5 in 150mm NaCl was

almost 3-fold faster than that of GluK2 (Figure 2–4 F). Additionally, this

deactivation component was unaffected by a change in the species of external ions

(Figure 2–4 F). The slower deactivation components, τ2 and τ3, could not be

compared to any GluK2 equivalent and are therefore not reported here. Taken

together, these results suggest that the fast component of gating in heteromeric

KARs is not dependent on the species of external ions, a finding that is similar to

the behaviour of the ion-insensitive GluK2(M770K) receptor (Wong et al., 2006).
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Figure 2–5: Sensitivity to ionic strength is reduced in GluK2/GluK5
A, B, Example l-Glu-evoked responses (1mm, 1 ms) in 150 or 55 mm NaCl(o) for GluK2 (A, patch
# 120911p2) and GluK2/GluK5 (B, patch # 111021p1). Responses in the left panels have been
standardized to the peak. C, Summary of the peak ratio from 150 to 55 mm NaCl(o). D, Summary
of the fast time constants of deactivation (τ1) with GluK2 (left) and GluK2/GluK5 (right) in 150
or 55 mm NaCl(o). Columns are means and error bars are SEM.
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In addition to being unaffected by the species of external ions, the desensitization

kinetics of GluK2(M770K) are also independent of the external ionic strength (Wong

et al., 2006). To test if this was also the case for GluK2/GluK5 receptors, outside-out

patches were subjected to 1mm l-Glu in the presence of 150 or 55 mm NaCl. The

results from this experiment are summarized in Figure 2–5. For GluK2 receptors,

peak current responses evoked in 55mm NaCl were decreased, on average, to about

23% of the response in 150mm NaCl (Figure 2–5 A and C). For GluK2/GluK5

receptors, this ratio was increased to about 34% (Figure 2–5 B and C), meaning

that the decrease in the peak amplitude induced by lowering the ionic strength

was not as pronounced. A two-tailed t-test was performed to evaluate whether the

55/150 mm current ratios were statistically different and yielded a P -value of 0.075

(t(8) = -2.048). Although this difference was not different at the α-level of 0.05, the

probability that they are the same is nevertheless very low. Given that GluK2/GluK5

patches most likely also contain some GluK2 homomers, we considered that the

decrease in the current reduction that we observed in 55mm NaCl was biologically

relevant. With this, we concluded that lowering the NaCl concentration had a much

lower effect on GluK2/GluK5 receptors than GluK2 homomers.

In addition to the decreased peak sensitivity to external ionic strength, we also

noted a difference in the kinetic behaviour of GluK2/GluK5. Specifically, when

subjected to 55mm NaCl, the deactivation kinetics GluK2 responses were

accelerated by almost 2-fold (Figure 2–5 D), going from a τ1 of 2.50 ± 0.07 ms (n

= 13) to 1.31 ± 0.10 ms (n = 7) in 150 and 55 mm NaCl, respectively. In contrast,

the fast deactivation kinetics for GluK2/GluK5 were much less sensitive to the

reduction in the ionic strength (Figure 2–5 D), with a τ1 of 1.18 ± 0.07 ms (n =

27) and 0.96 ± 0.05 ms (n = 12) in 150 and 55 mm NaCl, respectively. A two-way

ANOVA performed on the data revealed a significant interaction of the receptor
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Figure 2–6: External ions are not required for GluK2/GluK5 gating
A, Example GluK2/GluK5 responses at various membrane potentials (range: -100 to +100 mV, 10
mV increments) in the presence (left) or absence (right) of external ions. B, Summary I-V plots
for GluK2/GluK5 in the presence (black circles) or absence (cyan circles) or external ions (n = 4
patches). Data are shown as mean and SEM.

type and NaCl concentration (F1,55 = 31.752, P = 6.2E-7). A simple main effect

analysis indicated that NaCl concentration had an effect at both receptor types

(F1,55 = 73.823 (GluK2) and 4.569 (GluK2/GluK5); P = 9.6E-12 (GluK2) and

0.037 (GluK2/GluK5)). However, the estimated effect size (η2) of NaCl

concentration was much smaller for GluK2/GluK5, with η2 values of 0.573 and

0.077 for GluK2 and GluK2/GluK5, respectively, indicating that the sensitivity of

heteromeric KARs to ionic strength was reduced. Again, we considered that the

presence of GluK2 contaminants could be skewing the results and that pure

GluK2/GluK5 receptor populations would most likely be very mildly, if at all,

affected by ionic strength.

Given the reduction in the ion sensitivity of patches containing high levels of

GluK2/GluK5, we hypothesized that GluK2/GluK5 receptors themselves may be

ion-insensitive and ion-independent. To test this, patches were subjected to 1mm

l-Glu in the absence of external anions and cations (Figure 2–6), as previously tested

with GluK2 homomers (Wong et al., 2006; Dawe et al., 2013). In contrast with GluK2

receptors (Wong et al., 2006; Dawe et al., 2013), outward currents were elicited from
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GluK2/GluK5 patches by 1mm l-Glu in ion-free external solution (Figure 2–6, 0mm

NaCl). The reduction in the current amplitude compared to those evoked in the

presence of 150mm NaCl can be explained by the elimination of the contribution

of GluK2 homomers within the patch, since they do not respond to l-Glu in the

absence of external ions. These results demonstrate that GluK2/GluK5 receptors

are functional in the absence of external ions, and thus that their gating is ion-

independent.

2.5.4 GluK5-containing receptors have unique single-channel gating
properties

External ions play an important role in the activation and desensitization of

homomeric GluK2 channels (Wong et al., 2006, 2007; Dawe et al., 2013).

Specifically, it is thought that the occupancy of the ion-binding pocket is critical for

activation, and that subsequent unbinding of the cation while the agonist remains

bound results in the desensitization of the channel (Dawe et al., 2013). Consistent

with this, a mutation providing a surrogate cation in the ion-binding pocket

(Nayeem et al., 2011), Asp776Lys (D776K), abolishes desensitization of GluK2 at

the macroscopic and single-channel levels (Dawe et al., 2013). In contrast, the

formation of a disulfide bridge to strengthen the LBD interface interactions, namely

by introducing cysteine (Cys) residues at positions 521 and 783 of GluK2

(GluK2(Y521C/L783C)), hinders the activation of GluK2 and locks it out of the

main open state (Dawe et al., 2013). Both receptors are able to gate in the absence

of external ions (Dawe et al., 2013). Given the similarities between the macroscopic

properties of these GluK2 mutants and GluK2/GluK5 receptors, we performed

single-channel experiments to gain insight into the microscopic gating mechanisms

governing heteromeric KARs.
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Figure 2–7: GluK2/GluK5 gates with unique single-channel properties
A, Example electrophysiological single-channel recordings; 5 non-consecutive trials are shown
for GluK2 (0.3mm l-Glu, 1 ms applications; patch # 140603p4) and 74 consecutive trials are
superimposed below, with the average of all trials on the bottom. Four patches with 236 trials
were analyzed for GluK2 (between 27 and 75 trials per patch). B, Examples for GluK2/GluK5
recordings (patch # 140704p2) in 0.3mm l-Glu (1 ms, left) or 1mm AMPA (250 ms, right). Five
non-consecutive trials are shown above, with all consecutive trials superimposed below and the
average of all trials on the bottom. Five patches were analyzed, with 502 trials for 0.3mm l-Glu
(between 90 and 105 trials per patch). The presence of GluK2/GluK5 channels was confirmed with
1 mM AMPA in each patch (272 trials in total, between 15 and 90 trials per patch).

Outside-out patches containing small numbers of GluK2 or GluK2/GluK5 were

subjected to 0.3mm l-Glu (1 ms jumps, holding potential (Hp) = -100 mV) to favour

the activation of GluK5-containing receptors. Conventional single-channel analysis

was not performed on the data because 0.3mm l-Glu is sub-saturating for GluK2

and almost saturating for GluK2/GluK5 channels (Barberis et al., 2008; Fisher and

Mott, 2011) and the conductance levels may not be comparable. Moreover, when a

saturating l-Glu concentration was used, the contribution of GluK5 was reduced, as

discussed above (Figure 2–3). For these reasons, the data were qualitatively assessed.

Figure 2–7 summarizes these experiments.
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In order to observe the rare GluK2 channel openings in 0.3mm l-Glu, patches

containing multiple channels were selected by first applying 1mm l-Glu, followed

by 0.3mm l-Glu. Consistent with the macroscopic responses (Figure 2–3),

microscopic GluK2 responses were brief and the channels did not re-open after the

initial burst (Figure 2–7 A). These single-channel responses were similar to those

previously observed for GluK2 with prolonged (250 ms) saturating (10mm) l-Glu

applications (Zhang et al., 2009; Daniels et al., 2013; Dawe et al., 2013). The

average response from 236 trials (n = 4 patches) decayed with a τ of 1.9 ± 0.2 ms,

similar to τ1 in macroscopic patches at this l-Glu concentration (Figure 2–7 A and

Table 2–3).

In contrast, currents elicited from GluK2/GluK5 receptors appeared very

different (Figure 2–7 B). First, the openings were not restricted to the l-Glu

application and were not synchronized (Figure 2–7 B). Channel openings were brief

and continued to occur for several tens of milliseconds after l-Glu was removed

(Figure 2–7 B). An average of 502 trials (n = 5 patches) yielded a weighted τ of 11

± 2 ms, which was faster than the macroscopic deactivation of GluK2/GluK5, but

much slower than the GluK2 responses (Figure 2–7 B and Table 2–3). For some

patches (i.e. in Figure 2–7 B), the average response was fit with two exponentials,

corresponding to τ2 and τ3 in macroscopic responses.

To confirm the presence of GluK2/GluK5 channels, patches were subjected to

1mm AMPA (250 ms jumps, Hp = -100 mV; Figure 2–7 B). Interestingly, channel

openings in the presence of AMPA were also very brief and occurred throughout the

prolonged agonist application (Figure 2–7 B). Averaging of these responses yielded

a current that was very similar to the macroscopic AMPA responses observed for

GluK2/GluK5 receptors (272 trials, n = 5 patches; Figures 2–7 and 2–1). Together

with the observed single-channel l-Glu responses for GluK2/GluK5, our findings
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suggest that GluK5 is not non-desensitizing, as has been previously proposed (Mott

et al., 2010; Fisher and Mott, 2011). Instead, our data show that GluK5 activation,

either by a low l-Glu concentration or by AMPA, promotes the brief but frequent

re-opening of the channel, even after the agonist has been removed (Figure 2–7 B).
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2.6 Discussion

Our study provides an in-depth analysis of the specific contributions of the

GluK2 and GluK5 subunits within a heteromeric KAR and provides insight into

the functional mechanisms underlying KAR gating. First, we show that the

activation of the GluK5 subunit is responsible for the slow deactivation kinetics in

heteromeric KARs, while concerted activation of all subunits results in the

desensitization of the channel and curtails the activation of GluK5. Second, the

gating of GluK2/GluK5 heteromers is independent of external ions, indicating that

there are underlying structural changes at the level of the ligand-binding domain

(LBD) compared to homomeric GluK2 channels. Additionally, though homology

models of GluK5 suggest that the ion-binding site may still be present in

heteromeric channels, our experiments suggest that it may be asymmetrical.

Finally, GluK2/GluK5 receptors exhibit distinct single-channel properties. In

addition to having a higher affinity for l-Glu, activation of the GluK5 subunit

allows the channel to re-open after the agonist has been removed. Taken together,

our findings are consistent with an independent subunit activation within

heteromeric KARs.

The assembly of kainate receptors as heteromeric complexes endows them with

unique kinetic properties (present study and Barberis et al. (2008)). Interestingly,

we found that GluK2/GluK5 responses decayed faster than GluK2 responses with

prolonged l-Glu applications, suggesting that desensitization rates are faster in

heteromeric channels. In contrast, their deactivation kinetics were slower, as

previously demonstrated (Barberis et al., 2008), and correlated with their AMPA

responsiveness, which is directly related to the presence of the GluK5 subunit

(Herb et al., 1992; Swanson et al., 1997a). Given the fixed 2:2 stoichiometry of
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GluK2/GluK5 receptors (Reiner et al., 2012), the presence of two receptor

populations was assumed (i.e. GluK2 and GluK2/GluK5), and this allowed for the

identification of patches containing a high GluK2/GluK5 content with minimal

GluK2 contribution. Here, we found that short applications of 1mm l-Glu yielded

multi-exponential responses. Specifically, there was a slow exponential component

of deactivation, for which the relative contribution was positively correlated with

the presence of GluK5. However, the fast and intermediate exponential components

were still present, as in GluK2, and were surprisingly accelerated by about 2-fold,

suggesting that they were specific to heteromeric responses. As mentioned above, it

is unclear whether the presence of GluK5 is modifying the open states that exist in

GluK2 or whether these components are brought upon by the gating of the GluK5

subunit itself.

Our findings support that the concerted activation of all four subunits results

in the desensitization of the channel, while the selective activation of two subunits,

i.e. GluK5, allows the receptors to gate for longer times. Consistent with this,

the desensitization and deactivation rates of GluK2/GluK5 receptors were strongly

dependent on the l-Glu concentration. Since the GluK5 subunit has a higher affinity

for l-Glu (Barberis et al., 2008; Fisher and Mott, 2011), applying l-Glu for shorter

times (i.e. 1 ms) and at lower concentrations decreases the probability of GluK2

activation and allows the GluK5 subunits to gate undisturbed. This is consistent with

previous studies that have proposed that the activation of GluK2 subunits within a

heteromeric receptor complex results in channel desensitization (Mott et al., 2010;

Fisher and Mott, 2012). However, our observation of the ”ultra-fast” deactivation

component was unexpected, since it is thought that GluK5 is responsible for the

slow, and not the fast, deactivation in recombinant and native heteromeric KARs
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(Barberis et al., 2008; Fernandes et al., 2009; Frerking and Nicoll, 2000). Our data

suggest that this component results from the gating of GluK2 subunits within the

heteromeric complex. Since the slow deactivation kinetics of GluK2/GluK5 are more

prominent in sub-saturating l-Glu, it is possible that synaptic KARs are activated

by sub-saturating agonist concentrations (i.e. that l-Glu concentrations may be

lower than the estimated 1–5 mm (Clements et al., 1992; Clements, 1996) at KAR

synapses).

Ion binding at the GluK2 LBD dimer interface is required for channel gating

(Wong et al., 2006, 2007; Plested et al., 2008; Nayeem et al., 2009, 2011; Dawe

et al., 2013). Furthermore, it has been proposed that the presence of a cation primes

the receptor to gate (Dawe et al., 2013). Indeed, the introduction of single point

mutations in GluK2 which act as tethered charges, namely M770K and D776K,

circumvents the absolute requirement for external ions (Wong et al., 2006, 2007;

Dawe et al., 2013). In GluK2(D776K), the Lys residue is predicted to be stably

bound in the ion-binding pocket and this sustains channel activation (Dawe et al.,

2013). On the other hand, while GluK2(M770K) gating is also ion-independent,

this channel desensitizes very fast (Wong et al., 2006, 2007). X-ray crystallographic

evidence suggests that while the Lys reaches into the ion-binding pocket and acts as

a surrogate cation, its stability at this site is predicted to be short-lived, resulting in

the partial occupancy of the ion-binding site (Nayeem et al., 2011). The removal of

the positive charge (i.e. removal of the Na+ or destabilization of the Lys interaction)

ultimately causes the receptor enter a desensitized state (Dawe et al., 2013).

In this study, we found that the gating of GluK2/GluK5 was also

ion-independent, suggesting that the ion-binding site is somehow altered in

heteromeric receptors. An interesting exception to this was with Li+ ions, which

85



CHAPTER 2. KAR HETEROMER GATING

slowed the desensitization kinetics of GluK2/GluK5, but not of GluK2, by almost

3.5-fold. Despite the ion-insensitivity of GluA1 receptors (Bowie, 2002), a similar

phenomenon is seen with GluA2 receptors, where l-Glu-evoked currents in the

presence of external LiCl causes a 7-fold slowing of the desensitization kinetics

(Dawe et al., 2016). In this case, the putative ion-binding site is predicted to be

smaller and to have a higher propensity to bind Li+ than Na+ ions (Dawe et al.,

2016). In addition, the accelerated and ion-independent fast desensitization and

deactivation components in GluK2/GluK5 are reminiscent of GluK2(M770K)

((Wong et al., 2006) and present study). Taken together, our observations suggest

that the ion-binding site of GluK2/GluK5 shares some structural similarities with

that of AMPARs. However, given the presence of two distinct subunit types in the

heteromeric channel, it is likely that the LBD interface is asymmetrical compared

to GluK2 or GluA2 homomers. Although there is no structural evidence to support

this yet, the GluK5 subunit may alter at least one of the ion-binding sites and/or

provide surrogate charges to satisfy the ion-binding pockets and bypass the

requirement for external ions. As a consequence, external ions are not able to

regulate the time-course of activation in GluK2/GluK5 heteromeric KARs.

Previously, it was demonstrated that GluK5 activation, in the absence of

GluK2 activation, greatly decreases the desensitization of the channels (Mott et al.,

2010; Fisher and Mott, 2011). In this study, we also found that the gating

contribution of GluK5 could be revealed by lowering the agonist concentration or

by specific activation with AMPA. However, our single-channel data do not support

that GluK5 is a non-desensitizing subunit. Instead, our findings indicate that

heteromer gating results in very fast and short-lived channel openings with frequent

re-openings after the removal of the agonist. The specific pharmacological
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activation of GluK5 also exhibits these brief openings and re-openings, which

suggests that GluK5 is responsible for this type of gating. Although we cannot

distinguish between closed and desensitized states, our data demonstrate that

GluK5 activation does not lead to sustained activation of the channel.

Additionally, the ion-independent gating of heteromers allows for the prolonged

activity of GluK5. Taken together, we find that the unique gating properties of

GluK2/GluK5 result from the interplay between the activation of GluK2 and

GluK5 subunits within the channel. While our data underlines the importance of

the LBD dimer interface, the precise interactions between the GluK2 and GluK5

subunits that are underlie this gating behaviour remains to be elucidated.
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3.1 Foreword to Chapter 3

As mentioned earlier in the Preface, I was motivated to investigate the

functional properties of recombinant KARs to better understand how they function

in their native form, that is, as heteromeric complexes and with auxiliary proteins.

In Chapter 2, I focused on the effects of gating that were brought upon by the

heteromeric LBD dimer interface. In addition to this, there are molecular

determinants of gating that are found in the pore region of the channel. For

example, an RNA-editing mechanism that is active in GluA2 AMPAR subunits, as

well as GluK1 and GluK2 KAR subunits (Sommer et al., 1991), substitutes the Gln

residue for an Arg residue at the pore apex, which decreases Ca2+ permeability

(Burnashev et al., 1992) and relieves polyamine block (Bowie and Mayer, 1995).

However, the editing of KAR subunits is not absolute, given that the primary

subunits are partially edited (Sommer et al., 1991; Puchalski et al., 1994; Schmitt

et al., 1996), and the editing of the secondary subunits has not been tested.

For these reasons, we found it intriguing that despite containing unedited

subunits, recombinant GluK2/GluK5 receptors were much less sensitive to

polyamine block (Barberis et al., 2008). Similarly, unedited GluK2 homomers were

also less sensitive to block when they were associated with the auxiliary proteins,

Neto1 and Neto2 (Fisher and Mott, 2012). Here, a charge-screening mechanism was

proposed to repel polyamines from the channel pore and thereby prevent polyamine

block (Fisher and Mott, 2012).

In this chapter, we used a combination of electrophysiology and Molecular

Dynamics to identify a proline (Pro) in the pore-lining region of GluK5, which is a

critical determinant of polyamine sensitivity. Furthermore, using site-directed

mutagenesis, we demonstrate that this residue is responsible for increasing the

permeation of polyamines through the channel pore, a mechanism that has not
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been considered in the past. Interestingly, auxiliary proteins also facilitate

polyamine permeation at GluK2 homomers, which is at odds with the

charge-screening mechanism proposed by Fisher and Mott (2012).
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3.2 Key Points

� Kainate receptor heteromerization and auxiliary subunits, Neto1 and Neto2,

attenuate polyamine ion-channel block by facilitating blocker permeation.

� Relief of polyamine block in GluK2/GluK5 heteromers results from a key

proline residue that produces architectural changes in the channel pore

α-helical region.

� Auxiliary subunits exert an additive effect to heteromerization, and thus relief

of polyamine block is due to a different mechanism.

� Our findings have broad implications for work on polyamine block of other

cation-selective ion channels.

3.3 Abstract

Channel block and permeation by cytoplasmic polyamines is a common feature

of many cation-selective ion channels. Although the channel block mechanism has

been studied extensively, polyamine permeation has been considered less significant

as it occurs at extreme positive membrane potentials. Here, we show that kainate

receptor (KAR) heteromerization and association with auxiliary proteins, Neto1

and Neto2, attenuate polyamine block by enhancing blocker permeation.

Consequently, polyamine permeation and unblock occur at more negative and

physiologically relevant membrane potentials. In GluK2/GluK5 heteromers,

enhanced permeation is due to a single proline residue in GluK5 that alters the

dynamics of the α-helical region of the selectivity filter. The effect of auxiliary

proteins is additive, and therefore the structural basis of polyamine permeation and

unblock is through a different mechanism. As native receptors are thought to

assemble as heteromers in complex with auxiliary proteins, our data identify an

unappreciated impact of polyamine permeation in shaping the signalling properties
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of neuronal KARs and point to a structural mechanism that may be shared

amongst other cation-selective ion channels.

93



CHAPTER 3. KAR POLYAMINE BLOCK

3.4 Introduction

Polyamines are expressed ubiquitously in bacterial, plant and animal cells

where they fulfill a variety of roles essential for life (TABOR and TABOR, 1964;

Tabor and Tabor, 1985). Mammals possess two polyamines, the tetra- and

tri-amines, spermine (Spm) and spermidine (Spd), respectively, that are derived

from the diamine precursor, putrescine (Put), through tightly regulated

biosynthetic pathways. Disruption in the synthesis or catabolism of polyamines

leads to a variety of disease states from cancer to neurodevelopmental disorders

(Nowotarski et al., 2013; Pegg, 2014), underlining their physiological importance.

Given their cationic nature, polyamines interact with negatively charged domains

of biomolecules (Tabor and Tabor, 1984) including the electrostatic pore regions of

voltage- and ligand-gated ion channels where they bind and consequently block ion

flow with micromolar affinity (Lopatin et al., 1994; Bowie and Mayer, 1995; Gomez

and Hellstrand, 1995; Haghighi and Cooper, 1998; Lu and Ding, 1999; Kerschbaum

et al., 2003; Fu et al., 2012). In this capacity, cytoplasmic polyamines are

recognized as important determinants of neuronal signaling by regulating action

potential firing rates (Fleidervish et al., 2008) as well as the strength of

neurotransmission (Rozov and Burnashev, 1999; Aizenman et al., 2002).

Polyamines are often referred to as permeant channel blockers due to their

ability to both block and traverse the ion-permeation pathway of cation-selective

ion channels (Bowie et al., 1999). For almost all ion channels, cytoplasmic

polyamine block is observed at negative and physiologically relevant membrane

potentials, making it an ideal regulator of cellular excitability (Nichols and Lopatin,

1997; Bowie et al., 1999; Lu, 2004; Baronas and Kurata, 2014). In contrast,

polyamine permeation occurs at extreme (>+50 mV) positive membrane potentials

(Bahring et al., 1997) and therefore has not been considered particularly significant.
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Given this arrangement, however, the fraction of channels blocked by polyamines at

any given membrane potential is the sum of these two opposing mechanisms.

Consequently, the overall level of polyamine block could, in principle, be shaped by

any mechanism that enhances the relative contribution of polyamine permeation.

At glutamatergic synapses of the developing and mature CNS, polyamines have

been well characterized to act as permeant channel blockers of both AMPA- and

kainate-type (KARs) ionotropic glutamate receptors (iGluRs) (Bowie and Mayer,

1995; Kamboj et al., 1995; Koh et al., 1995). In each case, the degree of polyamine

block is voltage-dependent and dynamically regulated, with two of the most prevalent

mechanisms occurring through either changes in receptor subunit composition or by

receptor association with auxiliary proteins (Cull-Candy et al., 2006; Perrais et al.,

2010; Jackson and Nicoll, 2011). At KARs, polyamine block is attenuated by either

the formation of heteromers that contain the GluK4 or GluK5 subunit (Barberis

et al., 2008) or by co-assembly with auxiliary proteins, Neto1 and Neto2 (Fisher

and Mott, 2012). Interestingly, removal of the positively charged Arg-Lys-Lys motif

of Neto1 or Neto2 C-tail restores polyamine block, suggesting that relief of block

may involve a charge screening mechanism that affects the pore (Fisher and Mott,

2012). Whether a similar electrostatic mechanism explains the attenuation of block

at GluK2/GluK5 heteromers remains to be established.

Here, we have tested the hypothesis that KAR heteromers and auxiliary

proteins attenuate channel block by a common mechanism. We show that in both

cases relief of polyamine block results from an enhanced rate of polyamine

permeation. Relief of block in heteromers is due to a proline residue from GluK5

that is predicted to alter the pore architecture, thereby facilitating polyamine

permeation. The effect of auxiliary proteins is additive to that of the pore-forming

subunits and we therefore conclude that they enhance polyamine permeation
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through a different mechanism. As native receptors primarily assemble as

heteromers in complex with auxiliary proteins, our data identify an unappreciated

impact of polyamine permeation in shaping the signalling properties of KARs in

neuronal circuits.
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3.5 Methods

3.5.1 Plasmids and molecular biology

All experiments were performed using cDNA of rat GluK2 and GluK5 kainate-

type iGluRs, mouse Neto1-HA and rat Neto2. For electrophysiology, GluK2a(V,C,Q)

and GluK5 cDNA each contained a downstream internal ribosome entry site (IRES)

sequence encoding mCherry and eGFP, respectively, which were used to identify

transfected cells. cDNA of GluK2(G615P) and GluK5(P599G) were made using

site-directed mutagenesis with all constructs verified by restriction digest analysis

and sequencing.

3.5.2 Cell culture and transfection

HEK293T/17 cells (ATCC, Manassas, VA, USA) were maintained in minimal

essential medium (MEM) containing glutaMAX� supplemented with 10% fetal

bovine serum (Invitrogen, Carlsbad, CA, USA). Cells were plated at low density

(1.6 − 2.0 × 104 cells ml−1) on poly-d-lysine-coated 35 mm plastic dishes and were

transiently transfected 24 h later using the calcium phosphate technique. A

GluK2:GluK5 or GluK2:Neto1/2 cDNA molar ratio of 1:10 was used for all

co-transfections.

3.5.3 Electrophysiological recordings

Experiments were performed 36–48 h after transfection. Agonist solutions were

rapidly applied to outside-out patches excised from transfected cells using a

piezoelectric stack (Physik Instrumente, Auburn, MA, USA). Solution exchange

(10–90% rise time of 250–350 μs) was determined in a separate experiment by

measuring the liquid junction current. All recordings were performed using an

Axopatch 200B (Molecular Devices, Sunnyvale, CA, USA) using thick-walled

borosilicate glass pipettes (3–6 MΩ) coated with dental wax to reduce electrical
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noise. Current records were filtered at 5 kHz, digitized at 25 kHz and series

resistance (3–12 MΩ) was compensated for by 95%. Recordings were performed at

a range of holding potentials from 100 to +100 mV to study polyamine channel

block. Data acquisition was performed using pClamp9 or pClamp10 software

(Molecular Devices) and tabulated using Excel. All experiments were performed at

room temperature.

All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) unless

otherwise indicated. External solutions contained (in mm) 150 NaCl, 5 HEPES, 0.1

MgCl2 and 0.1 CaCl2, pH 7.3–7.4. The internal solution contained (in mm) 115

NaCl, 10 NaF, 5 HEPES, 5 Na4BAPTA (Life Technologies, Invitrogen, Burlington,

ON, Canada), 1 MgCl2, 0.5 CaCl2 and 10 Na2ATP, pH 7.3–7.4. The osmotic

pressure of all solutions was adjusted to 295–300 mOsm with sucrose. In

experiments where polyamine block was examined, Na2ATP in the internal solution

was replaced with 60 �m Spm and the osmotic pressure adjusted to 295–300 mOsm

with sucrose. For Ca2+ permeability experiments, the external solution contained

(in mm) 105 NaCl, 30 CaCl2, 5 HEPES and 0.1 MgCl2, pH 7.3–7.4 (295 mOsm).

For polyamine permeability experiments, the NaCl in the external solution was

replaced by 90 mM Spm, pH was adjusted to 7.3–7.4 using the Spm free base and

the osmotic pressure was adjusted with sucrose. Concentrated (10× or 100×)

agonist stock solutions were prepared by dissolving agonist [l-glutamate or AMPA

(Tocris, Ellisville, MO, USA)] in the appropriate external solution, adjusting the

pH to 7.3–7.4, and stored frozen at −20 ◦C. Stocks were thawed on the day of the

experiment and used to prepare agonist-containing external solutions. For

heteromeric GluK2/GluK5 receptors, only patches where the contribution of the

slowest exponential component (%A3) was above 25% were considered for analysis,

unless otherwise stated.
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3.5.4 Data analysis and fitting

Agonist-evoked membrane conductance (G) was calculated using eqn (1):

G =
I

(V − Vrev)
(3.1)

where I is the current at V holding potential and Vrev is the reversal potential.

Conductance-voltage (G–V) relationships were fit using Origin 7 (OriginLab,

Northampton, MA, USA) with the following equation (from Bowie et al. (1998)):

G =
Gmax

1 + [Spm]
Kd

(3.2)

where Gmax is the maximal conductance, [Spm] is the internal Spm

concentration and Kd is the dissociation constant.

Binding (kon) , unbinding (koff ) and permeation (kperm) rates were defined as

previously in Bowie et al. (1998):

kon = a exp

(
V

b

)
(3.3)

koff = c exp

(
V

d

)
(3.4)

kperm = e exp

(
V

f

)
(3.5)

To estimate koff and kperm, Kd was first calculated as:

Kd =
sum of exit rates

Binding rate

which was redefined to eqn (6):

Kd = g exp

(
V

h

)
+ L exp

(
V

k

)
(3.6)
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where

g =
c

a

L =
e

a

h =
bd

b− d

k =
bf

b− f

Binding rates were assumed to be constant for GluK2/GluK5, GluK2+Neto1

and GluK2+Neto2 (see Results for more details), and the values for a and b were

taken from Bowie et al. (1998).

The voltage-dependent conductance of KARs under basal conditions is

appreciably different between receptor types within the range ± 100 mV. This

emphasizes the impact of auxiliary proteins in changing the basic gating properties

of KARs and the importance of accounting for these significant differences in gating

properties. The intrinsic G–V relationships were fit with eqn (7) using Origin 7:

y = 1 + (G0 − 1) exp
( x

V

)
(3.7)

Where G0 is the minimal conductance and V is the membrane potential. Values

are summarized in Table 3–1.

Table 3–1: Fit parameters for intrinsic G–V relationships
G0 V

GluK2 1.0699 41.4
GluK2/GluK5 1.1168 55.7
GluK2+Neto1 1.0003 16.3
GluK2+Neto2 1.0094 25.5
GluK2/GluK5(P599G) 1.0240 38.4
GluK2(G615P) 1.0163 31.7
GluK2 - 300 �m 1.0736 37.6
GluK2/GluK5 - 300 �m 1.1282 60.0
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The Ca2+ permeability relative to Na+ (PCa/PNa) was determined using the

constant field equation from Kamboj et al. (1995):

PCa

PNa

=
[Na+]i

[Ca2+]o
×

[
exp

(
ΔVrevF

RT

)× (
exp

(
ΔVrevF

RT

)
+ 1

)]
4

(3.8)

where PCa and PNa are the permeability coefficients for Ca2+ and Na+

respectively; ΔVrev is the reversal potential shift, F is Faradays constant, R is the

gas constant and T is the temperature in Kelvin.

Relative Spm permeability (PSpm/PNa) was calculated from the reversal

potential (Vrev) measurements in Spm-rich external solutions using the following

equation from Bahring et al. (1997):

Ix = Pxz
2 ×

(
VmF

2

RT

)
×

(
[X]i − [X]oexp

(−zFVm

RT

)
1− exp

(−zFVm

RT

)
)

(3.9)

where Ix is the current carried by ion X at a membrane potential Vm, Px is the

corresponding permeability (PNa = 1), [X]i and [X]o are the internal and external

Spm concentrations, z is the valence, and F , R and T are as above. Experimentally

determined reversal potentials were used for Vm. We obtained PSpm/PNa using the

definition that INa+ ISpm = 0 at the reversal potential. The reversal potentials were

corrected for liquid junction potentials that were determined experimentally.

All data were illustrated using Origin 7 and Adobe Illustrator.

3.5.5 Statistics

Statistical analysis was performed using the statistical software SPSS Statistics.

Data were assumed to be distributed normally. The numbers provided for ’n’ refer

to the number of individual patches.
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3.5.6 Molecular Dynamic Simulations

Molecular dynamics (MD) simulations were performed to study whether

inserting proline residues into the α-helical region of the P-loop had an effect on

the pore architecture. No atomic-resolution open-channel structure of an iGluR has

been determined, so an open-channel structure of the non-selective NaK cation

channel from Bacillus cereus determined to a resolution of 1.6 Å was used as a

model system (PDB # 3E86) (Alam and Jiang, 2009a). Figure 3–7 below shows a

structural alignment of the GluA2 (PDB # 3KG2) and the NaK (PDB # 3E86)

channel pores. Given that they have very similar topologies, the NaK pore

structure was used as this structure has the selectivity filter resolved at atomic

resolution and is described as being in the open state as opposed to the GluA2

structure which is considered closed and where the selectivity filter region is

unresolved.

To generate a membrane slab for further simulation, the tetrameric

physiological unit of the NaK channel (residues 23–113, ignoring ions and other

small molecules) was converted to Coarse Grain (CG) representation (Martini v2.1)

(Monticelli et al., 2008) to allow for self-assembly and equilibration of a bilayer

consisting of 200 1-palmitoyl-2-oleoyl-(sn)-glycero-3-phosphocholine (POPC)

molecules around the protein structure. This system was simulated for 100 ns at

323 K in Gromacs v4.6.3 (Hess et al., 2008) to allow formation of a POPC bilayer

(Stansfeld et al., 2015).

Following this, the system was converted back to atomistic representation using

a CG2AT-align method (Stansfeld and Sansom, 2011) and this membrane slab was

then used for further system setup with the different protein mutants aligned to the

position of the protein. The (4S )-2-methyl-2,4-pentanediol molecule, observed in

the crystal structure, was deleted. The crystal structure has four ions bound in the
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filter region: one calcium ion in the external site, one sodium ion in the vestibule

site, one caesium ion in site 3 and another sodium ion in site 4. To keep the ion

composition simple, the calcium ion and the caesium ion were changed to potassium

and sodium, respectively. Both monovalent and divalent cations can bind at the

external site, but sodium does not appear to be a good binder at this site (Alam

and Jiang, 2009b), and thus the calcium ion was exchanged for potassium. The

vestibular site and sites 3 and 4 all appear to prefer sodium, so the caesium ion in

site 3 was exchanged for sodium. Crystallographic water molecules were retained.

The protein along with ions and protein-bound water molecules was inserted into

the pre-generated POPC membrane slab, and water molecules for solvation were

further added using the Solvate Plugin of VMD (Humphrey et al., 1996). Ions

were added with the Autoionize Plugin in VMD to create a neutral system with

an approximate ion concentration of 150mm. The anion was chloride and because

the NaK channel transports both sodium and potassium, approximately half of the

cations were sodium and the other half potassium.

The system was then energy minimized for 5000 steps and equilibrated for 10 ns

with protein heavy atoms along with ions bound to the filter harmonically restrained

with a force constant of 7 kcal mol−1 Å−2. Lipid molecules which, after 10 ns,

were still stuck in odd positions between protein helices, resulting from the self-

assembly process, were deleted and the system was energy minimized for 5000 steps

and 500 ns of unbiased MD simulation was performed. This structure (with the

oddly positioned lipid molecules removed) was further used for construction of the

mutant systems using the Mutator Plugin of VMD. These systems were likewise

energy minimized for 5000 steps followed by 500 ns of unbiased MD simulation. In

addition to the NaK crystal structure (WT, mimicking the GluK2 homotetramer), we

simulated the NaK structure with S57P in two opposing chains (A and C in 2Pro,

103



CHAPTER 3. KAR POLYAMINE BLOCK

mimicking the GluK2/GluK2 heteromer if assuming a 2:2 assembly with GluK2–

GluK5–GluK2–GluK5 packing at the membrane level) and the NaK structure with

the S57P mutation imposed in all four chains [4Pro, mimicking the GluK2(G615P)

homotetramer]. Each 500 ns simulation was repeated, so the final data set consisted

of 2 × 500 ns for each of the protein constructs.

All atomistic simulations were performed with NAMD v2.9 (Phillips et al., 2005)

using the CHARMM 36 force field (Klauda et al., 2010; Best et al., 2012) for protein

and lipids and the TIP3P water model (Jorgensen et al., 1983). Simulations were

performed in the NPT ensemble at a temperature of 310 K and a pressure of 1

atm. Langevin dynamics with a damping coefficient of 0.5 ps−1 was employed to

control the temperature. The pressure was maintained using the Langevin piston

NoséHoover method with a piston period of 100 fs and a damping timescale of 50

fs. LennardJones interactions were treated with a cutoff of 12 Å and the switching

function applied from 10 Å, while full electrostatics were accounted for using Particle-

Mesh Ewald (PME) (Darden et al., 1993) summation with a real-space cutoff of 12

Å and a 1 Å grid spacing. The pair list, with a cutoff of 14 Å, was updated every 20

fs. Periodic boundary conditions were applied in all simulations. The time step was

2 fs with full electrostatics calculated every second step. Water molecules were kept

rigid by the SETTLE (Miyamoto and Kollman, 1992) algorithm and other bonds to

hydrogen atoms by the SHAKE (Ryckaert et al., 1977) algorithm. Snapshots were

collected every 5 ps.

3.5.6.1 Polyamine ligands

The structures for Spm, Spd and Put were downloaded the HIC-Up database

(Kleywegt and Jones, 1998) (ideal coordinates, http://xray.bmc.uu.se/hicup/XXX/

where XXX = SPM, SPD, PUT), and hydrogen atoms were added in Maestro

(Maestro, version 9.7, Schrödinger, LLC, New York, 2014). All amine nitrogen
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atoms were treated as charged. Ligand topologies and parameters for the

CHARMM General Force Field (CGenFF) (Vanommeslaeghe et al., 2010; Yu et al.,

2012) v3.0.1 were generated using the CGenFF program v1.0.0 (Vanommeslaeghe

and MacKerell Jr, 2012; Vanommeslaeghe et al., 2012)

(https://cgenff.paramchem.org).

3.5.6.2 NaK-polyamine complexes

The most symmetrical and the most asymmetrical snapshot in terms of cross-

pore distance (see Fig. 3–6 D below) was taken from each of the simulations of WT,

2Pro and 4Pro, leaving out the first 100 ns of simulation. Spm was inserted into

the filter region by aligning the charged nitrogen atoms of Spm with the original

position of the four cations in the filter. These four ions were then deleted to remove

overlap and ensure charge neutrality, and furthermore water molecules in the filter

overlapping with Spm were deleted. Spd and Put were inserted to the filter region

of WT snapshots in a similar way, although due to the smaller number of nitrogen

atoms in these ligands, central carbon atoms were used along with the nitrogen atoms

in the alignment to original ion positions. For Spd, three of the original cations in

the filter were deleted, and for Put, only two. No other ions were binding to the filter

region in any of the complexes. The simulation systems were then energy minimized

for 2000 steps followed by 30 ns of unbiased MD simulation.

All polyamines remained bound to the filter region throughout the 30 ns of

relaxation. To probe the energetics involved in the unbinding of the polyamines

from the filter, 15 ns of steered MD (SMD) simulations were performed on all

NaK-polyamine complexes, starting after 30 ns of unbiased simulation. The SMD

atoms, here the terminal nitrogen atom facing the pulling direction, were

harmonically constrained with force constant of 7.2 kcal mol−1 Å−2, corresponding

to 500 pN Å−1, to move with velocity 2.5 Å ns−1 in the negative direction along the
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z-axis (towards the extracellular side for the NaK channel, corresponding to the

intracellular side for the KAR channel). Forces were saved every 200 fs. To avoid

the whole system being pulled along z, the Cα atoms of residues 23–28 were

restrained harmonically with a force constant of 7.2 kcal mol−1 Å−2.

The work was calculated from the force profiles by numerical integration

according to:

W (t) = v

∫ t

0

f(t)dt (3.10)

where v is the constant velocity (2.5 Å ns−1), f(t) is the force at the specific

time step given in the SMD output and dt is the time step between the data points

(200 fs).
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3.6 Results

3.6.1 Heteromerization and auxiliary proteins attenuate inward
rectification of KARs

To better understand how heteromerization and auxiliary proteins attenuate

channel block, we studied KAR responses in outside-out membrane patches at a

range of membrane potentials to observe when polyamines enter the pore to block

it. To mimic the time course of neurotransmitter release in the synaptic cleft, 1mm

l-glutamate(l-Glu) was applied to excised patches for 1 ms and 60 �m Spm was

included in the internal solution to match known cytoplasmic levels of the blocker

(Bowie and Mayer, 1995). Figure 3–1 summarizes these experiments, where the

degree of inward rectification induced by polyamine block of GluK2 homomers was

compared to that of GluK2/GluK5 heteromers or GluK2 homomers co-assembled

with the auxiliary proteins, Neto1 and Neto2.

In agreement with other studies, peak GluK2 receptor responses exhibited a

bi-rectifying behaviour (range: -100 to +100 mV) due to the onset and relief of

block at hyperpolarizing and depolarizing membrane potentials, respectively (Fig.

3–1 A and B) (Bowie and Mayer, 1995; Bowie et al., 1998). In contrast, I–V plots

of GluK2/GluK5 heteromers (Fig. 3–1 C and D) or GluK2 with Neto1 or Neto2

(Fig. 3–1 E–G) (Barberis et al., 2008; Fisher and Mott, 2012) tended towards

linearity. Rectification ratios were smallest for GluK2 homomers (0.20 ± 0.02, n =

5), highlighting that Spm channel block strongly opposes ion flow at positive

membrane potentials (Fig. 3–1 A, B and H). This effect was much weaker with

GluK2/GluK5 heteromers (rectification ratio = 0.89 ± 0.07, n = 4) and following

co-assembly with auxiliary proteins (Neto1, 0.66 ± 0.02, n = 12; Neto2, 0.64 ±
0.03, n = 7) (Fig. 3–1 H), reaffirming that, in each case, polyamine block is

significantly attenuated. Despite the similarity of the effects, it still remains to be

107



CHAPTER 3. KAR POLYAMINE BLOCK

Figure 3–1: Heteromerization and auxiliary proteins reduce inward rectification of
KARs
A, C, E, F, typical membrane currents evoked by 1mm l-Glu (1 ms application) at various
holding potentials (-100 to +100 mV, 20 mV increments) in the presence of 60 m internal
Spm. Patch numbers: GluK2, 120403p1; GluK2/GluK5, 120417p3; GluK2+Neto1, 130506p3;
and GluK2+Neto2, 131104p3. B, D, G, average I–V plots for GluK2 (n = 5), GluK2/GluK5 (n
= 4), GluK2+Neto1 (n = 12) and GluK2+Neto2 (n = 7). Data are presented as mean ± SEM.
Current values are normalized to the current at -100 mV. H, to obtain the rectification ratio, the
peak current at +80 mV was divided by that at -80 mV. Rectification ratios for individual patches
are shown as empty circles; columns represent the mean and error bars indicate SEM. One-way
ANOVA, F3,24 = 60.819, P = 2.32E-11, post hoc Tukey HSD pairwise comparisons: ∗ ∗ ∗∗ P <
1.33E-8; n.s., not significant.

established if heteromerization and auxiliary proteins attenuate block by a similar

or different mechanism.

To better understand the voltage-dependency of the onset and relief of block, we

converted the I–V data from each dataset into G–V plots (Fig. 3–2). KARs exhibit

significant outward rectification at positive membrane potentials in the absence of

channel blockers (Bowie et al., 1998). To take this into account, we performed

additional experiments to obtain control I–V data for all receptor combinations and

then subtracted this non-linearity from data obtained in the presence of Spm (Figs

3–2 and 3–3). Corrected G–V plots were then fit with a single binding site model

of channel block (Bowie et al., 1998) (see Methods) to estimate the equilibrium
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Figure 3–2: Association of GluK2 with GluK5 or auxiliary proteins reduces polyamine
block by increasing permeation rates
A, conductancevoltage (G–V) plots for GluK2/GluK5 in the presence (black circles) and absence
(white circles) of 60 m internal Spm. Cyan circles represent the corrected G–V (n = 4), obtained
by dividing the Spm G–V by the fit of the Spm-free G–V. B, corrected G–V plot for GluK2 (n
= 5). C, rates of onset, unbinding and permeation for GluK2 (see Methods). kon was estimated
using values from Bowie et al. (1998). D, corrected G–V plots for GluK2+Neto1 (cyan, n = 12)
and GluK2+Neto2 (orange, n = 7). All data are represented as the mean ± SEM. G–V plots were
fit with eqn (2). E and F, comparison of the estimated unbinding (koff , E) and permeation (kperm,
F) rates for GluK2 (1), GluK2/GluK5 (2), GluK2+Neto1 (3) and GluK2+Neto2 (4).
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Figure 3–3: G–V corrections for intrinsic outward rectification in the absence of
internal polyamines
G–V relationships in the absence (white symbols) or presence (black symbols) of internal polyamines
were plotted. The corrected G–V relationships (cyan symbols) were obtained by dividing the value
of the spermine G–V by the non-spermine G–V (Gcorr = GSpm/GnoSpm). Note the importance of
performing this correction for each receptor type, as the intrinsic outward rectification properties
differ.

dissociation constant of Spm at 0 mV (Kd(0mV )) as well as the voltage-dependency

of the onset and relief of block (h and k, respectively; Table 3–2).

In agreement with previous work (Bowie et al., 1998), the Kd(0mV ) of Spm for

GluK2 homomers was estimated to be 5.8 ± 0.3 m, with voltage-dependencies of

the onset and relief of block of -16 ± 0.5 and +20.4 ± 1.0 mV per e-fold change in

membrane potential, respectively (Table 3–2). In comparison, KAR

heteromerization and association with auxiliary proteins affected both Spm binding

and the voltage-dependency of block. Fits of corrected G–V plots estimated the

Kd(0mV ) of Spm to be 39 ± 2, 71 ± 13 and 119 ± 30 m for GluK2+Neto2,

GluK2+Neto1 and GluK2/GluK5 channels, respectively (Table 3–2), representing a

6- to 20-fold reduction in blocker affinity. Interestingly, heteromerization and
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auxiliary protein association mainly affected the voltage-dependency of the relief of

block (i.e. k), which was about 2- to 3-fold weaker compared to that of GluK2

homomers (Table 3–2). For example, fits of corrected G–V plots estimated the

voltage-dependency of relief for GluK2/GluK5 heteromers to be +69.7 mV per

e-fold change in membrane potential compared to +20.4 mV for GluK2 homomers.

In keeping with this, selective activation of GluK2/GluK5 heteromers with either

1mm AMPA (Herb et al., 1992) or 300 �m l-Glu (Barberis et al., 2008) estimated

Kd(0mV ) to be 81 ± 40 and 170 ± 33 �m, respectively, with the voltage-dependency

of relief corresponding to +56.8 and +107.7 mV per e-fold change in membrane

potential, respectively (Table 3–2). In contrast, the differences between the

voltage-dependency of onset of block (i.e. h) were more modest (Table 3–2), and

the binding rates for Spm (kon, Fig. 3–2 C) were assumed to be constant. The

unbinding (koff ) and permeation rates (kperm) were estimated using previous

estimates of kon (Fig. 3–2 C) (Bowie et al., 1998). Plots of unbinding (koff ) and

permeation (kperm) for Spm at GluK2 homomers predict that relief of block occurs

only at extreme membrane potentials (i.e. >+50 mV), where the rates for kperm

become dominant (Fig. 3–2 C). In contrast, similar plots of koff (Fig. 3–2 E) and

kperm (Fig. 3–2 F) with GluK2/GluK5 heteromers, GluK2+Neto1 or GluK2+Neto2

(Fig. 3–2 E and F) reveal that there are substantial shifts in estimates of unbinding

and permeation rates that account for the overall attenuation in channel block.

Specifically, there is a substantial hyperpolarizing shift in kperm so that Spm

permeation is expected to be appreciable even at membrane potentials of -50 mV

(Fig. 3–2 F).

Given the specific nature of these effects, we reasoned that the attenuation of

polyamine channel block by heteromerization or association with auxiliary proteins

occurs because Spm permeation rates are enhanced under these conditions. To test
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Table 3–2: Spermine affinities of kainate receptors
Receptor Variable mean s.e.m. n

GluK2
Kd(0mV ) (�m) 5.8 0.3

5h (mV) -16.0 0.5
k (mv) 20.4 1.0

GluK2/GluK5
Kd(0mV ) (�m) 119 30

5h (mV) -25.9 3.8
k (mv) 69.7 36.0

GluK2+Neto1
Kd(0mV ) (�m) 71 13

6h (mV) -24.0 1.8
k (mv) 43.3 4.3

GluK2+Neto2
Kd(0mV ) (�m) 39 2

7h (mV) -18.5 1.1
k (mv) 48.6 5.3

GluK2/GluK5(P599G)
Kd(0mV ) (�m) 19 2

4h (mV) -32.3 3.8
k (mv) 41.4 4.7

GluK2 (300 �m l-Glu)
Kd(0mV ) (�m) 21 6

3h (mV) -24.2 1.9
k (mv) 56.2 14.1

GluK2/GluK5 (300 �m l-Glu)
Kd(0mV ) (�m) 170 33

3h (mV) -51.4 20.0
k (mv) 107.7 47.2

GluK2/GluK5 (1mm AMPA)
Kd(0mV ) (�m) 81 40

3h (mV) -73.4 27.7
k (mv) 56.8 22.9

Affinities were obtained using responses evoked by 1 ms applications of 1mm
l-Glu in 150mm NaCl external solution. Values for h and k indicate the voltage
dependency.

this experimentally, we performed bi-ionic reversal potential experiments to

determine the extent to which KAR composition affected polyamine permeation

rates.

3.6.2 Heteromerization and auxiliary proteins relieve channel block by
facilitating polyamine permeation

To determine the permeability of Spm relative to that of Na+ (PSpm/PNa), we

measured the reversal potential of KAR responses in solutions where the main

external permeant cation was either 150mm Na+ or 90mm Spm. In all cases, the

main permeant cation of the internal solution was 150mm Na+ (Fig. 3–4 and see

Methods).
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As expected, responses mediated by GluK2 (Vrev = -0.2 ± 1.5 mV, Fig. 3–4 A

and C, inset), GluK2/GluK5 (Vrev = -0.5 ± 0.8 mV, Fig. 3–4 D and F, inset) and

GluK2+Neto2 (Vrev = -0.7 ± 0.8 mV, Fig. 3–4 G and I, inset) in symmetrical

150mm Na+ solutions reversed close to 0 mV, demonstrating that Na+ ions are

equally permeable from both sides of the plasma membrane. In contrast, reversal

potentials determined with external 90mm Spm as the main permeant cation were

dependent upon the KAR composition. With GluK2 homomers, we failed to

observe a reliable inward current in 90mm external Spm and therefore were unable

to estimate PSpm/PNa (Fig. 3–4 B and C), an observation similar to a previous

study of polyamine permeation (Bahring et al., 1997).

In keeping with this, preliminary experiments suggested that polyamines with

fewer charged groups, namely Put (z = +2) and Spd (z = +3), were more

permeant than Spm (z = +4). Reversal potentials with 90mm external Put or Spd

as the main permeant cation were -8.0 ± 2.7 mV (n = 2) and -34.4 ± 1.6 mV (n =

3), respectively, estimating PPut/PNa to be 0.23 ± 0.02 and PSpd/PNa to be 0.049 ±
0.002 for GluK2 homomers. This indicates that permeant channel blockers with

smaller valencies have a greater tendency to permeate through the KAR channel, in

agreement with prior work (Bahring et al., 1997; Cui et al., 1998). In contrast to

GluK2 homomers, Spm-mediated inward currents were observed with both

GluK2/GluK5 (Fig. 3–4 E and F) and GluK2+Neto2 (Fig. 3–4 H and I), with

reversal potentials of -43.2 ± 1.2 mV (n = 3) and -33.6 ± 4.5 mV (n = 4),

respectively. As a result, the calculated PSpm/PNa for GluK2/GluK5 and

GluK2+Neto2 receptors were 0.024 ± 0.001 and 0.042 ± 0.009, respectively. Taken

together, these data provide evidence that GluK2/GluK5 and GluK2+Neto2

receptors were more permeable to Spm compared to GluK2 homomers.
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Figure 3–4: Spermine permeability is increased in GluK2/GluK5 and GluK2 + Neto2
Electrophysiological traces of GluK2 (A and B, patch # 130730p2), GluK2/GluK5 (D and E,
patches # 121122p1 and 131206p2) and GluK2+Neto2 (G and H, patches # 131017p3 and
140410p9) evoked by 1mm l-Glu (250 ms) at various holding potentials (-100 to +100 mV, 40
mV increments) in 150mm NaCl external solution (left) or 90mm Spm external solution (right).
Insets show the current traces at -100 mV in 90mm Spm. I–V plots in 90mm external Spm for
GluK2 (C, n = 4), GluK2/GluK5 (F, n = 3) and GluK2+Neto2 (I, n = 5). Arrows represent
the reversal potentials for GluK2/GluK5 (Vrev = -43.2 mV) and GluK2+Neto2 (Vrev = -33.6 mV).
Insets show the I–V plots ranging from -100 to +100 mV. Grey lines are the fits of the same receptor
in the presence of 150mm external NaCl. Data are represented as means ± SEM. Current values
(both Na+ and Spm currents) are normalized to the Na+ current at 100 mV in the same patch.
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Figure 3–5: Ca2+ permeability is similar for GluK2 and GluK2/GluK5 kainate
receptors
A, example membrane currents for GluK2 (left, patch # 120507p1) and GluK2/GluK5 (right,
patch # 120522p2) evoked by 1 ms l-Glu applications (1mm, in 150mm NaCl) at various holding
potentials (-100 to +100 mV, 20 mV increments) in the absence of internal polyamines. B, example
membrane currents for GluK2 (left, same patch as in A) and GluK2/GluK5 (right, same patch as
in A) evoked by 1 ms l-Glu applications (1mm, in 30mm CaCl2) at various holding potentials (-100
to +100 mV, 20 mV increments) in the absence of internal polyamines. C, I–V relationships for
GluK2 (black, n = 4) and GluK2/GluK5 (cyan, n = 8) in 150mm NaCl external solution. D, I–V
relationships for GluK2 (black, n = 5) and GluK2/GluK5 (cyan, n = 3) in 30mm CaCl2 external
solution. Current values are normalized to the current at -100 mV. E and F, reversal potentials in
150mm NaCl and 30mm CaCl2 external solutions for GluK2 (E) and GluK2/GluK5 (F). All data
are represented as mean ± SEM.
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A reduction in polyamine block is thought to go hand-in-hand with Ca2+

permeability in non-NMDA receptors (Burnashev, 1996). Despite these differences,

KAR heteromerization or association with the auxiliary proteins do not attenuate

Ca2+ permeability. For example, in Ca2+-rich external solutions (i.e. 30mm CaCl2

+ 105mm NaCl), the reversal potential of GluK2 I–V plots was +1.0 ± 0.5 mV (n

= 5) which was shifted to a slightly more positive potential of +5.0 ± 1.8 mV (n =

3) with GluK2/GluK5 heteromers (Fig. 3–5 E and F). As a result, the relative

Ca2+ permeabilities (PCa/PNa) of GluK2 homomers and GluK2/GluK5 heteromers

were estimated to be 2.3 and 3.1, respectively. As a previous study has reported

similar findings with the auxiliary proteins, Neto1 and Neto2 (Fisher and Mott,

2012), we concluded that differences in the pore properties of KARs induced by

heteromerization or auxiliary proteins could not be revealed by studying divalent

permeability; we therefore focused on polyamine block. Thus, KARs essentially

behave as molecular sieves (Burnashev, 1996; Bahring et al., 1997) such that the

movement of bulky permeating ions (i.e. Spm) is hindered in the permeation

pathway while that of much smaller divalent cations, such as Ca2+ ions, is not. As

explained below, we performed MD simulations to better understand this

distinction by looking at how the pore region of KARs might be affected by modest

changes in the ion-permeation pathway.

3.6.3 MD simulations predict a structural change in the channel pore

Sequence alignment of all KAR subunits was performed to identify differences

between the GluK2 and GluK2/GluK5 receptors (Fig. 3–6 A). The most striking

difference was found in the α-helical region of the re-entrant loop (P-loop; Fig. 3–6

A) where a glycine residue (i.e. GluK2 Gly615) is found in all primary subunits

(GluK1-3) while a proline residue is found in the equivalent position (i.e. GluK5

Pro599) of secondary subunits (GluK4 and GluK5), which do not form functional
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homomers. As each residue is located within a predicted α-helical region of the re-

entrant P-loop of KARs (Panchenko et al., 1999) (Fig. 3–6 A), we reasoned that

the Gly and Pro may exert differential effects on channel block and permeation.

Specifically, we hypothesized that the Pro of the GluK5 subunit would result in

structural changes in the heteromeric KAR pore regions, as has been proposed for

Pro residues in other α-helical regions of ion-channels, such as the S6 helix of Shaker

(Bright et al., 2002) and the M2 helix of KcsA K+ channels (Fowler and Sansom,

2013).

To explore this, MD simulations were used to study how the introduction of the

Pro residue may affect the pore structure and its dynamics (Fig. 3–6 B–D). As a high-

resolution structure of the KAR pore region is not yet available, we performed MD

simulations using the structure of the Bacillus cereus NaK channel pore [PDB# 3E86

(Alam and Jiang, 2009a), 1.6 Å resolution] as it has been used successfully to provide

insight into the NMDA-type iGluR (Siegler Retchless et al., 2012). This structure

has 4-fold symmetry, as expected for the GluK2 tetramer (Wilding et al., 2010) and

furthermore illustrates an open conformation (Fig. 3–6 B and C). Although the

iGluR pore structure has been compared to the KcsA structure (Sobolevsky et al.,

2009), it also shares remarkable structural similarities with the NaK channel pore

(Fig. 3–7). Moreover, because the NaK channel is a non-selective cation channel, its

pore properties are expected to be closer to that of the iGluR. For these reasons, the

NaK structure was used as a model of the pore in our MD simulations. To simulate a

heteromer having a 2:2 stoichiometry, as is the case for GluK2/GluK5 KARs (Reiner

et al., 2012), prolines were introduced into the equivalent α-helical positions of the

NaK structure on opposing subunits (i.e. A and C), in agreement with prior work

on KAR heteromers (Kumar et al., 2011).
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Figure 3–6: Prolines in GluK5 pore are predicted to alter pore dimensions
A, sequence alignment of the kainate receptor subunits. A proline is present in the secondary
subunits where a conserved glycine is present in primary subunits. This residue is located within a
region with a predicted α-helical structure of the P-loop. B, crystal structure of the NaK channel
(PDB # 3E86). Proline residues were mutated in the equivalent α-helical structure of subunits
A and C (yellow spheres). C, side view of the A/C (cyan) and B/D (orange) subunits of the
inverted NaK pore before (grey) and after (coloured) 257 ns simulations. D, cross-pore distance
measurements (see black spheres in C) were measured for 500 ns (two repeats for each condition).
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Figure 3–7: The NaK structure is similar to the GluA2 structure
The inverted structure of the open NaK channel (PDB # 3E86, cyan) is overlaid with that of the
closed GluA2 (PDB # 3KG2, orange), illustrating that the two channels share a similar architecture.
The proline position is indicated by a sphere. Only two chains are shown and for GluA2, only
transmembrane helices M1–3 are included. The two structures are aligned using M2, Cα atoms of
residues 573–586 in GluA2 and of residues 50–63 in the NaK channel. The position equivalent to
the proline in GluK5 is highlighted by showing the Cα atom of this residue with a sphere (Ser580
in GluA2, Ser57 in NaK). A sequence alignment is shown, highlighting the Gly and Pro residues in
GluK2 and GluK5, respectively, which correspond to an Ser in NaK.
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Changes in cross-pore distances between the centre of mass of the α-carbons of

residues 50–53 in opposing subunits are summarized in Fig. 3–6 D. As expected, the

A/C and B/D cross-pore distances in the wild-type (WT) NaK pore quickly reached

equilibrium and remained fairly constant for the rest of the 500 ns simulation (Fig.

3–6 D and supplementary Movies S1 and S2), consistent with a 4-fold symmetrical

pore arrangement. In contrast, the pore adopted a 2-fold symmetry with prolines

on opposing subunits (Fig. 3–6 D and Movies S1 and S2). For example, the mean

distance between helices A/C increased by approximately 1 Å, while the distance

between WT helices (B/D) decreased reciprocally (Fig. 3–6 D and Movies S1 and

S2). Interestingly, the two simulation repeats with prolines introduced in all four

helices illustrated two different outcomes (Fig. 3–6 D, 4Pro). In one case, helices

adopted a 4-fold symmetry but with larger separation than the WT (Fig. 3–6 D,

Run 1); in the second case, they adopted a 2-fold symmetry (Fig. 3–6 D, Run

2). Thus, despite the trajectories showing two different effects of proline insertions,

they probably reflect the same result, namely that the Pro residue induces a more

stochastic behaviour of the P-loop compared to the WT pore conformation.

To better understand how the Pro residues affect the dynamics of the NaK α-

helical P-loop, we examined the root mean square deviation (RMSD) of each helix

in comparison to the reference structure (Fig. 3–8; PDB # 3E86). Interestingly,

the mean RMSD of Pro-containing helices in all simulations was about 0.5 Å, a

2-fold increase compared to the RMSD of WT helices (Fig. 3–8), indicating that

they are able to move further away compared to their WT counterparts. Moreover,

the RMSD fluctuation in the Pro-containing helices was much greater than in WT

helices, spanning almost 0.2 Å, while the WT fluctuations spanned less than 0.1

Å (Fig. 3–8). Given this, we hypothesized that increased dynamics in the P-loop
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Figure 3–8: RMSD is larger in helices containing prolines
The RMSD values calculated for the Cα atoms of the P-loop helix (residues 50–62) of each chain of
the NaK channel over the course of the 500 ns simulation. The alignment and RMSD calculation
were performed for one chain at a time, aligning by residues 50–62 of the given helix for which
the RMSD is calculated. WT helices are shown in black/grey, helices from the 2Pro simulation in
red/orange and those of the 4Pro simulation in blue/cyan.

α-helices may be responsible for the enhanced polyamine permeation rates observed

experimentally.

3.6.4 MD simulations predict increased polyamine permeation

To test whether Pro-induced changes in the position of the helices could facilitate

blocker permeation, we compared the work required to pull pore-bound polyamines

to the extracellular side of WT and mutant NaK pore regions, corresponding to the

intracellular side in KARs (Fig. 3–9). Polyamines were also pulled to the intracellular

side of the NaK pore, but the results from these experiments were inconclusive. From

each of the WT trajectories in Fig. 3–6 D, the most symmetrical and the most

asymmetrical snapshot (in terms of the cross-pore distance) was found and used as

a starting structure, giving rise to a total of four different protein structures. Three

polyamines of different structure and charge (Put, Spd and Spm) were modelled

into the filter by overlaying with the original cations bound in the filter of the NaK

structure (Fig. 3–9 A) (Alam and Jiang, 2009a). After 30 ns of relaxation, all
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polyamines were still bound to the filter region. To probe the strength with which

the polyamines bind to the filter, SMD simulations were subsequently performed. In

the SMD simulations, polyamines were pulled out of the filter along the z-axis toward

the intracellular side of the membrane (Movie S3). Each SMD simulation produced

a force profile from which the work involved in the process was calculated (Fig. 3–9

B). The eight snapshots shown in Fig. 3–10 correspond to time steps at which the

force peaks, each denoted in Fig. 3–9 B by an asterisk, along with snapshots before

and near the end of the SMD simulation. From the SMD simulations with different

polyamines, a clear trend in the work values was observed (Fig. 3–9 C and Movie

S3), suggesting that, in the WT pore, it is easier for the smaller polyamines (Put

and Spd) to pass through from the filter than Spm, in agreement with our data and

that of others (Bahring et al., 1997). Similar SMD simulations were performed with

Spm inserted into the most symmetrical or the most asymmetrical snapshots from

the 2Pro and 4Pro trajectories from Fig. 3–6 D. As before, all Spm molecules were

still bound to the filter region in the 12 different systems (4×WT, 4×2Pro, 4×4Pro)

after 30 ns of relaxation. The calculated work values for pulling Spm to the solvent

were lower for the 2Pro and 4Pro mutants than for the WT pore (Fig. 3–9 D). Thus,

this model system suggests that the Pro residue in the α-helical region of the GluK5

P-loop may be enough to disturb Spm binding and ensure higher permeation and

unblock in the GluK2/GluK5 heteromers.

3.6.5 Pro599 in the GluK5 pore is the main determinant of polyamine
block

To assess whether GluK5 Pro599 is responsible for enhanced polyamine

permeation, we measured the degree of channel block after substituting it with a

Gly residue, as is found in GluK2 (Fig. 3–9 E–G). As anticipated, the degree of

inward rectification of GluK2/GluK5(P599G) channels was significantly more
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pronounced than observed with WT heteromers (Fig. 3–9 F). This finding

demonstrates that Pro599 is a critical determinant of polyamine block. Fits of the

corrected G–V plot estimated the Kd(0mV ) of GluK2/GluK5(P599G) receptors to

be 19 ± 2 �m, which was 4–5 fold more potent than WT heteromers with a Kd(0mV )

of 119 ± 30 �m (Fig. 3–9 G and Table 3–2). Interestingly, the Kd(0mV ) of Spm for

GluK2/GluK5 (P599G) was statistically indistinguishable from GluK2 homomers

[one-way ANOVA, F7,28 = 8.506, P = 0.000014; post hoc Tukey honest significant

difference (HSD) pairwise comparison, P = 1.000; Table 3–2, indicating that the

removal of Pro599 from GluK2/GluK5 heteromers enhances channel block. As a

result, the differences between the G–V plots of GluK2 (Fig. 3–2 B) and mutant

heteromers (Fig. 3–9 G) are found in the voltage-dependency of block (Table 3–2).

To test if the reverse substitution would render GluK2 receptors

polyamine-insensitive, Gly615 was replaced with a Pro residue, as is found in

GluK5 (Fig. 3–9 H–J). In contrast to WT GluK2, the I–V plot for GluK2(G615P)

in the presence of 60 �m internal Spm was almost entirely linear, demonstrating

that the introduction of Pro615 in the pore region of GluK2 eliminates polyamine

Figure 3–9 (preceding page): Proline in the M2 helix controls spermine block and
permeation
A, each of the three polyamines binding in the NaK filter region, from left to right: spermine
(Spm), spermidine (Spd), putrescine (Put). For simplicity, only chains A and C of the protein are
included and non-polar hydrogen atoms of the protein are omitted. Carbon atoms of the ligands
are shown in cyan. B, an example of a force profile illustrating the force added when pulling Spm
out of the WT filter towards the intracellular side. C, work profiles for pulling the three different
polyamines to the intracellular side in the WT protein. Spm results are shown in black, Spd in
orange and Put in cyan. The work involved in Spm release is generally larger than for release
of the smaller polyamines. D, work profiles for pulling Spm to the intracellular side for the WT
protein (black), the 2Pro mutant (orange) and the 4Pro mutant (cyan). E and H, example responses
of GluK2/GluK5(P599G) (E, patch # 130610p7) and GluK2(G615P) (H, patch # 130606p2) at
various holding potentials (-100 to +100 mV, 20 mV increments) in the presence of 60 �m internal
spermine. Average I–V plots (F, I) and corrected G–V plots (G, J) for these receptors in the
presence of internal spermine. Relationships for GluK2 and GluK2/GluK5 (grey lines in G and J)
are shown for comparison. Data are represented as mean ± SEM. Current values are normalized
to the current at -100 mV.
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Figure 3–10: Snapshots illustrating the interactions as Spm is pulled toward the
intracellular side of the membrane
Snapshots corresponding to the asterisks in Fig. 3–9 B. Spermine is shown with cyan carbon atoms.
Hydrogen bonds between spermine and the protein [dist(H–O) < 2.5 Å] are indicated with black
lines.
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block (Fig. 3–9 I). In agreement with this, the corrected GluK2(G615P) G–V plot

lacked voltage-dependency (Fig. 3–9 J), further underlining that this Pro residue is

the principal determinant of Spm block in GluK2/GluK5 heteromers.

3.6.6 Auxiliary proteins and GluK5 relieve polyamine block by distinct
mechanisms

To test whether auxiliary proteins relieve KAR channel block by a similar or

different mechanism, we took advantage of the fact that GluK2(G615P) channels

are unaffected by Spm block (Fig. 3–9 H–J). We reasoned that if auxiliary subunits

attenuate Spm block by a different mechanism, their co-expression with

GluK2(G615P) would increase the relative Spm permeability of the channel

complex. Conversely, if they attenuate Spm block by a similar mechanism, the

ability of Spm to permeate GluK2(G615P) channels would remain unchanged by

co-expression with an auxiliary subunit.

In contrast to WT GluK2 (Fig. 3–11 A and D), Spm-mediated inward currents

were readily observed at negative membrane potentials with GluK2(G615P) (Fig.

3–11 B and E). The reversal potential of GluK2(G615P) with 90mm external Spm

was -25.5 ± 2.4 mV (n = 5) (Fig. 3–11 B and E), estimating the PSpm/PNa to be

0.062 ± 0.008 (Fig. 3–11 G), similar to GluK2/GluK5 and GluK2+Neto2 (Fig. 3–11

G).

Interestingly, the magnitude of Spm-induced inward currents in patches

containing GluK2 (G615P) channels co-expressed with Neto2 was increased by

about 2-fold (Fig.3–11 C and F). For example, the Spm-mediated current at -100

mV was 8 ± 5% (n = 5) of the Na+ -mediated current with GluK2(G615P) and 19

± 12% (n = 7) with GluK2(G615P)+Neto2. In addition, the reversal potential

observed with 90mm external Spm was more positive for GluK2(G615P)+Neto2

than GluK2(G615P) alone (Vrev = -15.6 ± 2.3 mV; n = 4), estimating PSpm/PNa to
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be 0.12 ± 0.02 (Fig. 3–11 G). One-way ANOVA performed on the relative Spm

permeability revealed that PSpm/PNa for GluK2(G615P)+Neto2 was significantly

larger than for GluK2(G615P), GluK2+Neto2 and GluK2/GluK5 (Fig. 3–11, see

figure legend for P values). These results indicate that co-expression of KARs with

Neto2 increases blocker permeation in an additive manner, suggesting that it is

acting through a mechanism that is distinct from that of the Pro residues in GluK5

subunits.
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Figure 3–11: G615P mutation and Neto2 association increase spermine permeation of
GluK2
Example responses of GluK2 (A, same data as in Fig. 3–4, GluK2(G615P) (B, patch # 130906p2)
and GluK2(G615P)+Neto2 (C, patch # 140814p4) in 90mm external Spm, at various holding
potentials (-100 to +100 mV, 40 mV increments). Insets show the response in 90mm external
Spm at -100 mV. Average I–V plot for GluK2 (D, same data as in Fig. 3–4), GluK2(G615P) (E,
n = 5) and GluK2(G615P)+Neto2 (F, n = 4) in 90mm external Spm; arrows indicate reversal
potentials for GluK2(G615P) (Vrev = -25.5 mV) and GluK2(G615P)+Neto2 (Vrev = -15.6 mV).
Insets show the I–V plots ranging from -100 to +100 mV. Grey lines are the fits of the same receptor
in the presence of 150mm external NaCl. Data are represented as means and SEM. Current values
(both Na+ and Spm currents) are normalized to the Na+ current at -100 mV in the same patch.
G, left: summary plot showing the Vrev (in 90mm Spm) for the various receptors tested. Right:
summary plot showing the calculated relative Spm permeabilities (PSpm/PNa). One-way ANOVA,
F3,12 = 9.801, P = 0.002; post hoc Tukey HSD pairwise comparisons: ∗ P = 0.027 and ∗∗ P =
0.005 and 0.002 for G615P+Neto2–GluK2+Neto2 and G5615P+Neto2–GluK2/GluK5 comparisons,
respectively.
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3.7 Discussion

The present study advances our understanding of polyamine block of KARs in

several fundamental ways. First, we report that heteromerization and auxiliary

proteins unexpectedly attenuate channel block by enhancing polyamine permeation

rates. Second, MD simulations suggest that relief of block is due to a structural

change in the α-helical region of the KAR pore, which is distinct from the

charge-screening mechanism ascribed to GluA2-containing AMPARs. Our data

identify that each of two GluK5 subunits in the GluK2/GluK5 heteromer possesses

a critical proline residue that is predicted to push the helices outward, leading to a

2-fold symmetrical pore arrangement and increased pore helix fluctuation. Third

and finally, heteromerization and auxiliary proteins relieve polyamine block by a

distinct pathway. Consequently, Neto1 and Neto2 do not attenuate polyamine

block by channelling their effect through the proline residue of GluK5 subunits.

3.7.1 The dynamic nature of polyamine block

Our study reveals that subunit composition affects the functional properties of

KARs differently than AMPARs. In AMPARs, the Q/R site of the GluA2 subunit

is >99% edited to an Arg but remains unedited in all other subunits (Sommer

et al., 1991). This distinction is significant because it generates the two major

AMPAR classes that are either GluA2-containing, polyamine-insensitive and

divalent cation-impermeable or GluA2-lacking, polyamine-sensitive and divalent

cation-permeable [(Cull-Candy et al., 2006) but see Bowie (2012)]. Importantly,

polyamine-insensitivity of GluA2-containing AMPARs is thought to be due to the

electrostatic effect of Arg at the Q/R site of GluA2, which repels polyamines in the

narrowest region of the pore (Bowie et al., 1999). However, this reliance on the

editing state of the Q/R site is not thought to be as important for KAR heteromers
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because it is edited only 40% in GluK1 subunits with a range of estimates for

GluK2 from <5 to 75% in the developing and adult rodent brain (Sommer et al.,

1991; Puchalski et al., 1994; Schmitt et al., 1996). It has yet to be tested whether

the Q/R site of other KAR subunits (i.e. GluK3–5) is edited or not. Our data

demonstrate that GluK2/GluK5 heteromers attenuate polyamine block not by

electrostatic repulsion but rather through a novel mechanism involving a structural

change in the pore helices. Accordingly, the binding affinity for polyamines in the

pore is reduced, enhancing their permeation rates. This is achieved through the

distinctive cyclical structure of the proline side chain that is conformationally rigid

and lacks the N–H hydrogen bond donor, and thus can uniquely distort α-helical

structures. As proline residues are found exclusively in GluK4–5 subunits and are

absent from GluK1–3 subunits, we predict that heteromers containing either GluK4

or GluK5 will exhibit a diminished level of polyamine block even if the Q/R site of

all four subunits is unedited, as is the case in this study. This arrangement is

distinct from AMPARs where the coupling of polyamine block and divalent cation

permeability is governed by a common structural determinant, namely the Q/R

site. As different structural domains govern polyamine block and Ca2+ permeability

in KAR heteromers, native receptors will exhibit appreciable Ca2+ permeability

that is unconstrained by significant voltage-dependent modifications in membrane

conductance due to polyamine block.

3.7.2 Prolines in the KAR pore α-helices promote altered pore dynamics

MD simulations are consistent with a mechanism in which proline residues are

arranged on opposing subunits of the NaK tetramer, resulting in a 2-fold

symmetrical pore arrangement that alters the pore dynamics. In keeping with this,

recent studies have shown that GluK2/GluK5 heteromers have a subunit copy

130



CHAPTER 3. KAR POLYAMINE BLOCK

number of 2:2 (Reiner et al., 2012). Interestingly, prolines are found in many

transmembrane α-helices of transport proteins and ion channels, as is the case in

the present study, but are uncommon in water-soluble helices (Brandl and Deber,

1986; Barlow and Thornton, 1988; Tieleman et al., 2001). They are most frequently

located on the hydrophilic side of the helix (Woolfson and Williams, 1990), where

they destabilize the helix and tend to produce hinges, kinks or swivels (Cordes

et al., 2002). Given these observations, we hypothesized that the proline found in

the re-entrant P-loop of the GluK5 subunit might result in a similar structural

rearrangement in the KAR channel pore, as has been proposed for the S6 α-helix in

Shaker (Bright et al., 2002) and the M2 helix in KcsA potassium channels (Fowler

and Sansom, 2013). In the latter case, the introduction of prolines in the M2

helices predicted the formation of kinks and helical rearrangement after only 10 ns

of MD simulation, with the pore helices adopting 2-fold symmetry instead of 4-fold

symmetry (Fowler and Sansom, 2013). Similarly, the introduction of prolines in the

P-loop of the NaK channel pore, which was used in the present study as a model of

the KAR channel pore, resulted in small changes in the position of the outer region

of the helices. Accordingly, our data suggest that reduced channel block and

enhanced polyamine permeation rates occur through an increased structural

flexibility of the pore α-helices due to proline residues that bring about an

asymmetrical re-arrangement and enlargement of the KAR channel pore.

3.7.3 Auxiliary proteins and polyamine block

Auxiliary proteins of AMPARs and KARs are not pore-forming components of

the channel (Chen et al., 2000; Tomita et al., 2003; Zhang et al., 2009) and therefore

it has been unclear how they cause attenuation of polyamine channel block. The

proximal end of the C-terminal region of the TARP, γ-2 or stargazin, has been shown
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to attenuate polyamine block of AMPARs through a mechanism that involves a direct

interaction with the intracellular domain of GluA1 or GluA4 subunits (Soto et al.,

2014). A similar finding has been reported with Neto2, where positive residues in the

proximal intracellular C-terminal domain are implicated in reducing polyamine block

(Fisher and Mott, 2012). Although it is still unclear how these residues affect inward

rectification of GluK2 channels, we found that the auxiliary protein achieves this by

increasing the blocker permeation, which seems at odds with the charge screening

hypothesis. Our data demonstrate that Neto1 and Neto2 exert a structural effect

on the channel pore that is distinct from that seen in GluK2/GluK5 heteromers.

Exactly how auxiliary proteins achieve this remains to be investigated. However,

given the similarity between the effect of auxiliary proteins on KARs and AMPARs,

we predict that TARPs and cornichons are likely to attenuate polyamine block of

AMPARs by the same mechanism, i.e. by increasing polyamine permeation.
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3.10 Supporting information

The following supporting information is available in the online version of this

article.

Movie S1. MD simulation of the NaK channel with 2 Pro substitutions. This

movie illustrates the MD simulation of the 2Pro mutant of the NaK channel over

500 ns. Ser57 was substituted with a Pro residue in opposing subunits A and C,

and the Cα of the inserted Pro is shown as a yellow sphere. The NaK structure is

inverted so that the orientation of the helices matches that of the kainate receptor.

The four subunits of the tetramer are shown as pairs of opposing subunits. The A

and C subunits are on the left (cyan) and the B and D subunits are on the right

(orange). The original protein structure is shown in white; the selectivity filter is

highlighted in magenta. The Pro-containing α-helices (cyan, including the

selectivity filter) tend to move outward, while the WT helices (orange) tend to

move inward.

Movie S2. MD simulation of the NaK with 2 Pro substitutions, intracellular view.

This movie illustrates the same MD simulation as in Movie S1, viewed from the

intracellular side. The Pro-containing helices (cyan) seem to bend back, pulling the

selectivity filter (magenta) away from the original crystal structure (white). In

contrast, the selectivity filter for the WT helices tends to move slightly closer,

causing a more asymmetrical arrangement of the filter, which in turn may affect

polyamine permeation.

Movie S3. SMD simulation pulling pore-bound polyamines to the intracellular

side. This movie illustrates the binding (from left to right) of Spm, Spd and Put to

the WT NaK pore region simulated for 30 ns of relaxation before being pulled to

the intracellular side. Ligands are illustrated with cyan carbon atoms and for

clarity only chains A and C are shown. Protein residues in the filter are shown with
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licorice representation along with other protein residues and water molecules within

4 Å of the ligands.
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4.1 Foreword to Chapter 4

Interestingly, despite having very different structures (Straub and Tomita, 2012),

the auxiliary proteins of KARs and AMPARs exert similar effects on their receptors.

For example, on a macroscopic level, both AMPARs and KARs display slower decay

kinetics and accentuated steady-state currents (Tomita et al., 2005; Schwenk et al.,

2009; Zhang et al., 2009; Straub et al., 2011; Coombs et al., 2012). On a microscopic

level, however, they are acting through different mechanisms. Specifically, both

TARPs and CNIHs increase the unitary conductance of AMPARs (Coombs et al.,

2012; Soto et al., 2014), while Neto2 increases the channel burst length and open

probability without affecting the conductance (Zhang et al., 2009).

Similar to those of KARs, the auxiliary proteins of AMPARs also relieve

polyamine block (Soto et al., 2007; Coombs et al., 2012; Soto et al., 2014). In the

previous chapter, we uncovered that polyamine permeation through the KAR pore

is facilitated by the auxiliary protein, Neto2. Given this, we asked whether the

relief of channel block could also be due to facilitated polyamine permeation

through AMPARs by the auxiliary proteins, stargazin (or γ2) and CNIH-3.

By performing similar permeation experiments as in Chapter 3, we

demonstrate in this chapter that the auxiliary proteins of AMPARs also facilitate

blocker permeation. Moreover, AMPARs are generally more permeable to

polyamines than KARs, even in the absence of auxiliary proteins. Furthermore,

given the availability of pharmacological tools to block desensitization in AMPARs,

we were able to measure the voltage- (and polyamine) -dependent current decay in

GluA2 currents, which allowed us to estimate the rates of binding, unbinding and

permeation of the blocker, as previously described for kainate receptors using the

partial agonist domoate (Bowie et al., 1998). In analysing the polyamine block for

AMPARs with auxiliary proteins, we observed a decrease in conductance in the
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G–V relationship at very positive membrane potentials, which could not be

explained by the current model. To explain our data, we built upon the existing

model by taking into account that auxiliary proteins increase the conductance of

polyamines. These results are surprising and could be of particular interest, since

polyamines play important cellular roles and a general polyamine transporter has

not yet been identified for mammalian cells (Poulin et al., 2012).
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4.2 Key Points

� Auxiliary proteins of AMPARs, γ2 and CNIH-3, relieve channel block by

enhancing blocker permeation at GluA2(Q) receptors.

� Polyamine block of GluA2(Q) receptors in the presence of auxiliary proteins

is not well described by a single binding site model for a permeant blocker, as

previously characterized with GluK2 KARs.

� A new model, which includes a polyamine conductance, is more appropriate to

describe the relief of polyamine block at positive potentials.

� This mechanism is common between auxiliary proteins of non-NMDA iGluRs.

� AMPARs with auxiliary proteins may participate in the regulation of

intracellular polyamine levels.

4.3 Abstract

Many cation-selective ion channels exhibit inward rectification, a phenomenon

that is attributed to the voltage-dependent block by intracellular polyamines. For

non-NMDAR ionotropic glutamate receptors (iGluRs), polyamines have been

well-characterized to act as permeant channel blockers. However, an increasing

number of studies demonstrate that synaptic iGluRs associate with auxiliary

proteins, and that these interactions effectively reduce polyamine block. Although

the mechanisms underlying this relief of channel block remain unclear, it was

recently shown that the KAR auxiliary proteins, Neto1 and Neto2, attenuate

polyamine block by enhancing blocker permeation through the channel pore. Here,

we show that the auxiliary proteins of AMPARs, γ2 and CNIH-3, also facilitate

polyamine permeation through the channel. Using a new model of channel block

that includes a polyamine conductance, we propose that high polyamine

permeation at positive membrane potentials hinders Na+ permeation, causing a

139



CHAPTER 4. AMPAR POLYAMINE PERMEATION

reduction in the overall channel conductance. Although the exact structural

mechanism remains to be investigated, our study provides insight into a functional

mechanism underlying the relief of polyamine block that is shared among the

auxiliary proteins of iGluRs, and that could also apply to other cation-selective ion

channels. Furthermore, given the unexpectedly high levels of polyamine

permeation, AMPARs with auxiliary proteins could be used by cells to regulate

intracellular polyamine levels.
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4.4 Introduction

AMPA receptors mediate the vast majority of fast excitatory

neurotransmission in the CNS. They are tetrameric ion channels, assembled as a

combination of pore-forming subunits (GluA1-4), which associate with auxiliary

proteins (Fukata et al., 2005; Vandenberghe et al., 2005; Schwenk et al., 2009;

Traynelis et al., 2010). The functional properties of synaptic AMPARs depend

strongly on their subunit composition and editing status (Traynelis et al., 2010).

For example, a post-transcriptional RNA editing mechanism changes the codon

encoding for a glutamine (Q) residue to that for an arginine (R) at this site,

resulting in the loss of polyamine affinity, and thus channel rectification (Bowie and

Mayer, 1995), as well as Ca2+ permeability (Burnashev et al., 1995). The

relationship between divalent permeability, polyamine block and editing state of

the Q/R site has been ratified by extensive work on the

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunit

GluA2, where the vast majority (> 99%) of neuronal transcripts are in the edited

form (Sommer et al., 1991).

The proper trafficking and pore properties of AMPARs are also dependent on

their association with auxiliary proteins, such as the transmembrane AMPAR

regulatory proteins (TARPs) and cornichon homologs (CNIH) (Chen et al., 2000;

Schwenk et al., 2009; Herring et al., 2013). For example, the TARP, γ2 or

stargazin, increases the single-channel conductance (Soto et al., 2014) while

reducing the polyamine block in calcium-permeable AMPARs, without altering

their divalent permeability (Soto et al., 2007). The cornichon homolog, CNIH-3,

also shifts polyamine block of GluA1 channels, albeit to a lesser extent than γ2

(Coombs et al., 2012). In both cases, the proximal residues of the auxiliary protein

C-terminal regions are critical for these changes in the pore properties (Shanks
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et al., 2014; Soto et al., 2014). The exact mechanism by which this occurs remains

unclear. A similar phenomenon has been reported with KARs and their auxiliary

proteins (Fisher and Mott, 2012). For example, Neto2 significantly increases the

burst length of GluK2 channels (Zhang et al., 2009) and reduces polyamine block

without affecting divalent permeability (Fisher and Mott, 2012). Interestingly, the

positively-charged proximal C-tail residues of Neto2 (and Neto1) are also critical

for this effect and they are proposed to act in a charge-screening mechanism,

thereby repelling the positively-charged polyamines from the channel pore and

preventing polyamine block (Fisher and Mott, 2012). Furthermore, the relief of

polyamine block in GluK2 channels is accompanied by an important increase in

blocker permeation when Neto2 is present (Brown et al., 2016). Given the

similarities between the effects of auxiliary proteins on AMPAR and KAR pores,

we hypothesized that the auxiliary proteins of AMPARs also increase blocker

permeation, resulting in an apparent reduction in polyamine affinity at AMPARs.

In this study, we found that the co-expression of AMPARs with the auxiliary

proteins, γ2 and CNIH-3, resulted in a significant increase in polyamine

permeation, with an even greater magnitude than has been observed with KARs

(Brown et al., 2016). In addition, we found that the permeation of polyamines

produced a significant conductance through the channel pore and that the single

conductance model, previously used to describe the conductance of sodium and

polyamine block of ionotropic glutamate receptors (iGluRs) (Bowie et al., 1998),

did not represent our data. Given this, we propose a new two-conductance model

to describe polyamine block of iGluRs, which takes into account the polyamine

conductance. With this model, we observed that the rates of unbinding and

permeation were increased when both auxiliary proteins were present, which is

consistent with the increase in polyamine permeation and decreased affinity. Our
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study provides insight into the mechanism governing the relief of polyamine block

in AMPARs by auxiliary proteins.

143



CHAPTER 4. AMPAR POLYAMINE PERMEATION

4.5 Materials and Methods

4.5.1 Plasmids and molecular biology

All experiments were performed using cDNA of rat GluA2, GluA2-γ2 (in

tandem) (Dawe et al., 2016) and CNIH-3. The GluA2 plasmid contained a

downstream P2A sequence and the sequence encoding for GCaMP6s to identify

transfected cells. GluA2-γ2 was co-transfected with a plasmid encoding eGFP.

4.5.2 Cell culture and transfection

HEK293T/17 cells (ATCC, Manassas, VA, USA) were maintained in minimal

essential medium (MEM) containing glutaMAX� supplemented with 10% fetal

bovine serum (Invitrogen, Carlsbad, CA, USA). Cells were plated at low density

(1.6 − 2.0 × 104 cells ml−1) on poly-d-lysine-coated 35 mm plastic dishes and were

transiently transfected 48 h later using the calcium phosphate technique. A

GluA2:CNIH-3 cDNA molar ratio of 1:2 was used and 30 �m

6,7-dinitroquinoxaline-2,3-dione (DNQX) was included in the medium after

transfection to prevent cell death.

4.5.3 Electrophysiological recordings

Experiments were performed 24–48 h after transfection. Agonist solutions were

rapidly applied to outside-out patches excised from transfected cells using a

piezoelectric stack (Physik Instrumente, Auburn, MA, USA). Solution exchange

(10–90% rise time of 250–350 μs) was determined by measuring the liquid junction

current at the end of an experiment. All recordings were performed using an

Axopatch 200B (Molecular Devices, Sunnyvale, CA, USA) using thick-walled

borosilicate glass pipettes (3–6 MΩ) coated with dental wax to reduce electrical

noise. Current records were filtered at 10 kHz and digitized at 100 kHz for block

rate experiments and filtered at 5 kHz and digitized at 25 kHz for Spm permeation
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experiments. Series resistance (3–12 MΩ) was compensated by 95%. Recordings

were performed at a range of holding potentials from -100 to +130 mV to study

polyamine channel block. Data acquisition was performed using pClamp10 software

(Molecular Devices) and tabulated using Excel (Microsoft Corp). All experiments

were performed at room temperature.

All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) unless

otherwise indicated. The external solution contained (in mm) 150 NaCl, 5 HEPES,

0.1 MgCl2 and 0.1 CaCl2, pH 7.3–7.4. The internal solution contained (in mm) 115

NaCl, 10 NaF, 5 HEPES, 5 Na4BAPTA (Life Technologies, Invitrogen, Burlington,

ON, Canada), 1 MgCl2, 0.5 CaCl2 and 10 Na2ATP, pH 7.3–7.4. The osmotic pressure

of all solutions was adjusted to 295–300 mOsm with sucrose. In polyamine block

experiments, Na2ATP in the internal solution was replaced with 10–100 �m Spm

(from a concentrated stock solution) and the osmotic pressure was adjusted to 295–

300 mOsm with sucrose. For polyamine permeation experiments, the NaCl in the

external solution was replaced by 90mm Spm, pH was adjusted to 7.3–7.4 using the

Spm free base and the osmotic pressure was adjusted with sucrose. Concentrated

(10×) agonist stock solutions were prepared by dissolving l-glutamate (l-Glu) in

the appropriate external solution, adjusting the pH to 7.3–7.4 and stored frozen at

−20 ◦C. Stocks were thawed on the day of the experiment and used to prepare

agonist-containing external solutions.

4.5.4 Data analysis and fitting

Relative Spm permeability (PSpm/PNa) was calculated from the reversal

potential (Vrev) measurements in Spm-rich external solutions using the following

equation from Bahring et al. (1997) (equation 4.1):

Ix = Pxz
2 ×

(
VmF

2

RT

)
×

(
[X]i − [X]oexp

(−zFVm

RT

)
1− exp

(−zFVm

RT

)
)

(4.1)
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where Ix is the current carried by ion X at a membrane potential Vm; Px the

corresponding permeability (PNa = 1); [X]i and [X]o the internal and external Spm

concentrations; z, the valence, F , Faraday’s constant; R, the gas constant and T , the

temperature in Kelvin. Experimentally determined reversal potentials were used for

Vm. We obtained PSpm/PNa using the definition that INa + ISpm = 0 at the reversal

potential. The reversal potentials were corrected for liquid junction potentials that

were determined experimentally.

Agonist-evoked membrane conductance (G) was calculated using equation 4.2:

G =
I

(V − Vrev)
(4.2)

where I is the current at V holding potential and Vrev is the reversal potential.

4.5.4.1 Single conductance model of polyamine block

Conductance-voltage (G–V) relationships were fit using Origin 7 (OriginLab,

Northampton, MA, USA) with the following equation (from Bowie et al. (1998))

(equation 4.3):

G =
Gmax

1 + [Spm]
Kd

(4.3)

where Gmax is the maximal conductance, [Spm] is the internal Spm

concentration and Kd is the dissociation constant.

Kd was defined as:

Kd =
koff + kperm

kon
=

sum of exit rates

binding rate

and was then redefined to (equation 4.4):

Kd = g exp

(
V

h

)
+ L exp

(
V

k

)
(4.4)
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Voltage (V )-dependent binding (kon), unbinding (koff ) and permeation (kperm)

rates were defined as previously in (Bowie et al., 1998; Brown et al., 2016) (equations

4.5, 4.6 and 4.7):

kon = a exp

(
V

b

)
(4.5)

koff = c exp

(
V

d

)
(4.6)

kperm = e exp

(
V

f

)
(4.7)

A summary of fitted constants a, b, c, d, e and f is shown in Table 4–3.

Auxiliary proteins affect the voltage-dependent conductance of KARs under

basal conditions within the range of ± 100 mV (Brown et al., 2016). To account for

these differences, the intrinsic G–V relationships were fit with the following equation

(equation 4.8) using Origin 7 (OriginLab):

G = 1 + (G0 − 1) exp

(
V

Vc

)
(4.8)

Where G0 is the minimal conductance and Vc is a voltage constant. Values are

summarized in Table 4–1.

Current relaxations over time t by polyamine block were fit to the function

I(t, V ) (equation 4.9):

I(t, V ) = (I0 − I∞) e
−([Spm]kon+koff+kperm)t + I∞ (4.9)

Where I0 is the current value before blocker entry and I∞ is the stable current

value after decay by blocker entry. I0 was estimated using an exponential fit. I∞ can
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be represented as follows (equation 4.10):

I∞ =
I0

1 + [Spm]
Kd

(4.10)

All the fits were done using the Levenberg-Marquardt method. To compare the

fit block rate constants with those obtained using the G–V relationships, we redefined

the constants in equation 4.4 to the following (equations 4.11, 4.12, 4.13 and 4.14):

g =
c

a
(4.11)

L =
e

a
(4.12)

h =
bd

b− d
(4.13)

k =
bf

b− f
(4.14)

4.5.4.2 Two-conductance model of polyamine block

Conductance-voltage (G–V) relationships were fit using Matlab with the

following equation (equation 4.15).

G

Gmax

=
koff ([Spm]kon + k1) + k1kperm +

GSpm

GNa
(kperm ([Spm]kon + k1′) + k1′koff )

([Spm]kon + k1′ + k1) ([Spm]kon + koff + kperm)

(4.15)

Where Gmax is the maximal conductance, [Spm] is the internal Spm

concentration and kon, koff , kperm, k1 and k1′ are as defined in equations 4.5, 4.6

and 4.7 and Figure 4–3 A. GSpm/GNa is the ratio of conductance of Spm over Na+

and was obtained using the equations as follows:

GSpm

GNa

(V �= 0) =

∣∣∣∣∣16
(
PSpm

PNa

)(
[Spm]i

(
1− e− FV/RT

)
(1− e− 4FV/RT ) ([Na]i − [Na]oe

− 4FV/RT )

)∣∣∣∣∣ (4.16)
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GSpm

GNa

(V = 0) =

∣∣∣∣16
(
PSpm

PNa

)(
[Spm]i

4 ([Na]i − [Na]o)

)∣∣∣∣ (4.17)

Where PSpm/PNa was taken from the permeability experiments as described

above.

Current relaxations over time t by polyamine block were fit to the function

I2(t, V ):

I2(t, V ) = I0

[(
m1 (1− nNa∞)− GSpm

GNa

m2nSpm∞

)
e−μ1t

+

(
(1−m1) (1− nNa∞)− GSpm

GNa

(1−m2)nSpm∞

)
e−μ2t + nNa∞ +

GSpm

GNa

nSpm∞

]

(4.18)

Where

μ1 = k1′ + k1 + [Spm]kon (4.19)

μ2 = [Spm]kon + koff + kperm (4.20)

m1 =

(
([Spm]kon+koff+kperm)(k1′+k1+[Spm]kon)(k1′+[Spm]kon)

k1′([Spm]kon+koff+kperm)+[Spm]kon([Spm]kon+k1+kperm)
− μ2

)
μ1 − μ2

(4.21)

m2 =

(
k1′([Spm]kon+koff+kperm)(k1′+k1+[Spm]kon)

kperm([Spm]kon+k1′ )+k1′koff
− μ2

)
μ1 − μ2

(4.22)

nNa∞ =
koff ([Spm]kon + k1) + k1kperm

([Spm]kon + k1′ + k1) ([Spm]kon + koff + kperm)
(4.23)
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nSpm∞ =
kperm ([Spm]kon + k1′) + k1′koff

([Spm]kon + k1′ + k1) ([Spm]kon + koff + kperm)
(4.24)

All the fits were done using the Levenberg-Marquardt method. A program that

performs these tasks was written in the Matlab language. We will make this program

as well as its source code available on demand.

All data were illustrated using Origin 7 (OriginLab) and Adobe Illustrator.

4.5.5 Statistics

Statistical analysis was performed using the statistical software SPSS Statistics.

Data were assumed to be distributed normally. The numbers provided for n refer to

the number of individual patches.
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4.6 Results

4.6.1 Auxiliary proteins increase Spm permeation through GluA2
receptors

To investigate the mechanism by which auxiliary proteins relieve polyamine

block of AMPARs, the two auxiliary subunits, γ2 and CNIH-3, were selected as

representatives of the transmembrane AMPA receptor-associated protein (TARP)

and cornichon homolog (CNIH) classes of auxiliary proteins, respectively. To

estimate polyamine permeation at GluA2 AMPARs, outside-out patches excised

from HEK293T cells transfected with GluA2(Q), GluA2-γ2 or GluA2+CNIH-3

were subjected to 10mm l-Glu applications (200 ms). The functional presence of

γ2 (Tomita et al., 2005) or CNIH-3 (Schwenk et al., 2009; Coombs et al., 2012) was

confirmed by the slowed decay kinetics and sustained steady-state currents of l-Glu

-evoked responses at the start of each experiment (Figure 4–1 A–C). To measure

the Spm permeability relative to that of Na+ (PSpm/PNa), we measured the reversal

potentials (Vrev) of each receptor complex in solutions where the main external

permeant cation was Na+ (150mm) or Spm (90mm). The results from this

experiment are summarized in Figure 4–1.

Responses for all receptor complexes reversed near 0 mV in symmetrical Na+

solutions (Figure 4–1 J). Interestingly, the Vrev for GluA2+CNIH-3 in Na+ external

solution was positively shifted compared to that of GluA2 alone or with γ2 [Figure

4–1 J; Vrev = +2.0 ± 0.1 mV (n = 6), +2.1 ± 0.4 mV (n = 7) and +4.2 ± 0.6 mV

(n = 9) for GluA2, GluA2-γ2 and GluA2+CNIH-3, respectively; one-way ANOVA,

F2,19 = 4.022, P = 0.03495; post-hoc Tukeys HSD pairwise comparisons, P = 0.061].

This is consistent with the increased mean single-channel conductance observed when

CNIH-3 is co-expressed with the unedited (Q) forms of GluA1 and GluA2 receptors

(Coombs et al., 2012).
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Figure 4–1: Spermine permeation through GluA2(Q) is increased by auxiliary proteins
A, B, C, Example electrophysiological responses from GluA2 (A, patch # 150911p1), GluA2-γ2
(B, patch # 151126p5) and GluA2+CNIH-3 (C, patch # 151109p4) evoked by 10mm l-Glu (250
ms, holding potential (Hp) = -60 mV) in the presence of 150mm NaCl(o). D, E, F, Example
traces from GluA2 (D, patch # 151016p2), GluA2-γ2 (E, patch # 151008p5) and GluA2+CNIH-3
(F, patch # 151009p9) at various potentials (range: -100 to +100 mV, 10 mV increments) in the
presence of 90mm Spm(o). G, H, I, Corresponding I–V plots (near the reversal potential (Vrev) for
the patches shown in D, E and F are shown in grey (G, GluA2), magenta (H, GluA2-γ2) and green
(I, GluA2+CNIH-3). Average fits of the I–V plots in the presence of NaCl(o) are displayed in blue.
J, Summary of the Vrev (left) and relative Spm permeability (PSpm/PNa; right) values. Vrev values
in the presence of NaCl(o) are displayed in blue. ∗P = 0.014, ∗ ∗ P = 0.005.

152



CHAPTER 4. AMPAR POLYAMINE PERMEATION

Spm-mediated inward currents were readily observed at GluA2 channels with

Spm as the main external permeant cation (Figure 4–1 D and G), reversing at +2.7

± 5.9 mV (n = 4). Using equation 4.1 (see Methods), the PSpm/PNa for GluA2 was

estimated to be 0.28 ± 0.08 (Figure 4–1 J). This is in stark contrast to homomeric

GluK2 receptors, for which the relative Spm permeability was found to be very low,

if at all detectable (Bahring et al., 1997; Brown et al., 2016). The Vrev for the

current responses was shifted to more positive potentials when the auxiliary

proteins were present [Vrev = +18.4 ± 2.4 mV (n = 5) and +30.2 ± 2.2 mV (n =

4) for GluA2-γ2 (Figure 4–1 E and H) and GluA2+CNIH-3 (Figure 4–1 F and I),

respectively], estimating the PSpm/PNa to be 1.1 ± 0.2 and 4.4 ± 1.2, respectively

(Figure 4–1 J). These represent 4-fold and 16-fold increases in Spm permeation,

which was significantly larger with GluA2+CNIH-3 compared to GluA2-γ2 and

GluA2 alone (one-way ANOVA, F2,10 = 10.133, P = 0.004; post-hoc Tukeys HSD

pairwise comparisons, P = 0.005 and 0.014 for the GluA2+CNIH-3 - GluA2 and

GluA2+CNIH-3 GluA2-γ2 comparisons; P = 0.636 for the GluA2 GluA2-γ2

comparison). Taken together, our data demonstrate that the auxiliary proteins, γ2

and CNIH-3, increase blocker permeation through the GluA2 channel pore, an

effect that is similar to that of Neto2 at GluK2 KARs (Brown et al., 2016).

4.6.2 Spermine block of GluA2 is reduced with auxiliary proteins γ2 and
CNIH-3

To study the kinetics of polyamine block at AMPARs, as well as equilibrium

open-channel block, outside-out patches excised from HEK293T cells transfected

with GluA2(Q), GluA2-γ2 or GluA2+CNIH-3 were subjected to 10mm l-Glu

applications in the presence of 100 �m cyclothiazide (CTZ, to attenuate

desensitization) and the holding potential was stepped from +130 mV to -100 mV

in 10 mV increments. Figure 4–2 summarizes the results from this experiment.
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As previously described for GluK2 (Bowie et al., 1998), GluA2 currents did

not decay in the absence of internal polyamines (Figure 4–2 B). Here, the

current-voltage (I–V) relationship was outwardly rectifying (Figure 4–2 C). In

contrast, current relaxations decayed when 10–30 �m spermine (Spm; n = 7) was

included in the internal pipette. I–V plots for peak responses were outwardly

rectifying, similar to that observed in the absence of internal polyamines (Figure

4–2 C), indicating that most of the polyamine block has not yet occurred within

100–200 μs at these Spm concentrations. In contrast, I–V plots constructed with

responses at equilibrium (40–45 ms after the voltage step) in the presence of 30 �m

Spm(i) (Figure 4–2 B) displayed strong inward rectification (Figure 4–2 C),

consistent with polyamine block of AMPARs (Bowie and Mayer, 1995).

As was the case for GluA2 alone, currents following voltage steps did not decay

in the absence of Spm(i) when auxiliary proteins were present (Figure 4–2 E and

H). However, although the current did decay in the presence of 30�m Spm(i), this

decay was largely attenuated, especially in the case of γ2 (Figure 4–2 E and H).

Interestingly, in contrast with what has been observed with GluA4 and γ2 (Soto

et al., 2007), the degree of intrinsic outward rectification of GluA2 was reduced by

the presence of γ2 and CNIH-3 (Figure 4–2 F and I). These differences in the intrinsic

voltage-dependent gating are also observed with various KAR complexes (Bahring

et al., 1997; Bowie et al., 1998; Brown et al., 2016). In agreement with other studies

(Soto et al., 2007; Coombs et al., 2012; Soto et al., 2014), the degree of inward

rectification of GluA2 I–V plots caused by 30 �m Spm(i) was also attenuated by the

presence of auxiliary proteins, especially for GluA2-γ2 (Figure 4–2 F and I).

To first characterize the equilibrium block at these receptors,

conductance-voltage (G–V) plots of the steady-state currents were constructed in

order to obtain estimates of the blocker affinity at GluA2 receptor complexes
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Figure 4–2: Polyamine block of GluA2 receptors is attenuated by auxiliary proteins
A, Responses from outside-out patches were evoked by 10mm l-Glu in the presence of 10 �m
cyclothiazide (CTZ) at a Hp of -100 mV. At equilibrium, patches were subjected to voltage steps
(range: -100 mV to +130 mV, 10 mV increments). B, E, H, Example voltage-step responses
in the absence (left) or presence (right) of 30�m Spm(i) for GluA2 (B, patches # 150724p1
(Ctrl) and 150911p1 (Spm)), GluA2-γ2 (E, patches # 150723p3 (Ctrl) and 151126p5 (Spm)) and
GluA2+CNIH-3 (H, patches # 151203p1 (Ctrl) and 151109p4 (Spm)). C, F, I, I–V plots for each
receptor complex (C, GluA2; F, GluA2-γ2; I, GluA2+CNIH-3). Average I–V plots in the absence
of Spm(i) are shown in white circles (GluA2, n = 5; GluA2-γ2, n = 4; GluA2+CNIH-3, n = 3).
I–V plots of the peak responses (100–200 μs after the voltage steps) are in black and equilibrium
I–V plots are in grey, for the patches shown in B, E and H. D, G, J, Average G–V plots for each
receptor complex (D, GluA2, blue; G, GluA2-γ2, magenta; J, GluA2+CNIH-3, green). G–V plots
in the absence of Spm(i) are in white, raw G–V plots with 30 �m Spm(i) are in grey and corrected
G–V plots (see Methods) are coloured. Data in I–V and G–V plots are shown as mean and SEM.
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(Figure 4–2 D, G and J). G–V plots in the presence of internal Spm were corrected

for the intrinsic outward rectification displayed by GluA2 receptors (Figure 4–2 D),

as previously described (Bowie et al., 1998; Brown et al., 2016). The intrinsic G–V

properties of GluA2 (Figure 4–2 D), GluA2-γ2 (Figure 4–2 G) and GluA2+CNIH-3

(Figure 4–2 J) were described with equation 4.8 (see Methods); a summary of the

constants is listed in Table 4–1. The differences in the intrinsic voltage-dependent

gating properties with various receptor complexes underline the importance of

correcting individual G–V plots, thereby allowing for a more accurate

characterization of polyamine block for every channel complex.

Table 4–1: Fit parameters for intrinsic G–V relationships
Receptor G0 V
GluA2 1.2674 96.2

GluA2-γ2 1.1815 140.0
GluA2+CNIH-3 1.0604 104.3

4.6.3 Analysis of spermine block at AMPARs with a single conductance
model

Corrected G–V plots were fit with a single binding site model (Figure 4–3 A)

to estimate the dissociation constant for Spm at 0 mV (Kd(0mV )), as previously

described (Bowie et al., 1998; Brown et al., 2016). For GluA2, the fits were able to

follow the experimental data and yielded estimates of Kd(0mV ) for Spm that were not

significantly different between various Spm(i) concentrations, with Kd(0mV ) values

of 2.8 ± 0.4 �m (n = 3), 3.9 ± 1.1 �m (n = 3) and 4.3 ± 0.6 �m (n = 5) for

10, 20 and 30 �m Spm(i) respectively (one-way ANOVA, F2,8 = 1.101, P = 0.378).

Figure 4–3 B shows the average G–V plot for GluA2 with 30 �m Spm(i). The fit

parameters for GluA2 Spm block were therefore pooled and the average estimate of

Kd(0mV ) was 3.6 ± 0.4 �m (n = 12; Table 4–2), similar to that observed with GluK2

receptors (Brown et al., 2016). As an internal test of the single conductance model,
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the parameters obtained from individual G–V fits at various Spm concentrations were

used to simulate G–V curves at 30�m Spm (Figure 4–3 B, right). Here, we found

that the simulated G–V was reasonably representative of the data (Figure 4–3 B)

and concluded that the single conductance model of polyamine block was adequate

to study the characteristics of polyamine block at GluA2 receptors.

This model was also used to characterize the channel block at GluA2-γ2 and

GluA2+CNIH-3 channel complexes. As for GluA2, Kd(0mV ) values were independent

of the Spm concentration (10–100 �m Spm(i), not shown) and the estimates were

pooled. The average Kd(0mV ) for Spm were estimated to be 34.3 ± 2.9 �m (n = 18)

and 9.6 ± 1.5 �m (n = 13) for GluA2-γ2 and GluA2+CNIH-3, respectively (Table

4–2). As previously shown (Coombs et al., 2012), CNIH-3 was less effective than γ2

at reducing polyamine block of GluA2 despite its larger impact on the decay kinetics

and steady-state current (Figure 4–1 and Table 4–2). However, while the model was

able to fit the GluA2 G–V plots well, it was inadequate with the GluA2-γ2 and

GluA2+CNIH-3 G–V plots. Specifically, the fits were poor at positive membrane

potentials and could not account for the decrease in conductance at these membrane

potentials (Figure 4–3 C and D, left). In addition, simulated G–V curves for 30 �m

Spm, using parameters from the fits, did not represent the data (Figure 4–3 C and

D, right). In fact, all simulated curves returned toward the maximal conductance,

which was not the case for the experimentally-observed data. This suggests that the

single conductance model of polyamine block is not adequate to describe polyamine

block at these receptor complexes. More specifically, the model cannot account for

the reduction in the conductance at positive potentials (Figure 4–3 B–D, left).

4.6.4 A two-conductance model of polyamine block

Given the large increase in the relative Spm permeation with auxiliary proteins

(Figure 4–1), we postulated that Spm permeation through the channel pore, in
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Figure 4–3: Two models of polyamine block
A, The single conductance model. C denotes a closed (non-conducting) state and ONa denotes a
Na+ -conducting state. The binding, unbinding and permeation rates are denoted as kon, koff and
kperm, respectively. PA, polyamine. A graphical representation of the model is shown on the right.
B, C, D, Fits of the corrected G–V plots (same data as in Figure 4–2) with the single conductance
model for GluA2, GluA2-gγ2 and GluA2+CNIH-3, respectively, are shown on the left. As an
internal control, G–V plots were simulated with the values obtained with the fit for each patch
(right, grey) with the mean shown in colour. E, The two-conductance model. C denotes a closed
(non-conducting) state, ONa denotes a Na+ -conducting state and OPA denotes a PA-conducting
state. The binding, unbinding and permeation rates are as in A; k1 and k1′ are transition rates
between ONa and OPA. A graphical representation of the model is shown on the right. F, G, H,
Fits of the corrected G–V plots (same data as in Figure 4–2) with the two-conductance model for
GluA2, GluA2-γ2 and GluA2+CNIH-3, respectively, are shown on the left. As an internal control,
G–V plots were simulated with the values obtained with the fit for each patch (right, grey) with
the mean shown in colour.
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addition to that of Na+ , could carry a significant current. To address this, we

incorporated a second conductance to the initial model of polyamine block (Figure

4–3 E) and used this two-conductance model to fit the corrected G–V plots for

GluA2, GluA2-γ2 and GluA2+CNIH-3 (Figure 4–3 F, G and H).

Table 4–2: Spermine affinities for GluA2 with auxiliary proteins
Single conductance model
Kd(0mV )

mean SEM n
GluA2 3.7 0.4 12

GluA2-γ2 34.4 2.9 18
GluA2+CNIH-3 9.6 1.5 13

Two-conductance model
Kd(0mV )

mean SEM n
GluA2 1.8 0.2 12

GluA2-γ2 17.9 1.5 19
GluA2+CNIH-3 7.1 2.1 14

In all cases, fits represented the data well (Figure 4–3 F, G and H). For GluA2,

the fits were similar with both models. However, the two-conductance model

yielded better fits in the cases of GluA2-γ2 and GluA2+CNIH-3. As with the

single conductance model, the parameters obtained from the two-conductance

model G–V fits at various Spm(i) concentrations were used to simulate G–V curves

at 30 �m Spm as an additional internal test. Here, we found that the

two-conductance model was able to predict the decrease in conductance occurring

at positive potentials in all three cases (Figure 4–3 F, G and H, right). Parameters

obtained from fitting with the two-conductance model were used to estimate

Kd(0mV ) for Spm at GluA2, GluA2-γ2 and GluA2+CNIH-3 (Table 4–2). The

Kd(0mV ) values obtained with the single- and two-conductance models are compared

in Table 4–2. The Kd(0mV ) for all receptor complexes were estimated to be smaller

with the two-conductance model (Table 4–2). Specifically, the Kd(0mV ) for GluA2

159



CHAPTER 4. AMPAR POLYAMINE PERMEATION

Figure 4–4: Fits of current relaxations for the single- and two-conductance models
A, B, C, Single-conductance model fits of the current relaxations following voltage steps for GluA2
(patch # 151023p3), GluA2-γ2 (patch # 150924p1) and GluA2+CNIH-3 (patch # 151201p2),
respectively (right panels). The left panels illustrate the block rates (kon, koff and kperm) as well
as the sum of rates, as estimated from the fits. D, E, F, Two-conductance model fits of the current
relaxations in the same patches (right panels). The left panels illustrate the block rates estimated
from the fits using the two-conductance model.

and GluA2-γ2 were decreased by 2-fold and the Kd(0mV ) for GluA2+CNIH-3 was

decreased by about 25% (Table 4–2). Given that the two-conductance model

yielded better fits of the equilibrium channel block (G–V plots, Figure 4–3), we

concluded that these values represent a more accurate estimate of the dissociation

constants. Despite these differences in the Kd(0mV ) when using either the single- or

two-conductance model, we observed the same outcome with the auxiliary proteins,

that is, that they decreased the affinity for Spm at GluA2 receptors (Table 4–2).
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4.6.5 Rate constants of spermine block

In addition to studying the equilibrium channel block, we estimated the rate

constants for the binding (kon), unbinding (koff ) and permeation (kperm) of Spm

by fitting the current relaxations following voltage steps with exponential functions

(Figure 4–4), as was done previously for GluK2 KARs (Bowie et al., 1998). As

mentioned above, most of the polyamine block has not yet occurred at the peak,

about 100–200 μs following the voltage step (Figure 4–2) and channel block reached

equilibrium within 2–5 ms (Figure 4–4). Examples of the current relaxation fits are

shown in Figure 4–4. Estimates of the parameters obtained with either the single

conductance model (A, B and C) or the two-conductance model (D, E and F) are

illustrated in Figure 4–4 and the values for the rate constants are summarized in

Table 4–3.

Table 4–3: Spermine block rates in GluA2 with auxiliary proteins
Single conductance model

kon koff kperm n
a (�m · s)−1 b (mV) c (s−1) d (mV) e (s−1) f (mV)

GluA2 28.7 112.7 155.7 -19.5 31.8 20.1
7

SEM 4.6 13.5 30.0 1.2 15.9 2.8
GluA2-γ2 21.4 60.7 267.2 -10.6 86.9 14.1

4
SEM 8.9 14.5 113.0 1.9 30.2 1.6

GluA2+CNIH-3 42.1 134.9 396.2 -19.7 74.6 17.7
5

SEM 7.8 62.6 130.2 3.0 33.9 2.8

Two-conductance model
kon koff kperm n

a (�m · s)−1 b (mV) c (s−1) d (mV) e (s−1) f (mV) k1 k1′
GluA2 30.5 199.1 183.6 -20.3 22.8 18.7 4550091510 29528482

7
SEM 6.4 94.1 43.7 1.2 8.8 2.1 1934743567 20398475

GluA2-γ2 24.0 369.2 498.7 -12.7 131.0 16.3 167001174 41560257
4

SEM 8.4 223.4 147.4 1.3 24.6 2.0 163671579 41233074
GluA2+CNIH-3 44.0 291.4 313.3 -19.1 53.2 15.1 2098100966 1293706

5
SEM 16.5 139.0 80.7 2.5 28.9 1.8 1977756638 1061300

Current relaxations were fit with a single-exponential function for the single

conductance model (Figure 4–4 A, B and C) and with a double-exponential function

for the two-conductance model (Figure 4–4 D, E and F). The rate constants for kon,

koff and kperm, as well as the sum of all the constants, are illustrated on the right

161



CHAPTER 4. AMPAR POLYAMINE PERMEATION

of each panel. While both models yielded similar fits and rate constants (Figure

4–4 and Table 4–3), the two-conductance model was able to fit the data slightly

more precisely, resulting in a better goodness of fit value (reduced χ2). For GluA2,

the global reduced χ2 for all fitted traces was 91 considering the single conductance

model and 72 for the two-conductance model. This was also true for GluA2-γ2

and GluA2+CNIH-3 (χ2 = 72 and 68, and 63 and 49, respectively). We therefore

concluded that the two-conductance model provided a more precise description of

the data and a more accurate estimate of the rate constants. In all cases, kon was

similar and largely voltage-independent (Figure 4–4 and Table 4–3). In addition,

both models estimated as expected that the rate constants for koff and kperm were

larger for GluA2-γ2 and GluA2+CNIH-3 compared to GluA2 alone (Figure 4–4 and

Table 4–3).

4.6.6 Auxiliary proteins increase spermine conductance

The two-conductance model of polyamine block includes 3 states: one closed (C,

non-conducting) state and two open states (ONa and OPA). We used fits of the G–V

relationships using this model to estimate the proportion of the total conductance

that is attributed to Na+ (GNa) or Spm (GSpm), as well as the proportion of open

channels in each of the two open states, ONa and OPA. Summary plots are shown in

Figure 4–5.

Since Spm was only in the internal solution, the Spm conductance was only

present at positive potentials. The vast majority of the conductance through

GluA2 channels was carried by Na+ , with a very small proportion that was

attributed to Spm at very positive potentials (Figure 4–5 A). However, in the

presence of the auxiliary proteins, this small proportion of GSpm was increased in a

voltage-dependent manner, suggesting that polyamine permeation can occur at a

more physiological range of membrane potentials when GluA2 is complexed with
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γ2 or CNIH-3 (Figure 4–5 B and C). While this increase in GSpm seemed to plateau

around +130 mV for GluA2 and GluA2-CNIH-3, it continued to increase for

GluA2-γ2 (Figure 4–5 A–C).

The proportion of open channels that were in the OPA state was unexpectedly

high and increased in a voltage-dependent manner (Figure 4–5 D–F). In fact, the

proportion of OPA started to plateau around 13.6% at +130 mV for GluA2 (Figure

4–5 D). This proportion of Spm-conducting channels was slightly increased to

26.8% and 21.3% with GluA2-γ2 and GluA2+CNIH-3, respectively (Figure 4–5 E

and F). Interestingly, while the proportion of channels in the OPA state also

plateaued with CNIH-3 (Figure 4–5 E), it continued to increase with γ2 (Figure

4–5 F). Taken together, our analysis of the G–V fits suggests that the Spm

conductance is greatly increased by both auxiliary proteins, and highlights

differences in their voltage-dependent behaviours. Therefore, we conclude that Spm

conductance through GluA2 channels is non-negligible, especially with γ2 and

CNIH-3.
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Figure 4–5: Spermine conductance is increased by auxiliary proteins
A, B, C, Relative conductances of Na+ (left axis, grey traces) and Spm (right axis, coloured traces)
for GluA2, GluA2-γ2 and GluA2+CNIH-3, respectively, calculated from simulations with the two-
conductance model of polyamine block. D, E, F, Proportion of open channels that are conducting
either Na+ (black traces) or Spm (coloured traces), calculated from simulations with the two-
conductance model of polyamine block.
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4.7 Discussion

Our study provides insight into the mechanism underlying the relief of

polyamine block in calcium-permeable AMPARs. First, we demonstrated that Spm

permeation through GluA2 channels is facilitated by the auxiliary proteins, γ2 and

CNIH-3. When we characterized channel block by internal polyamines, we found

that the single conductance model, which was previously used to describe

polyamine block in KARs (Bowie et al., 1998; Brown et al., 2016), could not

accurately describe the block at AMPARs associated with auxiliary proteins.

Therefore, we proposed a new model, in which a conductance for polyamine

permeation is taken under consideration. Using this two-conductance model, we

found that the association of AMPARs with auxiliary proteins leads to an increase

in the polyamine unbinding and permeation rates. Finally, our results suggest that

there is a voltage-dependent increase in the Spm conductance with auxiliary

proteins, which is responsible for the decrease in the overall conductance at positive

membrane potentials. Taken together, our findings demonstrate that the auxiliary

proteins of AMPARs relieve channel block by increasing polyamine permeation.

Although the structural mechanism underlying this phenomenon remains unclear,

this phenomenon has also been observed for other iGluRs (Brown et al., 2016) and

we propose that such a mechanism may also apply to other cation-selective ion

channels associated with auxiliary proteins.

We measured Spm-mediated currents at GluA2(Q) channels with a reversal

potential near 0 mV, indicating that the Spm permeation of GluA2 was much

larger than that of GluK2 (Bahring et al., 1997; Brown et al., 2016). This was

unexpected, since the pore diameters of AMPARs and KARs are thought to be

very similar (Burnashev, 1996). In addition, γ2 and CNIH-3 further increased the
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Spm permeation through the channel, with CNIH-3 having the greatest effect with

an increase of 16-fold compared to GluA2 alone. Interestingly, we also observed a

slight positive shift in the Na+ reversal potential when GluA2 was co-expressed

with CNIH-3, consistent with an increased mean channel conductance (Coombs

et al., 2012). The Na+ reversal potential was not shifted with γ2, despite a similar

increase in the mean channel conductance of AMPARs (Soto et al., 2014). In the

case of γ2, the calculated pore diameter was not changed (Soto et al., 2014),

suggesting a reduction of the energy barrier for Spm permeation by other means

than a widening of the pore. It is for instance possible that the atomic structure of

the pore allows Spm to be partially dehydrated more efficiently when γ2 is present.

The effect of CNIH-3 on the pore diameter of AMPARs remains unknown, but

given the slight shift in the Na+ reversal potential, a small change at the level of

the pore might be expected.

Previously, the kinetics of open-channel polyamine block at iGluRs have been

characterized using a single binding site model for a permeant blocker (Bowie et al.,

1998). However, we found that this model was inadequate to describe the

polyamine block of AMPARs in the presence of auxiliary proteins. In fact, we

found that it was necessary for the conductance of Spm permeation to be taken

into account in order for the model to properly explain the data. Specifically, we

observed a decrease in the overall conductance of GluA2 channels at positive

membrane potentials with γ2 or CNIH-3, resulting in a biphasic G–V plot. This

can be explained by the voltage-dependent increase in Spm permeation that occurs

simultaneously. The energy barrier for the permeation of large polycations like Spm

is expected to be much greater than that of Na+ ions, and the presence of the

polyamine in the channel pore would hinder the permeation pathway by competing
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with Na+ ions, resulting in a net decrease in channel conductance as Spm goes

through the channel pore. A similar, much more pronounced biphasic G–V

relationship was observed with the blockade of cGMP-gated channels by internal

polyamines (Lu and Ding, 1999). To explain this phenomenon, it was suggested

that intracellular Spm adopts permeant or non-permeant conformations, the latter

being responsible for the increase in the proportion of blocked channels at positive

membrane potentials (Lu and Ding, 1999).

Here, we report that Spm block at homomeric GluA2(Q) receptors is very similar

to that observed for GluA1(Q) receptors (Bowie and Mayer, 1995). The auxiliary

proteins, γ2 and CNIH-3, lowered the Spm affinity of GluA2(Q), as was observed

with GluA1 (Coombs et al., 2012). However, γ2 resulted in a much greater relief

of channel block despite its more modest effect on the decay kinetics and steady-

state current of macroscopic GluA2 responses (present study and Coombs et al.

(2012)). These observations suggest that the effect of auxiliary proteins on the pore

properties can be separated from their effects on the channel gating properties, a

phenomenon that has recently been reported for γ2 (Dawe et al., 2016), as well

as for the auxiliary proteins of KARs, Neto1 and Neto2 (Fisher and Mott, 2012).

This likely occurs through a different set of interactions between the ion channel

and the auxiliary proteins (Fisher and Mott, 2012; Shanks et al., 2014; Griffith and

Swanson, 2015). For example, at inward rectifying K+ channels, polyamines can bind

at several locations along the selectivity filter depending their length (Kurata et al.,

2006, 2013). Similarly, several conserved residues along the M3 helix of iGluRs are

also crucial in determining polyamine block (Wilding et al., 2010). By interacting

with channel pores, auxiliary proteins may alter their architecture and have an impact

on the polyamine binding environment. Neto2 interacts with the M3–S2 linker of
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KARs (Griffith and Swanson, 2015), which may, in turn, affect the positioning of the

pore-lining helices. It is currently thought that positively-charged residues in their

C-terminal regions, which are expected to interact with the cytoplasmic part of the

channel pore, could relieve channel block by a charge-screening mechanism (Fisher

and Mott, 2012; Soto et al., 2014). In light of our results, it is also possible that the

auxiliary proteins are altering the binding site(s) for polyamines, thereby facilitating

their permeation. The precise interactions responsible for the relief of channel block

have yet to be identified.

Although outward Spm permeation was not directly measured in our

experiments, fits of the G–V plots estimated that Spm was indeed permeating the

GluA2 channel, and that both γ2 and CNIH-3 increased this conductance in a

similar manner as with external polyamines. Despite the relatively very small Spm

conductance, the proportion of channels in the OPA state was unexpectedly high,

especially since Na+ ions were in 5000-fold excess (i.e. 150mm NaCl vs. 30 �m

Spm) in the internal solution. To explain this, the local concentration of Spm

around the pores should be significantly increased compared to the solution

concentration. This could be the result of high affinity interactions between the

channel and Spm molecules.

The permeation of Spm through GluA2 channels associated with auxiliary

proteins was unexpectedly high, especially with CNIH-3. This could be of

particular interest, since a general polyamine transporter has not yet been

identified for mammalian cells (Poulin et al., 2012). Based on some general

properties, such as voltage- and pH-dependence, as well as interactions with

monovalent and divalent cations (Poulin et al., 2012), native AMPARs and KARs

that are in complexes with auxiliary proteins (Brown et al., 2016) could be
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interesting candidates for playing an important role in polyamine transport.

Further experiments investigating the specificity and transport potential of the

naturally-occurring polyamines (i.e. with Put, Spd and Spm (TABOR and

TABOR, 1964; Pegg, 2009)) are required.
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In the three chapters that were presented in this thesis, I examined the functional

properties of KARs and AMPARs. As I mentioned earlier, these excitatory receptors

are widely distributed throughout the mammalian central nervous system and play a

central role in the effective and intricate communication between neurons. As such,

two important aspects to consider are their subunit composition and their auxiliary

subunits. My findings address both of these factors and provide insight into the

structural mechanisms underlying the function of these receptors. Although the

targeted structure/function study of specific neurotransmitter receptors may seem a

bit short-sighted, there are greater implications and considerations that are worth

discussing.

In the following sections, I will discuss four topics. First, I will briefly describe

a gating model for heteromeric KARs, highlighting the specific structural and

functional roles of each subunit within a tetrameric channel. Next, I will address

the structural and physiological implications of KAR ion-sensitivity (or lack

thereof), and I will speculate on the relevance of polyamine permeation through

AMPARs and KARs. Finally, I will discuss the possibility of using

structure/function findings, like the ones presented in thesis, to allow the

progression of rational compound design.

5.1 A conceptual model of heteromeric KAR gating

In Chapter 2 of this thesis, we characterized the functional contribution of the

different subunits forming GluK2/GluK5 KARs. Specifically, their individual

contributions were teased apart pharmacologically, by using AMPA or by lowering

the l-Glu concentration to reveal GluK5-specific responses. Analysing the

functional properties of the heteromers under various conditions allowed us to

interpret the specific roles of each subunit within the channel. The model that I
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will describe here is, by no means, as complex as the one proposed by Mott et al.

(2010), nor is it a mathematical model. Instead, it represents a unified theory of

independent subunit gating, which combines observations from multiple studies.

Here, it applies directly to GluK2/GluK5 receptors, but it could also be broadened

to include other heteromeric iGluR complexes.

Early clues regarding independent subunit contributions came with the

observation that KARs containing the secondary subunits, GluK4 or GluK5, had

different kinetic and pharmacological properties. For example, heteromeric KARs

containing the GluK5 subunit are responsive to AMPA, while homomeric GluK2

recepters are not (Herb et al., 1992), suggesting that the activation of GluK5 alone

is sufficient for channel gating. The heteromerization of GluK2 and GluK5 also

results in slow deactivation kinetics, which more closely represent the kinetics of

KAR EPSCs (Barberis et al., 2008). Generally speaking, within a GluK2/GluK5

tetramer, the GluK2 subunits are thought to be responsible for desensitizing the

channel, while the GluK5 subunits are non-desensitizing (Mott et al., 2010; Fisher

and Mott, 2011).

Initially, however, GluK5 was thought to desensitize the channel (Swanson et al.,

2002). It was observed that the high-affinity KAR agonist, disyherbaine (DH), could

produce a long-lasting desensitization of homomeric GluK1 and GluK2, but not

GluK2/GluK5 receptors (Swanson et al., 2002). Interestingly, DH produced a long-

lasting (10–20 minutes) tonic current at GluK1/GluK5 receptors, during which l-Glu

application would result in a transient activation followed by rapid desensitization

(Swanson et al., 2002). The affinity of DH for GluK1 subunits is much higher than for

GluK5, so it was interpreted that DH forms a stable complex with GluK1, resulting

in tonic activation, and that l-Glu application during this activation was acting

through the GluK5 subunit, which desensitized the channel (Swanson et al., 2002).
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Some years later, Barberis et al. (2008) observed that, despite having similar

desensitization kinetics as homomeric GluK2 receptors, GluK2/GluK5 receptors

displayed much slower deactivation kinetics. To explain this behaviour, Mott et al.

(2010) developed a gating model, in which desensitizing subunits had a lower

affinity for l-Glu (GluK2) and non-desensitizing subunits had a higher affinity for

l-Glu (GluK5). In line with this, GluK2/GluK5 receptors have a higher sensitivity

to l-Glu (Barberis et al., 2008; Mott et al., 2010; Fisher and Mott, 2011).

Moreover, selective activation of the GluK5 subunit reduces desensitization (Fisher

and Mott, 2011). In fact, GluK2/GluK5 responses are almost non-decaying with

l-Glu concentrations that are too low to evoke currents from GluK2 (i.e. 1 �m)

(Fisher and Mott, 2011), or when AMPA is used (Herb et al. (1992) and Chapter 2

of this thesis). Additionally, the fact that desensitization is also reduced when

GluK2 is blocked pharmacologically (i.e. with kynurenic acid), or through a

mutation that reduces its l-Glu affinity by 260-fold (E738D) (Mah et al., 2005),

strongly suggests that channel activation is sustained through GluK5 (Fisher and

Mott, 2011). Taken together, the simplest explanation for these observations is that

GluK2 and GluK5 gate independently, and that GluK2 desensitizes the channel.

The results from Chapter 2 are consistent with this model of independent

subunit activation, with the exception that the single-channel recordings reveal

that GluK5 activation is not sustained. The observations presented here are

consistent with a previous analysis of the single-channel properties of heteromeric

KARs (Swanson et al., 1996). Using a combination of noise analysis and discrete

single-channel records, the authors determined that GluK5 does not significantly

change the conductance and single-channel behaviour of KARs compared to

homomeric GluK2 channels (Swanson et al., 1996). When associated with GluK1,

GluK5 was found to shorten the burst length of domoate-induced responses
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(Swanson et al., 1996). It is not surprising that homomeric and heteromeric KARs

display similar microscopic behaviours, since their macroscopic currents also behave

in a similar manner in the continued presence of agonist (see Figure 2–1 in Chapter

2 for example). The results presented in Chapter 2 provide additional information

regarding the continued activation of heteromeric GluK2/GluK5 channels after

brief l-Glu pulses. Specifically, GluK5-mediated openings are very brief, with

frequent re-openings for several tens of milliseconds after the removal of l-Glu.

Channel openings are very similar in the continued presence of AMPA, suggesting

that GluK5 is responsible for such brief and frequent openings. Although we

cannot distinguish between closed and desensitized states, we can conclude that

GluK5 activation does not lead to sustained activation of the channel.

Interestingly, GluK2/GluK5 channel openings are reminiscent of those evoked from

GluK2 (Y521C,L783C), in which a cross-link at the dimer interface prevents proper

channel gating (Dawe et al., 2013). Given this, there could be structural similarities

underlying the gating of GluK5, for example through an unstable cleft closure of

GluK5 LBDs or through structural differences at the heteromeric dimer interface

(see section below).

If GluK5 can cause frequent channel openings (i.e. with AMPA or after short

l-Glu pulses), why are responses to longer l-Glu pulses not slower? Our findings

support that the selective activation of two subunits (i.e. GluK5) allows the receptors

to gate for longer times, while the concerted activation of all four subunits results

in the desensitization of the channel. Since the GluK5 subunit has a higher affinity

for l-Glu (Barberis et al., 2008; Fisher and Mott, 2011), applying l-Glu for shorter

times (i.e. 1–1.5 ms) and at lower concentrations decreases the probability of GluK2

activation and allows the GluK5 subunits to gate undisturbed. Consistent with

this is the observation that recovery from desensitization of GluK2/GluK5 receptors
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is much faster than that of GluK2 with short l-Glu applications (Barberis et al.,

2008). Though this idea is based on the original heteromeric gating models of Mott

et al. (2010) and Fisher and Mott (2011), it is still consistent with the observations

of Swanson et al. (2002). For example, during the tonic DH activation of GluK1,

two subunits (GluK1) are active. With l-Glu application, the other two subunits

(GluK5) are also activated and the concerted activation of all four subunits, despite

being with two different agonists, results in channel desensitization.

Taken together, as illustrated in the schematic in Figure 1–12 C, the observations

presented in Chapter 2 of this thesis suggest that while the specific activation of

two subunits within the tetramer (i.e. GluK2 or GluK5) activates the channel, the

concerted activation of all four subunits leads to channel desensitization.

Hints of the structural correlates of the different gating of KAR subunits

already began to emerge with the first full-length crystal structure of the GluA2

tetramer (Sobolevsky et al., 2009). As described in the introduction, subunits with

identical amino acid sequences have different structural features based on their

positioning in the tetramer. For example, the proximal subunits (B/D) have M3–S2

linkers that are extended compared to those of the distal subunits (A/C), which are

helical in nature (Sobolevsky et al., 2009). As such, the proximal subunits are

thought to have a greater impact on channel gating and desensitization than the

distal subunits (Sobolevsky et al., 2009; Chen et al., 2014; Herguedas et al., 2016).

In GluK2 homomers, the proximal subunits are believed to undergo drastic

conformational changes, which are central in the desensitization of the channel

(Meyerson et al., 2016). Interestingly, crystal structures of isolated GluK2/GluK5

ATDs indicate that the positioning of GluK5 is preferentially distal (Kumar et al.,

2011).
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There are multiple reasons that can explain the gating behaviour of GluK5.

First, GluK5 has a higher l-Glu affinity than GluK2 (Barberis et al., 2008; Mott

et al., 2010; Fisher and Mott, 2011). Second, the proximal positioning of the GluK2

subunits is predicted to have a greater impact on channel gating and

desensitization (Herguedas et al., 2016). Whether the particular single-channel

behaviour of GluK5 arises from specific subunit properties, or simply through their

preferred A/C positioning, is still unknown. Finally, external ions are known to

govern activation and desensitization in KARs (Bowie, 2002; Paternain et al., 2003;

Wong et al., 2006; Plested and Mayer, 2007; Wong et al., 2007; Plested et al., 2008;

Dawe et al., 2013). However, the findings from Chapter 2 demonstrate that

heteromeric KAR gating is independent of external ions. In the next section, I will

discuss the possible structural implications of these observations.

5.2 KARs and the external ions

A question that has been prominent with KARs ever since it was discovered

that their gating was ion-dependent (Bowie, 2002) is: “What is the physiological

role of ion-dependent KAR gating?” Given the dependence of KARs to external

ions, they have been proposed to act as “ion sensors” (Paternain et al., 2003;

Plested et al., 2008; Bowie, 2010; MacLean, 2011). For example, during spreading

depression or high frequency stimulation, the concentration of ions can change

dramatically (Somjen, 2001). Indeed, decreases in Na+ by about 100mm in 2–3

seconds have been measured extracellularly (Herreras and Somjen, 1993a,b), in

which case KAR responses may be depressed (Paternain et al., 2003). With KARs

playing roles in regulating excitability, sensing the high levels of activity and

subsequently modulating pre-synaptic release or cell excitability represents an

attractive hypothesis.
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However, synaptic KARs are thought to exist as heteromeric entities (Bahn

et al., 1994; Seeburg, 1993; Wenthold et al., 1996; Barberis et al., 2008; Fernandes

et al., 2009; Lu et al., 2009). The evidence is also showing that the gating of

heteromeric KARs is much less sensitive to the removal of external Na+ (Paternain

et al., 2003), and that it is, in fact, not dependent on the presence of external ions

(Chapter 2 of this thesis). Therefore, where the kinetics and amplitude of GluK2

responses would become faster and smaller, respectively, with a decrease in

extracellular Na+ (see Chapter 2), GluK2/GluK5 responses would remain robust

and slow, and this is inconsistent with the idea that synaptic KARs are ion sensors.

The sensitivity and dependence to external ions in GluK2 has provided great

insight into the structural and functional properties of KARs, especially regarding

the LBD dimer interface, as discussed in the Introduction. In combination with

structural studies (Kumar et al., 2011; Meyerson et al., 2016), the results presented

in Chapter 2 suggest that the formation of a heterodimeric interface leads to the

receptor being independent of external ions. Structurally, the presence of GluK5

could supersede the requirement for external ions by providing a surrogate charge or

by reshaping the ion-binding pocket.

The functional evidence for this comes from the observation that Li+ ions slow

the decay kinetics (compared to Na+ ions) in the continued presence of l-Glu. A

similar phenomenon was observed with the ion-independent AMPARs (Dawe et al.,

2016). Here, the exchange of Na+ for Li+ in the external solution resulted in slower

desensitization kinetics of GluA2 (Dawe et al., 2016). A Li+ ion was modelled into

the putative cation-binding pocket at the dimer interface of GluA2 (Assaf et al.,

2013) in a position that is equivalent to the cation-binding pocket of GluK2 (Dawe

et al., 2016). Despite this, MD simulations suggest that neither Na+ nor the smaller

Li+ remain stably bound at this site, and the substitution of a critical Lys residue
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to a Met (K759M), as is found in the equivalent position of GluK2, promotes the

binding of Li+ (Dawe et al., 2016). This could then stabilize the dimer interface,

thereby slowing the entry into desensitization (Dawe et al., 2016). These observations

suggest that there is a putative (or vestigial) cation-binding pocket in AMPARs that

is smaller than in KARs, and in which a Lys satisfies the pocket in a similar manner

as in GluK2 (M770K).

The fact that the desensitization kinetics of GluK2/GluK5 heteromers are also

slowed in the presence of Li+ , but not other cations, suggests that there are

structural similarities between the LBD dimer interfaces of heteromeric KARs and

AMPARs. For example, despite the dimer interface residues being conserved, the

GluK2 and GluK5 LBDs may assemble asymmetrically, or in a way that results in

a more restricted cation-binding pocket, where only the smaller Li+ ions can bind.

Additionally, though this has not been tested, and very little structural information

exists regarding heteromeric LBDs (though see Kristensen et al. (2016) for a

homodimeric structure of the GluK4 LBD), GluK5 may satisfy the putative

cation-binding pocket in a similar way as GluA2.

What about heteromeric KARs that are assembled from primary subunits?

For exapmle, there is functional and genetic evidence that pre-synaptic KARs at

hippocampal mossy fibre synapses are assembled from the GluK2 and GluK3

subunits (Pinheiro et al., 2007; Contractor et al., 2011). The ion sensitivity of such

heteromers has not yet been assessed, however, given that they are more closely

related to each other than to the secondary subunits (Alberstein et al., 2015), they

may indeed be ion-dependent. If this was the case, KARs could be classified into

two functional categories, with heteromers composed of primary subunits being

modulated by external ions and heteromers containing secondary subunits being

ion-independent. In addition to these potential differences, primary- and
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secondary-containing heteromers also diverge in their functional properties,

including polyamine block, decay kinetics and agonist affinity [for example, see

Barberis et al. (2008) and Perrais et al. (2010)]. Thus, the subunit composition of

KARs could determine the functional properties of the channels and define their

specific roles as regulators of neuronal excitability.

5.3 The importance of polyamine permeation

As mentioned in the Introduction, AMPARs and KARs are blocked by

cytoplasmic polyamines in a voltage-dependent manner (Bowie and Mayer, 1995).

Here, polyamines are considered to be permeant channel blockers due to their

ability to block and pass through the pore of cation-selective ion channels (Bowie

et al., 1999). The dynamics of channel block are governed by the rates of

polyamine binding, unbinding and permeation (Brown et al. (2016); Chapters 3

and 4). For homomeric AMPARs and KARs, polyamine permeation occurs only at

extremely positive membrane potentials (Bahring et al., 1997), while channel block

is observed in the physiological membrane potential range (Bowie et al., 1999). In

Chapters 3 and 4 of this thesis, we uncovered that the polyamine permeation rates

were increased with KAR heteromers and when homomeric AMPARs and KARs

were associated with auxiliary proteins, resulting in an overall decrease in channel

block.

A similar decrease in conductance was observed at cGMP-gated channels (Lu

and Ding, 1999). Here, the authors proposed that intracellular Spm can adopt

permeant and non-permeant conformations, with the proportion of the

non-permeant form increasing at positive membrane potentials (Lu and Ding,

1999). Previously, it was also assumed that the conductance of permeant ion

blockers, like H+ ions or polyamines, was negligible (Woodhull, 1973; Bahring
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et al., 1997). However, in order to explain the decrease in AMPAR and KAR

conductance at positive membrane potentials, we propose a new model describing

polyamine block, which takes into account the conductance of polyamines through

the channel pore. Here, the energy barrier for the permeation of large polycations

like Spm is expected to be much greater than that of Na+ ions, and their presence

in the pore would hinder the permeation pathway by competing with Na+ ions,

resulting in a net decrease in channel conductance.

What is the significance of polyamine permeation? In mammals, intracellular

polyamines, such as Spm, Spd and Put, play important roles at cation-selective ion

channels, but also in cell signalling, transcription, proliferation and differentiation,

and cell survival (Pegg, 2009, 2016). Their levels are determined by the tightly-

regulated synthesis and catalysis pathways, but also by transport across the cell

membrane (Pegg, 2009). The latter of these processes is not well understood (Pegg,

2009), and a general polyamine transporter has not yet been identified for mammalian

cells (Poulin et al., 2012).

The permeation of Spm through GluA2 channels associated with auxiliary

proteins is unexpectedly high, especially with CNIH-3. This property, combined

with other characteristics including voltage- and pH-dependence, as well as

interactions with monovalent and divalent cations (Poulin et al., 2012), native

AMPARs and KARs in complex with auxiliary proteins could be interesting

candidates for playing an important role in polyamine transport. For example,

elevated polyamine levels have been associated with multiple types of cancer

(Nowotarski et al., 2013). However, targeting the polymaine synthesis and catalysis

pathways has not been successful in developing cancer treatments, since polyamine

transport is increased when synthesis is blocked (Nowotarski et al., 2013).

Interestingly, the expression of several iGluR subunits has also been detected in
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several peripheral cancer cell lines, where they may be implicated in cellular

proliferation and migration (Ribeiro et al., 2016). Could the influx of polyamines

through AMPARs be important in the increased proliferation of cancer cells?

Further experiments are required to explore the role of these iGluR complexes in

polyamine homeostasis in both normal and disease states.

5.4 Why is structure/function important?

Why should we study the functional and structural properties of ion channels

in such detail? Generally speaking, these studies advance our basic knowledge of

the structure and function of these receptors, but also helps us understand how

they contribute to normal or disease conditions. For example, as presented in

Appendix C, the functional characterization of single point mutations in GABAA

receptor subunits of patients with idiopathic generalized epilepsy gave us insight

into the roles these channels play in this disease (Lachance-Touchette et al., 2011).

Similarly, iGluRs have been implicated in several disease states, including

temporal-lobe epilepsy (Bowie, 2010; Contractor et al., 2011). The use of new

genome editing technologies such as CRISPR-Cas (Sander and Joung, 2014) and

engineering glutamate-sensitive fluorescent reporters (Hires et al., 2008) and

light-activated glutamate receptors (Gascón-Moya et al., 2015), for example, will

help put the structural and functional properties of these receptors into a more

physiological context.

The development of subunit-specific agonists and antagonists has proved

indispensable for the isolation and characterization of the iGluR families (Lodge,

2009; Traynelis et al., 2010). Nowadays, the rational design of novel subunit-specific

compounds combined with X-ray crystallographic approaches provide additional

useful tools but also gives us insight into the functional mechanisms underlying
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their effect (for example, see Demmer et al. (2015)). In this case, novel compounds

derived from quinoxalines were designed in the hope of obtaining antagonists with

novel subunit selectivity, and a new mode of ligand binding was identified (Demmer

et al., 2015). In silico docking studies (for example, Fay et al. (2009)) and

Molecular Dynamics simulations (for example, Brown et al. (2016)) are great tools

to make predictions about the molecular mechanisms underlying channel function.

Rational compound design could also take a different, and perhaps more

realistic turn. Specifically, recent studies like the ones presented in this thesis

underline the importance of subunit heteromerization and auxiliary proteins. This

could be used in at least two ways. For example, compounds targeted to act at the

dimer interface of heteromeric, but not homomeric channels, could greatly increase

the specificity of their actions in native conditions. Alternatively, the identification

of specific regions of interaction between receptors and their auxiliary proteins, like

the KGK motif in GluA2 that interacts with γ2 and is correlated with specific

functional outcomes (Dawe et al., 2016), provides novel opportunities to disrupt or

enhance the normal function of these channels in their native forms. A great

example of this is the recent design of inhibitors that target the interaction between

the scaffolding protein, gephyrin, and the inhibitory glycine and GABAA

neurotransmitter receptors (Maric et al., 2015). These interaction-specific

compounds have great potential as therapeutic compounds (Maric et al., 2015).

These avenues should be further explored for the future development of novel

pharmacological tools but also as new therapeutic targets.

5.5 CONCLUSION

In this thesis, I have presented results that further our understanding of the

function of native KARs and AMPARs. Here, I have proposed a general model

183



CHAPTER 5. DISCUSSION

describing how each subunit type contributes to heteromeric KAR gating. The

similarities in the gating modes of GluK2/GluK5, GluK2 mutants and even GluA2

gives us insight into their the structural mechanism underlying the gating mode of

GluK5. The structural and functional roles of GluK2 and GluK5 subunits could be

based on their positioning within the tetramer, as well as their subunit-specific

characteristics. In the absence of a structure of the full-length GluK2/GluK5, MD

simulations could be relied upon to predict the molecular mechanisms underlying

their gating upon agonist binding. Additionally, fluorescence measurements of the

conformational changes induced by agonist binding at GluK2 or GluK5 could shed

light onto the structural differences between homomeric and heteromeric KARs.

Polyamines are important determinants of neuronal signalling by regulating

action potential firing rates and modulating neurotransmission through their

well-characterized role as permeant blockers of cation-selective ion channels.

However, channel block of AMPARs and KARs, as heteromeric complexes and

associated with auxiliary proteins, is greatly reduced. Here, I demonstrate that this

relief of block, especially in AMPARs with TARPs or CNIHs, results from an

unexpected increase in polyamine permeation. Higher intracellular polyamine levels

have been associated with some peripheral cancer types. Interestingly, AMPAR

antagonists can block cell proliferation and migration in such cases. Could KAR

and AMPAR complexes be involved in polyamine homeostasis in mammalian cells?

The cellular significance of the polyamine permeation through AMPARs still

remains to be explored. For example, can the activation of AMPARs, with TARPs

or CNIHs, result in a considerable increase in intracellular polyamines? Could this

increase in polyamines favour cell proliferation?
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To conclude, the work presented in my thesis explores simple questions regarding

the function of ion channels, but the conclusions we can make and the hypotheses

we can build from them are of great physiological importance.
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SUMMARY OF ORIGINAL CONTRIBUTIONS

I. I found that the deactivation kinetics of GluK2/GluK5 KARs can be fit with

three exponential components, with the gating of the GluK5 subunit is

responsible for the slowest component (Chapter 2).

II. I show that the contribution of GluK2 and GluK5 to the exponential componets

of heteromeric responses are concentration-dependent (Chapter 2).

III. I found that the specific activation of the GluK5 subunit results in rapid and

frequent single-channel openings (Chapter 2). Since GluK5 has a higher l-Glu

affinity than GluK2, this explains why GluK2/GluK5 channels display slow

deactivation kinetics.

IV. I propose that the different subunits within a heteromeric GluK2/GluK5

KAR can gate independently and contribute differently to channel gating

(Chapter 2 and Chapter 5). Specifically, the activation of two subunits

activates the channel, while the concerted activation of all four subunits

results in desensitization.

V. I found that the gating of GluK2/GluK5 heteromers is independent of external

ions (Chapter 2).

VI. I found that only Li+ ions can slow the desensitization kinetics of GluK2/GluK5

receptors, suggesting that the putative ion-binding pocket of these heteromers

may have structural similarities with that of the AMPAR (Chapter 2).
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VII. I identified that a proline residue in the pore region of GluK5 subunits is

responsible for relieving polyamine block in heteromeric KARs (Chapter 3).

VIII. I found that relief of polyamine block in heteromeric GluK2/GluK5, and in

GluK2 homomers that are associated with the auxiliary protein, Neto2, occurs

through an increase in polyamine permeation through the channel pore

(Chapter 3).

IX. I found that this proline residue in the pore region of GluK5 is also resonsible

for increasing the permeation of polyamines through the channel pore (Chapter

3).

X. I found that the increases in polyamine permeation in heteromeric KARs and

with Neto2 are additive, suggesting that heteromerization and auxiliary proteins

are acting through structurally distinct mechanisms (Chapter 3).

XI. I found that the auxiliary proteins of AMPARs, γ2 and CNIH-3, relieve

polyamine block of GluA2 homomers by facilitating polyamine permeation

through the channel pore (Chapter 4).

XII. I characterized the rates of onset of block, unbinding and permeation of

polyamines at GluA2 receptors, with and without auxiliary proteins, using a

single binding site model for a permeant blocker (Chapter 4).

XIII. I propose a new model to describe polyamine block, which takes into

consideration that polyamine conductance through the channel pore is

significant (Chapter 4).
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Köhler, M., Burnashev, N., Sakmann, B., and Seeburg, P. H. (1993). Determinants

of Ca2+ permeability in both TM1 and TM2 of high affinity kainate receptor

channels: diversity by RNA editing. Neuron, 10(3):491–500.

Kornreich, B. G., Niu, L., Roberson, M. S., and Oswald, R. E. (2007). Identification

of c-terminal domain residues involved in protein kinase a-mediated potentiation

of kainate receptor subtype 6. Neuroscience, 146(3):1158–1168.

Kovcs, I., Simon, A., Szrics, E., Barabs, P., Hja, L., Nyikos, L., and Kardos, J.

(2004). Cyclothiazide binding to functionally active ampa receptor reveals genuine

allosteric interaction with agonist binding sites. Neurochemistry international,

44:271–280.

Kristensen, O., Kristensen, L. B., Møollerud, S., Frydenvang, K., Pickering, D. S.,

and Kastrup, J. S. (2016). The structure of a high-affinity kainate receptor: Gluk4

ligand-binding domain crystallized with kainate. Structure (London, England :

1993), 24:1582–1589.

Krogsgaard-Larsen, P., Honor, T., Hansen, J. J., Curtis, D. R., and Lodge, D. (1980).

New class of glutamate agonist structurally related to ibotenic acid. Nature,

284:64–66.

Kumar, J., Schuck, P., and Mayer, M. L. (2011). Structure and assembly mechanism

for heteromeric kainate receptors. Neuron, 71(2):319–331.

208



REFERENCES

Kuner, T., Seeburg, P. H., and Guy, H. R. (2003). A common architecture for k+

channels and ionotropic glutamate receptors? Trends Neurosci, 26(1):27–32.

Kurata, H. T., Akrouh, A., Li, J. B. W., Marton, L. J., and Nichols, C. G. (2013).

Scanning the topography of polyamine blocker binding in an inwardly rectifying

potassium channel. J Biol Chem, 288(9):6591–6601.

Kurata, H. T., Marton, L. J., and Nichols, C. G. (2006). The polyamine binding site

in inward rectifier k+ channels. J Gen Physiol, 127(5):467–480.

Kuusinen, A., Arvola, M., and Keinänen, K. (1995). Molecular dissection of the

agonist binding site of an ampa receptor. EMBO J, 14(24):6327–6332.

Lachance-Touchette, P., Brown, P., Meloche, C., Kinirons, P., Lapointe, L., Lacasse,

H., Lortie, A., Carmant, L., Bedford, F., Bowie, D., and Cossette, P. (2011). Novel

alpha-1 and gamma-2 gabaa receptor subunit mutations in families with idiopathic

generalized epilepsy. The European journal of neuroscience, 34:237–249.

Landes, C. F., Rambhadran, A., Taylor, J. N., Salatan, F., and Jayaraman, V.

(2011). Structural landscape of isolated agonist-binding domains from single ampa

receptors. Nature chemical biology, 7:168–173.

Laube, B., Kuhse, J., and Betz, H. (1998). Evidence for a tetrameric structure of

recombinant nmda receptors. J Neurosci, 18(8):2954–2961.

Lee, J. H., Kang, G. B., Lim, H.-H., Jin, K. S., Kim, S.-H., Ree, M., Park, C.-S.,

Kim, S.-J., and Eom, S. H. (2008). Crystal structure of the glur0 ligand-binding

core from nostoc punctiforme in complex with l-glutamate: structural dissection

of the ligand interaction and subunit interface. J Mol Biol, 376(2):308–316.

Lerma, J., Morales, M., Vicente, M. A., and Herreras, O. (1997). Glutamate receptors

of the kainate type and synaptic transmission. Trends in neurosciences, 20:9–12.

Lester, R. A., Clements, J. D., Westbrook, G. L., and Jahr, C. E. (1990). Channel

kinetics determine the time course of nmda receptor-mediated synaptic currents.

209



REFERENCES

Nature, 346:565–567.

Letts, V., Felix, R., Biddlecome, G., Arikkath, J., Mahaffey, C., Valenzuela, A.,

Bartlett, 2nd, F., Mori, Y., Campbell, K., and Frankel, W. (1998). The mouse

stargazer gene encodes a neuronal ca2+-channel gamma subunit. Nat Genet,

19(4):340–347.

Leuschner, W. D. and Hoch, W. (1999). Subtype-specific assembly of alpha-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid receptor subunits is mediated by their

n-terminal domains. The Journal of biological chemistry, 274:16907–16916.

Lodge, D. (2009). The history of the pharmacology and cloning of ionotropic

glutamate receptors and the development of idiosyncratic nomenclature.

Neuropharmacology, 56(1):6–21.

Lomeli, H., Mosbacher, J., Melcher, T., Höger, T., Geiger, J. R., Kuner, T., Monyer,
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regulate channel block by a novel mechanism
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Key points

� Kainate receptor heteromerization and auxiliary subunits, Neto1 and Neto2, attenuate poly-
amine ion-channel block by facilitating blocker permeation.

� Relief of polyamine block in GluK2/GluK5 heteromers results from a key proline residue that
produces architectural changes in the channel pore α-helical region.

� Auxiliary subunits exert an additive effect to heteromerization, and thus relief of polyamine
block is due to a different mechanism.

� Our findings have broad implications for work on polyamine block of other cation-selective
ion channels.

Abstract Channel block and permeation by cytoplasmic polyamines is a common feature of
many cation-selective ion channels. Although the channel block mechanism has been studied
extensively, polyamine permeation has been considered less significant as it occurs at extreme
positive membrane potentials. Here, we show that kainate receptor (KAR) heteromerization and
association with auxiliary proteins, Neto1 and Neto2, attenuate polyamine block by enhancing
blocker permeation. Consequently, polyamine permeation and unblock occur at more negative
and physiologically relevant membrane potentials. In GluK2/GluK5 heteromers, enhanced
permeation is due to a single proline residue in GluK5 that alters the dynamics of the α-helical
region of the selectivity filter. The effect of auxiliary proteins is additive, and therefore the structural
basis of polyamine permeation and unblock is through a different mechanism. As native receptors
are thought to assemble as heteromers in complex with auxiliary proteins, our data identify an
unappreciated impact of polyamine permeation in shaping the signalling properties of neuronal
KARs and point to a structural mechanism that may be shared amongst other cation-selective
ion channels.
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Introduction

Polyamines are expressed ubiquitously in bacterial, plant
and animal cells where they fulfil a variety of roles essential
for life (Tabor & Tabor, 1964, 1985). Mammals possess
two polyamines, the tetra- and tri-amines, spermine
(Spm) and spermidine (Spd), respectively, that are derived
from the diamine precursor, putrescine (Put), through
tightly regulated biosynthetic pathways. Disruption in the
synthesis or catabolism of polyamines leads to a variety
of disease states from cancer to neurodevelopmental
disorders (Nowotarski et al. 2013; Pegg, 2014), under-
lining their physiological importance. Given their cationic
nature, polyamines interact with negatively charged
domains of biomolecules (Tabor & Tabor, 1984) including
the electrostatic pore regions of voltage- and ligand-gated
ion channels where they bind and consequently block ion
flow with micromolar affinity (Lopatin et al. 1994; Bowie
& Mayer, 1995; Gomez & Hellstrand, 1995; Haghighi
& Cooper, 1998; Lu & Ding, 1999; Kerschbaum et al.
2003; Fu et al. 2012). In this capacity, cytoplasmic poly-
amines are recognized as important determinants of
neuronal signalling by regulating action potential firing
rates (Fleidervish et al. 2008) as well as the strength of
neurotransmission (Rozov & Burnashev, 1999; Aizenman
et al. 2002).

Polyamines are often referred to as permeant channel
blockers due to their ability to both block and traverse the
ion-permeation pathway of cation-selective ion channels
(Bowie et al. 1999). For almost all ion channels, cyto-
plasmic polyamine block is observed at negative and
physiologically relevant membrane potentials, making
it an ideal regulator of cellular excitability (Nichols &
Lopatin, 1997; Bowie et al. 1999; Lu, 2004; Baronas &
Kurata, 2014). In contrast, polyamine permeation occurs
at extreme (>+50 mV) positive membrane potentials
(Bahring et al. 1997) and therefore has not been considered
particularly significant. Given this arrangement, however,
the fraction of channels blocked by polyamines at any given
membrane potential is the sum of these two opposing
mechanisms. Consequently, the overall level of polyamine
block could, in principle, be shaped by any mechanism
that enhances the relative contribution of polyamine
permeation.

At glutamatergic synapses of the developing and
mature CNS, polyamines have been well characterized
to act as permeant channel blockers of both AMPA-
and kainate-type (KARs) ionotropic glutamate receptors
(iGluRs) (Bowie & Mayer, 1995; Kamboj et al. 1995; Koh
et al. 1995). In each case, the degree of polyamine block is
voltage-dependent and dynamically regulated, with two of
the most prevalent mechanisms occurring through either
changes in receptor subunit composition or by receptor
association with auxiliary proteins (Cull-Candy et al. 2006;
Perrais et al. 2010; Jackson & Nicoll, 2011). At KARs,
polyamine block is attenuated by either the formation

of heteromers that contain the GluK4 or GluK5 subunit
(Barberis et al. 2008) or by co-assembly with auxiliary
proteins, Neto1 and Neto2 (Fisher & Mott, 2012). Inter-
estingly, removal of the positively charged Arg–Lys–Lys
motif of the Neto1 or Neto2 C-tail restores polyamine
block, suggesting that relief of block may involve a charge
screening mechanism that affects the pore (Fisher & Mott,
2012). Whether a similar electrostatic mechanism explains
the attenuation of block at GluK2/GluK5 heteromers
remains to be established.

Here, we have tested the hypothesis that KAR
heteromers and auxiliary proteins attenuate channel block
by a common mechanism. We show that in both cases
relief of polyamine block results from an enhanced rate
of polyamine permeation. Relief of block in heteromers
is due to a proline residue from GluK5 that is pre-
dicted to alter the pore architecture, thereby facilitating
polyamine permeation. The effect of auxiliary proteins
is additive to that of the pore-forming subunits and
we therefore conclude that they enhance polyamine
permeation through a different mechanism. As native
receptors primarily assemble as heteromers in complex
with auxiliary proteins, our data identify an unappreciated
impact of polyamine permeation in shaping the signalling
properties of KARs in neuronal circuits.

Methods

Plasmids and molecular biology

All experiments were performed using cDNA of rat GluK2
and GluK5 kainate-type iGluRs, mouse Neto1-HA and rat
Neto2. For electrophysiology, GluK2a(V,C,Q) and GluK5
cDNA each contained a downstream internal ribosome
entry site (IRES) sequence encoding mCherry and eGFP,
respectively, which were used to identify transfected cells.
cDNA of GluK2(G615P) and GluK5(P599G) were made
using site-directed mutagenesis with all constructs verified
by restriction digest analysis and sequencing.

Cell culture and transfection

HEK293T/17 cells (ATCC, Manassas, VA, USA) were
maintained in minimal essential medium (MEM)
containing glutaMAX C© supplemented with 10% fetal
bovine serum (Invitrogen, Carlsbad, CA, USA). Cells
were plated at low density (1.6–2.0×104 cells ml−1) on
poly-D-lysine-coated 35 mm plastic dishes and were trans-
iently transfected 24 h later using the calcium phosphate
technique. A GluK2:GluK5 or GluK2:Neto1/2 cDNA
molar ratio of 1:10 was used for all co-transfections.

Electrophysiological recordings

Experiments were performed 36–48 h after trans-
fection. Agonist solutions were rapidly applied to

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society



J Physiol 594.7 Polyamine permeation in kainate receptors 1823

outside-out patches excised from transfected cells using
a piezoelectric stack (Physik Instrumente, Auburn, MA,
USA). Solution exchange (10–90% rise time of 250–350
μs) was determined in a separate experiment by
measuring the liquid junction current. All recordings were
performed using an Axopatch 200B (Molecular Devices,
Sunnyvale, CA, USA) using thick-walled borosilicate
glass pipettes (3–6 M�) coated with dental wax to
reduce electrical noise. Current records were filtered
at 5 kHz, digitized at 25 kHz and series resistance
(3–12 M�) was compensated for by 95%. Recordings
were performed at a range of holding potentials from
−100 to +100 mV to study polyamine channel block.
Data acquisition was performed using pClamp9 or
pClamp10 software (Molecular Devices) and tabulated
using Excel. All experiments were performed at room
temperature.

All chemicals were purchased from Sigma-Aldrich (St
Louis, MO, USA) unless otherwise indicated. External
solutions contained (in mM) 150 NaCl, 5 HEPES, 0.1
MgCl2 and 0.1 CaCl2, pH 7.3–7.4. The internal solution
contained (in mM) 115 NaCl, 10 NaF, 5 HEPES, 5
Na4BAPTA (Life Technologies, Invitrogen, Burlington,
ON, Canada), 1 MgCl2, 0.5 CaCl2 and 10 Na2ATP,
pH 7.3–7.4. The osmotic pressure of all solutions was
adjusted to 295–300 mOsm with sucrose. In experiments
where polyamine block was examined, Na2ATP in the
internal solution was replaced with 60 μM Spm and
the osmotic pressure adjusted to 295–300 mOsm with
sucrose. For Ca2+ permeability experiments, the external
solution contained (in mM) 105 NaCl, 30 CaCl2, 5 HEPES
and 0.1 MgCl2, pH 7.3–7.4 (295 mOsm). For poly-
amine permeability experiments, the NaCl in the external
solution was replaced by 90 mM Spm, pH was adjusted to
7.3–7.4 using the Spm free base and the osmotic pressure
was adjusted with sucrose. Concentrated (10× or 100×)
agonist stock solutions were prepared by dissolving agonist
[L-glutamate or AMPA (Tocris, Ellisville, MO, USA)] in
the appropriate external solution, adjusting the pH to
7.3–7.4, and stored frozen at −20°C. Stocks were
thawed on the day of the experiment and used
to prepare agonist-containing external solutions. For
heteromeric GluK2/GluK5 receptors, only patches where
the contribution of the slowest exponential component
(%A3) was above 25% were considered for analysis, unless
otherwise stated.

Data analysis and fitting

Agonist-evoked membrane conductance (G) was calcu-
lated using eqn (1):

G = I

(V − Vrev)
(1)

where I is the current at V holding potential and Vrev is the
reversal potential.

Conductance–voltage (G–V) relationships were fit
using Origin 7 (OriginLab, Northampton, MA, USA) with
the following equation (from Bowie et al. 1998):

G = G max

1 + [Spm]
Kd

(2)

where Gmax is the maximal conductance, [Spm] is the inter-
nal Spm concentration and Kd is the dissociation constant.

Binding (kon), unbinding (koff) and permeation (kperm)
rates were defined as previously (Bowie et al. 1998):

kon = a exp
(

V/
b

)
(3)

koff = c exp
(

V/
d

)
(4)

kperm = e exp
(

V/
f

)
(5)

To estimate koff and kperm, Kd was first calculated as:

Kd = sum of exit rates

Binding rate

which was redefined to eqn (6):

Kd = g exp
(

V/
h

)
+ L exp

(
V/

k

)
(6)

where

g = c

a

L = e

a

h = bd

b − d

k = bf

b − f

Binding rates were assumed to be constant for
GluK2/GluK5, GluK2+Neto1 and GluK2+Neto2 (see
Results for more details), and the values for a and b were
taken from Bowie et al. (1998).

The voltage-dependent conductance of KARs under
basal conditions is appreciably different between receptor
types within the range ±100 mV. This emphasizes the
impact of auxiliary proteins in changing the basic gating
properties of KARs and the importance of accounting
for these significant differences in gating properties. The
intrinsic G/V relationships were fit with eqn (7) using
Origin 7:

y =
(

1 + (G 0 − 1) exp
( x

V

))
(7)
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where G0 is the minimal conductance and V is the
membrane potential. Values are summarized in Table 1.

The Ca2+ permeability relative to Na+ (PCa/PNa) was
determined using the constant field equation from Kamboj
et al. (1995):

PCa

PNa
=

[
Na+]

i[
Ca2+]

o

×
[
exp

(
�VrevF

RT

) × (
exp

(
�VrevF

RT

) + 1
)]

4
(8)

where PCa and PNa are the permeability coefficients for
Ca2+ and Na+, respectively, �Vrev is the reversal potential
shift, F is Faraday’s constant, R is the gas constant and T is
the temperature in Kelvin.

Relative Spm permeability (PSpm/PNa) was calculated
from the reversal potential (Vrev) measurements in
Spm-rich external solutions using the following equation
from Bahring et al. (1997):

Ix = Px z2

(
VmF 2

RT

)(
[X ]i − [X ]oexp

(−zF Vm

RT

)
1 − exp

(−zF Vm

RT

)
)

(9)

where Ix is the current carried by ion X at a membrane
potential Vm, Px is the corresponding permeability
(PNa = 1), [X]i and [X]o are the internal and external
Spm concentrations, z is the valence, and F, R and T are as
above. Experimentally determined reversal potentials were
used for Vm. We obtained PSpm/PNa using the definition
that INa + ISpm = 0 at the reversal potential. The reversal
potentials were corrected for liquid junction potentials
that were determined experimentally.

All data were illustrated using Origin 7 and Adobe
Illustrator.

Statistics

Statistical analysis was performed using the statistical
software SPSS Statistics. Data were assumed to be
distributed normally. The numbers provided for ‘n’ refer
to the number of individual patches.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed to
study whether inserting proline residues into the α-helical
region of the P-loop had an effect on the pore architecture.
No atomic-resolution open-channel structure of an iGluR
has been determined, so an open-channel structure of
the non-selective NaK cation channel from Bacillus cereus
determined to a resolution of 1.6 Å was used as a model
system (PDB #3E86) (Alam & Jiang, 2009a). Figure 7
below shows a structural alignment of the GluA2 (PDB
#3KG2) and the NaK (PDB #3E86) channel pores. Given
that they have very similar topologies, the NaK pore
structure was used as this structure has the selectivity filter

Table 1. Fit parameters for intrinsic G–V relationships

G0 V

GluK2 1.0699 41.4
GluK2/GluK5 1.1168 55.7
GluK2+Neto1 1.0003 16.3
GluK2+Neto2 1.0094 25.5
GluK2/GluK5(P599G) 1.0240 38.4
GluK2(G615P) 1.0163 31.7
GluK2 – 300 μM 1.0736 37.6
GluK2/GluK5 – 300 μM 1.1282 60.0

Table 2. Spermine affinities of kainate receptors

Receptor Mean SEM n

GluK2 Kd (0 mV) (μM) 5.8 0.3 5
h (mV) −16.0 0.5
k (mV) 20.4 1.0

GluK2/GluK5 Kd (0 mV) (μM) 119 30 5
h (mV) −25.9 3.8
k (mV) 69.7 36.0

GluK2+Neto1 Kd (0 mV) (μM) 71 13 6
h (mV) −24.0 1.8
k (mV) 43.3 4.3

GluK2+Neto2 Kd (0 mV) (μM) 39 2 7
h (mV) −18.5 1.1
k (mV) 48.6 5.3

GluK2/GluK5(P599G) Kd (0 mV) (μM) 19 2 4
h (mV) −32.3 3.8
k (mV) 41.4 4.7

GluK2 (300 μM L-Glu) Kd (0 mV) (μM) 21 6 3
h (mV) −24.2 1.9
k (mV) 56.2 14.1

GluK2/GluK5 Kd (0 mV) (μM) 170 33 3
(300 μM L-Glu) h (mV) −51.4 20.0

k (mV) 107.7 47.2
GluK2/GluK5 Kd (0 mV) (μM) 81 40 3

(1 mM AMPA) h (mV) −73.4 27.7
k (mV) 56.8 22.9

Affinities were obtained using responses evoked by 1 ms
applications of 1 mM L-Glu in 150 mM NaCl external solution.
Values for ‘h’ and ‘k’ indicate the voltage dependency.

resolved at atomic resolution and is described as being in
the open state as opposed to the GluA2 structure which is
considered closed and where the selectivity filter region is
unresolved.

To generate a membrane slab for further simulation, the
tetrameric physiological unit of the NaK channel (residues
23–113, ignoring ions and other small molecules)
was converted to Coarse Grain (CG) representation
(Martini v2.1) (Monticelli et al. 2008) to allow for
self-assembly and equilibration of a bilayer consisting
of 200 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) molecules around the protein structure. This
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system was simulated for 100 ns at 323 K in Gromacs
v4.6.3 (Hess et al. 2008) to allow formation of a POPC
bilayer (Stansfeld et al. 2015).

Following this, the system was converted back to
atomistic representation using a CG2AT-align method
(Stansfeld & Sansom, 2011) and this membrane slab was
then used for further system setup with the different
protein mutants aligned to the position of the protein. The
(4S)-2-methyl-2,4-pentanediol molecule, observed in the
crystal structure, was deleted. The crystal structure has
four ions bound in the filter region: one calcium ion in
the external site, one sodium ion in the vestibule site,
one caesium ion in site 3 and another sodium ion in
site 4. To keep the ion composition simple, the calcium
ion and the caesium ion were changed to potassium
and sodium, respectively. Both monovalent and divalent
cations can bind at the external site, but sodium does
not appear to be a good binder at this site (Alam &
Jiang, 2009b), and thus the calcium ion was exchanged
for potassium. The vestibular site and sites 3 and 4 all
appear to prefer sodium, so the caesium ion in site
3 was exchanged for sodium. Crystallographic water
molecules were retained. The protein along with ions
and protein-bound water molecules was inserted into the
pre-generated POPC membrane slab, and water molecules
for solvation were further added using the Solvate Plugin
of VMD (Humphrey et al. 1996). Ions were added with the
Autoionize Plugin in VMD to create a neutral system with
an approximate ion concentration of 150 mM. The anion
was chloride and because the NaK channel transports both
sodium and potassium, approximately half of the cations
were sodium and the other half potassium.

The system was then energy minimized for 5000 steps
and equilibrated for 10 ns with protein heavy atoms along
with ions bound to the filter harmonically restrained with
a force constant of 7 kcal mol–1 Å–2. Lipid molecules
which, after 10 ns, were still stuck in odd positions between
protein helices, resulting from the self-assembly process,
were deleted and the system was energy minimized for
5000 steps and 500 ns of unbiased MD simulation was
performed. This structure (with the oddly positioned lipid
molecules removed) was further used for construction of
the mutant systems using the Mutator Plugin of VMD.
These systems were likewise energy minimized for 5000
steps followed by 500 ns of unbiased MD simulation. In
addition to the NaK crystal structure (WT, mimicking the
GluK2 homotetramer), we simulated the NaK structure
with S57P in two opposing chains (A and C in 2Pro,
mimicking the GluK2/GluK2 heteromer if assuming a 2:2
assembly with GluK2–GluK5–GluK2–GluK5 packing at
the membrane level) and the NaK structure with the S57P
mutation imposed in all four chains [4Pro, mimicking the
GluK2(G615P) homotetramer]. Each 500 ns simulation
was repeated, so the final data set consisted of 2×500 ns
for each of the protein constructs.

All atomistic simulations were performed with NAMD
v2.9 (Phillips et al. 2005) using the CHARMM 36 force
field (Klauda et al. 2010; Best et al. 2012) for protein
and lipids and the TIP3P water model (Jorgensen et al.
1983). Simulations were performed in the NPT ensemble
at a temperature of 310 K and a pressure of 1 atm.
Langevin dynamics with a damping coefficient of 0.5 ps−1

was employed to control the temperature. The pressure
was maintained using the Langevin piston Nosé–Hoover
method with a piston period of 100 fs and a damping
timescale of 50 fs. Lennard–Jones interactions were treated
with a cutoff of 12 Å and the switching function applied
from 10 Å, while full electrostatics were accounted for
using Particle-Mesh Ewald (PME) (Darden et al. 1993)
summation with a real-space cutoff of 12 Å and a 1 Å grid
spacing. The pairlist, with a cutoff of 14 Å, was updated
every 20 fs. Periodic boundary conditions were applied in
all simulations. The time step was 2 fs with full electro-
statics calculated every second step. Water molecules were
kept rigid by the SETTLE (Miyamoto & Kollman, 1992)
algorithm and other bonds to hydrogen atoms by the
SHAKE (Ryckaert et al. 1977) algorithm. Snapshots were
collected every 5 ps.

Polyamine ligands

The structures for Spm, Spd and Put were downloaded
from the HIC-Up database (Kleywegt & Jones, 1998)
(‘ideal coordinates’, http://xray.bmc.uu.se/hicup/XXX/
where XXX = SPM, SPD, PUT), and hydrogen atoms
were added in Maestro (Maestro, version 9.7, Schrödinger,
LLC, New York, 2014). All amine nitrogen atoms were
treated as charged. Ligand topologies and parameters
for the CHARMM General Force Field (CGenFF)
(Vanommeslaeghe et al. 2010; Yu et al. 2012) v3.0.1
were generated using the CGenFF program v1.0.0
(Vanommeslaeghe & MacKerell, 2012; Vanommeslaeghe
et al. 2012) (https://cgenff.paramchem.org).

NaK–polyamine complexes

The most symmetrical and the most asymmetrical
snapshot in terms of cross-pore distance (see Fig. 6D
below) was taken from each of the simulations of WT,
2Pro and 4Pro, leaving out the first 100 ns of simulation.
Spm was inserted into the filter region by aligning the
charged nitrogen atoms of Spm with the original position
of the four cations in the filter. These four ions were then
deleted to remove overlap and ensure charge neutrality,
and furthermore water molecules in the filter overlapping
with Spm were deleted. Spd and Put were inserted to the
filter region of WT snapshots in a similar way, although due
to the smaller number of nitrogen atoms in these ligands,
central carbon atoms were used along with the nitrogen
atoms in the alignment to original ion positions. For Spd,
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three of the original cations in the filter were deleted, and
for Put, only two. No other ions were binding to the filter
region in any of the complexes. The simulation systems
were then energy minimized for 2000 steps followed by
30 ns of unbiased MD simulation.

All polyamines remained bound to the filter region
throughout the 30 ns of relaxation. To probe the energetics
involved in the unbinding of the polyamines from the
filter, 15 ns of steered MD (SMD) simulations were
performed on all NaK–polyamine complexes, starting
after 30 ns of unbiased simulation. The SMD atoms, here
the terminal nitrogen atom facing the pulling direction,
were harmonically constrained with force constant of
7.2 kcal mol–1 Å–2, corresponding to 500 pN Å–1, to move
with velocity 2.5 Å ns–1 in the negative direction along
the z-axis (towards the extracellular side for the NaK
channel, corresponding to the intracellular side for the
KAR channel). Forces were saved every 200 fs. To avoid
the whole system being pulled along z, the Cα atoms of
residues 23–28 were restrained harmonically with a force
constant of 7.2 kcal mol–1 Å–2.

The work was calculated from the force profiles by
numerical integration according to:

W (t) = v

t∫
0

f (t) dt (10)

where v is the constant velocity (2.5 Å ns–1), f(t) is the force
at the specific time step given in the SMD output and dt is
the time step between the data points (200 fs).

Results

Heteromerization and auxiliary proteins attenuate
inward rectification of KARs

To better understand how heteromerization and auxiliary
proteins attenuate channel block, we studied KAR
responses in outside-out membrane patches at a range of
membrane potentials to observe when polyamines enter
the pore to block it. To mimic the time course of neuro-
transmitter release in the synaptic cleft, 1 mM L-glutamate
(L-Glu) was applied to excised patches for 1 ms and 60 μM

Spm was included in the internal solution to match known
cytoplasmic levels of the blocker (Bowie & Mayer, 1995).
Figure 1 summarizes these experiments, where the degree
of inward rectification induced by polyamine block of
GluK2 homomers was compared to that of GluK2/GluK5
heteromers or GluK2 homomers co-assembled with the
auxiliary proteins, Neto1 and Neto2.

In agreement with other studies, peak GluK2 receptor
responses exhibited a bi-rectifying behaviour (range:−100
to + 100 mV) due to the onset and relief of block at
hyperpolarizing and depolarizing membrane potentials,
respectively (Fig. 1A and B) (Bowie & Mayer, 1995;

Bowie et al. 1998). In contrast, I–V plots of GluK2/GluK5
heteromers (Fig. 1C and D) or GluK2 with Neto1 or
Neto2 (Fig. 1E–G) (Barberis et al. 2008; Fisher & Mott,
2012) tended towards linearity. Rectification ratios were
smallest for GluK2 homomers (0.20 ± 0.02, n = 5),
highlighting that Spm channel block strongly opposes
ion flow at positive membrane potentials (Fig. 1A, B
and H). This effect was much weaker with GluK2/GluK5
heteromers (rectification ratio = 0.89 ± 0.07, n = 4)
and following co-assembly with auxiliary proteins (Neto1,
0.66 ± 0.02, n = 12; Neto2, 0.64 ± 0.03, n = 7)
(Fig. 1H), reaffirming that, in each case, polyamine block
is significantly attenuated. Despite the similarity of the
effects, it still remains to be established if heteromerization
and auxiliary proteins attenuate block by a similar or
different mechanism.

To better understand the voltage-dependency of the
onset and relief of block, we converted the I–V data
from each dataset into G–V plots (Fig. 2). KARs exhibit
significant outward rectification at positive membrane
potentials in the absence of channel blockers (Bowie et al.
1998). To take this into account, we performed additional
experiments to obtain control I–V data for all receptor
combinations and then subtracted this non-linearity from
data obtained in the presence of Spm (Figs 2 and 3).
Corrected G–V plots were then fit with a single binding site
model of channel block (Bowie et al. 1998) (see Methods)
to estimate the equilibrium dissociation constant of Spm
at 0 mV (Kd(0mV)) as well as the voltage-dependency of the
onset and relief of block (h and k, respectively; Table 2).

In agreement with previous work (Bowie et al. 1998), the
Kd(0mV) of Spm for GluK2 homomers was estimated to be
5.8 ± 0.3 μM, with voltage-dependencies of the onset and
relief of block of −16 ± 0.5 and +20.4 ± 1.0 mV per e-fold
change in membrane potential, respectively (Table 2).
In comparison, KAR heteromerization and association
with auxiliary proteins affected both Spm binding and
the voltage-dependency of block. Fits of corrected G–V
plots estimated the Kd(0mV) of Spm to be 39 ± 2, 71 ± 13
and 119 ± 30 μM for GluK2+Neto2, GluK2+Neto1
and GluK2/GluK5 channels, respectively (Table 2),
representing a 6- to 20-fold reduction in blocker affinity.
Interestingly, heteromerization and auxiliary protein
association mainly affected the voltage-dependency of
the relief of block (i.e. k), which was about 2- to 3-fold
weaker compared to that of GluK2 homomers (Table 2).
For example, fits of corrected G–V plots estimated the
voltage-dependency of relief for GluK2/GluK5 heteromers
to be +69.7 mV per e-fold change in membrane potential
compared to +20.4 mV for GluK2 homomers. In keeping
with this, selective activation of GluK2/GluK5 heteromers
with either 1 mM AMPA (Herb et al. 1992) or 300 μM L-Glu
(Barberis et al. 2008) estimated Kd(0 mV) to be 81 ± 40 and
170 ± 33 μM, respectively, with the voltage-dependency of
relief corresponding to +56.8 and +107.7 mV per e-fold
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change in membrane potential, respectively (Table 2). In
contrast, the differences between the voltage-dependency
of onset of block (i.e. h) were more modest (Table 2), and
the binding rates for Spm (kon, Fig. 2C) were assumed to
be constant. The unbinding (koff) and permeation rates
(kperm) were estimated using previous estimates of kon

(Fig. 2C) (Bowie et al. 1998). Plots of unbinding (koff)
and permeation (kperm) for Spm at GluK2 homomers pre-
dict that relief of block occurs only at extreme membrane
potentials (i.e. > +50 mV), where the rates for kperm

become dominant (Fig. 2C). In contrast, similar plots
of koff (Fig. 2E) and kperm (Fig. 2F) with GluK2/GluK5
heteromers, GluK2+Neto1 or GluK2+Neto2 (Fig. 2E
and F) reveal that there are substantial shifts in estimates
of unbinding and permeation rates that account for the
overall attenuation in channel block. Specifically, there
is a substantial hyperpolarizing shift in kperm so that
Spm permeation is expected to be appreciable even at
membrane potentials of −50 mV (Fig. 2F).

Given the specific nature of these effects, we reasoned
that the attenuation of polyamine channel block by
heteromerization or association with auxiliary proteins
occurs because Spm permeation rates are enhanced under
these conditions. To test this experimentally, we performed
bi-ionic reversal potential experiments to determine the

extent to which KAR composition affected polyamine
permeation rates.

Heteromerization and auxiliary proteins relieve
channel block by facilitating polyamine permeation

To determine the permeability of Spm relative to that
of Na+ (PSpm/PNa), we measured the reversal potential
of KAR responses in solutions where the main external
permeant cation was either 150 mM Na+ or 90 mM Spm. In
all cases, the main permeant cation of the internal solution
was 150 mM Na+ (Fig. 4 and see Methods).

As expected, responses mediated by GluK2 (Vrev =
−0.2 ± 1.5 mV, Fig. 4A and C, inset), GluK2/GluK5
(Vrev = −0.5 ± 0.8 mV, Fig. 4D and F, inset) and
GluK2+Neto2 (Vrev =−0.7 ± 0.8 mV, Fig. 4G and I, inset)
in symmetrical 150 mM Na+ solutions reversed close to
0 mV, demonstrating that Na+ ions are equally permeable
from both sides of the plasma membrane. In contrast,
reversal potentials determined with external 90 mM Spm
as the main permeant cation were dependent upon the
KAR composition. With GluK2 homomers, we failed to
observe a reliable inward current in 90 mM external Spm
and therefore were unable to estimate PSpm/PNa (Fig. 4B
and C), an observation similar to a previous study of
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polyamine permeation (Bahring et al. 1997). In keeping
with this, preliminary experiments suggested that poly-
amines with fewer charged groups, namely Put (z = +2)
and Spd (z = +3), were more permeant than Spm
(z = +4). Reversal potentials with 90 mM external Put or
Spd as the main permeant cation were −8.0 ± 2.7 mV
(n = 2) and −34.4 ± 1.6 mV (n = 3), respectively,
estimating PPut/PNa to be 0.23 ± 0.02 and PSpd/PNa to
be 0.049 ± 0.002 for GluK2 homomers. This indicates
that permeant channel blockers with smaller valencies
have a greater tendency to permeate through the KAR
channel, in agreement with prior work (Bahring et al.
1997; Cui et al. 1998). In contrast to GluK2 homo-
mers, Spm-mediated inward currents were observed with
both GluK2/GluK5 (Fig. 4E and F) and GluK2+Neto2
(Fig. 4H and I), with reversal potentials of −43.2 ± 1.2 mV
(n = 3) and −33.6 ± 4.5 mV (n = 4), respectively.
As a result, the calculated PSpm/PNa for GluK2/GluK5
and GluK2+Neto2 receptors were 0.024 ± 0.001 and
0.042 ± 0.009, respectively. Taken together, these data
provide evidence that GluK2/GluK5 and GluK2+Neto2

receptors were more permeable to Spm compared to
GluK2 homomers.

A reduction in polyamine block is thought to go
hand-in-hand with Ca2+ permeability in non-NMDA
receptors (Burnashev, 1996). Despite these differences,
KAR heteromerization or association with the auxiliary
proteins do not attenuate Ca2+ permeability. For example,
in Ca2+-rich external solutions (i.e. 30 mM CaCl2 +
105 mM NaCl), the reversal potential of GluK2 I–V plots
was +1.0 ± 0.5 mV (n = 5) which was shifted to a slightly
more positive potential of +5.0 ± 1.8 mV (n = 3) with
GluK2/GluK5 heteromers (Fig. 5E and F). As a result, the
relative Ca2+ permeabilities (PCa/PNa) of GluK2 homo-
mers and GluK2/GluK5 heteromers were estimated to
be 2.3 and 3.1, respectively. As a previous study has
reported similar findings with the auxiliary proteins,
Neto1 and Neto2 (Fisher & Mott, 2012), we concluded
that differences in the pore properties of KARs induced
by heteromerization or auxiliary proteins could not be
revealed by studying divalent permeability; we therefore
focused on polyamine block. Thus, KARs essentially
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behave as molecular sieves (Burnashev, 1996; Bahring et al.
1997) such that the movement of bulky permeating ions
(i.e. Spm) is hindered in the permeation pathway while
that of much smaller divalent cations, such as Ca2+ ions,
is not. As explained below, we performed MD simulations
to better understand this distinction by looking at how the
pore region of KARs might be affected by modest changes
in the ion-permeation pathway.

MD simulations predict a structural change
in the channel pore

Sequence alignment of all KAR subunits was performed to
identify differences between the GluK2 and GluK2/GluK5
receptors (Fig. 6A). The most striking difference was
found in the α-helical region of the re-entrant loop
(P-loop; Fig. 6A) where a glycine residue (i.e. GluK2
Gly615) is found in all primary subunits (GluK1-3) while
a proline residue is found in the equivalent position
(i.e. GluK5 Pro599) of secondary subunits (GluK4 and
GluK5), which do not form functional homomers. As
each residue is located within a predicted α-helical
region of the re-entrant P-loop of KARs (Panchenko
et al. 1999) (Fig. 6A), we reasoned that the Gly and
Pro may exert differential effects on channel block and
permeation. Specifically, we hypothesized that the Pro of

the GluK5 subunit would result in structural changes in
the heteromeric KAR pore regions, as has been proposed
for Pro residues in other α-helical regions of ion-channels,
such as the S6 helix of Shaker (Bright et al. 2002) and the
M2 helix of KcsA K+ channels (Fowler & Sansom, 2013).

To explore this, MD simulations were used to study
how the introduction of the Pro residue may affect
the pore structure and its dynamics (Fig. 6B–D). As a
high-resolution structure of the KAR pore region is not
yet available, we performed MD simulations using the
structure of the Bacillus cereus NaK channel pore [PDB
3E86 (Alam & Jiang, 2009a), 1.6 Å resolution] as it
has been used successfully to provide insight into the
NMDA-type iGluR (Siegler Retchless et al. 2012). This
structure has 4-fold symmetry, as expected for the GluK2
tetramer (Wilding et al. 2014) and furthermore illustrates
an open conformation (Fig. 6B and C). Although the
iGluR pore structure has been compared to the KcsA
structure (Sobolevsky et al. 2009), it also shares remarkable
structural similarities with the NaK channel pore (Fig. 7).
Moreover, because the NaK channel is a non-selective
cation channel, its pore properties are expected to be closer
to that of the iGluR. For these reasons, the NaK structure
was used as a model of the pore in our MD simulations. To
simulate a heteromer having a 2:2 stoichiometry, as is the
case for GluK2/GluK5 KARs (Reiner et al. 2012), prolines
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were introduced into the equivalent α-helical positions of
the NaK structure on opposing subunits (i.e. A and C), in
agreement with prior work on KAR heteromers (Kumar
et al. 2011).

Changes in cross-pore distances between the centre of
mass of the α-carbons of residues 50–53 in opposing sub-
units are summarized in Fig. 6D. As expected, the A/C
and B/D cross-pore distances in the wild-type (WT) NaK
pore quickly reached equilibrium and remained fairly
constant for the rest of the 500 ns simulation (Fig. 6D

and supplementary Movies S1 and S2), consistent with
a 4-fold symmetrical pore arrangement. In contrast, the
pore adopted a 2-fold symmetry with prolines on opposing
subunits (Fig. 6D and Movies S1 and S2). For example,
the mean distance between helices A/C increased by
approximately 1 Å, while the distance between WT helices
(B/D) decreased reciprocally (Fig. 6D and Movies S1 and
S2). Interestingly, the two simulation repeats with prolines
introduced in all four helices illustrated two different
outcomes (Fig. 6D, 4Pro). In one case, helices adopted
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a 4-fold symmetry but with larger separation than the WT
(Fig. 6D, Run 1); in the second case, they adopted a 2-fold
symmetry (Fig. 6D, Run 2). Thus, despite the trajectories
showing two different effects of proline insertions, they
probably reflect the same result, namely that the Pro
residue induces a more stochastic behaviour of the P-loop
compared to the WT pore conformation.

To better understand how the Pro residues affect the
dynamics of the NaK α-helical P-loop, we examined the
root mean square deviation (RMSD) of each helix in
comparison to the reference structure (Fig. 8; PDB #3E86).
Interestingly, the mean RMSD of Pro-containing helices
in all simulations was about 0.5 Å, a 2-fold increase
compared to the RMSD of WT helices (Fig. 8), indicating
that they are able to move further away compared to
their WT counterparts. Moreover, the RMSD fluctuation
in the Pro-containing helices was much greater than
in WT helices, spanning almost 0.2 Å, while the WT
fluctuations spanned less than 0.1 Å (Fig. 8). Given this,
we hypothesized that increased dynamics in the P-loop
α-helices may be responsible for the enhanced polyamine
permeation rates observed experimentally.

MD simulations predict increased polyamine
permeation

To test whether Pro-induced changes in the position of the
helices could facilitate blocker permeation, we compared
the work required to pull pore-bound polyamines to the
extracellular side of WT and mutant NaK pore regions,
corresponding to the intracellular side in KARs (Fig. 9).
Polyamines were also pulled to the intracellular side of
the NaK pore, but the results from these experiments
were inconclusive. From each of the WT trajectories in
Fig. 6D, the most symmetrical and the most asymmetrical
snapshot (in terms of the cross-pore distance) was found
and used as a starting structure, giving rise to a total
of four different protein structures. Three polyamines of
different structure and charge (Put, Spd and Spm) were
modelled into the filter by overlaying with the original
cations bound in the filter of the NaK structure (Fig. 9A)
(Alam & Jiang, 2009a). After 30 ns of relaxation, all poly-
amines were still bound to the filter region. To probe the
strength with which the polyamines bind to the filter,
SMD simulations were subsequently performed. In the
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SMD simulations, polyamines were pulled out of the
filter along the z-axis toward the intracellular side of the
membrane (Movie S3). Each SMD simulation produced a
force profile from which the work involved in the process
was calculated (Fig. 9B). The eight snapshots shown in
Fig. 10 correspond to time steps at which the force peaks,
each denoted in Fig. 9B by an asterisk, along with snapshots
before and near the end of the SMD simulation. From
the SMD simulations with different polyamines, a clear
trend in the work values was observed (Fig. 9C and Movie
S3), suggesting that, in the WT pore, it is easier for
the smaller polyamines (Put and Spd) to pass through
from the filter than Spm, in agreement with our data
and that of others (Bahring et al. 1997). Similar SMD
simulations were performed with Spm inserted into the
most symmetrical or the most asymmetrical snapshots
from the 2Pro and 4Pro trajectories from Fig. 6D. As
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Figure 6. Prolines in GluK5 pore are predicted to alter pore
dimensions
A, sequence alignment of the kainate receptor subunits. A proline is
present in the secondary subunits where a conserved glycine is
present in primary subunits. This residue is located within a region
with a predicted α-helical structure of the P-loop. B, crystal structure
of the NaK channel (PDB#3E86). Proline residues were mutated in
the equivalent α-helical structure of subunits A and C (yellow
spheres). C, side view of the A/C (cyan) and B/D (orange) subunits of
the inverted NaK pore before (grey) and after (coloured) 257 ns
simulations. D, cross-pore distance measurements (see black spheres
in C) were measured for 500 ns (two repeats for each condition).

before, all Spm molecules were still bound to the filter
region in the 12 different systems (4×WT, 4×2Pro,
4×4Pro) after 30 ns of relaxation. The calculated work
values for pulling Spm to the solvent were lower for the
2Pro and 4Pro mutants than for the WT pore (Fig. 9D).
Thus, this model system suggests that the Pro residue in
the α-helical region of the GluK5 P-loop may be enough
to disturb Spm binding and ensure higher permeation and
unblock in the GluK2/GluK5 heteromers.

Pro599 in the GluK5 pore is the main determinant
of polyamine block

To assess whether GluK5 Pro599 is responsible for
enhanced polyamine permeation, we measured the degree
of channel block after substituting it with a Gly residue, as
is found in GluK2 (Fig. 9E–G). As anticipated, the degree
of inward rectification of GluK2/GluK5(P599G) channels
was significantly more pronounced than observed with
WT heteromers (Fig. 9F). This finding demonstrates that
Pro599 is a critical determinant of polyamine block.
Fits of the corrected G–V plot estimated the Kd(0mV)

of GluK2/GluK5(P599G) receptors to be 19 ± 2 μM,
which was 4–5 fold more potent than WT heteromers
with a Kd(0mV) of 119 ± 30 μM (Fig. 9G and Table 2).

GluA2 PDB#3KG2

NaK PDB#3E86

Figure 7. The NaK structure is similar to the GluA2 structure
The inverted structure of the open NaK channel (PDB #3E86, cyan) is
overlaid with that of the closed GluA2 (PDB #3KG2, orange),
illustrating that the two channels share a similar architecture. The
proline position is indicated by a sphere. Only two chains are shown
and for GluA2, only transmembrane helices M1–3 are included. The
two structures are aligned using M2, Cα atoms of residues 573–586
in GluA2 and of residues 50–63 in the NaK channel. The position
equivalent to the proline in GluK5 is highlighted by showing the Cα

atom of this residue with a sphere (Ser580 in GluA2, Ser57 in NaK).
A sequence alignment is shown, highlighting the Gly and Pro
residues in GluK2 and GluK5, respectively, which correspond to an
Ser in NaK.
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Interestingly, the Kd(0mV) of Spm for GluK2/GluK5
(P599G) was statistically indistinguishable from GluK2
homomers [one-way ANOVA, F7,28 = 8.506, P = 0.000014;
post hoc Tukey honest significant difference (HSD)
pairwise comparison, P = 1.000; Table 2], indicating that
the removal of Pro599 from GluK2/GluK5 heteromers
enhances channel block. As a result, the differences
between the G–V plots of GluK2 (Fig. 2B) and mutant
heteromers (Fig. 9G) are found in the voltage-dependency
of block (Table 2).

To test if the reverse substitution would render GluK2
receptors polyamine-insensitive, Gly615 was replaced with
a Pro residue, as is found in GluK5 (Fig. 9H–J). In contrast
to WT GluK2, the I–V plot for GluK2(G615P) in the pre-
sence of 60 μM internal Spm was almost entirely linear,
demonstrating that the introduction of Pro615 in the pore
region of GluK2 eliminates polyamine block (Fig. 9I). In
agreement with this, the corrected GluK2(G615P) G–V
plot lacked voltage-dependency (Fig. 9J), further under-
lining that this Pro residue is the principal determinant of
Spm block in GluK2/GluK5 heteromers.

Auxiliary proteins and GluK5 relieve polyamine block
by distinct mechanisms

To test whether auxiliary proteins relieve KAR channel
block by a similar or different mechanism, we took
advantage of the fact that GluK2(G615P) channels are
unaffected by Spm block (Fig. 9H–J). We reasoned that
if auxiliary subunits attenuate Spm block by a different
mechanism, their co-expression with GluK2(G615P)

0.6

0.4

0.2

0.0

0.6

0.4

0.2

0.0
0 250 500

Time (ns)
Colour Legend: WT 2Pro - A/C 4Pro

4Pro2Pro - A/CWT

Helix C

R
M

S
D

 (
Å

)

Helix D

Helix BHelix A

0 250 500

Figure 8. RMSD is larger in helices containing prolines
The RMSD values calculated for the Cα atoms of the P-loop helix
(residues 50–62) of each chain of the NaK channel over the course
of the 500 ns simulation. The alignment and RMSD calculation were
performed for one chain at a time, aligning by residues 50–62 of the
given helix for which the RMSD is calculated. WT helices are shown
in black/grey, helices from the 2Pro simulation in red/orange and
those of the 4Pro simulation in blue/cyan.

would increase the relative Spm permeability of the
channel complex. Conversely, if they attenuate Spm block
by a similar mechanism, the ability of Spm to permeate
GluK2(G615P) channels would remain unchanged by
co-expression with an auxiliary subunit.

In contrast to WT GluK2 (Fig. 11A and D), Spm-
mediated inward currents were readily observed at nega-
tive membrane potentials with GluK2(G615P) (Fig. 11B
and E). The reversal potential of GluK2(G615P) with
90 mM external Spm was −25.5 ± 2.4 mV (n = 5) (Fig. 11B
and E), estimating the PSpm/PNa to be 0.062 ± 0.008
(Fig. 11G), similar to GluK2/GluK5 and GluK2+Neto2
(Fig. 11G).

Interestingly, the magnitude of Spm-induced inward
currents in patches containing GluK2(G615P) channels
co-expressed with Neto2 was increased by about 2-fold
(Fig. 11C and F). For example, the Spm-mediated current
at −100 mV was 8 ± 5% (n = 5) of the Na+-mediated
current with GluK2(G615P) and 19 ± 12% (n = 7)
with GluK2(G615P)+Neto2. In addition, the reversal
potential observed with 90 mM external Spm was more
positive for GluK2(G615P)+Neto2 than GluK2(G615P)
alone (Vrev = −15.6 ± 2.3 mV; n = 4), estimating
PSpm/PNa to be 0.12 ± 0.02 (Fig. 11G). One-way ANOVA
performed on the relative Spm permeability revealed
that PSpm/PNa for GluK2(G615P)+Neto2 was significantly
larger than for GluK2(G615P), GluK2+Neto2 and
GluK2/GluK5 (Fig. 11, see figure legend for P values).
These results indicate that co-expression of KARs with
Neto2 increases blocker permeation in an additive manner,
suggesting that it is acting through a mechanism that
is distinct from that of the Pro residues in GluK5
subunits.

Discussion

The present study advances our understanding of poly-
amine block of KARs in several fundamental ways. First,
we report that heteromerization and auxiliary proteins
unexpectedly attenuate channel block by enhancing
polyamine permeation rates. Second, MD simulations
suggest that relief of block is due to a structural change
in the α-helical region of the KAR pore, which is
distinct from the charge-screening mechanism ascribed to
GluA2-containing AMPARs. Our data identify that each
of two GluK5 subunits in the GluK2/GluK5 heteromer
possesses a critical proline residue that is predicted to push
the helices outward, leading to a 2-fold symmetrical pore
arrangement and increased pore helix fluctuation. Third
and finally, heteromerization and auxiliary proteins relieve
polyamine block by a distinct pathway. Consequently,
Neto1 and Neto2 do not attenuate polyamine block by
channelling their effect through the proline residue of
GluK5 subunits.
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The dynamic nature of polyamine block

Our study reveals that subunit composition affects
the functional properties of KARs differently than
AMPARs. In AMPARs, the Q/R site of the GluA2 sub-
unit is >99% edited to an Arg but remains unedited
in all other subunits (Sommer et al. 1991). This
distinction is significant because it generates the two
major AMPAR classes that are either GluA2-containing,
polyamine-insensitive and divalent cation-impermeable
or GluA2-lacking, polyamine-sensitive and divalent
cation-permeable (Cull-Candy et al. 2006) (but see
Bowie, 2012). Importantly, polyamine-insensitivity of
GluA2-containing AMPARs is thought to be due to the
electrostatic effect of Arg at the Q/R site of GluA2, which
repels polyamines in the narrowest region of the pore
(Bowie et al. 1999). However, this reliance on the editing

state of the Q/R site is not thought to be as important for
KAR heteromers because it is edited only 40% in GluK1
subunits with a range of estimates for GluK2 from <5 to
75% in the developing and adult rodent brain (Sommer
et al. 1991; Puchalski et al. 1994; Schmitt et al. 1996). It has
yet to be tested whether the Q/R site of other KAR sub-
units (i.e. GluK3-5) is edited or not. Our data demonstrate
that GluK2/GluK5 heteromers attenuate polyamine block
not by electrostatic repulsion but rather through a novel
mechanism involving a structural change in the pore
helices. Accordingly, the binding affinity for polyamines in
the pore is reduced, enhancing their permeation rates. This
is achieved through the distinctive cyclical structure of the
proline side chain that is conformationally rigid and lacks
the N–H hydrogen bond donor, and thus can uniquely
distort α-helical structures. As proline residues are found
exclusively in GluK4–5 subunits and are absent from

illustrating the force added when pulling Spm out of the WT filter towards the intracellular side. C, work profiles
for pulling the three different polyamines to the intracellular side in the WT protein. Spm results are shown in
black, Spd in orange and Put in cyan. The work involved in Spm release is generally larger than for release of
the smaller polyamines. D, work profiles for pulling Spm to the intracellular side for the WT protein (black), the
2Pro mutant (orange) and the 4Pro mutant (cyan). E and H, example responses of GluK2/GluK5(P599G) (E, patch
130610p7) and GluK2(G615P) (H, patch 130606p2) at various holding potentials (−100 to +100 mV, 20 mV
increments) in the presence of 60 μM internal spermine. Average I–V plots (F, I) and corrected G–V plots (G, J)
for these receptors in the presence of internal spermine. Relationships for GluK2 and GluK2/GluK5 (grey lines in
G and J) are shown for comparison. Data are represented as mean ± SEM. Current values are normalized to the
current at −100 mV.

0 ns 1.3 ns 2.4 ns 3.45 ns

8.8 ns6.2 ns5.8 ns5.25 ns

Figure 10. Snapshots illustrating the interactions as Spm is pulled toward the intracellular side of the
membrane
Snapshots corresponding to the asterisks in Fig. 9B. Spermine is shown with cyan carbon atoms. Hydrogen bonds
between spermine and the protein [dist(H–O) < 2.5 Å] are indicated with black lines.

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society



1836 P. M. G. E. Brown and others J Physiol 594.7

GluK1–3 subunits, we predict that heteromers containing
either GluK4 or GluK5 will exhibit a diminished level
of polyamine block even if the Q/R site of all four
subunits is unedited, as is the case in this study. This
arrangement is distinct from AMPARs where the coupling
of polyamine block and divalent cation permeability is
governed by a common structural determinant, namely
the Q/R site. As different structural domains govern poly-
amine block and Ca2+ permeability in KAR heteromers,
native receptors will exhibit appreciable Ca2+ permeability

that is unconstrained by significant voltage-dependent
modifications in membrane conductance due to poly-
amine block.

Prolines in the KAR pore α-helices promote altered
pore dynamics

MD simulations are consistent with a mechanism in which
proline residues are arranged on opposing subunits of
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Figure 11. G615P mutation and Neto2 association increase spermine permeation of GluK2
Example responses of GluK2 (A, same data as in Fig. 3, GluK2(G615P) (B, patch 130906p2) and
GluK2(G615P)+Neto2 (C, patch 140814p4) in 90 mM external Spm, at various holding potentials (−100 to
+100 mV, 40 mV increments). Insets show the response in 90 mM external Spm at −100 mV. Average I–V plot
for GluK2 (D, same data as in Fig. 3), GluK2(G615P) (E, n = 5) and GluK2(G615P)+Neto2 (F, n = 4) in 90 mM

external Spm; arrows indicate reversal potentials for GluK2(G615P) (Vrev = −25.5 mV) and GluK2(G615P)+Neto2
(Vrev = −15.6 mV). Insets show the I–V plots ranging from −100 to +100 mV. Grey lines are the fits of the
same receptor in the presence of 150 mM external NaCl. Data are represented as means and SEM. Current
values (both Na+ and Spm currents) are normalized to the Na+ current at −100 mV in the same patch. G, left:
summary plot showing the Vrev (in 90 mM Spm) for the various receptors tested. Right: summary plot showing
the calculated relative Spm permeabilities (PSpm/PNa). One-way ANOVA, F3,12 = 9.801, P = 0.002; post hoc
Tukey HSD pairwise comparisons: ∗P = 0.027 and ∗∗P = 0.005 and 0.002 for G615P+Neto2–GluK2+Neto2 and
G5615P+Neto2–GluK2/GluK5 comparisons, respectively.
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the NaK tetramer, resulting in a 2-fold symmetrical pore
arrangement that alters the pore dynamics. In keeping
with this, recent studies have shown that GluK2/GluK5
heteromers have a subunit copy number of 2:2 (Reiner
et al. 2012). Interestingly, prolines are found in many
transmembrane α-helices of transport proteins and ion
channels, as is the case in the present study, but are
uncommon in water-soluble helices (Brandl & Deber,
1986; Barlow & Thornton, 1988; Tieleman et al. 2001).
They are most frequently located on the hydrophilic side
of the helix (Woolfson & Williams, 1990), where they
destabilize the helix and tend to produce hinges, kinks
or swivels (Cordes et al. 2002). Given these observations,
we hypothesized that the proline found in the re-entrant
P-loop of the GluK5 subunit might result in a similar
structural rearrangement in the KAR channel pore, as
has been proposed for the S6 α-helix in Shaker (Bright
et al. 2002) and the M2 helix in KcsA potassium
channels (Fowler & Sansom, 2013). In the latter case, the
introduction of prolines in the M2 helices predicted the
formation of kinks and helical rearrangement after only
10 ns of MD simulation, with the pore helices adopting
2-fold symmetry instead of 4-fold symmetry (Fowler &
Sansom, 2013). Similarly, the introduction of prolines in
the P-loop of the NaK channel pore, which was used in
the present study as a model of the KAR channel pore,
resulted in small changes in the position of the outer region
of the helices. Accordingly, our data suggest that reduced
channel block and enhanced polyamine permeation rates
occur through an increased structural flexibility of the
pore α-helices due to proline residues that bring about
an asymmetrical re-arrangement and enlargement of the
KAR channel pore.

Auxiliary proteins and polyamine block

Auxiliary proteins of AMPARs and KARs are not
pore-forming components of the channel (Chen et al.
2000; Tomita et al. 2003; Zhang et al. 2009) and therefore it
has been unclear how they cause attenuation of polyamine
channel block. The proximal end of the C-terminal region
of the TARP, γ-2 or stargazin, has been shown to attenuate
polyamine block of AMPARs through a mechanism that
involves a direct interaction with the intracellular domain
of GluA1 or GluA4 subunits (Soto et al. 2014). A similar
finding has been reported with Neto2, where positive
residues in the proximal intracellular C-terminal domain
are implicated in reducing polyamine block (Fisher &
Mott, 2012). Although it is still unclear how these residues
affect inward rectification of GluK2 channels, we found
that the auxiliary protein achieves this by increasing the
blocker permeation, which seems at odds with the charge
screening hypothesis. Our data demonstrate that Neto1
and Neto2 exert a structural effect on the channel pore

that is distinct from that seen in GluK2/GluK5 heteromers.
Exactly how auxiliary proteins achieve this remains to
be investigated. However, given the similarity between
the effect of auxiliary proteins on KARs and AMPARs,
we predict that TARPs and cornichons are likely to
attenuate polyamine block of AMPARs by the same
mechanism, i.e. by increasing polyamine permeation.
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Movie S1. MD simulation of the NaK channel with 2 Pro
substitutions. This movie illustrates the MD simulation
of the 2Pro mutant of the NaK channel over 500 ns.
Ser57 was substituted with a Pro residue in opposing
subunits A and C, and the Cα of the inserted Pro is
shown as a yellow sphere. The NaK structure is inverted
so that the orientation of the helices matches that of the
kainate receptor. The four subunits of the tetramer are
shown as pairs of opposing subunits. The A and C sub-
units are on the left (cyan) and the B and D subunits
are on the right (orange). The original protein structure
is shown in white; the selectivity filter is highlighted in
magenta. The Pro-containing α-helices (cyan, including
the selectivity filter) tend to move outward, while the WT
helices (orange) tend to move inward.

Movie S2. MD simulation of the NaK with 2 Pro sub-
stitutions, intracellular view. This movie illustrates the
same MD simulation as in Movie S1, viewed from the
intracellular side. The Pro-containing helices (cyan) seem
to bend back, pulling the selectivity filter (magenta) away
from the original crystal structure (white). In contrast, the
selectivity filter for the WT helices tends to move slightly
closer, causing a more asymmetrical arrangement of the
filter, which in turn may affect polyamine permeation.
Movie S3. SMD simulation pulling pore-bound poly-
amines to the intracellular side. This movie illustrates the
binding (from left to right) of Spm, Spd and Put to the
WT NaK pore region simulated for 30 ns of relaxation
before being pulled to the intracellular side. Ligands are
illustrated with cyan carbon atoms and for clarity only
chains A and C are shown. Protein residues in the filter
are shown with licorice representation along with other
protein residues and water molecules within 4 Å of the
ligands.
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Foreword to Appendix B

I first joined the lab as an undergraduate student, interested in doing an

Honours Project for my B.Sc. in Biology. During this 8-month period, I learned

electrophysiology and studied kainate receptors. As it turns out, I was a fast

learner and was able to perform experiments efficiently, so at the end of my

Honours Project, I was asked to help finish some experiments for a manuscript that

was going to be submitted shortly. Since then, I have helped others on multiple

occasions.

In this appendix, you will find reprints of published articles to which I have

contributed and that pertain to ligand binding in KARs. The first article in this

appendix is the first article to which I contributed. At the time, there was evidence

that the degree of cleft closure in AMPARs was the mechanism behind partial

agonism (Armstrong and Gouaux, 2000; Jin et al., 2003; Fay et al., 2009).

However, despite their similarities with AMPARs, KARs may function differently.

Indeed, this study shows that the efficacy of many partial agonists, especially with

small amino acid ligands, is not correlated with cleft closure, with the exception of

kainate and domoate, which are associated with more open conformations due to

steric hindrance (Fay et al., 2009).

The following article presents novel amino acid-functionalized quinoxalines that

act as antagonists at GluK1 and GluK2 receptors. One of these antagonists binds in

the ligand-binding pocket with an unexpected orientation and causes variable domain

openings (Demmer et al., 2015), suggesting that the mechanism for their antagonism

may be to destabilize the clamshell closure.
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ABSTRACT
Two structural models have been developed to explain how
agonist binding leads to ionotropic glutamate receptor (iGluR)
activation. At �-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid (AMPA) iGluRs, full and partial agonists close the
agonist-binding domain (ABD) to different degrees whereas
agonist-induced domain closure is apparently fixed at N-meth-
yl-D-aspartate receptors. Although kainate (KA) iGluRs are
thought to behave like AMPA receptors, the issue has not been
formally tested because of the paucity of available receptor
agonists. Here we identify a series of structurally related full and
partial agonists at GluK2 (formerly GluR6) KARs and predict
their docking mode using the in silico ligand-docking program
FITTED. As expected, the neurotransmitter L-Glu behaved as a
full agonist but modest reduction (e.g., L-serine or L-aspartate)
or elongation (e.g., L-�-aminoadipate) in chain length generated

weak partial agonists. It is noteworthy that in silico ligand-
docking predicted that most partial agonists select for the
closed and not, as expected, the open or intermediate confor-
mations of the GluK2 ABD. Experiments using concanavalin-A
to directly report conformations in the intact GluK2 receptor
support this prediction with the full agonist, L-Glu, indistinguish-
able in this regard from weak partial agonists, D- and L-Asp.
Exceptions to this were KA and domoate, which failed to elicit
full closure as a result of steric hindrance by a key tyrosine
residue. Our data suggest that alternative structural models
need to be considered to describe agonist behavior at KARs.
Finally, our study identifies the responsiveness to several neu-
rotransmitter candidates establishing the possibility that en-
dogenous amino acids other than L-Glu may regulate native
KARs at central synapses.

iGluRs mediate the vast majority of excitatory neurotrans-
mission in the mammalian brain and have been implicated in
numerous CNS disorders (Bowie, 2008). Given this, much
research has focused on their structure-function properties
because, among other benefits, it provides a rational ap-
proach to drug discovery. Insight into their structure was
first advanced by homology modeling using the bilobed do-
main of bacterial amino acid binding proteins as a template
(Stern-Bach et al., 1994). Subsequently, the agonist-binding
domain (ABD) of the GluA2 (Collingridge et al., 2009) (for-
merly GluR2 or GluRB) AMPAR was crystallized, revealing

the predicted clamshell-like structure of globular domains 1
and 2 that close upon agonist binding (Armstrong and
Gouaux, 2000). Since then, a similar approach has permitted
the atomic resolution of ABDs of all iGluR family members,
including the KAR (Mayer, 2005; Nanao et al., 2005),
NMDAR (Inanobe et al., 2005), and, more recently, the �-2
orphan iGluR (Naur et al., 2007). From these studies, two
structural models of agonist behavior have emerged. At the
NR1 NMDAR subunit, full and partial agonists differ little in
the conformational change they elicit in the ABD (Inanobe et
al., 2005). In contrast, at AMPARs, agonist efficacy is thought to
reside in the conformations adopted by the ABD, full agonists
more effective at promoting domain closure than partial ago-
nists (Armstrong and Gouaux, 2000; Jin et al., 2003).

Although KARs are thought to behave like AMPARs, the
structural basis of agonist efficacy of this receptor family has
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not been firmly established for several reasons. First and
foremost, there are fewer agonist-bound crystal structures
available to make the comparison. To date, the ABD of GluK1
and/or GluK2 bound by the full agonist L-Glu and partial
agonists KA and domoic acid (Dom) have been resolved at
atomic resolution (Mayer, 2005; Nanao et al., 2005). Other
structures for quisqualic acid (QA) and SYM 2081 have also
been described (Mayer, 2005) but it is not yet clear whether
they act as full or partial agonists. Second, the extent of
domain closure elicited by the full agonist, L-Glu, differs from
partial agonist, KA, by only 3° (Mayer, 2005), which is mod-
est in comparison with the effect of the same agonists at
AMPARs (e.g., L-Glu versus KA, 8° difference) (Armstrong
and Gouaux, 2000). An added complication is that the apo
state of the KAR ABD has yet to be resolved; therefore, the
extent of domain closure is given with respect to the GluA2
AMPAR apo state. Third and finally, KARs require external
anions and cations as well as the neurotransmitter L-gluta-
mate for activation (Wong et al., 2006), a property not shared
by AMPARs (Bowie, 2002). Given this, it is possible that the
degree of activation of KARs is shaped not only by the agonist
molecule but also by external ions.

Here, we have tested the functionality of a range of L-Glu
analogs as a first step in understanding the structural basis
of agonist behavior at KARs. To complement this data, we
also used the in silico ligand-docking program FITTED to
predict the conformation of the ABD preferred by each ago-
nist. It is noteworthy that this combined approach suggests
unexpectedly that most partial agonists select for the closed
and not the open or intermediate conformation of GluK2
ABD. This finding suggests that agonist efficacy at KARs
may not be solely determined by the extent of closure in the
GluK2 ABD; therefore, alternative structural models may
need to be considered.

Materials and Methods
Cell Culture and Transfection. Techniques used to culture and

transfect mammalian cells to express GluR6 KARs have been de-
scribed in detail elsewhere (Bowie, 2002). In brief, tsA201 cells, a
transformed human embryonic kidney 293 cell line stably expressing
a simian virus 40 temperature-sensitive T antigen (provided by R.
Horn, Jefferson Medical College, Philadelphia, PA) were maintained
at a confluence of 70 to 80% in minimal essential medium with
Earle’s salts, 2 mM glutamine, and 10% fetal bovine serum supple-
mented with penicillin (100 units/ml) and streptomycin (100 �g/ml).
After plating at low density (2 � 104 cells/ml) on plastic dishes, cells
were transfected with cDNA encoding unedited rat glutamate recep-
tor subunit 6 using the calcium phosphate technique as described
previously (Bowie, 2002). The cDNA for enhanced green fluorescent
protein (S65T mutant) was routinely cotransfected to identify trans-
fected cells. In this and all subsequent publications from our labora-
tory, we adopt the recommended change to iGluR nomenclature
(Collingridge et al., 2009). Consequently, GluR6 will be referred to as
GluK2 and the GluR-B or GluR2 AMPAR subunit as GluA2.

Electrophysiological Solutions and Techniques. All ligands
tested in this study were dissolved in external solutions containing
150 mM NaCl and 5 mM HEPES with low concentrations of CaCl2
and MgCl2 (0.1 mM each) to avoid divalent block. For dose-response
relationships to D- and L-Asp (Fig. 3D), however, agonists were
applied at concentrations (i.e., �100 mM) that would cause a shift in
reversal potential as a result of changes in the driving force for the
main permeant ion, Na�. To avoid this, the ionic strength of all
solutions was increased to 200 mM, with the desired agonist concen-

tration balanced by the appropriate amount of NaCl. All concen-
trated ligand solutions were adjusted to pH 7.3 with NaOH before
being stored at �20°C. Saturating agonist concentrations chosen for
L-Glu (10 mM), kainate (1 mM), domoate (50 �M) were at least 5-fold
higher than published EC50 values at GluK2 receptors. We con-
firmed empirically that these concentrations were saturating by
doubling the agonist concentration in each case and observing that
peak response amplitudes were unchanged. For sulfur-containing
amino acids, QA, SYM 2081, and L-�-aminoadipate, saturating levels
were determined empirically by increasing concentrations until a
maximal response was observed. In cases in which millimolar con-
centrations of agonist were required for activation (e.g., 40 mM
L-cysteic acid), the reported response amplitudes were corrected for
the shift in the reversal potential observed. Internal pipette solution
contained 115 mM NaCl, 10 mM NaF, 5 mM HEPES, 5 mM
Na4BAPTA, 0.5 mM CaCl2, 1 mM MgCl2, and 10 mM Na2ATP to
chelate endogenous polyamines. The pH and osmotic pressure of
internal and external solutions were adjusted to 7.3 and 295
mOsmol/kg, respectively. Concanavalin-A (Con-A) (Sigma, St. Louis)
was prepared in glucose free saline solution and filtered (0.2 �m
filter, Corning) immediately before use as described previously
(Bowie et al., 2003). All recordings were performed with an Axopatch
200B amplifier (Axon Instruments Inc., CA) using thin-walled boro-
silicate glass pipettes (2–5 M�) coated with dental wax to reduce
electrical noise. Control and agonist solutions were rapidly applied to
outside-out patches excised from transfected tsA201 cells as de-
scribed previously (Bowie, 2002). Solution exchange (10–90% rise-
time � 25–50 �s) was determined routinely at the end of the exper-
iment by measuring the liquid junction current (or exchange current)
between the control and agonist-containing solution in which total
Na�-content was reduced by 5%. Current records were filtered at 5
kHz, digitized at 25 to 50 kHz and series resistances (3–10 M�)
compensated by 95%. Most recordings were performed at �20 mV
membrane potential to ensure adequate voltage clamp control of
peak currents. Data acquisition was performed using pClamp9 soft-
ware (Molecular Devices, Sunnyvale, CA). All experiments were
carried out at room temperature (22 to 23°C).

Overview of the Docking Program FITTED. Conformational
changes in the ligand-binding domain of iGluRs have been investi-
gated through X-ray crystallography. Previous X-ray data have re-
vealed two fundamental features pertaining to the ligand-binding
domain of iGluRs, which has made it difficult to accurately model
these proteins. First, the model must allow for protein flexibility,
because it is well established that the ligand-binding domain can
adopt a range of degree of clamshell closure. Moreover, given that
water molecules have been shown to play a key role in stabilizing the
ligand in the binding cleft of both AMPA and KARs (Mayer, 2005),
the docking program would have to allow for displacement and
movement of waters. Until recently, docking software that simulta-
neously accounted for these features in their search algorithm was
not available. However, the development of a genetic algorithm
based docking program called FITTED 2.0 (Flexibility Induced
Through Targeted Evolutionary Description), which performs all
these functions has recently been described previously (Corbeil et al.,
2007). This docking tool can uniquely accommodate for displaceable
bridging water molecules, whereas treating the ligand/protein as a
realistically dynamic system, and therefore provides the most appro-
priate docking approach to investigate iGluRs. For data shown in
this study, we used FITTED version 2.0 using the semiflexible dock-
ing option with displaceable waters and, in each case, the pharma-
cophore-oriented docking function was used (Corbeil et al., 2007).

Protein and Ligand Structure Preparation before Docking.
The X-ray structures of GluK2 complexes were retrieved from the
Protein Data Bank (codes 1s50, 1s7y, 1sd3, 1s9t, 1tt1, 1yae) and
hydrogen atoms were added with their position optimized through
energy minimization. The result was visually inspected, as described
previously to ensure the optimum hydrogen bond network (Corbeil et
al., 2007). Six bridging water molecules found to be conserved
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throughout most of the ligand-protein complexes were retained for
the docking study. All protein structures were prepared using Pro-
CESS (a module of FITTED), and the ligands were fully ionized and
prepared with SMART (a module of FITTED) (Corbeil et al., 2007).

Docking Amino Acid Ligands using FITTED. The data ob-
tained from docking experiments are summarized in Table 1. Six
protein structures initially resolved with five different agonists were
used as input files [i.e., 1s7y (L-Glu), 1s9t (QA), 1sd3 (SYM 2081),
1tt1 (kainate), 1yae_a (domoate, conformation 1), and 1yae_b (do-
moate, conformation 2)]. All the original Protein Data Bank files
pertain to KAR dimer structures solved with different ligands
(Mayer, 2005) with the exception of 1yae, which was solved as a
hexamer (Nanao et al., 2005). To compare GluK2 monomers within a
given polymer, protein superimposition was achieved by aligning the
�-carbons of the residues found with at least one atom within 10 Å
from the ligand. With the exception of 1yae, all the monomers within
a given polymer were identical. Therefore, only one of the monomers/
dimer was retained for the docking studies. As for 1yae, two mono-
mers (1yae_a and 1yae_b) were retained as input files to allow for
greater protein fluctuations within the binding pocket. The five
agonists (L-Glu, QA, SYM 2081, KA, and domoate) were docked using
six protein structures as input files (1s7y, 1s9t, 1sd3, 1tt1, 1yae_a,
and 1yae_b). As previously reported, comparison of the crystal struc-
tures reveals three distinct protein conformations that we will refer
to as closed, intermediate, and open. Consistent with the identical
degree of domain closure observed with the binding of L-Glu (1s7y),
SYM 2081 (1sd3), or QA (1s9t) at GluK2 crystals, the computed
root-mean-square deviation (RMSD) between the active site of all
three protein structures were small (1s7y and 1sd3, 0.24 Å; 1s7y and
1s9t, 0.46 Å; 1sd3 and 1s9t, 0.51 Å). For the remainder of the text,
the term “closed” conformation will be used to refer to any of these
three protein conformations. In agreement with crystallographic
studies (Nanao et al., 2005), the “open” state will denote the confor-
mation observed with domoate-bound crystals (RMSD between 1s7y
and 1yae, 1.6 Å). Finally, the conformation adopted by the kainate-
bound GluR6 crystal conformation will be termed “intermediate”
(RMSD between 1s7y and 1tt1, 0.91 Å).

We assessed the validity of FITTED 2.0 for GluK2 KARs in several
ways. First, we performed statistical analysis comparing the ligand
bound in the actual crystal structures with the docked ligand pre-
dicted by FITTED. A ligand pose was considered successfully docked
when the RMSD relative to the ligand bound in the actual crystal
structure was below 2.0 Å (Table 1) (Corbeil et al., 2007). Second, the
protein structure was considered to be accurately selected when the

population favored that specific protein conformation over others
(Corbeil et al., 2007). Third, we compared the number and position of
water molecules in the crystal structure with that predicted by
FITTED. In all cases, FITTED correctly predicted the number and
position of water molecules. For each pose, FITTED used the Rank-
Score function to yield a docking score, an estimation of the free
energy of binding including entropic contributions (Table 1). It is
noteworthy that although the scoring function has been trained to
reproduce free energies of binding, the accuracy level is not high
enough to make highly accurate predictions within two orders of
magnitude in Ki. In addition, the apparent agonist affinity (see Fig.
3) is not governed only by the free energy of agonist binding but also
by multiple aspects of ion-channel behavior that include channel
gating properties and desensitization. A minimum set of 10 runs was
carried out for each ligand (Corbeil et al., 2007). An initial population
of 500 was enough for docking of all GluK2 KAR ligands to reach the
convergence criterion. Moreover, a maximum of 500 generations was
used to reach convergence for each ligand.

Assumptions of Molecular Docking Strategy. To perform mo-
lecular ligand docking experiments, four assumptions were made.
First, our modeling strategy pertained to transposing the informa-
tion obtained from resolved crystal with the behavior of the mature
receptor under physiological conditions. Our electrophysiological re-
cordings from GluK2 KARs were performed under physiological pH
7.3 to 7.4, whereas most of the GluK2 S1S2 isolated cores were
crystallized under conditions that were significantly more acidic
(ranging from 4.0 to 6.5). To assess the effect (if any) of these pH
fluctuations, we compared the two GluK2 KAR crystals in complex
with L-Glu that were cocrystallized at distinct pH (1s50, pH 8.0;
1s7y, pH 4.8) (Mayer, 2005). Visual inspection of the superimposed
protein-ligand complexes revealed no significant differences between
the two structures. We therefore used the 1s7y structure and did not
further consider 1s50 in our analysis. Second, our modeling experi-
ments assumed that all the amino acids tested bind in the same
cavity between the S1S2 domains (i.e., the orthosteric site) as pre-
viously reported for other ligands cocrystallized with GluK2 KARs.
Third, because the apo state of GluK2 KARs has yet to be resolved,
the degree of domain closure of the agonist-binding domain was
obtained in comparison with the apo state of GluA2 AMPA receptor.
Fourth, we have assumed that L-Glu analogs bind to one of the three
known GluK2 conformations identified through X-ray crystallogra-
phy (open, intermediate, and closed). The computed RMSD between
the active sites of structures for L-Glu (1s7y), SYM 2081 (1sd3) and
QA (1s9t) were small (1s7y and 1sd3, 0.24 Å; 1s7y and 1s9t, 0.46 Å;

TABLE 1
Functional and structural properties of GluK2 KAR agonists
Functional properties of responses elicited by the sixteen GluK2 receptor agonists examined in this study. Structural information obtained with FITTED are also provided.
All data are expressed as the mean 	 S.E.M.

Agonist, Concentration Range Peak Ligand Category

Conformation

RMSD Docking Score
(FITTED)

Selected (FITTED) Experimental
(Crystallography)

% n

L-Glu,10 mM 100 43 Full Closed Closed 0.34 �5.73
SYM 2081, 1–3 mM 102.0 	 7.7 3 Full Closed Closed 0.24 �6.52
QA, 1–3 mM 90.0 	 1.1 3 Full Closed Closed 2.0 �8.70
L-Cys, 10–60 mM 73.6 	 1.9 4 Partial Closed �5.60
SSC, 1–2 mM 64.1 	 7.6 5 Partial Closed �8.06
HCSA, 10–40 mM 58.0 	 5.4 5 Partial Closed �6.84
KA, 1–3 mM 39.1 	 2.0 10 Partial Intermediate Intermediate 0.46 �8.33
HC, 10–40 mM 34.4. 	 3.4 8 Partial Closed �6.62
CSA, 10–40 mM 31.72 	 3.75 3 Partial Closed �6.97
Dom, 50–150 �M 15.3 	 1.9 8 Partial Open Open 1.2 �8.88
L-Aminoadipate, 10–40 mM 14.05 	 0.19 4 Partial Closed �6.70
D-Asp, 10 mM 3.6 	 1.15 6 Partial Closed �6.29
L-Asp, 10 mM 0.95 	 0.39 5 Partial Closed �5.13
SOS, 1–20 mM 0.52 	 0.7 3 Partial Closed �7.24
L-Ser, 10 mM 0.26 	 0.3 3 Partial Closed �5.01
D-Ser, 10 mM 0.05 	 0.5 3 Partial Closed �4.96
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1sd3 and 1s9t, 0.51 Å), and therefore their domain closure was
considered indistinguishable in agreement with previous structural
analysis (Mayer, 2005).

Results
L-Glu Analogs Exhibit a Wide Range of Agonist Ac-

tivity at GluK2 Receptors. In an effort to identify receptor
ligands that exhibit the full range of agonist behavior, we
studied the kinetic properties of a number of commercially
available L-Glu analogs (see Materials and Methods). In all
cases, agonists were applied at saturating concentrations
and at frequencies that permit full recovery from desensiti-
zation. Figure 1 shows the extended structure of the selected
amino acids all of which possess a common L-Glu backbone.
We purposely chose this group of amino acids because they
would provide information on how agonist efficacy is shaped
by changes in chain length, atom substitution, as well as the
addition of side groups and/or sulfur groups. Agonist activity
of several of these amino acids have been previously reported
at AMPARs, NMDARs, and metabotropic glutamate recep-
tors (Patneau and Mayer, 1990; Kingston et al., 1998) but not
yet at KARs.

Almost all amino acids tested elicited membrane currents
that consisted of a rapidly rising peak response, which de-
clined in the presence of the agonist to a new equilibrium
level (Fig. 2 upper, Table 1). In some cases, as with L-serine-
O-sulfate (SOS) and stereoisomers of serine (Ser) and aspar-
tate (Asp), responses were difficult to resolve because of their
small amplitude (even in high-expressing patches), which
made detailed kinetic analysis problematic (Figs. 2 and 3).
Nevertheless, a wide range of agonist efficacy was observed
among all the amino acids tested (Fig. 2, bottom). For exam-
ple, five sulfur-containing amino acids exhibited the follow-
ing rank order of efficacy: L-cysteic acid (L-Cys, 40 mM) �
S-sulfo-L-cysteic acid (SSC; 20 mM) � L-homocysteine
sulfinic acid (HCSA; 40 mM) � L-homocysteic acid (HC; 20
mM) � SOS (1 mM) based on peak response amplitude with
saturating agonist concentrations (Fig. 2, top). As mentioned
above, SOS evoked barely detectable responses demonstrat-
ing that even modest changes to the agonist structure has
pronounced effects on agonist efficacy (Fig. 2, top). In this
case, replacement of the sulfur atom at the �-position with an
oxygen converted the partial agonist, SSC, into the poorly
stimulating SOS. Except for SYM2081 and QA, all other
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Fig. 1. Extended structure of GluK2 receptor agonists. Schematic diagram showing the extended structure of all the amino acids selected for
investigation. All amino acids are structural analogs of L-Glu and thus were chosen purposely to provide information on how changes in chain length,
atom substitution, and the addition of side groups and/or sulfur groups affect agonist efficacy. Each structure is identified by both its common and
IUPAC nomenclature.
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agonists tested were partial agonists because they elicited
peak responses smaller than that observed with L-Glu (one
sample t test, p 
 0.01; Fig. 2, bottom). Finally, modest
reduction (e.g., L-serine and L-aspartate) or elongation (e.g.,
L-�-aminoadipate) in chain length of the L-Glu structure gen-
erates weak partial agonists suggesting that the KAR ABD is
optimized for the binding of this amino acid.

Desensitization Does Not Profoundly Affect Esti-
mates of Peak Response Amplitude. Although solution
exchanges performed in this study were rapid, relative rates
of activation and desensitization may vary among different
agonists. Consequently, agonists designated as poorly con-
ducting (i.e., weak partial agonists) may, in fact, behave as
full agonists if studied in the absence of desensitization. To
address this issue, we looked more closely at SOS and the
stereoisomers (i.e., D and L) of both Asp and Ser, which were
ideal for this purpose because these ligands represent the
five weakest responding agonists, which, as explained above,
may reflect genuine partial agonist activity or result from
rapid rates into desensitization. To delineate between these
two possibilities, we examined agonist responses after treat-
ment with the plant lectin, concanavalin-A (Con-A).

Although Con-A does not block desensitization or shift

apparent agonist affinity, it irreversibly increases current
flow through GluK2 KARs (Bowie et al., 2003). We reasoned
that this property would permit better resolution of re-

Fig. 2. Response profile of an extended series of GluK2 kainate receptor
agonists. Top, structure-function relationship of five sulfur-containing
amino acids aligned in order of peak agonist responsiveness. To allow
comparison between experiments, membrane currents were normalized
to the peak L-Glu response in each recording. Patch numbers were
04622p4 (L-Cys), 04629p2 (HCSA), 060720p1 (HC), 060720p4 (SSC)b, and
04621p1 (SOS). Bottom, summary bar graph comparing the peak re-
sponse amplitude observed with saturating concentrations of each amino
acid (n � 8–43 patch recordings). The data are arranged in increasing
order of responsiveness, from very weak partial agonists (stereoisomers
of serine and aspartate as well as SOS) to QA, SYM 2081, and L-Glu,
which are full agonists. All data are expressed as the mean 	 S.E.M.

Fig. 3. Stereoisomers of aspartate are partial agonists at GluK2 kainate
receptors. A, representative membrane currents elicited by 10 mM L-Glu,
10 mM L-Asp, and 1 mM SOS (patch numbers 080425p2). The dotted line
denotes the zero current level. B, typical electrophysiological recordings
elicited by 10 mM L-Glu, L-Asp, and D-Asp (10 mM each) before (black
line) and after (gray line) Concanavalin-A (3 min) treatment in the same
patch (patch number 080425p2). Con-A treatment reveals that both D-
and L-Asp elicit rapidly rising, nondesensitizing membrane currents that
quickly deactivate upon cessation of the agonist application. C and D,
activation curves to L-Glu as well as D- and L-Asp reveal that stereoiso-
mers of Asp are weak partial agonists with significantly lower affinity
than with the full agonist L-Glu.
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sponses elicited by weakly responding agonists. Before Con-A
treatment, typical responses elicited by each of these ago-
nists were small in amplitude, which made accurate analysis
of their kinetic properties problematic as shown in Fig. 3A for
10 mM L-Asp and SOS. To allow comparison, membrane
currents elicited by the full agonist, L-Glu (10 mM), in the
same patch recording are shown superimposed (Fig. 3A). As
anticipated, Con-A treatment (10 �M, 3–5 mins) increased
current flow through GluK2 receptors activated by SOS and
stereoisomers of both Asp and Ser, making it possible to
routinely study their peak responses (Fig. 3B). From detailed
analysis of the stereoisomers of Asp, two important charac-
teristics of their response were revealed that unequivocally
demonstrate that they behave as partial agonists. First, ste-
reoisomers of Asp elicited rapidly rising, nondesensitizing
membrane currents showing that these agonists are not
weakly responding because of the rapid onset of desensitiza-
tion (Fig. 3B). Second, construction of activation curves for
each agonist revealed that maximal responses in each case
were significantly smaller than with L-Glu (Fig. 3C). Com-
pared with the maximal response elicited by L-Glu, responses
to saturating concentrations of D- and L-Asp were 2.5 	 0.1%

and 3.0 	 0.3% (n � 4–6), respectively. In addition, estimated
EC50 values (Hill coefficient, nH) for D-Asp and L-Asp were
1.2 	 0.1 mM (nH � 1.7 	 0.3) and 19.4 	 4.7 mM (nH � 2.2 	
1.1), respectively, compared 0.5 	 0.1 mM (nH � 0.8 	 0.1) for
L-Glu (Fig. 3, C and D). Taken together, these observations
directly demonstrate that D -and L-isomers of Asp elicit re-
sponses of small amplitude because they are partial agonists
and not due to the rapid onset of desensitization.

In Silico Ligand-Docking Correctly Identifies Con-
formations Adopted by the Gluk2 Agonist-Binding Do-
main. To combine this functional data with in silico ligand-
docking using FITTED, we first focused on receptor agonists
previously cocrystallized with the isolated ligand binding
core of GluK2 (Mayer, 2005; Nanao et al., 2005). From elec-
trophysiology recordings, we already identified kainate (1
mM KA) and domoate (50 �M Dom) as partial agonists at
GluK2 receptors with L-glutamate (10 mM L-Glu), SYM 2081
(3 mM), and quisqualate (3 mM QA) all behaving as full
agonists when applied at saturating concentrations (Fig. 4, A
and B). Peak KA and Dom responses were 39.1 	 2.0% (n �
10) and 15.3 	 1.9% (n � 8) respectively of the maximal full
agonist response (Fig. 4B, Table 1). Previous structural work

Fig. 4. FITTED accurately predicts conformations adopted by the GluK2 agonist-binding domain. A, membrane currents evoked by L-Glu (10 mM,
250-ms duration, Hp � �20 mV), KA (1 mM), and Dom (50 �M) in the same outside-out patch containing homomeric GluK2 channels (patch number
030724p2). �, Dom response is drawn on a different time base. B, summary plot showing peak responses evoked by five agonists, all of which have been
cocrystallized with the GluK2 KAR: L-Glu (n � 13), SYM 2081 (n � 3), QA (n � 3), KA (n � 13), and Dom (n � 8). All data are expressed as the mean 	
S.E.M. C, extended molecular structures showing that kainate and domoate have a common L-Glu backbone (red labeling). D to F, superimposition
of the GluK2 agonist-binding pocket containing L-Glu, KA, and Dom where the solved crystal structures are compared with that docked by FITTED.
In this and subsequent figures, the numbering of amino acid residues begins at the start site of the open reading frame and therefore includes the
signal peptide. The solved crystal structures are shown in yellow, whereas the modeled structures are in blue. Key residues as well as agonist and
water molecules are shown as sticks. L-Glu, KA, and Dom selected the closed (green), intermediate (red), and the open conformations (purple),
respectively. Note that binding of KA and Dom displaces one of the key surrogate water molecules, which are present in the L-Glu-bound crystal.
Nonpolar hydrogens are omitted for clarity.
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has shown that Dom induces domain closure of 12.3°, KA
elicits an intermediate closure of 23.3°, whereas the degree of
domain closure with SYM 2081, QA, and L-Glu are between
26.2° to 26.6° (Mayer, 2005; Nanao et al., 2005). Conse-
quently, our electrophysiological data support the current
view that agonist efficacy is determined by the degree of
closure in the GluK2 ABD (Mayer, 2005; Nanao et al., 2005).

To look at domain closure and binding mode, we performed
in silico ligand-docking with the same series of receptor ago-
nists using FITTED (Fig. 4, D–F). FITTED is a suite of
programs that is unique in that the fitting process permits
flexibility in macromolecules (side chains and main chains)
and the presence of bridging water molecules while treating
protein/ligand complexes as realistic dynamic systems (Cor-
beil et al., 2007). These characteristics are particularly rele-
vant to the iGluR ABD because ligand and protein flexibility
as well as water molecule mobility are critical determinants
of agonist behavior (Arinaminpathy et al., 2006). In practical
terms, agonists were docked to previously published struc-
tures of GluK2 that together represent the closed, interme-
diate or open conformation of the ABD (see Materials and
Methods for details). It is important to emphasize that the
final structure only ever represents a composite of these
input structures and that FITTED cannot predict a com-
pletely novel structure. Upon convergence of the fitting pro-
cess, we were able to assign a preferred conformation of the
GluK2 ABD to each agonist.

In agreement with published X-ray crystal structures
(Mayer, 2005; Nanao et al., 2005), the full agonist, L-Glu,
selected the closed conformation (Fig. 4D), whereas the par-
tial agonists, KA and Dom, selected intermediate and open
conformations, respectively. Superimposition of the agonist-
receptor complexes observed with FITTED and published
X-ray crystal structures reveal that the structures obtained
by each approach were indistinguishable (Fig. 4, D–F). In
support of this, comparison of the computed RMSDs between
the crystal and docked structures for L-Glu, KA and Dom
were 0.34, 0.46, and 1.2 Å, respectively (Table 1) indicating
that the ligand pose was accurately selected for each agonist.
A closer view of the GluK2 ligand-binding pocket (Fig. 4,
D–F) reveals key water molecules and selected amino acid
residues involved in ligand recognition. For example, Arg523
and Ala518 are involved in H-bonding with the �-carboxyl
group of all ligands. In contrast, Thr690 is involved in both
direct hydrogen bonding with the �-carboxyl group and indi-
rect interactions through surrogate water molecules. Two
other full agonists previously crystallized, SYM 2081 and
QA, also selected the closed clamshell conformation with
small computed RMSDs (SYM 2081, 0.24 Å; QA, 2.0 Å; Table
1). Taken together, our findings validate the use of FITTED
in providing information on the conformational state adopted
by the GluK2 ABD bound by different receptor agonists.

Agonist Efficacy and Predictions of Domain Closure
Do Not Correlate. We next broadened our analysis to in-
clude all L-Glu analogs. With the exception of KA and Dom,
FITTED predicted that all amino acids bind preferentially to
the closed conformation, suggesting that agonist efficacy and
the degree of closure in the GluK2 ABD are apparently not
correlated (Fig. 5). At first glance, this result was perplexing,
because it suggests that weak partial agonists, such as ste-
reoisomers of Asp or Ser, elicit similar degrees of conforma-
tional change as L-Glu (Fig. 5B). Our immediate concern was

Fig. 5. Tyrosine 488 prevents full cleft closure with domoate and
kainate. A, docking of L-aminoadipate (AA; left) and CSA (right) to
GluK2 KARs using FITTED selects the closed conformation (green)
in each case. The modeled structures are shown in orange and green,
respectively. B, summary plot showing the conformation selected
by each L-Glu analog using FITTED. Agonists previously cocrystal-
lized with GluK2 are labeled as open circles, whereas the conformation
selected by newly identified ligands is denoted by a filled circle.
C, superimposition of the GluK2 ABD in complex with L-Glu (green)
and Dom (pink). Note that different shading intensities have been
used to distinguish between amino acid residues in the GluK2 ABD
from the agonist molecule. In addition, only the protein backbone
of the closed conformation is illustrated. Note that the pyrrolidine
ring of Dom elicits a displacement of the Tyr488 residue as well as
a water molecule (W6) normally found in the L-Glu-bound crystal
structure. It is noteworthy that KA has the same effect though to a
lesser extent because of to its smaller side-chain that extends from
the pyrrolidine ring. Agonists, water molecules, and selected key res-
idues are shown as sticks. Nonpolar hydrogens have been omitted for
clarity.
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that the outcome of the modeling represented a local mini-
mum in the fitting process that is nonsensical from a biolog-
ical perspective. However, we excluded this on two counts.
First, FITTED already predicted the correct docking orien-
tation of ligands previously crystallized with the GluK2 ABD
(see Figure 4). Second, the binding mode of all other docked
agonists was comparable with the binding orientation ob-
served with L-Glu as would be expected. Typical binding
orientation is illustrated by a visual inspection of the GluK2
ligand-binding pocket docked with L-�-aminoadipate and L-
homocysteine sulfinic (Fig. 5A). In each case, the �-carboxyl
groups of both partial agonists are predicted to form H-bonds
with Ala518, Arg523, and AlaA689 (Fig. 5A), whereas the
�-amino group is predicted to interact with Pro516 and
Glu738 (data not shown). As expected, FITTED predicts that
the terminal-carbon interacts with Thr690 via direct H-bond-
ing and surrogate water molecules.

An additional concern was that the limited number of
structures of the KAR ABD may bias the outcome of our
analysis with FITTED. Although important to consider, we
feel that this issue is not critical in our case, because the
structures we have used cover an appreciable range of cleft
closure in the GluK2 ABD from 12.3° for Dom to 26.2° to
26.6° for L-Glu (Mayer, 2005; Nanao et al., 2005). Further-
more, these structures represent the preferred conformations
of full agonists (i.e., L-Glu, SYM 2081, and QA) to moderate
and weak partial agonists (e.g., KA, Dom). FITTED does not
provide information on whether the ABD adopts discrete or a
limitless range of conformations after agonist binding. Nor
does it identify any putative twist motion proposed from
molecular dynamics to occur with partial agonists acting on
GluA2 AMPARs (Bjerrum and Biggin, 2008). However, given
these limitations, FITTED still permits us to examine the
more general issue of whether there is any proposed relation-
ship between cleft closure and agonist efficacy.

It is not wholly surprising that FITTED predicts that weak
partial agonists, such as Asp or Ser, elicit the same degree of
domain closure as full agonists, such as L-Glu, especially
because almost all ligands used in this study have compact
structures. Consequently, it is reasonable that most of the
agonists we have docked using FITTED prefer the closed
rather than the open or intermediate conformation of the
KAR ABD. This conclusion is supported by recent work on
AMPARs that has established the precedence that agonist
efficacy need not be correlated with the degree of cleft closure
(Zhang et al., 2008). Specifically, Zhang et al. (2008) found
that mutation of the Thr686 residue of the GluA2 AMPAR
renders L-Glu a partial agonist but yet structural changes
elicited are indistinguishable from wild-type receptors. The
exceptions to this at GluK2 receptors are KA and Dom, which
prefer the intermediate and open conformations. However, as
explained below, this observation can be simply accounted for
by steric hindrance within the KAR ABD that limits the
closure achieved by more bulky ligands, such as KA and
Dom.

Domain Closure Is Determined by Ligand Interac-
tion with Tyrosine 488. If the degree of closure in the ABD
is not correlated with agonist efficacy, what is the basis for
differences in closure observed with some agonists? Visual
inspection of the ligand-bound complexes predicted by FIT-
TED reveals an important property of the GluK2 ABD
unique to Dom- and KA-bound structures (Fig. 5C). Specifi-

cally, the large side chain that extends from position 4 on the
pyrrolidine ring of Dom causes a translational motion of
Tyr488 that prevents complete closure of the GluK2 ABD.
Likewise, the shorter side chain extending from the pyrroli-
dine ring of KA also causes steric hindrance but to a lesser
extent accounting for the intermediate closure of the ABD. In
contrast, all other amino acids tested, including the full ag-
onist L-Glu, do not interact directly with Tyr488 and, because
of their compact structure, allow complete closure of the
agonist-binding pocket (Fig. 5B). The exception to this is QA,
which possesses a bulky oxadiazolidine ring (Fig. 1). In this
case, however, the ring structure of QA occupies a different
region of the GluK2 ABD from the pyrrolidine ring of Dom
and KA. Consequently, QA binds to GluK2 permitting com-
plete closure of the ABD.

Conformational Changes Elicited by D- and L-Asp
Are Indistinguishable from L-Glu. Although docking ex-
periments with FITTED predicts that weak partial agonists,
such as D- and L-Asp, bind to the closed conformation of the
GluK2 ABD, it was nevertheless important to demonstrate
this experimentally. To do this, we examined GluK2 re-
sponses after pretreatment with Con-A (Fig. 6). Con-A binds
to a number of N-glycosylated residues in and around the
GluK2 ABD (Fay and Bowie, 2006). In the resting or apo
state of the GluK2 ABD, access to these sites is unrestricted;
as a result, Con-A can bind to the receptor. Con-A binding in
turn leads to the up-regulation of GluK2 responses as we
have described previously (Bowie et al., 2003; Fay and Bowie,
2006). A typical experiment showing this effect is illustrated
in Fig. 6A. Note that the equilibrium/peak response ratio to
10 mM L-Glu increased to 21.8 	 2.9% after pretreatment
with Con-A (10 �M, 3 mins) (Fig. 6, A and C). Conversely, if
appreciable conformational changes are induced in the
GluK2 ABD, such as occurs after L-Glu binding (Fay and
Bowie, 2006), Con-A access to its binding sites are signifi-
cantly restricted. As a consequence, pretreatment with
Con-A has only a modest effect on the GluK2 response. In the
example shown in Fig. 6A, the equilibrium/peak response
ratio to L-Glu observed after pretreatment with Con-A was
increased only to 6.7 	 1.8% (Fig. 6, A and C).

State-dependent modulation by Con-A was therefore used
to report the conformational changes elicited by D- and L-Asp.
As positive controls, we compared the amount of modulation
observed when GluK2 receptors were preincubated with
Con-A and one of three agonists (i.e., 10 mM L-Glu, 1 mM KA,
or 50 �M Dom) (Fig. 6, A and C). We have shown previously
that Con-A modulation of GluK2 receptors preincubated with
Glu, KA, or Dom corresponds to the closed, intermediate, or
open states of the ABD, respectively (Fay and Bowie, 2006)
(Fig. 6C). As negative controls, we examined pharmacological
compounds that would not be expected to induce significant
closure of the GluK2 ABD that were the competitive antag-
onist, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), as well
as the ion-channel blocker philanthotoxin (PhTX). Although
CNQX induces modest closure in the AMPAR ABD by acting
as a partial agonist (Menuz et al., 2007), this effect has not
been observed at KARs; consequently, we have assumed it
behaves as a competitive antagonist.

As expected, preincubation with CNQX or PhTX did not
interfere with the degree of modulation of GluK2 receptors by
Con-A (Fig. 6, B and C). In support of this, the degree of
Con-A modulation observed with CNQX or PhTX was similar
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to that observed for the open conformation of the GluK2 ABD
but statistically distinct from the closed or intermediate (Ta-
ble 2). These findings suggest that occupancy of the pore with

a channel blocker or the ABD with a competitive antagonist
does not evoke appreciable closure of the GluK2 ABD. In
contrast, preincubation with either D- or L-Asp significantly
reduced the degree of Con-A modulation (Fig. 6, B and C). In
support of this, the degree of Con-A modulation observed
with D-Asp or L-Asp was similar to that observed for the
closed conformation of the GluK2 ABD but statistically dis-
tinct from the open or intermediate (Table 2). This finding
further supports the central tenet of our study that weak
partial agonists, such as D- and L-Asp, elicit conformational
changes in the GluK2 ABD that are indistinguishable from
conformations elicited by the full agonist, L-Glu.

Although these observations are consistent with Con-A
reporting conformational changes in the GluK2 ABD, it was
nevertheless important to evaluate alternate explanations.
For example, it is possible that Con-A modulation reveals
that stereoisomers of Asp adopt a desensitized conformation
similar to that L-Glu instead of reporting the extent of cleft
closure. This possibility, however, is unlikely for three main
reasons. First, there is no available evidence to suggest that
conformational changes in the dimer interface that accom-
pany the onset of AMPA or KAR desensitization are agonist-
dependent (Armstrong et al., 2006; Weston et al., 2006),
which would be required to explain Con-A’s effects. Second,
Con-A binding and consequently modulation of GluK2 is
almost entirely eliminated by mutation of three key N-ter-
minal amino acid residues that do not participate in forming
the dimer interface (Fay and Bowie, 2006). Although residues
distant from the dimer interface may still regulate KAR
desensitization, GluK2 receptors that lack the N-terminal
desensitize normally (Plested and Mayer, 2007), suggesting
that this region of the intact receptor is not functionally
coupled to the dimer interface. Third and finally, Con-A does
not affect rates into or out of desensitization (Bowie et al.,
2003; Fay and Bowie, 2006), which would not be expected if
lectin binding reports separation in the dimer interface.
Given this, the most parsimonious explanation of our data is
that Con-A reports conformational changes in the ABD of
GluK2 receptor as discussed in detail elsewhere (Fay and
Bowie, 2006).

Discussion
To our knowledge, this study is the first to identify a series

of structurally related amino acids that exhibit the entire
range of agonist behavior at KARs. Analysis of their struc-

Fig. 6. Conformational changes elicited by L-Glu and stereoisomers of
Asp to the GluK2 agonist-binding pocket are indistinguishable. A, typical
experiment showing how modulation by Con-A reports conformational
changes in the GluK2 ABD (for details, see Fay and Bowie, 2006). Con-A
binds to a number of N-glycosylated residues in and around the GluK2
ABD. If agonist is bound, access to these sites is restricted; as a result,
Con-A has a much weaker effect on the L-Glu equilibrium response. In the
example shown, the equilibrium response is much smaller after coappli-
cation of Con-A and L-Glu (10 mM; patch number 030724p2) than when
Con-A is applied alone (control; patch number 01817p6). Filled and open
bars indicate the application period of 10 mM L-Glu and 10 �M Con-A,
respectively. The dotted line denotes the zero current level. The first and
third applications of 10 mM Glu had a duration of 250 ms. B, experimen-
tal traces showing the extent of Con-A modulation as described in A, with
D-Asp (patch number 071018p3), L-Asp (patch number 07906p1), CNQX
(patch number 07913p2), and philanthotoxin (PhTX, patch number
07104p1) compared with control. C, Summary bar graphs showing the
extent of Con-A modulation after cotreatment with various pharmacolog-
ical agents (L-Glu, n � 13; D-Asp, n � 4; L-Asp, n � 4; CNQX, n � 3; PhTX,
n � 3). The dotted lines on the graph denote the extent of Con-A modu-
lation observed for the open, intermediate, and closed conformations of
the GluK2 ABD, which we have described previously (A.-M.L. Fay and D.
Bowie, 2006). CNQX and PhTX adopt the open conformation of the GluK2
ABD because their degree of Con-A modulation exactly matches that
observed with Dom. In contrast, both D- and L-Asp adopt the closed
conformation because modulation with Con-A is statistically indistin-
guishable from that observed with L-Glu. All data are expressed as the
mean 	S.E.M.

TABLE 2
Statistical comparisons between the degree of Con-A modulation
observed with different GluK2 receptor ligands
The ability of stereoisomers of Asp, CNQX, and PhTX to affect Con-A modulation of
GluK2 receptors was compared with the modulation observed with L-Glu, KA, and
Dom using Student’s t test. The modulation observed by preincubating with stereo-
isomers of Asp was statistically significant from that observed with KA and Dom but
indistinguishable from L-Glu. In contrast, the modulation observed by pre-incubat-
ing with CNQX or PhTX was statistically significant from that observed with L-Glu
and KA but indistinguishable from Dom.

Ligand L-Glu (Closed) KA (Intermediate) Dom (Open)

D-Asp N.S. * *
L-Asp N.S. * *
PhTX ** ** N.S.
CNQX ** ** N.S.

N.S., not significant.
* Significant at P 
 0.05.
** Significant at P 
 0.01.
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ture-function relationship reveals that the agonist binding
pocket of KARs is ideally suited to respond to the neurotrans-
mitter, L-Glu, because modest changes in its chain length
generates weak partial agonists. Using both in silico docking
as well as measurements of conformations in the intact re-
ceptor, we show that the majority of full and partial agonists
select for the closed conformation of the GluK2 ABD. Al-
though this finding is not wholly surprising given the com-
pact structures of most ligands tested, it is inconsistent with
agonist efficacy being solely determined by the extent of
closure in the KAR ABD. Exceptions to this were the partial
agonists, KA and Dom, which select for the open and inter-
mediate conformations, respectively. However this finding
can be simply explained by steric hindrance due to the Tyr
488 residue in domain 1 of the GluK2 ABD. Our findings
suggest the value in looking more closely at the relationship
between agonist efficacy and the extent of agonist-induced
domain closure in KARs.

Can Other Mechanisms Account for Agonist Efficacy
at Kainate Receptors? Although the view that agonist
efficacy is governed by closure in the ABD has gained much
popularity, recent work on AMPARs has identified a differ-
ent mechanism (though not mutually exclusive) (Robert et
al., 2005; Zhang et al., 2008) that may also account for full
and partial agonist behavior at KARs. In essence, it is argued
that the time the ABD remains in the closed conformation
determines several gating properties of AMPARs including
agonist efficacy, deactivation rates as well as apparent ago-
nist affinity. For L-Glu, closed-cleft stability is optimized by
direct and indirect interactions with domains 1 and 2 of the
AMPAR ABD, which permit L-Glu to attain full agonist ac-
tivity while exhibiting rapid unbinding (Robert et al., 2005;
Zhang et al., 2008), essential features for any fast-acting
neurotransmitter. In the specific case of AMPARs, mutation
of a key threonine (i.e., Thr686) residue in domain 2 of the
GluR2 ABD, disrupts the optimization established between
the ligand and receptor. As a result, L-Glu is rendered a weak
partial agonist with much lower affinity (Robert et al., 2005).

There are several reasons to suggest that basic elements of
the mechanism proposed by Zhang et al. (2008) may also
account for differences in efficacy between L-Glu and stereo-
isomers of Asp reported in this study. First, activation curves
of partial agonists D- and L-Asp are shifted rightward com-
pared with the full agonist L-Glu (Fig. 3, C and D), suggesting
that, in this case, agonist efficacy and affinity may be tightly
correlated. Second, deactivation rates for stereoisomers of
Asp (e.g., D-Asp, � � 1.2 	 0.3 ms) were faster than with L-Glu
(� � 2.6 	 0.2 ms) (Bowie, 2002). Third and finally, the more
extended structure of L-Glu permits more contact points (di-
rect and indirect) to be established with the GluK2 ABD than
with D- or L-Asp (Fig. 7). This difference in agonist binding
would be expected to weaken the stability of the closed GluK2
ABD. It is noteworthy that L-Asp formed considerably less
contacts than D-Asp or L-Glu, which may explain its weaker
responsiveness based on analysis of activation curves (Fig.
3D). Although more work is required to rigorously test this
model, it provides a valuable framework for future work on
agonist behavior at KARs.

Are Amino Acids Other Than L-Glu Suitable Neuro-
transmitter Candidates at Kainate Receptors? Several
of the amino acids examined in this study are endogenous to
the CNS and have been previously evaluated as neurotrans-
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Fig. 7. Stereoisomers of Asp establish fewer contact points with the
GluK2 agonist binding pocket than L-Glu. Two-dimensional topographi-
cal maps of the GluK2 ABD shows that the number of contact points and
the binding orientation of the full agonist, L-Glu, and partial agonists, D-
and L-Asp. Topographical maps were deduced from structure complexes
obtained with FITTED. Note the number of contact points made by D- and
L-Asp was fewer than with L-Glu. In addition, the binding orientation is
different between L- and D-Asp, which would be expected for stereoiso-
mers of the same amino acid.
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mitter candidates at glutamatergic synapses. The candida-
ture of sulfur-containing amino acids, which include L-Cys,
HC, SSC, and HCSA, was considered after mechanisms that
lead to their release, uptake, and responsiveness (see below)
were identified (Do et al., 1986; Bouvier et al., 1991). Recent
attention has focused on their potent activation of metabo-
tropic glutamate receptors (e.g., Kingston et al., 1998). How-
ever, earlier work demonstrated that they also activate
iGluRs (Thompson and Kilpatrick, 1996). At the time, most
investigators argued for their greater ability to activate
NMDARs than AMPARs (Patneau and Mayer, 1990); how-
ever, their effect on KARs was never tested, because evidence
for the existence of this iGluR subclass had yet to emerge
(Bowie, 2008). In view of this, our data on homomeric GluK2
receptors suggests the value in testing the responsiveness of
native KARs to sulfur-containing amino acids. It is notewor-
thy that the most potent sulfur-containing amino acid in our
experiments, L-Cys, is a very weak partial agonist on homo-
meric GluR1 AMPARs (A.-M.L. Fay and D. Bowie, unpub-
lished observations). Therefore, it would be interesting in
future work to determine whether different non-NMDA re-
ceptor subtypes discriminate among sulfur-containing amino
acids.

In comparison, there is more compelling evidence linking
the stereoisomers of both serine and aspartate to roles in
glutamatergic transmission (Boehning and Snyder, 2003).
D-Ser was considered in this capacity only after it was shown
to act as a coagonist at the glycine binding site of NMDARs
(McBain et al., 1989). Because D-serine is expressed in dis-
crete populations of glial cells opposed to NMDARs (Schell et
al., 1997a), it has been categorized as a gliotransmitter
(Mothet et al., 2000; Panatier et al., 2006). The role of D-Asp
is more elusive, although it is found in the developing and
adult brain (Schell et al., 1997b). Accumulation of D-Asp in
CNS tissue has marked behavioral consequences, such as
impaired motor coordination (Weil et al., 2006), which is
consistent with its putative role as a transmitter at the
climbing fibers of the cerebellum (Wiklund et al., 1982). Like-
wise, L-Asp’s role in neurotransmission has centered on
NMDARs (Fleck et al., 1993), although it elicits a high cal-
cium conductance in cerebellar Purkinje cells that appar-
ently involves a novel iGluR (Yuzaki et al., 1996). Our study
shows that D- and L-forms of each amino acid are weak
partial agonists and, although these properties are not nor-
mally expected of a neurotransmitter candidate, it may be
interesting to evaluate their roles at native KAR-containing
synapses.

Conclusion
It is puzzling that not all iGluR subunits respond to the

neurotransmitter L-Glu. In fact, neither the NR1 NMDAR
subunit nor the orphan-class �-2 (�2) subunit even binds
L-Glu. Because the ancestral iGluR, GluR0, possesses an
L-Glu binding pocket (Chen et al., 1999), it is conceivable that
evolving NR1 and �2 subunits sacrificed this ability to serve
more specialized roles in the mammalian CNS. In this re-
gard, it is interesting that NMDARs (McBain et al., 1989)
and orphan-class �2 iGluR (Naur et al., 2007) retained their
ability to bind D-Ser. Likewise, AMPARs (P. Brown and D.
Bowie, unpublished observations) and KARs (present study)
are also gated by D-Ser (and D-Asp) suggesting that these

naturally occurring D-amino acids discriminate little among
iGluR families. Whether this observation is a peculiarity of
iGluRs that holds little biological significance or hints at a
broader role for D-amino acids at glutamatergic synapses
awaits future investigation.
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ABSTRACT: Two α-amino acid-functionalized quinoxalines, 1a
(CNG-10301) and 1b (CNG-10300), of a quinoxaline moiety
coupled to an amino acid moiety were designed, synthesized, and
characterized pharmacologically. While 1a displayed low affinity at
native AMPA, KA, and NMDA receptors, and at homomeric GluK1,3
receptors, the affinity for GluK2 was in the midmicromolar range (Ki
= 136 μM), 1b displayed low to midmicromolar range binding
affinity at all the iGluRs (Ki = 9−126 μM). In functional experiments
(outside-out patches excised from transfected HEK293T cells), 100
μM 1a partially blocked GluK1 (33% peak response), while GluK2
was unaffected (96% peak response). Furthermore, 1a was shown not to be an agonist at GluK1 and GluK2 at 100 μM. On the
other hand, 100 μM 1b fully antagonized GluK1 (8% peak response) but only partially blocked GluK2 (33% peak response). An
X-ray structure at 2.3 Å resolution of 1b in the GluK1-LBD (ligand-binding domain) disclosed an unexpected binding mode
compared to the predictions made during the design phase; the quinoxaline moiety remains to act as an amino acid bioisostere,
but the amino acid moiety is oriented into a new area within the GluK1 receptor. The structure of the GluK1-LBD with 1b
showed a large variation in domain openings of the three molecules from 25° to 49°, demonstrating that the GluK1-LBD is
capable of undergoing major domain movements.

KEYWORDS: Design, synthesis, radioligand binding, X-ray crystallography, domain opening

■ INTRODUCTION

The common α-amino acid (S)-glutamate (Glu) is the major
excitatory neurotransmitter of the mammalian central nervous
system (CNS). The glutamatergic neurotransmitter system is
involved in a vast number of neurological processes such as
memory and learning, plasticity, and motor function,1,2 and
thus also in the pathogenesis of many neurological and
psychiatric disorders. The class of fast-acting ionotropic Glu
receptors (iGluRs) is divided into three groups that again
comprise a number of subunits [AMPA receptors GluA1−4,
kainic acid (KA) receptors3−5 GluK1−5, and NMDA
receptors6 GluN1, GluN2A-D, and GluN3A,B]. The iGluRs
form ligand-gated ion channels consisting of four subunits, with
each subunit having an extracellular region composed of the N-
terminal domain and the ligand-binding domain (LBD), a
transmembrane region, and a C-terminal region. The LBD
forms a clamshell-like domain with the glutamate-binding site
located within two lobes designated D1 and D2.
A number of competitive antagonists that discriminate

among the AMPA, KA, and NMDA receptors have been
reported.7 However, it remains a challenge to discover
antagonists, which display selectivity among the subunits within

one of these groups. In fact, only GluK1-selective competitive
antagonists have been reported to date [e.g., LY4661958

(Figure 1 and Table 1].7 There is therefore an unmet need for
the creative design of new chemical scaffolds that eventually can
be developed into antagonists with a novel subunit selectivity
profile. Such chemical probes are key tools in the elucidation of
the role and function of Glu receptors in health and disease.

■ RESULTS AND DISCUSSION

Design. Some 20 years ago, a series of substituted
quinoxaline-2,3(1H,4H)-diones [DNQX and CNQX (Figure
1 and Table 1)] were identified as potent competitive AMPA/
KA receptor antagonists.9 Interestingly, the quinoxaline-2,3-
(1H,4H)-dione moiety acts as an α-amino acid bioisostere10 as
disclosed by X-ray crystallographic studies.11,12

A potentially new class of iGluR antagonists was designed
with the general molecular formula I (Figure 2). Via the linkage
of an α-amino acid to the quinoxaline-2,3(1H,4H)-dione
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moiety, the latter was initially assumed to act as a carboxylic
acid bioisostere engaging in hydrogen bonding directly to the
amino acid residues of the D2 domain of the receptor, or via
water molecules. The pKa value of an unsubstituted quinoxa-
line-2,3(1H,4H)-dione skeleton has been determined to be
9.2,13 which calculates to approximately 1% of the ionized form
at physiological pH 7.4.10 The suitable linker length was

investigated by performing a stochastic conformational search
of chemical structures of the general formula I, for n = 0−3
(Figure 2). While a large variety of AMPA/KA receptor
antagonists have been crystallized with GluA2-LBD and/or
GluK1-LBD, the two distinct antagonists, ATPO [Ki = 2.6 μM
affinity for GluK1, Protein Data Bank (PDB) entry 1VSO]14

and LY466195 (Ki = 0.05 μM affinity for GluK1,8 PDB entry
2QS4),15 were used as templates in the design. The study led to
the conclusion that the linker length of n = 1, compound 1a
(Figure 3A) and the linker length of n = 2, compound 1b
(Figure 3B) were both attractive. In detail, one low-energy
conformation of 1a fit the pharmacophore dictated by
LY466195, whereas four low-energy conformations of 1b
could be superimposed on LY466195, two being the most
favorable. In comparison with LY466195, 1a and 1b present
their hydrogen bonding functionalities to the receptor with
altered distances and angles (Figure 3A,B). Such properties are
in particular interesting as we were aiming to discover new
scaffolds with unprecedented receptor subtype selectivity
profiles.

Synthesis. A retrosynthetic analysis of target compounds 1a
and 1b suggested the use of a protected natural α-amino acid
(commercially available) as a direct source of chirality, and a
Negishi cross coupling between the 6-quinoxaline moiety and
the side chain of the amino acid was planned as the key
step.16,17 The synthesis of 1a and 1b commenced with the
reduction of the carboxylic acid functionality of BOC-Asp-OBn

Figure 1. Chemical structures of Glu, AMPA, KA, NMDA, and competitive antagonists LY466195, (S)-ATPO, DNQX, and CNQX.

Table 1. Pharmacological Profiles of LY466195, ATPO, DNQX, CNQX, 1a (CNG-10301), and 1b (CNG-10300) at the iGluRs,
Together with Binding Affinities of 1b at the GluK1-LBDa

AMPA IC50
b KA IC50

b NMDA Ki
b GluA2 Ki

c GluK1 Ki
c GluK2 Ki

c GluK3 Ki
c

GluK1-LBD
Ki
c

LY466195d − − − 270 0.05 − 8.9 −
ATPO 16 >100 >100 60.3 ± 4.7 2.55 ± 0.43 >100 >1,000 −
DNQX 0.25e 0.53e 4.1e 0.254 ± 0.014 0.652 ± 0.028 2.10 ± 0.32 0.362 ± 0.033 −
CNQX 0.40e 0.27e 13e 0.333 ± 0.028 1.28 ± 0.30 1.49 ± 0.01 0.637 ± 0.050 −
1a
(CNG-10301)

203
[3.69 ± 0.03]

>300 >200 >100
(80 ± 8%)

>100
(74 ± 3%)

136 ± 22 >100
(71 ± 5%)

−

1b
(CNG-10300)

26 [4.59 ± 0.06] 126
[3.90 ± 0.02]

78
[4.12 ± 0.08]

21.3 ± 2.4 16.1 ± 1.0 9.52 ± 1.15 59.0 ± 3.2 37.1 ± 7.8

aAll values are in micromolar. bMean values ± the standard error of the mean (SEM) of three individual experiments. The following radioligands
were used: AMPA receptors, [3H]AMPA; KA receptors, [3H]KA; NMDA receptors, [3H]CGP 39653. cMean values ± SEM of at least three
experiments, conducted in triplicate at 12−16 ligand concentrations. In parentheses are values of percent residual specific binding at 100 μM ligand.
The following radioligands were used: GluA2, [3H]AMPA; GluK1−3, [3H]-(2S,4R)-4-methyl-Glu (SYM2081) or [3H]KA. Hill coefficients were not
different from unity. dFrom ref 8. eFunctional data from ref 9.

Figure 2. Design of α-amino acid-functionalized quinoxalines 1a
(CNG-10301) and 1b (CNG-10300) as potential AMPA/KA
antagonists.
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2 to give the corresponding alcohol 3b, using isobutyl
chloroformate as an activator.18 The crude product was used
without further purification as this led to formation of the
corresponding cyclization product due to the acidic nature of
silica gel. The iodo-amino acids, 4a and 4b, were then

generated from their corresponding alcohols 3a (commercially
available) and 3b, respectively, by reaction with iodine under
neutral conditions (triphenylphosphine and imidazole).19 The
quinoxaline moiety was successfully introduced by a palladium
coupling with the organic zinc nucleophile (Negishi) from 4a
or 4b and 6-bromo-2,3-dimethoxyquinoxaline 9.17 The
palladium-catalyzed cross coupling was first tried out on 7
but proved to be unsuccessful, presumably because of the
competing coordination of the 2,3-dicarbonyl oxygens. Possibly
expectedly, 2,3-dichloroquinoxaline 8 was also unsuccessful as a
coupling partner, giving a complex product mixture. Finally, 5a
and 5b were fully deprotected in a one-pot reaction under
acidic conditions, providing the HCl salt of the two target
structures 1a and 1b (Scheme 1).

Pharmacology. With the two target compounds 1a and 1b
in hand, they were characterized pharmacologically at rat
synaptosomes (native AMPA, KA, and NMDA receptors). The
compounds were also assessed at cloned homomeric GluA2
and GluK1−3 receptors, and all results are summarized in
Table 1. Analogue 1a displayed a low affinity for native iGluRs
(IC50 or Ki of >200 μM) and cloned homomeric GluA2 and
GluK1,3 receptors (Ki > 100 μM), and medium-range
micromolar affinity for GluK2 (Ki = 136 μM). Analogue 1b
displayed medium-range micromolar affinity for native AMPA,
KA, and NMDA receptors. The binding affinity of 1b for
AMPA receptors was confirmed at the cloned homomeric
GluA2 receptor (Ki = 21 μM). At cloned homomeric GluK1−3
receptors, 1b displayed medium-range binding affinity for
GluK1−3 with Ki values of 16, 9.5, and 59 μM, respectively
(Table 1). Finally, in a functional EAAT assay,20 both 1a and
1b displayed no appreciable activity as inhibitors at subtypes
EAAT1−3 [IC50 > 1000 μM (results not shown)].
Upon comparison with the four antagonists employed in the

design phase [LY466195, ATPO, CNQX, and DNQX (Figure
1 and Table 1)], the broad profile of 1b is comparable to that of
DNQX and CNQX. On the other hand, a slightly GluK2
preferring profile of 1a is surprising because LY466195 is highly

Figure 3. (A) Superimposition of a low-energy conformation of 1a
(purple) on LY466195 (gray; PDB entry 2QS4). Both compounds are
colored according to atom type. (B) Superimposition of four low-
energy conformations of 1b (ΔΔG = 0−1 kcal/mol; yellow, orange,
purple, and green) on LY466195.

Scheme 1. Synthesis of 1a and 1ba

aReagents and conditions: (a) N-methylmorpholine, isobutyl chloroformate, THF; (b) NaBH4, MeOH; (c) PPh3, imidazole, I2, DCM (80% for R =
Me, 49% over two steps for R = Bn); (d) Zn dust, I2, Pd2dba3, SPhos, 9, DMF (41% for R = Me, 35% for R = Bn); (e) 4 N HCl, H2O, dioxane for 1a
(89%), recrystallization with propylene oxide for 1b (68%); (f) diethyl oxalate (96%); (g) thionyl chloride, DMF (catalytic) (90%); (h) MeOK,
MeOH (93%).
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selective for GluK1 and ATPO binds to the GluK1 and AMPA
receptors.
Functional Characterization at GluK1 and GluK2. We

characterized the functionality of 1a and 1b at recombinantly
expressed KA receptors. Outside-out patches excised from
HEK293T cells transfected with GluK1 or GluK2 were
subjected to fast Glu applications (250 ms, 1 mM Glu) in
the absence or presence of 100 μM 1a or 1b, and peak currents
were measured (Figure 4) and are summarized in Table 2.

Surprisingly, 100 μM 1a partially blocked GluK1, while GluK2
was unaffected (Figure 4B). On the other hand, 1b fully
antagonized GluK1 but only partially blocked GluK2 (Figure
4B). Of note, 1b also slowed the rise time of both GluK1 and
GluK2 responses by almost 13- and 6-fold, respectively (GluK1,
0.60 ± 0.08 and 7.8 ± 4.5 ms in control and 1b, respectively;
GluK2, 0.96 ± 0.05 and 5.6 ± 0.3 ms in control and 1b,
respectively). This is consistent with 1b being a competitive
antagonist at both GluK1 and GluK2 receptors.
We also investigated 1a as a potential agonist at GluK1 and

GluK2. At a concentration of 100 μM, 1a alone did not
produce any response at either GluK1 (n = 3) or GluK2 (n = 5)
at a holding potential of −100 mV. Moreover, preliminary
experiments using Concanavalin-A to enhance small agonist
responses, as previously described,21 did not change this

outcome. On the basis of these results, we conclude that within
the resolution of our system, 1a is an antagonist and not a
partial agonist at GluK1.

X-ray Structure of the GluK1-LBD with 1b. Today,
approximately 300 structures of LBDs of iGluRs have been
determined. Such high-resolution structures (1−2.5 Å) are
valuable for gaining detailed information about ligand binding
and hydrogen bonding, including binding site water networks.
For comparison, structures of full-length GluA2 have been
crystallized with three agonists and one antagonist only at
medium to low resolution (3.2−3.9 Å).22−24 However, a similar
binding mode of the ligands as well as similar domain and
subunit arrangements at the soluble LBD and full-length
receptors was seen, which supports the use of LBDs for detailed
studies.
Of compounds 1a and 1b, only 1b was successfully

crystallized with the GluK1-LBD at 2.28 Å resolution. The
crystal contains three molecules (A−C) in the asymmetric unit
of the crystal (Table S1 of the Supporting Information).
Molecules A and C form a biologically relevant dimer with each
other, whereas molecule B forms a dimer with a symmetry-
related molecule B. Compound 1b was found to bind with a
similar binding affinity at the GluK1-LBD (37 μM) and at
cloned homomeric GluK1 receptors (16 μM) (Table 1).
Compound 1b could unambiguously be located at the three

binding sites (Figure 5A−C). The ligand is positioned in such a
way that the quinoxaline-2,3-dione part of 1b forms contacts to
the essential Arg523, in the same manner as seen in the
structure of the GluA2-LBD with DNQX.12 In this way, the α-
amino acid moiety of 1b can be regarded as a substituent on the
quinoxaline-2,3-dione skeleton. The contacts to the quinoxa-
line-2,3-dione part of 1b involve polar interactions between
both oxygen atoms of 1b and the Arg523 side chain as well as
an interaction from the 2-one of 1b to the backbone nitrogen
atom of Thr518. Furthermore, the 3-one atom forms a contact
with a water molecule in molecule B (Figure 5B), which is not
seen in molecule A or C (Figure 5A,C). The 1-nitrogen atom of
1b forms a contact with the backbone carbonyl oxygen atom of
Pro516, whereas the 4-nitrogen atom interacts with a water
molecule in molecules A and B. The side chain of Glu738 is
twisted away from the ligand (Figure 5D) as previously also
observed upon binding of UBP318 in the GluK1-LBD,15 but in
contrast to what was seen in other structures of GluK1 with
antagonists, e.g., GluK1-LBD in complex ATPO,14 where this
residue forms direct contacts with the ligand (Figure 5D).
As GluK1 is an α-amino acid-binding receptor, a binding

mode positioning the α-amino acid of 1b toward Arg523 was
predicted as one of the possible binding modes (see section on
In silico study in the Supporting Information), and Glu738 was
thought to bind to the ligand α-amino group of 1b. Instead, the
structure reveals that the α-amino acid moiety of 1b binds in a
small cavity inside the binding pocket (Figures 5D and 6). The
in silico study showed that only when docking back into the
1b−GluK1-LBD X-ray structure could the X-ray-determined
binding mode of 1b be reproduced. Following the concept of
induced fit of ligand−protein binding, this is however not
unexpected as three key parameters in this process are difficult
to model: (1) receptor domain closure, (2) organization of
water matrix and hydrogen bonding network in the binding
pocket, and (3) overall entropy of the system whether this is
positively or negatively contributing to the total free energy of
binding.

Figure 4. Antagonism of GluK1 and GluK2 by 1a and 1b. (A)
Example GluK1 and GluK2 responses evoked by 1 mM Glu (patches
141215p2 and 141201p1, respectively) under control conditions
(black) and in the presence of 100 μM 1a (cyan) or 1b (orange). (B)
Summary of relative peak responses of GluK1 and GluK2 in the
presence of 100 μM 1a (left) or 1b (right). Data points represent
individual observations; lines and error bars represent the mean and
SEM.

Table 2. Mean Relative Peak Responses Evoked by 1 mM
Glu in the Presence of 100 μM 1a or 1b

GluK1 GluK2

mean SEM n mean SEM n

1a (CNG-10301) 0.33 ±0.10 4 0.96 ±0.07 4
1b (CNG-10300) 0.08 ±0.02 4 0.33 ±0.05 3
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The α-amino group of 1b in molecules A and B makes
contacts with the side chain hydroxyl group of Ser741 and also
a water molecule in molecule B (Figure 5A,B), whereas no
close contacts with the α-amino group are seen in molecule C
(Figure 5C). The α-carboxylate group of 1b forms contacts
with side chain hydroxyl groups of Tyr444, Thr740, and
Tyr764 as well as a water molecule in molecule B. In molecule
C, a close contact with Tyr444 (2.6 Å) is seen, whereas the
contacts with Thr740 (3.6 Å) and Tyr764 (3.6 Å) are weaker. A
sulfate ion is found in the binding pocket, which is located 6−8
Å from 1b in the vicinity of Thr690 (Figure 5A−C) and forms
similar contacts in all three molecules. Upon comparison of the
present structure with the structure of the GluK1-LBD in
complex with other antagonists, it is seen that a distal
substituent of most antagonists is positioned where the sulfate
ion is located in the structure of the GluK1-LBD with 1b
(Figure 6). The sulfate ion is found in a similar region as the
phosphonate group of ATPO in the GluK1-LBD but in a
different location (Figure 5D). In the structures of the GluA2-
LBD with DNQX and NS1209, a sulfate ion is positioned at the
same site as the phosphonate group of ATPO in the GluA2-
LBD.25 However, the phosphonate group of ATPO adopts
different locations in the GluA2-LBD and GluK1-LBD14 and
also different from the sulfate ion in the GluK1-LBD structure
with 1b. Therefore, it seems that incorporation of an anionic

moiety into a compound would favor binding at both GluA2
and GluK1 but may result in different receptor contacts.
Whereas agonists induce a closure of domain D2 toward

domain D1, antagonists stabilize an open form of the LBD.
D1−D2 domain openings were calculated for molecules A−C
of the GluK1-LBD structure with antagonist 1b bound using
the GluK1-LBD structure with glutamate (PDB entry 2F36,
molecule A)26 as a reference structure. The domain opening of
the three molecules was seen to be significantly different (25.4°,
29.0°, and 49.3° for molecules A−C, respectively) (Figure 7).
Domain openings of GluK1-LBD have previously been found
to vary from 25° to 31°.15 Therefore, the domain opening of
49° in molecule C in the structure presented here is
surprisingly large but at the same time demonstrates that the
GluK1-LBD is capable of undergoing major domain move-
ments. In the crystal, the entrances to the binding sites of
molecules B and C are facing each other, and thus, this crystal
packing might affect closure of molecule C. Also, the average B
value (55 Å2) of D2 in molecule C is significantly larger than
those of the three D1 domains and the other two D2 domains
in the structure (35−39 Å2). This observation indicates high
flexibility of domain D2 in molecule C, consistent with a large
domain opening and weaker contacts of 1b in molecule C
compared to in molecules A and B.

Figure 5. X-ray crystal structure of 1b in the LBD of GluK1. (A−C) 1b is shown as sticks with carbon atoms colored yellow. Selected binding site
residues are illustrated with carbon atoms colored cyan (molecule A), salmon (molecule B), and dark gray (molecule C). The backbone trace is
shown as a ribbon. Oxygen atoms are colored red, nitrogen atoms blue, and sulfur atoms yellow. Water molecules are displayed as red spheres, and a
sulfate ion located in the binding site is shown as sticks. Potential hydrogen bonds within 3.2 Å are shown as dashed lines. Furthermore, a standard
Phenix 2Fo − Fc omit map (gray) carved around the ligand at a 1.6 Å radius is shown: molecules (A) A, (B) B, and (C) C. (D) Superimposition of
the structures of the GluK1-LBD with 1b (molecule A, color coding as in panel A) and the GluK1-LBD with ATPO (PDB entry 1VSO,14 molecule
A, carbon atoms colored light gray). See Figure S1 of the Supporting Information for the final 2Fo − Fc electron density map of the three molecules
of 1b.
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Crystallization of 1b with the GluA2-LBD was also
attempted. The diffraction data showed the GluA2 LBD to

be in an open cleft conformation; however, a lack of
interpretable electron density in the binding site prevented
modeling of 1b into the structure (data not shown). On the
basis of a comparison of amino acid residues in the GluK1-LBD
and GluA2-LBD, only one difference is seen within 4 Å of 1b:
Ser741 in GluK1, which corresponds to a methionine in GluA2
(Met708). The α-amino group in 1b forms a hydrogen bond
with the side chain hydroxyl group of Ser741 in GluK1 (Figure
5). Thus, this hydrogen bond is not possible in the GluA2-LBD
and might suggest a different binding mode of 1b in GluA2
compared to that in GluK1. However, it has been observed that
Met708 in GluA2 can undergo major side chain conformational
changes,27 and therefore, the α-amino acid substituent might
point into a similar region in GluA2 as observed for GluK1.
This would be in agreement with a similar binding affinity of 1b
in GluA2 and GluK1 (Table 1).

■ CONCLUSION
Discovery of iGluR antagonists that display an unprecedented
receptor subtype selectivity profile continues to be a
challenging task. By means of creativity together with structural
insight into the iGluRs and the binding modes of their ligands,
amino acid-functionalized quinoxalines 1a (CNG-10301) and
1b (CNG-10300) were designed and successfully synthesized.
Analogue 1a displayed midrange micromolar affinity for the
GluK2 subtype and low affinity for GluK1 and GluK3.
However, in a functional setup, 1a antagonized GluK1 but
not GluK2 (33 and 96% peak responses at 100 μM,
respectively). Analogue 1b showed binding affinities for native
AMPA, KA, and NMDA and the three GluK1−3 subtypes in
the low to medium micromolar range. At 100 μM, 1b fully
antagonized GluK1 and partially antagonized GluK2. An X-ray
crystal structure of the GluK1-LBD with 1b revealed an
unexpected binding mode and a large variation in domain
openings of the three molecules from 25° to 49°,
demonstrating that the GluK1-LBD is capable of undergoing
major domain movements.
In all, the new insight presented herein is valuable for the

future design and synthesis of subtype-selective iGluR
antagonists.

■ EXPERIMENTAL SECTION
Chemistry. All reactions involving dry solvents or sensitive agents

were performed under a nitrogen atmosphere, and glassware was dried
prior to use. Commercially available chemicals were used without
further purification. THF and DMF were dried using 3 Å molecular
sieves. Reactions were monitored by analytical thin-layer chromatog-
raphy (TLC, Merck silica gel 60 F254 aluminum sheets). Flash
chromatography was conducted using Merck silica gel 60A (20−45
μm). 1H NMR spectra were recorded on a 300 MHz Avance Bruker
spectrometer and 13C NMR spectra on a 75 MHz Avance Bruker
spectrometer. The purity of all tested compounds was determined by
elementary analysis to be >95%.

(S)-Benzyl 2-[(tert-Butoxycarbonyl)amino]-4-hydroxybuta-
noate (3b). To a solution of (S)-4-(benzyloxy)-3-[(tert-
butoxycarbonyl)amino]-4-oxobutanoic acid 2 (2.00 g, 6.18 mmol) in
dry THF (30 mL) at −15 °C was added N-methylmorpholine (0.680
mL, 6.18 mmol) followed by isobutyl chloroformate (0.810 mL, 6.18
mmol) (milky solution). The solution was stirred for 20 min, and
NaBH4 (0.700 g, 18.5 mmol) was added portionwise followed by a
slow dropwise addition of MeOH (62 mL) over 45 min. The reaction
mixture was stirred for 40 min at −15 °C before the reaction was
quenched by the addition of an aqueous solution of HCl (11 mL, 1
M). The mixture was concentrated under reduced pressure, and the
residue was extracted with EtOAc (3 × 30 mL). The combined

Figure 6. Superimposition on domain D1 of all 10 available antagonist
structures at rat GluK1-LBD (molecule A) to illustrate that the amino
acid part of 1b points into an area of the binding pocket that has not
previously been explored by antagonists. All reported antagonists have
substituents pointing in the direction of the sulfate ion. Only ligand
atoms are shown for the sake of clarity (yellow sticks, 1b and sulfate
ion; thin gray lines, PDB entries 1VSO, 2F34, 2F35, 2QS1, 2QS2,
2QS3, 2QS4, 3S2V, 4DLD, and 4MF3).

Figure 7. Molecules A−C of the GluK1-LBD structure with 1b
superimposed on domain D1 residues. Molecule A is colored cyan,
molecule B salmon, and molecule C dark gray. 1b is shown as yellow
sticks.
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organic layers were successively washed with an aqueous solution of
HCl (1 × 40 mL, 1 M), H2O (2 × 50 mL), an aqueous solution of 5%
NaHCO3 (1 × 50 mL), and finally H2O (3 × 50 mL). It was dried
over MgSO4, filtered, and evaporated under reduced pressure, leading
to a yellow oil. The crude was used without purification.
General Procedure for the Displacement of the Primary

Hydroxy Group with Iodine. To a solution of PPh3 (2.02 g, 7.70
mmol) and imidazole (0.520 g, 7.70 mmol) in DCM (29 mL) at 0 °C
was added I2 (1.95 g, 7.70 mmol) (orange milky solution). The
reaction mixture was warmed to room temperature and stirred for 10
min. The mixture was recooled to 0 °C, and a solution of the
corresponding alcohol (6.16 mmol) in DCM (6 mL) was added
dropwise over 15 min. The solution was stirred at 0 °C for 90 min and
then at room temperature for 2 h. The reaction mixture was filtered off
through a pad of Celite (2 cm) using a solution of ether and petroleum
ether (1:1) as the eluent. The organic phase was evaporated under
reduced pressure without being heated.
(S)-Methyl 2-[(tert-Butoxycarbonyl)amino]-3-iodopropanoate

(4a). Purified by flash column chromatography (ether/petroleum
ether, 1:4) (Rf = 0.19). White solid (2.85 g, 80%). Mp: 51 °C (Lit. 51
°C). 1H NMR (300 MHz, CDCl3): δ 5.34 (d, J = 7.06 Hz, 1H), 4.55−
4.47 (m, 1H), 3.79 (s, 3H), 3.62−3.50 (m, 2H), 1.45 (s, 9H).
(S)-Benzyl 2-[(tert-Butoxycarbonyl)amino]-4-iodobutanoate (4b).

Purified by flash column chromatography (EtOAc/petroleum ether,
1:5) (Rf = 0.5). White solid (1.3 g, 49% over two steps). Mp: 54 °C
(Lit. 54 °C). 1H NMR (300 MHz, CDCl3): δ 7.39−7.32 (m, 5H), 5.22
(dd, J = 2.91 Hz, 1H), 5.13−5.03 (m, 1H), 4.41−4.35 (m, 1H), 3.21−
3.08 (m, 2H), 2.41−2.35 (m, 1H), 2.25−2.17 (m, 1H), 1.45 (s, 9H).
General Procedure for the Negishi Cross Coupling Reaction.

Zinc dust (0.61 g, 9.30 mmol) was added to a nitrogen-purged vial.
Dry DMF (3.25 mL) was added followed by a catalytic amount of I2
(40 mg, 0.15 mmol) (the solution turned yellow and then black again).
The corresponding iodine compound, 4a or 4b (3.10 mmol), was
immediately added followed by another catalytic amount of I2 (40 mg,
0.15 mmol) (the solution turned yellow-green and then black again;
exothermicity was felt because of zinc insertion). Pd2dba3 (73 mg, 0.08
mmol), SPhos (62 mg, 0.150 mmol), and 6-bromo-2,3-dimethox-
yquinoxaline 9 (0.290 g, 1.08 mmol) were added to the vial, and the
solution was heated at 50 °C for 4 h. The reaction mixture was filtered
off through a pad of Celite (2 cm), washed with DMF, and evaporated
under reduced pressure. Water (10 mL) was added, and the solution
was extracted with Et2O (3 × 20 mL). Combined organic phases were
washed with brine, dried over MgSO4, filtered, and evaporated under
reduced pressure.
(S)-Methyl 2-[(tert-Butoxycarbonyl)amino]-3-(2,3-dimethoxyqui-

noxalin-6-yl)propanoate (5a). Purified twice by flash column
chromatography [AcOEt/heptane, 3:7 (Rf = 0.30), and then
toluene/AcOEt, 85:15 (Rf = 0.35)]. White solid (0.5 g, 41%). Mp:
56.4 °C. [α]D

25 = +67.5 (c = 0.306 g/100 mL, CH2Cl2).
1H NMR

(300 MHz, CDCl3): δ 7.69 (d, J = 8.34 Hz, 1H), 7.55 (br s, 1H), 7.26
(dd, J = 8.33, 1.98 Hz, 1H), 5.02 (d, J = 7.99 Hz, 1H), 4.66 (dd, J =
13.73, 6.05 Hz, 1H), 4.14 (s, 6H), 3.74 (s, 3H), 3.24 (dq, J = 13.97,
6.07 Hz, 2H), 1.42 (9H, s). 13C NMR (75 MHz, CDCl3): δ 172.1,
154.9, 149.9, 149.7, 136.9, 136.1, 134.6, 127.8, 126.7, 126.3, 79.9, 54.4,
54.1, 52.2, 38.1, 28.2.
(S)-Benzyl 2-[(tert-Butoxycarbonyl)amino]-4-(2,3-dimethoxyqui-

noxalin-6-yl)butanoate (5b). Purified four times by flash column
chromatography [twice with EtOAc/heptane, 3:7 (Rf = 0.33), then
DCM/MeOH (5%) (Rf = 0.38), and then toluene/EtOAc, 9:1 (Rf =
0.30)]. Orange glass solid (1.0 g, 35%). Mp: 67.6 °C. [α]D

25 = +22.0 (c
= 0.4 g/100 mL, CH2Cl2).

1H NMR (300 MHz, CDCl3): δ 7.65 (d, J
= 8.35 Hz, 1H), 7.52 (br s, 1H), 7.38−7.34 (m, 4H), 7.26 (s, 1H),
7.26−7.15 (m, 1H), 5.16 (dd, J = 19.42, 12.28 Hz, 2H), 5.14 (br s,
1H), 4.44 (dd, J = 12.99, 7.03 Hz, 1H), 4.14 (s, 6H), 2.88−2.67 (m,
2H), 2.34−2.15 (m, 1H), 2.10−1.95 (m, 1H), 1.46 (s, 9H). 13C NMR
(75 MHz, CDCl3): δ 172.3, 155.2, 149.8, 149.5, 139.4, 137.0, 135.5,
135.2, 128.5, 128.3, 128.2, 127.4, 126.2, 125.4, 79.9, 67.0, 54.0, 53.2,
34.2, 31.3, 28.2.
(S)-2-Amino-3-(2,3-dioxo-1,2,3,4-tetrahydroquinoxalin-6-yl)-

propanoic Acid Hydrochloride (1a). To a solution of (S)-methyl 2-

[(tert-butoxycarbonyl)amino]-3-(2,3-dimethoxyquinoxalin-6-yl)-
propanoate 5a (0.400 g, 1.02 mmol) in dioxane (19 mL) was added an
aqueous solution of HCl (19 mL, 4 N), and the reaction mixture was
heated under gentle reflux conditions overnight. The reaction mixture
was evaporated, and the residue was triturated with Et2O (3 × 5 mL),
leading to a pure white HCl salt (250 mg, 89%). Mp: 278 °C dec.
[α]D

25 = +48.0 (c = 0.167 g/100 mL, DMSO). 1H NMR (300 MHz,
d6-DMSO): δ 12.00 (s, 1H), 11.95 (s, 1H), 8.33 (br s, 3H), 7.07 (d, J
= 8.60 Hz, 1H), 7.01−6.96 (m, 2H), 4.08 (br s, 1H), 3.07 (d, J = 6.42
Hz, 2H). 13C NMR (75 MHz, d6-DMSO): δ 170.1, 155.1, 154.9,
129.7, 125.5, 124.7, 124.2, 116.1, 115.3, 53.2, 35.2. Anal. Calcd for
C12H13N3O4·0.34H2O·1.62HCl): C, 43.88; H, 4.7; N, 12.79. Found:
C, 43.58; H, 4.38; N, 13.12.

(S)-2-Amino-4-(2,3-dioxo-1,2,3,4-tetrahydroquinoxalin-6-yl)-
butanoic Acid Hydrochloride (1b). To a solution of (S)-benzyl 2-
[(tert-butoxycarbonyl)amino]-4-(2,3-dimethoxyquinoxalin-6-yl)-
butanoate 5b (0.250 g, 0.52 mmol) in dioxane (12 mL) was added an
aqueous solution of HCl (12 mL, 4 N), and the solution was heated
under gentle reflux conditions overnight. The reaction mixture was
then evaporated, and the residue was triturated with Et2O (3 × 5 mL).
The crude was obtained as a light orange powder (96%).

The crude (150 mg, 0.5 mmol) was dissolved in H2O (8 mL) and
the mixture stirred at room temperature. Propylene oxide (35 μL, 5.0
mmol) was slowly added to the reaction mixture, and the solution was
stirred for 30 min. The reaction mixture was left overnight without
stirring for crystallization and then filtered with a filter paper, and
crystals were washed with H2O (3 × 2 mL). The crystals were
dissolved in an aqueous solution of HCl (1.5 mL, 1 M) and evaporated
to dryness. The solid was dissolved in H2O (2 mL) and freeze-dried to
afford a light brown solid (106 mg, 68%). Mp: 263 °C dec. [α]D

25 =
+35.8 (c = 0.142 g/100 mL, H2O).

1H NMR (300 MHz, d6-DMSO): δ
11.95 (s, 1H), 11.91 (s, 1H), 8.48 (br s, 3H), 7.07 (d, J = 7.97 Hz,
3H), 6.95 (br s, 1H), 6.94 (br dd, J = 9.13, 1.48 Hz, 1H), 3.87 (signal
hidden by the solvent peak, 1H), 2.82−2.67 (m, 1H), 2.67−2.53 (m,
1H), 2.10−1.96 (m, 2H). 1H NMR (300 MHz, D2O): δ 7.00 (ddd, J =
8.27, 1.68, 1.68 Hz, 1H), 6.94 (dd, J = 8.31, 1.51 Hz, 1H), 6.87 (br d, J
= 1.39 Hz, 1H), 3.99 (dd, J = 6.25, 6.25 Hz, 1H), 2.81−2.55 (m, 2H),
2.13−1.99 (m, 2H). 13C NMR (75 MHz, d6-DMSO): δ 170.7, 155.3,
155.0, 135.4, 125.6, 124.0, 123.1, 115.3, 114.6, 51.6, 32.0, 30.0. Anal.
Calcd for C12H14ClN3O4·1.5H2O·0.81HCl): C, 40.84; H, 4.67; N,
11.41. Found: C, 40.46; H, 5.04; N, 11.79.

6-Bromoquinoxaline-2,3(1H,4H)-dione (7). A solution of 2-amino-
4-bromoaniline 6 (3.0 g, 16.0 mmol) in diethyl oxalate (15 mL) was
refluxed for 4 h. The reaction mixture was allowed to cool to room
temperature, after which EtOAc (25 mL) was added. The precipitate
was filtered and washed with EtOAc (3 × 20 mL) and dried under
vacuum to give a brown powder (3.75 g, 96%). 1H NMR (300 MHz,
d6-DMSO): δ 11.97 (s, 1H), 11.94 (s, 1H), 7.26−7.18 (m, 2H), 7.03
(d, J = 9.03 Hz, 1H). Mp: >400 °C dec (Lit. >350 °C).

6-Bromo-2,3-dichloroquinoxaline (8). To a mixture of 6-
bromoquinoxaline-2,3(1H,4H)-dione 7 (5.33 g, 22.11 mmol) in
thionyl chloride (74 mL) was added a catalytic amount of DMF
(three drops). The reaction mixture was heated under reflux for 8 h,
cooled to room temperature, and poured very slowly into an ice/water
bath. The solid was filtered, dissolved in EtOAc (500 mL), and dried
with MgSO4. The organic phase was filtered and evaporated to afford
the desired product, 6-bromo-2,3-dichloroquinoxaline 8, as a light
orange-brown solid (1.03 g, 90%). Mp: 131 °C (Lit. 132 °C). 1H
NMR (300 MHz, d6-DMSO): δ 8.34 (d, J = 2.01 Hz, 1H), 8.05 (dd, J
= 8.91, 2.06 Hz, 1H), 8.00 (d, J = 8.89 Hz, 1H).

6-Bromo-2,3-dimethoxyquinoxaline (9). To a solution of the
intermediate 6-bromo-2,3-dichloroquinoxaline 8 (2.25 g, 8.09 mmol)
in anhydrous methanol (34 mL) was added a solution of 25% MeOK
in MeOH (6.90 mL, 22.6 mmol). The reaction mixture was refluxed
for 3 h and cooled to room temperature. H2O (50 mL) was added, and
the suspension was filtered before being washed with water (3 × 20
mL). The solid was dried overnight using a vacuum oven to give the
desired product, 6-bromo-2,3-dimethoxyquinoxaline 9, as a brown
powder (2.02 g, 93%). Mp: 105 °C (Lit. 114−115 °C, solvent of
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methanol). 1H NMR (300 MHz, d6-DMSO): δ 7.90 (br s, 1H), 7.67
(d, J = 9.09 Hz, 1H), 7.63 (d, J = 8.77 Hz, 1H), 4.03 (s, 6H).
Pharmacology. Radioligand displacement studies were performed

as previously described at native rat brain AMPA, KA, and NMDA
receptors and at recombinant rat homomeric GluA2(R)o, GluK1(Q)1b,
GluK2(VCR)a, and GluK3a receptors as well as the GluK1-LBD.

28 For
recombinant kainate receptor assays, [3H]SYM2081 was used as the
radioligand while [3H]AMPA was employed for the GluA2(R)o
binding assay.
Cell Culture and Transfection. HEK293T/17 cells (ATCC)

were maintained in minimal essential medium (MEM) containing
glutaMAX supplemented with 10% fetal bovine serum (Invitrogen).
Cells were plated at a low density (1.6−2.0 × 104 cells/mL) on poly-D-
lysine-coated 35 mm plastic dishes and were transiently transfected 24
h later using the calcium phosphate technique as previously
described.29 Rat cDNA encoding for GluK1−2a and GluK2a subunits
was cotransfected with cDNA encoding enhanced green fluorescent
protein (eGFP) to identify transfected cells.
Electrophysiological Recordings. Experiments were performed

36−48 h after transfection. Agonist solutions were rapidly applied to
outside-out patches excised from transfected cells using a piezoelectric
stack (Physik Instrumente). Solution exchange (10−90% rise time of
250−350 μs) was determined in a separate experiment by measuring
the liquid junction current. All recordings were performed using an
Axopatch 200B (Molecular Devices) using thick-walled borosilicate
glass pipettes (3−6 MΩ) coated with dental wax to reduce electrical
noise. Current records were filtered at 5 kHz, digitized at 25 kHz, and
series resistance (3−12 MΩ) compensated by 95%. Recordings were
performed at a holding potential of −100 mV. All experiments were
performed at room temperature. All chemicals used for electro-
physiology were purchased from Sigma-Aldrich unless otherwise
indicated. The external solution contained 150 mM NaCl, 5 mM
HEPES, 0.1 mM MgCl2, and 0.1 mM CaCl2 (pH 7.3−7.4). The
internal solution contained 115 mM NaCl, 10 mM NaF, 5 mM
HEPES, 5 mM Na4BAPTA (Life Technologies), 1 mM MgCl2, 0.5
mM CaCl2, and 10 mM Na2ATP (pH 7.3−7.4). The osmotic pressure
of all solutions was adjusted to 295−300 mOsm with sucrose.
Concentrated (100×) L-Glu stocks were prepared and stored at −20
°C; stocks were thawed and diluted on the day of the experiment.
Concentrated (3 mM in DMSO) stocks of 1a and 1b were prepared
and stored at −20 °C; stocks were thawed on the day of the
experiment and added to the control and agonist external solutions for
a final concentration of 100 μM. As a control, an equivalent amount of
DMSO was added to the external solutions not containing 1a or 1b.
To test whether 1a was a partial agonist at GluK1 and GluK2
receptors, 100 μM 1a was applied to outside-out patches alone. The
presence of receptors in the patch was confirmed by obtaining a
response with 1 mM L-Glu. The plant lectin, Concanavalin-A, was
dissolved at ∼1 mg/mL in an external solution and applied to the
patch for 1−2 min. Data were acquired using pClamp10 software
(Molecular Devices) and tabulated using Excel (Microsoft Corp.).
X-ray Structure Determination. The rat GluK1-LBD (GRIK1_-

RAT, UNP P22756, segment S1 residues 430−544 and segment S2
residues 667−805) was expressed and purified in the presence of Glu
as previously described.30 Crystallization of GluK1-LBD in complex
with 1b was performed using the hanging drop vapor diffusion method
at 6 °C. A protein solution consisting of 5 mg/mL GluK1-LBD, 5.2
mM 1b, 10 mM HEPES, 20 mM NaCl, and 1 mM EDTA (pH 7.0)
was prepared and used for crystallization experiments. Crystals used
for diffraction studies were obtained under the following conditions:
24.4% PEG4000, 0.3 M ammonium sulfate, and 0.1 M phosphate
citrate buffer (pH 4.5). The crystals were flash-cooled with liquid
nitrogen after immersion in cryo buffer (1 μL of reservoir solution
containing 1 μL of UCP). Flash-cooled crystals were stored in liquid
nitrogen until data were collected.
An X-ray diffraction data set to 2.28 Å resolution was collected on

beamline I911-3 at MAX-lab (Lund, Sweden). The data were
processed with XDS31 and scaled using SCALA32 in CCP4i.33 The
structure was determined by molecular replacement using PHASER34

within CCP4i and the structure of the GluK1-LBD in complex with

(S)-ATPO as a search model (PDB entry 1VSO, molecule A; protein
atoms only).14 The search model was defined as two domains, D1 and
D2. Three molecules were found in the asymmetric unit of the crystal.
Visual inspection of the structure in COOT35 revealed well-defined
electron density for the structure in most areas and clear density
corresponding to 1b. The ligand coordinates were created in Maestro
(Maestro version 9.2, Schrödinger, LLC, New York, NY) and fit into
the electron density. Topology and parameter files for 1b were
obtained using eLBOW.36 The model used for molecular replacement
lacked two loops (residues 493−497 and 712−714), and these
residues were built in manually. The structure was refined in
PHENIX37 with isotropic B factors and validated using tools in
COOT and PHENIX. The final structure was also validated on the
PDB ADIT validation server. Statistics of data collection and
refinement can be found in Table S1 of the Supporting Information.
D1−D2 domain openings were calculated using the DynDom server.38

In Silico Conformational Search Study. Conformational
searches and superimposition studies were performed using the
software package MOE 2013.08 (Molecular Operating Environment,
Chemical Computing Group). The built-in function “stochastic
search” was used with the standard setup: mmff94x force field,
solvation set to GB/SA, and energy cutoff of >7 kcal/mol.
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Foreword to Appendix C

Just as ionotropic glutamate receptors are important for mediating fast

excitatory neurotransmission, GABAA receptors mediate inhibitory

neurotransmission. The fine balance between excitatory and inhibitory

neurotransmission is crucial for the proper function of neuronal circuits, and

imbalances can lead to pathological states like epilepsy, as you will find in the first

article in this Appendix (Lachance-Touchette et al., 2011). In this study, we

characterized several mutant GABAA receptor subunits that were identified in

patients with idiopathic generalized epilepsy (Lachance-Touchette et al., 2011).

Interestingly, while some mutations in the α1 subunits altered the gating properties

of the channels, a mutation in the γ2 subunit did not appear to have any functional

differences, suggesting that other factors, such as localization or auxiliary protein

association, could be critical in this case (Lachance-Touchette et al., 2011). For this

study, I performed the functional characterization of mutant GABAA subunits

using recombinantly-expressed receptors and fast-application electrophysiology.

The following articles of this Appendix characterize the modulation of GABAA

receptors by reactive oxygen species. In each of these articles, I performed

recombinant electrophysiological experiments. In Accardi et al. (2014), I compared

the decay kinetics of α1 and α3-containing GABAA receptors to help identify the

mechanism underlying the change in EPSC kinetics caused by

mitochondrial-derived reactive oxygen species. In Penna et al. (2014), I performed

whole-cell experiments to assess the direct sensitivity of GABAA receptors to

various concentrations of H2O2. These experiments were not included in the final

version of the article, but were useful in the interpretation of a direct or indirect

mechanism of receptor regulation. Finally, in Accardi et al. (2015), I assessed the
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differential sensitivities of α1 and α6-containing GABAA receptors to furosemide,

an antagonist that was used to identify the α6 subunits in cerebellar granule cells.
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Abstract

Epilepsy is a heterogeneous neurological disease affecting approximately 50 million people worldwide. Genetic factors play an
important role in both the onset and severity of the condition, with mutations in several ion-channel genes being implicated, including
those encoding the GABAA receptor. Here, we evaluated the frequency of additional mutations in the GABAA receptor by direct
sequencing of the complete open reading frame of the GABRA1 and GABRG2 genes from a cohort of French Canadian families with
idiopathic generalized epilepsy (IGE). Using this approach, we have identified three novel mutations that were absent in over 400
control chromosomes. In GABRA1, two mutations were found, with the first being a 25-bp insertion that was associated with intron
retention (i.e. K353delins18X) and the second corresponding to a single point mutation that replaced the aspartate 219 residue with
an asparagine (i.e. D219N). Electrophysiological analysis revealed that K353delins18X and D219N altered GABAA receptor function
by reducing the total surface expression of mature protein and ⁄ or by curtailing neurotransmitter effectiveness. Both defects would be
expected to have a detrimental effect on inhibitory control of neuronal circuits. In contrast, the single point mutation identified in the
GABRG2 gene, namely P83S, was indistinguishable from the wildtype subunit in terms of surface expression and functionality. This
finding was all the more intriguing as the mutation exhibited a high degree of penetrance in three generations of one French Canadian
family. Further experimentation will be required to understand how this mutation contributes to the occurrence of IGE in these
individuals.

Introduction

Epilepsy is one of the most common neurological conditions, with a
prevalence of approximately 5–10 per 1000 in North America
(Theodore et al., 2006). For most patients (approximately 65%) with
either generalized or partial epilepsies, the underlying cause is
unknown and the condition is referred to as being ‘idiopathic’.
Overall, 30% of all individuals with epilepsy have idiopathic
generalized epilepsy (IGE; McCorry et al., 2006), a condition marked
by generalized seizures and specific electroencephalographic abnor-
malities with no discernible defects in brain structure. In the past two
decades, an increasing number of mutations in genes predisposing for

various forms of IGE have been identified (Turnbull et al., 2005;
Macdonald et al., 2010). Most of the mutations are found in genes
encoding for voltage- or ligand-gated ion channels; they account for
most familial forms of the disease (Scheffer & Berkovic, 2003; Hahn
& Neubauer, 2009; Catterall et al., 2010; Macdonald et al., 2010;
Zamponi et al., 2010). This finding has led to the conclusion that IGE
is primarily a ‘channelopathy’ (Kullmann & Waxman, 2010), although
not all mutations encode for ion channels (e.g. Pal et al., 2003).
c-Amino-butyric acid (GABA)A receptors feature among several of

the candidate ion channels thought to be involved in IGE (Galano-
poulou, 2010; Kullmann & Waxman, 2010; Macdonald et al., 2010).
In keeping with this, signaling through GABAA receptors provides
almost all inhibitory tone to the adult brain, balancing the tendency
of excitatory neuronal circuits to induce convulsions (Ben Ari, 2006).
To achieve this, GABAA receptors hyperpolarize neurons by fluxing
chloride ions through a central anion-selective pore that is a pentamer
assembled from 19 possible subunits, namely a1 – a6, b1 – b3, c1 – c3,
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d, e, p, h and q1 – q3 (Olsen & Sieghart, 2008). Subunit number and
organization around this central pore is ordered (Chang et al., 1996)
with the most commonly expressed GABAA receptor thought to
consist of two each of a and b and a c2 (Sarto-Jackson & Sieghart,
2008). To date, most GABAA receptor mutations associated with IGE
have been found in the c2 (GABRG2) subunit (Baulac et al., 2001;
Wallace et al., 2001; Harkin et al., 2002; Kananura et al., 2002;
Audenaert et al., 2006; Sun et al., 2008; Shi et al., 2010) though
mutations in the a1 (GABRA1; Cossette et al., 2002; Maljevic et al.,
2006), d (GABRD; Dibbens et al., 2004) and b3 (GABRB3; Lachance-
Touchette et al., 2010; Tanaka et al., 2008) subunits have also been
described.
Here, we identify three novel mutations from a population of French

Canadians with IGE. Two mutations found in the GABRA1 gene were
associated with disrupted plasma membrane delivery of the fully
assembled GABAA receptor as well as deficits in its signaling
properties. In contrast, a single point mutation found in the GABRG2
gene had little effect on surface membrane expression or the functional
properties of the mature receptor, a property not yet described for any
other IGE-related GABAA receptor mutants. Future experiments will
be needed to ascertain whether this mutation disrupts a more nuanced
aspect of GABAA receptor biology.

Materials and methods

Subjects and healthy-control samples

Ninety-five individuals with IGE were selected from the Quebec
population of Canada. The methods used for the clinical characteriza-
tion of this cohort have been described previously (Kinirons et al.,
2008). The phenotypes in these probands include 21 cases with
juvenile myoclonic epilepsy, 12 with childhood absence epilepsy, eight
with generalized epilepsy with febrile seizures plus and 54 with IGE
not otherwise specified. This cohort includes 46 familial cases (17
families with two affected individuals, nine with three affected
individuals and 20 with four or more affected individuals) and 49
singletons. A summary of clinical manifestations of affected individu-
als with mutations in GABRA1 or GABRG2 are provided in Supporting
Information Table S1. All the individuals, including 190 healthy
ethnically-matched controls, gave informed consent, after which
patient information and blood samples were collected. DNA was
extracted from peripheral blood through the use of standard protocols.

Screening for mutations and variation analysis

We detected a total of three novel variants in GABRA1 and GABRG2
genes by re-sequencing them in a cohort of 95 subjects (53 females
and 42 males) with epilepsy (Table 1). The open reading frame of
each gene codes for the a1 and c2 subunits of the GABAA receptor.
The genomic organization of each gene was obtained from the
UCSC Genome Browser (Hg18 build; http://genome.ucsc.edu/). All
the coding regions of the genes were amplified by polymerase chain
reaction (PCR, AppliedBiosystems9700; Applied Biosystems, Foster
City, CA, USA). We designed primers from at least 50 bp of the
exon–intron boundaries to examine the entire exonic sequences of
the gene and splice sites. PCR primer pairs were designed using the
software Exon primer from the UCSC Genome Browser. We used
the sequence of reference NM_000806 and NM_000816 for the
GABRA1 and GABRG2 genes respectively. The amplicons were
analyzed on an ABI3730 automatic sequencer (Applied Biosystems)
by using Mutation Surveyor software version 3.0 (SoftGenetics, State
College, PA, USA). All mutations and variants were confirmed by T
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resequencing. For the analyses of detected single-nucleotide poly-
morphisms (SNPs) in our cohort, we used the dbSNP Build 133
based on NCBI Human Genome (version 5.2) and The Human Gene
Mutation Database at the Institute of Medical Genetics in Cardiff.
The novel SNPs and known mutations were tested by sequencing the
corresponding fragment in a control population of 190 individuals.
These French Canadian controls underwent a systematic question-
naire in order to exclude symptoms compatible with seizures as well
as any familial history of epilepsy. Transmission of any variant or
mutation was tested in parents and relatives of the probands when
available.

In silico predictions

The combination of four programs (PolyPhen, SIFT, SNAP and
PANTHER) was used to predict the potential disruptiveness of an
amino acid substitution on the structure and function of a human
protein (Table 1). The genome information and homology searches
were based on the UCSC Genome Browser database (NCBI36 ⁄ hg18
assembly). Sequence cluster alignments were performed by using the
Clustal W algorithm. All novel SNPs identified were also tested for
their potential effects on splicing enhancer ⁄ inhibitor elements by
using ESEfinder (Cartegni et al., 2003) and RESCUE-ESE programs
(data not shown; Fairbrother et al., 2002).

Cloning and mutagenesis

For biochemical and functional analysis of each mutation we cloned
human a1, b2 and c2 subunits of the GABAA receptor into the
pcDNA3.1(-) vector (Invitrogen, Carlsbad, CA, USA). As a positive
control, we also cloned the A322D mutant of GABRA1 gene which
has been described previously (Cossette et al., 2002; Krampfl et al.,
2005). The QuickChange site directed mutagenesis kit (Stratagene,
Agilent Technologies, Cedar Creek, TX, USA) was used to introduce
D219N and P83S mutations in the GABRA1 and GABRG2 clones
respectively, as described previously (Cossette et al., 2002; Krampfl
et al., 2005). The sequence of the mutant GABRA1 (K353delins18X)
subunit was obtained by PCR from the cDNA of the patient A-III-I
and subcloned into the vector containing the wildtype GABRA1 to
replace the 3¢ part of the gene as described below. For the
immunofluorescence experiments, a myc tag was inserted by PCR at
the N-terminus between amino acids four and five of both the a1 and
the c2 subunits. All constructs were sequenced to confirm the
presence of the mutations and to exclude any other variants that may
have been introduced during PCR amplification.

Reverse transcriptase PCR (RT-PCR)

To obtain the K353delins18X mutant, total cellular RNA from patient
A-III-I was obtained from lymphoblastoid cell lines. RNA of the
sample was reverse-transcribed to complementary DNA (cDNA)
using the ThermoScript RT-PCR System kit (Invitrogen). PCR-
amplification was performed on the cDNA using the Advantage kit
(Applied Biosystems). The cDNA was amplified with GABRA1-
specific primers flanking intron 11: GABRA1-5¢ (exon 10): GAG-
CATCAGTGCCAGAAACTCCCTCCC, GABRA1-3¢ (exon11):
CGGGCTTGACCTCTTTAGGTTCTATGG and GABRA1-3¢-UTR:
CCCCCTCTTTTCTCTCTCATTCTGTCTCC. All primers were
designed using NM_000806 as the reference sequence. PCR condi-
tions were: 95 �C for 1 min, 40 cycles of 20 s at 95 �C, 30 s at 65 �C,
45 s at 98 �C, followed by 68 �C for 7 min. Reactions were cycled on
an AppliedBiosystems9700 PCR instrument. The amplicons were

analyzed on an ABI3730 automatic sequencer by using Mutation
Surveyor software version 3.0.

Immunofluorescence

To assess the surface and cellular distribution of wildtype and mutant
receptor subunits, myc-tagged wildtype and mutant a1 subunits were
co-transfected with wildtype b2 and c2. Myc-tagged wildtype and
mutant c2 subunits were also co-transfected with wildtype a1 and b2 in
HEK 293 cells that had been plated on 22-mm glass coverslips coated
with poly-l-lysine in DMEM containing 10% fetal bovine serum and
incubated for 18 h. All transient transfections were performed at a ratio
of 1 : 1 : 2 for a1 : b2 : c2 (2 : 2 : 4 lg per dish) using Lipofecta-
mine 2000. For the endoplasmic reticulum (ER) colocalization
experiments, a plasmid for the expression of the dsRed2-ER marker
(Clontech, Mountain View, CA, USA) was co-transfected in a ratio of
1 : 1 : 2 : 1 for a1 : b2 : c2 : dsRed2-ER respectively. After 24 h,
cells were washed and fixed in 4% formaldehyde in PBS. Cells were
washed and blocked once with PBS–glycine, 20 mm, and once with
PBS containing 10% goat serum, 0.5% BSA and 0.1% Triton X-100
(10 min). Cells were then incubated with anti-myc-tag rabbit mono-
clonal antibody (1 : 200 dilution in blocker; cat, no. 2278; Cell
Signaling, Millipore, Billerica, MA, USA) alone or with pan-Cadherin
mouse monoclonal antibody for membrane co-localization (ab6528,
1 : 250 dilution, 1 h at room temperature; Abcam, Cambridge, MA,
USA). This step was followed by three washes with blocking solution.
Cells were then incubated for 1 h at room temperature with Alexa Fluor
488 rabbit IgG antibody (Molecular Probes, Invitrogen) and ⁄ or Alexa
Fluor 568 mouse IgG antibody (Molecular Probes, Invitrogen) at a
1 : 400 dilution in blocking solution. Cells were washed three times
with blocking solution and mounted onto glass slides. Fluorescently
labelled cells were imaged using a confocal microscope (Leica TCS
SP5).

Affinity purification of surface receptors

HEK 293 cells were plated in 10-cm dishes coated with poly-l-lysine
in DMEM containing 10% fetal bovine serum and incubated for 18 h.
Cells were transiently transfected with the cDNA encoding for
wildtype or mutant a1 and gamma2, together with the wildtype beta2
subunit using a ratio of 1 : 1 : 2 for a1 : b2 : c2 (12 : 12 : 24 lg).
Twenty-four hours post-transfection, intact cells were washed twice
with ice-cold PBS and incubated with the membrane-impermeable
biotinylation reagent Sulfo-NHS SS-Biotin (0.5 mg ⁄mL in PBS;
Pierce, Rockford, IL, USA) for 30 min at 4 �C to label surface
membrane proteins. To quench the reaction, cells were incubated with
10 mm glycine in ice-cold PBS twice for 5 min at 4 �C. Sulfhydryl
groups were blocked by incubating the cells with 5 nm N-ethylma-
leimide (NEM) in PBS for 15 min at room temperature. Cells were
solubilized overnight at 4 �C in lysis buffer (Triton X-100, 1%; Tris–HCl,
50 mm; NaCl, 150 mm; and EDTA, 5 mm; pH 7.5) supplemented
with protease inhibitors (Complete Mini; Roche, Mississauga, ON,
Canada) and 5 mm NEM. Lysates were cleared by centrifugation
(16 000 g, 10 min at 4 �C). An aliquot of each lysate was saved.
Biotinylated surface proteins were affinity-purified from the remaining
cell lysates by incubating for 1 h at 4 �C with 100 lL of immobilized
neutravidin-conjugated agarose bead slurry (Pierce). The samples
were then subjected to centrifugation (16 000 g, 10 min, at 4 �C), an
aliquot of the supernatant was kept and the beads were washed six
times with buffer (Triton X-100, 0.5%; Tris–HCl, 50 mm; NaCl,
150 mm; and EDTA, 5 mm; pH 7.5). Surface proteins were eluted
from beads by incubating for 30 min at room temperature with 200 lL
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of LSB ⁄Urea buffer [2· Laemmli sample buffer (LSB) with 100 mm

DTT and 6 m urea; pH 6.8]. Protein concentration of the lysates and
the supernatants was determined using the Bradford method. Equal
amounts of lysate and supertatant proteins were prepared by adding 2·
LSB ⁄ urea buffer and loaded into an SDS-polyacrylamide gel (SDS-
PAGE), as well as 30 lL of affinity-purified proteins.

Western blotting

Protein samples were run on 10% SDS-PAGE and transferred to PVDF
membranes. Blots were incubated for 1 h at room temperature in
blocking buffer containing 5% non-fat milk in TTBS (NaCl, 500 nm;
Tris base, 20 mm; and Tween-20, 0.1%) followed by a 2-h incubation
at room temperature with anti-a1 (1 : 2000; Chemicon MAB339;
Chemicon, Millipore, Billerica, MA, USA) antibodies in blocking
buffer. The blots were then washed (3 · 20 min) with TTBS and
incubated for 1 h at room temperature in horseradish peroxidase-
conjugated donkey anti-mouse IgG or horseradish peroxidase-conju-
gated donkey anti-rabbit IgG (Jackson Immuno Research, West Grove,
PA, USA) at a 1 : 5000 dilution in blocking buffer. The blots were then
washed (3 · 20 min in TTBS) and revealed by chemiluminescence
with Western Lightning Plus-ECL (PerkinElmer, Waltham, MA, USA).
GAPDH was used as a control to demonstrate that equal amounts of
protein were loaded (mouse monoclonal anti-GAPDH; Chemicon
MAB374, 1 : 2000 dilution). Similarly, pan-cadherin protein expres-
sion was used to normalize the loading of membrane proteins (mouse
monoclonal pan-cadherin; Abcam ab6528, 1 : 5000 dilution).

Cell culture and transfection

Techniques used to culture and transfect mammalian cells have been
described in detail elsewhere (Bowie, 2002). Briefly, tsA201 cells
(provided by R. Horn, Jefferson Medical College, PA, USA) were
maintained at a 70–80% confluency in minimal essential medium with
Earle’s salts, 2 mm glutamine and 10% fetal bovine serum supple-
mented with penicillin (100 units ⁄mL) and streptomycin (100 lg ⁄
mL). After plating at low density (2 · 104 cells ⁄mL) on 35-mm
plastic dishes coated with poly-d-lysine, cells were transfected with
the cDNAs encoding the human GABAA receptor subunits in a
1 : 1 : 2 ratio (a1 : b2 : c2), using the calcium phosphate technique as
previously described (Bowie, 2002). For analysis of the mutant sub-
units, the cDNAs encoding for the a1 (A322D), a1 (K353delins18X),
a1 (D219N) and c2 (P83S) replaced the corresponding wildtype sub-
units. The cDNA for enhanced green fluorescent protein was routinely
co-transfected (0.1 lg per dish) to identify transfected cells.

Electrophysiological solutions and techniques

Experiments were performed 24–48 h after transfection. GABA
(Sigma, Oakville, ON, Canada) was dissolved in external solution
containing (in mm): NaCl, 150; HEPES, 5; MgCl2, 2; and CaCl2, 1;
with 2% phenol red. Internal pipette solution contained (in mm): KCl,
150; EGTA, 5; MgCl2, 1; and MgATP, 2. The pH and osmotic pressure
of internal and external solutions were adjusted to 7.3–7.4 and 310
mOsm respectively. For Zn2+-block experiments, ZnCl2 (Sigma) was
diluted to a 10-lM final concentration in control and agonist external
recording solutions from 10-mm frozen stocks. Diazepam was diluted
to a 1-lM final concentration in control and agonist external recording
solutions from 1-mm frozen stocks. All recordings were performed
with an Axopatch 200B amplifier (Molecular Devices, Inc., CA, USA)
using thin-walled borosilicate glass pipettes (2–5 MX) coated with
dental wax to reduce electrical noise. Control and agonist solutions

were rapidly applied to outside-out patches excised from transfected
tsA201 cells using a piezoelectric stack (Physik Instrumente,
Germany). Solution exchange (10–90% rise-time, 150–250 ls) was
routinely determined at the end of each experiment by measuring the
liquid junction current (or exchange current) between the control and
external solution containing an additional 10 mm NaCl. Current
records were filtered at 5 kHz and digitized at 25 kHz, and series
resistances (3–10 MX) compensated by 95%. All recordings were
performed at a holding potential of )60 mV. Data acquisition was
performed using pClamp9 software (Molecular Devices) and analysis
and statistics were performed using Microsoft Excel (Microsoft
Corporation, Redmond, WA, USA). All datasets reported in this study
exhibited a normal distribution as determined by the Shapiro–Wilk
normality test with P-values > 0.05. Figure illustrations were made
using Origin 7.0 (OriginLab, Northampton, MA, USA). All experi-
ments were carried out at room temperature (22–23 �C). For whole-
cell recordings, control and agonist solutions were locally applied to
the recorded cell.

Results

Identification of mutations in the GABRA1 and GABRG2 genes

We have identified three novel genetic mutations in the alpha1 (a1)
and gamma2 (c2) subunits of the GABAA receptor (Fig. 1). The
amino acid numbering for these mutations refers to the immature
protein including the signal peptide. Screening the GABRA1 gene
identified two variants, the first of which was an insertion of 25
nucleotides in the intron close to the splice acceptor site of exon 11
(Fig. 2A). The exact sequence of the insertion has been obtained by
subcloning the PCR fragment of the mutated allele in a TOPO-cloning
vector (Invitrogen). This 25-bp insertion in the genomic sequence of
GABRA1 (g.chr5:161256674_161256675ins25) changes the position
of the putative branch site to a distance of 63 bp from exon 11. The
maximal distance between the splice acceptor and the branch sites is
usually between 20 and 50 bp (Keren et al., 2010). We therefore
hypothesized that this mutation prevents cleavage at the 3¢ end of
intron 10 (Fig. 2A). Consistent with this hypothesis, RT-PCR of the
A-III-I individual has shown a 1242-bp insertion which corresponds to
the retention of intron 10 (r.1059_1060ins1242). This splice mutation,
which results in a complex rearrangement of the GABRA1 transcript,
predicts a deletion of the fourth transmembrane domain in the mature
a1 protein, as well as the insertion of 18 amino acids and a premature
stop codon (p.K353delins18X; Fig. 2B). A total of three affected
members from this family carry this K353delins18X mutation in
GABRA1, as well as an obligated carrier (Fig. 1A). The second a1
variation was due to a missense mutation in the aspartate 219 residue
to an asparagine (i.e. D219N) which was detected in four out of five
affected individuals with either IGE or febrile seizures in pedigree B
(Fig. 1B). Sequence analysis indicated that carriers are heterozygous
with respect to a G>A substitution, which is predicted to change an
aspartic acid to an asparagine at position 219 of the a1 GABAA

receptor subunit. The K353delins18X and D219N mutations were not
detected in 190 healthy controls (102 females and 88 males), nor were
additional variations in GABRA1 detected.
We also detected a missense mutation in the c2 GABAA receptor

subunit which changed the proline 83 residue of the immature protein
to a serine (i.e. P83S; Fig. 1C), in a large family exhibiting febrile
seizures and IGE over three generations. This P83S mutation was
found in all affected individuals (n = 9) of this multiplex family
(Fig. 1C). The heterozygous mutation Pro83Ser is found near a region
which affects benzodiazepine binding on the extracellular ligand-
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binding domain (Goldschen-Ohm et al., 2010). Importantly, this
mutation was not identified in the 190 French Canadian control
subjects. In addition, no other additional mutations in GABRG2 gene
were detected in this cohort of IGE patients.

In silico analysis, using a combination of four different programs
(PolyPhen, SIFT, SNAP, PANTHER), predicts that the P83S mutation
should have a damaging effect on protein structure or function whereas
the D219N in a1 is predicted to have a benign outcome (Table 1).

Subcellular distribution of mutant and wildtype GABAA receptors

Prior work has shown that other GABAA receptor mutations
associated with IGE can affect the cellular distribution of the mature
protein (Macdonald et al., 2010). In many cases, the mutant receptor

is held up in the ER and ⁄ or exhibits reduced surface expression
(Macdonald et al., 2010). To explore both of these issues, we
examined the subcellular distribution of mutant a1 subunits that had
been co-expressed with wildtype b2 and c2 subunits (Figs 3 and 4).
As controls, we compared the staining pattern of the wildtype a1
subunit which traffics normally and the a1 A322D mutant which
accumulates in the ER and exhibits reduced plasma-membrane surface
expression (Cossette et al., 2002; Krampfl et al., 2005; Maljevic
et al., 2006). As antibody recognition for the myc-tagged c2 GABAA

receptor subunit was variable, we focused only on examining its
functional properties using electrophysiology (see below). Myc-tagged
constructs of wildtype and mutant a1 subunits were expressed in
HEK293 cells and visualized with a fluorescent-tagged myc antibody
(Figs 3 and 4). ER localization was then estimated by overlaying the
a1 subunit staining pattern with that of dsRed2-ER as a selective
marker of this organelle (Fig. 3). Surface expression levels were
determined in a similar manner using red-fluorescent pan-cadherin as a
marker of the plasma membrane (Fig. 4).
As expected, there was little overlap in the staining pattern for the

wildtype a1 subunit and that of the ER (Fig. 3, left column) whereas
the distribution of the a1 A322D mutant co-localized almost
exclusively with dsRed2-ER (Fig. 3, middle column) in agreement
with prior work showing that this subunit is retained within the cell
during protein synthesis and assembly. The staining pattern for the a1
K353delins18X also closely matched that of dsRed2-ER (Fig. 3,
middle) whereas there was only partial, though substantial, overlap in
the distribution of the a1 D219N mutant (Fig. 3, right column),
indicating that some of this latter mutant protein may be trafficked to
the surface of the plasma membrane. In support of this, the pattern of
expression of both pan-cadherin and a1 D219N mutant were similar
and comparable to the wildtype a1 subunit (Fig. 4A, left and right
columns). In contrast, the staining pattern of pan-cadherin did not
match that of a1 K353delins18X or a1 A322D subunits (Fig. 3,
middle columns), further confirming that these mutations disrupt
plasma membrane surface expression.
To examinemore subtle defects in the targeting of themutant subunits

to the plasmamembrane, we used cell surface biotinylation andWestern
blotting to quantify and compare surface expression of the mutants to
wildtype subunits. To do this, HEK293 cells transfected with wildtype
and mutant GABAA receptors were surface-biotinylated with the
membrane-impermeable reagent Sulfo-NHS-SS-Biotin and biotinylat-
ed surface expressed proteins recovered from the soluble lysate fraction
(i.e. L) by affinity purification (i.e. M; Fig. 4B). The unbound or
nonbiotinylated fraction present in the supernatant (i.e. S) was also
analysed as it represents the proportion of receptor subunits that are
retained intracellularly. As expected of controls, the wildtype a1 subunit
was found in both the membrane (M) and supernatant (S) fractions
whereas the a1 A322D mutant was largely restricted to the supernatant
(Fig. 4B, left and middle columns). Likewise, the K353delins18X
mutant was also absent from themembrane fraction and, although it was
detected in the supernatant, the band migrated at a lower molecular
weight (Fig. 4B, middle column). This finding is consistent with the
prediction that this mutation introduces a premature stop codon which
truncates the fourth transmembrane domain of the mature a1 protein.
Although we were not able to detect the a1 A322D mutant and
K353delins18X in the membrane fraction, it does not exclude the
possibility that a small number of receptors were expressed at the plasma
membrane. In contrast, the a1 D219N mutant was detected in both the
membrane and supernatant fractions (Fig. 4B, right column), in
agreement with the staining studies. Compared to the wildtype a1
subunit, there was a 50% decrease in the ratio of surface to total
expression of the a1 D219N mutant (P = 0.0013, Student’s t-test).

A

B

C

Fig. 1. Segregation profiles of the novel GABAA receptor mutants in French
Canadian families affected with IGE and related phenotypes. (A and B) The (A)
K353delins18X and (B) D219N mutations in GABRA1 were found in four
individuals of the same family over two generations. (C) The P83S mutation in
GABRG2 was found in nine individuals of the same family over two
generations. Blackened symbols indicate affected individuals.
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Functional analysis of mutant a1 and c2 GABAA receptor
subunits

To measure the functionality of surface receptors, we performed
electrophysiological recordings on outside-out patches excised from
tsA201 cells transiently transfected with wildtype and mutant GABAA

receptor subunits (Fig. 5). Following activation, GABAA receptors
exhibit rapid desensitization kinetics with a time course of tens of
milliseconds (Jones & Westbrook, 1996). Consequently, the advantage
of performing experiments on excised membrane patches is that it
permits rapid exchange of agonist solution (within 400–500 ls) prior
to the onset of desensitization and therefore peak response amplitude
and decay kinetics are determined with accuracy.
Typical membrane currents elicited by 10 mm GABA on wildtype

or mutant GABAA receptors are shown in Fig. 5A. Note that peak
responses of wildtype a1b2c2 receptors were considerably larger than
a1b2 assemblies (Fig. 5A, upper row), an observation expected from
earlier work highlighting the importance of subunit composition to
agonist responsiveness (e.g. Verdoorn et al., 1990; Boileau et al.,

2003). Likewise, patches containing a1(A322D)b2c2 receptors
elicited much weaker responses to GABA (Fig. 5A, middle row),
which is consistent with their reduced surface expression (Fig. 4) and
lower agonist sensitivity (Krampfl et al., 2005). We failed to detect
responses in any excised patches from cells transfected with the a1
K353delins18X subunit (Fig. 5A, middle row). The lack of respon-
siveness in excised patches is not due to detection failure as cells did
not respond to GABA even in recordings performed in the whole-cell
configuration (Fig. 6). Taken together with our staining and biochem-
ical experiments, we conclude that the K353delins18X mutation
completely eliminates surface expression of mature GABAA receptors,
an observation supported by the fact that the a-subunit is required for
the formation of functional receptors (Mizielinska et al., 2006).
In contrast, we routinely recorded GABA-mediated responses from

the cells expressing the a1 D219N and the c2 P83S subunit mutations
(Fig. 5A, lower row). The level of surface expression of a1 D219N-
containing receptors, as estimated by peak response amplitude, was
modest compared to wildtype a1b2c2 receptors (Fig. 5B). Although
reduced functionality may reflect changes in unitary conductance or

A

B

Fig. 2. Sequencing of the K353delins18X mutation in GABRA1. (A) The normal and mutant alleles were amplified by PCR, sub-cloned in a TOPO-cloning vector
(Invitrogen) and sequenced separately. The mutation consists of a 25-bp insertion located between the splice acceptor and branching sites of exon 11 of the GABRA1
gene. RT-PCR shows an abnormal lower band; sequencing of this band confirmed the retention of the intron leading to a premature stop codon. (B) The amino acid
sequence of the wildtype (top) and mutant (bottom) GABAA receptor. The mutation results in the translation of 18 intronic amino acids and a premature stop codon
(red) and the deletion of 103 amino acids.
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agonist affinity ⁄ efficacy, much of it most probably reflects a genuine
deficit in the delivery of mature GABAA receptors to the cell’s
surface, in agreement with immunohistochemical staining and
Western blot analysis (Fig. 4A and B). Interestingly, peak membrane
currents elicited by GABA at receptors containing the c2 P83S
subunit were indistinguishable from wildtype a1b2c2 receptors
(Fig. 5A and B). As peak responses of c2 P83S-containing receptors
were substantially larger than wildtype a1b2 receptors (Fig. 5B), we
tentatively concluded that this mutation does not affect the incorpo-
ration of c2 subunits into mature GABAA receptors (see below).
Finally, although the degree of equilibrium desensitization was similar
for wildtype a1b2c2 receptors compared to those containing the a1
D219N or c2 P83S subunits (Fig. 5B, Table 2), we did observe a
statistically significant difference between wildtype a1b2c2 and a1b2
receptors (n = 22 and 4 patches for a1b2c2 and a1b2 respectively,
P = 0.0013, Student’s t-test; Fig. 5B) which has been reported by
others (Boileau et al., 2003).

a1 D219N mutation altered GABAA receptor gating kinetics

Structural modeling of the pentameric GABAA receptor (Ernst et al.,
2005) places Asp219 at the interface of the a1 and b2 subunits
(Fig. 7A) based on homology with the Torpedo nicotinic acetylcholine
receptor (Unwin, 2005) (Fig. 7B). Given that this interface is
important for agonist binding and gating (Olsen & Sieghart, 2009),
we examined whether replacement of the positively-charged Asp
residue with a neutral Asn affects re-equilibration rates following
agonist application (i.e. macroscopic desensitization) or removal (i.e.
off-kinetics; Fig. 7C and D). To do this, each experimental trace was
fitted with two or three exponential components to estimate desen-
sitization and off-kinetics (Fig. 7 and Table 2). For comparison, we
also fitted agonist responses mediated by wildtype a1b2c2 receptors
and receptors containing the c2 P83S subunit.

Typical responses to GABA (1–10 mm) in patches containing
wildtype or mutant receptors are shown as overlays in Fig. 7C and D.
In all cases, rates into desensitization were fit with either two or three
time constants whereas most off-kinetic relaxations were well
described by bi-exponential functions (Table 2). As fit values of the
fastest (s �1.3–2.8 ms) and slowest (s �93–287 ms) desensitization
time constants were almost identical in all recordings, the occurrence
of an intermediate time constant (s �14–21 ms) determined whether a
third exponential component was included in the fit (Table 2). The
biological basis of this intermediate component is not clear; however,
prior work on native and recombinant GABAA receptors has noted
variability in desensitization kinetics (e.g. Celentano & Wong, 1994).
As we were able to exclude the possibility of variable proportions of
a1b2 and a1b2c2 receptors in excised patches (see below), the distinct
kinetic components of desensitization presumably correspond to an
intrinsic property of the channel, perhaps modal gating (Lema &
Auerbach, 2006).
Desensitization rates and off-kinetics of GABAA receptors contain-

ing the a1(D219N) subunit were appreciably faster than wildtype
receptors and those containing the c2 P83S subunit (Fig. 7C and D
and Table 2). In contrast with the off-kinetics in wildtype patches,
most of the off-kinetics for the a1 D219N-containing patches (7 ⁄ 9
patches) were fitted with three exponentials. Interestingly, the slowest
component of desensitization had a larger contribution that in wildtype
receptors (Table 2).

c2 P83S mutation did not alter Zn2+ or benzodiazepine
sensitivity

The expression levels (Fig. 5) and kinetic properties (Fig. 7) of
GABAA receptors containing the c2 P83S subunit were indistinguish-
able from wildtype a1b2c2 receptors. To examine whether replacement
of Pro83 with Ser affects the allosteric regulation of GABAA

Fig. 3. Mutant a1 subunits co-localized with the ER. Immunostaining of the wildtype GABRA1 subunit did not co-localize with the ER-marker DsRed-ER (left
column). In contrast, the A322D and K353delins18X GABRA1 mutants co-localized with the ER (middle columns), suggesting that the mutant subunits were
retained in the ER and therefore did not reach the cell membrane. Staining for the D219N GABRA1 mutant was partially co-localized with the ER.
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receptors, we examined their responsiveness to two known modula-
tors, Zn2+ and the benzodiazepine diazepam, both of which are known
to be dependent on the c2 subunit. For example, co-assembly with the
c2 subunit greatly diminishes sensitivity to Zn2+ block (Draguhn
et al., 1990) by disrupting some of its binding sites (Hosie et al.,
2003). Likewise, benzodiazepine potentiation of GABA-mediated
responses is also c2 subunit-dependent (Pritchett et al., 1989) as it
establishes a binding site at the interface with the a-subunit (Ernst
et al., 2005).
To examine Zn2+ sensitivity, block of 1 mm GABA-evoked

responses by 10 lm ZnCl2 was monitored in patches containing
wildtype a1b2 or a1b2c2 receptors which were compared with
responses elicited by a1b2c2(P83S) receptors (Fig. 8A). On average,
Zn2+ reversibly antagonized a1b2 receptors by 86 ± 1% (n = 4
patches) whereas block of responses mediated by a1b2c2 and
a1b2c2(P83S) receptors was much smaller (wildtype, 13 ± 4%,
n = 6 patches; and P83S mutant, 13 ± 2%, n = 10 patches;
P < 0.0001, one-tailed Student’s t-test; Fig. 8B). Likewise, diazepam
sensitivity was similar in a1b2c2 and a1b2c2(P83S) receptors
(Fig. 9B and C). For example, although responses mediated by
a1b2 receptors in 1 lm diazepam were unchanged (n = 3 patches),
responses mediated by a1b2c2 and a1b2c2(P83S) receptors were

potentiated by 20 ± 2 and 22 ± 2% respectively (n = 5 patches each,
P < 0.0001, Student’s paired t-test; Fig. 9B and C). The decrease in
a1b2 receptors responses is most probably a consequence of time-
dependent response rundown which probably leads to an underesti-
mation of the potentiation of a1b2c2 and a1b2c2(P83S) receptors by
diazepam. The summary plot in Fig. 9D reveals that there is a
relationship between Zn2+ and diazepam sensitivity for the different
GABAA receptors we have tested. a1b2 receptors were sensitive to
Zn2+ block but insensitive to diazepam potentiation (blue squares). In
contrast, wildtype a1b2c2 receptors and those containing the mutant
c2 subunit (black circles and red triangles respectively) were resistant
to block by Zn2+ but potentiated by diazepam. Taken together, these
findings demonstrate that c2 P83S mutation does not affect GABAA

receptor sensitivity to Zn2+ or diazepam.

Discussion

Here we report the identification of three novel mutations in two
GABAA receptor subunits found in patients with IGE and febrile
seizures. The clinical manifestations observed in family C with the
P83S mutation in GABRG2 consist of a combination of febrile and
absence seizures. This observation is consistent with the phenotype

A

B

Fig. 4. Surface expression of the mutant a1 subunits. (A) In contrast to the wildtype a1 subunit (left column), immunostaining of A322D and K353delins18X
GABRA1 mutants did not co-localize with the marker for the cell membrane (pan-cadherin; red) when co-expressed with wildtype b2 and c2 subunits. Staining for
the D219N GABRA1 mutant was also partially co-localized with pan-cadherin, suggesting that there is a reduction in surface expression of this subunit. (B) Western
blot of total (L; lysate), biotinylated (M; membrane fraction) and non-biotinylated (S; supernatant) a1 proteins shows a reduction of approxiamtely 50% in the cell
surface expression of the a1 D219N subunit. The absence of expression of the A322D and K353delins18X mutations at the cell surface is also shown. Consistent
with the introduction of a premature stop codon, the K353delins18X subunit was detected at a lower molecular weight. GAPDH was used to normalize the
supernatant and lysate proteins.
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reported in other families with GABRG2 mutations (Helbig et al.,
2008). So far, reports on mutations in GABRA1 are limited to one
family with juvenile myoclonic epilepsy (Cossette et al., 2002) and a
single individual with childhood absence epilepsy (Maljevic et al.,
2006). In contrast, family B with the D219N mutation in GABRA1
exhibits mainly febrile seizures, with or without generalized tonic–
clonic and absence seizures. Family A with the K353delins18X rather
exhibits late-onset, afebrile, generalized tonic–clonic seizures as well
as photosensitivity. Compared to GABRG2, febrile seizures thus seem
to be less consistently associated with GABRA1 mutations.

Mutations in the GABRA1 gene, K353delins18X and D219N,
segregate into two unrelated French Canadian families and were
associated with disrupted plasma membrane delivery of mature protein
as well as signaling deficits in the GABAA receptor. These mutations
would be expected to reduce the strength of inhibitory transmission in
neuronal circuits and, as a result, predispose the carrier to seizures; this
line of reasoning is consistent with other studies purporting a
prominent role of mutant GABAA receptors in IGE (Galanopoulou,
2010; Macdonald et al., 2010). In contrast, we failed to identify any
noticeable functional defect in the non-synonymous mutation P83S of
the GABRG2 gene. This observation is surprising as all other IGE-
associated GABAA receptor mutants described to date exhibit
defective behavior (Galanopoulou, 2010; Macdonald et al., 2010).
Considering its high degree of penetrance in three generations of a
large extended French Canadian family and significant conservation
across species (Supporting Information Fig. S1), as well as its absence
in control chromosomes, all suggest that P83S is a real mutation and
not a misclassified SNP. Whether this mutation disrupts a more
nuanced aspect of GABAA receptor signalling such as may occur at
the axon initial segment (Wimmer et al., 2010), or it exhibits
temperature sensitivity (Kang et al., 2006), will require further
experimentation.

Comparison with previous studies

Prior work has catalogued a total of 16 IGE-related variants in both
translated and untranslated regions of GABAA receptor genes
(Macdonald et al., 2010). Although the specific molecular effects
associated with each mutation can vary significantly from affecting
mRNA transcript stability to disruption of channel gating (Macdonald
et al., 2010), their overall predicted effect at the level of the neuronal
circuit is to undermine inhibition imposed by GABAA receptors.
Consistent with this, electrophysiological experiments revealed that
the kinetic properties of receptors assembled with the a1 D219N
subunit are faster. Interestingly, the equivalent residue in the Torpedo
nAChR is also negatively-charged, but in this case is a Glu which is
thought to form an electrostatic interaction with the adjacent Arg
(Unwin, 2005). If the a1 GABA receptor subunit adopts a similar
structural arrangement, we would predict that this electrostatic

A

B

Fig. 5. Wildtype and mutant GABA-A receptors have different functional
profiles. (A) Typical electrophysiological responses elicited by 1–10 mm

GABA in the wildtype a1b2c2 (patch no. 081030p1) and a1b2 (patch no.
090915p2), the a1 A322D (patch no. 081106p2), K353delins18X (patch no.
081219p3) and D219N (patch no. 090312p4) mutants, and in the c2 P83S
(patch no. 081219p1) mutant. (B) The left panel illustrates the mean peak
current amplitudes obtained in patches containing each of the subunit
combinations. Bars indicate means and error bars indicate SEM.

Fig. 6. a1 K353delins18X-containing GABAA receptors failed to express at
the cell’s surface. Typical whole-cell electrophysiological recordings of
GABAA receptor responses elicited by 10-s GABA applications (100 lm) in
tsA201 cells transfected with wildtype (patch no. 091001c5) or a1 K353de-
lins18X-containing (patch no. 091001c9) receptors. All recordings in wildtype
and mutant receptors were performed on the same day to control for
transfection efficiency. Cells were voltage-clamped at )60 mV. Black bars
indicate the duration of GABA application.
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interaction is established between Asp219 and Lys247 (Fig. 7B).
Replacement of Asp219 with an Asn would reduce the strength of this
interaction and therefore may account for the accelerated GABAA

receptor kinetics observed in our experiments.

The K353delins18X frameshift mutation alters the downstream
amino acid sequence and results in the introduction of a premature
translation–termination codon. This results in a truncation of the
fourth transmembrane domain of the subunit and its retention in the
ER (Figs 3 and 4). Other frameshift mutations in the coding sequence
of GABRA1 have been reported (975delC and S326fs328X; Kang
et al., 2009). Kang et al. suggest that premature translation can
produce mRNA degradation through the activation of molecular
pathways such as nonsense-mediated decay and reduced mutant a1
subunit mRNA. Because the a1 subunit is essential for the formation
of functional GABAA receptors, a decrease in this subunit will also
result in a decrease in surface GABAA receptors (Mizielinska et al.,
2006). In an intact neuronal system, the two novel GABRA1 mutants,
D219N and K353delins18X, could prove to be deleterious by causing
an imbalance between excitation and inhibition. A decrease in
function or expression could also lead to haploinsufficiency if the
intact allele is not sufficient to produce the wildtype phenotype.

The paradox of the c2 P83S subunit mutant

The GABAA receptor c2 subunit fulfills a number of roles including
the clustering of receptors and postsynaptic recruitment of the
scaffolding protein gephyrin (Essrich et al., 1998) as well as
determining sensitivity to allosteric modulators such as Zn2+ and
benzodiazepines (Olsen & Sieghart, 2009). The binding site for
benzodiazepines occurs at the interface between a1 and c2 (Sigel &
Buhr, 1997; Boileau et al., 1998) whereas the c2 ⁄ b2 subunit interface
is the location of the c2 R82Q mutation that is implicated in childhood
absence epilepsy and febrile seizures (Wallace et al., 2001). As
GABAA receptors containing the R82Q mutation exhibit altered
kinetics and reduced benzodiazepine sensitivity (via a long-distance
effect) as well as defective trafficking (Bowser et al., 2002; Kang
et al., 2006; Goldschen-Ohm et al., 2010), we anticipated a marked
phenotype for the adjacent P83S mutant. Instead, we failed to observe
any defective behaviour in terms of functional expression levels or
sensitivity to benzodiazepines or Zn2+. Given this, we conclude that
Pro83 does not participate in the stability of the salt-bridge proposed
to be a critical determinant of benzodiazepine efficacy (Goldschen-
Ohm et al., 2010). It would be interesting in future experiments to
determine whether an appreciable phenotype can be assigned to the
P83S mutant when GABAA receptors are assembled from b1 or b3
subunits rather than the b2 subunit used in the present study.

Working towards the molecular basis of IGE

Although the cause of the common IGE syndromes is unknown, there
are increasing examples of familial cases that are genetic in origin

Table 2. Desensitization and off-kinetics of WT and mutant GABAA receptors

Comps Receptor

Desensitization Off-kinetics

s fast % s int. % s slow % n s fast % s int. % s slow % n

2 a1b2c2 2.8 ± 0.4 49 N ⁄A 163 ± 39 51 13 27 ± 0 40 N ⁄ A 206 ± 26 60 21
a1(D219N)b2c2 2.2 ± 0.2 43 N ⁄A 143 ± 52 57 4 6 ± 4 34 N ⁄ A 58 ± 6 66 2
a1b2c2(P83S) 2.3 ± 0.8 43 N ⁄A 93 ± 36 57 5 34 ± 8 32 N ⁄ A 212 ± 38 69 7

3 a1b2c2 2.4 ± 0.2 41 14 ± 2 22 279 ± 82 37 9 27 ± 0 17 70 ± 0 73 285 ± 0 10 1
a1(D219N)b2c2 1.3 ± 0.4 19 9 ± 4 35 121 ± 22 46 5 2.3 ± 0.4 21 26 ± 4 42 146 ± 18 37 7
a1b2c2(P83S) 2.4 ± 0.4 36 21 ± 5 31 287 ± 92 33 5 8 ± 2 4 66 ± 5 41 380 ± 102 55 3

Mean values for time constants (s) are in ms and are ±SEM. Comps, number of exponential components; int, intermediate; %, percent contribution of component.

A B

C D

Fig. 7. The a1 D219N subunit disrupted receptor re-equilibration kinetics. (A)
Structural model of the GABAA receptor (Ernst et al., 2005) highlights the
organization of the subunits within a pentameric complex as well as the
proposed GABA and diazepam (DZP) binding sites. (B) Panels illustrate the
possible location of the D219 and N219 residues at the interface between the
putative transmembrane and extracellular domains using the Torpedo marmo-
rata nAChR X-ray crystal structure [Protein Data Bank (PDB) accession
number 2BG9]. (C) Typical electrophysiological responses elicited by
1–10 mm GABA in the wildtype a1b2c2 (black, patch no. 081030p1), a1
D219N (blue, patch no. 081212p2) and c2 P83S (red, patch no. 090914p2)
mutants. The rates into desensitization for a1 D219N responses appear slower
because of the increased contribution of the slow exponential component for
this receptor. (D) Typical electrophysiological recordings showing the off-
kinetics in the wildtype (patch no. 081030p1) and mutant (a1 D219N, patch no.
090312p2; c2 P83S, patch no. 090803p1) receptors.
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(Scheffer & Berkovic, 2003), most probably involving several
interacting factors. It has also been proposed that it represents a
‘channelopathy’ given the preponderance of genetic defects found in
ion channels expressed by individuals with familial IGE (Scheffer &
Berkovic, 2003; Hahn & Neubauer, 2009; Catterall et al., 2010;
Macdonald et al., 2010; Zamponi et al., 2010). Understanding the
molecular basis of IGE, as it relates to the GABAA receptor, also
needs to take into account the effect of genetics on the susceptibility of
individual neuronal cell types and their neuronal circuits as has
emerged from studying NaV1.1 channels in epilepsy (Catterall et al.,

2010). By comparing the phenotypic properties of homozygous null or
heterozygous NaV1.1 mice, several groups have noticed that lesions in
the hippocampal circuit primarily affect the excitability of GABAergic
interneurons, which control circuit inhibition, whilst having little or no
effect on the firing properties of the excitatory pyramidal cells (Yu
et al., 2006; Ogiwara et al., 2007). In other words, although all
neuronal cell types either lack or have reduced NaV1.1 signaling in
either null or heterozygous mice respectively, the defect almost
exclusively affects GABAergic interneurons, an observation that could
not have been appreciated from genetic studies alone.
A similar strategy to examine the GABAA receptor c2 subunit

mutant R82Q, which is associated with familial childhood absence
epilepsy, has also led to unexpected insights. Here, the onset of
seizures in heterozygous mice occurs abruptly during development
(around postnatal day 20) as occurs in the human condition (Tan et al.,
2007). In support of this, seizure susceptibility was significantly
reduced when expression of the c2 (R82Q) subunit was delayed until
after development (Chiu et al., 2008), confirming that the onset of
symptoms is dependent on a critical period. Interestingly, more recent

A

B

Fig. 8. The c2 P83S mutation does not affect Zn2+ block of GABA-A
receptors. (A) Typical electrophysiological responses elicited by 1 mm GABA
in the absence (black) or presence (grey) of 10 lm Zn2+ for the wildtype a1b2
(top row, patch no. 090914p1) and a1b2c2 (middle row, patch no. 090721p1)
receptors, as well as the c2 P83S-containing receptors (lower row, patch no.
090924p2). (B) This panel shows the mean percentage of peak current that was
blocked by 10 lm Zn2+. Bars indicate means and error bars indicate SEM.
Circles are individual data.

A

B

C D

Fig. 9. The c2 P83S mutation does not affect diazepam regulation of GABA-A
receptors. (A) Homology model showing the possible conformation of the P83
and S83 residues at the interface between the c2 and b2 subunits (PDB 2BG9).
The three residues thought to allosterically modulate the benzodiazepine-
binding site (c2R82, c2E178 and b2R117) are also shown, and do not appear to
be disrupted by the P83S mutation. (B) Example electrophysiological traces in
wildtype (patch no. 090713p4) and c2 P83S-containing receptors (patch no.
090724p1) showing the response modulation by 1 lm diazepam. Mutant
responses were indistinguishable from wildtype responses. (C) Diazepam
potentiation was characterized by measuring the area under the curve for each
response. This panel summarizes the mean charge transfer (in arbitrary units)
for the a1b2, a1b2c2 and a1b2c2(P83S) receptors. Bars indicate means and
error bars indicate SEM. Responses from c2-containing receptors were
significantly potentiated by diazepam. (D) This graph demonstrates the
relationship between Zn2+ block and diazepam potentiation for a1b2, a1b2c2
and a1b2c2(P83S) receptors. Receptors containing a c2 subunit (wildtype or
mutant) exhibited substantial diazepam potentiation and little Zn2+ block, while
receptors lacking a c2 subunit showed the opposite relationship.
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work shows that, unlike its wildtype counterpart, the c2 (R82Q)
subunit is excluded from the axon initial segment (Wimmer et al.,
2010), the site of action potential initiation in neurons (Stuart et al.,
1997). Clearly, further insight into the three novel GABAA receptor
mutants described in this study will require careful consideration of
how they disrupt neuronal circuit behavior, from an appreciation of
their developmental expression pattern to their distribution within
distinct populations of neurons.

Supporting Information

Additional supporting information may be found in the online version
of this article:
Fig. S1. Peptide sequence alignment of a portion of the GABRA1 and
GABRG2 proteins from different species.
Table S1. Clinical manifestations of the 16 affected individuals
carrying novel GABAA receptor mutations.
Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset by Wiley-Blackwell.
Technical support issues arising from supporting information (other
than missing files) should be addressed to the authors.
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Neuronal communication imposes a heavy metabolic burden in maintaining ionic gradients

essential for action potential firing and synaptic signalling. Although cellular metabolism is

known to regulate excitatory neurotransmission, it is still unclear whether the brain’s energy

supply affects inhibitory signalling. Here we show that mitochondrial-derived reactive oxygen

species (mROS) regulate the strength of postsynaptic GABAA receptors at inhibitory

synapses of cerebellar stellate cells. Inhibition is strengthened through a mechanism that

selectively recruits a3-containing GABAA receptors into synapses with no discernible effect

on resident a1-containing receptors. Since mROS promotes the emergence of postsynaptic

events with unique kinetic properties, we conclude that newly recruited a3-containing

GABAA receptors are activated by neurotransmitter released onto discrete postsynaptic sites.

Although traditionally associated with oxidative stress in neurodegenerative disease, our data

identify mROS as a putative homeostatic signalling molecule coupling cellular metabolism to

the strength of inhibitory transmission.
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A
lthough the mammalian brain represents a small fraction
of the total body mass, its energy requirements are
substantial. Most neural energy is expended on sustaining

excitatory signalling within the central nervous system1 with
action potential firing and glutamatergic transmission proposed
to contribute as much as 80% of total expenditure2. Such high
requirements, combined with limited energy reserves, place limits
on the size of the evolving brain3 obliging neuronal circuits to
develop metabolically-efficient wiring4 and signalling5,6 strategies.
How energy consumption is then distributed among different
cell types is still unclear, although most work has focused
on excitatory principal neurons and astrocytes7–9. While the
bioenergetics of inhibitory GABAergic interneurons has received
less attention10, emerging data suggest a similar high demand on
cellular metabolism. Inhibitory stellate and basket cells of the
cerebellum, for example, are computed to use almost half their
energy on postsynaptic receptor signalling11 placing them on par
with the energy demands of principal neurons such as Purkinje
cells.

In keeping with this, GABAergic transmission at cerebellar
stellate cells is particularly robust12,13 implying that a significant
proportion of energy is expended on reversing ion-gradients
generated by synaptic activity. In fact, stellate cells are a
particularly attractive model cell in which to study coupling of
cellular metabolism with inhibitory transmission for two reasons.
First, inhibitory transmission at stellate cells is relatively stable
over time in terms of synaptic event amplitude and frequency
making it ideal for quantitative analyses13,14. Second, prior work
has established that stellate cell inhibitory synapses contain
GABAA receptors of known composition which would be helpful
in dissecting the molecular nature of any regulatory mechanism.
Inhibitory stellate cell synapses of the young adult cerebellum
contain GABAA receptors composed of a1, b2 and g2
subunits15,16. a2- and/or a3-containing GABAA receptors may
also play a minor role but their contribution is thought to
diminish during development17,18.

Here we have used the stellate cell inhibitory synapse to
examine whether cellular metabolism regulates GABAergic

signalling. Electrophysiological recordings demonstrate that
GABAergic synapse strengthening occurs through a novel
mechanism where mitochondrial-derived reactive oxygen species
(mROS) recruit a3-containing GABAA receptors. Interestingly,
mROS do not strengthen established synapses that contain
a1-receptors. Taken together, our work highlights an unexpected
role for mROS in signalling the metabolic state of the cell to the
inhibitory synapse.

Results
Antimycin-A increases GABAergic synaptic event frequency.
To determine whether inhibitory transmission is coupled to the
metabolic state of the postsynaptic cell, we performed voltage-
clamp recordings of miniature inhibitory postsynaptic currents
(mIPSCs) that are mediated by GABAA receptors in cerebellar
stellate cells. In agreement with other studies, our data revealed
that event frequency and amplitude changed little during a typical
25–30min recording (Fig. 1). For a more quantitative analysis,
event frequency and amplitude were compared in each recording
from synaptic events detected during the first (0–5) and last
(20–25) 5min (Fig. 1a) after seal breakthrough. Fits of the
amplitude distributions from stellate cells (n¼ 6) revealed that
most tetrodotoxin (TTX)-insensitive GABAergic events were best
fitted by 3 to 4 Gaussian components. For example, detected
events from the first 5min of the recordings gave peak values
of � 42 pA (13.7%), � 75 pA (61.7%) and � 139 pA (24.6%)
(Fig. 1b, left). Similar fits were obtained with data obtained from
the last 5min of the recording after seal breakthrough (Fig. 1b,
right), highlighting that inhibitory transmission is stable under
these recording conditions.

To directly test the impact of cellular metabolism on inhibitory
transmission, we performed identical experiments but included
antimycin-A in the patch pipette solution to disrupt mitochon-
drial function. Prior biochemical studies have established the
selective effect of antimycin-A on the mitochondria, where it
concurrently blocks ATP production and generates the free
radical superoxide19. This pharmacological effect is achieved by
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inhibiting cytochrome c reductase, which disrupts the proton
gradient needed by ATP synthase to make ATP20. Electrons
made available by antimycin-A permit the formation of
superoxide.

Inclusion of 2 mM antimycin-A in the patch pipette had an
almost immediate effect on synaptic events mediated by GABAA

receptors (Fig. 2). Unlike the control condition, the frequency of
mIPSCs increased significantly over the duration of the recording
(Fig. 2a). During the first 5min, the total event frequency
(mean±s.e.m.) was 1.10±0.07Hz which increased to
1.78±0.08Hz after 20–25min (n¼ 5; P¼ 7.1� 10� 9, paired,
two-tailed Student’s t-test). Gaussian fits of the amplitude
distributions revealed that the increase in frequency was almost
exclusively limited to synaptic events of smaller amplitudes
(i.e.,o� 100 pA). For example, fits of the control data estimate
the contribution of the smallest events to be 13–15% (Fig. 1b,
right) of all events that increases twofold after 20–25min of
antimycin-A treatment (Fig. 2b). Given this finding, we compared
the frequency and amplitude of events smaller than � 100 pA in
recordings where antimycin-A was absent or included in the
patch pipette (Fig. 2c). In control conditions, both mIPSC
amplitude and frequency were similar throughout the duration of
the experiment (Fig. 2c, left). In contrast, however, small event
frequency increased in a time-dependent manner in the presence
of antimycin-A reaching a sustained maximum after 25min
(Fig. 2c, right).

Interestingly, we also observed what appeared to be a small
time-dependent reduction in the averaged amplitude of
small events in the presence of antimycin-A (Fig. 2c, right).
For example, after 20–25min, the event amplitude was
� 54.6±1.3 pA (mean±s.e.m.) which declined to 93.9±2.7%
of the events observed at the start of the recording (i.e.,
� 57.7±1.6 pA, n¼ 5). As discussed later, this trend towards a
reduction in event amplitude is not due to a shift in the chloride
equilibrium potential (Supplementary Fig. 1) but rather due to the
recruitment of subunit-specific GABAA receptors.

An important concern was whether the effects described
above for antimycin-A would impact inhibitory transmission in
current-clamped stellate cells recorded in physiological levels of
internal chloride. To examine this, we evoked inhibitory events
on stellate cells by placing a stimulating electrode in the
molecular layer of the cerebellum and then compared recordings
in the presence and absence of antimycin-A (Fig. 3). Under these
conditions, antimycin-A elicited a time-dependent increase in the
extent to which inhibitory postsynaptic potentials hyperpolarized
stellate cells (Fig. 3a,b). For example, in antimycin-A-treated cells,
the peak hyperpolarization observed in the first 5min increased
to 132.5±7.7% (mean±s.e.m.; n¼ 5, P¼ 0.035, paired, two-
tailed Student’s t-test) which was not observed in control cells
(e.g., 20–25min: 93.7±10.8% of control 0–5min, n¼ 3, P¼ 0.44,
paired, two-tailed Student’s t-test; Fig. 3b). To account for the
duration of the evoked event, we also measured the area under
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the curve for each hyperpolarization. In antimycin-A-treated
cells, the time course of hyperpolarization (i.e., area under
the curve) was � 140.7±51.9mV*ms (mean±s.e.m., n¼ 5) in
the first 5min which increased to � 295.7±85.7mV*ms at the
20–25min period (P¼ 0.043, paired, two-tailed Student’s t-test;
Fig. 3a,c). This change in the duration of hyperpolarization
was absent in control cells (mean±s.e.m., n¼ 3; 0–5min:
� 133.5±32.6mV*ms; 20–25min: � 145.6±29.3mV*ms). Taken
together, these data suggest that antimycin-A is able to affect
stellate cell excitability by strengthening the degree of inhibitory
tone.

Antimycin-A affects mIPSC frequency by generating mROS.
Block of the electron transport chain impacts the cell in a number
of ways; therefore, we performed several types of experiments to
test whether the primary effect of antimycin-A was due to mROS.
First, we imaged ROS levels by introducing the indicator dye,
dichlorofluorescein (DCF) (see Methods), via the recording
electrode while simultaneously measuring the frequency of
mIPSCs in individual stellate cells (Fig. 4). Analysis of these data
revealed that the increase in mIPSC frequency elicited by
antimycin-A was concomitant with an elevation in intracellular
ROS (Fig. 4b–d). Although the increase in intracellular ROS was
robust, it is likely an underestimate of the actual signal due to the
time delay required to fill the cell with fluorescent indicators
(red circles, Fig. 4c). Second, the inclusion of the antioxidant,
N-acetylcysteine (NAC; 1mM), in the patch pipette attenuated
the effect of antimycin-A on the frequency of small synaptic
events (Fig. 5a–c). NAC contains a thiol group (Fig. 5a, red
lettering) that acts as an electron donor thereby conferring anti-
oxidant effects by reducing the superoxide generated by anti-
mycin-A. NAC (1mM) alone had little effect on GABAergic
transmission (Fig. 5b). Third, other mitochondrial uncouplers,
myxothiazol (Myxo; 5 mM, Fig. 5a,c) and rotenone (Rot; 2 mM,

Fig. 5a,c), mimicked the effect of antimycin-A by increasing the
frequency (Fig. 5c) with a modest reduction in the averaged
amplitude (e.g., Myxo; 20–25min: 96.5±4.6% (mean±s.e.m.) of
control, n¼ 5) of small inhibitory synaptic events. Although
myxothiazol is thought to bind to mitochondrial complex III, like
antimycin-A19, it has been proposed to generate ROS through an
effect on complex I, much like rotenone21, which may account for
its apparently weaker effect on small event frequency (Fig. 5c).
Finally, chemically derived ROS generated by the addition of the
Fenton reaction (see Methods) in the patch pipette also elicited an
increase in small GABAergic event frequency (Fig. 5c). Similar to
antimycin-A, the Fenton reaction produced a steady increase in
small event frequency over the first 15min of the recordings but
had a diminished effect over time (0.66±0.12Hz (mean±s.e.m.,
n¼ 5) at 10–15min period to 0.45±0.07Hz at 20–25min,
P¼ 0.009, paired, two-tailed Student’s t-test). The return to basal
levels of mIPSC frequency during prolonged exposure to the
Fenton reaction was likely due to the time-dependent nature of
the reaction. Furthermore, the modulating effects of Fenton-
derived ROS may be impinged upon by the opposing effects of
endogenous cytoplasmic antioxidants, such as glutathione, thus
impeding ROS from reaching the synapse (i.e., the site of action).
When taken together, these data suggest that mROS are
responsible for the selective upregulation in frequency of small
amplitude GABAergic synaptic events.

mROS promotes the occurrence of slow-decaying mIPSCs.
A change in the frequency of synaptic activity, as observed with
antimycin-A, is usually indicative of a presynaptic mechanism22.
However, a comparison of event decay kinetics observed in the
presence and absence of antimycin-A suggests that mROS may
instead be primarily acting at a postsynaptic site. To perform the
comparison, synaptic events were each fitted with a single
exponential function and this value was plotted with respect to
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the peak response amplitude (Fig. 6a). In the absence of
antimycin-A, most synaptic events (open circles) had a decay
time constant of 10.16±0.17ms (mean±s.e.m.; n¼ 6) irrespec-
tive of the peak amplitude (Fig. 6a). We did, however, observe a
few events with slower decay kinetics, which were more readily
identified in fits of the distribution in decay kinetics (Fig. 6b,
upper panel). Of note, mIPSCs with slower decay kinetics were
usually associated with smaller peak responses (Fig. 6a).

Antimycin-A affected synaptic activity in two ways. First, many
more small amplitude events were observed with decay kinetics
slower than 30ms (Fig. 6a,b, lower panel). In the presence of
antimycin-A, the number of events with slow decay kinetics
increased about threefold, from B0.7% (7/967 events) in control
conditions to about 3% (51/1665 events). Second, antimycin-A
substantially increased the number of events with amplitudes
r � 30 pA (antimycin-A: 208 events or 12.5% of all small events;
control: 34 events or 3.5% of all small events; Fig. 6a). This
observation explains the modest reduction of the averaged
response amplitude elicited by antimycin-A (Fig. 2c, right panel).
It is unlikely that the occurrence of small amplitude, slow-
decaying synaptic events was the result of poorly voltage-clamped
synapses on distal dendritic branches, since their occurrence
in ROS-generated solutions (i.e., antimycin-A, myxothiazol,
rotenone and the Fenton reaction) was not associated with any
change in the cells’ biophysical properties. Consequently, we
concluded that the appearance of small amplitude, slow-decaying
mIPSCs has a biological origin and that mROS affect inhibitory
transmission mainly through a postsynaptic mechanism.

Given the greater occurrence of small amplitude events with
slow decay kinetics, we thus postulated that ROS may be
strengthening inhibitory transmission by recruiting GABAA

receptors possibly from extrasynaptic sites23,24. The slowing
observed in decay kinetics would, in this case, correspond to

recruited receptors responding to the neurotransmitter gradient
emanating from inhibitory synapses. The subunit composition of
extrasynaptic GABAA receptors expressed by stellate cells is not
known, although it is most likely assembled from a1-(refs 15,16)
and/or a3-containing receptors17,18. Therefore, we next deter-
mined whether the kinetic properties of recombinant a1- and/or
a3-containing receptors matched that of the slow-decaying
synaptic events observed during antimycin-A treatment.

To do this, we co-expressed a1- or a3 subunits with b2 and g2
subunits in mammalian cells from which we excised outside-out
patches (Fig. 6c, Supplementary Table 1). Brief (1ms) applica-
tions of 10mM g-aminobutyric acid (GABA) to excised patches
were used to mimic the response elicited by neurotransmitter
released into the synaptic cleft, whereas long (250ms) applica-
tions of 300 mM GABA were used to mimic the con-
centration profile of extrasynaptic GABA (see Barberis et al.25

for details on the synaptic/extrasynaptic concentration profile of
GABA). Using this approach, the decay kinetics of a1-containing
GABAA receptors were dominated by a fast component ofB3ms
when activated by either 300 mM or 10mM GABA (Fig. 6c,
Supplementary Table 1), which does not match the slower
kinetics of synaptic events observed in antimycin-A. In contrast,
a3-containing receptors decayed at least an order of magnitude
slower in response to both high and low GABA concentrations
(Fig. 6c, Supplementary Table 1), which was more in line with
the kinetic behaviour of synaptic events. In keeping with this,
we concluded that the slowing of decay kinetics was not due
to a direct pharmacological action on a3-containing GABAA

receptors since application of antimycin-A to outside-out
patches (external or cytoplasmic side of the membrane) did not
affect their gating properties (Supplementary Fig. 2). Taken
together, these data suggest that the increase in occurrence
of slow-decaying events is consistent with the recruitment of
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a3-containing GABAA receptors into inhibitory synapses. To test
this hypothesis directly, we next examined the effect of
antimycin-A on GABAergic currents recorded in mice lacking
either a1 or a3 GABAA receptor subunits.

mROS have no effect on mIPSC frequency in a3-KO mice. We
started with a3-knockout (KO) mice since the recombinant data
suggested an important role for this subunit in mROS-mediated
changes of GABAergic synapses. Similar to the wild-type mice,
mIPSCs of stellate cells in a3-KO mice varied in amplitude
between � 20 pA and � 300 pA, although a greater proportion of
mIPSCs were of small amplitude (Fig. 7a,b). Unlike wild-type
mice, however, the inclusion of antimycin-A in the patch elec-
trode had no significant effect on small mIPSC frequency
(Fig. 7c). For example, the frequency observed during the final
5min was 0.85±0.08Hz (mean±s.e.m.) which was similar to the
frequency of 0.90±0.1Hz observed during the first 5min (n¼ 5,
P¼ 0.35, paired, two-tailed Student’s t-test). Likewise, antimycin-
A did not promote the occurrence of events with slow decay
kinetics (Fig. 7d). The total number of events with decay kinetics
430ms was 1.1% (5/466 events) for the first 5min and 0.91%
(5/549 events) in the last 5min. The average decay time con-
stant increased significantly in the last 5min (10.03±0.2ms;
mean±s.e.m.) when compared with the first 5min (7.23±0.2ms;
n¼ 5, Po0.0001, paired, two-tailed Student’s t-test). It is not
clear why there is a slowing in decay kinetics, although it is
possible that antimycin-A may also act on a2-containing GABAA

receptors, which have been reported to be expressed by stellate
cells17. In terms of small event amplitudes, antimycin-A had no
effect on their overall occurrence (i.e.,o� 30 pA; 0–5min:

37/466 or 7.9%; 20–25min: 46/549 or 8.4%). Taken together,
these data suggest that the ROS-mediated increase in small
amplitude, slow-decaying mIPSCs is absent in stellate cells
lacking a3-containing GABAA receptors.

mROS increase mIPSC frequency in a1-KO mice. Inhibitory
synapses of stellate cells in a1-KO mice differed from their wild-
type counterpart in several important ways. First, all recorded
mIPSCs in the a1-KO mice were much smaller in amplitude
averaging about � 30.6±0.34 pA (mean±s.e.m.; n¼ 5) compared
with � 104.1±0.73 pA of wild-type stellate cells (Fig. 8a). In fact,
few synaptic responses ever surpassed � 100 pA in amplitude
consistent with a previous study18. Second, the decay kinetics of
small mIPSCs in a1-KO mice were much slower (Fig. 8a) averaging
about 20.2±0.60ms (mean±s.e.m.; n¼ 5) compared with
10.16±0.17ms (mean±s.e.m.; n¼ 6) in wild-type mice. A
comparison of response amplitude versus decay kinetics of small
mIPSCs observed in wild-type (open circles) and a1-lacking (black
circles) mice revealed that the profile of inhibitory events in a1-KO
mice were reminiscent of the small amplitude, slow-decaying
responses observed in wild-type mice following antimycin-A
treatment (Fig. 8b). Third and finally, mIPSC frequency in
a1-lacking mice was lower at 0.52±0.05Hz (mean±s.e.m.;
n¼ 5); an observation that might be expected given the
preponderance of a1-containing GABAA receptors in stellate cells.
Taken together, these observations suggest upregulation of the a3
subunit in the cerebellum of a1-KO mice, as suggested previously26

and shown directly in Supplementary Fig. 3.
As predicted from the role of a3-containing GABAA receptors

in wild-type mice, the frequency of mIPSCs in stellate cells of
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a1-KO mice increased in a time-dependent manner when
antimycin-A was included in the patch pipette (Fig. 8c,d).
Antimycin-A increased event frequency from 0.63±0.1Hz
(mean±s.e.m.) within the first 5min to 0.85±0.1Hz in the last
5min (n¼ 5, P¼ 3.24� 10� 5, paired, two-tailed Student’s t-test)
of the recording corresponding to a normalized maximal peak
increase of 68.6±28.7% (Fig. 8c,d). We concluded that
antimycin-A regulated mIPSC frequency by generating mROS
since the effect of the mitochondrial uncoupler on event
frequency (Fig. 8c,d) and amplitude (Supplementary Fig. 4) was
attenuated by 1mM NAC. Finally, in the last 5min, antimycin-A
increased the occurrence of slow-decaying mIPSCs with time
constants greater than 30ms (24%, 324 events). Thus, these data
suggest that the ROS-mediated increase in small amplitude,
slow-decaying mIPSCs occurs through the recruitment of
a3-containing GABAA receptors.

It is interesting that antimycin-A increased event frequency in
a1-lacking stellate cells less than in wild-type neurons (Fig. 8d).
Since wild-type inhibitory synapses mainly possess a1-containing
GABAA receptors15,17, we reasoned that antimycin-A would be
able to recruit more a3-containing GABAA receptors into these
synapses. This explanation would explain the apparently weaker
effect of mROS on a1-lacking stellate cells which, importantly,
could be tested experimentally. Specifically, we hypothesized that
mROS should increase not only the inhibitory event frequency
in a1-lacking stellate cells but also their amplitude as more
a3-containing GABAA receptors are recruited into the synapse.

mROS also increase mIPSC amplitude in a1-KO mice. As
expected, neither the mIPSC frequency nor amplitude changed in
control recordings of stellate cells lacking the a1-subunit (Fig. 9a,
left panel). However, in antimycin-A-treated cells, the frequency
of inhibitory events increased suggesting that the a1-subunit does
not play a major role (Fig. 9a, right panel). The total event
frequency during the first 5min significantly increased after

20–25min (Figs 8d, 9a, right). This increase was also observed by
fitting the amplitude distributions (Fig. 9b). Interestingly, this
analysis also uncovered an appreciable increase in the amplitude
of mIPSCs (Fig. 9b, right panel). Fits of the amplitude distribu-
tions taken from the last 5min of control a1-KO mice revealed
that mIPSCs were best fit by the sum of two Gaussian compo-
nents (� 23 pA (43.1%) and � 31 pA (56.9%)). However, after
20–25min of antimycin treatment, data were best fit by four
Gaussian components (� 21 pA (41.5%), � 32 pA (36.8%),
� 50 pA (15.0%) and � 88 pA (6.7%)), where a sizeable pro-
portion of all events (about 22%) exhibited amplitudes that were
two- to threefold larger than any mIPSCs observed during the
a1-KO-control condition. Taken together, these data demonstrate
that antimycin-A increases both the frequency and amplitude of
mIPSCs in stellate cells lacking the a1-subunit by recruiting
a3-containing GABAA receptors to synaptic sites. Interestingly,
when we repeated these experiments in younger wild-type mice
(i.e., P10–12), where a3- and not a1-containing GABAA recep-
tors dominate the synaptic response (see Vicini et al.18),
antimycin-A increased event frequency, as expected, but did
not increase mIPSC amplitude (Fig. 10) suggesting that the rules
regulating synaptic strength are distinct in developing and mature
stellate cells.

Discussion
The present study advances our understanding of inhibitory
GABAergic synapses in two important ways. First, we show that
cellular metabolism regulates the strength of inhibitory transmis-
sion by generating mROS. As discussed below, the traditional
view that mROS are primarily involved in oxidative stress has
broadened to encompass a more physiological role for these
versatile signalling molecules27. Second, strengthening of stellate
cell inhibitory synapses occurs through a mechanism that is
selective for the recruitment of a3-containing GABAA receptors.
Curiously, mROS have no apparent effect on a1-receptors which
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are the predominant GABAA receptor present at stellate cell
inhibitory synapses. This apparent discrepancy can be explained
if a3 receptors are recruited into synaptic sites that are distinct
from a1 receptors. Given this, our data are consistent with the
idea that a3-containing GABAA receptors occupy synaptic sites
which are either entirely devoid of any GABAA receptor,
reminiscent of silent glutamatergic28 or GABAergic29 synapses,
and/or contain a small number of a3-containing receptors.

The generation of mROS has been traditionally linked to the
cellular damage that accompanies chronic disease states such as
diabetes30, cancer31 and neurodegenerative conditions such as
Alzheimer’s disease and Parkinsonism32. Given this, it might be
concluded that our experiments using antimycin-A are more in
line with these chronic disease states. However, recent work in
the striatum suggests that the elevation in ROS elicited by
mitochondrial uncouplers and physiological stimuli can be quite
comparable33. Consequently, our findings may point to a more
physiological role for mROS as already described for the innate
immune response as well as the control of embryonic stem cell
differentiation27. Exactly how mROS are elevated in inhibitory
stellate cells awaits future study. However, given the emerging
view that mROS lay at the heart of an important signalling hub27,
it is likely that numerous biochemical pathways converge on
stellate cell synapses to elevate mROS.

We were initially surprised that mROS regulated a3-containing
receptors with no apparent effect on a1-receptors. This observa-
tion can be explained in one of two ways. First, a1- and
a3- containing GABAA receptors may be recruited to morpho-
logically distinct stellate cell inhibitory synapses. In fact, subunit-
specific synaptic segregation is not unusual for the cerebellum34.
Granule cells, for example, form inhibitory synapses with Golgi
cells which contain primarily a1b2/3g2 (with some a6b2/3g2
receptors), whereas mossy fibre to granule cell synapses contain
only a6b2/3g2 receptors35. In keeping with this, stellate cells
are innervated by other cell types that include other stellate
cells and basket cells of the molecular layer as well as Lugaro cells
and globular cells, which are located beneath the Purkinje

cell layer34,36. Consequently, it is possible that a1- and
a3- containing GABAA receptors are targeted to synapses that
are formed with different presynaptic partners. Second, a1- and
a3- containing GABAA receptors may still share the same
presynaptic terminal but are activated by neurotransmitter
released from functionally-distinct active zones. In support of
this, serial electron micrographs of inhibitory stellate cell synapses
reveal their unusual architecture that places different active zones
of the same presynaptic terminal in discrete locations12. This
arrangement may allow a1- and a3- containing GABAA receptors
to act in the distinct manner reported in our study. The
physiological value of segregating GABAA receptors at stellate cell
inhibitory synapses is not yet clear, although it is possible that the
different kinetic properties of a1- and a3-receptors may allow
neuronal excitability to be finely controlled.

In a1-lacking mice, the situation is similar but with the
difference that a3-containing GABA receptors are now present to
a greater extent at inhibitory synapses (see Fig. 8a and
Supplementary Fig. 3). Given this, the relative increase in event
frequency elicited by antimycin-A would be expected to be less, as
we have observed, since many synapses already contain
a3-receptors. Moreover, since the event amplitude increases in
a1-lacking mice, this observation suggests that a3-containing
GABA receptors are recruited to sites already containing
a3-receptors.

In principle, a number of mechanisms may account for the
increase in occurrence of a3-containing GABAA receptors with
mROS which include lateral relocation of extrasynaptic receptors
into inhibitory synapses23,37, exocytotic insertion of synaptic
GABAA receptors and/or mROS-directed increase in GABAA

receptor open-channel probability. More work is required to
delineate between these possibilities; however, our data are
consistent with the recruitment of extrasynaptic a3-containing
receptors. In agreement with this, lateral movement of
extrasynaptic receptors has been proposed to be the domina-
ting mechanism that strengthens GABAergic synapses23,24,37.
Moreover, the time frame of lateral diffusion is also consistent
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with the rates of mROS modulation described in the present
study. Lateral relocation is dependent upon the diffusion rate of a
receptor which interestingly, is higher for extrasynaptic GABAA

receptors23,37–39. Finally, the occurrence of small amplitude,
slow-decaying synaptic events elicited by mROS is also consistent
with the lateral movement of a3-containing GABAA receptors,
which would be expected to have these properties in response to
low GABA concentrations. Clearly, more work is still required to
understand how the generation of ROS in the mitochondria
triggers the events that lead to the strengthening of inhibitory
synapses of cerebellar stellate cells. Moreover, it would be
important in future studies to examine if this effect of mROS is
common to all inhibitory synapses.

Methods
Animals. Homozygous GABAA receptor a1-KO mice were generated on a mixed
C57BL/6J-129Sv/SvJ background at the University of Pittsburgh (Pittsburgh,
PA, USA)18 and bred at the University of Zurich. Wild-type and a3-KO mice
were maintained on a C57BL/6J background (B6.129 1-Gabra3tm2Uru/Uru)40

and also bred at the University of Zurich. As the a3 subunit gene is located
on the X chromosome, mutant mice were either hemizygote male or homozygote
female obtained from heterozygous/hemizygous or a3-KO breeding pairs.
Wild-type mice with a C57BL/6J background were obtained from Jackson
Laboratories (Bar Harbor, ME, USA) and maintained as a breeding colony at
McGill University. All animals were genotyped by PCR analysis of tail biopsies.
Mutant mice were born at the expected Mendelian ratio and the mutant
phenotypes were maintained across generations. Mice (WT and a1-KO: male and

female, a3-KO: males only) used for the experiments ranged from 15 to 28 days old
(P15–28; mean±s.e.m. age: P22±1, n¼ 46) or 10–12 days old (P10–12;
mean±s.e.m. age: P11±1, n¼ 7; only for Fig. 10). All experiments have been
approved by the local authorities and were performed in accordance with the
guidelines of the Canadian Council on Animal Care and European Community
Council Directive 86/609/EEC and were approved by the Animal Care Committee
of McGill University (Protocol Number: 4564) or the Cantonal Veterinary Office of
Zurich.

Cerebellum slice preparation. Mice were anaesthetized with isoflurane and
immediately decapitated. The cerebellum was rapidly removed from the whole
brain while submerged in oxygenated (95% O2, 5% CO2) ice-cold cutting solution.
Cutting solution contained (in mM): 235 sucrose, 2.5 KCl, 1.25 NaH2PO4,
28 NaHCO3, 0.5 CaCl2, 7 MgSO4 and 28 D-glucose (pH of 7.4; 305–
315mOsmol l� 1). The tissue was maintained in ice-cold solution while sagittal
slices of cerebellum (250–300 mm) were cut using a vibrating tissue slicer (Leica
VT100S, Leica Instruments, Nussloch, Germany). The slices were transferred to
oxygenated, room temperature (20–23 �C) artificial cerebrospinal fluid (aCSF)
for at least 1 h before recordings. aCSF contained (in mM): 125 NaCl, 2.5 KCl,
1.25 NaH2PO4, 26 NaHCO3, 2 CaCl2, 1 MgSO4 and 25 D-glucose (pH of 7.4;
305–315mOsmol l� 1).

Cell culture and transfection. Human embryonic kidney (HEK) 293T/17 cells
(ATCC CRL-11268, Manassas, VA, USA) were maintained at 70–80% confluency
in minimal essential medium with Earle’s salts, 2mM glutamine and 10% fetal
bovine serum. After plating at low density (2� 104 cells per ml) on 35mm plastic
dishes coated with poly-D-lysine, cells were transfected with the complementary
DNAs (cDNAs) encoding the GABAA receptor subunits in a 1:1:2 ratio (a1:b2:g2),
using the calcium phosphate technique. All GABAA receptor subunits used were of
human sequences, except the a3 subunit, which was of the rat sequence. The cDNA
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for enhanced green fluorescent protein was routinely co-transfected (0.1 mg per
dish) to identify transfected cells.

Electrophysiology. Slice experiments were performed on an Olympus BX51
upright microscope (Olympus, Southall, UK) equipped with differential inter-
ference contrast/infrared optics. Whole-cell patch-clamp recordings were made
from stellate cells which were distinguished from misplaced or migrating granule,
glial or basket cells by their small soma diameter (8–9 mm) and location in the outer
two-thirds of the molecular layer. Patch pipettes were prepared from thick-walled
borosilicate glass (GC150F-10, OD 1.5mm, ID 0.86mm; Harvard Apparatus Ltd,
Kent, UK) and had open tip resistances of 3–8MO when filled with an intracellular
solution that contained (in mM): 140 CsCl, 4 NaCl, 0.5 CaCl2, 10 HEPES,
5 EGTA, 2Mg-ATP, 2 QX314 to block voltage-activated Naþ channels and
0.5mgml� 1 Lucifer Yellow as a post hoc dye indicator (pH 7.4 with CsOH,
300–310mOsmol l� 1). Recordings were made with a Multiclamp 700A amplifier
(Molecular Devices, Sunnyvale, CA, USA) at a holding potential of � 60mV. Series
resistance and whole-cell capacitance were estimated by cancelling the fast current
transients evoked at the onset and offset of brief (10–20ms) 5mV voltage-com-
mand steps. Series resistance during postsynaptic whole-cell recording (10–35MO)
was compensated between 40 and 65% and checked for stability throughout the
experiments (420% tolerance). The capacitance of the stellate cells was in the
range of 6–11 pF. The bath was continuously perfused at room temperature
(22–23 �C) with aCSF at a rate of 1–2mlmin� 1. mIPSCs were recorded in the
presence of TTX (1mM). Currents were filtered at 5 kHz with either a four-pole or
eight-pole low-pass Bessel filter (Frequency Devices, Haverhill, MA, USA) and
digitized at 25 kHz with a Digidata 1322A data acquisition board and Clampex9
(Molecular Devices) software.

For extracellular stimulation, thin-walled borosilicate glass electrodes (OD
1.65mm, ID 1.15mm; King Precision Glass Inc., Claremont, CA, USA) were used
with a tip current of o3MO when filled with aCSF. The intracellular solution used
for evoked potentials contained (in mM): 126 K-Gluconate, 0.05 CaCl2, 0.15
K4BAPTA, 4 NaCl, 1 MgSO4, 15 D-Glucose, 5 HEPES, 3 Mg-ATP, 0.1 NaGTP,
2 QX314 (pH 7.4 with KOH, 300–310mOsmol l� 1). The ground electrode for the
stimulation circuit was made with a platinum wire wrapped around the stimulation
electrode. The stimulating electrode was positioned in the molecular layer at or just
beneath the slice surface. Voltage pulses (1–25V in amplitude, 200–400ms in
duration) were applied at low frequency stimulation (0.05–0.03Hz) through the
stimulating electrode. To minimize variability between responses, the stimulating
electrode was positioned between 50 and 100 mm away from the cell of interest. The
voltage that was used during each experiment was the lowest voltage intensity
obtained that elicited the maximal eIPSPs response.

Experiments were also performed at room temperature on recombinant
GABAA receptors 24–48 h after cDNA transfection. GABA (Sigma-Aldrich,
St Louis, MO, USA) was dissolved in external solution containing (in mM): 150
NaCl, 5 HEPES, 2 MgCl2 and 1 CaCl2. Internal pipette solution contained (in mM):
150 KCl, 5 EGTA, 1 MgCl2 and 2 Mg-ATP. The pH and osmotic pressure of
internal and external solutions were adjusted to 7.3–7.4 and 300mOsm l� 1,
respectively. All recordings were performed with an Axopatch 200B amplifier
(Molecular Devices) using thin-walled borosilicate glass pipettes (2–5MO) coated
with dental wax to reduce electrical noise. Control and agonist solutions were
rapidly applied to outside-out patches excised from transfected HEK 239T/17 cells
using a piezoelectric stack (Physik Instrumente, Karlsruhe/Palmbach, Germany).
Solution exchange (10–90% rise-time¼ 150–250 ms) was determined by measuring
the liquid junction current (or exchange current) between the control and external
solution containing 10% additional NaCl. Current records were filtered at 5 kHz,
digitized at 25 kHz and series resistances (3–10MO) were compensated by 95%. All
recordings were performed at a holding potential of � 60mV. Data acquisition
were performed using pClamp10 software (Molecular Devices). Curve fitting and
figure preparation of all electrophysiology data were performed with Origin 7.0
(OriginLab, Northampton, MA, USA), Microsoft Excel, Clampfit 10 (Molecular
Devices) and the Strathclyde Electrophysiology WinWCP and WinEDR
(John Dempster, Glasgow, UK) software.

Analysis of mIPSC events. mIPSCs were detected using WinEDR software with a
detection threshold of four times the mean root square noise level. The accuracy of
detection was visually confirmed for each recording. Only cells exhibiting mIPSC
frequency of greater than 0.2Hz were used for analysis. Amplitude distributions
were fit with the sum of 2–4 Gaussian functions with the singular form of:
y¼ (Ai/wi*sqrt(p/2)))*exp(� 2*((x� xci)/wi)2), where A is the area, xc is the
centre of the peak and w is the error associated with the peak. The decay phase of
mIPSCs was fit with a single exponential curve and both rise and decay phase were
fitted between 10 and 90% of the peak amplitude. Data are expressed as
mean±s.e.m.; P-values represent the results of paired or unpaired, two-tailed
Student’s t-tests. A P-value of less than 0.05 was considered statistically significant.
All data are from at least two different animals.

Intracellular ROS fluorescence. Scanning confocal images were collected on a
Zeiss Axioexaminer microscope (Carl Zeiss Microscopy Jena GmbH, Jena,
Germany) in the McGill University Life Sciences Complex Advanced BioImaging
Facility. mIPSCs were simultaneously recorded on a HEKA EPC10 amplifier

(HEKA Electronik Dr Schulze GmbH, Lambrecht/Pfalz, Germany) and visualized
with HEKA Patchmaster software. Solutions for recording stellate cell mIPSCs
were used as above except the internal solution included Alexa 594 (100 mM;
Life Technologies Inc., Burlington, ON, Canada) to report the extent of indicator
filling and CM-H2DCF-DA (100 mM; Life Technologies Inc.) to report the relative
increase in intracellular ROS41. Pairs of images were collected every 30 s, to reduce
potential photo-oxidation of the ROS indicator, once a gigaohm seal was obtained
until at least 25min after membrane breakthrough for whole-cell recordings. Each
image was 512� 512 pixels with a 1 ms pixel dwell time. In some cases the Alexa
laser was used to also capture a transmission image to indicate the electrode and
cell position (Fig. 4a).

Pharmacological compounds. Glutamate antagonists, D-(-)-2-Amino-5-
phosphonopentanoic acid (D-APV; 10 mM) and 6-Cyano-7-nitroquinoxaline-2,3-
dione (CNQX; 5 mM), the glycine antagonist, strychnine (0.3 mM) and the GABAA

receptor antagonist bicuculline (10 mM) were purchased from Tocris Bioscience
(Ellisville, MO, USA). TTX (1mM) was purchased from Alomone Labs (Jerusalem,
Israel). Stock solutions of these antagonists were prepared in water and were stored
at � 20 �C and working solutions were diluted with aCSF shortly before applica-
tion to the bath. The antioxidant, NAC (1mM) (Sigma) was prepared as a stock
solution in water and dissolved in patch electrode solution on the day of the
experiment. Mitochondrial poisons (antimycin-A, myxothiazol and rotenone) were
purchased from Sigma, dissolved in dimethyl sulfoxide (DMSO) and diluted in
water to workable stock concentrations and stored at � 20 �C. The final maximum
DMSO concentration (0.1% v/v) had no effect on mIPSCs. Although we tested
antimycin-A at a range of concentrations (0.5–10 mM), we used a final con-
centration of 2 mM since it had a relatively fast onset time and was not detrimental
to the cell’s health (based on the cell’s appearance and biophysical properties (i.e.,
input resistance, holding current)). In support of this, a comparable concentration
of antimycin-A (1mM) has been used in a similar electrophysiological study of ROS
effects on nAChRs42. Mg-ATP was included in our patch electrode solution to
avoid compromising Naþ /Kþ ATPase function. For the Fenton reaction, H2O2

(10mM) was added to a solution of ascorbate (44mM) and FeCl3�6H2O (1mM) at
a 1:20 (v/v) dilution. This solution was added to the recording electrode solution at
a 1:10 (v/v) dilution. The Fenton solution was prepared every 30min from
powdered ingredients at room temperature.

Immunohistochemistry. Three-week-old wild-type and a1-KO littermates were
anesthetized with pentobarbital (50mg kg� 1) and perfusion-fixed with 4%
paraformaldehyde solution in 0.1M sodium phosphate buffer, pH 7.4. The brain
was postfixed for 6 h, cryoprotected in 30% sucrose in phosphate-buffered saline,
and cut parasagittally with a freezing microtome. Sections were pretreated with
pepsin (0.15mgml� 1 in 0.2M HCl) for 10min at 37 �C43 to unmask synaptic
proteins and incubated overnight in a mixture of antibodies against the a1 subunit
(rabbit; custom-made), a3 subunit (guinea pig; custom-made) and gephyrin
(mouse; mAb7a, Synaptic Systems, Göttingen, Germany), followed by three washes
and incubation in secondary antibodies coupled to Alexa488, Cy3 and Cy5
(Jackson Immunoresearch, West Grove, PA, USA). Images were acquired by
confocal laser scanning microscopy (Zeiss LSM700, Carl Zeiss MicroImaging
GmbH, Germany) using a � 40 objective (N.A. 1.4). Stacks of 3–10 confocal
images spaced by 0.5 mm were projected for display.
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Hydrogen Peroxide Increases GABAA Receptor-Mediated
Tonic Current in Hippocampal Neurons
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Hydrogen peroxide (H2O2 ), a key reactive oxygen species, is produced at low levels during normal cellular metabolism and at higher
concentrations under pathological conditions such as ischemia-reperfusion injury. The mechanisms by which H2O2 contributes to
physiological and pathological processes in the brain remain poorly understood. Inhibitory GABA type A (GABAA ) receptors critically
regulate brain function by generating tonic and synaptic currents; however, it remains unknown whether H2O2 directly modulates GABAA

receptor function. Here, we performed patch-clamp recordings, together with pharmacological and genetic approaches, to investigate the
effects of H2O2 on GABAA receptor-mediated tonic and synaptic currents recorded in cultured mouse hippocampal neurons and CA1
pyramidal neurons in hippocampal slices. We found that H2O2 caused a dramatic increase in tonic current, whereas synaptic currents
were unaffected. This increase in tonic current resulted from an extracellular oxidative reaction, which increased the potency of GABA,
but only when GABAA receptors were activated by low concentrations of GABA. Oxygen-glucose deprivation, which produces high
endogenous levels of H2O2 , similarly increased the tonic current. These results suggest that GABAA receptor-mediated tonic current,
which is potentiated by H2O2 , might contribute to H2O2-induced brain dysfunction.

Key words: GABAA receptor; hippocampus; hydrogen peroxide; ischemia-reperfusion; mouse; tonic current

Introduction
Reactive oxygen species (ROS) are by-products generated during
normal cellular oxidative metabolism in the brain and other or-
gans (Giorgio et al., 2007; Rice, 2011). Excessive production of
ROS occurs in a variety of neurological disorders including
ischemic-reperfusion injury, stroke, and neurodegenerative dis-
ease (Andersen, 2004; Allen and Bayraktutan, 2009; Uttara et al.,
2009). High levels of ROS can lead to oxidative stress, which in
turn causes cellular dysfunction and neuronal death (Giorgio et
al., 2007; Rice, 2011).

One of the most important ROS is hydrogen peroxide (H2O2),
a relatively stable molecule that diffuses through the cell mem-
brane to interact with distant molecular targets (Giorgio et al.,
2007; Rice, 2011). Low concentrations of H2O2 physiologically
regulate synaptic plasticity (Kamsler and Segal, 2003; Rice, 2011),
whereas higher concentrations are associated with neuronal dys-
function (Abramov et al., 2007; Giorgio et al., 2007). Concentra-
tions of H2O2 as high as 200 �M occur during the early period of
postischemic reperfusion (Hyslop et al., 1995). Despite being in-
volved in a wide variety of physiological and pathological func-
tions, the molecular substrates underlying H2O2 effects on
neuronal function remain poorly understood.

GABA type A (GABAA) receptors mediate the majority of
inhibition in the brain and perturbations in GABAergic inhibi-
tion contribute to a variety of neurological disorders (Brickley
and Mody, 2012). GABAA receptors generate two forms of inhi-
bition: synaptic and tonic, which play distinct roles in regulating
network synchrony and neuronal excitability (Farrant and
Nusser, 2005; Brickley and Mody, 2012). Synaptic inhibition is
generated by postsynaptic GABAA receptors that are activated by
transient, near-saturating concentrations of GABA. In contrast,
tonic inhibition is generated by extrasynaptic GABAA receptors
that are activated by persistent, low ambient concentrations of
GABA (Farrant and Nusser, 2005; Brickley and Mody, 2012).

H2O2 modulation of GABAA receptor function is of consider-
able interest as alterations in inhibitory neurotransmission dra-
matically change network activity (Farrant and Nusser, 2005;
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Brickley and Mody, 2012). Previous studies that investigated the
effects of H2O2 on GABAergic inhibition have produced conflict-
ing results. Application of H2O2 (300 �M) to hippocampal slices
increases the intracellular concentrations of chloride (Sah and
Schwartz-Bloom, 1999). In contrast, very high concentrations of
H2O2 (1.5–3.5 mM), reduce the amplitude of IPSPs recorded in
the hippocampus, cerebral cortex, and thalamus (Pellmar, 1995;
Frantseva et al., 1998). This reduction of IPSPs could result from
a decrease in the release of GABA from presynaptic terminals or
from direct inhibition of GABAA receptors. No previous studies
have examined the direct effects of H2O2 on GABAA receptors
that generate tonic and synaptic currents.

Here we show that H2O2 dramatically increases the amplitude
of the tonic current in hippocampal neurons, whereas synaptic
currents are unaffected. This increase in tonic current is due to an
increase in potency of GABA, which results from an extracellular
oxidative reaction. Oxygen-glucose deprivation, a pathological
condition that generates high levels of endogenous H2O2 also
increases the tonic current. Collectively, the results suggest that
H2O2 could cause neuronal dysfunction, at least in part, by in-
creasing GABAA receptor-mediated tonic current.

Materials and Methods
Experimental animals. All experimental procedures were approved by the
Animal Care Committee of the University of Toronto (Toronto, ON,
Canada). Three strains of mice of either sex were used to produce cul-
tures of hippocampal neurons. Swiss White mice were obtained from
Charles River Laboratories. GABAA receptor �5 subunit null-mutant
(Gabra5�/�) mice and wild-type (WT) mice (C57BL/6 � SvEv129) were
obtained from Merck Sharp and Dohme Research Laboratories. GABAA

receptor � subunit null-mutant (Gabrd�/�) mice and WT mice (C57BL/
6 � SvJ129) were obtained from Dr Gregg E. Homanics at the University
of Pittsburgh (Pittsburgh, PA). The generation, genotyping, and charac-
terization of Gabra5�/� and Gabrd�/� mice were previously described
(Mihalek et al., 1999; Collinson et al., 2002). Mice were housed in the
animal care facility of the University of Toronto.

Cell culture. Cultures of embryonic hippocampal neurons were pre-
pared as previously described (Wang et al., 2012). Briefly, fetal pups
(embryonic day 18) were removed from mice killed by cervical disloca-
tion. The hippocampi were dissected from each fetus and placed in an
ice-cooled culture dish. Neurons were then dissociated by mechanical
titration using two Pasteur pipettes (tip diameter, 150 –200 �m) and
plated on 35 mm culture dishes at a density of �1 � 10 6 cells/ml. The
culture dishes were coated with collagen or poly-D-lysine (Sigma-
Aldrich). For the first 5 d in vitro, cells were maintained in minimal
essential media (MEM) supplemented with 10% fetal bovine serum and
10% horse serum (Life Technologies). The neurons were cultured at
37°C in a 5% CO2-95% air environment. After the cells had grown to
confluence, 0.1 ml of a mixture of 4 mg 5-fluorodeoxyuridine and 10 mg
uridine in 20 ml MEM was added to the extracellular solution to reduce
the number of dividing cells. Subsequently, the media was supplemented
with 10% horse serum and changed every 3 or 4 d. Cells were maintained
in culture for 14 –20 d before use.

Whole-cell voltage-clamp recordings in cultured neurons. Before electro-
physiological recordings, cultured neurons were rinsed with extracellular
recording solution containing the following (in mM): 140 NaCl, 1.3
CaCl2, 1 MgCl2, 2 KCl, 25 N-2-hydroxy-ethylpiperazine-N�-2-
ethanesulphonic acid (HEPES), 20 glucose, pH 7.4, 320 –330 mOsm).
6-Cyano-7-nitroquinoxaline-2,3-dione (10 �M), and (2R)-amino-5-
phosphonovaleric acid (20 �M) were added to the extracellular solution
to block ionotropic glutamate receptors and tetrodotoxin (0.3 �M) was
used to block voltage-dependent sodium channels. Patch pipettes (3– 4
M�) were fabricated from borosilicate glass capillary tubing and filled
with an intracellular solution containing the following (in mM): 140
CsCl, 10 HEPES, 11 EGTA, 4 MgATP, 2 MgCl2, 1 CaCl2, and 10 TEA (pH
7.3 with CsOH, 285–295 mOsm). All experiments were conducted at
room temperature and whole-cell currents were recorded using the Axo-

patch 200B amplifier (Molecular Devices) controlled with pClamp 8.0
software via a Digidata 1322 interface (Molecular Devices). Membrane
capacitance was measured using the membrane test protocol in pClamp
8.0. Currents were sampled at 10 kHz and filtered at 2 kHz by using an
8-pole low-pass Bessel filter. The extracellular solution was applied to
neurons by a computer-controlled multibarreled perfusion system (SF-
77B; Warner Instruments).

To measure the amplitude of the tonic current, the GABAA receptor
competitive antagonist, bicuculline (100 �M), was applied as described
previously (Caraiscos et al., 2004; Wang et al., 2012). All cells were re-
corded at a holding potential of �60 mV except for those used to study
the current–voltage ( I–V) relationship. I–V plots were constructed using
a voltage step protocol, as previously described (Pavlov et al., 2009).
Voltage steps of 20 mV were applied from �80 to �20 mV for 4 s, in the
absence and presence of bicuculline (100 �M). The difference between
current measured at the different membrane potentials, in the absence
and presence of bicuculline, was used to generate the I–V plot. For each
neuron, the voltage step protocol was repeated before and 5 min after the
application of H2O2.

Whole-cell voltage-clamp recordings in hippocampal slices. Three-week
old WT mice (C57BL/6 � SvEv129) of either sex were used for the
recordings. After live decapitation, brains were removed and placed in
ice-cold, oxygenated (95% O2, 5% CO2) artificial CSF (ACSF) that con-
tained the following (in mM): 124 NaCl, 3 KCl, 1.3 MgCl2, 2.6 CaCl2, 1.25
NaH2PO4, 26 NaHCO3, and 10 D-glucose with the solution osmolarity
adjusted to 300 –310 mOsm. Coronal brain slices (350 �m) were pre-
pared with a VT1200S vibratome (Leica). The slices were allowed to
recover for at least 1 h at room temperature (23–25°C) before being
transferred to a submersion recording chamber where they were per-
fused with ACSF at 3– 4 ml/min. All recordings were performed at room
temperature using a MultiClamp 700B amplifier (Molecular Devices)
that was controlled by pClamp 9.0 software via a Digidata 1322A inter-
face (Molecular Devices). For whole-cell voltage-clamp recordings, the
pipettes (2–3 M�) were filled with the same intracellular solution as
described above for cell culture. Currents were sampled at 10 kHz. All
cells were recorded at a holding potential of �60 mV. To measure the
tonic current, the GABAA receptor competitive antagonist, bicuculline
(20 �M) was applied. The tonic current was quantified by measuring the
change in the holding current calculated from a Gaussian fitting of 30 s
segments. Exogenous GABA (5 �M) was added to ACSF. The recorded
neurons were perfused with ACSF containing H2O2 (1 mM) through a
square-shaped barrel (ID 0.7 mm; Warner Instruments) whose tip was
located in close proximity to the recorded neurons (� 100 �M).

Oxygen-glucose deprivation. Ischemia-reperfusion injury was induced
using the in vitro model of oxygen-glucose deprivation as previously
described (Ohsawa et al., 2007). After establishing a stable baseline re-
sponse, neurons were perfused for 10 min with a glucose- and O2-
deficient extracellular solution, in which the glucose was replaced with
2-deoxy-D-glucose (20 mM) and N2 was continuously bubbled to remove
O2. The recorded neuron was then re-perfused with regular oxygenated
extracellular solution for 5 min. The magnitude of the tonic current
during the reperfusion period was compared with the baseline current.
Only one neuron was used from each culture dish.

Statistical analyses. Data are represented as mean 	 SEM. A Student’s
t test (paired or unpaired) was used to compare groups, where appropri-
ate. For comparing three or more groups, one-way ANOVA followed by
Newman–Keuls post hoc test was used. Two-way ANOVA (treatment �
concentration) followed by Bonferroni post hoc test was also used, as
indicated. Cumulative distributions of the amplitude and frequency of
miniature IPSCs (mIPSCs) were compared using the Kolmogorov–Smir-
nov test. Statistical significance was set at p 
 0.05.

Results
H2O2 markedly increases the tonic but not synaptic currents
in hippocampal neurons
The tonic current was quantified by measuring the change in the
holding current that occurred following an application of the
competitive GABAA receptor antagonist bicuculline (BIC; 100
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�M; Fig. 1A). For these initial experiments, no exogenous GABA
was added to the extracellular solution. Pretreating the neurons
with H2O2 (200 �M) for 5 min increased the amplitude of the
tonic current 3.4 	 0.5-fold (control: 0.18 	 0.03 pA/pF; H2O2:
0.62 	 0.08 pA/pF, n � 21–23, p 
 0.001, one-way ANOVA
followed by Newman–Keuls post hoc test; Fig. 1A). This increase
persisted for at least 5 min after H2O2 was washed out.

The increase in tonic current by H2O2 could result from an
increase in either the extracellular concentration of GABA or the
GABAA receptor function. To exclude the possibility that changes
in the extracellular concentration accounted for the increase, a
low concentration of exogenous GABA (0.5 �M) was added to the
extracellular perfusion solution. Under these conditions, neu-
rons were “concentration clamped” at a stable, known concen-
tration of agonist. GABA (0.5 �M) was selected as this
concentration is similar to physiological levels of extracellular
GABA that occur in vivo (Farrant and Nusser, 2005; Bright and
Smart, 2013).

In the presence of exogenous GABA (0.5 �M), H2O2 (200 �M)
gradually increased the holding current (control: �81.6 	 8.7
pA; H2O2: �189.8 	 21.8 pA, n � 21–23, p 
 0.001, paired t test).
Therefore, the amplitude of the tonic current revealed by BIC was
enhanced in a time-dependent manner and peaked at 5–7 min
(Fig. 1B). The enhancing effect of H2O2 was not reversible and
was sustained for at least 20 min after washout (Fig. 1C). Notably,
a transient, inward “rebound” current was observed after termi-
nation of the BIC application in H2O2-treated neurons. This re-
bound current has been attributed to BIC protecting GABAA

receptors from entering an agonist-bound desensitized state
(Bianchi and Macdonald, 2001; Chang et al., 2002). H2O2 dose-
dependently increased the current with a threshold concentra-
tion of 10 �M and maximum effective concentration at 1 mM

(3.5 	 0.3-fold increase; Fig. 1D). Concentrations of H2O2 �1
mM were not studied because they caused instability of the re-
cordings and cell death as reported previously (Schraufstatter et
al., 1986; Kaneko et al., 2006).

To determine whether H2O2 similarly potentiated postsynap-
tic GABAA receptor currents, spontaneous mIPSCs were re-
corded from the cultured neurons. Surprisingly, pretreatment
with H2O2 (200 �M) failed to change the amplitude or frequency
of mIPSCs (Fig. 2; Table 1). The time course and charge transfer
of the mIPSCs were also unaffected (Table 1).

We next investigated whether H2O2 also increased the tonic
GABA current in CA1 pyramidal neurons of acutely isolated hip-
pocampal slices. H2O2 (1 mM, 10 min) increased the amplitude of
the tonic current recorded in the presence of 5 �M GABA (con-
trol: 0.05 	 0.02 pA/pF; H2O2: 0.28 	 0.08 pA/pF; n � 6 for each
group, p � 0.02, unpaired t test; Fig. 3) but did not change the
amplitude or time course of spontaneous synaptic GABA currents
(Table 1). Collectively, these results show that H2O2 selectively in-
creases the tonic but not synaptic currents in hippocampal neurons.

H2O2-induced increase in tonic current does not require
�5GABAA receptors or �GABAA receptors
Several factors could contribute to the differential sensitivity of
tonic and synaptic currents to H2O2 including the subunit com-
position of the underlying GABAA receptors or the conditions
under which the receptors are activated. To further investigate
H2O2 enhancement of the tonic current, additional experiments
were performed with cultured hippocampal neurons, as this
preparation is a relatively high-throughput assay. In addition,
cells can be effectively concentration-clamped and modulators
can be applied and washed out rapidly.

A variety of GABAA receptor subtypes generate the tonic
current although, most tonic current is generated by �5 subunit-
containing GABAA (�5GABAA) receptors and � subunit-
containing GABAA (�GABAA) receptors (Caraiscos et al., 2004;
Farrant and Nusser, 2005; Mortensen and Smart, 2006; Brickley
and Mody, 2012; Lee and Maguire, 2014). To study the subtypes

A

B

C

D

Figure 1. H2O2 increased tonic GABA currents in hippocampal neurons. A, Representative
traces and summarized data showing that the tonic current revealed by BIC (100 �M) was
increased after 5 min of H2O2 (200 �M, n � 21) and this increase persisted for at least 5 min
after washout (n � 6). B, Representative trace and summarized data showing the time-
dependent effects of H2O2 (200 �M) on tonic current in the presence of a low concentration of
GABA (0.5 �M, n � 17–23). C, Representative traces and summarized data demonstrate that
tonic current was persistently increased even after 20 min of washout in the presence of GABA
(0.5 �M, n�5–7). One-way ANOVA: F(2,47) �16.1, for A; F(4,102) �6.7 for B, F(4,24) �0.4; and
p � 0.4 for C; Newman–Keuls post hoc test, **p 
 0.01 and ***p 
 0.001. D, Left, Represen-
tative traces showing the increase in tonic current induced by a low-concentration (10 �M) and
a high-concentration (1000 �M) of H2O2 in the presence of GABA (0.5 �M). Right: Quantified
data demonstrating the dose-dependent enhancing effects of H2O2 on tonic current (n � 4 for
each concentration). Two-way ANOVA, effect of H2O2: F(1,30) � 32.0, p 
 0.0001; effect of concen-
tration: F(4,30)�9.2, p
0.0001; effect of interaction: F(4,30)�9.2, p
0.0001; Bonferroni post hoc
test, **p 
 0.01, ***p 
 0.001. Con, Control (for here and in subsequent figures).
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of GABAA receptors that mediate the H2O2 enhancement, a com-
bination of pharmacological and genetic approaches was used.
First, to investigate the role of �5GABAA receptors, the inhibitory
effects of L-655,708 (L6, 20 nM), a selective inverse agonist for
�5GABAA receptors (Quirk et al., 1996) were studied. The
change in holding current produced by an application of L6 was
measured before and after application of H2O2. BIC (100 �M)
was applied after L6 to reveal the total tonic current generated by
all subtypes of GABAA receptors. Despite the expected large in-
crease in the BIC-sensitive current after H2O2, the amplitude of
the L6-sensitive current was not significantly increased (control:
0.08 	 0.02 pA/pF; H2O2: 0.10 	 0.03 pA/pF; n � 6, p � 0.36,
paired t test; Fig. 4A) and the ratio of the L6-sensitive to BIC-
sensitive current was reduced from 47.1 	 13.7% for control to
15.4 	 3.9% for H2O2 (n � 6, p � 0.03, paired t test). These
results show that �5GABAA receptors are not a major contributor
to the H2O2-enhanced tonic current. To confirm that �5GABAA

receptors are not necessary for the H2O2-sensitive current, hip-
pocampal neurons were harvested from Gabra5�/� mice and WT
mice (Fig. 4B). The relative magnitude of the tonic current re-
corded in these neurons was similarly increased by H2O2 between
genotypes (Gabra5�/�: 3.7 	 0.7-fold increase, WT: 4.1 	 0.6-
fold increase; n � 9 and 10, respectively; p � 0.70, unpaired t test;
Fig. 4B) confirming that �5GABAA receptors are not required for
enhancement of tonic current. Note, the low amplitude tonic
current observed in both genotypes under control conditions,
may be attributed to a low ambient concentration of GABA
(Caraiscos et al., 2004; Glykys and Mody, 2007; Wang et al.,
2012).

To determine whether �GABAA recep-
tors generated the H2O2-enhanced tonic
current, we applied the �GABAA

receptor-preferring agonist THIP (Brown
et al., 2002). THIP-evoked inward current
was measured before and after H2O2. The
THIP (0.5 �M)-evoked current increased
3.3 	 0.7-fold after H2O2 (control: 0.09 	
0.04 pA/pF; H2O2: 0.30 	 0.06 pA/pF; n �
6, p � 0.007, paired t test; Fig. 4C). The
tonic current revealed by BIC was also
greatly increased; but H2O2 did not
change the THIP to BIC current ratio
(Control: 59.6 	 15.7%, H2O2: 34.6 	
3.4%, n � 5; p � 0.21, paired t test). These
results show that �GABAA receptors con-
tribute to, but do not exclusively generate
the H2O2-enhanced tonic current. Next,
to determine whether �GABAA receptors
were necessary for the H2O2 effects, the
amplitude of the tonic current was mea-
sured in neurons harvested from Ga-
brd�/� and WT mice. H2O2 caused a
similar increase in current in the two ge-
notypes (WT: 9.6 	 1.5-fold increase,
Gabrd�/�: 9.2 	 1.4-fold increase; n � 9
for each genotype, p � 0.85, unpaired t
test; Fig. 4D), indicating that �GABAA re-
ceptors are not necessary for the H2O2 ef-
fects. Thus, the subtypes of GABAA

receptors that typically generate the tonic
current in hippocampal neurons are not
required for H2O2 enhancement of the
tonic current.

H2O2 increases the potency of GABA at the GABAA receptors
Given that the unique population of GABAA receptors that typi-
cally generates tonic current does not confer sensitivity to H2O2,
we next studied whether the conditions of receptor activation
contributed to the increase in tonic but not synaptic currents.
The tonic current is generated by low concentrations of GABA
whereas synaptic currents are activated by near-saturating con-
centrations of GABA (Farrant and Nusser, 2005; Brickley and
Mody, 2012). Thus, we postulated that H2O2 increased the po-
tency of GABA at the GABAA receptors and thereby enhanced the
tonic current. If this was true, then the potentiating effects of
H2O2 should increase with decreasing concentrations of GABA,
and decrease with increasing GABA concentrations. Accordingly,
we studied the effects of H2O2 on current evoked by a brief ap-
plication of several concentrations of GABA. H2O2 (200 �M)
increased the amplitude of GABA (0.5 �M)-evoked current 3.4 	
0.5-fold (control: 1.6 	 0.3 pA/pF; H2O2: 5.4 	 0.7 pA/pF; n � 13
for each group, p 
 0.001, one-way ANOVA followed by
Newman–Keuls post hoc test). The increase in current developed
slowly over 5 min and was irreversible (Fig. 5A). Decreasing
GABA from 0.5 �M to 0.3 �M increased the potentiating effect of
H2O2 (5.3 	 1.1-fold increase; n � 5, p 
 0.001, two-way
ANOVA followed by Bonferroni post hoc test; Fig. 5B). Con-
versely, increasing GABA from 0.5 to 10 �M reduced the magni-
tude of the H2O2 effect (1.3 	 0.2-fold increase; n � 6, p � 0.05,
two-way ANOVA followed by Bonferroni post hoc test). Impor-
tantly, H2O2 caused no change in the current when a near-
saturating concentration of GABA (100 �M) was applied. Thus,

A

B C

Figure 2. H2O2 had no effect on synaptic GABA currents. A, Representative recordings of GABAA receptor-mediated mIPSCs
recorded at �60 mV before (left) and after (right) 5 min of H2O2 (200 �M) treatment from the same neuron. B, Traces were
averaged from 475 (control) and 527 (H2O2) individual mIPSCs. C, Cumulative amplitude (left) and frequency (right) distributions
of mIPSCs showing that both the amplitude and the frequency were not affected by H2O2; p � 0.24 for the amplitude, p � 0.06 for
the frequency, Kolmogorov–Smirnov test.
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H2O2 modifies the GABAA receptors at low but not high concen-
trations of GABA.

Next, GABA concentration-response plots were constructed
for currents evoked by GABA (0.3–1000 �M) in the absence and
presence of H2O2 (200 �M). H2O2 shifted the concentration-
response plot to the left, but only for the lower components of the
curve (Fig. 5C). The EC20 value was reduced from 5.5 	 0.4 �M

for control to 3.5 	 0.4 �M for H2O2 (n � 8 and 11, respectively;
p � 0.003, unpaired t test), whereas the EC50 values (control:
15.6 	 1.3 �M; H2O2: 12.6 	 1.1 �M; n � 8 and 11, respectively;
p � 0.11, unpaired t test) and EC80 values (control: 44.5 	 4.8
�M; H2O2: 47.3 	 3.9 �M; n � 8 and 11, respectively; p � 0.65,
unpaired t test) were unchanged. H2O2 also reduced the Hill
coefficient (control: 1.35 	 0.04; H2O2: 1.07 	 0.05; n � 8 and 11,
respectively; p � 0.0005, unpaired t test). Collectively, these re-
sults show that H2O2 increases the potency of GABA at the
GABAA receptors, but only at low GABA concentrations.

H2O2 does not change the desensitization or voltage
sensitivity of GABAA receptors
We next asked whether H2O2 modified the desensitization and
voltage sensitivity of GABAA receptors, two factors that can mod-
ify the magnitude of tonic current (Chang et al., 2002; Pavlov et
al., 2009). If H2O2 simply increased the potency of GABA without
changing desensitization, then the extent of desensitization of the
increased current should be similar to that observed with a higher
concentration of GABA. Also, no change in current desensitiza-
tion should be observed at a saturating concentration of GABA
(Colquhoun, 1998; Chang et al., 2002). We quantified the extent
of desensitization by recording whole-cell currents evoked by
longer applications of GABA (20 s). The ratio of current at 20 s to
peak current was measured before and after application of H2O2

(200 �M). In these experiments, H2O2 increased the extent of
desensitization for current evoked by low concentrations of
GABA (Fig. 5D), but did not influence desensitization of currents
evoked by higher concentrations of GABA (e.g., 10 �M). We next
plotted the relationship between the peak current and current at
20 s application of GABA (over a concentration range of 0.3–10
�M; Fig. 5E). A linear regression fit to data for the two conditions

showed that the slopes of the lines were similar (control: 1.2 	
0.05; H2O2: 1.2 	 0.06; n � 23 for each group, p � 0.87). Thus,
H2O2 does not alter the intrinsic desensitization properties of
GABAA receptors.

If H2O2 simply increases the potency of GABA, then no
change in the voltage sensitivity of GABAA receptors should be
observed (Colquhoun, 1998; Legendre et al., 2000; Pavlov et al.,
2009). To test this prediction, I–V plots were constructed for

Table 1. H2O2 did not modify mIPSCs recorded in cultured hippocampal neurons (200 �M, 5 min) or in CA1 pyramidal neurons from hippocampal slices (1 mM, 10 min)

Treatment Amplitude (pA) Frequency (Hz) Rise time (ms) Decay time (ms) Area (pA � ms)

Culture (n � 9) Control 36.4 	 1.5 2.3 	 0.6 4.8 	 0.2 12.4 	 1.0 487.8 	 48.5
H2O2 36.1 	 1.6 1.8 	 0.4 4.9 	 0.2 11.9 	 0.8 454.5 	 36.3

Slice (n � 6) Control 34.5 	 2.9 2.9 	 0.4 3.1 	 0.2 10.5 	 0.7 360.5 	 34.1
H2O2 46.9 	 4.8 2.8 	 0.4 3.2 	 0.2 10.9 	 0.7 490.3 	 52.8

Data are presented as mean 	 SEM for all the parameters; p � 0.05, Student’s paired t test.

A B

Figure 3. H2O2 increased tonic GABA currents in hippocampal slices. Representative traces
(A) and summarized data (B) showing the increase in tonic current after 10 min of H2O2 (1 mM)
treatment (n � 6); *p � 0.02, Student’s unpaired t test.

A

B

C

D

Figure 4. �5GABAA and �GABAA receptors were not required for the H2O2-dependent
increase in current. A, Left, Representative traces showing the tonic current revealed by a
selective inverse agonist of �5GABAA receptors (L6, 20 nM) and BIC (100 �M). The L6-
sensitive tonic current was unaffected, whereas BIC-sensitive current was greatly in-
creased by H2O2. Right, Quantification of L6- and BIC-sensitive tonic current, before and
after H2O2 (n � 6); **p � 0.002, Student’s paired t test. B, Left, Representative traces
showing the tonic current revealed by BIC (100 �M) in neurons from WT and Gabra5�/�

mice. Right, Quantification of the tonic current before and after H2O2 (n � 10 for WT, n �
9 for Gabra5�/�). C, Left, Representative traces showing the current activated by
�GABAA receptor-preferring agonist THIP (0.5 �M) and the tonic current revealed by BIC
(100 �M). Right, Quantification of THIP-activated inward current (n � 6) and the tonic
current revealed by BIC (n � 5) before and after H2O2; **p � 0.007 for THIP, **p � 0.008
for BIC, Student’s paired t test. D, Left, Representative traces showing the tonic current
revealed by BIC in neurons from WT and Gabrd�/� mice. Right, Quantification of the tonic
current before and after H2O2 (n � 9 for each genotype).
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tonic current recorded before and after application of H2O2 (200
�M). Specifically, GABA (0.5 �M) was added to the extracellular
solution and currents were recorded using a voltage step protocol
(�80 to �20 mV; Fig. 6A). BIC (100 �M) was then applied, and
currents were recorded using the same voltage step protocol. The
magnitude of the tonic current at the various potentials was cal-
culated as the difference in current measured in the absence and
presence of BIC. The control I–V plot exhibited a slight outward
rectification (Fig. 6A), as previously described (Pavlov et al.,
2009). H2O2 increased the slope of the I–V plot but did not
change the outward rectifying properties or reversal potential
(control: �1.9 	 3.2 mV; H2O2: �6.3 	 1.7 mV, n � 6, p � 0.44,
paired t test) of the tonic current. The H2O2-induced increase in
current was equivalent at all potentials between �80 mV and
�20 mV (2.3 	 0.1-fold; Fig. 6B), suggesting that H2O2 does not
alter the voltage sensitivity of GABAA receptors.

H2O2 effects are independent of Zn 2�, Ca 2�, and GABAB

receptors
The divalent cation Zn 2� inhibits subpopulations of high-
affinity GABAA receptors that generate a tonic current in hip-
pocampal neurons (Saxena and Macdonald, 1994; Mortensen
and Smart, 2006), and trace levels of Zn 2� are present in the
extracellular solution (Smart et al., 1994). Thus, it is plausible that
H2O2 increased the current by relieving Zn 2�-induced inhibition
of GABAA receptors. We tested this hypothesis in two ways. First,
if Zn 2� inhibited the tonic current, then reducing the extracellu-
lar concentration of Zn 2� should mimic the effect of H2O2. The
Zn 2� chelator TPEN (10 �M) was added to the extracellular so-
lution to markedly reduce the concentration of Zn 2�. TPEN pro-
duced no change in the amplitude of the tonic current (control:
1.3 	 0.3 pA/pF; TPEN: 1.3 	 0.2 pA/pF; n � 4, p � 0.55, paired
t test; Fig. 7A). Next, we studied whether increasing the extracel-

A

B

D

C

E

Figure 5. H2O2 increased the potency of low concentrations of GABA without modifying the desensitization properties. A, Left, Representative traces showing the time-dependent effects of H2O2

(200 �M) on currents evoked by a low concentration of GABA (0.5 �M). Right, Summarized data (n � 4 –13). One-way ANOVA: F(2,27) � 11.8; Newman–Keuls post hoc test; **p 
 0.01, ***p 

0.001. B, Left, Representative traces showing the effects of H2O2 (200 �M) on the currents evoked by 0.3 and 10 �M GABA. Right, Summarized data showing the fold increase in currents evoked by
different concentrations of GABA by H2O2 (200 �M; n � 5–13). Two-way ANOVA, effect of H2O2: F(1,58) � 33.2, p 
 0.0001; effect of concentration: F(4,58) � 7.6, p 
 0.0001; effect of interaction:
F(4,58) � 7.6, p 
 0.0001; Bonferroni post hoc test, ***p 
 0.001. C, Concentration-response plots in the absence and presence of H2O2 fitted with Hill equation (n � 8 –11). D, Left, Representative
traces showing currents evoked by GABA (0.5 �M) before and after H2O2 (200 �M). Right, Summarized data showing the effects of H2O2 on desensitization of currents evoked by increasing
concentrations of GABA. H2O2 decreased the ratio of current at 20 s to peak current only at low GABA concentrations but not at 10 �M (n � 4 –9). Two-way ANOVA, effect of H2O2: F(1,38) � 33.5,
p 
 0.0001; effect of concentration: F(3,38) � 18.0, p 
 0.0001; effect of interaction: F(3,38) � 1.8, p � 0.16; Bonferroni post hoc test, *p 
 0.05, **p 
 0.01, ***p 
 0.001. E, Correlation between
the current at 20 s and peak current, before and after H2O2 (200 �M). The linear regression fit generated similar slopes between control and H2O2 treatment (n � 23 for each condition).
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lular concentration of Zn 2� decreased the H2O2 effects on cur-
rent. The addition of Zn 2� (10 �M) to the extracellular solution
had no effect on H2O2 (200 �M) enhancement of the current
(H2O2: 2.6 	 0.5 pA/pF; Zn 2�: 2.4 	 0.6 pA/pF; n � 4, p � 0.3,

paired t test; Fig. 7B). Thus, H2O2 relief of Zn 2� blockade does
not account for the increase in tonic current.

H2O2 is known to alter the intracellular concentration of Ca 2�

(Smith et al., 2003) and the cytosolic concentration of Ca 2� alters
the potency of GABA at GABAA receptors (Inoue et al., 1986;
Martina et al., 1994). To determine whether H2O2-dependent
changes in Ca 2� contributed to the increased current, extracel-
lular and intracellular Ca 2� concentrations were modified. First,
we reduced the extracellular concentration of Ca 2� and observed
no change in the ability of H2O2 to increase the current (Fig.
7C,D,F). Depleting intracellular Ca 2� stores by treating the neu-
rons with thapsigargin (TG; 1 �M; Fig. 7E,F) also had no effect.
Similarly, chelating Ca 2� by perfusing the neurons with
BAPTA-AM (100 �M; Fig. 7F) failed to change the H2O2-
enhanced current. Thus, the H2O2 effects are independent of the
extracellular and intracellular concentrations of Ca 2�.

It is plausible that the effects of H2O2 are secondary to its
modulatory effects on other receptors or proteins. Upregulation
of GABAB receptors increases tonic GABA current (Connelly et
al., 2013; Tao et al., 2013) and H2O2 could increase the tonic
current indirectly by increasing GABAB receptor function. How-
ever, when a GABAB receptor blocker CGP 55845 (1 �M) was
added to the bath, H2O2 increased tonic GABA current 2.0 	
0.2-fold (CGP: 1.2 	 0.2 pA/pF; H2O2 and CPG: 2.4 	 0.3 pA/pF;
n � 5; p � 0.002, paired t test) suggesting that H2O2 does not act
on GABAB receptors. Collectively, these results suggest that the
increase in GABA potency by H2O2 does not result from relief of
Zn 2�-induced inhibition and is independent of Ca 2� concentra-
tions, as well as GABAB receptors.

H2O2 enhancement is mediated by an extracellular
oxidative reaction
H2O2 regulates the function of several ion channels that span the
cell membrane including TRPM4, TRPC6, and purinergic (P2X2
and P2X4) receptors via an oxidative reaction (Coddou et al.,
2009; Graham et al., 2010; Simon et al., 2010). To determine
whether H2O2 similarly regulated GABAA receptors via an oxida-
tive reaction, the antioxidant glutathione (GSH, 1 mM) was
added to the pipette solution and current was recorded before
and after treatment with H2O2 (200 �M). Under these conditions,
H2O2 increased the tonic current as reported above (control:
1.4 	 0.2 pA/pF; H2O2: 3.6 	 0.7 pA/pF; n � 6 for each group,
p � 0.008, paired t test; Fig. 8A). In contrast, the effects of H2O2

were completely abolished when GSH was added to the extracel-
lular solution (Fig. 8B). Similarly, when the antioxidant dithio-
threitol (DTT, 1 mM) was added to the extracellular solution,
H2O2 had no effect on the current (Fig. 8C). Collectively, the
results show that the potentiating effects of H2O2 result from an
extracellular oxidative reaction.

The oxidative reaction could be mediated either directly by
H2O2 or indirectly through the production of hydroxyl radical
( � OH). H2O2 generates � OH by interacting with ferrous irons
(Fe 2�) via the Fenton reaction (Haber and Weiss, 1934). We
tested whether inhibiting the Fenton reaction by adding the iron
chelator deferoxamine (DFO; 100 �M) to the extracellular solu-
tion modified the effect of H2O2. DFO completely abolished the
effect of H2O2 (Fig. 8D) confirming that the increase in current
was dependent on the Fenton reaction.

Endogenous ROS increase tonic current
Finally, we investigated whether endogenous H2O2 increased the
tonic current. Ischemia-reperfusion, which produces high levels
of H2O2 and other ROS (Hyslop et al., 1995) can be mimicked in

A B

Figure 6. H2O2 did not modify the voltage sensitivity of the tonic GABA current. A, The I–V
relationship of tonic current before and after H2O2 treatment was studied using a voltage step
protocol for holding potentials between �80 and �20 mV that had a duration of 4 s (n �
5– 6). B, Summarized data showing similar increase in tonic current by H2O2 at all membrane
potentials (n � 5). One-way ANOVA: F(4,20) � 0.17, p � 0.95.

A B

C D

E F

Figure 7. Changes in the concentration of Zn 2� and Ca 2� did not modify the effects of H2O2. A,
Left, Representative traces showing the effects of TPEN (10 �M) on the tonic current. Right, Quantifi-
cation of the increase in tonic current before and after TPEN (n�4). B, Representative traces showing
the effects of Zn 2� (10�M) on tonic current after being potentiated by H2O2 (200�M). Similar results
were obtained from another three cells. C–E, Representative traces showing the increase in tonic
current by H2O2 (200 �M) in the presence of normal extracellular Ca 2� (C), in the absence of extra-
cellular Ca 2� (D), or when intracellular Ca 2� was depleted with thapsigargin (TG, 1 �M; E). F,
Summarized data for experiments in C–E (n � 5–9 for each condition). One-way ANOVA: F(3,20) �
0.7, p � 0.55.
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vitro using an oxygen-glucose deprivation (OGD) protocol
(Abramov et al., 2007). Following 10 min of OGD, cultures were
re-perfused with the normal, oxygenated extracellular solution.
OGD increased the amplitude of the current by 49 	 13% (n � 9,
p � 0.006, paired t test; Fig. 9A). Next, to confirm that this in-
crease in current after OGD resulted from an oxidative reaction,
the antioxidant GSH (1 mM) was added to the extracellular solu-
tion during period of ischemia. GSH completely abolished the
increase in current following OGD (Fig. 9B). The current was also
slightly reduced by GSH (15 	 5%, n � 7, p � 0.04, paired t test).

We next sought to identify the source of the endogenous H2O2

produced during OGD and reperfusion. NADPH oxidase is the
principal source of ROS during reperfusion and inhibition of this
enzyme prevents the production of ROS in hippocampal neurons
(Abramov et al., 2004; Riquelme et al., 2011). To examine
whether NADPH oxidase generated H2O2, which increased the
tonic current after OGD, cultured neurons were incubated with
the NADPH oxidase inhibitor diphenyleneiodonium (DPI; 10
�M) for 30 min before being treated with OGD. DPI completely
abolished the increase in tonic current after OGD and indeed,
reduced tonic GABA current by 41 	 1% (n � 7, p 
 0.0001,
paired t test; Fig. 9C). These results suggest that endogenous
H2O2 produced by NADPH oxidase during ischemia-reperfusion
might increase the tonic current via an oxidative reaction. The
decrease in tonic current after GSH and DPI suggests that OGD
may also have an inhibitory effect on tonic current that is masked
by the potentiating effects of H2O2.

A

B

C

D

Figure 8. Extracellular oxidative reaction mediated the effects of H2O2. A, Addition of the
antioxidant GSH (1 mM) to the pipette solution did not modify the increase in tonic current by
H2O2 (200 �M). n � 6 for each group, **p � 0.008, Student’s unpaired t test. B, C, Addition of
the antioxidants GSH (1 mM) and DTT (1 mM) to the extracellular solution abolished the increase
in tonic current by H2O2 (200 �M); n � 4. D, DFO (100 �M) prevented the increase in tonic
current by H2O2 (200 �M); n � 6.

A

B

C

Figure 9. OGD treatment increased tonic current through an oxidative reaction. A, Reperfu-
sion after OGD increased tonic current; n � 9, **p � 0.006, Student’s paired t test. B, C, The
increase in tonic current by reperfusion was abolished and a decrease after reperfusion was
observed for neurons treated with the antioxidant GSH (1 mM; B) or pretreated for 30 min with
NADPH oxidase inhibitor DPI (10 �M; C). Student’s paired t test; n � 7, *p � 0.03 for B; n � 7,
***p 
 0.001 for C.
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Discussion
The results show that H2O2 causes a robust increase in GABAA

receptor-mediated tonic current whereas synaptic currents are
unaffected. This selective increase in tonic current does not re-
quire the expression of typical extrasynaptic GABAA receptors
and is due to an extracellular oxidative reaction that increases the
potency of GABA. In addition, ischemia-reperfusion injury,
which produces high endogenous levels of H2O2, similarly in-
creases the tonic current.

H2O2 increases the potency of GABA, but only when GABAA

receptors are activated by low concentrations of GABA. The
GABA concentration-response plot is shifted to the left; however,
only the EC20 value but not the EC50 or EC80 value is reduced.
Several additional lines of evidence further support the conclu-
sion that H2O2 increases the potency of GABA. First, a transient,
inward “rebound” current is observed in H2O2-treated neurons
(Fig. 1B). A similar rebound current can occur when currents are
activated by high concentrations of GABA (Bianchi and Macdon-
ald, 2001). Second, H2O2 did not modify the desensitization or
voltage sensitivity, two intrinsic properties of the GABAA recep-
tors that alter the current amplitude. Thirdly, the peak amplitude
for current evoked by saturating concentration of GABA and
mIPSCs was unaffected, which is consistent with the increased
potency of GABA by H2O2 at only low concentrations of GABA.
Two possible mechanisms might underlie the increased potency
at low GABA concentrations. H2O2 can increase the open prob-
ability of GABAA receptors that reside in a monoliganded state, as
occurs at low GABA concentrations (Petrini et al., 2011). H2O2

may stabilize such an open state and thereby increase the tonic
current. Also, H2O2 may enhance the spontaneous opening prob-
ability of GABAA receptors that only activates the tonic current
(McCartney et al., 2007; Wlodarczyk et al., 2013). Future studies,
such as single channel recording, may provide insights into the
underlying mechanisms responsible for the selective increase in
potency of GABA at low concentrations.

The increase in GABA potency is attributed to an extracellular
oxidative reaction as the addition of extracellular antioxidants
(GSH and DTT) to the perfusion solution completely abolishes
H2O2 effects, whereas intracellular application of GSH has no
effect. Such oxidation by H2O2 may result from the production of
� OH by the Fenton reaction (Haber and Weiss, 1934) as inhibit-
ing the Fenton reaction abolishes the effect. This result is consis-
tent with previous reports that show H2O2, via the Fenton
reaction, modulates the intracellular concentration of Cl� (Sah
and Schwartz-Bloom, 1999) and synaptic potentials (Pellmar,
1995) in hippocampal slices.

The onset of H2O2 enhancement of tonic current is slow and
irreversible and occurs within the time frame of minutes. Most
positive allosteric modulators of GABAA receptors, including
benzodiazepines, barbiturates, and general anesthetics, increase
current within the time frame of milliseconds to seconds and are
fully reversible (Twyman et al., 1989; Orser et al., 1994; Walters et
al., 2000). The slow time course of H2O2 increase in GABAA

receptor activity is similar to H2O2 effects on P2X2 and TRPM4
channels, which results from oxidation of cysteine residues in the
ion channels themselves (Coddou et al., 2009; Simon et al., 2010).
For example, H2O2 oxidation of Cys 430 in P2X2 channels in-
creases receptor activity by increasing agonist potency (Coddou
et al., 2009), whereas oxidation of Cys 1093 in TRPM4 channels
abolishes receptor desensitization (Simon et al., 2010).

It is plausible that the slow onset and irreversibility of H2O2

effects in our study are due to oxidation of cysteine residues of

GABAA receptors. H2O2 predominantly oxidizes cysteine resi-
dues, but can also modify methionine, tyrosine, phenylalanine,
histidine, and lysine residues (Chu et al., 2006; Calero and Calvo,
2008). H2O2 may oxidize amino acids that are located either in
the binding pocket for GABA, or in a region close to the binding
domain (Boileau et al., 1999). Alternatively, H2O2 may oxidize
GABAA receptor-associated proteins, such as the transmembrane
cell adhesion molecules dystroglycan (Pribiag et al., 2014) and
neuroligin 2 (Hines et al., 2012), which regulate GABAA receptor
function. It is of future interest to determine whether H2O2 via
oxidation, acts directly on GABAA receptors or indirectly on
receptor-associated proteins.

Extrasynaptic �5GABAA receptors and �GABAA receptors are
not necessary for the H2O2 effects. However, tonic current in
neurons is not generated by a single population of GABAA recep-
tors but rather by multiple subtypes including those containing
��, �1��, �3��2, �4�, �6�, and ��� subunits (Mortensen and
Smart, 2006; Lee and Maguire, 2014). These different receptor
subtypes could contribute to the increased current produced by
H2O2. Therefore, the major factor that confers sensitivity to H2O2

is unlikely the subunit composition of the receptor per se, but
rather receptor occupancy by the agonist. When these multiple
GABAA receptors are activated by low concentrations of GABA,
oxidation by H2O2 increases the potency of GABA, which en-
hances the tonic current. H2O2 may also selectively potentiate
yet-to-be-identified subpopulations of high affinity GABAA re-
ceptors. In support of this hypothesis, the increase in tonic cur-
rent by H2O2 varied from 3.4-fold to 9.6-fold in cultured neurons
from Swiss White mice and C57BL/6 � SvJ129 mice, respectively,
studied in the absence of exogenous GABA (Figs. 1B, Fig. 4D).
Different strains of mice may express different combinations of
GABAA receptor subtypes (Caldji et al., 2004; Schlussman et al.,
2013) that exhibit different sensitivities to H2O2. Future studies
of combination of recombinant GABAA receptors might offer
insights into possible mechanisms that account for the variable
effects of H2O2.

Interestingly, several studies have suggested that H2O2 de-
creases GABAA receptor function. High concentrations of H2O2

(1.5–3.5 mM) reduce the amplitude of IPSPs in hippocampal,
cerebral, cortical and thalamic neurons possibly due to a reduc-
tion in transmitter increase (Pellmar, 1995; Frantseva et al.,
1998). In contrast, H2O2 (300 �M) induces an increase in intra-
cellular Cl� (Sah and Schwartz-Bloom, 1999), possibly by in-
creasing the tonic current. We found that H2O2 has no effect on
mIPSCs recorded in hippocampal neurons. This result is consis-
tent with a study showing that H2O2 (100 �M) does not modify
mIPSCs in spinal cord neurons, although, higher concentration
of H2O2 (1 mM) increases both the amplitude and the frequency
of mIPSCs possibly by increasing release of GABA (Takahashi et
al., 2007).

H2O2 upregulation of tonic current may be particularly im-
portant under conditions where the concentration of H2O2 and
other ROS increase dramatically (Andersen, 2004; Allen and Bay-
raktutan, 2009; Uttara et al., 2009). During ischemia-reperfusion
injury, H2O2 levels in the brain can reach as high as 200 �M

(Hyslop et al., 1995). OGD, which produces high endogenous
levels of H2O2 as well as ROS, also increases the tonic current.
Notably, the relative increase in current after OGD is similar to that
produced by concentrations of H2O2 of 50–200 �M (Fig. 1C).

In summary, to the best of our knowledge, this study provides
the first evidence that H2O2 dramatically increases the amplitude
of tonic current generated by native GABAA receptors in neu-
rons. This novel regulatory effect may have important clinical
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implications, given that perturbations in tonic inhibition has
been implicated in multiple neurological disorders and age-
associated cognitive deficits (Brickley and Mody, 2012; Wang et
al., 2012). Suppressing the H2O2-enhanced tonic GABA current
might represent a novel strategy for preventing and/or treating
such neurological disorders.
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�6-Containing GABAA Receptors Are the Principal
Mediators of Inhibitory Synapse Strengthening by Insulin in
Cerebellar Granule Cells

Michael V. Accardi,1,2 Patricia M.G.E. Brown,1,3 Loïs S. Miraucourt,1 Beverley A. Orser,4 and XDerek Bowie1

1Department of Pharmacology and Therapeutics, 2Graduate Program in Pharmacology, and 3Integrated Program in Neuroscience, McGill University,
Montréal, Québec H3A 2B4, Canada, and 4Department of Physiology, University of Toronto, Toronto, Ontario M5S 1A8, Canada

Activity-dependent strengthening of central synapses is a key factor driving neuronal circuit behavior in the vertebrate CNS. At fast
inhibitory synapses, strengthening is thought to occur by increasing the number of GABAA receptors (GABARs) of the same subunit
composition to preexisting synapses. Here, we show that strengthening of mouse cerebellar granule cell GABAergic synapses occurs by a
different mechanism. Specifically, we show that the neuropeptide hormone, insulin, strengthens inhibitory synapses by recruiting
�6-containing GABARs rather than accumulating more �1-containing receptors that are resident to the synapse. Because �6-receptors
are targeted to functionally distinct postsynaptic sites from �1-receptors, we conclude that only a subset of all inhibitory synapses are
strengthened. Together with our recent findings on stellate cells, we propose a general mechanism by which mature inhibitory syna-
pses are strengthened. In this scenario, �1-GABARs resident to inhibitory synapses form the hardwiring of neuronal circuits with
receptors of a different composition fulfilling a fundamental, but unappreciated, role in synapse strengthening.

Key words: inhibition; insulin; metabolism; mitochondria; plasticity mechanism; reactive oxygen species

Introduction
Fast inhibitory transmission in the adult vertebrate CNS is pri-
marily mediated by a family of ligand-gated ion-channels called
GABAA receptors (GABARs) that stabilize the membrane poten-
tial by transporting chloride and bicarbonate ions (Belelli et al.,
2009; Miller and Smart, 2010; Rudolph and Knoflach, 2011).
GABARs assemble as a pentameric anion channel most com-
monly composed of 2 � (�1– 6) and 2 � (�1–3) subunits with an
additional subunit, typically a � (�1–3) subunit that may be re-
placed with a �, �, or 
 subunit (Barnard et al., 1998; Moss and
Smart, 2001; Rudolph et al., 2001). This richness in subunit di-
versity is a central factor in determining many aspects of GABAR
signaling. For example, switches in subunit composition are
commonly observed during neuronal development fulfilling
roles in differentiation and maturation (Fritschy and Panzanelli,
2006). In cerebellar granule and stellate cells, there is a develop-

mental change in the kinetics of synaptic events with slower rates
(�(fast), 9 –19 ms) observed in migrating P7-P11 neurons (Tia et
al., 1996; Vicini et al., 2001) that express �1-�3 and �6 subunits
(Laurie et al., 1992a, b), respectively. In adult P20-P35 neurons,
however, synaptic events become faster (�(fast), 6 –7 ms) (Tia et al.,
1996; Vicini et al., 2001) due to the dominant expression of �1-
containing GABARs (Somogyi et al., 1996; Vicini et al., 2001).
Despite the prevalence of �1-receptors in adult synapses, stellate
and granule neurons continue to express �2/3- and �6-
containing receptors, respectively (Laurie et al., 1992a, b; Per-
sohn et al., 1992; Tia et al., 1996; Vicini et al., 2001) whose role, if
any, in signaling at the synapse is unclear.

Although numerous effector molecules strengthen inhibitory
synapses, each is thought to change synaptic efficacy by increas-
ing the number of GABARs per synapse (e.g., Otis et al., 1994;
Nusser et al., 1997). It is generally assumed that inhibitory syn-
apses are strengthened by the recruitment of GABARs of the same
composition, more often than not, due to �1-containing recep-
tors given their predominance in the adult CNS (Luscher et al.,
2011; Rudolph and Knoflach, 2011). However, recent work from
our laboratory has revealed that mitochondrial-derived reactive
oxygen species (mROS) strengthen inhibitory synapses of cere-
bellar stellate cells by a mechanism distinct in two important
ways. First, synapse strengthening is mediated by the recruitment
of �3-containing receptors and not resident �1-receptors (Acca-
rdi et al., 2014). Second, �3-receptors are targeted to functionally
separate postsynaptic sites from �1-receptors (Accardi et al.,
2014), implying that not all synapses are strengthened by mROS.
Whether this novel mechanism is unique to stellate cells or more
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commonly used throughout the CNS remains to be investigated.
On that note, recruitment of �3-containing GABARs causes a
slowing in decay kinetics of synaptic events (Accardi et al., 2014),
an observation not observed in other studies (Otis et al., 1994;
Luscher et al., 2011). This distinction raises the possibility that
mROS have a unique effect on stellate cell inhibitory synapses
that is not found elsewhere.

To address this issue directly, we have studied the mechanism
by which ROS strengthen inhibitory synapses of cerebellar gran-
ule cells: the most abundant neuron in the vertebrate brain
(Llinás, 1969). ROS was elevated by perfusing the mitochondrial
uncoupler, antimycin-A, via the patch electrode or by bath appli-
cation of the metabolic hormone, insulin. Like in stellate cells,
ROS augment inhibitory synaptic transmission of granule cells by
recruiting receptors of a different subunit composition, in this
case, �6-containing GABARs, to postsynaptic sites that are dis-
tinct from resident �1-receptors. Unlike in stellate cells, however,
synapse strengthening is not accompanied by a slowing of synap-
tic events. Together, we conclude that �1-containing GABARs
form the hardwiring of inhibitory synapses of stellate and granule
cells with �3- or �6-containing GABARs fulfilling a fundamental
but unexpected role as the principal mediators of GABAergic
synapse strengthening.

Materials and Methods
Animals. Breeder pairs for homozygous GABAR �-knock-out
(Gabrd�/�; �-KO) mice were generously provided by Dr. Gregg Homan-
ics (University of Pittsburgh) and bred at the University of Toronto for
experimentation. �-KO mice were generated using a background of
C57BL/6 � Sv129Ev mice as described previously (Mihalek et al., 1999).
Wild-type mice were maintained on a C57BL/6J background (Charles
River Laboratories) and maintained as a breeding colony at both McGill
University (Montreal, Quebec, Canada) and University of Toronto (To-
ronto, Ontario, Canada). All KO animals were genotyped by PCR anal-
ysis of tail biopsies. Mice (Wild-type and �-KO: male and female) used
for the experiments ranged from postnatal day 15 to 28 (P15-P28;
mean 	 SEM age: P21 	 1, n � 51). All experiments have been approved
by the local authorities, were performed in accordance with the guide-
lines of the Canadian Council on Animal Care, and were approved by
the Animal Care Committee of McGill University and University of
Toronto.

Cerebellum slice preparation. Mice were anesthetized with isoflurane
and immediately decapitated. The cerebellum was rapidly removed from
the whole brain while submerged in oxygenated (95% O2, 5% CO2)
ice-cold cutting solution, which contained (in mM) as follows: 235 su-
crose, 2.5 KCl, 1.25 NaH2PO4, 28 NaHCO3, 0.5 CaCl2, 7 MgSO4, 28
D-glucose (pH 7.4; 305–315 mOsmol/L). The tissue was maintained in
ice-cold solution while sagittal slices of cerebellar vermis (300 �m) were
cut using a vibrating tissue slicer (Leica VT100S, Leica Instruments). The
slices were transferred to oxygenated aCSF and held at room tempera-
ture (20°C-23°C) for at least 1 h before recordings were performed. aCSF
contained the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 2 CaCl2, 1 MgSO4, 25 D-glucose (pH of 7.4; 305–315 mOsmol/L).

Electrophysiology. Slice experiments were performed on an Olympus
BX51 upright microscope (Olympus) equipped with differential inter-
ference contrast/infrared optics. Whole-cell patch-clamp recordings
were performed on granule cells located in the granule cell layer, which
were visually identified based on cell body size and were confirmed post
hoc by imaging with Lucifer yellow. Patch pipettes were prepared from
thick-walled borosilicate glass (GC150F-10, OD 1.5 mm, ID 0.86 mm;
Harvard Apparatus) and had open tip resistances of 6 –12 M� when
filled with an intracellular solution that contained (in mM) as follows: 140
CsCl, 4 NaCl, 0.5 CaCl2, 10 HEPES, 5 EGTA, 2 Mg-ATP, and 2 QX314 to
block voltage-activated Na � channels with 0.5 mg/ml Lucifer yellow as a
post hoc dye indicator (pH 7.4 with CsOH, 300 –310 mOsmol/L). Record-
ings were made with a Multiclamp 700A amplifier (Molecular Devices)

in voltage-clamp mode with a holding potential of �60 mV. Series resis-
tance and whole-cell capacitance were estimated by cancelling the fast
current transients evoked at the onset and offset of brief (10 –20 ms) 5
mV voltage-command steps. Series resistance during whole-cell record-
ing (10 –35 M�) was compensated between 40% and 65% and checked
for stability throughout the experiments (�20% tolerance). The capaci-
tance of the granule cells was in the range of 1.5– 4 pF. The bath was
continuously perfused at room temperature (22°C–23°C) with aCSF at a
rate of 1–2 ml/min. Miniature IPSCs (mIPSCs) were recorded in the
presence of TTX (1 �M). Currents were filtered at 5 kHz with an eight-
pole low-pass Bessel filter (Frequency Devices) and digitized at 25 kHz
with a Digidata 1322A data acquisition board and Clampex9 (Molecular
Devices) software. Data acquisition was performed using pClamp9 and
pClamp10 software (Molecular Devices). Curve fitting and figure prep-
aration of all electrophysiology data were performed with Origin 7.0
(OriginLab), Microsoft Excel, Clampfit 10 (Molecular Devices), and the
Strathclyde Electrophysiology WinWCP and WinEDR (John Dempster)
software.

mIPSCs from granule cells occur too infrequently to permit a proper
characterization of their response characteristics in terms of event am-
plitude and decay times (Wall and Usowicz, 1997). In view of this, we
performed all experiments in aCSF with elevated extracellular K � (18
mM), as described by others (Momiyama and Takahashi, 1994), which
significantly increased baseline frequency approximately eightfold from
0.07 	 0.01 Hz (aCSF, 2.5 mM KCl, n � 5) to 0.54 	 0.01 Hz (aCSF, 18
mM KCl, n � 5; p � 0.0001, unpaired Student’s t test). Other than the
change in mIPSC frequency, all other characteristics (i.e., distribution of
rise times, amplitudes, and decay kinetics) were indistinguishable be-
tween experiments in 2.5 and 18 mM K � aCSF solutions. This was also
true with mice exposed to the internal perfusion of antimycin-A (aCSF,
2.5 mM KCl, n � 6: 0.13 	 0.03 Hz; aCSF, 18 mM KCl, n � 4: 1.04 	 0.25;
p � 0.002, unpaired Student’s t test) as well as �-KO animals (aCSF, 2.5
mM KCl, n � 6: 0.13 	 0.04 Hz; aCSF, 18 mM KCl, n � 5: 1.7 	 0.2; p �
0.0001, unpaired Student’s t test). Consequently, we concluded that the
use of an elevated extracellular K � aCSF solution was a useful tool for
increasing mIPSC frequency. aCSF (18 mM K �) was only used as an
external bathing solution during electrophysiological recordings and not
during the recovery period before experimentation. To account for the
increase in osmotic pressure with aCSF (18 mM K �), sucrose was added
to the internal pipette solution to achieve isomolarity (330 mOsmol/L).

Experiments were also performed at room temperature on recombi-
nant GABARs 24 – 48 h after cDNA transfection. GABA (Sigma-Aldrich)
was dissolved in external solution containing the following (in mM): 150
NaCl, 5 HEPES, 2 MgCl2, and 1 CaCl2. Internal pipette solution con-
tained the following (in mM): 150 KCl, 5 EGTA, 1 MgCl2, and 2 Mg-ATP.
The pH and osmotic pressure of internal and external solutions were
adjusted to 7.3–7.4 and 300 mOsm1 �1, respectively. Furosemide was
dissolved as a 100 mM stock in DMSO, stored at �20°C, and diluted to a
final concentration of 100 �M in external solutions. The control external
solution also contained an equal amount of DMSO (0.1% v/v). Control
and agonist solutions were rapidly applied to outside-out patches excised
from transfected HEK 239T/17 cells using a piezoelectric stack (Physik
Instrumente). Solution exchange (10%–90% rise-time � 150 –250 �s)
was determined in a separate experiment by measuring the liquid junc-
tion current (or exchange current) between the control and external
solution containing 10% additional NaCl. All recordings were performed
with an Axopatch 200B amplifier (Molecular Devices) using thin-walled
borosilicate glass pipettes (2–5 M�) coated with dental wax to reduce
electrical noise. Current records were filtered at 5 kHz, digitized at 25
kHz, and series resistances (3–10 M�) were compensated by 95%. All
recordings were performed at a holding potential of �60 mV.

Analysis of mIPSC events. mIPSCs were detected using WinEDR soft-
ware with a detection threshold of 4 � the mean square root of noise
level. The accuracy of detection was visually confirmed for each event in
each recording. Amplitude distributions were fit with the sum of 2–3
Gaussian functions with the singular form of the following: y � (A1/(w1
� sqrt(�/2))) � exp(�2 � ((x � xc1)/w1) 2), where A is the area, xc is the
center of the peak, and w is the error associated with the peak. The decay
phase of mIPSCs was fit with a single exponential curve, and both rise and

Accardi et al. • GABAergic Synapses Strengthen by a Novel Mechanism J. Neurosci., July 1, 2015 • 35(26):9676 –9688 • 9677



decay phases were fitted between 10% and 90% of the peak amplitude.
Data are expressed as mean 	 SEM. p values represent the results ob-
tained from either a paired or unpaired, two-tailed Student’s t tests or a
one-way ANOVA with Tukey’s post hoc test. A p value of 
0.05 was
considered statistically significant. All data are from at least two different
animals.

Intracellular ROS fluorescence. Slices for imaging experiments were
incubated in oxygenated aCSF containing CM-H2DCF-DA (5 �M DCF,
Invitrogen) 45 min before imaging cytosolic ROS levels using a Zeiss
Axioexaminer upright microscope (Carl Zeiss) equipped with a mul-
tiphoton chameleon (coherent) laser source set to excite at 780 nm
(power � 0.3 W/cm 2). To visualize changes in DCF fluorescence inten-
sity, XYZT series images of the cerebellar granule cell layer were acquired
every 2 min using a 40� plan apochromatic objective (NA � 1.0). After
baseline imaging (10 min), another 30 min of imaging followed, during
which various drugs (insulin, 0.5 �M and/or genistein, 50 �M) were ap-
plied through the constant flow of oxygenated aCSF (1.5 ml/min). Slices
during genistein treatment were incubated for �45 min in aCSF �
genistein (together with DCF) before the start of the 10 min baseline
imaging. Images were acquired on an IBM-compatible computer using
Zen software (Carl Zeiss) and subsequently analyzed using NIH Image/
ImageJ.

Fluorescence image analysis. To analyze the change in fluorescence in-
tensity, one or two focal planes of respective matching depth (z-axis) in
every XYZ stacks were selected. Twenty ROIs were drawn per focal plane,
to each surround individual granule cell soma (minimal XY drift was
corrected using the ImageJ registration plugin). Raw measurements of all
ROIs (mean pixel intensity) were used to perform Gaussian distributions
of fluorescence intensity among the different groups (n � 3 slices for
control; n � 4 slices for insulin; n � 4 slices for insulin � genistein). To
compare the change of fluorescence intensity over time among groups,
the fluorescence of each ROI (F � Ft � F0, where F0 is the mean ROI
fluorescence during the first 10 min of the experiment) was determined.
This analysis was restricted to granule cells (or ROIs) for which Ft did not
vary �10% of F0 during the first 10 min, to ensure a stable baseline before
insulin application.

Pharmacological compounds. Ionotropic glutamate receptor antago-
nists, D-APV (for NMDARs; 10 �M) and CNQX (for non-NMDARs; 5
�M), the glycine receptor antagonist, strychnine (0.3 �M) and the
GABAR antagonist bicuculline (10 �M) were purchased from Tocris Bio-
science. TTX (1 �M) was purchased from Alomone Labs). Stock solu-
tions of these antagonists were prepared in water and were stored at
�20°C, and working solutions were diluted with aCSF shortly before
application to the bath. The antioxidant, N-acetylcysteine (NAC, 1 mM)
(Sigma) was prepared as a stock solution (100 mM) in water and dissolved
in patch electrode solution on the day of the experiment. The mitochon-
drial uncoupler, antimycin-A (2 �M), was purchased from Sigma, dis-
solved in DMSO, and diluted in water to workable stock concentrations
and stored at �20°C. The final maximum external DMSO concentration
(0.1% v/v) had no effect on mIPSCs, consistent with other studies (Na-
kahiro et al., 1992). Mg-ATP (2 mM) was included in our patch electrode
solution to maintain cytoplasmic ATP levels. Furosemide (100 �M; Toc-
ris Bioscience) was dissolved in DMSO, stored at �20°C, and added
directly into the aCSF on the day of the recordings. Although not signif-
icant ( p � 0.27, paired Student’s t test), furosemide application pro-
duced a small increase in mIPSC frequency of �29% (22.5 min; see Fig.
4D, n � 5) immediately following the introduction of furosemide to the
bath, an effect also observed by others (Mark Farrant, personal commu-
nication). Nevertheless, this change in mIPSC frequency was not sus-
tained and returned to basal levels within 5–10 min. Insulin (0.5 �M,
Sigma) was prepared from a 163 �M stock that required 0.1 M acetic acid
to ensure complete dissolution. The concentration of insulin used is
consistent with previous studies and also corresponds to circulating hor-
mone levels (Wozniak et al., 1993; Wan et al., 1997). Genistein (50 �M;
Tocris Bioscience), the protein tyrosine kinase and insulin receptor an-
tagonist, was completely dissolved in DMSO and stored at �20°C at a
final concentration of 50 mM. The phosphatidylinositol 3-kinase (PI3-
kinase) inhibitor, wortmannin (1 �M; Tocris Bioscience), was dissolved
in DMSO, diluted in water to a stock concentration of 500 �M, and stored

at �20°C. The final maximum internal pipette DMSO concentration was

0.1% v/v.

Results
Mitochondrial ROS strengthens GABAergic synapses of
cerebellar granule cells
To study the mechanism that strengthens GABAergic synapses,
whole-cell recordings of mouse cerebellar granule cells were per-
formed with an internal pipette solution containing the mito-
chondrial uncoupler, antimycin-A (2 �M, Fig. 1). Prior work
from our laboratory on cerebellar stellate cells has established
that antimycin-A and other uncouplers strengthen GABAergic
transmission by elevating mROS (Accardi et al., 2014). We rea-
soned that they would have a similar effect on granule cells. In
agreement with this, internal patch perfusion with antimycin-A
elicited an increase in the frequency of inhibitory synaptic events
by almost 1.5-fold during a typical 20 –25 min recording (0 –5
min, 0.74 	 0.33 Hz; 20 –25 min, 1.04 	 0.25 Hz; n � 4, p �
0.036, paired two-tailed Student’s t test; Fig. 1A–C), an observa-
tion absent from control recordings (Fig. 1D). Gaussian fits of the
amplitude distributions revealed that antimycin-A selectively in-
creased the occurrence of only mIPSCs of small amplitude with
little effect on larger-amplitude events (Fig. 1A,B). For example,
fits of the smallest events were 28% of all events within 0 –5 min
(Fig. 1A, bottom), which increased 1.5-fold, to 41%, after 20 –25
min (Fig. 1B, bottom). As a consequence, we observed a small
time-dependent reduction in the averaged amplitude of mIPSCs
(e.g., 0 –5 min, �38.3 	 6.0 pA; 20 –25 min, �31.2 	 2.8 pA; 17%
reduction; Fig. 1C,D), similar to our observations on stellate cells
(Accardi et al., 2014). The increase in mIPSC frequency is due to
an elevation in cytosolic mROS because the effect of antimycin-A
was attenuated by inclusion of the antioxidant, NAC (1 mM, n �
4), in the patch electrode solution (p 
 0.01, one-way ANOVA;
Fig. 1D). Interestingly, we also observed an effect of antimycin-A
on tonic GABA current baseline (25 min after seal breakthrough,
Control, n � 5, 20.46 	 4.7 pA; Antimycin-A, n � 6, 3.46 	 0.93
pA; p � 0.004; unpaired Student’s t test), suggesting that mROS
also affect extrasynaptic receptors. These observations are similar
to our earlier findings on cerebellar stellate cells suggesting that
mROS are a common intermediary that couple cellular metabo-
lism to the processes that strengthen GABAergic signaling.

mROS may strengthen GABAergic transmission by a presyn-
aptic and/or postsynaptic mechanism. In stellate cells, the effect
of mROS is abolished in mice lacking the �3 GABAR subunit
(Accardi et al., 2014), which is primarily located in the perisyn-
aptic and/or extrasynaptic space (Fritschy and Panzanelli, 2006).
As a result, we concluded that mROS strengthen inhibitory trans-
mission primarily by a postsynaptic mechanism via the recruit-
ment of �3-containing GABARs into the synapse (Accardi et al.,
2014). A similar mechanism may be at play in granule cells be-
cause mROS selectively augment the occurrence of inhibitory
events of small amplitude (Fig. 1A,B) in a similar manner previ-
ously reported in stellate cells. Granule cells, however, do not
express �3 subunits and thus may strengthen inhibitory trans-
mission by recruiting any one of several GABARs. Adult granule
cells express GABARs composed of �1/�2,3/�2, �6/�2,3/�2,
and/or �1,6/�2,3/�2 at their synapses, whereas �6/�2,3/�2, �1,6/
�2,3/�2, and �6/�2,3/� GABARs are found outside the synapse
(Nusser et al., 1995, 1996, 1998a; Mapelli et al., 2014). Because
only �2-containing receptors are capable of entering synapses
(Luscher et al., 2011), we concluded mROS do not mediate their
effects by recruiting �6/�2,3/� receptors. In agreement with this,
bath application of Zn 2� (10 �M) elicited no noticeable reduc-
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tion on mIPSC amplitude (normalized: without Zn 2�, n � 4,
20 –25 min: 90.7 	 4.0%; with Zn 2�, n � 5, 20 –25 min: 100.6 	
6.4%; p � 0.26; unpaired Student’s t test) or frequency (normal-
ized: without Zn 2�, n � 4, 20 –25 min: 207.65 	 22.1%; with
Zn 2�, n � 5, 20 –25 min: 201.96 	 15.7%; p � 0.84; unpaired
Student’s t test) induced by antimycin-A. Because Zn 2� blocks
GABARs that do not contain the �2 subunit (May and de Haën,
1979; Draguhn et al., 1990), we concluded that the effect of
mROS on mIPSC frequency was not mediated through the re-
cruitment of extrasynaptic �-containing GABARs.

To explore the potential involvement of �1- and/or �6-
containing GABARs, we looked for ways to discriminate between
them at GABAergic synapses. Pharmacological studies on native
and recombinant GABARs have reported that furosemide will
selectively block �6-containing receptors (Korpi et al., 1995; Tia
et al., 1996; Minier and Sigel, 2004). To confirm this, we first
examined the degree of furosemide block on recombinant
GABARs containing either �1 or �6 subunits where subunit
composition would be known (Fig. 2; Table 1). Next, we deter-
mined the degree of furosemide block of native GABARs where
the contribution of �6-containing GABARs is not known (Fig.
2A, right). Accordingly, we reasoned that a greater degree of
block of mIPSCs would correspond to a greater presence of �6-
containing receptors at GABAergic synapses.

As reported previously (Tia et al., 1996), 100 �M furosemide
had almost no effect on the peak response amplitude or deacti-
vation kinetics of �1-containing GABARs (Fig. 2A,B; Table 1). In
contrast, however, furosemide reduced the peak response ampli-
tude and affected deactivation kinetics of �6-containing
GABARs (Fig. 2A; Table 1). Given these two effects, the charge
transfer mediated by �6-containing GABARs was significantly
reduced to 46 	 9% (n � 5, p � 0.009, paired Student’s t test) of
the control in the presence of furosemide (100 �M; Fig. 2B; Table
1), demonstrating that furosemide is an ideal pharmacological
agent to discriminate between the contribution of �1- or �6-
containing GABARs. Interestingly, bath application of furo-
semide (100 �M) produced a modest effect on peak mIPSC
amplitudes (Peakbefore, � 43 	 2.2 pA; Peakafter, � 34 	 2.3 pA,
p � 0.03, paired Student’s t test) that was not statistically signif-
icant for charge transfer (Fig. 2A,B; p � 0.10, paired Student’s t
test), underscoring the minimal contribution of �6-containing
GABARs under control conditions. Furthermore, a comparison
of mIPSC decay kinetics revealed the time-dependent occurrence
of some synaptic events with slower decay kinetics (i.e., 20 ms)
during antimycin-A treatment (Fig. 2C, filled symbol). Although
these slower events were too few in number to affect the overall
decay kinetics of mIPSCs from granule cells (Fig. 2A, right), it is
consistent with the possibility that mROS recruit �6-containing

Figure 1. mROS selectively increase the occurrence of inhibitory events of small amplitude. A, B, Top, mIPSCs from the same granule cell (cell #140307000) at the beginning (0 –5 min)
and during (20 –25 min) pipette perfusion with antimycin-A (2 �M). Bottom, Amplitude histograms comparing the data obtained at two time periods (i.e., 0 –5 min, left; 20 –25 min,
right, n � 4). Each was fit with the sum of three Gaussian functions (red line), with individual functions shown in either black (left panel) or white (right panel). In this figure and
elsewhere, the closed point distribution (filled; dark gray) was scaled to the fitted peak of the lowest event amplitude and represents the average baseline noise observed during the
recordings. C, Summary plot of the time course of mIPSC frequency (filled circle) and amplitude (open circle) during pipette perfusion with antimycin-A. Data are mean 	 SEM. D, Bar
graphs of maximal normalized frequency (left) and amplitude (right) obtained in the different recording conditions. Anti, antimycin-A; NAC, N-acetylcysteine (1 mM). Statistical test was
a one-way ANOVA with Tukey’s post hoc test. The frequency comparison of “Control” versus “Anti � NAC” (D; left) was not significant and, for clarity, was not indicated in the figure.
Amplitude comparisons were not significant ( p � 0.58; one-way ANOVA).
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GABARs, which have slower gating be-
havior (Fig. 2A, middle; Table 1).

In summary, these data highlight that
�1- and �6-containing receptors can be
distinguished by their sensitivity to block
by furosemide. We therefore reasoned
that, if mROS strengthen GABAergic syn-
apses by the recruitment of �6-containing
receptors, furosemide should block or at-
tenuate the effect of antimycin-A on mIPSC
frequency.

Pharmacological block of �6-
containing GABARs abolishes
synapse strengthening
To test this possibility, cerebellar slices
were bathed in furosemide (100 �M) be-
fore and during whole-cell recordings
from granule cells with internal perfusion
of antimycin-A (Fig. 3). As expected, pre-
incubation with furosemide had a modest
effect on mIPSC baseline frequency and
amplitude (Fig. 2A,B), consistent with
our assertion that granule cell inhibitory
synapses contain a small proportion of
�6-containing GABARs. For example,
baseline mIPSC frequency in slices before
and after furosemide application were
0.96 	 0.22 Hz and 0.87 	 0.18 Hz (p �
0.46; paired Student’s t test; n � 6), re-
spectively. Interestingly, internal perfu-
sion with antimycin-A had no detectable
effect on mIPSC frequency (0 –5 min,
1.08 	 0.28 Hz; 20 –25 min, 1.15 	 0.088 Hz; p � 0.78; paired
Student’s t test, n � 6) (Fig. 3A–D) in marked contrast to its
effects on naive slices (Fig. 1C,D). Moreover, fits of mIPSC am-
plitude distributions revealed that antimycin-A did not elicit a
time-dependent increase in the occurrence of mIPSCs of events
with small amplitude (Fig. 3A–C). Data obtained during the first
5 min of recording were best fit with the sum of 2 Gaussian
functions with peak values of �29 	 0.15 pA (81%) and �41 	
1.3 pA (19%), which were indistinguishable from the peak values
of �26 	 0.15 pA (75%) and �38 	 0.92 pA (25%) obtained in
the last 5 min (i.e., 20 –25 min) (Fig. 3C). These data are therefore
consistent with the assertion that antimycin-A strengthens inhib-
itory synapses of granule cells by recruiting �6-containing
GABARs.

Like all loop diuretics, furosemide acts on the anion/cation
transporters, such as NKCC2 (Haas and Forbush, 1998) and
KCC2 (Payne, 1997), but may have other pharmacological tar-
gets. Therefore, an immediate concern was that our observations
may reflect furosemide’s action on more than just �6-containing
GABARs. We ruled out an effect on anion/cation transporters
because transmembrane anion/cation gradients are constrained
in the whole-cell recording configuration and because block usu-
ally occurs at concentrations greater than that used in the present
study (Misgeld et al., 1986). To exclude the possibility of other
targets, and provide additional evidence for the recruitment of
�6-containing GABARs, we performed two separate experim-
ents. First, we tested whether furosemide would exert a greater
pharmacological block of mIPSCs after granule cells were treated
with antimycin-A because mROS would be expected to recruit
more �6-containing receptors into the synapse (Fig. 4). Second,

we reasoned that furosemide would have a greater pharmacological
block on mIPSCs of granule cells lacking the �-subunit (Fig. 5) be-
cause mice lacking this subunit have been noted to have an upregu-
lated expression of �6-containing GABARs (Tretter et al., 2001).

Furosemide block of �6-containing GABARs is more
pronounced after antimycin-A treatment
Experiments comparing furosemide block of mIPSCs in control
and antimycin-A-treated granule cells are summarized in Figure
4. In all cases, furosemide induced a significant reduction of the
baseline membrane noise (compare Fig. 4A, top and bottom)
consistent with antagonism of extrasynaptic �6- (and �-) con-
taining receptors. This effect represents a �50% reduction in
baseline current for control (Pre-Furosemide, 14.36 	 1.9 pA;
Post-Furosemide, 6.93 	 0.66 pA; p � 0.017; paired Student’s t
test; n � 5) and antimycin-A (53% reduction, Pre-Furosemide,
13.39 	 0.94 pA; Post-Furosemide, 6.30 	 0.54 pA; p � 0.0074;
paired Student’s t test; n � 5) conditions. In control granule cells,
furosemide had a modest effect on mIPSC amplitude and almost
no effect on mIPSC frequency (Fig. 4A,B left, D). In contrast,
furosemide had a significant effect on mIPSC amplitude and fre-
quency after antimycin-A treatment (Fig. 4A,B right, C,D).
mIPSC amplitude was reduced by �40% with 100 �M furo-
semide (p � 0.0007; paired Student’s t test), representing an
almost twofold greater block than control conditions (Fig. 4B
right, D). Most strikingly, the increase in mIPSC frequency in-
duced by antimycin-A was completely abolished following bath
application of 100 �M furosemide (Fig. 4C,D). mIPSC frequency
at 20 –25 min was 1.43 	 0.15 Hz compared with 0.87 	 0.074 Hz
at 40 – 45 min when block by furosemide had reached equilib-

Figure 2. Furosemide block distinguishes between �1- and �6-containing GABAA receptors. A, Overlay of typical membrane
currents elicited by short 1 ms applications of 10 mM GABA on recombinant �1�2�2 (left, patch #141219p8; n � 4) and �6�2�2
(middle, patch #141219p3; n � 5) or averaged mIPSC from a granule cell (right, cell #140605000; n � 5) before (black line) and
after (red line) bath application of 100 �M furosemide. B, Bar graph comparing the degree of furosemide block on charge transfer
between recombinant and native GABARs. Data are mean 	 SEM, with paired Student’s t tests and Bonferroni correction. C, Plot
comparing mIPSC amplitude versus decay kinetics observed in the first 5 min (0 –5 min, open circles) and last 5 min (20 –25 min,
filled circles) of recording in antimycin-A (2 �M).
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rium (Fig. 4C,D). Indeed, mIPSC frequency was statistically in-
distinguishable (p � 0.46; paired Student’s t test, n � 6) between
measurements at the beginning (i.e., 0 –5 min, 0.96 	 0.091 Hz)
and end (i.e., 40 – 45 min, 0.87 	 0.074 Hz) of the experiment
(Fig. 4C,D). These data support the assertion that strengthening
of granule cell GABAergic synapses by mROS is due to the re-
cruitment of �6-containing GABARs. As discussed below, we
further tested the involvement of �6-containing GABARs by
studying the effect of antimycin-A on granule cells that lack the
�-subunit.

Antimycin-A fails to strengthen GABAergic synapses of
granule cells from �-KO mice
Previous studies have shown that the overall surface expression of
the �6-subunit is unchanged in granule cells from �-KO mice but
that there is an increased surface expression of the �2-subunit
(Tretter et al., 2001), presumably because of a compensatory
mechanism. Given this, we reasoned that granule cell inhibitory
synapses would contain more �6/�2-containing GABARs, as
proposed by others previously (Tretter et al., 2001). In keeping
with this, we observed an increased basal frequency of mIPSCs by

approximately twofold to threefold in �-KO mice (n � 5) com-
pared with wild-type (�-KO: 1.69 	 0.20 Hz; wild-type: 0.543 	
0.087 Hz; p � 0.0008; unpaired Student’s t test) consistent with
an upregulation of inhibitory synaptic connections. More impor-
tantly, bath application of 100 �M furosemide elicited a much
greater reduction in both mIPSC amplitude and frequency in
granule cells from �-KO than wild-type mice (Fig. 5). For in-
stance, furosemide reduced mIPSC frequency in wild-type gran-
ule cells from 0.96 	 0.22 Hz to 0.87 	 0.18 Hz, which was much
more modest than the effect in �-KO mice where mIPSC fre-
quency was reduced from 1.7 	 0.2 Hz to 0.60 	 0.19 Hz (Fig.
5B,D). Likewise, peak mIPSC amplitudes were reduced by
�20% in wild-type granule cells compared with a reduction of
�31% in granule cells lacking the �-subunit (Fig. 5B–D). To-
gether, these observations make two important conclusions regard-
ing granule cells of �-KO mice: (1) they exhibit a greater number
of functional inhibitory synapses; and (2) inhibitory synapses
contain a greater proportion of �6/�2-containing GABARs.

As a final test of the involvement of �6-containing GABARs,
we examined the effect of antimycin-A on granule cells of �-
KO mice (Fig. 5E). We reasoned that, because of the greater pro-

Table 1. Kinetics of �1�2�2 and �6�2�2 GABAA receptors (1 ms pulse, 10 mM GABA)

Components t1 (mean 	 SEM) % A1 t2 (mean 	 SEM) % A2 t3 (mean 	 SEM) % A3 n

�1�2�2
Control 3 2.7 	 0.2 29 21.2 	 2.4 39 130.1 	 11.9 32 4
�100 �M furosemide 3 2.0 	 0.2 31 19.8 	 3.1 37 150.8 	 19.5 32 4

�6�2�2
Control 3 3.5 	 0.4 16 23.1 	 4.0 41 196.0 	 5.1 43 5
�100 �M furosemide 3 6.4 	 1.5 36 27.0 	 3.7 48 337.9 	 50.8 16 5

Figure 3. Pharmacological block of �6-containing GABAA receptors prevents synaptic strengthening by mROS. A, mIPSCs from two time points (cell #140329013) from the same cell during bath
application of furosemide (100 �M) and internal perfusion with antimycin-A (2 �M). B, Plot summarizing the effect of antimycin-A on event frequency (filled circle) and amplitude (open circle) (n �
5). C, Amplitude histograms of data from the same cells at two time points fit with the sum of 2 Gaussian functions (purple represents 0 –5 min; red represents 20 –25 min). D, Bar graphs comparing
the effect of furosemide on mIPSC amplitude (left) and frequency (right) during internal patch perfusion with antimycin-A. In all cases, data are mean 	 SEM.
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portion of �6/�2-containing GABARs at these synapses,
antimycin-A would have little or no effect on mIPSC frequency.
That is, synapse strengthening by mROS via the recruitment of
�6-containing GABARs would be limited because granule cell
inhibitory synapses of �-KO mice are already occupied by these
receptors. In support of this, internal patch perfusion of
antimycin-A exerted no effect on mIPSC frequency or peak am-
plitude (Fig. 5E). For example, mIPSC frequencies observed dur-
ing the first (0 –5 min) and last (20 –25 min) 5 min were 1.1 	
0.51 Hz and 1.32 	 0.62 Hz, respectively (p � 0.35, paired Stu-
dent’s t test). Furthermore, the peaks of the fits of the
antimycin-A treated �-KO amplitude distribution (20 –25 min:
Amplitude1, 37 pA; Amplitude2, 48 pA) were very similar to that
of the wild-type control (20 –25 min: Amplitude1: 39 pA; Ampli-
tude2: 55 pA). These data show that antimycin-A was ineffective
in strengthening GABAergic synapses of �-KO mice, in marked
contrast to our observations on wild-type mice. We therefore
conclude that strengthening of granule cell inhibitory synapses
occurs by the recruitment of �6-containing GABARs.

Insulin elevates cytosolic ROS in granule cells of the
mouse cerebellum
To determine whether a physiological signaling pathway strengthens
GABAergic synapses in a similar manner, we examined the effect of
the metabolic hormone, insulin. Prior work has established that in-
sulin elevates cytosolic ROS (Mukherjee et al., 1978; May and de
Haën, 1979; Zeng and Quon, 1996; Mahadev et al., 2001a, b; Gold-
stein et al., 2005) and, in separate experiments, insulin has been
shown to strengthen GABAergic synapses (Wan et al., 1997; Vetiska
et al., 2007). Given this, we reasoned that there may be a causal link
between insulin’s ability to elevate cytosolic ROS and its ability to
strengthen inhibitory synapses.

To explore this, we first determined whether insulin can in-
duce a change in the redox state of the cerebellum by loading
granule cells with the fluorescent dye DCF and imaging for cyto-
solic ROS (Fig. 6; see Materials and Methods). Because DCF ir-
reversibly reacts with cytosolic ROS, we anticipated that the
fluorescent signal from individual cells would increase in a time-
dependent manner, reflecting the constitutive turnover of their

Figure 4. Synaptic strengthening induced by mROS is reversed by pharmacological block of �6-containing GABAA receptors. A, Representative electrophysiological traces of a control (left, cell
#140526000) and antimycin-A (2 �M, right, cell #140619000) treated granule cell at three separate time points. B, Amplitude distributions of mIPSCs from two time points (n � 5 in each case). For
clarity, only the summed Gaussian functions are shown (purple represents Pre-Furosemide; red represents � Furosemide). C, Summary plot showing the time course of mIPSC frequency (red circle)
and amplitude (open circle). Furosemide (100 �M) was added 15 min after the start of the experiment. Gray gradient represents the gradual equilibration of furosemide in the bath. D, Summary plots
of furosemide’s effect on mIPSC frequency and amplitude. Data are mean 	 SEM.
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metabolic and signaling state. In agreement with this, we ob-
served a gradual increase in cytosolic ROS from cerebellar slices
continuously perfused with aCSF over a 30 – 40 min time period
(Fig. 6B). Interestingly, basal ROS levels were reduced signifi-
cantly by pretreatment with the isoflavone, genistein (50 �M),
which blocks a number of ubiquitous signaling pathways, includ-
ing insulin’s actions by inhibiting tyrosine kinase activity (Fig.
6B,C). At the start of the imaging experiments, the distribution
of fluorescence intensity among granule cells bathed in aCSF was
fit well with a single Gaussian function with a mean amplitude of
131 	 2.7 a.u. (Fig. 6C, cyan bars), which was reduced signifi-
cantly to 35 	 3.5 a.u. by genistein (Fig. 6C, black bars; p 

0.0001, unpaired Student’s t test). Despite this difference, the rate
of change in fluorescence intensity was identical in both condi-
tions over a typical 30 – 40 min imaging experiment (Fig. 6B)

demonstrating that the constitutive production of cellular ROS
was constant.

As expected, basal cytosolic ROS levels observed in granule
cells before insulin application were comparable with measure-
ments made in aCSF (Fig. 6B). Upon insulin (0.5 �M) applica-
tion, however, we observed an almost immediate increase in
cytosolic ROS generation (Fig. 6A,B) that reached statistical sig-
nificance after 20 min (p 
 0.01; two-way repeated-measures
ANOVA with Holm-Sidak’s multiple-comparison test). The dis-
tribution of DCF fluorescence intensity at the 24 –30 min time
point was fit well by the sum of two Gaussian functions with
mean values of 191 	 9.0 a.u. (55%) and 437 	 202 a.u. (45%)
(Fig. 6D). The emergence of a second peak, not observed in base-
line recordings (Fig. 6C) or the control condition at 24 –30 min
(fit by a single Gaussian: 232 	 5 a.u.), highlights the presence of

Figure 5. mROS fail to strengthen inhibitory synapses of �-KO mice. A, Representative recordings from a granule cell lacking the �-subunit before (top) and after (bottom) applying furosemide
(100 �M, cell #140621010) to the bath 15 min after the start of the experiment. B, Amplitude distributions comparing mIPSCs at the two time points (n � 5). For clarity, summed Gaussian functions
are shown (purple represents Control, 0 –5 min; red represents � Furosemide, 40 – 45 min). C, Averaged mIPSCs (from 15 random events) comparing the response profile of wild-type (cell
#140605000) and �-KO (cell #1406210010) cells before (black line) and after (red line) furosemide application. D, Summary plot showing mIPSC frequency (left) and amplitude (right) before
(“control,” open circles, 0 –5 min) and after (“� furo,” filled circle, 40 – 45 min) furosemide (100 �M) application. Statistical test is a paired Student’s t test. n.s, Not significant. E, Summary plots
showing the time course of mIPSC frequency (left) and amplitude (right) of granule cells (n � 5) lacking the �-subunit in the presence (filled circle) and absence (open circle) of antimycin-A (2 �M).
Data are mean 	 SEM.
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a population of granule cells, which robustly respond to insulin.
Importantly, genistein completely blocked the observed insulin-
induced increase in cytosolic ROS generation (Fig. 6B,D), dem-
onstrating that the action of insulin on cerebellar granule cells is
due to an increase in tyrosine kinase activity. Together, these
observations establish that cytosolic ROS levels in granule cells
are regulated by the insulin receptor.

Elevating cytosolic ROS via the insulin receptor strengthens
granule cell GABAergic synapses
To test for a causal relationship between ROS and strengthening
of GABAergic synapses, we recorded mIPSCs from granule cells
before and after bath application of insulin (0.5 �M; Fig. 7). Sim-
ilar to antimycin-A (Fig. 1), insulin elicited a time-dependent
increase in mIPSC frequency by almost twofold during a typical
20 –25 min recording (Fig. 7A–C; p � 0.0003; paired two-tailed
Student’s t test, n � 11). Gaussian fits of the amplitude distribu-
tions before and after insulin treatment revealed that insulin pri-
marily increased the occurrence of mIPSCs of small amplitude
with little effect on larger events (Fig. 7A,B). Fits of the smallest
events were 19% of all events within 0 –5 min (Fig. 7A, bottom),
which increased 2.2-fold, to 42%, after 20 –25 min (Fig. 7B, bot-
tom), resulting in the small, time-dependent reduction in the
averaged mIPSC amplitude (e.g., 0 –5 min: �47.9 	 2.6 pA;
20 –25 min: �42 	 2.3 pA; 12% reduction; Fig. 7C,D). Further-
more, insulin’s effect on mIPSCs was almost completely abol-
ished by including the antioxidant, NAC (1 mM, n � 4), in the
patch electrode solution (p 
 0.01, one-way ANOVA; Fig. 7D) to
diminish ROS levels. In view of this, our data establish a causal
link between insulin’s ability to elevate cytosolic ROS and
strengthen GABAergic synapses of cerebellar granule cells.

Insulin recruits �6-containing receptors to GABAergic
synapses via a wortmannin-sensitive pathway
To test whether insulin strengthens GABAergic synapses by re-
cruiting �6-containing receptors, we examined the ability of fu-
rosemide to reduce inhibitory transmission during insulin
treatment (Fig. 8). To do this, baseline mIPSC frequency was first
augmented by bath application of insulin over the first 20 –25
min of the recording (Fig. 8A,B). In control conditions, mIPSC
frequency was 0.99 	 0.3 Hz (0 –5 min; Fig. 8A), increasing to
1.6 	 0.4 Hz (20 –25 min; Fig. 8A) following bath application of
insulin (Fig. 8A,B; p � 0.01; paired Student’s t test; n � 6).
Having established an increase in mIPSC frequency with insulin,
we tested for the recruitment of �6-containing GABARs by per-
fusion of the �6-GABAR antagonist, furosemide (Fig. 8B). As
anticipated, bath application of 100 �M furosemide significantly
reduced mIPSC frequency from 1.6 	 0.4 Hz (20 –25 min; Fig.
8B) in a time-dependent manner to levels observed at the begin-
ning of the experiment (i.e., 0.73 	 0.2 Hz, 40 – 45 min, p � 0.03;
paired Student’s t test; n � 6) (Fig. 8B). Indeed, mIPSC frequency
was statistically indistinguishable (p � 0.42; paired Student’s t
test, n � 6) between measurements observed at the beginning
(i.e., 0 –5 min) and end (i.e., 40 – 45 min) of the experiment. As
expected, furosemide also had a significant effect on mIPSC am-
plitudes (Fig. 8B,C), which were reduced by �28% (p � 0.02;
paired Student’s t test), resulting in a leftward shift in the ampli-
tude histogram. It is noteworthy to mention that furosemide
reduced the baseline membrane noise (Fig. 8A) by �40%, in a
manner similar to that observed following antimycin-A treat-
ment (Fig. 4), from 11.9 	 0.7 pA (Pre-Furosemide) to 7.5 	 0.3
pA (Post-Furosemide) (p � 0.003; paired Student’s t test, n � 6)
that was maintained throughout the recording (Fig. 8A, middle

Figure 6. Insulin increases cytosolic ROS in cerebellar granule cells. A, Example DCF images from a typical insulin-treated experiment showing elevations in cytosolic ROS. The images are displayed
using a color-coded map of fluorescence intensity (16 colors) ranging from black (no fluorescence), to white (maximum signal for any pixel over the course of an individual experiment). A
representative two-photon single focal plane image (far left) of a cerebellar parasagittal slice with the cellular layers denoted. Ml, Molecular layer; PCL, Purkinje cell layer; GCL, granule cell layer. Scale
bar, 5 �m. Right, The 16 color version of this image. B, Summary plot of the time course of fluorescence intensity changes in control (white circle), insulin (cyan circles), or insulin � genistein (black
circles) treated conditions. Data are mean 	 SEM. Two-way repeated-measures ANOVA with Holm-Sidak’s multiple-comparison test: *Comparisons between “insulin” and “insulin � genistein.”
†Comparisons between “insulin” and “control.” *p 
 0.05. †p 
 0.05. **p 
 0.01. ††p 
 0.01. ***p 
 0.001. C, Histograms comparing the level of fluorescence intensity obtained in the presence
(black) or absence (cyan) of 50 �M genistein. Each histogram was fit with a single Gaussian function (red represents genistein; dark blue represents aCSF). D, Histograms comparing the level of
fluorescence intensity obtained after bath application of insulin (0.5 �M) in the presence (black) or absence (cyan) of 50 �M genistein at the end of a typical imaging recording. Each histogram was
fit with either a single (red represents genistein � insulin) or the sum of two (dark blue represents aCSF � insulin), Gaussian functions.
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and bottom). Together, these data establish that insulin strength-
ens GABAergic synapses by recruiting �6-containing receptors.

Insulin has been shown to strengthen GABAergic synapses via
a PI3-kinase pathway (Vetiska et al., 2007). To establish whether
a similar pathway accounts for our observations, we examined
the effect of the PI3-kinase inhibitor, wortmannin, on the ability
of insulin to strengthen GABAergic synapses (Fig. 8D). As antic-
ipated, internal patch perfusion of 1 �M wortmannin completely
blocked any change in mIPSC frequency and/or amplitude (Fig.
8D). mIPSC frequencies observed during the first (0 –5 min) and
last (20 –25 min) 5 min were 0.58 	 0.2 Hz and 0.60 	 0.2 Hz,
respectively (p � 0.53, paired Student’s t test; n � 6). Addition-
ally, the mIPSC amplitudes observed during the first (0 –5 min)
and last (20 –25 min) 5 min were �46.6 	 1.9 pA and �42.3 	
2.1 pA, respectively (p � 0.07, paired Student’s t test; n � 6).
Together, these data show that wortmannin was effective in pre-
venting the strengthening of GABAergic synapses by insulin. We
therefore conclude that �6-selective strengthening of granule cell
inhibitory synapses by insulin and ROS is mediated by activation
of a wortmannin-sensitive, PI3-kinase pathway.

Discussion
We report three key findings that have important ramifications
for our understanding of inhibitory synapse strengthening. First,
ROS strengthen cerebellar granule cell GABAergic synapses by
recruiting GABARs of a different composition, in this case, �6-
containing GABARs, rather than accumulating more of the

resident, �1-containing receptors. Second, �6-receptors are re-
cruited to postsynaptic sites distinct from �1-receptors, implying
that ROS strengthen only a subset of all possible inhibitory
synapses. Third and finally, we reveal that insulin strengthens
inhibitory GABAergic synapses of granule cells through this
mechanism. Given the similarity to our recent findings on stellate
cells, we propose that ROS uncover a novel mechanism by which
inhibitory synapses are strengthened. In this case, GABARs that
normally reside at inhibitory synapses, such as �1-receptors,
form the hardwiring of neuronal circuits with receptors of a dif-
ferent subunit composition, �3-receptors in stellate cells or �6-
receptors in granule cells, fulfilling a more prominent and
unappreciated role in synapse strengthening. Because this mech-
anism is distinct from the predominant view of how inhibitory
synapses are strengthened, our data suggest that more than one
type of mechanism is responsible for strengthening inhibitory
synapses in the adult CNS.

GABAA receptor synapses are strengthened by more than
one mechanism
Numerous studies have described inhibitory synapse strengthen-
ing in different CNS regions underpinning its importance as a
pervasive regulator of neuronal circuits (Kittler and Moss, 2003;
Luscher et al., 2011). Strengthening is thought to occur by the
lateral diffusion of extrasynaptic GABARs (Thomas et al., 2005;
Bogdanov et al., 2006), although it may also occur by direct in-
sertion of receptors (Luscher et al., 2011). It is generally thought

Figure 7. Insulin selectively increases the occurrence of inhibitory events of small amplitude. A, B, Top, mIPSCs from the same granule cell (cell #1503150007) at the beginning (0 –5 min) and
during (20 –25 min) bath application with insulin (0.5 �M). Bottom, Amplitude histograms comparing the data obtained at two time periods (i.e., 0 –5 min, left; 20 –25 min, right; n � 11). Each
was fit with the sum of three Gaussian functions (red line) with individual functions shown in either black (left) or white (right). C, Summary plot of the time course of mIPSC frequency (filled circle)
and amplitude (open circle) during constant bath application with insulin. Data are mean 	 SEM. D, Bar graphs of maximal normalized frequency (left) and amplitude (right) obtained in the
different recording conditions. Control, Con (n �5); N-acetylcysteine (1 mM), NAC (n �4). Statistical test was a one-way ANOVA with Tukey’s post hoc test. The frequency comparison of “Con” versus
“Insulin � NAC” (D; left) was not significant and, for clarity, was not indicated in the figure. Amplitude comparisons were not significant ( p � 0. 26; one-way ANOVA).
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that inhibitory synapse strengthening is due to an effect on pre-
existing synapses rather than the recruitment of receptors to a
subset of postsynaptic sites, as described here for �6-receptors
(see also Accardi et al., 2014), or even to silent synapses (Inoue et
al., 2013). The most compelling evidence favoring the idea that
synapse strengthening is due to an accumulation of more recep-
tors per synapse comes from electrophysiological measurements
of inhibitory synaptic events (e.g., Otis et al., 1994; Wan et al.,
1997; Nusser et al., 1998b; Thomas et al., 2005; Houston et al.,
2008; Rannals and Kapur, 2011). In these examples, spontaneous
and/or mini-events increased in amplitude, in marked contrast to
our observations. Whether synapse strengthening also involves
more than one type of �-containing GABAR in these studies was
not considered. Consequently, our observations described here
on granule cells and elsewhere on stellate cells (Accardi et al.,
2014) introduces an added complication for future studies to
examine more closely. Whether �3- or �6-receptors of stellate or
granule cells, respectively, are recruited into inhibitory synapses
by lateral diffusion or by direct insertion also awaits future study.
Together, however, the most parsimonious explanation of our
data is that mROS uncover a novel mechanism by which inhibi-
tory transmission can be strengthened. Moreover, given the
emerging view that mROS lie at the center of many diverse bio-
chemical pathways (Sena and Chandel, 2012), it is quite likely
that strengthening of inhibitory synapses may be triggered by a
myriad of signaling molecules that converge on this pathway.

Insulin strengthens inhibitory GABAergic synapses in a
subunit-dependent manner
Our data identify an unexpected causal relationship between
insulin signaling, cytosolic ROS, and the level of GABAergic
inhibition. Most strikingly, insulin receptor activation pro-
motes an increase in GABAergic transmission by selectively
recruiting �6-containing GABARs and having little or no ef-
fect on resident �1-receptors. Exactly how insulin and ROS
achieve this remains to be studied in greater detail. Prior work
on nonexcitable tissue, however, has shown that activation of
the insulin receptor elevates cytosolic ROS by coupling to the
plasma membrane-bound NADPH oxidase system (Goldstein
et al., 2005). These events then play a key role in modifying the
activity of a plethora of thiol-dependent regulatory proteins
(Papaconstantinou, 2009). Interestingly, the inhibitory syn-
apse scaffolding protein, gephyrin, is modified by changes in
the ROS signaling molecule, nitric oxide, causing the
S-nitrosylation of gephyrin to regulate GABAR synapse clus-
tering (Dejanovic and Schwarz, 2014). However, because
post-translational modification of gephyrin reduces the size of
putative inhibitory synapses, and presumably weakens syn-
apse strength (Dejanovic and Schwarz, 2014), these findings
seem inconsistent with our observations showing that ROS
strengthen GABAergic synapses. Clearly, more work is re-
quired to elucidate the biochemical events linking elevations

Figure 8. Synaptic strengthening induced by insulin is attenuated by pharmacological block of �6-containing GABAA receptors. A, Representative electrophysiological traces of a cerebellar
granule cell in the presence of insulin (0.5 �M, cell #150319000) at three separate time points. B, Summary plot showing the time course of mIPSC frequency (filled cyan circle) and amplitude (open
circle). Furosemide (100 �M) was added 15 min after the start of the experiment. Insulin was present within the bath throughout the duration of the experiment. Gray gradient represents the gradual
equilibration of furosemide in the bath. C, Amplitude distributions of mIPSCs from two time points (n � 6). For clarity, only the summed Gaussian functions are shown (cyan represents
Pre-Furosemide: red represents � Furosemide). D, Summary plot showing the time course of mIPSC frequency (filled circle) and amplitude (open circle) during internal perfusion of wortmannin (1
�M) during continuous bath application of insulin (n � 6). Data are mean 	 SEM.
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in cytosolic ROS to changes in efficacy of inhibitory synapses
of granule cells.

Our imaging data also reveal the constitutive presence of a
basal cytosolic ROS background in naive slices due to appreciable
constitutive, genistein-sensitive tyrosine kinase activity (Fig. 6). It
is still not clear whether this observation is due to elevated levels
of circulating insulin, which can be 10 –100 times higher in the
CNS compared with plasma levels (Havrankova et al., 1978), or
the action of other tyrosine kinase receptors. Assuming insulin is
implicated, it would suggest that its local production in acutely
isolated cerebellar slices is substantial, similar to recent findings
in the cerebral cortex where GABAergic neurogliaform cells have
been shown to be a major source of insulin (Molnár et al., 2014).
Our data also reveal that a substantial population of granule cells
respond to insulin through either changes in ROS (Fig. 6) or the
recruitment of �6-containing GABARs (Fig. 8). Exactly how in-
sulin signaling impacts granule cells and the cerebellar circuit is
still unclear, although it may act, as with cortical neurogliaform
cells (Molnár et al., 2014), to locally regulate neurotransmission
and firing rates in response to fluctuations in circulating glucose.
Given that local blood flow and glucose levels are tightly regulated
by neurons and glial cells in close proximity (Attwell et al., 2010),
it is tempting to speculate that the release and action of insulin are
part of an overall homeostatic mechanism that ensures the effi-
cient coupling of cellular metabolism to neuronal signaling in the
cerebellum.

GABAA receptor heterogeneity and its role in synapse
strengthening
Since the cloning studies in the 1990s, it has been well established
that different brain regions, and even individual neurons, can
express multiple GABAR isoforms, raising the question of the
significance of this receptor heterogeneity. In the context of the
present study, the role of several granule cell GABAR subtypes has
been identified and is linked to constraining granule cell excit-
ability and output to other cerebellar regions. Inhibitory trans-
mission onto granule cells occurs via two distinct mechanisms
(i.e., phasic and tonic inhibition), which represents signaling by
synaptic and extrasynaptic receptors, respectively (Semyanov et
al., 2004). Phasic inhibition is largely mediated by �1-containing
GABARs (Nusser et al., 1998a), whereas tonic inhibition occurs
by activation of �-containing GABARs (Nusser et al., 1996; Tia et
al., 1996), which preferentially coassemble with �6-subunits
(Nusser et al., 1996). Despite their presence at granule cell syn-
apses (Nusser et al., 1996; Tia et al., 1996), the role fulfilled by
�6/�2 GABARs has been ill defined (Nusser et al., 1998a). Our
study identifies an unexpected role for �6/�2 GABARs that can
enter inhibitory synapses under two conditions. First, in wild-
type mice, elevations in ROS bring about a recruitment of �6/�2
GABARs into postsynaptic sites. Second, in �-KO mice, our data
suggest that �6/�2 GABARs overpopulate postsynaptic sites and
thus compete with the functional role usually assigned to �1-
receptors. Morphological evidence supporting this prominent
role of �6/�2 GABARs in wild-type mice is lacking (Nusser et al.,
1996, 1998a), presumably because normal tissue fixations tech-
niques do not initiate the events that would permit their
recruitment. In keeping with this, there is a similar lack of mor-
phological evidence supporting a prominent role of �3-
containing GABARs at stellate cell inhibitory synapses (Nusser et
al., 1997). However, functional data have shown that �3-
containing GABARs become the dominant synaptic receptor in
stellate cells of �1-KO mice (Vicini et al., 2001; Accardi et al.,
2014) and are the primary mediator of strengthening of wild-type

stellate cell synapses (Accardi et al., 2014), analogous to our ob-
servations on �6-receptors in granule cells. Whether our obser-
vations point to a more general role of other �-containing
GABARs elsewhere in the CNS remains to be established. How-
ever, given the value of targeting GABARs to treat many types of
CNS disorders (Rudolph and Knoflach, 2011; Rudolph and
Möhler, 2014), the occurrence of receptor heterogeneity in indi-
vidual neurons may be exploited to develop subunit-specific
compounds that are clinically relevant.
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