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Abstract

Presynaptic ionotropic glutamate receptors that modulate neurotransmitter release are

widespread in the central nervous system, yet their regulation and mechanism of action

are poorly understood. Indeed, their presumed dependence on transmembrane auxiliary

proteins, which profoundly shape the behaviour of somatodendritic receptors, is an open

question. The trafficking and function of postsynaptic α-amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid-type glutamate receptors (AMPARs) is regulated by transmem-

brane AMPAR regulatory proteins (TARPs). I examined the role of TARPs at presynap-

tic sites in cerebellar molecular layer interneurons (MLIs). The reduction in evoked GABA

release triggered by glutamate spillover from climbing fibres, and the increased quantal

release following AMPA application, were markedly attenuated in stargazer mice lacking

the prototypical TARP stargazin (γ-2). 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), a

partial agonist at TARP-associated AMPARs, had comparable effects on release that

were also abolished in stargazer mice. These findings were replicated in dissociated

Purkinje cells with adherent synaptic boutons, demonstrating the presynaptic locus of

modulation. The absence of AMPAR-mediated effects in recordings from stargazer dis-

sociated Purkinje cells, suggests that presynaptic AMPARs do not function without γ-

2-association. This contrasts to postsynaptic and extrasynaptic AMPARs in MLIs that

can function TARPless, or in association with TARP γ-7, respectively. Mechanistically,

presynaptic AMPARs predominantly modulate release through regulation of voltage-

gated Ca2+ channels (VGCCs). Pre-incubation of acutely dissociated Purkinje cells with

either the specific VGCC blocker ω-Agatoxin-IVA, or the slow binding Ca2+ chelator,

ethylene glycol-bis(2-aminoethylether)-N,N,′,N′-tetraacetic acid (EGTA), revealed that

AMPARs mainly regulate the activity of P/Q- and/or N-type VGCCs coupled to the

active zone in the microdomain. In addition, treatment with the Ca2+-permeable AMPAR

blocker, philanthotoxin-433, suggested that direct Ca2+ influx through the AMPAR

channel may further contribute to effects on release at MLI – MLI boutons. My findings

identify γ-2 as a crucial subunit for presynaptic AMPAR-mediated modulation of GABA

release that occurs via regulation of VGCCs remote from active zones.
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CdCl2 Cadmium chloride

CGP 55845 (2S)-3-[[(1S)-1-(3,4-dichloro phenyl)ethyl]amino-2-hydroxypropyl]
(phenylmethyl) phosphinic acid hydrochloride

CNQX 6-cyano-7-nitroquinoxaline-2,3-dione

CO2 Carbon dioxide

CsOH Cesium hydroxide

Cyclothiazide 6-chloro-3,4-dihydro-3-(2-norbornen-5-yl)-2H-1,2-4-
benzothiadiazine-7-sulfonamide 1,1-dioxide

d-APV d-(-)-2-Amino-5-phosphono pentanoic acid

EGTA Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′- tetraacetic acid

EGTA-AM Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′- tetraacetic acid
acetoxymethyl ester

FM1-43 N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino) styryl) pyri-
dinium dibromide

GABA γ-aminobutyric acid

γ − dGG γ-d-glutamylglycine

Glucose d-glucose

GYKI 52466 1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3- benzodi-
azepine hydrochloride
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GYKI 53655 1-(4-aminophenyl)-3-methyl carbamyl-4-methyl-3,4-dihydro-7,8-
methylenedioxy-5H-2,3-benzodiazepine hydrochloride

HEPES 4-(2-hydroxyethyl)piperazine-1-ethanesulphonic acid

KCl Potassium chloride

Kgluconate Potassium gluconate

l-AP4 l-(+)-2-Amino-4-phos phonobutyric acid

Mg2+ Magnesium

MgATP Magnesium adenosine triphosphate

MgCl2 Magnesium chloride

Mn2+ Manganese

Na+ Sodium

NaATP Sodium adenosine triphosphate

NaCl Sodium chloride

NaHCO3 Sodium bicarbonate

NaH2PO4 Sodium dihydrogen phosphate

NaOH Sodium hydroxide

Na-pyruvate Sodium pyruvate

NASPM 1-naphthyl acetyl spermine trihydrochloride

NBQX 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione

NMDA N-methyl-d-aspartate

O2 Oxygen

PhTx-433 (S)-N-[4-[[3-[(3-aminopropyl) amino] propyl] amino] butyl]-4-
hydroxy-α-[(1-oxo- butyl)amino] benzenepropanamide tris (tri-
fluoro acetate) salt

SR 95531 2-(3-carboxypropyl)-3- amino-6-(4 methoxyphenyl) pyridazinium
bromide

TBOA threo-β-Benzyloxyaspartic acid

TEACl Tetraethylammonium chloride

TTX Tetrodotoxin

Proteins

ABP Adaptor binding protein

ADAR2 Adenosine deaminase acting on ribonucleic acid 2

AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor
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AP-2 Adapter protein 2

AP-4 Adapter protein 4

Arp2/3 Actin-related proteins 2/3

Arf1 Adenosine diphosphate-ribosylation factor-1

Arf6 Adenosine diphosphate-ribosylation factor 6

ATPase Adenosine triphosphatase

CaMKII Ca2+/calmodulin-dependent protein kinase II

CaV Voltage-gated calcium channel

CB1R Endocannabinoid receptor 1

CI-AMPARs Calcium-impermeable α-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid receptor

CKAMP44 Cystine-knot AMPAR modulating protein 44

CNIH-2/3 Cornichon-2/3

CP-AMPARs Calcium permeable α-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid receptor

CTD C-terminal domain

EAAT Excitatory amino-acid transporter

eGFP Enhanced green fluorescent protein

G-protein Guanosine nucleotide-binding protein

GABAAR γ-aminobutyric acid A receptor

GABAAR γ-aminobutyric acid B receptor

GAD65 65-kD isoform of glutamic acid decarboxylase

GRASP-1 Glutamate receptor-interacting protein-associated protein-1

GRIP1 Glutamate receptor-interacting protein 1

GSG1L Germ-cell-specific gene 1-like

GTPase Guanosine triphosphatase

iGluRs Ionotropic glutamate receptors

kif1A Kinesin superfamily protein 1A

kif5 Kinesin superfamily protein 5

Kv Voltage-gated potassium channel

LBD Ligand binding domain

MAGUK Membrane associated guanylate kinase

mGluR Metabotropic glutamate receptor

Narp Neuronal activity-regulated pentraxin
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Nedd4 Neural precursor cell expressed developmentally down-regulated
protein 4

Neto1 & 2 Neuropilin tolloid-like 1 and 2

NMDAR N-methyl-d-aspartate receptor

NSF N-ethylmaleimide-sensitive factor

NTD N-terminal domain

PDZ Post synaptic density protein, Drosophila disc large tumor sup-
pressor, Zonula occludens-1 protein

PICK1 Protein interacting with PRKCA 1

PKA Protein kinase A

PKC Protein kinase C

PLC Phospholipase C

PSD Postsynaptic density

PSD-95 Postsynaptic density protein 95

RIM Rab3-interacting molecule

RIM-BP Rab3-interacting molecule-binding protein

SAP90 Synapse-associated protein 90

SAP97 Synapse-associated protein 97

SNAP Soluble N-ethylmaleimide-sensitive factor attachment protein

SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein
(SNAP) receptor

SynDIG1 Synapse differentiation-induced gene 1

TARP Transmembrane amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid receptor regulatory protein

TMD Transmembrane domain

TRPV1 Transient receptor potential vanilloid receptor 1

VGCC Voltage-gated Ca2+ channel

Symbols

∆Iwhole cell Change in whole-cell current

µ Mean

σ2 Variance

Cm Membrane capacitance

I Average postsynaptic peak amplitude
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N Number of vesicles available for release

q Quantal amplitude

p Average probability of release

Re Series resistance

τ Time constant

x Number of quantal events over a given time
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Introduction

1 | Introduction

Presynaptic AMPARs modulate neurotransmitter release at a number of synapses in the

central nervous system (CNS). In this thesis, I describe aspects of their function and

regulation within one population of cells; the cerebellar molecular layer interneurons

(MLIs). In order to place the study of presynaptic AMPARs into context, I begin

the introduction by briefly discussing the history of glutamatergic neurotransmission

before focusing on advances in the field of ionotropic glutamate receptors (iGluRs),

and presynaptic neurotransmitter release. Given that the thesis focuses on presynaptic

AMPARs in MLIs, I further introduce the cerebellar circuitry and features of MLIs, which

regulate cerebellar output.

1.1 | A short history of synaptic transmission

Neurons consist of distinct axonal and dendritic compartments, emanating from the cell

body typically with spatial polarity. Neurons are excitable and can communicate with

one another either electrically through gap junctions in their membranes (Furshpan and

Potter, 1959), or more commonly, through chemical transmission across a synaptic cleft,

that can form when an axonal process comes within close contact with a postsynaptic

target, typically a dendritic arborisation.

1.1.1 | Structural evidence for non-continuous synaptic

connections

The origins of synaptic transmission can be traced back to Galvani who in the 1790s

demonstrated that nerves could be electrically stimulated to produce muscle contraction

in frog limbs (Piccolino, 1997). In the mid 1800s, a methylene blue staining technique

allowed anatomists including Kuhne (1862), and Krause (1863) to describe an expanded

nerve ending and a discrete junction between nerve and muscle (NMJ) (Cowan and

Kandel, 2003). The theoretical foundations of the synapse are often credited to the

Catalan physiologist Ramón y Cajal, who in 1891 rationalised "contacts" between the
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Figure 1.1: Stained glass window depicting Sherrington’s findings related to the

synapse

Stained glass representing Sherrington’s diagram of ‘Two excitatory afferents with their fields

of supraliminal effect in a motoneurone pool of a muscle’. Designed by Maria McClafferty and

installed in Gonville and Caius Hall, Cambridge in 1992-3. Photo used with permission from

Sahiba Chadha.
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axon terminal and dendritic sites via a small gap, and predicted the direction of informa-

tion transfer between neurons based wholly on sparse Golgi staining that revealed gross

neuronal anatomy (Berlucchi, 1999). Though Cajal’s theory of dynamic polarisation

is the most commonly referred to, similar predictions were made in the same year by

Arthur van Gehuchten, and both were preceded by the American psychologist William

James who proposed his ‘law of forward direction’ in the late 19th century (Berlucchi,

1999). Empirical insight was later provided by Charles Sherrington in 1897, who showed

using the spinal reflex arc that whilst axons conducted impulses in both directions,

neuronal communication occurred in one direction (Berlucchi, 1999). Sherrington further

discovered that communication involved a delay not reconcilable with the competing

reticular theory of Camillo Golgi, in which the axons form a continuous link with dendrites

through filamentous structures (Berlucchi, 1999). In 1897, with help from Arthur Verall,

Sherrington conceived the term "synapse" which originated from the Greek meaning "the

process of contact". Sherrington’s interpretations must belong to an exclusive club which

are summarised in stained glass (Figure 1.1). This view was supported by reports from

Bayliss in 1924 and De Castro in 1930 who demonstrated the pre-ganglionic nerve fibre

can degrade without affecting post-ganglionic nerve fibres (Tsuji, 2006). The theory

of reticulurism was conclusively vanquished following visualisation of a synaptic space

with a Janus green B dye employed by Couteaux in 1944, though this news took many

years to attain worldwide recognition (Tsuji, 2006). This study was later confirmed by

electron microscopic studies (De-Robertis and Bennett, 1955; Palade and Palay, 1954),

which further showed the presence of synaptic vesicles concentrated within structures now

referred to as active zones.

1.1.2 | Chemical transmission at synaptic connections

Fifty years before the existence of an inter-membranous synaptic gap was confirmed by

anatomical evidence, the idea that chemical transmission could mediate information flow

from nerves had been developed from pharmacological experiments on isolated organ

preparations. The first mention of a chemical mediator resulted from observations of

tubocurare-induced paralysis at the NMJ, where the electrophysiologist du Bois-Reymond
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(1877) speculated that a "stimulatory secretion" or "powerful stimulatory substance" was

released from the motor neuron to evoke muscle contraction (Sheperd, 2009). In support

of this theory, a number of pioneering experiments using isolated organs demonstrated

that exogenous application of substances could replicate nervous control over muscle. For

example, in 1905 Elliott demonstrated adrenaline could mimic sympathetic nerve stimula-

tion in an isolated heart preparation, and at the NMJ, Langley (1907) showed that nicotine

produced muscle contraction (Rubin, 2007). Following the identification of acetylcholine

(ACh) (Dale, 1914; Ewins, 1914), the crucial evidence for chemical transmission was

provided by Loewi (1921) who elegantly demonstrated an ACh-like substance, released

from the autonomic nervous system within one isolated heart preparation, could inhibit

another isolated heart when connected by their perfusate (Rubin, 2007). Subsequent work

by Dale, Vogt and Feldberg confirmed these findings in a number of NMJ preparations to

show ACh was released from motor neurons following stimulation (Rubin, 2007).

Substantial progress in synaptic transmission was made following the development of

microelectrodes, which provided the means for electrophysiological measures within or

near neuronal structures, in addition to the microiontophoresis of small molecules. Con-

cerns over the necessary speed of chemical transmission, as compared to the alternatively

proposed electrical transmission (Eccles, 1945), were categorically quashed by electrophys-

iological experiments on the frog NMJ. Fatt and Katz (1952) demonstrated miniature ex-

citatory postsynaptic potentials (mEPPs) resulted from spontaneous release of individual

ACh quanta containing approximately 1000 molecules. By analysing fluctuations in the

evoked EPP, del Castillo and Katz (1954) found that EPP amplitude was an integral of

the individual mEPP amplitude, and concluded that action potentials drive synchronous

release of numerous ACh quanta. In the same study, the EPP amplitude histogram was

accurately described by a Poisson distribution, which predicted the number of quanta

released, m, was a function of the number of vesicles available for release (N ), and the

average probability of release (p). The postsynaptic response to transmitter release is

defined as q. These parameters are inferred from the average postsynaptic peak amplitude
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(I ) (Katz 1969), using the equation:

I = Npq (1.1)

The quantal theory is fundamental to the analysis of synaptic parameters. In particular,

it can inform an experimenter of the site of synaptic modulation. For example, a change in

release probability will modulate m, whereas processes which modulate the postsynaptic

receptor response to transmitter release will be represented as a difference in quantal

amplitude, q.

Though great strides were initially made to describe synaptic transmission at peripheral

synapses, little information was known about neurotransmitters, or their receptors, in

the CNS. Contrary to sympathetic and parasympathetic transmission in the peripheral

nervous system, cholinergic and adrenaline-like neurotransmitters were largely unable to

replicate the rapid excitation and recovery observed in central neurons following stimula-

tion (Lodge, 2009).

1.1.3 | Glutamatergic transmission in the CNS

With the use of sharp electrode recordings, the search for non-cholinergic, non-monoaminergic

substances that mediated excitatory neurotransmission in the CNS led to the non-essential

amino acid glutamate (Lodge, 2009). Glutamate is abundant throughout biology, both

as a constituent of proteins, and as a key component of the Kreb’s cycle for energy

metabolism. Given these widespread functions, its suitability for neurotransmission was

initially disputed when compared to more unusual substances like ACh (Watkins and

Jane, 2006).

l-glutamate exists in high concentrations in the brain (Berl and Waelsh, 1958), and was

shown to elicit convulsions in a report that may have been the first to suggest glutamate

acts as a transmitter in the CNS (Hayashi, 1954). However, even after Curtis and

colleagues showed application of glutamate, in addition to other amino acids, produced

depolarisation and enhanced action potential firing of spinal neurons (Curtis et al., 1959),

its role as a neurotransmitter was disputed.
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Further studies demonstrated that the iontophoretic application of glutamate consis-

tently evoked a response at sites on crustacean muscle where synapses were expected

to be present (Takeuchi and Takeuchi, 1964). In addition to its endogenous release

from stimulated axons, a mechanism was identified to terminate glutamate transmission.

The reuptake of glutamate into neurons was demonstrated both in a population of

synaptosomes, and within intact hippocampal mossy fibre (MF) terminals (Cowan and

Kandel, 2003). Thus, further evidence which complied with Paton’s original criteria for

a neurotransmitter was accumulating (Paton, 1958).

To dismiss concerns that glutamate was acting non-specifically, knowledge of the receptors

that mediated the excitatory effects of glutamate was required. This was gradually

achieved following the synthesis of novel pharmacological agents which possessed greater

selectivity for glutamate receptors. In the 1970s, excitatory responses could be elicited

by novel compounds such as NMDA (Curtis and Watkins, 1963), kainate (Shinozaki

and Konishi, 1970) and later by quisqualate (Shinozaki and Shibuya, 1974). However,

without specific antagonists to block endogenous responses, excitatory CNS receptors

were still tentatively grouped as ‘aspartate-preferring’ and ‘glutamate-preferring’ (Lodge,

2009).

Following improvements in ligand specificity, glutamate receptors were re-classified as

NMDA or non-NMDA receptors, depending on their sensitivity to the antagonist d-

α-aminoadipate (Davies and Watkins, 1979; Lodge, 2009). Mg2+ was also found to

selectively block responses to NMDA (Lodge, 2009). Subsequently, non-NMDA receptors

were further divided into quisialate and kainate sensitive receptors. The validity of the

classification was confirmed by their relative sensitivities to the blockers glutamic acid di-

ethyl ester, d-glutamylglycine (Davies and Watkins, 1981) and g-d-glutamylaminomethyl

sulfonate (Davies and Watkins, 1985; Lodge, 2009). With the identification of specific

glutamate receptors, it is was recognised that the vast majority of synaptic excitation in

the CNS was mediated by glutamate (Watkins and Jane, 2006).

It was not until the systematic cloning of glutamate receptors around the beginning of

the 1990s that glutamate receptor nomenclature began to reflect the families we have

today (Figure 1.2) (Collingridge et al., 2008). Previous observations that a population
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of glutamate receptors could couple to second messengers (Sladeczek et al., 1985), and

GTP-binding regulatory proteins (Sugiyama et al., 1987), were validated by the family

of metabotropic glutamate receptors (mGluRs), cloned in 1991 (Figure 1.2) (Hollmann

and Heinemann, 1994; Masu et al., 1991). Their discovery helped to resolve strange ob-

servations previously found with "selective" glutamate receptor agonists and antagonists.

For example, (±)-1-aminocyclopentane-trans-1,3-di carboxylic acid and L-(+)-2-amino-

4-phosphonobutyric acid, respectively induced excitation and inhibition without being

antagonised with the repertoire of NMDA or non-NMDA receptor blockers (Monaghan

et al., 1989). Furthermore, the agonist activity of quisialate at mGluRs (Nicoletti et al.,

1986; Sladeczek et al., 1985; Sugiyama et al., 1987), compromised the unique identity of

quisialate receptors and prompted its change in name. Currently, receptors previously

referred to quisialate are more appropriately identified by the more selective agonist,

AMPA (though as AMPA and kainate both evoke gating of the other’s namesake receptor,

the pharmacologically based nomenclature is not perfect).

1.2 | Ionotropic glutamate receptors

iGluRs are tetrameric assemblies of individual subunits which, in mammals, are encoded

by 18 genes (Traynelis et al., 2010). These 18 subunits are classified into groups by their

sequence homology. Currently, there are seven NMDAR subunits (GluN-1, -2A-D and

-3A-B), four AMPAR subunits (GluA1-4), two δ subunits (GluD1 and 2) and five kainate

receptor subunits (GluK1-5) (Figure 1.2 A). In the endoplasmic reticulum (ER) a dimer

of iGluR subunits pair up with another dimer to form the characteristic dimer of dimers

structure (Ayalon and Stern-Bach, 2001) (Fig. 1.3 B). Depending on the receptor type,

tetramers can comprise of identical subunits (homomers) or a combination of different

subunits (heteromers). Generally, subunits do not assemble with subunits from other

receptor subtypes (Traynelis et al., 2010).

iGluRs can bind up to four glutamate molecules at any one time to initiate gating and

allow Na+, K+ and, depending on the channel selectivity, Ca2+ ions to flow across the

cell membrane (Ascher and Nowak, 1988a,b). In neurons, where the Na+/K+ transporter

ensures positive charge is concentrated extracellularly, iGluR activation acts to depolarise
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Figure 1.2: Dendrograms of iGluR and mGluR sequence homologies

Data refers to human sequences aligned by Swanson and Sakai (2009). Branch length

demonstrates the difference between sequences. A distance of 0% indicates identical sequences,

whereas 100% refers to an infinite difference between sequences. (A) The four families of iGluRs

(NMDA, AMPA, kainate and δ receptors), differentiated by pharmacological profiles, show greater

sequence homology to each other compared to members of other families. Orange boxes refer to

subunits which, when edited from a glutamine to an arginine, are Ca2+-impermeable. Green

boxes refer to glycine-binding subunits. B Sequence homology grouping shows three groups of

mGluRs.
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the inside of the membrane relative to the outside. This is true for NMDA, AMPA

and kainate receptors, but not for δ-1 or -2 glutamate receptors, which have no known

endogenous ligand and thus have not been described to function as a ligand-gated ion

channel (Araki et al., 1993; Lomeli et al., 1993; Yamazaki et al., 1992). Instead, δ-2

receptors are thought to play a role in synaptic formation and maintenance (Takeuchi

et al., 2005), as well as AMPAR trafficking (Hirai et al., 2003). In the cerebellum, GluD2

promotes synapse formation through neurexin and cerebellin-1 signalling (Ito-Ishida et al.,

2012), and binding of glial released d-serine was found to enhance synaptic AMPAR

accumulation (Kakegawa et al., 2011).

The AMPA, NMDA, and kainate iGluRs mediate a majority of excitatory synaptic

transmission in the CNS and can be differentiated not only by their pharmacology but

also by their gating properties (Traynelis et al., 2010). AMPA and kainate receptors

rapidly activate and desensitise, though kainate receptors exhibit a relatively longer

recovery from desensitisation. NMDARs are activated by the co-agonism of glutamate

and glycine (Figure 1.2) and exhibit a characteristically slow channel opening and a

prolonged desensitisation (Zorumski et al., 1989). The ionic permeability also differs

between iGluRs. Whilst all NMDAR subunit form tetramers that are permeable to Ca2+

(as well as Na+ and K+), only AMPARs which lack the GluA2 subunit are calcium-

permeable (CP), whereas those which contain the edited GluA2 subunit are calcium-

impermeable (CI) (Burnashev et al., 1992) (subsection 1.3.3). Kainate receptors may

also exhibit a limited Ca2+ permeability when assembled from the RNA edited GluK1

and 2 subunits (Traynelis et al., 2010) (Figure 1.2).

1.2.1 | The structure and gating mechanism of iGluRs is largely

conserved

All subunits are comprised of four modular domains, the extracellular N-terminal domain

(NTD), the ligand binding domain (LBD), the transmembrane domain (TMD), and the

intracellular C-terminal domain (CTD) (Figure 1.3). The structure of glutamate receptor

subunits can be traced back to bilobate structures in bacterial periplasmic glutamate-

binding proteins (O’Hara et al., 1993; Quiocho and Ledvina, 1996). It is thought that the
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transition to a glutamate binding channel occurred following the incorporation of a K+

channel. Indeed, the iGluR pore closely resembles the pore of an inverted K+ channel

(Kuner et al., 2003), and furthermore, a K+ channel that is activated by glutamate has

been found in prokaryotes, which may reflect a transitional point in the evolution of iGluRs

(Chen et al., 1999). Following the loss of K+ selectivity and the insertion of a CTD, the

present structure of glutamate cationotropic receptors is thought to be conserved in all

eukaryotes (Tikhonov and Magazanik, 2009). The exception to this generalised structure

is provided by the glutamate-gated anionic channels found in mollusc and nematode

neurons as well as insect muscles, which permeate chloride ions and therefore contain a

different TMD (Arena et al., 1991; Bolshakov et al., 1991; Cull-Candy and Usherwood,

1973).

The ∼380 amino acid NTD includes the R1 and R2 sequences which fold to form lobule

structures linked by amino-acid loops (Figure 1.3 B) (Traynelis et al., 2010). This

clamshell-like structure resembles the LBD of mGluRs (Karakas et al., 2009). The NTD

promotes the correct formation of dimer and tetramer assemblies for export from the ER

(Ayalon et al., 2005; Matsuda et al., 2005). For AMPAR and kaianate receptors, the

interaction between NTDs on adjacent subunits are also important for the preferential

heteromerisation of subunits (Kumar et al., 2011; Rossmann et al., 2011). Whilst the

NTD is not involved in AMPAR gating or ligand binding (Pasternack et al., 2002), for

NMDARs the NTD can modulate channel gating and agonist potency (Gielen et al., 2009;

Yuan et al., 2009). Moreover, the NMDAR NTD is believed to provide regulatory sites

for extracellular and intracellular signals such as N-Cadherin (Saglietti et al., 2007) and

EphB tyrosine kinase receptors (Takasu et al., 2002), as well as the binding of allosteric

ligands (Perin-Dureau et al., 2002).

Similar to the NTD, the LBD is comprised of a clamshell structure that forms from

the discontinuous S1 and S2 amino acid sequences (Armstrong et al., 1998; Stern-Bach

et al., 1994) (Figure 1.3 A & B). S1 corresponds to the 120 amino acids before the TMD

M1 domain, and the S2 amino acid sequence is formed from the extracellular region

positioned between the TMD M2 and M3 domains (Armstrong et al., 1998; Stern-Bach

et al., 1994). Both sequences fold to form the extracellular lobes and are joined by
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a flexible polypeptide linker (Armstrong et al., 1998). Crystal structures for all three

subclasses of iGluRs show that the D1 and D2 domains form the glutamate binding

pocket (Traynelis et al., 2010) (Figure 1.3 B). D1 sequences are highly conserved between

different subunits. By contrast, residues in D2 demonstrate greater variability between

subunits, this divergence is believed to underlie the selectivity of ligands for different

iGluRs (Traynelis et al., 2010).

The LBD is connected by three short 9-17 amino acid linkers to the channel-forming

TMD (Sobolevsky et al., 2009). The TMD consists of three α-helical structures that

span the membrane (M1, M3 and M4) to form the outer and central cavities whereas

the remaining M2 domain is membrane bound, with both extremities in the cytoplasm

and forms the lining of the inner cavity (Traynelis et al., 2010) (Figure 1.3 A & B).

M1 and M4 reside on the outer side of the TMD and do not contribute directly to the

pore lining. The M4 domain of one subunit links to the M1,2 & 3 domains of adjacent

subunits, an interaction thought to be required for efficient surface expression (Salussolia

et al., 2011a). The AMPAR channel pore is formed from the TMDs. The M2 domain

forms the cytoplasmic region of the channel, whilst a pre-M1, a C-terminal motif of M3

and an N-terminal motif of M4 contribute to the more extracellular pore regions (Chang

and Kuo, 2008). When subunits tetramerise the individual M3 motifs come into close

proximity to form the channel gate (Chang and Kuo, 2008). The steric occlusion confers

impermeability to ions when closed and dilates following ligand binding.

An intracellular carboxyl terminal domain (CTD) is also preserved between all forms of

iGluRs, though with marked divergence in the amino acid sequence and length (Traynelis

et al., 2010). Due to the ‘fluidity’, the CTD has been difficult to crystalise, thus its

structure is not well defined. However, from mutating specific regions of the amino acid

sequence, the C-terminal is known to bind many intracellular proteins important for sub-

cellular trafficking, membrane targeting and binding to intracellular regulatory proteins

(Traynelis et al., 2010) (see section 1.3).
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Figure 1.3: Structure and domain organisation of iGluRs

(A) Schematic illustration of the iGluR polypeptide chain divided into the N-terminal domain

(NTD), S1 and S2 of the ligand binding domain (LBD), M1-4 α helices of the transmembrane

domain (TMD) and the C-terminal domain. Depending on the subunit, the length can vary

between 883-906 amino acids. (B) The folding of the amino acid sequence forms the distinctive

lobule structures in the NTD and LBD. (C ) Schematic of the domain organisation in the GluA2

ion channel resembling the crystal structure (Sobolevsky et al., 2009). The four subunits are

represented in the different colours revealing the subunit positional swapping between domains,

the cavity formed in the NTD and the relativity large size of the NTD compared to the LBD.

(D) When the subunits are viewed from above, the TMDs show 4-fold symmetry whereas the

NTDs and LBDs exhibit a 2-fold symmetry. The subunit swapping between domains can also be

clearly demonstrated, where the rotation in the subunits give rise to different dimer formations

in the NTD compared to the LBD. Figure based on an image from Traynelis et al. (2010)
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1.2.2 | Tetrameric assembly and stoichiometry of iGluRs

Functional iGluR tetramers are assembled in the ER, and are only exported follow-

ing correct protein folding and oligomerisation. The X-ray crystallographic structure

of GluA2 NTD, LBD and TMD subunit domains (Sobolevsky et al., 2009) confirmed

previous electron microscopic evidence (Midgett and Madden, 2008; Nakagawa et al.,

2005; Tichelaar et al., 2004) suggesting the NTD and LBD exist in a dimer of dimers

arrangement with a 2-fold rotational symmetry when viewed from above (Figure 1.3 D).

By comparison, the TMD is thought to have a 4 fold symmetry, typical of K+ channels,

and thus confers a mismatch in symmetry between structural domains (Sobolevsky et al.,

2009). Another strange structural property of iGluRs is their swapping of dimerised

subunits between the NTD and LBD domains mediated by the conformation of the short

flexible linking peptides (Sobolevsky et al., 2009) (Figure 1.3 C & D). This subunit

crossover may help to secure the extracellular NTD. Beyond the individual NTDs and

LBDs (Karakas et al., 2009; Kumar et al., 2009), the crystal structure of NMDA and

kainate receptor subunits are not available. However, cysteine mutant cross-linking

experiments demonstrate a similar subunit exchange is likely to be preserved in both

cases (Das et al., 2010; Salussolia et al., 2011b).

iGluR subunits can assemble in a number of combinations to produce a diverse array

of functional receptors. The subunit composition of NMDARs follow specific rules.

NMDARs are obligatory heterotetrameric, requiring two glycine-binding GluN1 subunits

to function (Ulbrich and Isacoff, 2008). This dimer can associate with two of the same,

or two different members of the glutamate-binding GluN2 subfamily (2A, 2B, 2C, 2D)

(Furukawa et al., 2005; Hatton and Paoletti, 2005). Alternatively, one glycine-binding

GluN3A or 3B subunit can form a dimer with an individual GluN2 subunit (Yao et al.,

2008). The coincident binding of glutamate to GluN2 and glyine (or d-serine) to the other

subunits can produce channel gating (Johnson and Ascher, 1987). Interestingly, GluN1

and 3 can form an exclusively glycine activated NMDAR (Chatterton et al., 2002), though

whether they can assemble in neurons remains unclear (Matsuda et al., 2003). It has been

recently proposed that NMDAR assembly involves a rearrangement of subunits. GluN1-

GluN2 heteromers are formed from the tetremerisation of GluN1 monomeric dimers and
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GluN2 monomeric dimers, which then rearrange to form the GluN1-2 dimer of dimers

before exit from the ER (Farina et al., 2011).

Compared to NMDARs, the subunit stoichiometry of AMPARs is less restricted. Func-

tional AMPARs are formed from homomeric or heteromeric assemblies of either GluA1, 2,

3 and 4 (Nakagawa, 2010). Though homomeric GluA2 subunits can form in heterologous

systems (Swanson et al., 1997), in the presence of other subunits, GluA2 subunits are

preferentially incorporated into heteromers due to the presence of a charged arginine in

the channel pore, which does not favour GluA2 subunits lying adjacent to one another

(Greger et al., 2003). Like AMPARs, the low-affinity kainate receptor subunits GluK1, 2

and 3 can form either homomers or heteromers, however the high-affinity GluK4 and 5

subunits require tetramerisation with either GluK1, 2 or 3 (Contractor et al., 2011).

1.2.3 | Glutamate binding induces iGluR channel gating

Knowledge of the 3-dimensional structure further allows insight into how ligand binding

translates into gating. The D1 lobes of each of the four LBDs connect back-to-back in

the dimers within the tetramer (Armstrong and Gouaux, 2000). In response to agonist

binding D2 moves relative to D1, which drives the separation and rotation of the short

amino acid sequences linking D2 to M3 (Armstrong and Gouaux, 2000) (Figure 1.4). This

rearrangement has been hypothesised to rotate the M3 TMD segments, to open the gate

formed by individual subunits and allow cations to flow through the channel (Sobolevsky

et al., 2009). Partial agonists are thought to produce less closure of the D1, D2 cleft,

conferring less tension in the linkers, which results in a reduced pore opening (Armstrong

and Gouaux, 2000; Jin et al., 2003).

Dissociation of glutamate from the cleft reverses the molecular processes following binding

and returns the ion pore to a closed position with the M3 domains occluding the flow of

cations. This process of deactivation relies on the stability of the contacts made between

the D1 and D2 lobes when the cleft is closed (Maier et al., 2007; Robert et al., 2005)

(Figure 1.4). For AMPARs the rate of deactivation can be attenuated by aniracetam

which binds between the D1-D1 structures and prevents movement of the D1-D2 linker

(Jin et al., 2005). Even when an agonist remains bound, iGluRs do not necessarily remain
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in an open state but typically desensitise to produce a marked reduction in channel

conductance. In AMPA and kainate receptors this occurs within a few milliseconds as

a result of the unstable D1-D1 interface. The separation of the D1 lobes forces the D2

lobes closer together and relaxes the contortions in the linkers which force the TMDs

apart (Armstrong et al., 2006). Just like deactivation, desensitisation of AMPARs can

be blocked by channel potentiators such as 6-chloro-3,4-dihydro-3-(2-norbornen-5-yl)-2H-

1,2-4-benzothiadiazine-7-sulfonamide 1,1-dioxide (cyclothiazide) which bind at the D1-D1

interface to prevent their separation (Jin et al., 2005).

1.3 | Postsynaptic AMPARs are subject to diverse

regulatory factors

In the CNS, AMPARs mediate the majority of fast excitatory synaptic transmission,

providing the initial, and at some synapses, the exclusive drive for postsynaptic depolari-

sation. Interestingly, their absolute requirement has been recently questioned, as kainate

receptors appear to be homeostatically incorporated in to the postsynaptic density (PSD)

in the absence of AMPARs (Yan et al., 2013). At glutamatergic synapses the postsynaptic

parameter q, defined by Katz, can vary substantially depending on various factors that

either influence biophysical features of the receptor, or regulate their delivery and/or

stabilisation at synaptic sites.

1.3.1 | Interacting proteins deliver AMPARs to the postsynaptic

density

A plethora of intracellular proteins interact with AMPARs to influence their transport

from the ER, at either the cell body or the dendrites (Ju et al., 2004), to the PSD.

Their vesicular exit is dependent on their subunit composition (Greger et al., 2002), as

well as the AMPAR interacting proteins; synapse-associated protein 97 (SAP97) (Sans

et al., 2001; Cai et al., 2002) and Protein interacting with PRKCA 1 (PICK1) (Greger

et al., 2002). From the ER, AMPARs are trafficked to the dendrites within vesicles

along actin based microtubules by kinesin motor proteins such as kif5 or kif1A under the
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Figure 1.4: Activation and desensitisation of iGluRs

(A) Schematic illustration of the LBD and TMD of iGluR dimers in the resting, open and

desensitised states. D1 and D2 segments of the LBD form the glutamate binding cleft. The

binding of glutamate causes the D2 to close in greater proximity to D1. The subsequent movement

in the linkers that bind S1 and S2 to the M1 and M3 TMD opens the channel (centre panel)

(Armstrong and Gouaux, 2000). Breaking of the D1 interface (far right panel) causes relaxation

of D2 and the LBD-TMD linkers which causes iGluR desensitisation (Armstrong et al., 2006)

Figure adapted from Smart and Paoletti (2012).
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direction of the AMPAR interacting protein; Glutamate receptor-interacting protein 1

(GRIP1) (Setou et al., 2002; Wyszynski et al., 2002; Shin et al., 2003). Microtubules are

absent from dendritic spines (Kaech et al., 2001), instead the transport of AMPARs from

intracellular endosomes in the dendritic cytoplasm to the membrane is likely mediated

by the actin based motor proteins myosin-Va (Correia et al., 2008) or -Vb (Wang et al.,

2008). Once at the membrane, the AMPAR containing vesicles fuse with the extrasynaptic

membrane through the interactions of the vesicular SNARE [soluble N-ethylmaleimide-

sensitive factor attachment protein (SNAP) receptor] SNAP-23 (Suh et al., 2010) and the

target membrane SNARE syntaxin-4 (Kennedy et al., 2010). For GluA2, the membrane

incorporation and stabilisation process also seems to require N-ethylmaleimide-sensitive

factor (NSF) (Beretta et al., 2005; Araki et al., 2010).

Once in the membrane, AMPARs accumulate in the PSD through lateral diffusion (Adesnik

et al., 2005; Yudowski et al., 2007) where they are stabilised through interaction with

membrane scaffold proteins such as the PDZ motif-containing membrane associated guany-

late kinases (MAGUKs) (Bats et al., 2007; Elias et al., 2006). Alternatively, extracellular

proteins such as (Neuronal activity-regulated pentraxin) Narp have also been shown to

stabilise AMPARs at the synapse (O’Brien et al., 1999). Furthermore, GluA1 subunits

are thought to be secured at the synapses by actin filaments (Allison et al., 1998; Kim

and Lisman, 1999, 2001) through interaction with protein 4.1N (Shen et al., 2000).

Their stabilisation in the membrane is finite; AMPARs are very mobile and can diffuse out

of the PSD (Lüscher et al., 1999) either to the adjacently located endozytic zone (Blanpied

et al., 2002; Lu et al., 2007), or more distant somatodendritic sites (Anggono and Huganir,

2012), where they can undergo endocytosis. AMPARs in this extrasynaptic membrane

are bound to an intracellular clathrin lattice through the adapter protein-2 (AP-2) (Lee

et al., 2002). Clathrin forms coats which invaginates the membrane and, through the

oligomerisation of the GTPase dynamin (Praefcke and McMahon, 2004), pinches off to

form vesicles containing AMPARs. The interacting protein PICK1 is though to promote

endocytosis of GluA2-containing AMPARs through the disruption of actin polymerisation

(Rocca et al., 2008) and interaction with the vesicle fusion protein, β-SNAP [Soluble N-

ethylmaleimide-sensitive factor attachment protein] (Hanley et al., 2002). The PICK1-
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AMPAR interaction can be regulated by NSF depending on local Ca2+ levels (Hanley

et al., 2002).

The internalised AMPAR containing vesicles are referred to as early endosomes. These can

mature to form late endosomes, which then fuse to the lysosomes for protein degradation.

Alternatively, AMPARs can be recycled back to the membrane, either rapidly (Anggono

and Huganir, 2012) or via recycling endosomes, the later process is regulated by GRIP1

(Braithwaite et al., 2002; Steiner et al., 2005). The fusion of early endosomes into

recycling endosomes is mediated by GRIP-associated protein-1 (GRASP-1) interaction

with the early endosome protein, Rab4, and the recycling endosome SNARE, syntaxin 13

(Hoogenraad et al., 2010). By retarding the actin-related protein-2/3 (Arp2/3)-mediated

actin polymerisation (Rocca et al., 2008), PICK1 may slow the maturation of early

endosomes and prolong the intracellular retention of CI-AMPARs (Citri et al., 2010).

Recently, it was found that NMDAR-mediated postsynaptic depolarisation attenuated

the activity of ADP-ribosylation factor-1 (Arf1), which under basal synaptic activity

binds to PICK1; limiting its effects on Arp2/3-mediated actin polymerisation (Rocca

et al., 2013).

1.3.2 | Auxiliary subunits

In contrast to the aforementioned AMPAR interacting proteins that bind relatively briefly

under specific scenarios, AMPAR auxiliary subunits are loosely defined by their stable

association with AMPARs, whose function they profoundly modify (Jackson and Nicoll,

2011b).

Over the past 15 years or so, a variety of auxiliary subunits have been shown to associate

with iGluRs. For AMPARs, these include TARPs (Chen et al., 2000; Tomita et al.,

2003), cornichons (CNIH-2/3) (Schwenk et al., 2009), cystine-knot AMPAR modulating

protein 44 (CKAMP44) (von Engelhardt et al., 2010), synapse differentiation-induced

gene 1 (SynDIG1) (Kalashnikova et al., 2010) and germ-cell- specific gene 1-like (GSG1L)

(Schwenk et al., 2012; Shanks et al., 2012). Additionally, the auxiliary proteins neuropilin

tolloid-like 1 and 2 (NETO1 and 2) have been found to associate with kainate and NMDA

receptors (Ng et al., 2009; Straub et al., 2011; Zhang et al., 2009).
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Figure 1.5: TARP structure and function

(A & B) The primary and secondary protein structure of TARPs. The structure consists of

four transmembrane domains with intracellular N- and C-terminal regions. A PDZ binding

motif at the C-terminus is important for stabilisation of AMPARs to MAGUKs at the synapse.

The atypical ‘type II’ TARPs do not contain this motif. (C ) Generalised representation of the

effects of ‘type I’ TARP association on AMPAR biophysics and response to ligands. The effects

mediated by an idealised AMPAR population are shown in the absence (black) and presence (blue)

of TARP. ‘Type I’ TARP association enhances the mean single-channel conductance, increases

glutamate potency, converts CNQX into a partial agonist, enhances the response to kainate, slows

deactivation and desensitisation, attenuates block by polyamines and enhances the channel block

by extracellular polyamine toxins. Figure modified from Jackson and Nicoll (2011b)
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Of the identified iGluR auxiliary subunits, the best characterised are the TARPs, which

stably associate with homo- or heteromeric assemblies of the pore-forming GluA1-4 AM-

PAR subunits. The prototypical TARP stargazin (γ-2) was identified from studies of

the ataxic naturally occurring mutant stargazer (stg/stg) mouse (Hashimoto et al., 1999;

Letts et al., 1998). Thus, six TARP isoforms, γ-2 (stargazin), -3, -4, -5, -7, and -8, with

distinct though partially overlapping patterns of expression in the CNS (Fukaya et al.,

2005), have been shown to differentially modulate trafficking, synaptic targeting, gating

and pharmacology of AMPARs (Jackson and Nicoll, 2011b; Traynelis et al., 2010). Based

on their structure, TARPs are grouped into the typical ‘type I’ TARPs and the atypical

‘type II’ TARPs (Figure 1.5). Unless specified, the studies described below refer to the

effects of ‘type I’ TARPs on AMPAR function.

For an individual AMPAR, the stoichiometry of TARPs appears to be highly variable

(Kim et al., 2010; Milstein et al., 2007; Shi et al., 2009). In heterologous cells, Shi et al.

(2009) found they could achieve AMPAR responses when either zero, two or four TARPs

were covalently linked to the tetramer. In cerebellar neurons however, a biochemical

analysis revealed that, depending on expression levels, either 1, 2, 3 or 4 TARPs could

produce functional AMPARs (Kim et al., 2010). A more recent study imaged GFP

molecules tagged to individual TARP subunits (Hastie et al., 2013). Following the

successive bleaching of single GFP molecules, it was shown that the number of TARPs

associated with GluA1 homomers was dependent on expression level. This study further

found that a maximum of four γ-2 or γ-3 subunits could associate with a single AMPAR,

yet only 2 γ-4 subunits were found to be present at homomeric GluA1 AMPARs. Residues

in the cytoplamic, transmembrane, and extracellular domains of both AMPARs and

TARPs are thought to mediate their association (Traynelis et al., 2010).

The first point of contact between TARPs and AMPARs is thought to occur in the ER

following AMPAR tetramerisation. The association is thought to promote both the exit

of AMPARs from the ER (Bedoukian et al., 2006, 2008; Vandenberghe et al., 2005) and

their delivery to the membrane (Chen et al., 2000; Tomita et al., 2003). Whilst this is true

for ‘type I’ TARPs, an early study demonstrated that γ-5 and -7 were unable to promote

AMPAR surface expression (Tomita et al., 2003). A study of AMPARs at the dendrites of
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cerebellar Purkinje cells in culture and in acute slices, demonstrated that TARPs promote

the dendrite-selective sorting of AMPARs from the ER through the interaction with

adapter protein-4 (AP-4) (Matsuda et al., 2008a). Once at the membrane, TARPs further

promote the synaptic accumulation of AMPARs (Cuadra et al., 2004; Ives et al., 2004). By

mutating specific C-tail regions of the TARP and designing biomimetic divalent ligands

that disrupt protein interactions, studies have shown a threonine-threonine-proline-valine

(TTPV) motif, present in the TARP C-tail, promotes the targeting and stabilisation

of AMPARs to the synapse through interaction with MAGUKs, including postsynaptic

density protein 95 (PSD-95) and SAP97 (Chen et al., 2000; Bats et al., 2007; Howard

et al., 2010; Sainlos et al., 2011).

In addition to their trafficking, the biophysical properties of AMPARs are markedly

affected by TARP association (Figure 1.5). TARPs dramatically slow the deactivation

(channel closure upon ligand removal) and desensitisation (channel closure in the contin-

ued presence of ligand) of AMPAR-mediated currents (Priel et al., 2005; Tomita et al.,

2005; Turetsky et al., 2005). The effects vary depending on the TARP isoform; γ-4 and

-8 decelerate deactivation kinetics to a greater extent than γ-2 and -3 (Cho et al., 2007;

Milstein et al., 2007). Similarly, GluA-4 homomers associated with γ-4 desensitise slower

that those associated with γ-8, which in turn desensitise more slowly than γ-2 or -3 asso-

ciated AMPARs (Soto et al., 2009). TARP-association enhances the mean single-channel

conductance, but not peak open probability, as measured by non-stationary fluctuation

analysis of macroscopic currents (Jackson et al., 2011). For CP-AMPARs, mean single-

channel conductance was uniformly enhanced by different TARP subtypes (Soto et al.,

2007, 2009; Suzuki et al., 2008). By contrast, the extent to which mean single-channel

conductance of heteromeric GluA2 containing CI-AMPARs was enhanced, depended on

TARP subtype (Jackson et al., 2011). Intracellular polyamines such as spermine and

spermidine are known to block CP-AMPARs when the membrane is depolarised. TARP

association has been found to reduce the polyamine block and thus enhance both Ca2+

entry and the net flow of charge (Soto et al., 2007).

The modulation of the open AMPAR pore underlies TARP effects on mean single-channel

conductance and kinetics. Upon glutamate binding, an AMPAR can open to between 2
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and 4 distinct sub-conductance states (Shelley et al., 2012; Swanson et al., 1997; Tomita

et al., 2005). In the presence of an agonist, TARP-association was shown to increase the

probability that AMPAR channels reside at the higher sub-conductance levels (Jackson

and Nicoll, 2011b). For homomeric GluA4 AMPARs, γ-2 increased the length of open

channel bursts but did not alter the individual sub-conductance levels (Tomita et al.,

2005). However, for GluA1 homomers associated with γ-2 and -4, the enhancement in

the length of channel openings was accompanied by an approximate doubling of the

individual conductance levels (Shelley et al., 2012).

The ‘type II’ TARPs; γ-5 and γ-7 demonstrate atypical effects on AMPAR gating. Kato

et al. (2007) suggested that γ-5 enhanced glutamate affinity of GluA2-containing CI-

AMPARs, but not of CP-AMPARs, The results of this study were later disputed by Soto

et al. (2009), who reported that γ-5 does not regulate CI-AMPAR properties but selec-

tively regulates long forms of GluA2-lacking CP-AMPARs. As with the ‘type I TARPs’, γ-

5-associated AMPARs exhibited an increased mean single-channel conductance. However,

this was accompanied with no significant effect on desensitisation or deactivation and by

an unexpected attenuation of peak open probability (Soto et al., 2009). The same effects

on decay kinetics and single-channel conductance are also characteristic of the other

atypical TARP, γ-7 (Kato et al., 2007). A recent report suggests γ-7 selectively enhances

the synaptic delivery of CP-AMPARs, and inhibits GluA2-containing CI-AMPARs from

reaching the synapse (Studniarczyk et al., 2013).

TARPs have diverse effects on AMPAR pharmacology. For example, although tradi-

tionally characterised as a competitive antagonist, it has been found that CNQX acts

as a partial agonist when AMPARs are associated with γ-2, -3, -4 or -8 (Menuz et al.,

2007; Lee et al., 2010b), but not γ-7 (Bats et al., 2012). TARP-associated AMPARs

further exhibit an increased response to the partial agonist kainate, though this does

not appear to be the case for γ-5 (Kato et al., 2007). TARPs also increase the affinity

of the AMPAR antagonist GYKI 53655 (Cokić and Stein, 2008), as well as modulat-

ing the affinity and efficacy of the AMPAR potentiators including cyclothiazide and 4-

[2-(phenylsulfonylamino)ethylthio]-2,6-difluoro-phenoxyacetamide (Tomita et al., 2006).

Without TARP-association, these channel potentiators enhance the deactivation and
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desensitisation of flip splice variants of AMPAR subunits to a greater degree than the

flop splice variants (Partin et al., 1994). TARP-association makes both splice variants

equally sensitive to these potentiators (Tomita et al., 2006). By modulating the AMPAR

mean single-channel conductance, TARPs are able to enhance the open channel block by

polymaine toxins such as philanthotoxin-74 (Jackson et al., 2011). As the enhancement of

channel conductance is TARP specific, the efficacy of polyamine toxin block is similarly

dependent on the associated TARP (Jackson et al., 2011). However, channel block by

the synthetic polyamine toxin 1-naphthyl acetyl spermine trihydrochloride (NASPM) was

found to be reduced by association with the TARPs γ-2, -3 and -8, but not γ-4 (Kott

et al., 2009).

As a distinct family of AMPAR auxiliary subunits, CNIH-2 and -3 act to chaperone

AMPARs from the ER to the Golgi complex (Harmel et al., 2012; Shi et al., 2010). CNIHs

remain bound to AMPARs to increase their membrane expression and slow desensitisation

and deactivation kinetics of synaptic AMPARs in certain neurons and glia (Schwenk

et al., 2009; Gill et al., 2011; Coombs et al., 2012). In hippocampal neurons CNIH-2/3

has similar effects on γ-8 associated AMPARs to suggest both subunits can mutually

interact with the same AMPAR (Kato et al., 2010). CNIH-2/3 further modify AMPAR

pharmacology, specifically by increasing the sensitivity to kainate in the presence of the

AMPAR potentiator cyclothiazide (Coombs et al., 2012; Gill et al., 2011; Kato et al.,

2010; Shi et al., 2010). CNIH-2/3 have greater effects on the gating of CP-AMPARs

in comparison to CI-AMPARs. For example, CNIH-2/3 association increases single-

channel conductance and glutamate potency, reduces intracellular polyamine channel

block, and enhances Ca2+ permeability (Coombs et al., 2012). Further differences in

subunit regulation by CNIHs were demonstrated in hippocampal neurons, where CNIH-

2/3 appears to selectively bind to GluA1, with its association to GluA2 occluded by γ-8

association (Herring et al., 2013).

Other AMPAR auxiliary subunits are less well defined functionally; CKAMP44 associ-

ation with AMPARs increases the rate of desensitisation and slows the recovery from

desensitisation (von Engelhardt et al., 2010). In addition, SynDig1 binds to the AMPAR

CTD, and potentially increases trafficking and accumulation at synapses in develop-
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ing hippocampal neurons (Kalashnikova et al., 2010). However, a later study suggests

that SynDIG1 increases both synaptic AMPA and NMDA receptor numbers exclusively

through regulating excitatory synaptogenesis, rather than a direct influence on AMPAR

gating, pharmacology, or surface trafficking (Lovero et al., 2013). Finally, in contrast to

TARPs, and similar to CKAMP44, GSG1L slows AMPAR recovery from desensitisation

(Shanks et al., 2012).

The picture of AMPAR auxiliary subunits is not about to get any simpler. A detailed

quantitative proteomic screen has identified a further 21 potential AMPAR auxiliary

subunits (Schwenk et al., 2012). Some of which are transmembrane proteins like those

mentioned above, whereas others are suspected to be purely cytoplasmic proteins, or even

secreted proteins that bind extracellularly.

1.3.3 | AMPAR properties are altered by post-transcriptional

modifications

The editing and alternative splicing of AMPAR mRNA can fundamentally change AM-

PAR properties. The Ca2+ permeability of AMPARs is dependent on RNA editing of

the GluA2 subunit. The molecular determinant of Ca2+ permeation is an individual

amino acid located at the extracellular point of the M2 TMD, which forms the narrowest

region of the open ion pore (Burnashev et al., 1996). mRNA encoding the GluA2 subunit

undergoes post-transcriptional modification to replace the glutamine (Q) present at this

residue position with an arginine (R) (Sommer et al., 1991). RNA editing is mediated

by the adenosine deaminase acting on RNA 2 (ADAR2) enzyme (Higuchi et al., 1993;

Melcher et al., 1996) and is almost 100% efficient (Cull-Candy et al., 2006).

Other features of GluA2-lacking CP-AMPARs which distinguish them from GluA2-containing

CI-AMPARs include a relatively larger single-channel conductance (Swanson et al., 1997),

faster kinetics (Geiger et al., 1995), sensitivity to intracellular polyamines at positive

membrane potentials (Bowie and Mayer, 1995) and use- and voltage-dependent noncom-

petitive block by polyamine toxins (Blaschke et al., 1993; Herlitze et al., 1993; Kamboj

et al., 1995; Koh et al., 1995; Strømgaard et al., 2005).
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Further towards the C terminus, an arginine (R) situated between the M3 and M4 TMDs

can be edited to a glycine (G) by ADAR-1 and -2 in the GluA-2, -3 and -4 subunits

(Lomeli et al., 1994; Yang et al., 1997). R/G editing influences receptor assembly by

prolonging GluA2 folding in the ER, which may be crucial for correct formation of

heteromeric CI-AMPARs (Greger et al., 2006). In addition to their assembly, biophysical

properties are modulated, whereby editing from R to G confers a more rapid recovery

from desensitisation (Lomeli et al., 1994).

Downstream of the R/G residue an exon can be alternatively spliced to produce either

the flip or flop AMPAR isoforms (Sommer et al., 1990). The splicing site refers to a

38 sequence of residues which differs in 9-11 individual amino acids (Sommer et al.,

1990). Alternative splicing can occur in all four GluA subunits, which can heteromerise

with different combinations of flip and flop subunit isoforms (Sommer et al., 1990). In

addition to cell-type differences (Geiger et al., 1995), flip isoforms are predominantly

expressed during development, whereas equal levels of either isoform occur in the adult

brain (Monyer et al., 1991). The differentially spliced 38 amino acids sequence resides

at the dimer interface within the LBD, just before the M4 TMD (Hollmann and Heine-

mann, 1994). Biophysical differences have been reported between the receptor variants

depending on the AMPAR subunit. The flip variant of GluA-2, -3 and -4 desensitises

slower and recovers from desensitisation faster than the flop variants (Mosbacher et al.,

1994; Koike et al., 2000). In contrast, both isoforms of GluA1 homomers desensitise at

equal rates (Mosbacher et al., 1994; Koike et al., 2000; Quirk et al., 2004). A more recent

study reports that upon glutamate binding, the channels of both isoforms open at the

same rate, but the flip channel undergoes closure at a faster rate (Pei et al., 2009).

1.3.4 | Post-translational modifications influence AMPAR

trafficking and gating

At multiple stages in the lifetime of an AMPAR, enzymes can covalently attach functional

groups at specific residues to modify receptor functions and increase receptor diversity.

Post-translational modifications occur predominantly within the CTD, though residues in

the intracellular loops between M1 and M2, as well as M2 and M3 TMDs are also subject
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to modification (Lu and Roche, 2012; Traynelis et al., 2010).

Phosphorylation of AMPARs by several protein kinases present at the PSD modulates

their synaptic targeting, internalisation and gating properties (Lu and Roche, 2012;

Traynelis et al., 2010). The majority of studies that have investigated AMPAR phos-

phorylation have reported effects on their synaptic trafficking, particularly through the

phosphorylation of serines in the CTD of GluA1 and 2 (Lu and Roche, 2012). For

example, Protein kinase C (PKC) phosphorylation of the serine at residue 818 within

the GluA1 CTD enhances its incorporation both at the synaptic (Boehm et al., 2006)

and extrasynaptic membrane (Lin et al., 2009), the later mediated through promoting

the binding to the actin-interacting protein 4.1N. Another GluA1 CTD serine positioned

at amino acid 845 is subject to Protein kinase A (PKA) phosphorylation, which promotes

the maintenance of GluA1 containing CP-AMPARs at perisynaptic sites (He et al., 2009),

and increases GluA1 content at the PSD through increasing its incorporation (Lee et al.,

2000) and decreasing endocytosis (Man et al., 2007). The GluA2 CTD contains two

serine residues. Phosphorylation of ser880 by PKC enhances AMPAR endocytosis by

modulating the binding of the GluA2 to GRIP1 and PICK1(Chung et al., 2000; Matsuda

et al., 1999).

The post-translational regulation of AMPARs also occurs through phosphorylation of

tyrosine residues. The GluA2 tyr876 is phosphorylated by Src tyrosine kinases to at-

tenuate the interaction between CI-AMPARs and GRIP1 (Hayashi and Huganir, 2004).

Phosphorylation of the same tyrosine was also reported to disrupt the interaction between

GluA2 and BRAG2, a GTPase which promotes receptor endocytosis (Scholz et al., 2010).

AMPAR Phosphorylation is not limited to the CTD, but also occurs in the intracellular

sequence that forms a loop between the M1 and M2 TMDs. This structure has been

implicated with efficient synaptic trafficking of GluA1 homomers and GluA1/2 heteromers

(Lu et al., 2010). Such facilitation is attenuated when ser567, within the cytoplasmic loop,

undergoes phosphorylation by Ca2+/calmodulin-dependent protein kinase II (CaMKII)

(Lu et al., 2010). Phosphorylation of AMPAR auxiliary subunits can further modify

AMPAR trafficking. Opazo et al. (2010) found CaMKII-phosphorylation of γ-2 promoted

the immobilisation of AMPARs at the PSD by reducing their lateral movement in the
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membrane.

Phosphorylation of GluA1 CTD serines not only influences receptor trafficking, but also

AMPAR gating mechanisms. For example, PKA enhances mean peak open probability

by phosphorylating ser845 (Banke et al., 2000). In GluA1 homomers, ser831 is phospho-

rylated by either PKC or CaMKII to increase single-channel conductance (Barria et al.,

1997a,b; Roche et al., 1996), whereas in GluA1/2 heteromers the same phosphorylation

is dependent on receptor association with a member of the TARP family of auxiliary

proteins (Kristensen et al., 2011).

Palmitoylation involves the addition of a palmitoyl group from palmitoyl-coenzyme A

to cysteine residues, catalysed by palmitoyl acyl transferases (Dietrich and Ungermann,

2004). A cysteine in the M2 TMD and another in the CTD, conserved across all AMPAR

subunits, are subject to palmitoylation (Hayashi et al., 2005). The palmitoylation of the

cysteine in the M2 pore region both prevents receptor degradation, and confers a signal for

retention in the Golgi apparatus until depalmitoylated by palmitoyl thioesterase (Hayashi

et al., 2005). Palmitoylated of the cysteine in the CTD blocks interaction with protein

4.1N and thus increases the propensity for internalisation from the plasma membrane

(Lin et al., 2009).

Ubiquitination of AMPARs acts a signal for their degradation. The mechanism involves

the binding of either an individual or chain of ubiquitin molecules to lysine residues,

catalysed by ubiquitin ligases (Pickart and Eddins, 2004). For the GluA1 subunit, a

lysine at position 868 is ubiquitinated by ligases such as anaphase-promoting complex (Fu

et al., 2011) and Nedd4 [neural precursor cell expressed developmentally down-regulated

protein 4] (Lin et al., 2011). This predominantly occurs at the plasma membrane to

promote endocytosis and lysosomal degradation (Schwarz et al., 2010). In contrast, GluA2

subunits are ubiquitinated following internalisation (Lussier et al., 2011), a process which

does not involve either of the ligases responsible for GluA1 ubiquitination (Fu et al., 2011;

Lin et al., 2011). To date, there have been no reports of GluA3 or GluA4 ubiquitination

(Lin and Man, 2013).
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1.4 | Neurotransmitter release

In addition to the amplitude of the postsynaptic response to a single quantum (q),

Katz and colleagues described synaptic transmission to be a function of the number

of independent release sites (N ) and the probability of release (p) (Katz 1969). Before

considering release probability and how it can be influenced, I address the subject of

neurotransmitter release.

At presynaptic terminals, or en passant boutons, neurotransmitter can be released by

several distinct mechanisms. I will largely ignore the slower forms of exocytosis including

dense-core vesicular transmission of monoamines and neuropeptides (Bean et al., 1994),

and release resulting from reversal of neurotransporters (Szatkowski et al., 1990). Instead,

I will consider the probability of neurotransmitter release via the classically described

vesicular synaptic transmission, which often occurs adjacent to specialised PSDs and

typically involves a rapid rise and decay in neurotransmitter concentration.

1.4.1 | Active zones dock synaptic vesicles for release

In response to an action potential, neurotransmitter release can occur from axon terminals

or boutons, which contain sites of release, termed active zones (Südhof, 2012). Although

the pioneering studies mentioned earlier refer to a synapse as a point of contact between

the axon and dendrites (subsection 1.1.1), the structural definition of a synapse is more

appropriately fulfilled by the electron-dense pre- and post-synaptic membrane thickening,

representing the active zone and PSD, respectively (Atwood and Karunanithi, 2002; Pfen-

ninger et al., 1972). The active zone functions to anchor and prime synaptic vesicles for

exocytosis across the cell membrane, position VGCCs in close apposition to the vesicles,

and secure both vesicles and VGCCs to cell-adhesion proteins (Südhof, 2012).

The active zone cytomatrix is constituted of a number of proteins that provide specialised

roles (Figure 1.6). The scaffolding Rab3-interacting molecule (RIM) proteins couple to

VGCCs (Kiyonaka et al., 2007) and maintain the distribution of readily releasable and

docked neurotransmitter vesicles through interaction with the vesicular membrane protein
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Rab 3/27 (Han et al., 2011). RIM-binding proteins (RIM-BPs) connect VGCCs to RIMs

(Hibino et al., 2002) and Munc-13 proteins prime the SNAREs for vesicle exocytosis

(Augustin et al., 1999; Betz et al., 1997, 2001). In vertebrates, Bassoon and piccolo

proteins are essential for the efficient transport of synaptic vesicles from the axon swelling

interior within close proximity to the active zone (Mukherjee et al., 2010; Hallermann

et al., 2010). Knockout studies have identified other proteins such as α-liprin, ELKS

proteins and CAST as essential features of the active zone but their exact functions are

perhaps too enigmatic to describe succinctly here.

The neurotransmitter vesicles which are primed at the active zone for immediate release

are referred to as the readily releasable pool, and only comprise 1% of the total number of

vesicles within an axonal varicosity (Rizzoli and Betz, 2005). They can be morphologically

identified by electron microscopic imaging of FM1-43-stained vesicles (Schikorski and

Stevens, 2001). For example, in cultured hippocampal neurons, from a total number of

40-800 synaptic vesicles, typically only 0-15 are docked ready for release (Branco et al.,

2010; Murthy et al., 2001; Schikorski and Stevens, 2001).

1.4.2 | Action potentials drive neurotransmitter release across the

synapse

Within 0.5 ms of a propagating action potential invading an axonal swelling, VGCCs open

in response to membrane depolarisation (Borst and Sakmann, 1996, 1998). Experiments

from the calyx of Held, a large presynaptic structure in the auditory brainstem, have

reported that the Ca2+ concentration from VGCC opening can vary between 10-100 mM

within a local domain, at least 10,000 fold greater than resting levels (Bollmann et al.,

2000; Schneggenburger and Neher, 2000; Wang et al., 2008). As the time of diffusion

is proportional to the square of distance (Einstein, 1905), the rapid speed of synap-

tic transmission stipulates that local VGCC mediated Ca2+ influx and the presynaptic

elements that mediate synaptic vesicle release, should be in close proximity. Indeed,

electron microscopic studies at the frog NMJ have suggested a distance of ∼ 20 nm

(Harlow et al., 2001). At some central synapses, an equivalent distance is proposed given

the attenuated action potential-driven release observed following application of the fast
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Figure 1.6: Organisation of the active zone

Schematic representation of proteins involved in the fusion of synaptic vesicles at the active zone.

Dotted lines refer to proteins that interact with one another. VGCCs open to allow the influx

of Ca2+ in close proximity to the Ca2+ sensor synaptotagmin. Its binding of Ca2+ promotes the

conformation changes in the three SNAREs; synaptobrevin, SNAP25 and syntaxin that mediate

vesicle exocytosis. The Rab proteins attach synaptic vesicles to the active zone protein complex

by binding RIM, which itself binds to MUNC13, ELKS and liprins. RIM also stabilises VGCCs

to the active zone through its direct binding, and through the binding of RIM-BP. Figure based

on an image from Südhof (2012).
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Ca2+ chelator; BAPTA [1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid], but

not the slow buffer; ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’- tetraacetic acid

(EGTA) (Christie et al., 2011; Rozov et al., 2001). Thus, at certain synapses, VGCCs are

contained within the active zone matrix, a configuration referred to as nanodomain cou-

pling (<100 nm) (Eggermann et al., 2012) (Figure 1.6). The efficacy of action potential-

driven release is subject to the fourth power of external Ca2+ concentration (Dodge and

Rahamimoff, 1967). Such effective cooperativity between Ca2+ and neurotransmitter

release means that just 1 or 2 VGCCs are required to release a single vesicle (Bucurenciu

et al., 2010; Shahrezaei et al., 2006). Nanodomain coupling of VGCCs is not a requisite

for action potential-dependent release; at other CNS synapses, VGCCs which transform

cell spiking into release are positioned >100 nanometers away from the active zone in the

microdomain (Goswami et al., 2012; Ohana and Sakmann, 1998). It is thought that this

configuration produces a relatively delayed global rise in Ca2+ levels within the varicosity

to promote release.

Ca2+ influx at the active zone predominantly occurs through the P/Q- (Cav2.1) and

N- (Cav2.2) type high threshold-VGCCs (Llinás et al., 1992), though R-type (Cav2.3)

and L-type (Cav 1.1-1.4) VGCCs may also be tightly coupled to active zones at specific

synapses (Brandt et al., 2005; Gasparini et al., 2001; Li et al., 2007; Moser and Beutner,

2000). There are even some rare examples where low-threshold T-type VGCCs (Cav3.1-

3.3) have been shown to mediate release. For example, at the ribbon synapse in retinal

bipolar cells (Pan et al., 2001) and at a subset of glutamatergic terminals in the entorhinal

cortex (Huang et al., 2011b). Not only does the type of VGCC at presynaptic terminals

change, but so do their number. By taking outside-out patches of membrane from the

release face of the calyx of Held, Sheng et al. (2012) showed an active zone contains a wide

range (5-218) of VGCCs, and that synaptic strength was correlated with VGCC number.

Similar to the calyx of Held, γ-aminobutyric acid (GABA) release from cerebellar MLIs

involves the opening of 100-200 VGCCs (Rusakov et al., 2005). However, not all synapses

open large number of VGCCs in response to action potentials. Data from the hair-cell

ribbon cells (Brandt et al., 2005) and the squid giant synapse (Augustine et al., 1991),

suggest action potentials can trigger release through a very small number of VGCCs. In
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the case of the the chick ciliary ganglion calyceal synapse, an individual VGCC may evoke

transmitter release (Stanley, 1993).

Downstream of VGCC mediated Ca2+ influx, the mechanics of vesicle fusion are mediated

by SNARE protein complexes. Two major components of the SNARE complex are

synaptobrevin-2, which is localised on synaptic vesicle membrane (Trimble et al., 1988;

Baumert et al., 1989), as well as syntaxin and SNAP25 positioned on the cell target

membrane (Bennett et al., 1992; Oyler et al., 1989). The vesicular and target SNAREs

physically join as a four-helix bundle (Sutton et al., 1998), in which two helices contributed

by SNAP-25 and one helix from each synaptobrevin-2 and syntaxin-1 proteins act as a

‘zip’, pulling the vesicle closer to the cell membrane within three sequential binary stages

(Gao et al., 2012). For synaptic vesicles involved in action potential-driven synchronous

release, this process is thought to occur prior to the incoming action potential in a process

termed ‘priming’. A protein called complexin binds to the ‘zipped’ SNARE complex, re-

stricting membrane fusion to provide a mechanism for super fast Ca2+ triggered membrane

fusion (Yoon et al., 2008; Maximov et al., 2009).

Once membrane depolarisation has occurred the local increase in Ca2+ is subsequently

recognised by the fast Ca2+ sensor, synaptotagmin (Geppert et al., 1994). Synaptotag-

mins exist in three isoforms -1, -2 and -9 with differential expression patterns in the brain

as well as varying kinetics in synaptic vesicle fusion; synaptotagmin-2 being the most

rapid followed by -1 and then -9 (Xu et al., 2007). Ca2+ binding at each of the two

C2 synaptotagmin domains promotes its interaction with both the vesicular and cellular

membrane, and also to the SNARE protein complexes, where it displaces complexin and

initiates fusion of the two membranes (Maximov et al., 2009).

During physiological cell firing, neurotransmitter is initially released from the readily

releasable pool. At a single active zone in the calyx of Held, between 1-10 readily

releasable vesicles are docked at the membrane (Sheng et al., 2012). Once depleted,

additional vesicles for release are supplied by a recycling pool, located outside the active

zone (Südhof, 2012). From the total synaptic vesicle population, only 15-20% are labelled

with FM vesicle dyes (Richards et al., 2000, 2003; Rizzoli and Betz, 2004). It is thought

that the remaining vesicles reside within a reserve pool maintained relatively immobile
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by the protein synapsin and are only recruited during intense firing frequencies (Rosahl

et al., 1995). At large presynaptic varicosities, such as the retinal bipolar ribbon synapse

(Paillart et al., 2003), the Drosophila NMJ (Denker et al., 2009) and the calyx of Held

(de Lange et al., 2003), the recycling vesicles are not spatially segregated from the reserve

pool. In comparison, at small neuron terminals in the hippocampus, recycling vesicles

are stabilised by actin filaments closer to the active zone than the reserve vesicles (Marra

et al., 2012), suggesting their sub-terminal position is important for their function.

1.4.3 | Asynchronous neurotransmitter release occurs >2ms after

an action potential

2-6 ms following an action potential, Ca2+ levels local to the VGCCs decay to equilibrium

through binding of fast Ca2+ buffers such as calbindin and diffusion from the active zone

(Kochubey et al., 2011). After this rapid decay in the local Ca2+ domain a residual <0.5

mM Ca2+ concentration is present in the active zone (Helmchen et al., 1997). This residual

Ca2+ is cleared at a slower rate (6100ms) by alternative extrusion mechanisms including

K+-dependent Na+/Ca2+ exchangers and Ca2+-ATPases within the cell membrane, as

well as smooth ER Ca2+-ATPases (Kim et al., 2005), and slow mobile Ca2+ buffers such as

parvalbumin (Collin et al., 2005a). In contrast to the synchronous action potential driven

release, the relatively lengthy equilibrium phase of resting Ca2+ levels provide conditions

for asynchronous release, defined loosely by its variable delay following an action potential

(Atluri and Regehr, 1998; Goda and Stevens, 1994).

The aforementioned fast rise and slow decay of Ca2+ provides a temporal separation of

synchronous and asynchronous release. Such processes may also be separated in their

mechanism of vesicle fusion. Studies of hippocampal neurons (Liu et al., 2009) and

the calyx of Held (Nikishi and Augustine, 2004) suggest asynchronous release does not

require the Ca2+ sensor synaptotagmin-1 or -2. Rather, the SNARE Doc2 may respond

to the relatively lower Ca2+ levels to initiate the vesicle fusion cascade (Yao et al., 2011).

The possibility that the mechanism which mediates asynchronous release differs from

that of synchronous release is intriguing given that Ca2+ entry through transient receptor

potential vanilloid receptor 1 (TRPV1) increases the rate of asynchronous release without
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modulating synchronous release (Smith et al., 2012).

1.4.4 | A distinct form of neurotransmitter release occurs

‘spontaneously’

In addition to the synchronous or asynchronous vesicle fusion resulting from action poten-

tial depolarisation, neurotransmitter release can occur spontaneously with a relatively low

probability (Murthy and Stevens, 1999). This was first demonstrated at the frog NMJ

using the then recently developed technique of intracellular microelectrode recording.

Fatt and Katz (1952) showed that in the absence of motor neuron firing, release of the

neurotransmitter ACh could occur spontaneously (Fatt and Katz, 1952). Later work by

Katz and Miledi (1969) found that it was possible to block action potential-dependent

release through the selective block of voltage-gated Na+ channels by tetrodotoxin (TTX)

(<30 nM for most Na+ channels besides Nav1.5, 1.8 and 1.9 which are blocked at >1 µM

(Hille, 1992)). This allowed for the exclusive study of spontaneous release. Alternatively,

the replacement of external Ca2+ with Mn2+ or Mg2+ in central neurons provided further

means of isolating spontaneous events (Brown et al., 1979; Kojima and Takahashi, 1985;

Shapovalov et al., 1979).

By definition, spontaneous release should involve the random fusion of vesicles with the

plasma membrane with no regulatable mechanism. However, from early studies at the

NMJ (Hubbard et al., 1968) it was clear the frequency of miniature postsynaptic currents

(i.e. in the presence of TTX) could be dependent on external Ca2+ levels. Thus, my

preconception of the stochastic nature of spontaneous release now appears naive given

the present literature describing a huge diversity in Ca2+-dependent and -independent

mechanisms across different synapses (Glitsch, 2008b). For example, spontaneous release

at hippocampal and cortical interneuron terminals is mediated by high-threshold VGCCs

(Goswami et al., 2012; Williams et al., 2012). By comparison, spontaneous release from

cortical and hippocampal pyramidal cells, as well as glutamatergic inputs onto cerebellar

Purkinje cells, is dependent on Ca2+, but not affected by Ca2+ influx through VGCCs

(Scanziani et al., 1995; Vyleta and Smith, 2011; Yamasaki et al., 2006). At cortical

glutamatergic terminals, a Ca2+-sensing G-protein-coupled receptor has been shown to
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elicit spontaneous release (Vyleta and Smith, 2011). A similar scenario exists for cerebellar

MLI terminals which contact Purkinje cells, where there is no contribution of VGCCs

(Glitsch, 2006), but large amplitude events specifically arise from intracellular ryanodine-

sensitive Ca2+ stores (Llano et al., 2000; Conti et al., 2004; Collin et al., 2005b).

In contrast to the high cooperativity between Ca2+ resulting from action potential inva-

sion and synchronous neurotransmitter release (Dodge and Rahamimoff, 1967), the dose-

response curve relating Ca2+ concentration to spontaneous release is relatively linear (Lou

et al., 2005; Sun et al., 2007). One explanation may be the relative efficiency of Ca2+

sensors at partial saturation (Goswami et al., 2012). At synapses where spontaneous

release is independent of Ca2+ inflow and extracellular or intracellular Ca2+ (Scanziani

et al., 1992; Llano and Gerschenfeld, 1993) spontaneous release could reflect random

vesicular fusion without binding of Ca2+ (Lou et al., 2005; Sun et al., 2007).

Downstream of the Ca2+ sensor, both Ca2+-dependent and -independent forms of sponta-

neous release may act through a common SNARE complex mechanism, separate from that

which mediates evoked release. Ablation studies show that unlike action potential driven

release, a residual low level of spontaneous release can occur without synaptobrevin-2 or

SNAP-25 (Bronk et al., 2007; Schoch et al., 2001; Washbourne et al., 2002). Moreover, the

specific motifs of SNAP-25 which stabilise the SNARE complex appear to differ between

the two forms of release (Weber et al., 2010).

Further divergence from evoked release may arise from the source of spontaneously re-

leased vesicles, which has been proposed to differ from the readily-releasable pool (Chung

et al., 2010; Koenig and Ikeda, 1999; Sara et al., 2005). Though others have reported that

there is no distinction between vesicle pools which contribute to the two forms of release

(Groemer and Klingauf, 2007; Hua et al., 2010; Wilhelm et al., 2010). In one study which

imaged a biotinylated version of synaptobrevin-2, spontaneously released vesicles were

reported to originate from the refractory resting pool (Fredj and Burrone, 2009). A more

recent paper identified the non-canonical SNARE protein, Vps10p-tail-interactor-1a to be

selectively present at spontaneously released vesicles, rather than synaptobrevin-2, which

mediates action potential driven vesicle fusion (Ramirez et al., 2012).

An analogy has been made to the internet and telephone signals transmitted across a
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common communication medium. For this analogy to be appropriate, the distinct forms

of information must also be separated at the other end. Indeed, separate postsynaptic

receptor populations may be tuned to differentiate between spontaneous release and

evoked release. Evidence comes from the activation of distinct populations of postsynaptic

NMDA (Atasoy et al., 2008) and AMPA receptors (Sara et al., 2011) revealed by use-

dependent blockers. How they are able to do this may depend on differential spatial

fields of neurotransmitter release in the synapse. A striking example is provided by the

retinal bipolar cell ribbon synapse, where spontaneous release occurs ectopically, spatially

separate from the active zone (Zenisek, 2008).

Since its discovery, evidence has accumulated to suggest spontaneous quantal release

provides the presynaptic neuron with a number of ways to regulate postsynaptic contacts,

distinct from the information transferred by cell spiking. Spontaneous release is thought

to contribute to the synaptic noise experienced by a neuron. The random fluctuations in

membrane voltage have been found to have a number of effects on neuronal excitability.

For an average resting membrane potential, increasing the amplitude of membrane voltage

fluctuations will increase the chance of action potential initiation (Silver, 2010). In

addition, synaptic noise has been shown to have either divisive or multiplicative effects

on firing rate following synaptic input (Mitchell and Silver, 2003; Sceniak and Sabo,

2010). Besides contributing to neuronal noise, spontaneous release has been shown to

influence cell firing (Carter and Regehr, 2002), stabilise developing synapses and maintain

established synapses (McKinney et al., 1999; Verhage et al., 2000), modulate processes

involved in local dendritic protein synthesis (Jakawich et al., 2010; Sutton et al., 2004)

and regulate the propensity of postsynaptic sites to undergo plasticity (Kombian et al.,

2000; Lee et al., 2010a).

1.5 | Probability of neurotransmitter release

Neurotransmitter release is inherently unreliable. The probability of release determines

if an action potential successfully induces the fusion of synaptic vesicles. From classical

electrophysiological quantal analysis of synaptic transmission, the parameter p has exhib-

ited a characteristically large variability between release sites at different neurons (Branco
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and Staras, 2009; del Castillo and Katz, 1954; Murthy et al., 1997; Silver et al., 1998).

Heterogeneity further exists between the basal release probability of axonal varicosities

upon the same axon (Atwood and Bittner, 1971; Bittner and Baxter, 1991), and even

within the same axonal branch (Ariel et al., 2012).

The parameter p is thought to represent a combination of the number of vesicles primed at

the plasma membrane (Dobrunz and Stevens, 1997; Schikorski and Stevens, 2001) and the

average probability that a readily-releasable vesicle will fuse with the membrane (Rozov

et al., 2001). Both the number of releasable vesicles and probability of vesicle fusion can

vary across individual release sites (Dobrunz and Stevens, 1997; Ermolyuk et al., 2012).

Whilst the variation in readily release vesicle number is correlated to the active zone

size and varicosity volume (Holderith et al., 2012; Kay et al., 2011), the probability of

vesicle fusion is not, but instead varies according to Ca2+ entry following action potential

invasion (Ermolyuk et al., 2012). The later occurs with no apparent dependence on the

specific subtypes of VGCCs (P/Q or N) involved (Ariel et al., 2012).

1.5.1 | Modulation of release probability

Release probability can be dynamically modulated by a neuron’s intrinsic firing properties

or processes extrinsic to the nerve terminal. The frequency of presynaptic firing can

facilitate synaptic transmission, particularly at boutons with an initially low release

probability (Zucker and Regehr, 2002). Repetitive action potential invasion of nerve

boutons can result in a build up of residual Ca2+, to increase release probability (Katz

and Miledi, 1968). It could be argued that such an incremental increase in Ca2+ would be

irrelevant considering the large concentrations reached following action potential invasion.

One possible explanation could involve the saturation of Ca2+ buffers which would allow

for the nonlinear summation necessary for facilitation (Neher, 1998; Blatow et al., 2003).

Alternatively, the facilitatory effects of residual Ca2+ have been proposed to result from

a second Ca2+ sensor, distinct from the low affinity synaptotagmins which initiate syn-

chronous action potential driven exocytosis (Atluri and Regehr, 1996). A relatively high

affinity Ca2+ binding protein would be more suited to respond to small increases in Ca2+
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concentration. Finally, residual Ca2+ may facilitate synaptic transmission through a use-

dependent increase in VGCC function (Ishikawa et al., 2005). Ca2+ binding proteins such

as calmodulin have been proposed to bidirectionally modulate VGCC function (Mochida

et al., 2008).

At some synapses, despite the increase in basal Ca2+, repetitive firing can concomitantly

produce a depression in neurotransmitter release (Zucker and Regehr, 2002). This may

result from either a use-dependent depletion of readily-releasible vesicles at synapses with

a high release probability (Schneggenburger et al., 2002), a reduction in available release

sites due to high frequency of exocytosis events (Neher and Sakaba, 2008), or through the

down-regulation of VGCCs (Forsythe et al., 1998; Xu and Wu, 2005). Together, models

incorporating initial release probabilities, vesicle depletion and residual Ca2+ levels have

accurately predicted the balance between frequency dependent short-term facilitation and

depression at particular synapses (Dittman et al., 2000; Varela et al., 1997).

In addition to frequency, differences in the action potential waveform can markedly

influence the activity of VGCCs in the terminal, and thus influence neurotransmitter

release (Bean, 2007). For example, at the calyx of Held, increasing the axonal Na+

conductance resulted in an acceleration of spike depolarisation and a subsequent reduction

in the number of activated VGCCs at sites of release (Yang and Wang, 2006). At

hippocampal MF boutons, the width of the action potential exhibits a positive relationship

with presynaptic Ca2+ influx (Geiger and Jonas, 2000). As the action potential width

increased with high-frequency stimulation (Geiger and Jonas, 2000), it appears that

shape and frequency of action potentials do not act in isolation, but a combination of

the two parameters provides presynaptic cells with a dynamic tool to modulate release

probability.

A number of factors exogenous to the presynaptic varicosity can also influence neurotrans-

mitter release and thus modulate p. Clues for this are provided by studies demonstrating

that p and short-term plasticity can vary depending on the postsynaptic neuron identity

(Koester and Johnston, 2005; Markram et al., 1998; Reyes et al., 1998; Sylwestrak and

Ghosh, 2012). In hippocampal cultures, such postsynaptic regulation of p was shown to

depend on the specific location within the dendrite, with terminals closest to the soma
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exhibiting stronger release probabilities than those located more distally (Branco et al.,

2010; de Jong et al., 2012). Explaining such phenomena has often involved a feedback

system originating from the PSD to control release probability of specific terminals.

Activation of ionotropic and/or metabotropic receptors provide the most common mech-

anism for the local environment, or network activity, to dynamically shift the p from

rest. Dixon (1924) provided the first evidence for presynaptic ionotropic control over

release by demonstrating nicotine initially inhibited and subsequently excited the rabbit

heart. Though it wasn’t until Riker et al. (1957) demonstrated the effect of ammonium

compounds on the cat NMJ that the phrase ‘presynaptic receptor’ was used. Subse-

quently, γ-aminobutyric acid A receptors (GABAARs) were shown to modulate release

at primary afferent terminals in the spinal cord (Frank and Fuortes, 1957), and the

effects of morphine on cat preganglionic nerves provided the first evidence for presynaptic

metabotropic receptors (Trendelenburg, 1957).

By the early 1970s, studies were showing that presynaptic receptors could be activated

either in a self-autonomous manner by responding to neurotransmitter released from the

bouton where they are located (Langer, 1974; Vizi, 1979), or, following transmitter release

from a neighbouring neuron (Knoll and Vizi, 1970, 1971). More recent reports describe

other routes of activation including neurotransmitter release from glial cells (Jourdain

et al., 2007; Mathew and Hablitz, 2011; Sasaki et al., 2011), and also neurotransmitter

and diffusable messengers that are released retrogradely from the postsynaptic neuron

(Duguid and Smart, 2004; Ohno-Shosaku et al., 2001; Wilson et al., 2001).

Presently, a greater number of studies have profiled presynaptic metabotropic recep-

tors over their ionotropic counterparts. This may reflect their relative predominance at

presynaptic sites however, as their effects occur over seconds or even minutes, rather

than the millisecond range of ionotropic receptors, their effects may not necessarily

overlap. Metabotropic receptors generally produce inhibition through negative coupling

with adenyl cyclase or direct inhibition of VGCCs through the Go βγ or Gq α subunits

(Beech et al., 1992; Glaum and Miller, 1995; Takahashi et al., 1996; Tedford and Zamponi,

2006). Alternatively, Gq coupled metabotropic receptors can in some cases enhance Ca2+

influx in the terminal through the formation of diacylglycerol and activation of PKC
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(Bannister et al., 2004) (Figure 1.1).

Many ionotropic receptors including GABAA (Trigo et al 2007), glycine (Turecek and

Trussell, 2001), nicotinic (Garduño et al., 2012), 5-hydroxytryptamine receptor 3 (Koyama

et al., 2000), TRPV1 (Gibson et al., 2008) and P2X receptors (Gu and Macdermott, 1997)

have been found to influence presynaptic membrane excitability and thus regulate release

properties and synaptic strength. I will next focus on how presynaptic iGluRs modulate

release.

1.5.2 | Presynaptic iGluRs modulate release probability

Although predominantly thought to be located post-synaptically to mediate neurotrans-

mission, iGluRs are also widespread at presynaptic sites, typically within axon terminals

or en passant swellings where neurotransmitter is released. Presynaptic iGluRs have

been implicated within a wide range of neuronal functions, including the motility of

filopodia to direct growth cones for correct synaptogenesis (Chang and Camilli, 2001;

Tashiro et al., 2003; Wang et al., 2011), the redistribution of synaptic vesicles (Gelsomino

et al., 2012; Schenk et al., 2003, 2005), and when positioned in the axon, are capable of

modulating the action potential waveform (Sasaki et al., 2011; Semyanov and Kullmann,

2001) (Table 1.1, 1.3). In line with early evidence of their presence at the NMJ and

spinal primary afferent terminals (Dixon, 1924; Dudel and Kuffler, 1961; Eccles and

Willis, 1963; Frank and Fuortes, 1957; Riker et al., 1957), presynaptic iGluRs have

predominantly been investigated for their effects on neurotransmitter release probability

(Engelman and Macdermott, 2004; Pinheiro and Mulle, 2008) (Table 1.1 - 1.3). In

addition to altering the p from its typical state, presynaptic receptors may contribute

to the basal p when tonically activated by ambient neurotransmitter in the extracellular

space (Glitsch and Marty, 1999; Lauri et al., 2005; Sallert et al., 2009). Depending on

the context, presynaptic iGluRs can either enhance or depress neurotransmitter release.

The plethora of electrophysiological studies reporting influences of AMPA, NMDA and

kainate receptors on both evoked and spontaneous neurotransmitter release are complied

in tables 1.1, 1.2 and 1.3, respectively.

Several sources of glutamate have been proposed to activate presynaptic iGluRs (Tables
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1.1 - 1.3). The main source of activation for presynaptic NMDA and kainate receptors

appears to be the self-autonomous activation following synaptic release (Berretta and

Jones, 1996; Contractor et al., 2001; Schmitz et al., 2001). For AMPARs this appears

less common, instead glutamate spillover from neighbouring excitatory synapses (Satake

et al., 2006) and release from glial cells appear to be more important (Sasaki et al., 2011).

At certain synapses, both phenomena may also contribute to presynaptic NMDA (Huang

and Bordey, 2004; Jourdain et al., 2007) and kainate receptor activation (Lourenço et al.,

2010). Aside from these main mechanisms there are some rare examples of axo-axonic

glutamatergic contacts (Cochilla and Alford, 1999), and retrograde release of glutamate

from postsynaptic sites (Duguid and Smart, 2004).

1.5.3 | Presynaptic iGluRs modulate release probability through

various mechanisms

The mechanisms by which presynaptic iGluRs modulate release can vary dramatically

depending on the receptor involved, the form of release, and the features of a particular

synapse. As a general rule, spontaneous release is enhanced following presynaptic AMPA,

kainate or NMDA receptor activation (Tables 1.1-1.3). A simple explanation for this

involves cation influx that depolarises the presynaptic membrane, and thus increases the

propensity of VGCCs to open (Pinheiro and Mulle, 2008). If the iGluR is permeable

to Ca2+, then direct Ca2+ inflow may trigger release independently of VGCCs (Glitsch,

2008a). Alternatively, such Ca2+ influx may modulate spontaneous release by promoting

Ca2+ release from from internal stores (Duguid and Smart, 2004; Rossi et al., 2008). One

exception to this rule comes from the spinal cord, where activation of presynaptic NMDA

and kainate receptors on primary afferents reduces miniature excitatory postsynaptic

current (mEPSC) frequency (Bardoni et al., 2004; Kerchner et al., 2001).

At synapses where iGluR activation enhances spontaneous release, evoked release is

often reduced (Table 1.1 and 1.2). Two theories that have attempted to explain this

paradox originated from studies of presynaptic GABAARs and AMPARs at sensory

afferent terminals in the dorsal horn of the spinal cord and the crayfish NMJ (Segev,

1990; Stuart and Redman, 1992; Cattaert et al., 1992; Cattaert and Manira, 1999).
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CNS region Synapse Trans-

mitter 

Source of 

activation 

Subunit Spontaneous  

release  

Evoked 

release 

Age References 

         

         

Visual cortex 

(V1) 

Interneuron - L2/3 

pyramidals 

GABA Axo-axonic 

pyr contacts 

n/a +  n/a P20 - 30 

tested 

Ren et al 2007 (though see 

Hull et al 2009) 
         

Hippocampus CA3 pyramidals - CA3 

pyramidals 

Glu Periaxonal 

astrocytes 

n/a n/a +  P7 - 12 

tested 

Sasaki et al 2011 

         

Cerebellum MLI - Purkinje cell GABA 

 

 
 

GABA 

Spillover from 

climbing fibre 

GluA2/3 +  

 

-   

 

Lost at 

P15 

Satake et al 2000, 2004, 

2006, 2010, Rusakov et al 

2005 
       

MLI - MLI Spillover from 

parallel fibre 

GluA2  

lacking 

+ - Lost at 

P15 

Liu 2007, Bureau & Mulle 

2000, Rossi et al 2008. 

         

Calyx of Held Globular bushy cells -

MNTB 

Glu 

 

 

Glu 

n/a n/a n/a -  

  

P7-8 

tested 

Takago et al 2005 

        

Spinal cord Non - & nociceptive  

primary afferent -

lamina I & II neurons 

n/a GluA1 &  

2/3 labelled  

 
 

n/a -  P6 - 10 

tested 

 

Lee et al 2002 

Gangadharen et al 2011 

Dorsal horn interneurons 

NK1R lamina I neurons  

GABA/ 

glycine 

Possible glial 

or neuronal 

spillover 

Indirect 

evidence for 

GluA2  

lacking 

+  -  Persists in 

4–5 week 

old rats  

Engelman et al 2006 

 

         

Zebra fish 

endplate  

1˚& 2  ̊motorneurons -

axial white fibres 

ACh Likely glial 

Glu release 
 

n/a +  n/a P4 - 6   

 

Todd et al 2004 

- lamina II neurons &

Table 1.1: Collated functional studies reporting presynaptic AMPAR-mediated

modulation of release probability

+ signs indicate release is enhanced, whereas - corresponds to a reduction in neurotransmitter

release. Abbreviations: Glu, glutamate; n/a, data not available; L, layer; MNTB, Medial Nucleus

of the Trapezoid Body; NK1R, Neurokinin-1 receptor.
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CNS Region Synaptic Projection Trans-

mitter 

Source of 

activation 

 

Subunit Spontaneous 

release 

Evoked 

release 

Age References 

         

Visual cortex  

(V1) 

L4 pyr to L2/3 

pyramidals 

Glu 

 
 

Glu 

 
 

Glu 

 
 

Glu 

 

 

 
 

Glu 

 
 

Glu 

Autoreceptor / 

ambient (glia) 

GluN1, 2B 

& 3A 

+ + P7-20  

Lost at P23 

Corlew et al 2007, Li et al 

2008, Larsen et al 2011 
       

Glutamatergic inputs 

to L4 pyramidals 

Autoreceptor / 

ambient (glia) 

n/a + n/a P7-20  

Lost at P23 

Corlew et al 2007 

 
       

L5 pyramidals to L5 

pyramidals 

n/a GluN2B 

containing 

+ + P7-21 

Lost at P23 

Sjostrom et al 2003 

Buchanan et al 2012 
        

Somatosensory 

cortex (S1) (L4 

barrel cortex) 

L4 pyramidals to L2/3 

pyramidals 

 

Autoreceptor / 

Ambient / 

Spillover 

GluN2B 

containing 

+ + P13-21 

tested 

Brasier & Feldman 2008, 

Bender et al 2006 

-Moreno & 

Paulsen 2008 
        

Entorhinal 

cortex 

Glutamatergic inputs 

to L2 pyramidals 

Autoreceptor / 

Ambient 

GluN2B 

containing 

+  n/a n/a Berretta and Jones 1996 

Woodhall et al 2001 
       

Glutamatergic inputs 

to L5 pyramidals 

Autoreceptor / 

Ambient 

GluN2B 

containing 

+  + Lost by 5 

months 

Woodhall et al 2001 

Yang et al 2006  
         

Frontal cortex Interneurons - L2/3

pyramidals 

GABA 

 
 

GABA 

Ambient 

(glial) 

GluN2B 

containing 

+ + Lost by 

P20 

Mathew & Habliz 2011 

        

Xenopus 

retinotectum  

 

GABA inputs to 

Tectal neurons 

Potential 

spillover  

n/a +  - Tadpoles 

tested 

Lien et al 2006 

         

Hippocampus CA3 pyramidals to 

CA1 pyramidals 

GABA 

 

 

 
 

Glu 

 
 

Glu 

 
 

Retrograde 

pregnenolone / 

Autoreceptor 

GluN2D / 

GluN2B 

+  + GluN2D 

lost at P5 

Mameli and others 2005, 

Suarez and others 2005, 

Suarez and Solis 2006  

McGuinness et al 2010 
       

Glu inputs – dentate 

granule cells 

Astrocytic 

release. 

GluN2B 

immuno 

+ + P10-22 

 

Jourdain and others 2007 

 
        

Lateral 

Amygdala 

Glu cortical inputs n/a n/a n/a n/a P21-28 

 

Humeau et al 2003 

        

Nucelus 

Accumbens  

VTA - NAc, PFC -

NAc, amygdala - NAc

 n/a GluN1 & 3 

independent 

+ + 3-5 week 

old animals 

tested 

Huang et al 2011 

 

Cerebellum 

 

Parallel fibre -

Purkinje cell 

 

n/a 

 

GluN1, 2A 

& 2B 

 

n/a 

 

- 

 

 

P18-26 

tested 

 

Casado et al 2000, Casado 

et al 2002, Bidoret et al 

2009 
        

MLI  GABA 

 

 

 
 

 

 

GABA 

Purkinje retro-

grade release / 

CF spillover 

n/a +  + P11-14 

tested 

Duguid & Smart 2004, 

Duguid et al 2007, Glitsch 

2008, Glitsch & Marty 1999 

Huang & Bordey 2004, 

Fiszman et al 2005. 
       

MLI - MLI Likely parallel 

fibre spillover 

GluN2A & 

2B 

+  - P11-14 

tested 

Glitsch & Marty 1999, Rossi 

et al 2012, Liu & Lachamp 

2006,  
         

Spinal Cord Dorsal horn 

glutamatergic afferents 

Glu Autoreceptor   n/a - -  P6-12 

tested 

Bardoni et al 2004 

         

         

Zebra fish 

endplate  

motorneurons - ACh Likely glial 

Glu release 

GluN2A + n/a 4-6 day old 

zebrafish 

Todd et al 2004 

         

Rodriguez

axial white fibres

Purkinje cell -

1˚& 2  ̊

Table 1.2: Collated functional studies reporting presynaptic NMDAR-mediated

modulation of release probability

+ signs indicate release is enhanced, whereas - corresponds to a reduction in neurotransmitter

release. Abbreviations: Glu, glutamate; n/a, data not available; L, layer; VTA, ventral segmental

area; NAc, nucleus accumbens; PFC, prefrontal cortex.
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CNS Region  

 

 

Synaptic Projection  

 

Trans -

mitter  

 

Source of 

activation  

 

Subunit  

 

Spontaneous 

release  

 

 

Evoked release  

 

Age 

 

References  

         

Prefrontal 

cortex L2/3  

Glutamatergic inputs 

- L2/3 pyramidals  
 

Glu n/a GluK1  

containing  

+  

([low] kainate)  

+ ([low] kainate)  

- ([high] kainate)  

P17-24 

tested 

Campbell et al 2007 

Barrel cortex 

L4 

Glutamatergic 

thalamocortical inputs 

- barrel cortex  

 

Glu Autoreceptor  GluK2/3  n/a -  

(10uM kainate ) 

+  

(3uM kainate ) 

Lost at 

P9  

Jouhanneau et al., 2011  

Kidd et al 2002 

 

         

Entorhinal 

cortex L3 

Glutamatergic inputs 

-

Glu Autoreceptor  GluK1 

containing  

+ + P28-40 

tested 

Chamberlain et al 2012  

       

GABAe rgic inputs -

L3 pyramindal cells 

GABA n/a GluK2 

containing  

+ + P28-40 

tested 

Chamberlain et a l 2012 

         

Hippocampus  CA3 pyramidal cells -

CA1 pyramidal cells  

Glu Autoreceptor  

 

 

GluK1 

containing  

-                  

In neonate 

(Sallert ‘06) 

-  Lost in 

juvenile  

Kamiya & Ozawa, 1998  

Frerking et al 2001  

Sallert et al 2007  

Lauri et al 2005 , 2006 
        

CA3 pyr -

somatostatin 

interneurons  

Glu Autoreceptor  GluK2/3  

heteromers  

 

+  

 

+  

 

P10-15 

tested 

Sun & Dobrunz 2006  

Sun et al 200 9 

        

GABAergic inputs -

CA1 pyramidal cells  

 

 

 

 

  

GABA 

 

 

 

 

 

  

Spillover from 

Schaffer 

afferents  

GluK1/2 

heteromers  

-  

(Maingret, ‘05 ) 

+  

(Mulle, ‘00 ) 

 

-  

High [G lu]  

 

+  

Low [Glu]  

 

Mixed 

ages  

P5-P23 

Clarke et al 1997  

Rodriguez -Morena et al 1997  

Frerking et al 1999  

Mulle et al 2000  

Jiang et al 2001  

Maingr et et al 2005  

Lourenco et al 2010     

GABA 

 

 

      

GABAergic inputs -

CA1 interneurons  

n/a GluK2 +  (Rat) 

No change 

(Mouse) 

+  

  

Mixed 

ages  

P5-P45 

Cossart et al 2001  

Mulle et al 2000  

Semyanov & Kullmann 2001  

Granule cell mossy 

fibre -  

Glu 

 

 

  

Autoreceptor  GluK2 & 3  

GluK1 in 

some but not 

all studies  

n/a +  

 

Mixed 

ages  

P14-P26 

Lauri et al 2001, 2003 

Pinheiro et al 2007  

Schmitz et al 2001, 2003

 Scott et al 2008 
        

Granule cell mossy 

fibre -  

GABA 

 
 

GABA 

n/a GluK1 

containing  

n/a -  P2-5 

tested 

Caiati et al 2010  

       

CCK containing 

interneurons -

pyramidal cells   

n/a GluK1 

containing  

n/a -  

 

P12-22 

tested 

Daw et al 2010  

       

CA3 -

organotypic slice  

Glu n/a GluK1c 

GluK4 

heteromers  

n/a 

 

- P7-8 

tested 

Vesikansa et al 2012  

        

Globus 

Pallidus  

GABAergic inputs 

from striatum  

GABA n/a GluK2/3  -  -  P13-17 

tested 

Jin & Smith 2007  

         

Basolateral 

Amygdala  

Glutamatergic inputs 

-

Glu Autoreceptor / 

ambient  

GluK1 

containing 

+ + P35-50  

tested 

Aroniadou -Anderjaska  

et al 2012  
        

Interneurons -

pyramidal cells  

GABA 

 

 
 

n/a GluK1 

containing  

+ Low [Glu] 

- High [Glu] 

+ low [Glu] 

- high [Glu] 

P15-22 

tested 

Braga et al 2003  

                
Supraoptic 

nucleus of the 

Hypothalamus  

 GABAergic inputs - 

MCNs 

 Ambient   GluK1 

containing  

 + pre lactation   

-  

Oxytocin MCNs 

post lactation   

 + pre lactation  

-  

Oxytocin MCNs 

post lactation  

 2-4 

month 

tested 

 Bonfardin et al 2010  

        

Glutamatergic inputs 

- MCNs 

Glu 

 

 

 

 

Glu

 

 

 

 

Glu

 

Ambient  GluK1 

containing  

+  n/a 2-4 

month 

tested 

Bonfardin et al 2012  

        Cerebellum  Parallel fibre -

Purkinje cell  

Ambient / 

retrograde Glu 

from Purkinje  

GluK2 

containing  

n/a + P13 - 

4 month  

Crepel 2007, 2009  

Delaney & J ahr 2002  

       

Parallel fibre -

Molecular layer 

interneuron  

n/a n/a n/a +   

Low freq PF firing  

-   

High freq PF firing  

P13-17 Delaney & Jahr 2002  

        

Spinal cord  Non - & nociceptive 

Primary afferent -

lamina I & II neurons  

Autoreceptor  GluK1 

containing  

- -  Cultures  Kerchner et al 2001a  

Kerchner et al 2002  

 
        

Dorsal horn 

interneurons -

 lamina I & II neurons  

GABA 

& 

glycine  

Spillover from 

glutamatetic 

afferents  

Not GluK1 

containing  

+  No change [low] 

kainate  

- [high] ka inate 

Adult  Kerchner et al 2001b  

Xu et al 2006  

 

GABA

Glu

GABA 

 

 

 

 

 

  

L3 pyramindal cells

CA3 pairs

CA3 pyrs

pyramidal cells  

CA1

Table 1.3: Collated studies of presynaptic kainate receptor function
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Table 1.3 continued: + signs indicate release is enhanced, whereas - corresponds to a reduction

in neurotransmitter release. Abbreviations: Glu, glutamate; n/a, data not available; L, layer; PF,

parallel fibre; MCN, Magnocellular neurons; pry, pyramidal.
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During the gating of ionotropic receptors, the increased conductance could create a local

environment with reduced input resistance. According to Ohm’s law, the amplitude of

the action potential will be reduced, or shunted (Segev, 1990; Stuart and Redman, 1992;

Cattaert et al., 1992; Cattaert and Manira, 1999; Lee et al., 2002; Engelman et al., 2006).

Alternatively, ionotropic receptor-mediated membrane depolarisation may inactivate Na+

channels to reduce their availability for the propagation of action potentials into the

presynaptic varicosity (Graham and Redman, 1994; Cattaert and Manira, 1999; Dudel

and Kuffler, 1961). These mechanisms are not necessarily mutually exclusive (Cattaert

and Manira, 1999). In either scenario, there would be reduced activation of the voltage-

gated Ca2+ and Na+ channels involved in neurotransmitter release (Clements et al., 1987).

In the context of these models, the depolarisation resulting from cation influx through

AMPA, NMDA or kainate receptors would conceivably enhance neurotransmitter release

in the absence of cell firing, yet act to attenuate action potential-driven release.

Though not confirmed, the depression of synaptic transmission at a number of synapses

following activity of presynaptic NMDARs is consistent with the shunting and/or Na+

channel inactivation hypothesis (Bardoni et al., 2004; Bidoret et al., 2009; Casado et al.,

2000; Glitsch and Marty, 1999; Lien et al., 2006). However, at other synapses, presynaptic

NMDAR activity underlies an enhancement in release probability (Table 1.2). A compat-

ible theory posits a relatively weak depolarisation experienced by release sites may facili-

tate action potential-driven neurotransmitter release, whereas a greater depolarisation will

act to shunt the action potential or inactivate Na+ channels (Kamiya et al., 2002). The

mechanism for the facilitation by NMDARs remains largely unresolved, though Duguid

and Smart (2004) propose that instead of activating VGCCs, presynaptic NMDARs at

cerebellar MLI – Purkinje cell synapses elicit Ca2+-induced Ca2+ release (CICR) from

ryanodine-sensitive stores to augment GABA release. The facilitatory effects of kainate

receptors on action potential driven release at MF boutons onto CA3 pyramidal cells

may also involve CICR (Lauri et al., 2003; Scott et al., 2008) (Table 1.3, Figure 1.7).

Furthermore, a direct Ca2+ influx through the GluK2/3 channel has also been proposed

at this synapse (Pinheiro et al., 2007). Similar to their effects on spontaneous release,

kainate receptors may facilitate evoked release through increasing the activation of VGCCs
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to increase release probability (Kamiya et al., 2002).

In a surprising revelation, it was found that presynaptic kainate receptors can interact

with G-proteins to inhibit release (Rodríguez-Moreno and Lerma, 1998). Such inhibition

occurs both through the pertussis sensitive, membrane delimited control of VGCCs (Lauri

et al., 2005), and via the second messengers PLC and PKC (Bonfardin et al., 2010; Jin

and Smith, 2007; Lauri et al., 2005; Rozas et al., 2003). The metabotropic effects of

kainate receptor activation have been proposed to mediate the inhibition observed at

the CA3 schaffer collateral synapse onto CA1 pyramidal neurons (Lauri et al., 2005),

developing MF terminals which release GABA onto CA3 pyramidal cells (Caiati et al.,

2010), GABAergic terminals upon CA1 pramidal cell neurons (Jiang et al., 2001), straital

GABAergic boutons upon globus pallidus neurons (Jin and Smith, 2007) and GABAergic

inputs to oxytocin containing magnocellular neurons (Bonfardin et al., 2010).

Similarly, the AMPAR-mediated reduction of evoked release has also been proposed to

involve an interaction with G-proteins at certain synapses (Takago et al., 2005; Satake

et al., 2004). At cerebellar MLI terminals the AMPAR-mediated activation of the Gi/o-

protein was proposed to inhibit VGCC activity, prevent Ca2+ entry, and reduce release

probability. The evidence for this is mechanism not strong, and whilst it could explain the

reduction in evoked GABA release, it is not compatible with the potentiation in miniature

inhibitory postsynaptic current (mIPSC) frequency (Bureau and Mulle, 1998; Rossi et al.,

2008). This is unless a dichotomic regulation of the two forms of neurotransmitter release

exists (subsection 1.4.4).

At some synapses, kainate receptors appear to show bidirectional regulation of release

depending on the concentration of glutamate. An example was recently demonstrated

in the supraoptic nucleus (SON) of the hypothalamus, where the spatial arrangement of

glial-mediated neurotransmitter uptake can both alter presynaptic kainate receptor tonic

activity and reverse the sign of their effect on release probability (Bonfardin et al., 2010).

At axon terminals of Magnocellular neurons in the SON, presynaptic GluK1-containing

kainate receptors responded to ambient glutamate to facilitate GABA release onto va-

sopressin neurons through a Ca2+ permeable ionotropic mechanism (Bonfardin et al.,

2010). GluK1-containing kainate receptors, upon Magnocellular neuronal projections that
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synapse onto oxytocin-containing neurons in the SON, reduced GABA release through

a metabotropic pathway. This heterogeneity was only evident following lactation, which

preceded a reduced astrocyte coverage around oxytocin but not vasopressin neurons. The

reduced glial uptake produced an enhanced ambient glutamate concentration to switch

the kainate receptor-modulation of GABA release from facilitation to inhibition. It will be

interesting to examine if such consequences of neurotransmitter concentrations may also

extend to bidirectional modulation of transmitter release by kainate receptors previously

described in the hippocampus (Jiang et al., 2001; Schmitz et al., 2001), cerebellum (De-

laney and Jahr, 2002), amygdala (Braga et al., 2003), spinal cord (Kerchner et al., 2001;

Youn and Randic, 2004), and barrel cortex (Jouhanneau et al., 2011) (Table 1.3).

1.5.4 | Heterogeneous distribution of presynaptic iGluRs provides

target-selective control of p.

Similar to the differential expression of presynaptic metabotropic receptors (Pelkey et al.,

2006; Pelkey and McBain, 2007), when ionotropic receptor expression follows target-

neuron selective patterns, the activity of such receptors endows the presynaptic cell with

a mechanism to differentially excite, or inhibit, separate populations of postsynaptic

neurons. In the cortex, presynaptic NMDARs consistently enhance action potential-

driven and spontaneous neurotransmitter release (Brasier and Feldman, 2008; Buchanan

et al., 2012; Corlew et al., 2007; Larsen et al., 2011; Mathew and Hablitz, 2011; Rodríguez-

Moreno and Paulsen, 2008; Yang et al., 2006). An example of their heterogenous ex-

pression is provided in the visual cortex; Buchanan et al. (2012) recently demonstrate

that during cell firing, localised photolysis of caged NMDA produced super-linear Ca2+

responses within layer 5 pyramidal axonal boutons. The presence of NMDARs was

demonstrated to vary from one bouton to the next. In fact, this heterogeneity was

target neuron-selective, as the subset of boutons which contained NMDARs appeared

to synapse onto other layer 5 pyramidal cells and Martinotti interneurons, but not onto

basket cells (Buchanan et al., 2012). The differential inter-bouton expression of NMDARs

appears a robust characteristic of pyramidal cell axons between cortices and across cortex

layers. Electrophysiological data demonstrates NR2B-containing presynaptic NMDARs
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selectively modulate synaptic transmission between layer 4 and layer 2/3 pyramidal

synapses, but not synapses between connected layer 4 pyramidal cells, or cross-columnar

synapses onto other layer 2/3 pyramidal cells (Brasier and Feldman, 2008).

The ability of presynaptic ionotropic receptors to preferentially direct synaptic trans-

mission to specific target neurons is supported by evidence in the hippocampus (Figure

1.7). In particular, differences in short-term plasticity between different types of synaptic

connections have been shown to correspond with the presence of presynaptic kainate

receptors. For example, glutamate release at MF – CA3 pyramidal cells exhibits greater

use-dependent facilitation following subsequent action potentials compared to MF – in-

terneruon and MF – hilar mossy cell synapses (Toth et al., 2000; Contractor et al., 2001;

Lysetskiy et al., 2005). Recently, Scott et al. (2008) demonstrated that presynaptic

kainate autoreceptors in MFs are located exclusively at synapses upon CA3 pyramidal

cells, and not at boutons synapsing at stratum lucidium interneurons or hilar mossy cells

(Figure 1.7). As MF glutamate acts on the kainate autoreceptors to facilitate subsequent

glutamate release through activation of inositol trisphosphate (IP3)-sensitive Ca2+ stores,

Scott et al. (2008) rationalise that the relatively strong synaptic facilitation may partly

result from the selective presence of kainate autorecpetors at these boutons.

Rather than enhancing excitation onto principal cells within a local network, the target-

specific expression of presynaptic kainate receptors within glutamatergic axons may alter-

natively potentiate feed-forward inhibition. Presynaptic kainate receptors mediated target

cell-specific short-term enhancement of glutamate release from CA3 Schaffer collaterals

onto somatostatin-containing interneurons (Sun and Dobrunz, 2006) (Figure 1.7). Such

potentiation reached up to 11-fold following physiological firing frequencies of the Schaffer

collateral and differed from the typical low or absent short-term facilitation observed at

synapses made with the majority of interneurons in the stratum radiatum, which do not

contain somatostatin (Sun et al., 2009). As these two populations of interneurons are

thought to have divergent axonal arborisations onto CA1 pyramidal cells (Freund and

Buzsáki, 1996; Oliva et al., 2000), target cell-specific expression of presynaptic kainate

receptors provides a mechanism to modulate the spatial inhibition of principal cells. In

the local hippocampal network, high frequency firing of the CA3 Schaffer collateral would
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Figure 1.7: Schematic representation of presynaptic ionotropic receptor heterogene-

ity in the hippocampus

Illustration provides a diagrammatic portrayal of studies in the text that have demonstrated

target-neuron specific differences in presynaptic ionotropic receptor expression. The small circles

refer to boutons, the presence of a particular receptor is represented by the colour, as shown in the

key. A circle with a cross through indicates the boutons where the receptor is not present. Where

presynaptic ionotropic receptors are present a + or - sign shows whether they facilitate or depress

neurotransmitter release, respectively. Interneurons are positioned around the 3 different types of

pyramidal cells in the dentate gyrus, CA3 region and CA1 region. The text within the interneuron

refers to their biochemical maker (Som: somatostatin-containing, PV: parvalbumin-containing,

CCK: cholecystokinin- containing, n.a.: data not available).
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relatively enhance the activity of somatostatin-containing interneurons. The enhanced

inhibition would be concentrated upon distal CA1 dendrites in the stratum lacunosum-

moleculare and result in preferential filtering of excitatory information from the entorhinal

cortex (Sun et al., 2009).

In the hippocampus there are at least 21 different types of interneurons, differentiated by

their firing patterns, morphologies, and biochemical markers (Klausberger and Somogyi,

2008). Such diversity provides a challenge to electrophysiological measures of presynaptic

neurotransmitter release which are often taken indirectly from the postsynaptic neuron.

This is particularly the case if release is evoked by extracellular stimulation, where a

potentially mixed population of interneurons would be recruited, and differences between

interneuron subtypes might be lost in the net effect. By using paired recordings or cell-

specific channel rhodopsin driven expression in mouse lines, the ambiguity associated

with extracellular stimulation can be reduced. Indeed, another study profiling synaptic

transmission of a specific subset of hippocampal interneurons has further highlighted

target- and input-specific differences in the presynaptic receptor control of p. Daw et al.

(2010) showed that the release of GABA from cholecystokinin- but not parvalbumin-

containing interneurons was strongly depressed by presynaptic GluK1-containing kainate

receptors. In addition to this input-specific heterogeneity, the inhibition was shown

to be target neuron-selective, as the presynaptic kainate receptor-mediated depression

was evident at axon boutons which synapse upon pyramidal cells, but not surrounding

interneurons (Figure 1.7).

The target-specific, inter-bouton, heterogeneity of presynaptic ionotropic receptors does

not exclusively manifest as differences in expression, but has been shown to extend to

the mechanism by which the receptors modulate release (Figure 1.7). For example,

during the first postnatal week, presynaptic kainate receptors at MF – CA3 pyramidal

cell synapses inhibit glutamate release, potentially via a G-protein and PKC-dependent

mechanism (Lauri et al., 2005). In contrast, at MF terminals onto CA3 interneurons

in the stratum lucidum, presynaptic kainate receptors facilitate release via a G-protein-

independent mechanism (Lauri et al., 2005). A similar orientation of inhibition and

excitation to principal and interneuron cells, respectively, also occurs at the Schaffer
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collateral terminals. In addition to their presence at boutons which contact interneurons,

presynaptic kainate receptors are also present at varicosities that synapse directly onto

CA1 pyramidal cells. However, they do not mediate the same short-term facilitation seen

at somatostatin-containing interneuron synapses. In fact, at CA3 – CA1 boutons, kainate

receptors inhibit glutamate release (Kamiya and Ozawa, 1998; Frerking et al., 2001; Lauri

et al., 2006; Partovi and Frerking, 2006). The reason for the difference is not clear but

may reflect receptor subunit compositions. Sun et al. (2009) suggested the enhanced p

at synapses onto somatostatin-containing interneurons results from Ca2+ entry through

GluK1/2 heteromeric kainate receptors, whereas at the C3 – CA1 synapse, whilst GluK1

is present (Lauri et al., 2006; Partovi and Frerking, 2006), the inhibition could result from

heteromeric assembly with subunits other than GluK2, or even homomeric assembly of

GluK1.

Heterogeneity in subunit composition of presynaptic ionotropic receptors with target

neuron selectivity is not without precedent. In the cerebellar molecular layer for example,

presynaptic AMPARs are present upon axonal boutons of MLIs. Boutons which contact

other MLIs predominantly lack the GluA2 subunit and thus are Ca2+ permeable, whereas

AMPARs at presynaptic sites which contact Purkinje cells contain the edited GluA2

subunit and are thus Ca2+ impermeable (Rossi et al., 2008) (Table 1.1).

1.5.5 | Metabotropic receptors can exert substantial control over

iGluR activity

Presynaptic iGluR control of neurotransmitter release does not occur in isolation. In

the majority of presynaptic axonal varicosities studied there are multiple combinations

of ionotropic and metabotropic receptors present. A number of reports have described

how metabotropic receptors can influence presynaptic iGluR activity, even changing

the direction in which iGluRs modulate release. In the hypothalamus, glutamatergic

projections from the SON contain presynaptic, GluK1-containing, kainate autoreceptors

that facilitate and inhibit transmission onto oxytocin and vasopressin containing neurons,

respectively (Bonfardin et al., 2012). The inter-bouton, target neuron-specific, hetero-

geneity was not due to differences in presynaptic kainate receptor properties but due to
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selective functional coupling with presynaptic κ-opioid receptors. Following glutamate re-

lease, postsynaptic kainate receptors were also activated on oxytocin and vasopressin con-

taining neurons, however as only vasopressin neurons express GluK1-containing kainate

receptors, a Ca2+-mediated mobilisation of dynorphin occurred within vasopressin but not

oxytocin neurons (Bonfardin et al., 2012). The retrograde release of dynorphin activated

κ-opioid receptors on axonal boutons synapsing upon vasopressin neurons, and through a

metabotropic mechanism, occluded the presynaptic kainate receptor-mediated augmented

release (Bonfardin et al., 2012). Thus, presynaptic iGluR control over p is subject to the

variable activity of other receptors.

Heterogeneity in the regulation of presynaptic iGluR activity by neighbouring metabotropic

receptors offers further dynanism in the control of CA1 pyramidal cell firing. Gluta-

mate released from Schaffer collaterals activates presynaptic GluK1-containing kainate

receptors at terminals of stratum radiatum interneurons. Strangely, such activation

has reported to both enhance (Jiang et al., 2001), and inhibit GABA release onto CA1

pyramidal cells (Min et al., 1999). Lourenço et al. (2010) recently provide evidence that

the discrepancy in feedforward inhibition or facilitation mediated by presynaptic kainate

receptors depends on the presence of the presynaptic metabotropic endocannabinoid

1 receptor (CB1R). In addition to activating presynaptic kainate receptors, glutamate

released onto CA1 pyramidal dendrites concomitantly activated postsynaptic mGluRs-1

and -5 to induce retrograde release of the endocannabinoid 2-arachidonoylglycerol. At

a subpopulation of CA1 interneurons which did not express CB1Rs at their terminals,

presynaptic kainate receptors functioned to depolarise the axon terminal and facilitate

inhibitory transmission onto CA1 pyramidal cells. Alternatively, at the axon terminals of

the cholecystokinin-containing family of basket cells which co-express CB1 and kainate

receptors, CB1R activation overrode the kainate receptor-mediated facilitation to inhibit

GABA release (Lourenço et al., 2010). However, contrary to these findings, another

study found that application of CB1R antagonists did not affect the presynaptic kainate-

mediated inhibition of release from cholecystokinin-containing interneurons (Daw et al.,

2010). Further validation of the CB1R influence over presynaptic kainate receptors at

these synapses may be required.
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Functional coupling between presynaptic CB1 and NMDA receptors has also been demon-

strated within the cortex, where the coincident activity of presynaptic CB1R and NMDA

auto-receptors on layer 5 pyramidal cell terminals resulted in a long term reduction of

glutamate release (Sjöström et al., 2003). In consideration of the recent paper reporting

heterogenous expression of presynaptic NMDA receptors at layer 5 pyramidal axonal bou-

tons (Buchanan et al., 2012), the functional coupling between CB1 and NMDA receptors

necessary for long term depression could be rationally assumed to occur with a similar

target neuron specificity. However, this interpretation may be rather simplistic as the

distribution of presynaptic CB1Rs may also differ between axonal boutons, independently

of presynaptic NMDARs.

1.6 | The cerebellum

The thesis specifically concerns presynaptic AMPARs which occur at the terminals of

MLIs in the cerebellum. This structure, whose name originated as a diminutive form of

the word ‘cerebrum’, sits at the base of the brain, and is evolutionary conserved in all

vertebrates (Bell, 2002) - though there is debate about its presence in the pacific hagfish

and it has a very limited size in lamprey (Bell, 2002). The cerebellum is believed to

coordinate movement and balance through the timing of its signals to other areas of the

CNS (Dean et al., 2009).

The external anatomy of the cerebellum varies between vertebrates but in birds and

mammals it is extensively foliated (Voogd and Glickstein, 1998). In mammals the cere-

bellum is symmetrical about the midline, with two hemispheres either side of the central

longitudinal vermis (Larsell, 1952). The cerebellum can be divided rostrocaudally into

zones, distinguished by fissures which mark where the cerebellar cortex folds into lobes

(Larsell, 1952) (Figure 1.8 A). Lobes I-V form the anterior zone, lobe VI corresponds to

the central zone anterior (VI), central zone posterior refers to lobe VII, posterior zone

consists of lobes VIII-IX, and the nodular zone is also known as lobe X. Along with the

flocculus lobe, the nodular zone is more closely associated with the vestibular system

compared with the rest of the cerebellum (Voogd et al., 1996).
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The lobes arise from a folded homogenous layer structure which is comprised of the

white matter layer, the granule cell layer, the Purkinje cell layer and the molecular layer

(Figure 1.8 B and C ). The layers are distinguished by cell type and are connected by

a well characterised neuronal circuit that is repeated in an adjacent fashion (Eccles,

1967). For mammals, the different types and morphologies of neurons were revealed in

detail by Ramón y Cajal, who used the sparse Golgi stain to identify individual cells

(Carlos and Borrell, 2007). This repeating microcircuit is described in Figure 1.8 C and

involves input from specific regions of the brainstem to the cerebellar cortex. Two forms

of excitatory input converge on Purkinje cells, the principal cell type in the cerebellum;

direct climbing fibre synaptic connections, and mossy fibre input relayed through granule

cells. The GABAergic Purkinje cells provide the only output of the cerebellar cortex by

sending axonal projections to the deep cerebellar nuclei. The response of Purkinje cells

to excitatory input is modulated by inhibitory interneurons.

1.6.1 | A climbing fibre powerfully innervates a single Purkinje

cell

The cerebellum receives two myelinated afferents, the climbing and mossy fibre. The

climbing fibre originates from the inferior olivary nucleus, which lies in the lower half of

the brainstem within the medulla oblongata and receives input from the spinal cord, the

brainstem and the motor cortex, amongst other areas (De-Zeeuw et al., 1998). Olivocere-

bellar fibres project from cells within this nucleus and generally ascend contralaterally

through the hilum to the cerebellum predominately via the inferior peduncle (Sotelo,

2004), though a small component of fibres can alternatively innervate the cerebellum

ipsilaterally (Sugihara et al., 1999). In the cerebellum, olivocerebellar fibres extend to

the vermis and hemispheres (Figure 1.8 A) where they are termed climbing fibres (De-

Zeeuw et al., 1998). A single climbing fibre initially branches approximately ∼10 times

in a narrow rostocaudal plane of the cerebellum (Sugihara et al., 2001). An individual

branch either forms direct synapses with the neurons in the cerebellar nuclei, or more

frequently, climbs to innervate a Purkinje cell (Sugihara et al., 2001).

The climbing fibre is perhaps the defining feature of the cerebellum, which differentiates
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Figure 1.8: An overview of gross rodent cerebellar structure and the cerebellar

microcircuit

(A) Anterior (left) and posterior (right) views of the whole rodent cerebellum reveals the

structurally segregated vermis, hemispheres, flocculus and paraflocculus. Cerebellar lobules are

indicated with Roman numerals I-X. The estimated transverse zones of the vermis AZ, CZ, PZ and

NZ correspond to the anterior zone, central zone, posterior zone, and nodular zone, respectively.
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Figure 1.8 continued: (B) Sagittal section of the cerebellar vermis demonstrating the

arrangement of lobules, Roman numerals correspond to A. (C ) A zoomed in window of the

sagittal section in B schematically represents the cellular microcircuit of the cerebellar cortex.

The afferent climbing and mossy fibres inputs, Purkinje cells and interneurons. Both sagittal

and transverse sections are shown. Colours correspond to the layers in B. Figure adapted from a

version provided by Mark Farrant
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it from other cerebellar-like structures such as the dorsal cochlear nucleus in mammals

(Bell, 2002). In the adult, one climbing fibre innervates a single Purkinje cell (Eccles et al.,

1966b). The one to one specificity is determined during the first three postnatal weeks

where many climbing fibres compete to form strong synaptic connections (Hashimoto and

Kano, 2003). The remaining climbing fibre extends from the perisomatic domain to form

around 300 strong connections on the aspiny, proximal dendrites (Crepel et al., 1976;

Hashimoto and Kano, 2003, 2005).

When stimulated, the multiple climbing fibre contacts evoke a multi-peaked action po-

tential in the Purkinje cell that lasts between 2-5 ms occurring, on average, once every

1-5 s (Eccles et al., 1966b). The initial phase of the complex spike results from the

integration of large excitatory postsynaptic conductances, predominantly mediated by

AMPARs, though NMDARs contribute in the adult (Piochon et al., 2007; Renzi et al.,

2007). The depolarisation spreads through the proximal dendrite and is integrated at

the axon initial segment to generate a spike (Stuart and Häusser, 1994). The action

potential not only propagates down the axon but weakly back propagates into the den-

drites (Llinás and Sugimori, 1980; Stuart and Häusser, 1994; Tank et al., 1988). It was

initially thought that the high frequency spikelets which follow the initial depolarisation

reflected back propagating action potentials that activated VGCCs within the dendrites

to produce Ca2+ spikes (Eccles et al., 1966b; Llinás et al., 1968; Llinás and Nicholson,

1971). However, recent studies suggest that the trademark spikelets indicative of the

complex spike originate in the axon (Davie et al., 2008; Schmolesky et al., 2002).

Each individual climbing fibre – Purkinje synapse is, on average, 94 % enclosed by

a glial sheath formed from radial Bergmann fibres (Xu-Friedman et al., 2001). The

glial cell glutamate transporter; excitatory amino-acid transporter (EAAT) 1 and the

neuronal glutamate transporter; EAAT4 are highly expressed in Bergmann glial processes

and extrasynaptic regions surrounding Purkinje neuron dendritic spines, respectively

(Dehnes et al., 1998; Lehre and Danbolt, 1998; Yamada et al., 2000). Following climbing

fibre synaptic transmission, EAAT1 initially predominates to limit glutamate overflow

from the synaptic cleft. During the later stages of transmission, EAAT4 is expected to

remove relatively low concentrations of glutamate escaping from EAAT1-mediated uptake
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(Takayasu et al., 2005, 2006). Despite the high levels of glutamate transporters, multi-

vesicular glutamate release from the climbing fibre (Wadiche and Jahr, 2001), even at low

firing frequencies, can saturate transporters resulting in a high occupancy of postsynaptic

AMPARs and a relatively low clearance rate (Dittman and Regehr, 1998; Silver et al.,

1998). Such phenomena are thought to contribute to the characteristic slow EPSC decay

(Barbour et al., 1994; Harrison and Jahr, 2003; Wadiche and Jahr, 2001). One implication

of the high saturation and low clearance rate of climbing fibre – Purkinje cell synapses, is

that glutamate can spillover and activate non-synaptic receptors. This has been shown for

metabotropic glutamate receptors at perisynaptic Purkinje cell locations within regions

where the density of EAAT4 is low (Dzubay and Otis, 2002; Zhao et al., 1997).

1.6.2 | Cerebellar mossy fibre afferents

In the cerebellum there are between 1 and 4 mossy fibre afferents per Purkinje cell,

which contrasts to the 1:10 ratio for climbing fibres (before branching to innervate single

climbing fibre) (Palkovits et al., 1972). Mossy fibres have multiple origins including the

vestibular nuclei (Kotchabhakdi and Walberg, 1978) and reticular formation (Sugihara

et al., 1999) in the brainstem, as well as the spinal cord (Ji and Hawkes, 1994) and the

pons (Pijpers and Ruigrok, 2006), amongst other areas. The fibres enter the cerebellum

through either one of the inferior, middle or superior peduncles to innervate both the deep

cerebellar nuclei and granule cells (Shinoda et al., 1992) (Figure 1.8 C ). An individual

mossy fibre repetitively branches so to provide glutamatergic innervation to ∼400 granule

cells (Eccles et al., 1967). Transmission occurs from large rosette-shaped terminals that

occur at intervals of 20-80 µm along the mossy fibre (Palay and Chan-Palay, 1974). Each

terminal forms up to fifty synaptic connections (Hámori and Somogyi, 1983) within a glial

enclosed glomerulus. Many granule cells contribute one of their four claw-like dendrites to

a mossy fibre terminal, responding to glutamate from between 1-10 release sites (Jakab

and Hámori, 1988). The close proximity of active zones allows for spillover between

adjacent release sites (DiGregorio et al., 2002). From quantal analysis, a single active

zone within the mossy fibre bouton contains just 1 or 2 vesicles available for release with

a probability of approximately 0.5 (Delvendahl et al., 2013). It is thought that the reason
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why mossy fibre boutons can reliably respond to high frequencies of stimulation (Rancz

et al., 2007) is due to the large number of reserve vesicles (∼ 300 per release site) which

are rapidly docked at the active zone (Saviane and Silver, 2006). The release of glutamate

from just a few mossy fibre inputs is able to induce a burst of spikes in the granule cells

(Chadderton et al., 2004; Rancz et al., 2007).

The activity of granule cells is not only controlled by mossy fibre input, but is regulated by

the GABAergic Golgi cells (Eccles et al., 1964). These interneurons reside in the granule

cell layer where they receive input from mossy fibre boutons within the glomerulus, in

addition to parallel fibre input at their ascending dendrites in the molecular layer (Eccles

et al., 1966a). Though sparsely distributed in the granule cell layer, they can individually

inhibit ∼100,000 granule cells either through direct synaptic connections on granule cell

dendrites (Bisti et al., 1971; Kaneda et al., 1995), via spillover of GABA (Rossi and

Hamann, 1998), or through the tonic activation of α6 subunit-containing GABAARs

present in granule cells (Brickley et al., 1996; Wall and Usowicz, 1997).

The ascending axons of granule cells project into the molecular layer to form synapses

at Purkinje cell dendritic spines. The parallel fibre bifurcates in the molecular layer and

extends coronally for approximately 5 mm (Figure 1.8 C ). It is thought that ∼20% of

synapses onto Purkinje cells are formed by the ascending parallel fibre (Gundappa-Sulur

et al., 1999), and the remaining synapses are made by the bifurcated axons which run

perpendicular to the sagittally orientated planar Purkinje cell dendrites (Harvey and

Napper, 1991).

Each parallel fibre is thought to make 1, and sometimes 2, connections with every second

or third Purkinje cell dendrite it passes (Napper and Harvey, 1988), though 85% of such

synapses are thought to be silent, i.e. with no functional AMPARs (Isope and Barbour,

2002). The combined population of parallel fibres that bisect a single Purkinje cell can

form in the region of 170,000 excitatory synapses (Harvey and Napper, 1991).

At those synapses which are not silent, the fast excitatory responses at Purkinje cell

spines are soley mediated by AMPARs, without any contribution of NMDARs (Llano

et al., 1991; Perkel et al., 1990). In addition to AMPARs, repetitive stimulation of

parallel fibres can also activate mGluRs (Batchelor et al., 1994; Takechi et al., 1998),
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Due to the AMPAR-mediated currents (∼ 2-60 pA) produced at individual synapses, the

activity of approximately 50 parallel fibres is required to initiate a single ‘simple’ spike in

the Purkinje cell (Barbour, 1993).

1.6.3 | Purkinje cells provide the sole output from the

cerebellum

The GABAergic Purkinje cells integrate excitation from parallel and climbing fibres to

produce a firing rate code which represents the entire output of the cerebellar cortex.

Purkinje cells have a large cell soma (20-40 µm) with a single proximal dendrite that

repeatedly branches in a planar manner (Fujishima et al., 2012). Much like the aerial

plan of a tree is optimised to collect the most sunlight, the extensive arborisations of the

dendritic tree do not overlap within the sagittal axis, in respect to the perpendicular flow

of parallel fibres (Napper and Harvey, 1988). Purkinje cell dendrites integrate information

from both parallel and climbing fibre inputs, which are regulated by the active generation

of Ca2+-mediated action potentials in the dendrites (Llinás and Sugimori, 1980). Recently,

it was found that dendritic spikes have a bipolar effect on parallel fibre input, enhancing

somatic firing following brief parallel fibre firing, yet reducing the synaptic gain for

prolonged bursts (Rancz and Häusser, 2010).

Purkinje cells sit shoulder to shoulder and each send a single axon from the base of

their soma down through the granule cell layer. The long axonal projections form the

sole output of the cerebellar cortex, inhibiting target neurons within the deep cerebellar

nuclei (Ito et al., 1964). The precise location of the efferents correspond topographically

to the sagittal position of the Purkinje cell in the cerebellar cortex. Pukinje cells located

in the vermis, paravermis and hemispheres predominately project to the medial fastigial,

interpositus (combination of emboliform and globose nuclei) and lateral dentate nuclei,

respectively (Larsell, 1952). The Purkinje cell axons not only project to the deep cerebel-

lar nuclei but also branch to form recurrent collaterals onto neighbouring Purkinje, basket

and Golgi cells upto 300 µm away (Larramendi and Lemkey-Johnston, 1970) where they

form ganglionic plexuses above and below the Purkinje cell layer.

As described above, Purkinje cell spiking occurs in two forms, parallel fibre activity evokes

83



Introduction

a Na+-mediated ‘simple spike’, whereas climbing fibre stimulation produces widespread

Ca2+ entry in the dendrites to trigger the multi-peaked complex spike (Llinás and Sug-

imori, 1980). In awake and anaesthetised animals Purkinje cells oscillate between hy-

perpolarised potentials where cells are silent, and a depolarised state of regular action

potential firing (Llinás and Sugimori, 1980; Loewenstein et al., 2005).

Purkinje cells regularly fire spontaneous action potentials, and, unusually for a principle

cell in the mammalian CNS, exhibit high firing frequencies (Bell and Grimm, 1969; Thach,

1968). This is believed to be possible due to the rapid repolarisation properties of Kv3

channels expressed in the axon, which narrow the action potential width (Ishikawa et al.,

2003; McKay and Turner, 2004; Southan and Robertson, 2000), and also a resurgent

Na+ channel current (Raman and Bean, 1997), which speeds recovery from inactivation

(Khaliq et al., 2003). A Purkinje cell typically has an intrinsic simple spike rate of ∼50

Hz. Action potentials resulting from both complex and simple spikes initiate in the distal

region of the axon initial segment (Foust et al., 2010; Palmer et al., 2010). Simple spikes

can occur between the large range of 0 - 400 Hz (Monsivais et al., 2005), albeit with

marked irregularity in vivo (Goossens et al., 2004) compared with in vitro (Häusser and

Clark, 1997). Simple spikes propagate with very few failures up to a frequency of 250 Hz

(Foust et al., 2010), in comparison the individual spikelets within the complex spike can

reach up to ∼500 Hz (Maruta et al., 2007) and can be often lost at axonal branch points

(Foust et al., 2010). The firing of Purkinje cells is subject to inhibition from synaptically

connected molecular layer interneurons.

1.6.4 | Molecular layer interneurons

In the cerebellar cortex, MLIs receive excitation from both afferent cerebellar fibres

to provide spatiotemporal inhibition of Purkinje cells. MLIs have been classified as

either stellate or basket cells depending on their location in the molecular layer, their

characteristic axonal morphologies and the subcellular Purkinje neuron compartment

they synapse upon (Chan-Palay and Palay, 1970, 1972). Stellate cells are found in the

outer two thirds of the molecular layer, and are thought to selectively innervate Purkinje

cell dendrites with ascending and descending axonal collaterals orientated according to

84



Introduction

Bergmann glia scaffolds (Ango et al., 2008). Basket cells are traditionally thought to

reside in the lower third of the molecular layer, close to the Purkinje cell bodies. They are

distinguished from stellate cells by their characteristic axon arborization which surrounds

the base of the Purkinje cell body and forms the characteristic pinceau synapse on the

soma and axon initial segment (Eccles et al., 1966a; Huang et al., 2007). However, findings

that MLIs located in the upper two thirds of the molecular layer can also form basket-like

synapses onto Purkinje cell bodies (Sultan and Bower, 1998), and, a paucity of studies

describing functional differences between the two cells, suggest stellate and basket cells

are perhaps more appropriately thought of as a continuum of the same cell (Rakic, 1972;

Schilling et al., 2008; Sultan and Bower, 1998). Rather than the proximity to the Purkinje

cell layer, the probability of finding a somatic basket synapse seems to be positively related

to the depth in the cerebellar slice (Sultan and Bower, 1998).

The separation of basket and stellate cells according to their axonal arborisation occurs

early in their development ∼P3-10 (Carletti and Rossi, 2008). MLIs move from the white

matter into the molecular layer, where they synapse with ∼40 Purkinje cells. Over the

first 3 weeks, cerebellar development occurs predominantly in the rostocaudal plane to

sagittally spread the Purkinje cells. As described in Figure 1.9, those MLIs which arrive in

the molecular layer early have a greater spread of axonal contacts (i.e. basket cells) than

those which arrive much later during development (stellate cells) (Consalez and Hawkes,

2012).

1.6.5 | MLIs are excited by parallel and climbing fibre activity

Due to their high input resistance, MLIs can respond to high frequency granule cell firing

patterns with millisecond precision (Suter and Jaeger, 2004). Initial studies found parallel

fibre stimulation was only capable of eliciting fast, exclusively AMPAR-mediated currents,

whilst NMDARs contributed to the EPSC only when either the frequency or intensity

of stimulation was increased (Carter and Regehr, 2000). The segregation of different

glutamate receptor types into cellular compartments was later found to explain this

observation. Clark and Cull-Candy (2002) demonstrated that glutamatergic transmission

at MLI synapses was solely mediated by AMPARs, whereas NMDARs were likely located
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Figure 1.9: Timing of MLI migration determines axon morphology

Following MLI migration from the white matter layer into the molecular layer, MLIs (black circles)

form synapses with ∼40 Purkinje cells (grey ovals) in relatively close proximity (centre). From

P0 the cerebellum grows in the rostrocaudal axis. Those MLIs cells which migrate early, around

P0, have axonal arbors which extend as the Purkinje cells separate during cerebellar expansion.

Such cells have morphologies typical of basket cells. By comparison the axonal arbours of MLIs

that migrate at later stages of development (P15 for example), exhibit less sagittal extension as

the rate of cerebellar growth slows. Image based on a figure from Consalez and Hawkes (2012).
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at extrasynaptic locations, as they were only activated when a large enough quantity of

glutamate spilled from the synapse. Similarly, mGluR1 was only activated following such

high-intensity glutamate release (Karakossian and Otis, 2004).

Excitatory synapses made by parallel fibre onto MLIs typically exhibit a high number of

failures and generally facilitate following subsequent stimulations (Rancillac and Barbara,

2005). The reliability of glutamatergic transmission is increased with higher frequency

stimulations as generated by granule cells in vivo (Chadderton et al., 2004; Rancillac and

Barbara, 2005).

The synaptic AMPAR subunit composition varies with frequency of parallel fibre stim-

ulation. In juvenile animals, glutamate-evoked synaptic currents are typically mediated

by AMPARs which lack the GluA2 subunit (Clark and Cull-Candy, 2002; Liu and Cull-

Candy, 2000). Repetitive activation of synaptic CP-AMPARs can induce a switch in

the subunit composition of synaptic AMPARs from GluA2-lacking to GluA2-containing

receptors (Liu and Cull-Candy, 2000). Induction of the plasticity either involves the

concomitant activation of mGluR and CP-AMPARs (Kelly et al., 2009) or coincident

activation of extrasynaptic NMDAR and CP-AMPARs (Sun and Liu, 2007). The removal

of CP-AMPARs from the PSD is mediated through disruption of the interaction between

the AMPAR and GRIP1, following PKC phosphorylation of GluA3 (Liu and Cull-Candy,

2005). Meanwhile, the delivery of extrasynaptic CI-AMPARs to the PSD is dependent

on PICK1 and NSF (Gardner et al., 2005).

Climbing fibres come within close apposition with MLI somata (Brown et al., 2012;

Lemkey-Johnston and Larramendi, 1968; Kollo et al., 2006; Sugihara et al., 1999), but gold

labelling of active zones and the PSD, indicative of synaptic connections, has not been

observed (Brown et al., 2012; Kollo et al., 2006). Instead, electrophysiological experiments

suggest climbing fibre – MLI transmission occurs exclusively through glutamate spillover

from the climbing fibre – Purkinje cell synapse (Coddington et al., 2013; Mathews et al.,

2012; Szapiro and Barbour, 2007). Such evidence is consistent with the early observation

that the climbing fibre – MLI transmission elicited weaker responses compared to glu-

tamate release from parallel fibre synapses (Eccles et al., 1966a). The MLI response to

climbing fibre spillover glutamate is mediated through both NMDA and AMPA receptors
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(Coddington et al., 2013).

MLIs may alternatively be excited through non-synaptic means. At MLI somata and

dendrites, the low voltage-activated A-type K+ channels, Kv4, form a complex with

T-type VGCCs and K+ channel-interacting proteins that bind Ca2+ (Anderson et al.,

2010). Kv4 channels mediate the repolarisation phase of the action potential, and through

binding of Ca2+ are activated at relatively hyperpolarised membrane potentials. Corre-

spondingly, Kv4 channels inactivate at low extracellular Ca2+ concentrations (Anderson

et al., 2010). As extracellular Ca2+ concentration drops dramatically following repetitive

parallel (Nicholson et al., 1978) and climbing fibre (Stöckle and ten Bruggencate, 1980)

stimulation, it has been proposed that afferent activity can reduce Kv4 activity to further

enhance MLI excitability (Barmack and Yakhnitsa, 2011).

1.6.6 | Structural and electrophysiological features of MLIs

The mechanism by which MLIs temporally and spatially integrate excitation requires

knowledge of their properties. The standard dimensions of MLIs include a soma diameter

of 7-10 µm in mice (Barmack and Yakhnitsa, 2008; Llano and Gerschenfeld, 1993),

whereas in rats the sizes are slightly larger; 10-15 µm and 8-12 µm for basket and stellate

cells, respectively (Ruigrok et al., 2011). Both forms of MLIs project a relatively short

dendritic field of∼200 µm (Barmack and Yakhnitsa, 2008). Such dendrites are apsiny, and

exhibit few branches that extend with little deviation in the sagittal plane (Barmack and

Yakhnitsa, 2008; Sultan and Bower, 1998). The relatively compact somatodendritic com-

partment suggests MLIs have a high input resistance, which would favour the propensity

of individual glutamate (and GABA) quanta to modulate their firing (Carter and Regehr,

2002). Indeed, an individual granule cell has been shown to evoke MLI firing (Barbour,

1993). Despite their short length, not all conductances in the dendrites are represented

equally at the soma. The thin diameter of MLI dendrites (0.4 µm) (Sultan and Bower,

1998) confers passive cable properties, suitable for sublinear synaptic integration (Rall

et al., 1967; Rinzel and Rall, 1974). Recently, Abrahamsson et al. (2012) demonstrated

a greater filtering of the amplitude and speed of conductances originating further away

from the MLI soma, relative to those generated more proximally.
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Studies reporting the number of MLIs relative to Purkinje cells have ranged from 10:1

(Korbo et al., 1993) to 22.9 ± 1.5 per Purkinje cell (Barmack and Yakhnitsa, 2008).

With a single stellate cell forming an average of 149 synapses (Sultan and Bower, 1998)

onto ∼ 40 Purkinje cells (Consalez and Hawkes, 2012). Each Purkinje cell has previously

been estimated to receive a total of 1500 inhibitory inputs (Jaeger et al., 1997), though

this figure has been more recently raised to 7920 GABAergic synapses (Briatore et al.,

2010).

MLIs spike spontaneously at 0.6-35.5 Hz, with broadly distributed intervals between

spikes (Ruigrok et al., 2011). MLI spiking occurs either at regular intervals (Häusser

and Clark, 1997; Midtgaard, 1992) or, following synaptic input, can occur as jittery

bursts (Mann-Metzer and Yarom, 2002a). Compared with aforementioned recordings

from acute slices, the spiking patterns recorded in vivo show greater irregularity (Jörntell

and Ekerot, 2003). The generation and propagation of action potentials is subject to a

number of conductances in the MLI axon, including a non-inactivating Na+ current which

modulates action potential width (Mann-Metzer and Yarom, 2002b), and a mixed inward

Na+/K+ hyperpolarisation-activated Ih current that may modulate release probability

(Southan et al., 2000).

1.6.7 | MLIs shape Purkinje cell firing

Stimulation of a single MLI has been shown to elicit a brief pause in spontaneous Purkinje

cell firing (Häusser and Clark, 1997). In comparison to a single MLI, the effects of multiple

MLI activity following parallel fibre burst stimulation is more complex. When Purkinje

cells are within a depolarised ‘up state’, MLI population activity acts to reduce Purkinje

cell firing. However, during a hyperpolarised ‘down state’ multiple inhibitory inputs

increase Purkinje cell firing (Oldfield et al., 2010).

The precise form of Purkinje cell inhibition depends on the position and morphology of

MLIs. Those traditionally known as stellate cells predominantly modulate parallel fibre

excitation in local domains of the Purkinje cell dendrites. With very few projections onto

the Purkinje cell soma, stellate cells have very little direct impact on spike output (Vincent

and Marty, 1996). At the dendritic regions that undergo concomitant parallel fibre
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excitation, it has been proposed that inhibition from stellate cells does not result from the

sum of excitatory and inhibitory currents integrated at the soma, but rather the relative

contribution of excitation and inhibition clamps the local dendritic membrane voltage

(Jaeger et al., 1997; Jaeger and Bower, 1999). This clamp modulates the active voltage-

gated Ca2+ and K+ conductances present in Purkinje cell dendrites. MLI inhibition would

increase the propensity for K+ channel openings and thus reduce Ca2+ dependent spikes

resulting from parallel fibre synaptic transmission. An alternative explanation for stellate

mediated inhibition involves a GABAAR-mediated shunting conductance which blocks

the active Ca2+ conductance (Callaway et al., 1995). More often than not the membrane

shunt was observed throughout an extended region of the Purkinje cell dendrite tree,

rather than localised regions (Callaway et al., 1995). This may have reflected excitation

of multiple MLIs, or alternatively, could have involved a more global dendritic membrane

shunt. Recent work found that localised synaptic shunting from multiple Martinotti cell

contacts upon cortical pyramidal cells, produced a spatially protracted membrane shunt

far beyond the synaptic domains (Gidon and Segev, 2012). In comparison to the dendritic

influence of stellate-like MLIs, parallel fibre activation of basket cells produce strong, rapid

and direct modulation of spike output from Purkinje cells at the level of the cell body

and axon initial segment (Donato et al., 2008; Rokni et al., 2007; Sakaba, 2008; Vincent

and Marty, 1996).

MLI activity inhibits Purkinje cells by two distinct circuits. ‘Feed-forward’ inhibition

refers to a local region in a Purkinje cell that is both excited by parallel fibres and

inhibited by MLIs, which experience excitation by the same set of parallel fibres (Brunel

et al., 2004; Eccles et al., 1966). Depending on the timing and spatial organisation of

synapses, as well as the relative strength of MLI – Purkinje cell synaptic transmission,

MLIs will reduce the amplitude and duration of parallel fibre excitation (Mittmann et al.,

2005).

Climbing fibres also promote MLI feed-forward inhibition of Purkinje cells (Callaway

et al., 1995). The climbing fibre-evoked increase in MLI activity produces a pause in

spontaneous firing of Purkinje cells that do not receive the same climbing fibre input,

whereas the increased MLI activity prolongs the pause in complex spike activity in
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Purkinje cells with a common climbing fibre input (Mathews et al., 2012).

In addition to the feed-forward inhibition of Purkinje cells, MLIs can provide lateral

inhibition to Purkinje cells positioned several hundred µms away in the sagittal axis

(Dizon and Khodakhah, 2011). Both stellate and basket cell axons run in the parasagittal

plane, consistent with the rostalcaudal expansion of the cerebellum during development

(Figure 1.9). Due to their differences in axonal arborisation, basket cell terminals are

distributed over a larger sagittal field than stellate cells (Rakic, 1972). Thus, basket cell

mediated lateral inhibition is expected to be distributed over a large longitudinal range

than stellate cells (Dizon and Khodakhah, 2011).

1.6.8 | Presynaptic iGluRs further modulate Purkinje cell

activity

Besides the integration of excitatory inputs from the activation of somatodendritic iGluRs,

MLIs which synapse onto Purkinje cells contain both presynaptic AMPA and NMDA

heteroreceptors (Duguid and Smart, 2004; Duguid et al., 2007; Huang and Bordey, 2004;

Rusakov et al., 2005; Satake et al., 2000, 2006, 2010). Presynaptic AMPARs upon basket

cell boutons function to inhibit GABA release onto Purkinje cells (Satake et al., 2000).

Such inhibition depends on a low concentration of glutamate diffusing from climbing

fibres following saturation of glial and neuronal glutamate transporters, demonstrated

by the competitive low-affinity GluR antagonist, γ-DGG and the non specific glutamate

transporter blocker, TBOA, respectively (Satake et al., 2006). By analysing the distri-

bution of glutamate transporters across cerebellar lobes, Satake et al. (2010) suggested

that glutamate spillover from climbing fibres occurs predominantly in the vicinity of

Purkinje cells where EAAT4 is expressed at relatively low levels. This is despite EAAT4

levels positively correlating with climbing fibre synaptic vesicle number and propensity

for multivesicular release, which suggests glutamate would always spillover, independent

of transporter levels (Paukert et al., 2010). The reduced expression of EAAT4 at the

Purkinje cell soma compared to the dendrites is suggested to explain why basket cell,

but not stellate cell, subtypes of MLIs respond to climbing fibre spillover glutamate (Liu,

2007; Satake et al., 2010).
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In contrast, the facilitatory effects of presynaptic NMDARs on both action potential

driven and spontaneous GABA release at the MLI – Purkinje cell synapse, appear not

to be rely on spillover climbing fibre glutamate (Duguid and Smart, 2004). Instead,

climbing fibre-evoked depolarisation of Purkinje cell dendrites was proposed to produce

a retrograde release of glutamate onto MLI boutons (Duguid and Smart, 2004; Duguid

et al., 2007). However, another group found that climbing fibre glutamate could spill

out of the Purkinje cell synapse and directly activate presynaptic NMDARs following the

saturation of glutamate transporters present within Bergmann glia (Huang and Bordey,

2004), though the effects of blocking glutamate uptake could not be replicated in a later

study (Duguid et al., 2007). Rather than facilitating evoked release, as reported following

retrograde release of glutamate, the activation of presynaptic NMDARs by climbing fibre

spillover glutamate was reported to reduce GABA release onto Purkinje cells (Huang and

Bordey, 2004).

1.6.9 | MLIs form connections with other MLIs

In addition to regulating Purkinje cell output, ∼30-40% of MLI axonal contacts are made

onto other MLIs (Briatore et al., 2010), as well as autaptic connections, which increase

in prevalence from 5% at P12-15 to 26% at P26-49 (Pouzat and Marty, 1998). Though

it was previously suggested that MLIs also synapse onto Golgi interneurons (Dumoulin

et al., 2001), recent evidence suggests this is not the case (Hull and Regehr, 2012).

Each MLI receives synaptic connections from 4.25 MLIs, with a ∼15% probability that

one MLI contacts another. A successful synaptic connection comprises of between 1-4

release sites (Kondo and Marty, 1998) and exhibits a release probability within the range

of 0.1-0.54 (Auger et al., 1998). Consistent with the rostrocaudal development of their

axonal Purkinje cell contacts, it is thought that MLIs only contact other MLIs specifically

from the same sagittally arranged cerebellar microzone they reside in. Indeed in vivo

recordings show inhibitory potentials are only evoked by peripheral input corresponding

to where the mossy fibre originated (Jörntell and Ekerot, 2003). Such contacts are not

necessarily inhibitory, like many other interneurons the reversal potential of GABA in

these cells is relatively depolarised (-58 mV) and lies very close to the resting membrane
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potential (-56.5 mV) (Chavas and Marty, 2003). As a result, in the adult as well as in

the juvenile animals, inhibition from surrounding MLIs produces an almost equal mix

of synapses which confer inhibition, excitation, or synapses with mixed excitatory and

inhibitory actions (Chavas and Marty, 2003).

In addition to chemical transmission, 40% of MLIs form weak electrical connections via

gap junctions (Sotelo and Llinás, 1972); on average to nine other MLIs. The spikelets

which can be recorded in electrically connected MLIs have been proposed to contribute

to their synchronous firing (Mann-Metzer and Yarom, 1999). Such electrical connections

could act to speed or further distribute MLI and Purkinje cell inhibition. Synaptic con-

nections between MLIs may also act to extend the influence from a single climbing fibre.

Recently, Coddington et al. (2013) demonstrated that climbing fibre-evoked excitation

of MLIs produced a prolonged feed-forward inhibition onto MLIs beyond the glutamate

spillover domain. This inhibition thus promotes enhanced activity of Purkinje cells other

than the one initially stimulated.

GABAergic transmission between MLIs is regulated by presynaptic iGluRs, similar to

what is seen at MLI – Purkinje synapses (see 1.6.8). The activation of both AMPARs and

NMDARs increase the frequency of miniature and spontaneous IPSCs in MLIs (Farrant

and Cull-Candy, 1991; Llano et al., 1991; Bureau and Mulle, 1998; Glitsch and Marty,

1999; Liu and Lachamp, 2006; Glitsch, 2008a; Rossi et al., 2008). In addition, NMDAR

activation was further shown to reduce the amplitude, and increase the failure rate of

action potential evoked IPSCs (Glitsch and Marty, 1999). From Ca2+ imaging and

inspection of the evoked autoreceptor/autaptic GABAergic current in MLIs, AMPAR

activation serves to reduce evoked release; for stellate cells this may occur following

spillover from parallel fibres (Liu, 2007; Rossi et al., 2008). Direct recordings from enlarged

boutons of cultured cerebellar interneurons not only demonstrated AMPA and NMDA

receptor mediated currents, but also suggested the presence of kainate receptors on these

boutons, though this remains the only evidence (Fiszman et al., 2005, 2007).
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1.7 | Justification and objectives of thesis

Presynaptic AMPARs modulate neurotransmitter release at a number of synapses in

the CNS, but little is known about their regulation. To date the only information on

presyanptic AMPAR regulation comes from hippocampal/cortical synaptosomal studies,

which suggest their trafficking is subject to interacting proteins similar to those observed

at the PSD. For example, GRIP1 is expressed in cultured hippocampal neuron axons

(Wyszynski et al., 2002), and disrupting interactions between presynaptic GluA2 subunits

and GRIP1, ABP, PICK1 or NSF, significantly decreased AMPAR-mediated modulation

of synaptosomal noradrenaline release (Pittaluga et al., 2006). Evidence for presynaptic

AMPAR regulation implicitly comes from studies which demonstrate their activity can

modulate their properties. For example, AMPAR agonist application upregulated the

GluA-2/-3 fraction of surface AMPARs in synaptosomes (Feligioni et al., 2006), whereas

in hippocampal growth cones GluA-1 and -2 containing AMPARs were actively inter-

nalised upon activation and recruited to the surface upon depolarisation (Schenk et al.,

2003). Such data suggests that classical postsynaptic AMPAR interacting proteins are

expressed at axon terminals, and AMPARs may potentially undergo constitutive recycling

processes resembling those at the PSD. Nonetheless a greater concerted effort in more

physiological preparations is required to fully characterise the regulation of presynaptic

AMPARs.

Transmembrane auxiliary proteins are of great importance for the trafficking and function

of somatodendritic iGluRs (subsection 1.3.2), but their role at presynaptic sites is unclear.

Recent evidence has suggested that presynaptic kainate receptors may not require the

auxiliary subunit NETO1 (Copits and Swanson, 2012; Straub and Tomita, 2012), but

nothing is known regarding the role of auxiliary proteins in the regulation of presynaptic

AMPARs. In MLIs, the TARPs γ-2 and γ-7 regulate somotodendritic AMPAR-mediated

signalling. These interneurons also contain presynaptic AMPARs that modulate the

release of GABA onto Purkinje cells and other MLIs (subsections 1.6.8 and 1.6.9). The

principal aim of the work described in this thesis was to determine whether TARPs

regulate presynaptic AMPARs. To this end, I examined AMPAR-mediated modulation
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of GABA release from MLIs in acute cerebellar slices from wild-type and stg/stg mice

that lack TARP γ-2.
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2 | Methods and Materials

2.1 | Animals

Stargazer (stg/stg) mice were bred from +/stg mice (C57BL/6 background) and identi-

fied according to phenotype - smaller size, head tossing, unsteady gait (Noebels et al.,

1990). In each case, identification was confirmed post-experiment by genotyping using

tail samples from individual mice with primers as illustrated briefly in Figure 2.1 A, and

described in more detail by Letts et al. (1998). Age-matched C57BL/6 wild-type mice

were used as controls. For some experiments where MLIs were imaged, transgenic mice

were used with enhanced green fluorescent protein (eGFP) driven by the promoter for

the 65-kDa isoform of glutamic acid decarboxylase (GAD65).

2.2 | Slice preparation

Sagittal slices were cut from the cerebellar vermis of P10-14 and P20-23 C57BL/6 mice

and P10-14 stg/stg mutant mice, in accordance with UK Animals (Scientific Procedures)

Act 1986. Following anaesthesia with 5% isoflurane (SurgiVet system Model 100), mice

were decapitated, and the brains removed and placed in ice-cold slicing solution. For

most experiments, a slicing solution with partial sucrose replacement was used, which

contained (in mM): 85 NaCl, 2.5 KCl, 0.5 CaCl2, 4 MgCl2, 1.25 NaH2PO4, 25 NaHCO3,

25 glucose, and 64 sucrose (pH 7.4 when bubbled with 95% O2 and 5% CO2) (Geiger

and Jonas, 2000). Alternatively, in some experiments, a Kgluconate solution was used

containing (in mM); 130 Kgluconate, 15 KCl, 0.05 EGTA, 20 HEPES, and 25 glucose,

4 Na-pyruvate with pH adjusted to 7.4 by NaOH. The latter solution was thought to

mimic the intracellular solution, and limit the entry of Ca2+ and other extracellular ions

into cells whose neurites were cut during the slicing procedure (Dugué et al., 2005). 20

µM d-2-amino-5-phosphonopentanoic acid (d-APV) was added to both slicing solutions

to limit glutamate-mediated excitotoxicity. Slices were cut with a vibrating microslicer

(650 V HM; Micron GmbH) either at 250 µm thick for acute slice experiments, or 400
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Figure 2.1: Genotyping of stg/stg animals.

(A) Alignment of primers for stg/stg genotyping polymerase chain reaction. An Early transposon

(ETn) retrotransposon insertion is genetically and physically linked with the stg/stg locus on

mouse chromosome 15. When inserted, both the 3′ and 5′ long terminal repeats (LTR) of the

retrotransposon are amplified. 109F and ETn-OR are the forward and reverse primers respectively

for the the 3′ LTR, whilst the 5′ LTR is amplified using JS167 as a forward primer and E/Ht7 as a

reverse primer. In wild-type (Wt) animals, the retrotransposon is not inserted and the wild-type

intron is amplified using 109F as a forward primer and E/Ht7 as a reverse primer. (B) Detection

of the stg/stg allele using gel electrophoresis of the genotyping PCR product. Lane 1 and 2

show the presence of the 5′ LTR and 3′ LTR bands, respectively. Lane 3 shows the absence of a

wild-type intron band and Lane 4 is the ladder. The 3′ and 5′ LTR bands are highlighted with

rectangles and labelled.
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µm thick for mechanical dissociation experiments (see below). Slices were transferred to

a submerged bathing chamber containing extracellular solution (in mM): 125 NaCl, 2.5

KCl, 2 CaCl2, 1 MgCl2, 25 NaHCO3, 1.25 NaH2PO4 and 25 glucose (bubbled with 95%

O2 and 5% CO2), and incubated at 34 °C for 45 minutes prior to recording.

2.3 | Mechanical dissociation of Purkinje cells

Purkinje cells were dissociated from 400 µm sagittal cerebellar slices (prepared as de-

scribed above) using acute vibrodissociation in the absence of enzyme treatment (Akaike

and Moorhouse, 2003; Duguid et al., 2007; Vorobjev, 1991). Slices were placed in a

35 mm culture dish (Nunc) on the stage of a BX51 WI upright microscope (Olympus)

and viewed using oblique infrared illumination with a 4X objective. A fire-polished glass

pipette was mounted in a holder connected to a speaker cone and placed over the Purkinje

cell layer. Horizontal vibration was achieved by driving the speaker with a 4 V, 6 ms

square pulse delivered at 90 Hz (S48 stimulator; Grass). The glass pipette was first

vibrated in an elliptical pattern at the slice surface before being driven through the slice.

The dissociation was performed in a solution containing (in mM): 145 NaCl, 2.5 KCl,

1 CaCl2, 1 MgCl2, 10 glucose and 10 HEPES (pH 7.3 with NaOH). Dissociated cells

were allowed to adhere to the bottom of the dish for 10 minutes before the recording

commenced.

2.4 | Electrophysiology

During recording, cerebellar slices or dissociated cells were continuously perfused with

an extracellular solution containing (in mM): 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2,

1 mM MgCl2, 25 mM NaHCO3, 1.25 mM NaH2PO4 and 25 mM glucose (pH 7.3 when

bubbled with 95% O2 and 5% CO2). In all experiments, 20 µM d-AP5 and 10 µM (2S)-3-

[[(1S)-1-(3,4-dichlorophenyl)ethyl]amino-2-hydro xypropyl](phenylmethyl)phosphinic acid

hydrochloride (CGP 55845) were added to block NMDA and GABAB receptors, re-

spectively. Other drugs used were 1 µM TTX, 20 µM or 40 µM CNQX, 20 µM 2,3-

dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX), 1 or 2 µM (S)-α-
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amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid (AMPA), 50 µM cyclothiazide,

6 µM (S)-N-[4-[[3-[(3-aminopropyl) amino] propyl] amino] butyl]-4-hydroxy-α-[(1-oxo-

butyl)amino] benzenepropanamide tris(trifluoroacetate) salt (philanthotoxin 443, PhTx-

433), 20 µM 2-(3-carboxypropyl)-3-amino-6-(4 methoxyphenyl)pyridazinium bromide (SR

95531), 100 µMEGTA-acetoxymethyl ester (EGTA-AM), 100 µMBAPTA-acetoxymethyl

ester (BAPTA-AM), 100 µM cadmium chloride (CdCl2), 40 µM 1-(4-aminophenyl)-4-

methyl-7,8-methylenedioxy-5H-2,3-benzodiazepine hydrochloride (GYKI 52466) and 1 µM

ω-Agatoxin-IVA (Agatoxin). All drugs, except PhTx-433 and GYKI 52466 (Sigma), were

purchased from Ascent (now Abcam).

2.4.1 | Cell visualisation

Whole-cell patch-clamp recordings were made from the soma of either MLIs or Purkinje

cells. For all recordings, neurons were visually identified with a BX51 WI upright

microscope (Olympus) using a 40× water immersion objective and infrared oblique illu-

mination. Images were acquired with an infrared-sensitive charge-coupled device (CCD)

camera (TILL Photonics, model VX55), and viewed on a video monitor. For fluorescence,

slices were illuminated using a Polychrome II monochromator (TILL Photonics, model

Polychrome V) controlled by Poly Con 3.0 software, and images were captured using a

Rolera-XR CCD camera and Q Capture Pro 6.0 software (Q-imaging).

2.4.2 | Patch pipettes

For MLIs, patch pipettes were made from thick-walled borosilicate glass (GC-150F;

Clark Electromedical) and fire polished to a resistance of 5-10 MΩ. For Purkinje cell

recordings, patch pipettes were made from thin-walled borosilicate glass (G150TF-3;

Warner Instruments) and fire polished to a resistance of 3.5-6 MΩ. All patch pipettes

were coated with Sylgard resin (Dow Corning 184) to reduce pipette capacitance. To

clean and smooth the tip of the glass that forms the seal with the cell membrane, patch

pipettes were lightly fire polished with a MF-83 microforge (Narishige).

Patch pipettes were filled with ‘internal’ solution, which was filtered with a Minisart RC4
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0.22 µm filter (Sartorius Stedium Biotech) before being applied through a MicroFil 28

gauge micropipette (World Precision Instruments). Pipette glass contained a filament to

facilitate capillary flow of solution to the pipette tip. For most voltage-clamp recordings,

the internal solution contained (in mM): 128 CsCl, 10 HEPES, 10 EGTA, 10 TEACl, 2

MgATP, 1 CaCl2 and 2 NaCl, (pH 7.4 with CsOH, final osmolarity ∼285 mOsmol/l), and

the holding potential was set at –70 mV. For Purkinje cell recordings involving climbing

fibre stimulation, the internal solution contained (in mM): 150 Kgluconate, 10 HEPES,

1 EGTA, 4 MgATP, 0.1 CaCl2, 4.6 MgCl2 and 0.4 NaATP (pH 7.4 with KOH, final

osmolarity ∼285 mOsmol/l) and the cells were held at –30 mV. The same internal solution

was used for current-clamp recordings from MLIs.

Within each electrophysiological recording, the bath and pipette electrodes were placed

within solutions of different ionic compositions, thus providing an additional source of

potential difference, termed the liquid junction potential. When uncorrected, the junction

potential can obscure true measures of membrane voltage. The junction potential depends

on the difference in ionic charge between the internal and external solutions as well as the

relative size of the individual ions, which influences their mobility. Junction potentials

were calculated using the junction potential calculator tool within pClamp 10 software

(Molecular Devices). When using the CsCl voltage-clamp internal the junction potential

was –2.6 mV, whereas for the Kgluconate current-clamp internal it was much higher at

–14.9. Neither values were corrected for in the reported values of membrane voltage.

The patch pipette was secured in a DB-P-1.5G electrode holder (G23 Instruments), which

was connected to an Axon Instruments CV-7B current- and voltage-clamp headstage of a

Multiclamp 700B patch-clamp amplifier (Molecular Devices). The headstage was mounted

on a PatchStar motorised micromanipulator (Scientifica). Recordings were filtered at 3

kHz using a 8-pole low-pass digital Bessel, and digitised at 10 kHz using a Digidata 1440A

interface and pClamp 10 software (Molecular Devices). Experiments were performed at

room temperature (20-25 °C).
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2.4.3 | Seal formation and rupture

The seal formation between the pipette and the cell membrane was judged according to

electrode resistance, which was monitored by measuring the current transient elicited by

a 10 mV hyperpolarising voltage step applied every 33 ms. Between 20-40 mbar positive

pressure was applied to the pipette during transition through the air-water interface. The

pipette was lowered to the level of the slice and the positive presure was then released

to zero the pipette voltage offset, before being reapplied to aid seal formation. When

an expanding dimple in the cell membrane was observed, positive pressure was released

and negative pressure applied until a GΩ seal was achieved, the holding potential was

slowly bought from 0 mV to –70 mV to aid seal formation. The pipette capacitance was

corrected (see below), before a slow ramp of negative pressure was applied to rupture the

membrane and provide electrical access to the neruon.

2.4.4 | Recording in the whole-cell voltage-clamp configuration

Continuous single electrode voltage-clamp was used to record current from MLIs and

Purkinje cells. The technique relies on a current-following operational amplifier in the

headstage that maintains a set potential difference between the pipette and bath elec-

trodes by injecting current proportional, and with a reversed polarity, to fluctuations in

the membrane current. Changes in membrane current are measured as the voltage drop

across a feedback resistor.

The membrane acts as a capacitor that requires charging. The combination of the pipette

resistance and the whole cell capacitance produces a low pass filter effect that if left alone

slows the speed of fluctuations in membrane current, as well as current injection from the

amplifier, with a time constant equal to the product of the whole-cell capacitance (Cm)

and series resistance (Re):

τ = ReCm (2.1)

Pipette and whole-cell capacitive transients were cancelled from the recording through
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adjusting amplifier circuits which consist of a variable resistor and capacitor in series.

In voltage-clamp amplifiers, the arrangement of this circuit in parallel to the operational

amplifier provides an alternative path for the capacity current to preferentially charge. As

the pipette and whole-cell capacitances are measured prior to each recording, the parallel

circuit removes a current equal to the capacitive transients, leaving the current recorded

at the inverting node of the amplifier uncontaminated. Pipette capacitance was cancelled

prior to patch rupture.

Following the cancellation of the whole-cell capacitance, it was necessary to compensate

for series resistance The series resistance of a voltage-clamp recording refers to the resis-

tance at the patch pipette tip when in the whole-cell mode. For MLI and Purkinje cell

recordings, the series resistance was typically between 10 and 20 MΩ. The series resistance

is usually larger than the pipette resistance, due to intracellular debris that partially

occludes the pipette. Voltage errors arise from the pipette resistance being in series with

the membrane resistance. The resulting voltage drop across the series and membrane

resistance means that command voltages would be insufficiently conveyed to the cell,

and currents originating from the cell would be reduced in amplitude at the amplifier.

Another consequence of series resistance, is the temporal filtering of current. In equation

2.2, the τ of the capacitive transient is subject to the series resistance. By reducing the

series resistance it is possible to increase the accuracy of current kinetics.

I compensated for series resistance by adjusting the ‘correction’ positive feedback circuit in

the headstage. The positive feedback circuit introduces an additional current into the cell.

As current and resistance are inversely related according to Ohm’s law, the ‘correction’

effectively reduces the series resistance. The amount of current injected by the amplifier

was adjusted as a percentage of the pipette resistance, previously calculated prior to seal

formation. To adjust the correction, the ReCm cancellation circuit was turned off, so the

correction circuit, which reacts to current flowing in the recording circuit is responding

to the accurate capacitive current. I applied as much correction as possible before a

squaring or overshoot of the capacitive current was observed. Typically, the value was

between 50-80%. Recordings were rejected if the series resistance increased above 30 MΩ

or altered by >30%.
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2.4.5 | Whole cell current-clamp recordings

In some MLI recordings, once electrical access had been achieved, I switched to current-

clamp to record the resting membrane potential. Loading of the pipette capacitance by

the cell can both slow fluctuations in the recorded membrane potential and can alter cell

behaviour. To avoid these unnecessary filtering and loading errors, a positive feedback

capacitance neutralisation circuit in the amplifier was tuned to inject additional current

required to charge the pipette capacitance.

2.4.6 | Space-clamp issues

Voltage-clamp is spatially limited within non-spherical cells such as neurons. The cable

properties of dendrites and axons dramatically filter and distort the kinetics and amplitude

of currents from locations distal to the soma, and in addition, limit the volume over which

current injection effectively maintains the holding potential. Consistent with modelling

studies (Spruston et al., 1993), experimental data from cortical pyramidal cells suggests

somatic voltage-clamp is greatly attenuated over distance, to a degree where only the

perisomatic domain is sufficiently clamped for faithful measurement of fast synaptic

currents (Williams and Mitchell, 2008). By recording at the soma, and injecting a

conductance at dendritic locations, Williams and Mitchell (2008) showed that only ∼ 50%

of a postsynaptic current amplitude was recorded when the conductance was positioned

60 µm away from the soma. The inadequate space-clamp limits the ability of somatic

recording to clamp the voltage of dendrites and axons at the holding potential. Indeed, the

escape of voltage rapidly increased with distance, and was almost completely attenuated

at locations 200 µm from the soma (Williams and Mitchell, 2008).

The problem of space-clamp applies to the electrophysiological recordings of MLIs and

Purkinje cells described in this thesis. MLIs are relatively compact compared to the

Purkinje cell, with short dendrites and few branch points. Due to their electronic com-

pactness, they are often thought to be ideally suited for electrophysiological recordings.

However, Abrahamsson et al. (2012) recently demonstrated that adult stellate cells exhibit

a distance-dependent filtering of postsynaptic currents to reduce amplitude and slow
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kinetics. Most MLI recordings in this thesis were conducted in P10-14 MLIs; their smaller

size may confer greater space-clamp than the adults used in the Abrahamsson et al. (2012)

study. By comparison, even in young animals, Purkinje cells have an extremely large and

branched dendritic tree with a high expression of VGCCs. Due to the large distances,

branch points and leaky membrane, it is likely that synaptic currents originating at a

distance from the soma (i.e. stellate cell synapses) (see subsection 1.6.7) are not accurately

measured, or missed entirely (Roth and Häusser, 2001). Relative to stellate cell inputs,

the amplitude and kinetics of IPSCs originating from basket cells, which synapse onto

Purkinje cell somata, will be more faithfully measured, and thus may contribute a greater

proportion of recorded IPSCs. One advantage of the mechanically dissociated Purkinje

cell preparation, is that the remaining somatic structure, in the absence of the axon and

dendrites, allows for excellent space-clamp (Akaike and Moorhouse, 2003).

2.4.7 | Neuronal stimulation

In slice recordings, IPSCs were evoked using a patch electrode (3-5 MΩ) filled with

extracellular solution and placed in the molecular layer, approximately 100-300 µm from

the recorded Purkinje cell, and in close proximity to the Purkinje cell layer. Paired pulses

of 20 µs duration (10-40 V), separated by 30 ms, were applied at a voltage between 10-40

V. Single IPSCs were evoked in mechanically dissociated Purkinje cells by stimulation

of adherent presynaptic boutons using a patch electrode (4-6 MΩ) filled with external

solution. 1.3 ms current pulses (50-100 µA) were applied with an iontophoretic amplifier

(MVCS-C Iontophoresis system; NPI electronic).

For paired MLI recordings, one cell was recorded in whole-cell voltage-clamp configura-

tion, and from a paired MLI, action potentials were recorded in the cell-attached mode

in current-clamp. The cell-attached pipette was moved from MLI to MLI until paired

action potentials and IPSCs were observed. Loose cell-attached recordings were achieved

with low resistance (3-5 MΩ) thin-walled borosilicate glass patch pipettes containing

extracellular recording solution. Prior to attaining a loose (MΩ) seal on the desired cell,

a separate cell was patched to ‘dirty’ the pipette tip and prevent GΩ seals forming on the

desired cell. No suction was applied during recording, and the electrode potential was
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maintained at bath potential.

2.4.8 | MLI classification

MLIs are sometimes sub-classified as either stellate or basket cells according to their

location in the molecular layer. Stellate cells reside in the outer two thirds of the molecular

layer, whereas basket cells are generally located within the inner third nearest the Purkinje

cell layer. Aside from their different axonal contacts, there appear to be few differences

between the cells, and they are thought to be a spectrum of the same cell type (Sultan

and Bower, 1998). I noted the position in the molecular layer at which each recorded

MLI was located. In different experimental treatments, there was no location-dependent

difference in the drug treatment on normalised mIPSC frequency. Throughout the thesis,

results from stellate and basket cells were therefore pooled, and collectively referred to as

MLIs.

2.5 | Data analysis

2.5.1 | IPSC event detection

All electrophysiological recordings were analysed using Igor Pro 6.10 (Wavemetrics Inc.).

Miniature inhibitory postsynaptic currents (mIPSCs) were detected using a scaled tem-

plate algorithm (Clements and Bekkers, 1997), within Neuromatic 2.6 (http://www.neuro-

matic.thinkrandom.com/). The template was based on rising and decaying exponentials

with time constants that were typically set at 1 and 3 ms, respectively. A 4:1 ratio

between the amplitude of the template and the residual sum of squares was used as the

detection criterion.

For some cells, the records were reanalysed using threshold-based event detection; events

were detected if the peak current crossed the threshold value which was typically set

at 3 times the standard deviation of the background noise (calculated using a one-sided

gaussian fit to an all-point amplitude histogram of the recorded current). Detected events

were then checked by eye. An additional measure of frequency was determined from the
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Figure 2.2: Alternative measures of mIPSC frequency provide consistent results. (A-

C ) Each axis on the three scatter plots describes the frequency of mIPSCs recorded from neurons

in the presence of AMPAR agonists when normalised to their frequency in control. Recordings

from pyramidal cells in V1 layer 2/3 held at a 0 mV holding potential exposed to 1 µM AMPA are

shown in black, pyramidal cells in V1 cortical layer 2/3 held at –70 mV holding potential exposed

to 1 µM AMPA shown in red and MLIs held at –70 mV and exposed to 20 µM CNQX are

illustrated in blue. Scatter plots were constructed to compare the relative changes in frequency

when mIPSC events were detected with three different methods. Normalised mIPSC frequency

for individual cells calculated using a scaled template algorithm was strongly correlated to the

normalised frequency calculated using an average event based template detection system (A; n

= 20, P < 0.0001). Strong correlations were also observed between values of normalised mIPSC

frequency calculated using the scaled template algorithm and the threshold-based system (C ; n

= 20, P < 0.0005), as well as between the average event based and threshold-based systems (B ;

n = 20, P = 0.0004). All data analysed with a Spearman’s rank-order correlation; grey shading

indicates the 99% confidence limits of a linear fit to the data, the fit was removed for clarity.

Norm; normalised, freq; frequency, temp; template
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same reanalysed cells, in which the average mIPSC waveform of the threshold detected

events was used as a template. For individual recordings taken from MLIs or layer V

pyramidal cells in the visual cortex, Figure 2.2 A-C plots the frequency of detected events

in AMPA or CNQX when normalised to their frequency in control values. Normalised

changes in events detected by the scaled template algorithm strongly correlated with the

corresponding normalised frequency of mIPSCs detected using either the average mIPSC

template system (Figure 2.2 A; n = 20, P = 0.0004), or the threshold based detection

approach (Figure 2.2 C ; n = 20, P = 0.0005). The strong agreement between alternative

methods of mIPSC detection provided justification for the use of the scaled template

algorithm to measure frequency changes.

2.5.2 | Measurements of phasic charge transfer

The phasic charge transfer during each recording in TTX was calculated using an auto-

mated procedure (written in Igor Pro). As demonstrated in Figure 2.3 A and B, for each

4 s epoch, an all-point amplitude histogram was generated and fit with a single-sided

Gaussian of the most-positive current values. The peak of the histogram was taken as the

baseline current value. The integral of the section of histogram not fitted by the Gaussian

represents the charge carried by the phasic synaptic events. The total phasic charge was

divided by the recording time, to give a measure of phasic charge s-1. Unlike measurement

of mIPSC frequency, this approach involved no subjective assignment of parameters for

the template, or the subjective selection of the synaptic events themselves.

There a few caveats to acknowledge with this method. Firstly, the phasic charge measure

does not distinguish between mEPSCs and mIPSCs. However as Figure 2.4 illustrates,

mEPSCs were relatively infrequent and small. For example, from a representative MLI

which exhibited a relatively high mEPSC frequency (0.21 Hz), mEPSCs contributed only

1% to the total phasic charge for a ∼3 minute recording (Figure 2.4 D). Furthermore,

when the relative frequency of mEPSCs and mIPSCs is ignored, the smaller amplitudes

and considerably faster decay of mEPSCs compared to mIPSCs (Figure 2.4 C ) results in

a substantially smaller magnitude of phasic charge for individual events. For example,

Figure 2.4 E demonstrates that when the phasic charge for mIPSCs and mEPSCs is

107



Methods and Materials

2000

1500

1000

500

0
-400 -350 -300 -250 -200 -150

4000

3000

2000

1000

0
-400 -350 -300 -250 -200 -150

50 pA

0.5 s

50 pA

0.5 s

! I
whole cell (pA)

Current (pA)

S
am

p
le

s
S
am

p
le

s

Current (pA)

A

B

Control

1 µM AMPA

Norm phasic charge s-1

30107310.7

70

30

10
7

3

1
0.7

N
or

m
 f
re

q 
(s

ca
le

d
 t

em
p
la

te
)

C

 20 µM CNQX P10-14 wild-type
 1 µM AMPA P10-14 wild-type

 20 µM CNQX P20-23 wild-type
 20 µM CNQX P10-14 stg/stg 

 20 µM NBQX P10-14 wild-type 
 1 µM AMPA P10-14 stg/stg  1 µM AMPA P10-14 stg/stg 

 40 µM CNQX + 50 µM CTZ P20-23 wild-type
 40 µM CNQX + 50 µM CTZ P10-14 stg/stg 

 40 µM CNQX + 50 µM CTZ P10-14 wild-type
 40 µM CNQX P10-14 wild-type

Molecular Layer Interneurons

 1 µM AMPA P10-14 wild-type

Purkinje Cells

Figure 2.3: Automated calculation of phasic charge transfer provides an alternative

measure to mIPSC frequency.

(A) All-point amplitude histogram (thick black line) of the current recorded over a 4 s period

from a P12 Purkinje cell (inset black trace). A single-sided Gaussian fit of the right-hand peak of

the histogram (most-positive current values, white) provides an estimate of the baseline current

noise. The peak of the histogram is taken as the zero current value to give the average baseline
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Figure 2.3 continued: (dotted line). The integral (grey) of the histogram not fitted by the

Gaussian represents the current produced by synaptic events. (B) All-point histogram from

the same cell as A, recorded in the presence of 1 µM AMPA. A clearly observable increase in

frequency of synaptic events (inset brown trace) is reflected by the larger area of the histogram

(orange) not fitted by the single sided Guassian. The baseline, calculated from the peak position

of the Gaussian fit was shifted to a more negative value compared to control (∆Iwhole cell = -64.5

pA). (C ) Normalised phasic charge s–1 correlates strongly with normalised frequency, calculated

using the scaled template algorithm (n = 92, P < 0.0001, Spearman’s rank-order correlation; fit

removed for clarity). The key shows from which experimental group cells were taken from. Norm;

normalised, freq; frequency.
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Figure 2.4: Relative contributions of mIPSCs and mEPSCs to total phasic charge.

(A) Representative current record from a MLI in a slice from a P13 mouse (holding potential

–70 mV). The transient inward currents reflect mIPSCs (turquoise) and mEPSCs (green). (B)

Corresponding phasic charge of each event in A indicated with an asterisk. (C ) Expanded sections

of the first two currents asterisked in A. mEPSCs are typically much smaller in amplitude and have

a considerably faster decay. (D) Pie chart demonstrates the relative contribution of mEPSCs and

mIPSCs to phasic charge within a representative ∼3 min recording. From the same recording,

E shows the contribution of mEPSCs and mIPSCs to phasic charge when normalised to the

frequency at which they occurred.
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normalised to their respective frequency, mEPSCs still only contributed 4% to the total

phasic charge. Secondly, this measure does not take into consideration any potential

differences over time in the amplitude of synaptic events. Lastly, when the baseline was

not sufficiently stable, due to an extremely high frequency of events or an unstable seal be-

tween the patch pipette and cell membrane, it was difficult to fit the histogram accurately.

Using shorter or longer epochs for analysis sometimes circumvented this issue. However,

in some acute slice experiments, the frequency of mIPSCs following the application of

1 µM AMPA was too high to allow the baseline current to be identified. Nevertheless,

the phasic charge measure was successfully used for the majority of recordings, and the

normalised phasic charge s-1 correlated strongly with normalised frequency (determined

with a scaled template algorithm) (Figure 2.3 D ; n = 92, p < 0.0001), to provide a useful

alternative measure to mIPSC frequency.

2.5.3 | Parameters of evoked neurotransmitter release

In acute slice experiments where evoked IPSCs were recorded, the paired-pulse ratio

(PPR) was determined by dividing the amplitude of the second evoked IPSC by the

amplitude of the first.

PPR =
amplitude(IPSC)2nd

amplitude(IPSC)1st
(2.2)

Amplitudes were taken and the PPR calculated from individual sweeps before averaged.

The noise-free coefficient of variation (CV) of first evoked IPSCs was calculated according

to the protocol described by Clements (1990), as:

CV =
σ2(IPSC) − σ2(noise)

MeanAmplitude(IPSC)
(2.3)

where σ2(IPSC) and σ2(noise) are the variance of the IPSC and baseline noise, re-

spectively. For this analysis, IPSC amplitudes were taken by subtracting the average

current over a 1 ms period before the IPSC, from the average current over a 1 ms period

that straddled the IPSC peak. The noise was calculated by subtracting the average

current from 1 ms periods separated by the same time as that used to calculate the peak
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amplitude. To increase accuracy noise measurements were made at ten positions along

each baseline record.

2.6 | Statistics

All data are expressed as the mean ± the standard error of the mean (SEM). Data were

not assumed to be normally distributed. For comparisons between two paired data sets,

a Wilcoxon matched-pairs test was used to test for a significance. When normalised, data

was compared to 0 or 1 using a Wilcoxon signed-rank test. Differences between non-paired

data were tested using a Mann-Whitney U-test. Where appropriate, group comparisons of

more than 2 groups were performed using a non-parametric Kruskal-Wallis rank-sum test

followed by selected Mann-Whitney U-tests with Holm’s sequential Bonferroni correction.

Results were considered significant at P < 0.05.

Although often presented as pairwise comparisons in the figures and text, the multiple

groups compared with a Kruskal-Wallis test were spread across different experimental

chapters. Group comparisons were performed only on measures of normalised mIPSC

frequency. For clarity, Table 2.1 describes the individual groups within the different

multiple group comparisons.

Correlations were tested using Spearman’s rank order correlation. Hierarchical cluster

analysis was performed using the DIvisive ANAlysis clustering algorithm (‘Diana’) in the

R package ‘cluster’, and grouping was identified using ‘cutree’. All statistical tests were

carried out using R 2.15.1 (the R Foundation for Statistical Computing; http://www.r-

project.org/) and RStudio IDE 0.96.331 (RStudio, Inc.).
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Table 2.1: Data populations tested for the same continuous distribution using the

Kruskal-Wallis one-way analysis of variance.

3 different analyses of variance on measures of normalised mIPSC frequency were performed

in this thesis. One for different CNQX treatments in MLI recordings, another for the various

experiments involving CNQX treatments in Purkinje cell recordings, and a third for the multiple

experiments that involved AMPA treatment in recordings from mechanically dissociated Purkinje

cells. Within each group, individual rows provide details of the individual conditions and where

in the thesis the data set is referred to.

113



γ-2 regulates quantal GABAergic transmission

3 | TARP γ-2 is required for presynaptic

AMPAR modulation of spontaneous GABA

release

3.1 | Summary

I examined AMPAR-mediated modulation of spontaneous GABA release from cerebellar

MLIs in acute slices from wild-type mice and stg/stg mice, which lack the prototypical

TARP γ-2.

CNQX, which acts as a partial agonist only at TARP-associated AMPARs, increased the

frequency of mIPSCs. This effect was abolished in both stg/stg mice, and in older mice

which are thought to lack presynaptic AMPARs.

In both MLIs and Purkinje cells, application of AMPA increased the frequency of all

mIPSCs, as well as the slow rising, small amplitude ‘pre-mIPSC’ subset of mIPSCs in

MLI recordings. In stg/stg mice, the AMPA-induced increase in mIPSC frequency was

greatly attenuated, but not abolished, whereas no increase in pre-mIPSC frequency was

observed.

Findings in wild-type Purkinje cells were replicated in mechanically dissociated Purkinje

cells with functionally adherent synaptic boutons, demonstrating the presynaptic locus

of modulation. The residual effect of AMPA on mIPSC frequency in stg/stg Purkinje

cells from acute slices was absent in recordings from acutely dissociated stg/stg Purkinje

cells.

The data establish that γ-2 associates with presynaptic AMPARs and is required for

AMPAR-mediated modulation of spontaneous GABA release from MLIs.
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3.2 | Introduction

The analysis of spontaneous synaptic currents (subsection 1.4.4) has been regularly used

as a tool to decipher properties of transmitter release. Traditionally, the frequency of

individual quanta, commonly referred to as miniature postsynaptic currents (mPSCs),

reflects changes in the condition of the presynaptic membrane, whereas changes in their

amplitude reflect properties of the postsynaptic element. At the NMJ, del Castillo and

Katz (1954) originally described the number of released quanta (m) that dictated the size

of the EPP was the product of the number of quanta available for release (N ) and the

probability of release (p):

m = Np (3.1)

Supposing that spontaneous neurotransmitter release is random, and the probability of

release is low, then the probability (P) of observing x number of quantal events over a

given time (i.e. the frequency) can be approximated by Poissonian statistics (del Castillo

and Katz, 1954):

P (x) = exp(−m)
mx

x!
(3.2)

Thus, the frequency of spontaneous events can be explained by m alone, and since it

is likely that most spontaneous events reflect the release of a single quantum (n = 1),

then the probability of observing a mPSC will be solely due to the probability of release.

By recording the frequency of spontaneously occurring events in the absence of action

potential firing, it is possible to indirectly monitor changes in release probability under

different conditions.

The application of pharmacological ligands has revealed a large repertoire of ionotropic

and metabotropic receptors present at presynaptic sites capable of altering the frequency

of mPSCs (Engelman and Macdermott, 2004; Hori et al., 1992; Schicker et al., 2008).

Notably, the increase in mIPSC frequency recorded from Purkinje cells and MLIs follow-

ing application of AMPAR agonists, was taken to suggest the presence of presynaptic
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AMPARs at MLI axonal boutons (Bureau and Mulle, 1998; Rossi et al., 2008). Thus, the

spontaneous release of GABA from MLIs provides an opportunity to investigate the role

of auxiliary subunits on presynaptic AMPAR function.

Following the quantal release of GABA, mIPSCs recorded from both MLIs and Purkinje

cells reflect an increase in Cl- (and HCO3
-) conductance mediated by GABAARs (Farrant

and Kaila, 2007). In general, these pentameric structures can form from two α subunits

(α1-6), two β subunits (β1-3) and either one of the γ1-3, δ, ρ1-3, π, ε, or θ subunits.

Alternatively, GABAARs can consist exclusively of α and β subunits (Mortensen and

Smart, 2006). Each subunit comprises of four TMDs and extracellular N- and C-terminal

domains.

The nineteen subunits in theory allow for a large number of distinct GABAAR subtypes,

with additional diversity coming from alternate splicing, particularly of the genes coding

for α5, β2, β3 and γ2 subunits. In reality, neurons predominantly contain the αβγ or αβδ

permutations, with α1 and γ2 exhibiting a widespread expression in the CNS (Farrant and

Kaila, 2007). In MLIs, a constrained GABAAR subunit expression (Persohn et al., 1992;

Somogyi et al., 1996), and preferential subunit co-assembly (Angelotti and Macdonald,

1993; Tretter et al., 1997), dictate that they exclusively contain the α1β2γ2 form of the

GABAAR. Similarly, GABAARs in Purkinje cells are thought to be limited to the α1β2γ2

and/or α1β3γ2 subtypes (Wisden and Seeburg, 1993). Upon binding of GABA at binding

sites situated at the interface between α and β subunits, the αβγ receptor opens with a

single-channel conductance of ∼ 25-28 pS (Angelotti and Macdonald, 1993), GABAARs

at MLI and Purkinje cell synapses typically have sub-millisecond 20-80% rise times, and

a much slower decay largely dependent on the receptor closing rate and entry and exit

from desensitised states (Farrant and Kaila, 2007),

Cerebellar MLIs have many features that make them a suitable model in which to

study the effects of presynaptic AMPARs on mIPSC frequency. Due to their high input

resistance and short dendrites, MLIs are thought of as ‘electrically compact’. In addition,

MLIs can produce large amplitude inhibitory currents (Llano et al., 2000; Nusser et al.,

1997). Such features confer a favourable signal to noise ratio, reducing the likelihood

that small amplitude currents are omitted from frequency measurements. Indeed, the
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discovery of a relatively novel subclass of mIPSCs was likely aided by such low recording

noise. Thus, Trigo et al. (2010) found that mIPSCs with a characteristic small amplitude

and slow rise time originated from GABAARs present at axonal sites, which were recorded

somatically following significant passive filtering along the axon cable.

In addition to frequency measurements, mIPSC decay kinetics may provide information

about spontaneous GABA release from MLIs. A subset of MLI – MLI synapses contain

relatively few GABAARs (Nusser et al., 1997). At such individual release sites, quantal

transmission will likely saturate the postsynaptic response leading to small amplitude

mIPSCs with little variation in their amplitude (Nusser et al., 2001). The single-channel

conductance of GABAARs at these synapses, revealed by peak-scaled non-stationary

fluctuation analysis, was unusually high; the overestimation was suggested to arise from

sources of variability in mIPSC decay other than the stochastic gating of the GABAAR

channels. Simulations suggested that changes in GABA release were able to account for

the additional variability in mIPSC decay at small MLI – MLI synapses (Nusser et al.,

2001). Thus, assuming that some small MLI synapses contribute to the mIPSCs observed

in a given recording, an increase in release probability will be expected to prolong the

spatiotemporal profile of GABA concentration and slow the rate of mIPSC decay.

To determine the dependence of TARP-association for presynaptic AMPAR function,

I recorded mIPSCs from MLIs and Purkinje cells. The effects of CNQX, a TARP-

selective partial agonist (Menuz et al., 2007), and those of the full agonist AMPA were

tested in both wild-type mice and stg/stg mice, which lack γ-2. I further considered

differences between the effect of AMPAR activation on spontaneous release at MLI – MLI

and MLI – Purkinje cell synapses, the influence of AMPAR activation on the distinct

mIPSC population described by Trigo et al. (2010), and if the effects on spontaneous

GABA release represent AMPAR activation at presynaptic MLI sites or passive spread

of depolarisation following activation of somatodendritic AMPARs.
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3.3 | Results

3.3.1 | mIPSCs in MLIs

Electrophysiological recordings were taken from MLIs, visually identified based on their

size (8-9 µm), the translucent ‘flattened disc’ appearance of their somata, and their

localisation in the molecular layer (Figure 3.1 A; arrow). Their molecular layer location

can be more clearly observed in Figure 3.1 B, which is an image of a cerebellar lobule

from a transgenic mouse that expressed eGFP driven by the GAD65 promoter, which

selectively, but sparsely, labels interneurons (Brager et al., 2003; Fiszman et al., 2005;

Galarreta et al., 2004). eGFP-GAD65 expression was limited to the molecular layer,

where the somata of basket and stellate cell interneurons are thought to be located.

Golgi and Purkinje cells were typically not strongly labelled in these mice. During seal

formation, spontaneous cell firing was regularly observed (Häusser and Clark, 1997), and

upon gaining electrical access, MLIs exhibited a relatively high input resistance (1-5 GΩ)

and whole-cell capacitance within the range of 10-20 pF. Such characteristic features were

always employed to distinguish MLIs from other potential cells in the molecular layer,

namely Bergmann glial cells and granule cells migrating from the germinal layer. On

occasion where it was possible to fill the MLI with Alexa-594 dye and image with a multi-

photon microscope, the morphology of MLIs could be clearly observed. MLIs exhibited a

short dendritic tree and a pronounced axon, preferentially distributed one side of the MLI

soma that extended for hundreds of µms parallel to the Purkinje cell layer, as originally

described by Chan-Palay and Palay (1972) (Figure 4.1 C ). For the most part, basket and

stellate cells were differentiated based on which third of the molecular layer they resided

in (subsection 2.4.8). Intracellularly filled MLIs allowed for unambiguous distinction

between the two types of MLIs. In comparison to the stellate cell in Figure 3.1 C, which

corresponded to the second type of stellate cell described by Chan-Palay and Palay (1972),

the basket cell in Figure 3.1 D is identified by the horizontally directed axon which gives

rise to the characteristic descending axonal specialisations that form the complex endings

around the axon hillocks and somata of Purkinje cells, referred to as the pinceau (Bishop,

1993) (Figure 3.1 D ; arrow).
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Figure 3.1: Localisation and morphology are distinguishing features of MLIs

(A) Bright field image of a cerebellum with 4X magnification. In the molecular layer, the

pipette tip (arrowed) shows the position of the recorded MLI. Scale bar: 1 mm. (B) 10X

magnification image of a different acutely sliced cerebellar slice from an adult eGFP-GAD65

mouse that illustrates the eGFP-positive neurons are located in the molecular layer but not in

the granule cell layer. Scale bar: 1 mm. (C ) Z-stack image of a stellate cell filled with Alexa-594

dye. Many short dendrites extend from the soma in a radiating and twisted fashion. The axon

runs for > 100 µM and produces ascending and descending varicose collaterals, that are short

relative to that of the basket cell. The molecular and granule cell layers can be differentiated by

their different shade off blue, for clarity they are labelled. ML; molecular layer, PC; Purkinje

cell layer, GC; granule cell layer. Scale bar, 30 µm. (D) Basket cells could be differentiated from

stellate cells based on fluorescence imaging after loading with Alexa–594 during somatic whole cell

recording. The z-projected image shows a soma, the dendritic tree extending predominantly to the

left, and the axon, which from the soma, extends parallel to the Purkinje cell layer, and produces

descending branches that wrap around Purkinje cell bodies contributing to the pericellular basket

and pinceau structures. Scale bar, 20 µm. Labels as in C. Images in C and D were taken with

the help of Dr Emmanuelle Chaigneau.
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To examine spontaneous quantal release, TTX was included in the recording solution to

block voltage gated Na+ channels and thus prevent cell firing. It is unlikely that any

TTX resistant Na+ channels are present in MLIs, as previous studies have reported a

fast-inactivating current, which activated around –55mV, and was completely blocked by

TTX (Llano and Gerschenfeld, 1993; Southan and Robertson, 1998).

Spontaneous inward currents were observed in the presence of 1 µM TTX, 20 µM d-APV

and 10 µM CGP55845 to block Na+ channels, NMDA and GABAB receptors, respectively

(Figure 3.2 A). Such currents were overwhelming GABAegic mIPSCs as they displayed

relatively slow decay kinetics and large amplitudes (Llano and Gerschenfeld, 1993; Nusser

et al., 1997). These characteristic features allowed them to be easily distinguished from

the relatively faster, smaller, and less frequent mEPSCs (Figure 3.2 A, see also Figure

2.4 for quantification in an individual MLI). Such mEPSCs were most likely mediated by

AMPARs as their frequency dramatically reduced following application of CNQX. The

histogram of inter-mIPSC intervals in Figure 3.2B is well described by an exponential

function (smooth purple curve), with a time constant close to the mean inter-event

interval, indicating the random occurrence of mIPSCs and the probabilistic nature of

quantal transmission. It might be interesting to note that mIPSCs recorded from MLIs

are likely to result from a Ca2+-independent random fusion of individual vesicles (Llano

and Gerschenfeld, 1993; Glitsch, 2008b).

A large range of mIPSC amplitudes was observed (Figure 3.2 C ), which typically ex-

hibited a non-symmetrical gaussian distribution skewed towards larger events (Figure

3.2 D) (Nusser et al., 1997). As MLIs are likely to just contain the α1β2γ2 type of

GABAAR (Angelotti and Macdonald, 1993; Nusser et al., 1997; Tretter et al., 1997), the

variability in amplitude is thought to be a function of synaptic area and thus number of

postsynaptic GABAA receptors (Nusser et al., 1997). However, recent data also suggests

the amplitude can depend on the proximity of the synaptic contact to the recording site,

as although short, MLI dendrites are relatively thin and thus passively filter synaptic

currents (Abrahamsson et al., 2012).
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Figure 3.2: mIPSCs occur randomly and exhibit a wide range of amplitudes

(A) Continuous whole-cell voltage-clamp record from a MLI (P14) held at –70 mV, showing

spontaneous inward currents (predominantly mIPSCs and 1 mEPSC). The inset shows the

typically dramatic difference between mIPSC (left) and mEPSC (right) kinetics and amplitudes

(see Figure 2.4 for quantification). (B) Histogram of inter-mIPSC intervals recorded from another

cell (P18). The data are well described by an exponential function (smooth curve) with a time

constant close to the mean frequency. (C ) 33 mIPSCs superimposed show rapid rise and a large

range of amplitudes (–27.3 to –783.8 pA). (D) Amplitude histogram of mIPSCs recorded from the

cell shown in C. The distribution is not Gaussian but is skewed toward larger values. The events

can be distinguished from the baseline noise, illustrated by the black histogram. (E ) Scatter plot

of rise time versus peak amplitude show a L-shaped distribution (same cell as in A).
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3.3.2 | CNQX enhances mIPSC frequency in MLIs

The frequency of MLI mIPSCs is known to increase following application of either the

partial AMPAR agonist domoate (Bureau and Mulle, 1998), or the full agonist AMPA

(Rossi et al., 2008). As either effect was blocked by application of the AMPAR selective

antagonist GYKI 53655, both studies suggested effects were due to the activation of

presynaptic AMPARs and not kainate receptors, which also respond to both agonists. In

slices from P10-14 wild-type mice, mIPSCs recorded from MLIs increased in frequency

following application of 20 µM CNQX (Figure 3.3 A) from 0.54 ± 0.15 Hz to 2.66 ±

0.73 Hz (n = 11; P = 0.00098 Wilcoxon matched-pairs test). Correspondingly, the

phasic charge transfer (see section 2.5.2) was greatly increased by CNQX (Figure 3.3

B ; from 2.27 ± 0.42 pC to 7.24 ± 1.46 pC; P = 0.00098, Wilcoxon matched-pairs

test). This latter measure reflected a change in mIPSCs rather than mEPSCs, as the

recorded currents were overwhelmingly GABAergic and the individual charge conferred

by mEPSCs was relatively insignificant compared to the charge transfer carried by a

typical mIPSC (Figure 2.5). The changes in mIPSC frequency and charge were fully

reversible on washout of CNQX (Figure 3.3 A & B), and occurred without a significant

alteration in amplitude (198.80 ± 25.98 pA and 175.04 ± 20.20 pA; P = 0.58, Wilcoxon

matched-pairs test). Upon treatment with CNQX, the 37% decay time of mIPSCs (re-

selected based on uncontaminated rise and decay kinetics) was significantly increased

from 9.25 ± 0.86 ms to 10.50 ± 1.00 ms (Figure 3.3 D ; n = 11, P = 0.0049, Wilcoxon

matched-pairs test). As the decay of mIPSCs at MLI – MLI synapses is likely to partly

reflect GABA release (Nusser et al., 2001), an increased decay time in the presence of

CNQX is consistent with a greater release of GABA from MLI boutons. Thus, both

the increase in mIPSC frequency, and the slowed rate of mIPSC decay following CNQX

treatment suggest TARP-associated AMPARs increased release probability and prolonged

increased GABA concentrations at MLI – MLI synapses.

Consistent with a role for γ-2-associated AMPARs, CNQX had no effect on mIPSC fre-

quency or phasic charge recorded from stg/stg MLIs (Figure 3.3 D ; normalised frequency,

0.96 ± 0.10, n = 7, P = 0.68; normalised charge 0.95 ± 0.06, P = 0.68). From the age

of P15 it is believed that there is a developmental switch leading to the disappearance
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Figure 3.3: CNQX increases mIPSC frequency in wild-type P10-14 MLIs.

(A & B) Representative current records and phasic charge transfer measurements from a MLI in

a slice from a P10 wild-type mouse obtained before, during (grey), and following application of

20 µM CNQX (dashed lines in B indicate zero charge). (C ) Averaged cumulative probability

histograms from eleven cells; lines and shaded regions represent the averages and SEMs,

respectively. D Plot of 37% decay time against amplitude of P10-14 wild-type cells, before

(black) and after (grey) CNQX application (open circles). Solid circles and error bars illustrate

the average ± SEM from 11 cells. At the bottom and left of each axis is the corresponding average
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Figure 3.3 continued: histogram for each measure in control (black) and CNQX (grey), dotted

lines represent the average values. (E ) Pooled data showing the effects of CNQX on mIPSC

frequency in P10-14 wild-type (Wt) (grey), P20-23 wild-type (blue) and P10-14 stg/stg (red)

MLIs. Box-and-whisker plots indicate the median (line), the 25-75th percentiles (box) and the

10-90th percentiles (whiskers); filled circles and crosses represent individual and mean values,

respectively. *** P <0.001 (Wilcoxon signed-rank test versus one). ### P <0.001, (Mann-

Whitney U-test versus CNQX in P10-14 cells, following a Kruskal-Wallis tests that revealed a

significant effect of the group described in Table 2.1; χ2(4) = 26.9, P = 0.000021).
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of presynaptic AMPARs. Both the increase in mIPSC frequency (Bureau and Mulle,

1998) and Ca2+ transients (Rossi et al., 2008) following AMPAR agonist treatment were

shown to be absent in P19-25 animals. A similar developmental loss of GABAARs was

also reported to occur in MLI axons (Mejia-Gervacio and Marty, 2006; Trigo et al., 2007,

2010). In agreement with this age-dependence, my recordings from older wild-type MLIs

(P20-23) showed no significant effect of CNQX on mIPSC frequency or phasic charge s-1

(normalised frequency and charge, 1.00 ± 0.05 and 1.03 ± 0.08, n = 9; P = 0.22 and 0.71,

respectively). The normalised mIPSC frequency ratio in both stg/stg and P20-23 wild-

type mice was significantly different to that observed for P10-14 wild-type mice (Figure

3.3 E ; P = 0.0002 and 0.00005, respectively, Mann-Whitney U -test). Unlike CNQX,

the related quinoxaline derivative, NBQX (20 µM), which does not act as an AMPAR

partial agonist (Lee et al., 2010b; Menuz et al., 2007), failed to increase mIPSC frequency

or phasic charge s-1 (Figure 3.4 A-C ; normalised values 1.08 ± 0.11 and 0.92 ± 0.11,

respectively; n = 4; both P values = 0.63, Wilcoxon signed-rank test).

3.3.3 | The AMPAR potentiator-dependent effects of CNQX in

Purkinje cells

MLI axons form synaptic contacts not only with other MLIs, but also with Purkinje cells.

I next tested if the TARP regulation of AMPAR-mediated effects on spontaneous release

at MLI – MLI synapses could also be observed at MLI boutons which contact Purkinje

cells. I performed whole-cell voltage-clamp recordings from P10-14 Purkinje cells under

the same conditions used for MLIs (room temperature; addition of 1 µM TTX, 20 µM

d-APV and 10 µM CGP 55845). In contrast to MLI recordings, CNQX (40 µM) failed to

produce a significant change in the frequency of mIPSCs (Figure 3.5 A upper panels, C

& D ; normalised to the control, 1.01 ± 0.05, n = 10, P = 1, Mann-Whitney U -test) but

did increase the phasic charge s-1 (Figure 3.5 A lower panels; ratio to control not shown,

1.19 ± 0.08, n = 10, P = 0.048). The difference in effect between these two measures

could have resulted from the relatively large whole-cell current in response to AMPA.

As the all point histogram used to calculate the phasic charge relies on a stable baseline

to determine the integral of synaptic currents (subsection 2.5.2), this could have caused
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Figure 3.4: NBQX does not alter mIPSC frequency in wild-type P10-14 MLIs.

(A) Representative current records from a P13 wild-type MLI and the corresponding phasic charge

transfer, calculated every 2 seconds over the same time period (bottom panels, dashed line refers

to 0 pC). (B) Cumulative event frequency histograms of the cell in A (black traces; control, blue

trace; 20 µM NBQX). (C ) Pooled data showing the effects of NBQX on mIPSC frequency in

P10-14 wild-type MLIs. Box-and-whisker plots indicate the median (line), the 25-75th percentiles

(box) and the 10-90th percentiles (whiskers); filled circles and crosses represent individual and

mean values, respectively.
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overestimation. When the slices were pre-incubated in the positive AMPAR modulator

cyclothiazide (50 µM), both mIPSC frequency and phasic charge were significantly and

reversibly increased in the presence of CNQX (Figure 3.5 B -D ; normalised to control;

2.48 ± 0.07 and 2.31 ± 0.07, respectively, n = 11, P = 0.001 for both measures). Thus,

a CNQX-induced increase in mIPSC frequency was observed in both MLIs and Purkinje

cells, however the effects of CNQX, in the absence of cyclothiazide, exhibited an inter-

axonal bouton specificity. Consistent with recordings from MLIs, the effect of CNQX was

absent from Purkinje cells in both stg/stg mice (0.98 ± 0.09 relative to control, n = 5, P

= 0.81), and P20-23 wild-type mice (0.91 ± 0.04 relative to control, n = 13, P = 0.094).

The absence of effect in both stg/stg and P20-23 wild-type mice was significantly different

from the CNQX-induced increase in mIPSC frequency observed in P10-14 wild-type mice

(P = 0.0018 and 0.0000040, respectively).

3.3.4 | AMPA-induced changes in mIPSC frequency are reduced in

stg/stg

The abolition of CNQX-evoked potentiation of mIPSC frequency in slices from stg/stg

mice is consistent with the view that presynaptic AMPARs require γ-2 for their normal

trafficking and/or function. Alternatively, the lack of response to CNQX could suggest

that presynaptic AMPARs in stg/stg mice are present, but are either TARPless or

associated with γ-7 (Fukaya et al., 2005; Yamazaki et al., 2010), which does not confer

sensitivity to CNQX (Bats et al., 2012). I therefore examined the effect of the full agonist

AMPA, which would be expected to activate AMPARs irrespective of TARP-association.

Application of 1 µM AMPA increased mIPSC frequency in both wild-type and stg/stg

MLIs (Figure 3.6 A-D ; normalised frequency 16.8 ± 2.7, n = 9, P = 0.004 in wild-type

and 2.0 ± 0.4, n = 14, P = 0.0040 in stg/stg) but the effect was significantly reduced in

the latter (P = 0.0000025) (Figure 3.6 D). A similar differential effect was observed in

Purkinje cell recordings, where mIPSC frequency was increased by ∼10-fold in wild-type

mice but only doubled in stg/stg mice (Figure 3.6 D ; normalised frequency 10.8 ± 2.6

and 1.8 ± 0.2, respectively; n = 10 and P = 0.0020 for both). The effect of AMPA

was significantly reduced in stg/stg Purkinje cells compared to wild-type (P = 0.000022)
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Figure 3.5: CNQX increases mIPSC frequency in Purkinje cells only in the presence

of cyclothiazide.

(A & B) Representative current records from a P13 and P12 wild-type Purkinje cell, respectively

(top panels). Below each current record is the corresponding record of phasic charge transfer,

calculated every 2 seconds (dotted lines represent 0 pC). (C ) Cumulative inter-event interval

histograms for the cells shown in A (dotted lines; right) and B (solid lines; left), black traces;

control, grey traces; 40 µMCNQX. (D) Pooled data showing the effect of 40 µMCNQX on mIPSC

frequency normalised to control values. Box-and-whisker plots indicate the median (line), the 25-
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Figure 3.5 continued: 75th percentiles (box) and the 10-90th percentiles (whiskers); circles and

crosses represent individual and mean values, respectively. ** P <0.01 (Wilcoxon signed-rank

test versus zero). ## and ### indicate P <0.01 and 0.001, respectively (Mann-Whitney U -test

versus CNQX in P10-14 Purkinje cells, following a Kruskal-Wallis test that revealed a significant

effect of group shown in table 2.1; χ2(5) = 38.6, P = 0.00000029).
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(Figure 3.6 D). The significant reduction in (but not abolition of) the effects of AMPA in

cells from stg/stg mice suggests that while a substantial fraction of presynaptic AMPARs

in wild-type MLIs are associated with γ-2, in its absence, presynaptic AMPARs (either

associated with γ-7 or TARPless) remain functional, albeit with a markedly diminished

effect on release.

3.3.5 | AMPA and CNQX increase the frequency of slow rising,

small amplitude mIPSCs in MLIs

To further test the presence of TARP-associated presynaptic AMPARs at MLI axonal

boutons I next measured the frequency of a recently identified class of mIPSCs termed

‘preminis’ (referred to here as ‘pre-mIPSCs’) (Trigo et al., 2010). Within the large range of

mIPSC amplitudes observed in MLIs (Figure 3.2 C & D), the smaller amplitude mIPSCs

often exhibit a varied distribution in rise kinetics (Figure 3.2 E ) (Trigo et al., 2010).

It is suggested that these currents originate from GABAARs in the MLI axon and their

small amplitude and slow rise time result from the passive filtering along the axon (Mejia-

Gervacio et al., 2007; Pouzat and Marty, 1999). Correspondingly, the GABAAR mediated

autoreceptor current, previously identified in these cells, also exhibits a delayed rise time

(Pouzat and Marty, 1999). Positive confirmation of the axonal origin of the small currents

was revealed following photo-release of caged-GABA at axonal sites, which artificially

reproduced currents with similar properties. Moreover, as their frequency was markedly

reduced in axotomised MLIs, it seems likely that the slow rising, small amplitude mIPSCs

in MLIs originate from axonal GABAARs (Trigo et al., 2010).

A representative experiment from a P14 wild-type MLI is illustrated in Figure 3.7, where

mIPSCs (recorded in the presence of TTX, CGP55845 and d-APV) could be separated

by eye into 2 populations; fast rising, large amplitude currents and slow rising, small

amplitude transients (black and light blue currents respectively; Figure 3.7 A & B). The

peak amplitude histogram from a P11 stg/stg MLI shows 2 distinct peaks, the smaller of

which is likely to correspond to pre-mIPSCs (Figure 4.7 C ). When the peak amplitudes of

mIPSCs from the same cell as in C are plotted against their 20-80% rise times, 2 distinct

populations are clearly observed (Figure 3.7 D). Previous studies have separated these
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Figure 3.6: AMPA induced-increase in mIPSC frequency is reduced but not

abolished in stg/stg .

(A) Representative current records from a P14 wild-type MLI (left) and below the corresponding

record of phasic charge transfer, calculated every 4 s. (B & C ) Cumulative inter-event interval

histograms of the individual wild-type MLI in A and an example stg/stg MLI, respectively (black

traces; control, grey traces; 1 µM AMPA). Though the effect was much larger in the wild-type

cell, there was an increase in mIPSC frequency in both examples. (D) Pooled data showing the

increase in mIPSC frequency during application of AMPA in both P10-14 wild-type (grey) and

P10-14 stg/stg (red) MLIs (left) and Purkinje cells (right). Box-and-whisker plots indicate the

median (line), the 25-75th percentiles (box) and the 10-90th percentiles (whiskers); filled circles

and crosses represent individual and mean values, respectively. * P <0.05, ** P <0.01 (Wilcoxon

signed-rank test versus zero). ### P <0.001 P10-14 wild-type versus P10-14 stg/stg (Mann-

Whitney U-test).
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Figure 3.7: Identification of slow rising, small amplitude mIPSCs.

(A) Individual representative mIPSCs recorded from a single P12 wild-type MLI, show a mixture

of large, fast rising, events (black) and low amplitude, slow rising,events (blue). (B) Averages

of the two classes of events recorded from the MLI in A reveals a clear difference in amplitudes,

and within the inset, when normalised to their peak amplitude a relatively slower rise kinetics of

the smaller events. (C ) Peak amplitude histogram showing two components from a P11 stg/stg

mouse. Two populations are apparent. (D) A plot of the 20%-80% rise time of individual events

as a function of peak amplitude from the same MLI as in (C ) shows that small events have a

longer rise time than large events. By comparison, an equivalent rise time versus amplitude plot

of mIPSCs from a P22 wild-type mouse (E ) shows a relatively tight distribution of rise times.
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mIPSCs based on their amplitude, i.e. currents with a peak amplitude of <30 pA have

been considered to be pre-mIPSCs (Trigo et al., 2010; Rossi et al., 2008). I found that the

success of this criterion in identifying slow rising, small amplitude mIPSCs was dependent

on the recording; for example, the quality of the electrical access, and the baseline noise

could shift the amplitude range and thus dictate the appropriateness of this 30 pA point.

Rather, I found cluster analysis to be a more robust method of separation. Although

the user has to stipulate the number of clusters, this method provided greater objectivity

than that of an amplitude cut off. A number of cluster analysis methods were compared,

of which Divisive analysis (DIANA) consistently appeared to be the most appropriate.

The validity of this method is supported by the lack of a pre-mIPSC cluster shown in a

P22 wild-type MLI (Figure 3.7 E ). This is to be expected, as the presence of GABAARs

in MLI axons are thought to disappear following P15 (Mejia-Gervacio and Marty, 2006;

Trigo et al., 2007, 2010), and in addition, provides further support for the axonal origin

of pre-mIPSCs (Trigo et al., 2010).

As demonstrated in Figure 3.8, the frequency of pre-mIPSCs recorded in control con-

ditions from P10-14 MLIs was increased following application of 20 µM CNQX (A;

far left peak of histogram and B ; blue filled circles) and 1 µM AMPA (C ; blue filled

circles). The distribution of amplitudes and rise times shown in Figure 4.8 C provides a

good example of mIPSCs which are not easily separated into ‘normal mIPSC’ and pre-

mIPSC populations due to the high frequency of small amplitude events. Again, in these

cases objective cluster analysis seemed more appropriate than an amplitude cut off point.

Pooled data from 11 cells demonstrated CNQX approximately tripled the frequency of

pre-mIPSCs from 0.05 ± 0.01 Hz to 0.17 ± 0.06 (P = 0.019; Wilcoxon matched-pairs

test), and AMPA increased pre-mIPSC frequency from 0.03 ± 0.01 to 0.65 ± 0.14 (n

= 9, P = 0.012; Wilcoxon matched-pairs test). Under these experimental conditions,

it is likely that the somatodendritic compartment is voltage-clamped, but due to the

spatial constraints of somatic voltage-clamp (Williams and Mitchell, 2008), the axonal

domain is not (Trigo et al., 2010). Thus, any depolarisation resulting from the activation

of somatodendritic AMPARs would be prevented from reaching the axonal boutons.

By contrast, presynaptic AMPAR activation would depolarise the axonal compartment
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through the activation of VGCCs, the resulting increase in GABA release would activate

axonal GABAA autoreceptors to a greater extent and explain the greater frequency of

pre-mIPSCs. In a separate study of MLIs, the finding that NMDA application also

increased pre-mIPSC frequency was similarly argued to exclusively result from axonal

bouton depolarisation, in this case presynaptic NMDA receptors were proposed to elicit

the depolarisation (Rossi et al., 2012).

In slices from P10-14 stg/stg mice, pre-mIPSC frequency did not change following appli-

cation of either 20 µM CNQX (Figure 3.9 A, B & D ; from 0.07 ± 0.02 to 0.07 ± 0.02,

n = 11, P = 0.019), or 1µM AMPA (Figure 3.9 A, B & D ; from 0.05 ± 0.01 to 0.08 ±

0.05, n = 11, P = 0.019). The absence of effect in response to AMPA differs significantly

from the increase in pre-mIPSC frequency in wild-type MLIs observed in Figure 3.6 (P

= 0.0044, Mann-Whitney U -test). Unlike the change in total mIPSC frequency shown

in Figure 3.3, I did not observe a significant effect of AMPA on pre-mIPSC frequency

in stg/stg mice. Thus, the suggestion that a population of AMPARs can function to

modulate GABA release from MLIs without γ-2 does not hold in this experiment, which

instead indicates that presynaptic AMPARs at MLI axonal boutons are completely reliant

on γ-2 for their influence on spontaneous GABA release.

3.3.6 | CNQX-induced depolarisation in MLIs

Thus far my data are consistent with the existence of axonal AMPARs in MLIs that are

associated with γ-2. However, the passive spread of somatodendritic depolarisation into

axonal compartments (Christie et al., 2011; Glitsch and Marty, 1999) is an alternative

mechanism by which AMPAR activation could increase total mIPSC frequency without

requiring the receptors to be presynaptic. Indeed, in current-clamp recordings from P10-

14 wild-type MLIs I found that 20 µM CNQX produced a small somatic depolarisation

(Figure 3.10 A-C ; 4.9 ± 0.1 mV; n = 15). Although of relatively long duration, this is

less that the 20 mV depolarisation identified as being necessary to influence asynchronous

IPSC frequency in paired MLI recordings (Christie et al., 2011). Moreover, I observed

a CNQX-induced depolarisation of 4.8 ± 0.4 mV (Figure 3.10 C ; n = 7) in MLIs from

older mice (P20-23), in which there was no effect of CNQX on mIPSC frequency or phasic
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Figure 3.8: AMPAR activation increases the frequency of slow rising, small

amplitude mIPSCs.

(A) Peak amplitude histogram from a P10 wild-type MLI in control and CNQX conditions. In

both histograms 2 peaks are clearly resolvable, of which, the smaller amplitude peak is likely to

represent a significant population of pre-mIPSCs. In this MLI, CNQX clearly increased both the

total number of mIPSCs, and the number of pre-mIPSCs. (B & C ) Plots of 20-80% rise time

of individual mIPSCs as a function of peak amplitude before (left) and after (right) application

of 20 µM CNQX or 1 µM AMPA in P10-14 MLIs. (D) Pooled data show the frequency of slow

rising, small amplitude mIPSCs is increased following treatment with CNQX or AMPA. Box-and-

whisker plots indicate the median (line), the 25-75th percentiles (box) and the 10-90th percentiles

(whiskers); circles and crosses represent individual and mean values, respectively. * P < 0.05

(Wilcoxon signed-rank test).
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Figure 3.9: CNQX and AMPA induced increase in pre-mIPSC frequency was absent

in stg/stg .

(A & B) Plots of 20-80% rise time of individual events as a function of peak amplitude from

P11 and P10 stg/stg MLIs exposed to CNQX (A) and AMPA (B), respectively. (C ) Pooled

data shows that neither AMPA (2 µM) nor CNQX (20 µM) altered mIPSC frequency. Box-and-

whisker plots indicate the median (line), the 25-75th percentiles (box) and the 10-90th percentiles

(whiskers); circles and crosses represent individual and mean values, respectively. n.s.; non-

significant (P > 0.05, Wilcoxon signed-rank test). (D) A plot of normalised pre-mIPSC frequency

(treatment/control) versus normalised total mIPSC frequency (treatment/control), both measures

plotted on a log scale. Open circles represent individual cells, closed circles and error bars indicate

the average and SEM, respectively. Recordings from wild-type (wt) MLIs show AMPA treatment

induced a relatively greater increase in both pre-mIPSC and mIPSC frequency than did CNQX

(black and grey respectively). Though AMPA induced an increase in total mIPSC frequency in

stg/stg (blue), there was no significant increase in pre-mIPSC frequency. CNQX had no effect on

either measure in stg/stg MLIs (red).
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charge. While the absence of an obligate link between somatodendritic depolarisation and

altered mIPSC frequency could be taken to support a presynaptic locus of AMPARs in

juvenile mice, these data do not address the possibility that this simply reflects age-

dependent changes in the axonal spread of depolarisation. Thus, I next examined the

effects of AMPAR activation in the absence of presynaptic cells, using a ‘nerve-adherent-

bouton’ preparation (Akaike and Moorhouse, 2003).

3.3.7 | AMPA and CNQX increase mIPSC frequency in dissociated

Purkinje cells

Purkinje cells were mechanically dissociated from acute cerebellar slices using a fire

polished pipette attached to a loudspeaker cone that was vibrated at a frequency where the

pipette tip resonated in an elliptical pattern (section 2.3). This enzyme-free mechanical

dissociation isolates and maintains viable cell somata which lack the majority of their

dendritic and axonal process, but still posses functional adherent synaptic boutons (Figure

3.11 A), which spontaneously release GABA (Figure 3.11 B). The preparation avoids

complications arising from synaptically connected cells and from possible changes in

protein distribution and/or function as a result of enzyme treatment or in vitro culture.

Although only used by a few laboratories, by eliminating the influence of presynaptic

cell somatodendritic compartments on release probability, the method allows for greater

accuracy when investigating how processes at presynaptic sites modulate synaptic trans-

mission (Akaike and Moorhouse, 2003).

Purkinje cells were mechanically dissociated from P10-14 wild-type acute cerebellar slices

and identified by their large soma and characteristic remains of the apical dendrite (Figure

3.11 A). In the presence of TTX, all cells displayed mIPSCs, with a mean peak amplitude

(at –70 mV) of –262 ± 28 pA and 37% decay time of 6.6 ± 0.7 ms (Figure 3.11 B ; n =

16). Consistent with the absence of the dendritic tree, the mean mIPSC frequency (0.6

± 0.1 Hz) was less than that seen in Purkinje cells in acute slices (3.6 ± 2.4 Hz, n = 73).

Application of AMPA (2 µM) or CNQX (40 µM plus 50 µM cyclothiazide) significantly

increased mIPSC frequency (Figure 3.11 C -E ; normalised frequency 2.50 ± 0.39 and 1.57

± 0.11, respectively; n = 9 and 7; P = 0.004 and 0.016). In the absence of MLI somata,
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Figure 3.10: CNQX causes equivalent somatic depolarisation in P10-14 and P20-23

MLIs.

(A) Representative record of membrane voltage from a P14 wild-type MLI, downward deflections

are inhibitory postsynaptic potentials, and upward deflections are excitatory postsynaptic

potentials (revealed more clearly in the inset). Upon application of CNQX, a depolarisation

and suppression of excitatory postsynaptic currents was observed. (B) Plot of resting membrane

potential (from A) calculated using an all point histogram for each 4 s division of the voltage

record. CNQX produced a 6.3 mV depolarisation that reversed upon washout. (C ) Pooled data

from P10-14 and P20-23 wild-type animals. Box-and-whisker plots indicate the median (line), the

25-75th percentiles (box) and the 10-90th percentiles (whiskers); filled circles and crosses represent

individual and mean values, respectively.
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Figure 3.11: Activation of AMPARs increases mIPSC frequency in mechanically

dissociated Purkinje cells with adherent nerve boutons.

(A) Image of an acutely dissociated cell, illustrating the large soma and truncated proximal

dendritic tree. Scale bar 20 µm. (B) Representative current record from a Purkinje cell dissociated

from a P11 wild-type mouse with typical mIPSCs, inset shows average waveform from 48 mIPSCs

recorded under control conditions; shaded areas denote SEM. (C ) mIPSCs (and corresponding

phasic charge measurements) obtained before and during application of 2 µM AMPA (same cell

as B). (D) Cumulative probability histogram shows a clear decrease in the inter-event interval in

AMPA (same cell as B ; n = 63 and 466 mIPSCs). (E ) Pooled data shows that both AMPA (2 µM)

and CNQX (40 µM plus 50 µM cyclothiazide) significantly increased mIPSC frequency. * P <

0.05, ** P < 0.01 (Wilcoxon signed-rank test versus one). ## P < 0.01 (Mann- Whitney U-test).

Box-and-whisker plots indicate the median (line), the 25-75th percentiles (box) and the 10-90th

percentiles (whiskers); circles and crosses represent individual and mean values, respectively.
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dendrites and most of the axons, the effects of AMPA and CNQX on mIPSC frequency

can only result from the activation of presynaptic AMPARs.

In acute cerebellar slices from stg/stg mice, application of AMPA increased mIPSC

frequency in Purkinje cells and MLIs (Figure 3.6). As discussed, one implication of

this result is that a population of presynaptic AMPARs may function without γ-2.

However, this is inconsistent with the lack of effect of AMPA on pre-mIPSC frequency

in stg/stg MLIs. Conceivably, AMPA may have produced a larger somatodendirtic

membrane depolarisation than CNQX (Figure 3.10) that could have passively spread

to MLI axon terminals to enhance release. To determine whether presynaptic AMPARs

can in fact function without γ-2, I examined the effect of AMPA on mIPSC frequency

in acutely dissociated Purkinje cells from stg/stg mice. 2 µM AMPA had no effect

on mIPSC frequency (0.85 ± 0.09 normalised to control, n = 11, P = 0.12, Wilcoxon

matched-pairs test) (Figure 3.12), this was significantly different from the AMPA effect

in dissociated Purkinje cells from wild-type animals; P = 0.000060, Mann-Whitney U -

test following a Kruskal-Wallis test; χ2(5) = 23.39, P = 0.00028 (Table 2.1). Thus,

in agreement with pre-mIPSC data, without γ-2-association, presynaptic AMPARs are

unable to modulate GABA release from MLIs. The residual effect of AMPA in acute slice

recordings from stg/stg mice may have resulted from the passive spread of depolarisation

following activation of somatodendritic AMPARs.

3.3.8 | Presynaptic kainate receptors do not contribute to

AMPA-induced changes in mIPSC frequency

AMPA activates kainate receptors as well as AMPARs. Previous studies have suggested

that the effects of domoate or AMPA were exclusively mediated by AMPARs, as the

effects were blocked by 50 µM (Bureau and Mulle, 1998) and 40 µM (Rossi et al., 2008)

GYKI 53655, respectively. Subsequently, it has been shown that GYKI 53655 also blocks

responses from GluK3 homomers with an IC50 of ∼ 60 µM (Perrais et al., 2009). As

MLIs express GluK3 (Wisden and Seeburg, 1993), the effects of GYKI 53655 could have

revealed a combination of presynaptic AMPA and kainate receptor block, rather than

an exclusive AMPAR-mediated effect. To test the contribution of presynaptic kainate
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Figure 3.12: AMPA fails to alter mIPSC frequency in dissociated stg/stg Purkinje

cells.

(A) Sample current record from a P12 stg/stg mouse in the absence (left, black) and presence

(right, grey) of 2µM AMPA. (B & C ) Cumulative probability histograms from a representative

P12 dissociated Purkinje cell show no difference in inter-mIPSC interval or mIPSC amplitude

following AMPA treatment. (D) Pooled data shows that AMPA (2 µM) had no effect on mIPSC

frequency in mechanically dissociated stg/stg Purkinje cells. Box-and-whisker plots indicate the

median (line), the 25-75th percentiles (box) and the 10-90th percentiles (whiskers); circles and

crosses represent individual and mean values, respectively.
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receptors to the AMPA-induced effects on spontaneous release I examined the effect of

AMPA on mIPSC frequency from acutely dissociated Purkinje cells from wild-type mice

in the presence of GYKI 52466 (40 µM), which has relatively weak effects on kainate

receptors at 100 µM concentrations (Bleakman et al., 1996). In these recordings, mIPSC

frequency was unaltered following application of 2 µM AMPA (0.89 ± 0.11, n = 6. P =

0.69, Wilcoxon matched-pairs test) (Figure 3.13). As mentioned, the difference between

groups measuring the effect of AMPA on normalised mIPSC frequency recorded from

dissociated Purkinje cells was significant (χ2(5) = 23.39, P = 0.00028; Kruskal-Wallis

test) (Table 2.1). A Post hoc Mann-Whitney U -test revealed the effect of AMPA in the

presence of GYKI 52466 was significant from AMPA treatment alone; P = 0.0016.

3.4 | Discussion

This chapter establishes a role for TARP γ-2 in the regulation of presynaptic AMPARs

at MLI axonal boutons which contact Purkinje cells and other MLIs. This was apparent

from the TARP-dependent actions of CNQX on mIPSC frequency and phasic charge. The

requirement of γ-2 for effective AMPAR modulation of GABAergic quantal transmission

was confirmed by the markedly attenuated response to AMPA in recordings from stg/stg

mice. The actions of CNQX and AMPA were reproducible in mechanically dissociated

cells, demonstrating that they arose from direct activation of TARPed presynaptic AM-

PARs.

3.4.1 | The relative influence of axonal and somatodendritic

AMPARs

It can be rather challenging to interpret measures of mIPSC frequency, in that changes

in release probability do not necessarily reflect causal processes occurring at presynaptic

sites. Depolarisation originating in the somatodendritic compartment of MLIs can pas-

sively propagate into axonal compartments (Glitsch and Marty, 1999; Shu et al., 2006;

Alle and Geiger, 2006; Mejia-Gervacio et al., 2007). Recently, it was found in MLIs

that such sub-threshold somatodendritic events are sufficient to activate axonal VGCCs,
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Figure 3.13: GYKI 52466 completely blocks AMPA-induced increase in mIPSC

frequency.

(A) Recording from a P14 wild-type acutely dissociated Purkinje cell incubated in 40 µM GYKI

52466 before (left, black) and after (right, grey) application of 2 µM AMPA (B & C ) Cumulative

probability histograms from the same cell as in A show that, in the presence of GYKI 52466,

AMPA produced no difference in inter-mIPSC interval or mIPSC amplitude. (D) Pooled data

shows that both AMPA (2 µM) had no effect on mIPSC frequency from mechanically dissociated

Purkinje cells. Box-and-whisker plots indicate the median (line), the 25-75th percentiles (box)

and the 10-90th percentiles (whiskers); circles and crosses represent individual and mean values,

respectively.
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Table 3.1: Collated measures of mIPSC frequency.

Raw values were compared using a two-sample Wilcoxon matched-pairs test; normalised values

(below raw values in treatment) were compared against 1 using a one-sample Wilcoxon signed-

rank test. P values < 0.05 are shown in red. * In recordings from Purkinje cells and dissociated

Purkinje cells, 50 µM cyclothiazide was applied during experiments where CNQX was added.
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causing Ca2+ influx that potentiates both action potential-evoked release, and sponta-

neous transmitter release, recorded in the presence of TTX (Christie et al., 2011). Thus,

in the current experiments, the observations involving modulation of release probability

could have two conceivable origins; either the activation of AMPARs at presynaptic sites

provided local depolarisation to enhance release probability, or AMPARs were activated

at somatodendritic locations, and the subsequent depolarisation spread to presynaptic

boutons to enhance release. It is also possible that a mixture of the two effects was

responsible for the increase in mIPSC frequency. Indeed, dendritic NMDAR-induced

depolarisation has been used to discredit the previous finding that presynaptic NMDARs

modulate GABA release from MLI boutons (Christie and Jahr, 2008; Glitsch and Marty,

1999), though see Rossi et al. (2012) for evidence of axonal NMDAR-mediated Ca2+

transients. Nevertheless, as explained below, a number of observations have led me to

the conclusion that the increase in mIPSC frequency was predominantly mediated by γ-2

associated AMPARs located at the axon, close to sites of GABA release.

Firstly, direct evidence for the presence of axonal AMPARs on basket cells was provided

by Rusakov et al. (2005) who show that local application of AMPA onto a basket cell axon

reduces the Ca2+ signal resulting from evoked action potentials. In addition, AMPAR-

mediated currents have been recorded from cultured cerebellar GABAergic axonal boutons

(Fiszman et al., 2007). It is difficult to imagine that such AMPARs would not modulate

spontaneous release in my experiments. Moreover, I found that both AMPA and CNQX

elicited an increase in mIPSC frequency from mechanically dissociated Purkinje cells.

This reduced system effectively separates functional axon terminals from the rest of

the MLI. By abolishing the possibility of active or passive depolarisations originating

from the somatodendritic compartment, this preparation provides ideal conditions for

investigation of processes that occur at the presynaptic terminal. Thus, this approach

confirmed results from acute slices and established that the increase in Purkinje cell

mIPSC frequency involves the activation of AMPARs located at MLI axon terminals. It

could be argued that AMPA or CNQX could have depolarised the Purkinje cell which

in turn may have affected mIPSC frequency via release of some putative retrograde

messenger, though this seems unlikely due to the excellent space-clamp achieved in these
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Purkinje cells which lack a dendritic tree. Whilst this experiment provided positive

confirmation of presynaptic TARP-associated AMPARs at MLI – Purkinje cell synapses,

no correspondingly direct evidence was gathered for MLI – MLI synapses. However, if one

assumes that in slice recordings pre-mIPSCs arose from presynaptic GABAARs present

at both MLI – MLI and MLI – Purkinje cell contacts, then the increase in pre-mIPSC

frequency following presynaptic AMPAR activation would have similarly occurred without

AMPAR-induced somatodendritic depolarisation, given the somatic voltage-clamp in

these recordings.

Though I have established a role for γ-2-associated AMPARs at MLI presynaptic sites

in modulating spontaneous GABA release, I have not excluded the possibility that in

acute slice recordings, activation of somatodendritic AMPARs, following bath application

of AMPAR agonists, contributed to the increased release probability through passive

depolarisation. According to paired MLI recordings conducted by Christie et al. (2011), a

10 mV depolarisation of the presynaptic cell had no significant effect on mIPSC frequency

recorded from the postsynaptic cell. The < 5 mV mean depolarisation I observed in re-

sponse to 20 µM CNQX in P10-14 mice falls short of the required MLI depolarisation, but

a larger depolarisation could have been attained following application of 1 µM AMPA. In

experiments where the potential influence of somatodendritic depolarisation was removed,

i.e. pre-mIPSC frequency data in acute slices and mIPSC frequency data in dissociated

Purkinje cells, the relative increase in mIPSC frequency was less than that observed for

total mIPSC frequency in acute slices. One might speculate that the smaller effect on pre-

IPSC frequency may have reflected a relative insensitivity of axonal GABAARs compared

to postsynaptic GABAARs, perhaps due to a lower receptor number. For the dissociated

Purkinje cell experiment, a reduced number of MLI boutons, or axonal boutons damaged

during the dissociation may account for the smaller increase in mIPSC frequency than that

observed in acute slices. Alternatively, the relatively small increase in mIPSC frequency

in these experiments could have reflected the absence of somatodendritic AMPARs.

Previous studies that have described the effect of CNQX on mIPSC frequency in other

neurons provide some indirect insight into the likely contribution of somatodendritic de-

polarisation on release probability. From cerebellar granule cell recordings, Brickley et al.
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(2001) reported that CNQX increased the frequency of spontaneous GABAAR-mediated

IPSCs, but did not affect mIPSC frequency. One could hypothesise that the increase in

sIPSC frequency was mediated by CNQX activity at somatodenditic TARP-associated

AMPARs which increased cell firing. However, following TTX block of Na+ channels,

CNQX was incapable of increasing mIPSC frequency suggesting an absence of presynaptic

AMPARs within Golgi cell axons that contact granule cells. Furthermore, the lack of

change in mIPSC frequency suggests that the sub-threshold depolarisation resulting from

somatodendritic AMPAR activation in Golgi cells was insufficient to modulate release

probability (note a lower concentration of CNQX was used in this study to that used here).

As MLIs and Golgi cells have similar axonal morphologies (Barmack and Yakhnitsa, 2008)

and indistinguishable electrophysiological properties; input resistance, resting membrane

potential, spiking threshold and spiking frequency (Midtgaard, 1992), it could be argued

that in MLIs, the CNQX-induced somatodendritic sub-threshold depolarisation would

similarly produce negligible effects on release probability. Thus, the effect of CNQX

on mIPSC frequency in MLIs but not Golgi cells was likely to be exclusively due to a

differential expression of presynaptic AMPARs. The absence of presynaptic AMPARs,

and the inability of sub-threshold depolarisation to modulate release probability may

explain similar observations from CA1 interneurons in the hippocampus (Maccaferri and

Dingledine, 2002).

3.4.2 | The role of TARP family members in the regulation of

presynaptic AMPARs

On the basis of the recent reclassification of CNQX as an AMPAR partial agonist I was

able to provide insight into the role for the TARP γ-2. Only AMPARs associated with

γ-2, -3, -4 and -8 are capable of gating in response to CNQX (Menuz et al., 2007; Bats

et al., 2012). Since MLIs express TARPs γ-2 and -7 possibly with low levels of γ-3 and

-4 (Fukaya et al., 2005; Yamazaki et al., 2010), γ-2 became the most likely candidate.

This speculation was confirmed, when the experiments were repeated in stg/stg animals,

where CNQX effects were absent.

In addition to γ-2, MLIs express the atypical TARP γ-7 (Jackson and Nicoll, 2011a; Bats
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et al., 2012). As the AMPA-induced increase in mIPSC frequency was not completely

abolished in acute slice recordings, it was possible that a population of presynaptic

AMPARs functioned without γ-2. In the stg/stg mouse it has previously been shown

that extrasynaptic AMPARs can function through association with γ-7 (Jackson and

Nicoll, 2011a; Bats et al., 2012) and AMPARs at the PSD can function when TARPless

(Bats et al., 2012). At presynaptic sites, neither scenario seems to occur. In contrast

to acute slice recordings of total mIPSC frequency, there was no increase in pre-mIPSC

frequency following treatment of AMPA in stg/stg MLIs, nor was there any change in

mIPSC frequency in stg/stg mechanically dissociated Purkinke cells. Both observations

suggest that presynaptic AMPARs are unable to modulate spontaneous GABA release

in the absence of γ-2. A possible explanation for the discrepancy in the data from

acute slice recordings of total mIPSC frequency may involve the unresolved influence

of somatodendirtic AMPARs. The remaining increase in mIPSC frequency following

AMPA treatment in stg/stg acute slice recordings could have resulted from sub-threshold

depolarisation, which was absent in both the pre-mIPSC and dissociated Purkinje cell

measurements. The influence of TARP-association on presynaptic AMPAR function and

trafficking will be discussed in greater detail in section 6.1.

3.4.3 | Target dependent, inter-bouton, differences in CNQX

sensitivity

In the absence of the AMPAR channel potentiator cyclothiazide, CNQX enhanced mIPSC

frequency at MLI – MLI, but not MLI – Purkinje cell synapses. A differential ability

of CNQX to evoke responses has been described in the hippocampus, where CNQX

depolarised stratum radiatum interneurons, but not CA1 pyramidal neurons, to firing

threshold (Maccaferri and Dingledine, 2002). Indeed, unlike this situation in CA1 in-

terneurons, CNQX produced a whole-cell current in pyramidal cells only when the cells

were treated with the AMPA channel potentiatior trichloromethiazide (Menuz et al.,

2007). Importantly, AMPAR potentiators do not simply reveal a response to CNQX in

all cells. For example, Lee et al. (2010b) demonstrate that, unlike thalamic reticular

nucleus relay neurons, AMPARs in ventrobasal thalamic relay neurons do not respond to
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CNQX even in the presence of trichloromethiazide.

Reasons for the differences in sensitivity to CNQX between cells (Lee et al., 2010b;

Maccaferri and Dingledine, 2002; Menuz et al., 2007), and here between axonal boutons,

are unresolved. Lee et al. (2010b) suggested differences in AMPAR subunit expression

may play a role. Indeed, in the cerebellum, whilst AMPARs at MLI – Purkinje cell axonal

boutons are thought to contain the GluA2 subunit, AMPARs at MLI – MLI axonal

boutons do not (Rossi et al., 2008; Satake et al., 2006) (Figure 5.5). In heterologous

systems, ultrafast application of CNQX produced currents with equivalent CNQX-to-

glutamate ratios (for peak amplitude) when GluA1, 3 or 4 were co-expressed with γ-2

(Bats et al., 2012). However, the efficacy of CNQX at γ-2-associated GluA2-containing

receptors has not been tested. For arguments sake, if CNQX were to elicit a relatively

weak response at homomeric GluA2 AMPARs, CNQX could preferentially activate CP-

AMPARs. Indeed, this theory could explain the aforementioned observations by Mac-

caferri and Dingledine (2002) and Menuz et al. (2007) in the hippocampus. Studies

have found 90-92% of synaptic AMPARs (Lu et al., 2009; Rozov et al., 2012) and a

majority of extrasynaptic AMPARs (Colquhoun et al., 1992) in CA1 pyramidal neurons

contain GluA2, whereas CA1 interneurons have a greater proportion of GluA2-lacking

AMPARs (Szabo et al., 2012). However, data from cerebellar Golgi cells does not support

a reduced efficacy of CNQX at GluA2-containing AMPARs. Golgi cells are thought to

contain only GluA2 and 3 subunits (Coombs and Cull-Candy, 2009), consistent with a

linear current-voltage relationship of mEPSC amplitude (Menuz et al., 2008). In contrast

to hippocampal pyramidal cells, CNQX produced a marked increase in Golgi cell firing

(Brickley et al., 2001). Though a potential difference in regulation of AMPAR subunits

by γ-2 has not been tested, the ability of TARPs to differentially regulate CP- and CI-

AMPARs is not without precedent. Recently, Studniarczyk et al. (2013) suggest γ-7

reduced the expression of CI-AMPARs at synaptic sites, yet its association with CP-

AMPARs increased their number at the PSD.

Besides differences in subunits, variation in AMPAR subunit splicing may underlie the

target-dependent heterogeneity in CNQX sensitivity. Menuz et al. (2007) speculated that

the limited efficacy of CNQX to evoke a whole-cell current in hippocampal pyramidal
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cells compared to cerebellar Golgi cells may have arisen due to the expression of the

flip AMPAR subunit splice variant. However, their assertion that this was because

the flip variant desensitises more quickly than flop seems erroneous (Mosbacher et al.,

1994). Rather, given information on the relative steady-state current remaining following

desensitisation of GluA1/2 heteromers, it seems more plausible that when associated with

γ-2, flip AMPAR variants would pass greater charge than γ-2-associated flop AMPAR

variants (Turetsky et al., 2005).

Considering the similar dependence on γ-2 of the AMPAR-mediated modulation of GABA

release at both MLI – MLI and MLI – Purkinje cell boutons, a differential presence of

TARPs is unlikely to explain the heterogenous response to CNQX. However, additional

influences of untested auxiliary proteins cannot be ruled out (Schwenk et al., 2009, 2012).

This will be discussed in greater detail in section 6.3. In conclusion, though I cannot be

certain of the underlying cause of differences in CNQX efficacy, the increase in mIPSC

frequency recorded in both Purkinje cells and MLIs suggest that presynaptic AMPARs

are associated with TARPs at both synapses. Given the absent effects in stg/stg mice,

I propose that the TARP γ-2 associates with presynaptic AMPARs and is absolutely

required for their modulation of spontaneous GABA release.
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4 | Presynaptic AMPAR-mediated modulation of

action potential-driven GABA release is

dependent on TARP γ-2

4.1 | Summary

To examine the potential physiological relevance of the results presented in chapter 3,

I next sought to determine if γ-2 is required for the modulation of evoked GABA re-

lease by presynaptic AMPARs activated by synaptically released glutamate. Presynaptic

AMPARs on cerebellar basket cell boutons are normally activated by glutamate spillover

during climbing fibre activity. I found that repetitive climbing fibre stimulation reduced

the amplitude of both extracellularly evoked and spontaneously occurring IPSCs recorded

from Purkinje cells. This effect on evoked release was accompanied by an increase in

paired pulse ratio and coefficient of variation. All effects were strongly attenuated in

stg/stg mice.

To rule out the possibility that the reduced modulation of GABA release might result from

defective glutamate release in stg/stg mice, climbing fibre stimulation was replaced with

CNQX treatment. CNQX produced equivalent effects on IPSC amplitude and measures

of release probability that were also abolished in stg/stg mice. Such effects were similarly

observed in recordings from synaptically paired MLIs, suggesting that γ-2 regulation of

evoked release had no target neuron-dependent differences. Such paired recordings also re-

duced concerns that inconsistencies associated with extracellular stimulation contributed

to the climbing fibre- and CNQX-induced reduction of IPSC amplitude.

Finally, the effects of CNQX on evoked release were replicated in mechanically dissoci-

ated Purkinje cells. This reduced preparation provided strong confirmation that TARP-

associated AMPARs were located in MLI axonal boutons, and ruled out the possibility

that an increase in MLI firing was exclusively responsible for the reduction in GABA

release probability. Together, these results extend those of the previous chapter and
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establish that γ-2 associates with presynaptic AMPARs and is required for suppression

of action potential-evoked GABA release.
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4.2 | Introduction

I have established that γ-2 associates with presynaptic AMPARs thereby regulating the

AMPAR agonist-induced changes in spontaneous quantal release (chapter 3). However,

my results still leave open the contribution of γ-2 to AMPAR-mediated modulation of

GABA release in response to synaptically released glutamate. Thus, I sought to deter-

mine the role of γ-2 in regulating release following endogenous activation of presynaptic

AMPARs. Presynaptic AMPARs present at basket cell terminals are activated following

repetitive (5-50 Hz) climbing fibre stimulation (Satake et al., 2000), where glutamate

overwhelms the local glial EAAT1 and neuronal EAAT4 glutamate transporters and

diffuses to basket cell terminals (Satake et al., 2006, 2010).

Measures of evoked IPSC amplitude can be used as a proxy for changes in release

probability. To establish changes in amplitude represent a change in release probability,

several criteria should be satisfied. Firstly, when a stimulus is directly followed by a second

within a short time interval, either paired-pulse facilitation or paired-pulse depression can

occur (Zucker and Regehr, 2002) (subsection 1.5.1). A difference in the PPR is thought

to reflect the sum of the changes in release probability experienced at individual release

sites onto the same postsynaptic cell. According to the residual Ca2+ hypothesis (Katz

and Miledi, 1968), an increase in the PPR of successive postsynaptic responses would

represent a greater number of release sites where release probability is reduced. This is

because terminals which experience a decrease in release probability would accumulate

relatively more residual Ca2+ to prime a greater number of vesicles for release in response

to the second stimulus. As discussed in subsection 1.5.1, this may be explained through

saturation of Ca2+ buffers (Blatow et al., 2003), or through the existence of an alternative,

high-affinity, Ca2+ sensor (Atluri and Regehr, 1996). Following an increase in release

probability, a decrease in the paired-pulse ratio would be expected. This is thought

to mainly reflect a greater depletion of the readily releasable vesicles following the first

stimulus, which leaves relatively fewer vesicles available for release following the second

stimulus (Schneggenburger et al., 2002). Changes in PPR may alternatively be explained

through the Ca2+-mediated inactivation (Forsythe et al., 1998; Xu and Wu, 2005), or
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activation (Ishikawa et al., 2005) of VGCCs. In addition, short-term depression may

also occur as a result of postsynaptic receptor desensitisation (Kirischuk et al., 2002;

Mennerick and Zorumski, 1995; Trussell et al., 1993).

Fluctuation analysis of postsynaptic response amplitude can provide information on the

quantal parameters N (number of quanta available for release), p (release probability)

and q (quantal size) (Clements and Silver, 2000; Silver et al., 1998; Scheuss et al., 2002).

As described by Katz (1969) the average evoked EPSC peak amplitude (I) is given by

equation 1.1:

I = Npq

From the first description of quantal theory (equation 3.1) we can calculate the average

number of released vesicles (m):

m = Np =
I

q
(4.1)

Assuming binomial statistics, the variance (σ2) of amplitudes is obtained from:

σ2 = Nq2p(1 − p) (4.2)

Dividing σ2 by I gives:

σ2

I
= q(1 − p) (4.3)

In order to compare between different neurons, a normalised measure of variance is

required. The coefficient of variation (CV) is given as the standard deviation divided

by the mean. By substituting I for Npq we get the formula:

CV 2 =
σ2

µ2
=

(1 − p)

Np
(4.4)

According to this equation, any alteration in CV must occur through changes in presy-

naptic function (Faber and Korn, 1991; Malinow and Tsien, 1990). The problem with this
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measure are the concerns over the validity of using classical binomial methods of quantal

analysis at central synapses, where the number of release sites needs to remain constant

(Kuno, 1971). As I have no way of controlling for changes in N, further measures of

release probability may be required. It is possible to use the number of synaptic failures

over a given time as a measure of changes in release probability. Allen and Stevens (1994)

demonstrated that the failure of a stimulus to evoke a synaptic current was not due to

changes in stimulation or impulse conduction failure, but result of the probabilistic nature

of release mechanisms. This analysis can be complicated if the synaptic transmission is

evoked from more than one presynaptic input, as a failure rate in one neuron could be

masked by release from another. Thus, this analysis is only suitable for recordings where

synaptic currents unambiguously originate from a single cell.

In comparison to the increased spontaneous release (Bureau and Mulle, 1998; Rossi et al.,

2008) (Chapter 3), the activation of presynaptic AMPARs by both climbing fibre-release

glutamate and exogenous AMPAR agonists, acts to reduce action potential-driven GABA

release from basket cells (Satake et al., 2000; Rusakov et al., 2005). Divergent effects on

the two forms of GABA release are not unique to presynaptic AMPARs on cerebellar

basket cells, but are observed, for example with presynaptic NMDARs at the same MLI

boutons (Glitsch and Marty, 1999), presynaptic AMPARs at GABAergic dorsal horn

neurons in the spinal cord (Engelman et al., 2006), and kainate receptors at MF boutons

in the CA3 region of the hippocampus (Contractor et al., 2000).

To investigate if TARP regulation further adds to the divergent regulation of evoked and

spontaneous release, or whether, like quantal transmission, γ-2 is required for effective

presynaptic AMPAR-mediated modulation of evoked release, I studied action potential-

driven GABA release from MLIs in wild-type mice and stg/stg mice following either

climbing fibre stimulation or application of CNQX.
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4.3 | Results

4.3.1 | Evoked inhibitory currents in Purkinje cells

In voltage-clamp recordings from Purkinje cells, IPSCs were evoked by extracellular stim-

ulation. An electrode placed in the lower third of the molecular layer (where basket cells

reside) was repositioned until stimulation consistently gave rise to an outward synaptic

current. In Purkinje cells, a high background activity of sIPSCs was typically observed

with similar amplitudes to the evoked IPSCs (Figure 4.1 A). 15 individual responses to

stimulation are overlaid in Figure 4.1 B to demonstrate the large range in evoked IPSC

amplitude, and examples where extracellular stimulation failed to evoke an IPSC.

4.3.2 | Climbing fibre-induced inhibition of evoked IPSCs is

reduced in stg/stg animals

High frequency activity of climbing fibres has been shown to attenuate the evoked release

of GABA from MLIs onto Purkinje cells through the activation of AMPARs on MLI

axons (Satake et al., 2000). To investigate the possible role of TARPs in the function of

presynaptic AMPARs, I made voltage-clamp recordings from Purkinje cells and compared

the effect of climbing fibre stimulation (Figure 4.3A & B ; S1) on MLI-evoked IPSCs in

slices from wild-type and stg/stg mice (Figure 4.3A & B ; S2).

Climbing fibres were stimulated extracellularly by a pipette placed in the granule cell

layer close to the voltage-clamped Purkinje cell (typically within 100 µm). Large EPSCs

were evoked that exhibited paired-pulse depression (Figure 4.2 A). These features are

characteristic of climbing fibre inputs (Silver et al., 1998). Given the position of the

stimulation electrode, it was possible that parallel fibres contributed to the evoked EPSC.

This appeared unlikely as no small amplitude EPSCs were seen at stimulation voltages

just below the threshold required to evoke large currents (Figure 4.2 B). In addition, unlike

the short term depression observed (Figure 4.2 A), parallel fibre – Purkinje cell synapses

typically facilitate (Bergerot et al., 2013). Further evidence of the sole climbing fibre origin

of the EPSC was provided by the all-or-nothing nature of the response with increasing
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A B
0.2 nA

200 ms
0.2 nA

10 ms

Figure 4.1: General features of inhibitory synaptic currents in Purkinje cell

recordings (A) Slow time scale recording of spontaneous synaptic currents and a pair of synaptic

currents evoked by extracellular stimulation (triangles; pulses of 10-40 V and 20 µs duration

separated by 35 ms) in the lower molecular layer. (B) Fifteen superimposed traces on a faster

time scale demonstrate the variety of responses to identical consecutive presynaptic stimulations

(triangles). A trace where no synaptic response was obtained to either stimuli, and another where

a response was obtained only following the first pulse, demonstrate the failures of transmission.
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stimulation voltage, a characteristic of climbing fibre EPSCs (Figure 4.2 C ). Alternatively,

if parallel fibre transmission was involved, a graded increase in amplitude would have been

expected , reflecting the increased recruitment of parallel fibres (Konnerth et al., 1990;

Llano et al., 1991). Unlike in the adult, in young animals multiple climbing fibres can

innervate Purkinje cells (Bosman and Konnerth, 2009). Thus, to ensure stimulation of

only one climbing fibre, the response to increasing stimulation voltages was determined

in every experiment.

To distinguish climbing fibre-mediated EPSCs (inward currents) from MLI-evoked IPSCs

(outward currents), recordings were made at a holding potential of –30 mV. The am-

plitudes of 5 consecutive pairs of IPSCs were measured before and after climbing fibre

stimulation (40 stimuli at 50 Hz) (Figure 4.3 C ). In agreement with (Satake et al., 2000),

I observed a pronounced reduction in the IPSC amplitude (from 1.00 ± 0.13 nA to 0.54

± 0.07 nA, n = 13; P = 0.00024) (Figure 4.3 C,D & E ). In slices from stg/stg mice

the climbing fibre-induced suppression of IPSCs was not abolished but was markedly

attenuated (Figure 4.3 F & G ; 10.94 ± 0.32%, P = 0.031, n = 6; P = 0.00088 versus

wild-type). This suggests that whilst effective AMPAR-mediated modulation of evoked

GABA release is dependent on γ-2, a population of AMPARs may be able to function in

the absence of this TARP.

4.3.3 | sIPSC amplitude is reduced following climbing fibre

stimulation

Glutamate release from climbing fibres is likely to act at several MLI axonal boutons,

even those that contact Purkinje cells which do not receive direct input from the stimu-

lated climbing fibre (Coddington et al., 2013). Records of evoked IPSCs were typically

accompanied by spontaneously occurring IPSCs (sIPSCs) (Figure 4.1 A and Figure 4.4

A). Such currents likely represented a mixture of spontaneous single vesicle fusion events

(as observed in chapter 3), and GABA release resulting from spontaneous MLI firing,

which can occur even in the absence of excitatory synaptic inputs (Häusser and Clark,

1997). At MLI – MLI synapses, Llano and Gerschenfeld (1993) showed in one experiment

that 89% of IPSCs resulted from action potential driven release. Although here I am

158



γ-2 regulates evoked GABA release

3

2

1

0

5045403530

CF stimulation (V)

E
P

S
C

 a
m

p
li
tu

d
e 

(-
n
A

)

0.5 nA

20 ms

A CB

0.2 nA

2 ms

Figure 4.2: Characteristics of climbing fibre-evoked EPSCs in Purkinje cells from

wild-type and stg/stg mice.

(A) Representative records of climbing fibre-evoked EPSCs recorded in a Purkinje cell from a

wild-type mouse (P10). Failures (light blue) were seen with 40 V stimuli, while successes were

seen with 44 V stimuli. The currents showed characteristic paired-pulse depression. (B) Evoked

EPSC and failure seen just above and just below the stimulation threshold. The scale is enlarged

to check that no parallel fibre responses were present. (C ) Plot of peak amplitude shows all-or-

nothing responses with increasing stimulus voltage.
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Figure 4.3: Climbing fibre stimulation-induced inhibition of evoked IPSCs is

attenuated in Purkinje cells from stg/stg mice.

(A & B) Schematic drawing and bright field image of a sagital cerebellar slice (P11) showing the

position of pipettes used for climbing fibre and MLI stimulation (S1, granule cell layer; S2, inner

molecular layer). The recording electrode is seen on the soma of the Purkinje cell (PC). Scale bar

20 µm. (C ) Representative currents from a Purkinje cell in a slice from a P11 wild-type mouse

(top) and a P12 stg/stg mouse (below) showing IPSCs evoked by paired-pulse MLI stimulation,

before (S2, i and ii; black) and after (S2, i and ii; blue) climbing fibre stimulation (S1; 40 stimuli at

50 Hz). The protocol was repeated 5 times and responses overlaid; climbing fibre-evoked EPSCs

are shown as different shades of grey. (D & F ) Representative averaged IPSCs are magnified
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Figure 4.3 continued: from wild-type and stg/stg recordings shown in C. Trace identification

and colouring as in C. (E ) Pooled data showing IPSC amplitude before and after climbing fibre

(CF) stimulation in wild-type mice. Box-and-whisker plots indicate the median (line), the 25-75th

percentiles (box) and the 10-90th percentiles (whiskers); circles and crosses represent individual

and mean values, respectively. *** P < 0.001 (Wilcoxon signed-rank test versus zero). (G) Pooled

data showing the climbing fibre (CF)-induced inhibition of IPSC peak amplitude (calculated as

100-[S2 i post-CF/S2 i pre-CF]) in wild-type and stg/stg Purkinje cells. Box-and-whisker plots

are as described in (E ) *** P < 0.001, * P < 0.05 (Wilcoxon signed-rank test versus zero). ###

P < 0.001, Wt versus stg/stg (Mann-Whitney U -test).
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studying a different MLI synapse, it could be reasonably assumed that the majority of

sIPSCs recorded from Purkinje cells reflect spontaneous MLI firing, and therefore, like

the extracellularly evoked IPSCs (Figure 4.3), should display a reduction in amplitude

following climbing fibre stimulation. To test this hypothesis I detected IPSCs with

a sliding template matching algorithm (subsection 2.5.1) and removed those resulting

from extracellular stimulation in the molecular layer (distinguished by the stimulation

artefact). This analysis was performed in 6 of the 13 wild-type Purkinje cell recordings

that had an appropriate length of recording between repeated climbing fibre stimulations.

Continuous current records (Figure 4.4 B) and the corresponding cumulative probability

plot of sIPSC amplitude (Figure 4.4 C ) from a representative P11 wild-type Purkinje cell,

show a reduction in sIPSC amplitude following climbing fibre stimulation. On average

there was a significant reduction in sIPSC amplitude following climbing fibre stimulation

(from 238.94 ± to 183.97 pA; Figure 4.4 C, n = 6, P = 0.031), with no change in

sIPSC frequency (Figure 4.4 D ; 1.43 ± 0.28 Hz in control and 2.30 ± 0.8 Hz following

climbing fibre stimulation, n = 6, P = 0.69). In recordings from stg/stg mice there

was no significant effect of climbing fibre stimulation on sIPSC amplitude (Figure 4.4

D ; normalised ratio; 0.92 ± 0.05, n = 6, P = 0.16); however, this was not significantly

different from the effect of climbing fibre stimulation on normalised sIPSC amplitude

in wild-type mice (P = 0.13, Mann-Whitney U -test). In stg/stg mice, the absence of

climbing fibre-induced suppression of sIPSC amplitude is in contrast to the suppression

of extracellular evoked IPSCs (Figure 4.3 F & G). Thus, the earlier suggestion that a

population of AMPARs can function in the absence of γ-2, albeit with a markedly reduced

effect on release probability, is not supported by the sIPSC amplitude data.

4.3.4 | Climbing fibre stimulation reduced measures of MLI release

probability

In wild-type animals the reduction in evoked IPSC amplitude was accompanied by a 1.65

± 0.041 fold increase in the PPR (Figure 4.5 AB & C ; n = 13, P = 0.00024; Wilcoxon

matched-pairs test). In stg/stg animals there was no significant change in the PPR of

evoked IPSCs (Figure 4.5 B & C ; normalised values; 1.00 ± 0.05, n = 6, P = 1.00), which
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Figure 4.4: The amplitude of spontaneous IPSCs decreased after repetitive climbing-

fibre stimulation

(A) A recording of evoked IPSCs with background spontaneous IPSC activity. Blue arrow heads

indicate IPSCs evoked by extracellular stimulation. (B) sIPSCs recorded from a representative

Purkinje cell showed a decreased amplitude but unaltered frequency following high-frequency

climbing-fibre (CF) stimulation. (C ) From the same cell as in A & B, cumulative probability

plots of sIPSC amplitude with corresponding summary data from the 6 out of 13 cells that

had sufficient length of recording between CF stimulation. Cumulative probability plots show

amplitudes are shifted to lower values. Inset shows the pooled sIPSC amplitude data from all 6

cells, box-and-whisker plots indicate the median (line), 25-75th percentiles (box) and the 10-90th

percentiles (whiskers); circles and crosses represent individual and mean values, respectively. *

P < 0.05 (Wilcoxon matched-pairs test). (D) Summary data showing the effect of climbing fibre

stimulation of sIPSC amplitude (ratio of post CF stimulation/pre CF stimulation) for both wild-

type (Wt) and stg/stg mice. Box-and-whisker plots as in C. * P < 0.05 (Wilcoxon signed-rank

test versus one; dotted line), n.s. P > 0.05 wild-type (Wt) versus stg/stg groups (Mann-Whitney

U test). (E ) Pooled data from wild-type mice showing no effect of climbing fibre (CF) stimulation

on sIPSC frequency (Hz). Box-and-whisker plots as in C. n.s. P > 0.05 before CF stimulation

versus after CF stimulation (Wilcoxon matched-pairs test).

163



γ-2 regulates evoked GABA release

20 ms

3

2

1

0

806040200

P
P

R
 (

p
os

t 
C

F
 s

ti
m

 /
 c

tr
l)

CF-evoked inhibition of IPSC (%)

C

r
s
 = 0.75

E

1

0

3

2

P
P

R
 (

p
os

t 
C

F
 s

ti
m

 /
 c

tr
l)

A

B

Wt stg/stg

D

Wt stg/stg

***

n.s.

##

pre CF

post CF

0

1

2

3

4

5

Wt stg/stg

C
V

 (
p
os

t 
C

F
 s

ti
m

 /
 c

tr
l) **

0.1

0.3

1

3

0.1 0.3 1 31/
C

V
2
P
os

t 
C

F
 s

ti
m
 /

 1
/
C

V
2
C

tr
l

Amplitude
 Post CF stim

 / Amplitude 
Ctrl

Figure 4.5: Climbing fibre stimulation reduces measures of GABA release probability

(A) Representative averaged IPSCs from the P11 wild-type recording and P12 stg/stg recording

shown in Figure 4.3 C & D. For each condition, the second IPSC was scaled and to the first. (B)

Pooled data showing IPSC PPR before and after climbing fibre (CF) stimulation in wild-type

mice. Box-and-whisker plots indicate the median (line), the 25-75th percentiles (box) and the 10-

90th percentiles (whiskers); circles and crosses represent individual and mean values, respectively.

*** P < 0.001, n.s. P > 0.05 (Wilcoxon signed-rank test versus one; dotted line), ## P < 0.01,

wild-type (Wt) versus stg/stg (Mann-Whitney U -test). (C ) Scatterplot showing the relationship

between the climbing fibre-evoked change in PPR and the degree of IPSC inhibition (Spearman’s

rank-order correlation rs = 0.75, P = 0.0003). (D) Pooled data showing the climbing fibre

(CF)-induced suppression of CV of peak IPSC amplitude in wild-type (Wt) and stg/stg Purkinje
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Figure 4.5 continued: cells. Box-and-whisker plots as in B. *** P < 0.001, n.s. P > 0.05

(Wilcoxon signed-rank test versus one; dotted line), n.s. P > 0.05, wild-type (Wt) versus stg/stg

(Mann-Whitney U -test). (E ) Plot data showing the ratio of 1/CV2 as a function of relative IPSC

amplitude pre and post climbing fibre stimulation. Black and red symbols represent wild-type

and stg/stg Purkinje cell recordings respectively. The majority of wild-type Purkinje cells fall

below the diagonal, whereas a greater proportion of stg/stg cells lie above the diagonal.
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was significantly different from the effect observed in wild-type mice (P = 0.0014; Mann-

Whitney U -test). Across all recordings, the magnitude of the climbing fibre-induced

inhibition correlated significantly with the change in PPR (Figure 4.5 C ; n = 19, P =

0.0003), further suggesting that a reduction in release probability was responsible for the

inhibition of GABA release observed in Figures 4.3 and 4.4.

In addition, the CV was significantly increased in recordings from wild-type mice (nor-

malised CV; 2.86 ± 0.91, n = 13, P = 0.0017) but not in stg/stg Purkinje cell recordings

(normalised CV; 1.26 ± 0.20, n = 6, P = 0.44) (Figure 4.5 C ). With a significant

difference in normalised effects of CNQX between wild-type and stg/stg recordings (P

= 0.05). To further assess the site of modulation I constructed a plot of the ratio of (CV2

Post climbing fibre stimulation/CV2
control) as a function of the relative IPSC amplitude (Am-

plitude Post climbing fibre stimulation/Amplitude control) (Figure 4.5 E ). Whilst post-synaptic

changes produce a change in amplitude without affecting the CV, a presynaptic site

of action would be expected to alter both parameters (Faber and Korn, 1991). When

compared to the diagonal line of identity, of the wild-type cells (black markers) which

exhibited a reduced IPSC amplitude following climbing-fibre stimulation, a majority also

exhibited a marked reduction in the CV. These results suggest that AMPARs associated

with γ-2 are expressed presynaptically within MLIs, where they respond to climbing fibre-

released glutamate to reduce the release probability of GABAergic synapses on Purkinje

cells.

4.3.5 | Climbing fibre release is reduced in stg/stg mice

It is possible that the attenuated climbing fibre-induced suppression of IPSC amplitude

in stg/stg Purkinje cells compared to wild-type Purkinje cells, may have resulted from

deficient release of glutamate, rather than a reduced activity of γ-2-associated AMPARs.

In Purkinje cell recordings from stg/stg mice, climbing fibre EPSCs displayed markedly

faster rise and decay kinetics without any difference in amplitude, and thus a reduced

charge transfer, compared to wild-type recordings, (Figure 4.6 A & B). Such features

contrast to previous studies in older mice, which reported a smaller EPSC amplitude in

stg/stg compared to wild-type mice and did not comment on any differences in kinetics
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(Menuz and Nicoll, 2008; Yamazaki et al., 2010; Yan et al., 2013). Despite this, in

one study climbing fibre EPSC kinetics do appear relatively faster in stg/stg mice (Yan

et al., 2013). The altered decay kinetics, in the absence of changes in amplitude, raises

the possibility that, rather than a specific loss of presynaptic γ-2, the reduced climbing

fibre-induced inhibition of IPSC amplitude reflected an altered release and/or clearance

of glutamate (subsection 4.4.3). To obviate any confounding differences in glutamate

release, I next examined the effect of an exogenous AMPAR agonist.

4.3.6 | Effects of CNQX are consistent with the activation of

presynaptic γ-2 associated AMPARs

As discussed earlier (subsection 1.3.2), CNQX is traditionally characterised as a com-

petitive AMPAR antagonist. However, when AMPARs are associated with TARPs γ-2,

γ-3, γ-4 or γ-8, CNQX acts as a partial agonist, with effects that are potentiated in the

presence of a positive allosteric modulator such as cyclothiazide (Bats et al., 2012; Menuz

et al., 2007). I reasoned that if presynaptic AMPARs in MLIs were associated with γ-2,

as suggested by the loss of climbing fibre effects in slices from stg/stg mice, CNQX should

reduce MLI-evoked IPSCs. I recorded IPSCs in Purkinje cells employing a paired-pulse

protocol (30 ms interval). Application of 2 µM CNQX plus 50 µM cyclothiazide produced

a 54 ± 6% reduction in the amplitude of the first evoked IPSC (Figure 4.7 A & B), a

35 ± 5 % increase in the PPR (Figure 4.7 C & D), and a 44 ± 21 % increase in the

CV of IPSC amplitude (Figure 3.7 D ; all measures n = 6, P = 0.031, Wilcoxon signed-

rank test). By contrast, in cells from P10-14 stg/stg mice CNQX had no effect on IPSC

amplitude, PPR or CV (Figure 4.7 D ; n = 6, P = 1.00, 0.31 and 1.00, respectively).

These results are consistent with the view that the activation of γ-2-associated AMPARs

on MLIs attenuates action potential-driven GABA release.
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10-90% Rise Time (ms) 0.97 ± 0.10 0.58 ± 0.04 0.0061

37% Decay time (ms) 10.02 ± 1.78 2.65 ± 0.34 0.0061

Charge (pS) 21.30 ± 3.97 6.65 ± 1.76 0.042
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B

Wild-type (n = 7)  stg/stg (n = 4)     

Figure 4.6: Faster climbing fibre-evoked EPSC kinetics in Purkinje cells from stg/stg

mice

(A) Representative averaged climbing fibre-evoked EPSC from a P11 stg/stg mouse (red) overlaid

on an averaged current from a P10 wild-type mouse (black). (B) Properties of climbing fibre-

evoked EPSCs from wild-type and stg/stg Purkinje cells. Data presented as mean ± SEM (from

n cells) show that stg/stg EPSCs exhibited significantly faster rise and decay compared to those

from wild-type mice, although EPSC amplitude remained unchanged. The EPSCs analysed were

the first in any pair or train of stimuli. P values between wild-type and stg/stg Purkinje cell

values were calculated using Mann-Whitney U -tests.
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Figure 4.7: CNQX reduces evoked IPSC amplitude and release probability

(A) Averaged evoked IPSCs from a representative P10 wild-type Purkinje cell. Superimposed

traces (left) were aligned to a common baseline (right) to illustrate the reduced IPSC amplitude

in 2 µM CNQX (grey) compared to control (black). (B) Representative time course of CNQX-

induced reduction in evoked IPSC peak amplitude in a wild-type Purkinje cell (P10). Horizontal

blue bars indicate the time periods over which average IPSC amplitudes were calculated. (C )

Paired evoked IPSCs scaled to the first IPSC show a pronounced increase in PPR in 2 µM CNQX

(grey) compared to control (black). (D) Pooled data showing inhibition of IPSC peak amplitude,

enhancement of PPR, and increased CV of the first IPSC by 2 µM CNQX in wild type Purkinje

cells (grey). * P < 0.05 (Wilcoxon signed-rank test versus one). These effects were absent in

stg/stg neurons (red). # P < 0.05 wild-type versus stg/stg (Mann-Whitney U -test). Box-and-

whisker plots indicate the median (line), 25-75th percentiles (box) and the 10-90th percentiles

(whiskers); circles and crosses represent individual and mean values, respectively.
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4.3.7 | CNQX reduced unitary IPSC amplitude and increased

failure rate in paired MLI – MLI recordings

As well as forming synapses with Purkinje cells, MLIs synapse with each other. To

investigate potential target-dependent differences in TARP regulation of presynaptic AM-

PARs I next made dual recordings from synaptically coupled MLIs (Figure 4.8 A). After

achieving a stable whole-cell voltage-clamp recording from an MLI, a second electrode

filled with external solution was used to obtain a loose cell-attached recording (3-5 MΩ)

from a neighbouring MLI (Figure 4.8 A). The process of finding paired MLIs was initially

tiresome, with only 9 out of 56 MLI pairs being connected. However, after I switched

the slicing solution from a high sucrose to a Kgluconate based solution (section 2.2), the

success rate was approximately doubled to 19 from 60 MLI pairs. It has been suggested

that the Kgluconate based solution minimises the flow of Ca2+ and other extracellular

ions into neurons whose processes were cut, thereby reducing excitotoxicity (Dugué et al.,

2005). This ∼30% connection rate was similar to the 20% level of connectivity previously

reported (Kondo and Marty, 1998). Akin to recordings from Purkinje cells (Figure

4.4), frequent sIPSCs were observed in recordings from MLIs, representing GABAergic

transmission from a number of presynaptic cells. Synaptically paired MLIs were identified

based on a high likelihood of an IPSC occurring within 3-4 ms following an action potential

recorded from the presynaptic cell (Figure 4.8 A; blue triangles). Both the frequency of

action potentials and amplitude of paired IPSCs remained stable over time, and in the

example shown, very few failures were seen (Figure 4.8 B).

Figure 4.8 C shows the amplitude histograms of all IPSCs recorded from a single cell

compared to those originating from the activity in the identified presynaptic cell. IPSCs

originating from activity in the recorded presynaptic MLI accounted for 24.9% of the total

IPSCs, and exhibited a relatively Gaussian distribution. In comparison, the amplitude

histogram of all sIPSCs was skewed towards larger values, characteristic of central neurons

(Bekkers, 1994). A gaussian amplitude distribution of IPSCs has been previously argued

to result from a synapse with a single functional release site, branded as a a ‘simple’

connection (Kondo and Marty, 1998; Auger and Marty, 1997) (Table 4.2; cell pair 5).

This particular individual release site produced relatively large IPSCs compared to the
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other synapses formed onto the recorded MLI (mean amplitude of the two distributions

were 343.24 pA and 149.81 pA, respectively).

Table 4.2 summarises the properties of each of the 6 MLI – MLI paired recordings, and pro-

vides information on the type of synapse. In addition to the simple synapse in Figure 4.8,

several types of MLI – MLI synaptic connections can be distinguished on the basis of the

shape of the IPSC amplitude distribution (Kondo and Marty, 1998). Two ‘3 component’

connections were observed, which are thought to represent a combination of two or three

synaptic connections, with each exhibiting a gaussian IPSC amplitude histogram. Where

the amplitude histogram could not be separated into gaussian peaks, these connections

were referred to as ‘multiple’ connections (Kondo and Marty, 1998).

In paired MLI recordings from P10-14 wild-type mice, 10 µM CNQX increased the failure

rate (Figure 4.9 B & C ; from 0.30 ± 0.15 to 0.73 ± 0.07, n = 6, P = 0.031) and decreased

paired IPSC amplitude (Figure 4.9 B & D ; from 203.57 ± 49.26 pA to 109.82 ± 23.13 pA,

n = 6; P = 0.031). CNQX had no significant impact on the latency between presynaptic

action potentials and paired IPSC onsets (Figure 4.9 E ; from 1.91 ± 0.06 ms to 2.21 ±

0.08 ms, P = 0.063).

4.3.8 | CNQX increased spike frequency in paired MLI – MLI

recordings

Although the observed effects of CNQX on failure rate and amplitude are consistent

with reduced release probability (Kondo and Marty, 1998), they were clearly associated

with an increase in MLI firing rate (Figure 4.10 A & B ; from 1.43 ± 0.44 Hz to 12.67

± 4.55 Hz, n = 6, P = 0.031). This itself can lead to a reduction in the probability of

release (Kondo and Marty, 1998). In order to avoid CNQX-induced somatic depolarisation

leading to increased MLI firing, it would have been preferable to voltage-clamp both

MLIs. However, a previous study has suggested the amplitude of evoked IPSCs to ‘run

down’ over time, possibly due to dialysis of presynaptic factors required for vesicle release

(Kondo and Marty, 1998). To control for the possibility that changes in firing rate,

rather that activation of presynaptic AMPARs led to reduced GABA release, I next

made recordings from Purkinje cells which had been mechanically dissociated from acute
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Figure 4.8: A paired-recording experiment from a simple MLI – MLI connection

(A) Schematic drawing of the recording configuration and representative paired presynaptic

voltage and postsynaptic current recordings on a slow time scale. Arrowheads indicate presynaptic

action potentials that elicited a postsynaptic response. (B) From the same representative MLI

pair as in (A), paired-IPSC amplitudes and number of action potentials every 5 s remained stable

over the duration of the experiment under control conditions. (C ) Histogram shows superimposed

amplitude distributions for successful paired IPSCs (light blue) and for spontaneous IPSCs (white)

resulting from activity in MLIs other than the single presynaptic ell recorded. The paired-IPSC

distribution could be fitted to a single Gaussian with mean value of 343.24 pA.
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Cell 
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Category 

        
1 1.16  0.90 

 
86.2 9 

 
1.75  

 
0.35  12.68  Simple 

2 2.89 
 

0.07 
 

301.2 7 
 

2.04 
 

0.83  8.58  Multiple 

3 0.07  
 

0.03  
 

41.20  
 

1.88 
 

0.75  5.02  3 component 

4 0.52  
 

0.06  
 

343.2 4 
 

2.02 
 

0.53  10.25  Multiple 

5 1.60 
 

0.08  
 

261.72  
 

1.73 
 

0.76  11.47  Simple 

6 2.36  
 

0.63 
 

187.68  
 

2.03 
 

0.51  6.05  3 component 

Table 4.1: Features of paired MLI recordings
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Figure 4.9: CNQX reduced unitary IPSC amplitude and increased failure rate

(A) Representative pre- and postsynaptic recordings from an MLI – MLI pair (P11 wild-type

mouse). Action potentials in the presynaptic MLI were recorded in the loose cell-attached

configuration (upper sweeps) and IPSCs in the postsynaptic MLI (lower sweeps). Blue arrows

indicate action potentials triggering unitary IPSCs in the postsynaptic MLI with a latency of <

3 ms. CNQX (10 µM) increased spontaneous IPSC frequency and the number of failures. (B)

Selected sweeps from the recording in A, showing successes (black) and failures (blue). (C–E )

Pooled data showing the effect of CNQX on failure rate, unitary IPSC amplitude and latency.

Box-and-whisker plots indicate the median (line), the 25-75th percentiles (box) and the 10-90th

percentiles (whiskers); filled circles and crosses represent individual and mean values, respectively.

* P < 0.05 (Wilcoxon matched-pairs test).
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Figure 4.10: CNQX increases MLI firing rate

(A) Representative records of MLI firing obtained in the loose cell-attached configuration, before

and during application of 10 µM CNQX (P11 wild-type mouse). (B) Pooled data showing effect

of CNQX on spike frequency. * P < 0.05 (Wilcoxon matched-pairs test). Box-and-whisker plots

indicate the median (line), 25-75th percentiles (box) and the 10-90th percentiles (whiskers); circles

and crosses represent individual and mean values, respectively.
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cerebellar slices.

4.3.9 | CNQX reduces IPSC amplitude in mechanically dissociated

Purkinje cells

To rule out the effects of MLI cell firing on release probability, I examined the effect

of CNQX on the amplitude of evoked IPSCs in mechanically dissociated Purkinje cells.

In addition to spontaneous events (Figure 3.11), the adherent boutons on dissociated

cells can be stimulated to produce evoked currents similar to those observed in acute

slices (Akaike et al., 2002) (Figure 4.11 B). Unlike the corresponding experiment in acute

slices (Figure 4.7), I chose not to apply paired pulses. First, release from MLI adherent

boutons can run down with high activity (Guy Moss, personal communication; Duguid

et al. (2007)), which would have been perpetuated by high frequency stimulation. Second,

as I was confident that only a single bouton was stimulated (Akaike et al., 2002), I was

able to apply failure rate analysis as an additional measure of release probability, instead

of examining the PPR. Direct stimulation of an adherent bouton triggered IPSCs that

required activation of voltage-gated Na+ channels and were mediated by postsynaptic

GABAARs, as they were completely blocked by TTX (1 µM) and SR 95531 (20 µM)

(Figure 4.11 B & C ). In a representative recording from Purkinje cells, IPSC amplitude

was decreased following treatment with 2 µM CNQX plus 50 µM cyclothiazide (Figure

4.11 B). A greater density of points around zero during CNQX treatment demonstrates

an increase in failure rate (Figure 4.11 B). Both effects were visible in probability density

histograms (Figure 4.11 C ), where in response to CNQX, a greater proportion of stimu-

lations produced responses that grouped around 0 pA, corresponding to failed synaptic

transmission. the amplitude distribution was shifted to lower values. On average, there

was a 30 ± 4% reduction in the amplitude of the evoked IPSCs and a 3.08 ± 0.59

fold increase in the failure rate (Figure 4.11 E ; both measures; n = 7, P = 0.016). In

addition, the CV of the first IPSC amplitude was increased by 1.38 ± 0.09 fold (n = 7,

P = 0.016) (Figure 4.11 E ; Table 4.2). This result demonstrates that AMPAR-mediated

suppression of evoked GABA release can occur independently of changes in MLI firing

rate. The combination of the TARP-dependent agonism of CNQX, and the advantages
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of the dissociated Purkinje cell preparation, provide strong evidence that γ-2 is required

for presynaptic AMPAR-mediated modulation of evoked GABA release.
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Figure 4.11: CNQX effects on evoked release are preserved in Purkinje cells

dissociated from P10-14 mice

(A) Image of an acutely dissociated cell, illustrating the large soma and truncated proximal

dendritic tree. Scale bar 20 µm. (B) Stimulation of a single adherent MLI bouton on an

acutely dissociated P12 Purkinje cell evoked IPSCs that were blocked by 1 µM TTX (brown

trace). The amplitude of the average IPSC waveform decreased in 2 µM CNQX (plus 50

µM cyclothiazide). (C ) Sample time course of CNQX-induced reduction in evoked IPSC peak

amplitude from a different dissociated Purkinje cell (P13). The amplitude recovered to original

values following removal of CNQX, and events were abolished completely by application of

the GABAAR blocker SR 95531 (20 µM). Horizontal grey bars indicate the time periods from

which IPSC measurements were averaged. (D) Probability density histogram of evoked-IPSC

amplitudes; a greater proportion of failures (bar at 0 pA) and a shift to lower amplitude was
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Figure 4.11 continued: observed in CNQX (grey bars), compared to control (black bars). (E )

Pooled data showing inhibition of IPSC peak amplitude, increased CV of IPSC amplitude and

increased failure rate in the presence of CNQX. * P < 0.05 (Wilcoxon signed-rank test versus

one). Box- and-whisker plots indicate the median (line), 25-75th percentiles (box) and the 10-90th

percentiles (whiskers); circles and crosses represent individual and mean values, respectively.
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4.4 | Discussion

Activation of γ-2-associated presynaptic AMPARs resulted in a pronounced reduction

in climbing fibre- and CNQX-induced suppression of evoked GABA release. It is un-

likely that an increased MLI firing rate exclusively reduced release probability (Kondo

and Marty, 1998), as a TARP-dependent reduction in IPSC amplitude was observed in

recordings from mechanically dissociated Purkinje cells. Thus, together with those of

chapter 3, these results suggest effective presynaptic AMPAR-mediated modulation of

GABA release from MLI axonal varicosities requires γ-2, irrespective of the evoked or

spontaneous nature of release, and with no clear target neuron differences.

4.4.1 | Somatodendritic AMPARs modulate release probability and

promote feedforward inhibition

Consistent with a residual effect of AMPA in recordings from stg/stg MLIs and Purkinje

cells (Figure 3.5), an attenuated but significant reduction of IPSC amplitude remained

following climbing fibre stimulation in stg/stg mice. As raised in chapter 3, such a residual

effect may reflect a population of presynaptic AMPARs either associated with γ-7, or

TARP-less. However, the loss of effect of climbing fibre stimulation on sIPSC amplitude

in recordings from stg/stg Purkinje cells argues against this hypothesis. Alternatively, all

presynaptic AMPARs may require γ-2 to function, and the remaining effect of climbing

fibre stimulation on evoked IPSCs in stg/stg Purkinje cells would then reflect spillover-

mediated activation of somatodendritic AMPARs (Szapiro and Barbour, 2007). In stg/stg

mice, such somatodendritic AMPARs are likely to be a combination of γ-7-associated

extrasynaptic CI-AMPARs, and TARPless CP-AMPARs at MLI postsynaptic densities

(Bats et al., 2012; Jackson and Nicoll, 2011a). Depolarisation resulting from their acti-

vation would enhance MLI firing, and even in the absence of γ-2-associated presynaptic

AMPARs, would reduce GABA release (Kondo and Marty, 1998). As somatodendritic

MLI NMDARs are also expected to mediate parasynaptic signalling following climbing

fibre activation (Szapiro and Barbour, 2007), the residual effect may have been greater if

d-APV was absent from recordings.
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Since climbing fibre-mediated glutamate release would not only increase the firing of

the stimulated MLI, but other MLIs within the diffusion limit, a reduction in sIPSC

amplitude in stg/stg mice would be predicted. Given the heterogenous activation and

inhibition of spatially segregated MLI populations following climbing fibre stimulation

(Coddington et al., 2013), the absence of any change in sIPSC amplitude shown in stg/stg

recordings, is not necessarily irreconcilable with the residual suppression on evoked IPSCs

in recordings from these mice. It was recently found that MLIs which reside within the

domain of spillover diffusion inhibit MLIs outside the climbing fibre glutamate diffusion

limit (Coddington et al., 2013). In effect, the population of MLIs with enhanced firing

rates would reduce the firing rate of connected MLIs and, because MLIs fire spontaneously

(Häusser and Clark, 1997), would reduce their release probability (Kondo and Marty,

1998). Thus, the unaltered sIPSC amplitude, and frequency, in stg/stg recordings could

reflect a combination of MLIs with an enhanced spike rate and other MLIs with reduced

firing rates, depending on their proximity to the stimulated climbing fibre. The absence

of effect in stg/stg recordings could suggest that all presynaptic AMPARs require γ-2

to modulate evoked GABA release. This is in agreement with the pre-mIPSC data and

mechanically dissociated Purkinje cell recordings from stg/stg mice shown in chapter

3.

4.4.2 | Extent of presynaptic AMPAR activation by climbing

fibre-released glutamate

Herein, I suggest γ-2 associated presynaptic AMPARs can be activated by endogenous

glutamate spillover from climbing fibre – Purkinje cell synapses. Climbing fibres form

hundreds of synapses upon Purkinje cell dendrites, that exhibit a relatively high proba-

bility of release and can release multiple vesicles in response to a single action potential

(Wadiche and Jahr, 2001; Rudolph et al., 2011). Consequentially, large and prolonged

synaptic glutamate concentrations are thought to saturate adjacent synaptic AMPARs

to produce the characteristically large amplitude EPSC (Harrison and Jahr, 2003). In

combination with a slow clearance rate, the high glutamate concentration also results in a

relatively prolonged EPSC decay (Barbour et al., 1994; Wadiche and Jahr, 2001). In spite
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of high expression of glutamate transporters on surrounding Bergmann glial processes

that form a tripartite synapse (Lehre and Danbolt, 1998; Tzingounis and Wadiche, 2007),

spillover of glutamate from climbing fibre – Purkinje cell synapses exclusively mediates

the transmission with MLIs. This is not only true for glutamate receptors at axonal

boutons (Satake et al., 2000, 2006, 2010), but also for glutamaterigc transmission onto

somatodendritic sites, both in acute slices (Szapiro and Barbour, 2007) and in vivo

(Jörntell and Ekerot, 2003). In addition, spillover transmission has been shown to activate

glutamate receptors at extrasynaptic Purkinje cell sites (Brasnjo and Otis, 2001; Wadiche

and Jahr, 2005), and on Bergmann glia (Bergles et al., 1997), but spillover between

neighbouring climbing fibre – Purkinje cell synapses does not seem to occur (Wadiche

and Jahr, 2001).

Although there is good evidence for spillover-mediated transmission, it is unclear whether

the ‘volume’ of parasynaptic signalling required to activate presynaptic AMPARs occurs

in response to normal rates of climbing fibre firing. Satake et al. (2000) reported that 5-50

Hz climbing fibre stimulation reduced evoked GABA release. However, they did not test

frequencies between 1 and 2.5 Hz at which climbing fibres in the cat were found to fire

in vivo (Armstrong and Rawson, 1979). Thus, the ∼40% suppression of IPSC amplitude

I observed is likely to be an overestimate of presynaptic AMPAR influence on evoked

GABA release, rather the 20% suppression resulting from 5 Hz stimulation may be more

realistic (Satake et al., 2000). It would have been interesting to test if any residual effect

of climbing fibre stimulation on evoked GABA release occurred in stg/stg mice following

1-2.5 Hz climbing fibre stimulation. Low frequency climbing fibre stimulation is thought

to be capable of activating somatodendritic AMPARs (Szapiro and Barbour, 2007), it

may have been that the artificially elevated glutamate concentration resulting from 50 Hz

stimulation caused a large MLI depolarisation that increased MLI firing and contributed

to the reduction in GABA release probability.
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4.4.3 | Potential changes in climbing fibre released glutamate in

stg/stg mice

The significance of γ-2 for climbing fibre stimulation-induced suppression of GABA release

may be questioned. Though control experiments using CNQX established that γ-2

regulates the presynaptic AMPAR suppression of evoked release, this is subtly different

from claiming that γ-2 is important for the suppression of GABA release following

climbing fibre stimulation. Given the altered climbing fibre EPSC kinetics I observed

in Purkinje cell recordings from stg/stg mice, a reduction in glutamate release, and not

the absence of γ-2, could have been responsible for the attenuated IPSC suppression in

this experiment.

The faster decay, yet unaltered amplitude, of climbing fibre-mediated EPSCs in stg/stg

Purkinje cell recordings suggests that whilst the glutamate concentration was sufficient

to saturate synaptic AMPARs, the concentration was nonetheless reduced compared to

wild-type. From previous studies, lower glutamate concentrations would be expected

to clear from the synapse at a faster rate, and be less likely to activate extrasynaptic

AMPARs, thus speeding the rate of EPSC decay (Wadiche and Jahr, 2001). At parallel

fibre presynaptic terminals in stg/stg mice, Richardson and Leitch (2005) observed a

reduced number of vesicles docked in close proximity to active zones, as well as reduced

levels of glutamate immunoreactivity. If such findings are transferable to climbing fibre

varicosities, then there is a possibility that the release of glutamate is reduced in stg/stg

animals.

Alternatively, the difference in EPSC kinetics may reflect an altered morphology of

climbing fibre – Purkinje cell synapses in stg/stg mice. A reduced crowding of synaptic

structures would lead to a greater rate of diffusion out of the cleft, similar to that observed

at the cerebellar mossy fibre-to-granule cell synapse at younger ages (Cathala et al., 2005).

However, there is little evidence in stg/stg mice to suggest that gross synaptic structure

is altered compared to wild-type. For example, whilst the thickness of the PSD of MF-to-

granule cell and parallel fibre-to-Purkinje cell synapses is reduced, the number and length

of such synapses are unchanged (Richardson and Leitch, 2005). Thus, γ-2-associated
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AMPARs are present at basket cell boutons where they act to reduce evoked GABA

release. However, the potentially confounding differences in neurotransmitter release in

stg/stg mice make it difficult to unambiguously determine the precise basis of the reduced

climbing fibre-induced suppression of release seen in these animals.
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5 | Presynaptic AMPARs promote Ca2+ entry to

modulate the probability of GABA release

from MLIs

5.1 | Summary

This chapter is concerned with mechanisms which may mediate the effects of presynaptic

AMPARs on release probability.

Incubation with CdCl2 markedly reduced the effect of TARP-associated AMPARs on

mIPSC frequency in both MLI and Purkinje cell recordings. In mechanically dissociated

Purkinje cells a specific role of P/Q- and N-type VGCCs was revealed using the selective

blocker Agatoxin.

In the presence of Ca2+ chelators, treatment with AMPA had no effect on either mIPSC

frequency or evoked IPSC amplitude recorded from mechanically dissociated Purkinje

cells. Inhibition of AMPAR action by the slow Ca2+ chelator EGTA, suggests that

VGCCs which mediate AMPAR effects form a population distinct from those at the

active zone required for action potential-driven release.

In recordings from Purkinje cells in acute cerebellar slices, application of AMPA increased

mIPSC amplitude, consistent with the sensitisation of CICR from ryanodine-sensitive

stores. In contrast, the application of AMPA to mechanically dissociated Purkinje cells

recordings produced a significant reduction of mIPSC amplitude, which suggests that

CICR does not contribute to effects mediated solely by presynaptic AMPARs.

These results suggest that presynaptic AMPARs at MLI boutons predominantly reg-

ulate GABA release through P/Q- or N- type VGCCs coupled to active zones in the

microdomain. At MLI – MLI boutons, direct Ca2+ influx through CP-AMPARs may

provide an additional source of Ca2+ to modulate release. At basket cell – Purkinje cell

boutons, a reduction in mIPSC amplitude is inconsistent with the theory that presynaptic

AMPARs enhance release partly through the sensitisation of internal Ca2+ stores.
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5.2 | Introduction

From initial experiments at the frog NMJ, Katz and Miledi demonstrated that Ca2+ was

essential to trigger exocytosis of synaptic vesicles (Katz and Miledi, 1965, 1967). At the

active zone, highly localised and concentrated Ca2+ domains result from VGCC openings

to sharply evoke transmitter release within less than a millisecond of action potential

invasion (Borst and Sakmann, 1996; Südhof, 2012). At MLI (basket cell) boutons that

synapse onto Purkinje cells, between 100 and 200 VGCCs are activated by a single

action potential, producing a 3-5 µM Ca2+ transient which decays to approximately

115-130 nM over hundreds of milliseconds before reverting to resting levels (∼ 100 nM)

(Rusakov et al., 2005). At these axonal varicosities, it is thought that P/Q channels

predominantly mediate action potential-dependent release with a smaller contribution

from N-type VGCCs (Forti et al., 2000). In addition, ryanodine-sensitive internal Ca2+

stores have been proposed to contribute to action potential-evoked release by enhancing

depolarisation-induced Ca2+ elevation (Galante and Marty, 2003).

In contrast to the absolute requirement of Ca2+ for action potential-dependent release, the

role of Ca2+ in driving spontaneous release depends on the particular synapse examined

(section 1.4.4). At MLI boutons that contact other MLIs, spontaneous release occurs

independently of extracellular Ca2+ levels and is not affected by the antagonism of VGCCs

(Llano and Gerschenfeld, 1993). At MLI – Purkinje cell synapses, spontaneous release

is similarly unaffected by Ca2+ entry via VGCCs. At basket cell boutons that synapse

on to Purkinje cells, presynaptically located ryanodine-sensitive stores, which mobilise

large Ca2+ concentrations, have been proposed to provide an additional source of Ca2+

to underlie the largest mIPSCs through the initiation of multivesicular release (Llano

et al., 2000).

Mechanisms that mediate presynaptic iGluR effects on action

potential-driven release

The mechanism by which presynaptic iGluRs modulate action potential-evoked release at

MLI – Purkinje cell boutons varies depending on receptor subtype. NMDARs have been
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proposed to enhance action potential-dependent release by direct Ca2+ influx through

the NMDAR channel and subsequent sensitisation of ryanodine-sensitive Ca2+ stores

(Duguid and Smart, 2004). Presynaptic AMPAR-mediated reduction of evoked release

from basket cell boutons that synapse onto Purkinje cells has been suggested to involve

G-protein inhibition of P/Q-type VGCCs, without involvement of ryanodine Ca2+ stores

(Satake et al., 2004). However, the assertions regarding mechanisms of action of presy-

naptic AMPARs may be erroneous given the methods employed. Firstly, the use of

N-ethylmaleimide to block the G-protein/VGCC interaction would potentially have non-

specific effects, including the disruption of the NSF-dependent trafficking of presynaptic

AMPARs (Pittaluga et al., 2006), and the inhibition of NSF-mediated dissociation of

SNAREs, which is normally required for vesicle fusion (Söllner et al., 1993). Both

effects could explain the attenuated suppression of evoked release by AMPARs (Satake

et al., 2004). Moreover, application of specific blockers of P/Q VGCCs would alter the

baseline of evoked release (Forti et al., 2000), reducing any potential effects of AMPAR

activation.

Mechanisms that mediate presynaptic iGluR effects on spontaneous

release

Presynaptic iGluRs exert their control over spontaneous release through a number of

mechanisms that almost always involve regulating axon terminal free Ca2+ concentrations

(Pinheiro and Mulle, 2008). The exact mechanism by which presynaptic iGluRs at MLI

terminals regulate GABA release depends on the target neuron and the subtype of iGluR.

At both MLI – MLI and MLI – Purkinje cell boutons, the activation of presynaptic

NMDARs enhances release via direct Ca2+ influx through the NMDAR channel, without

increasing VGCC openings (Duguid and Smart, 2004; Glitsch, 2008a; Rossi et al., 2012).

Direct Ca2+ influx may subsequently mobilise Ca2+ from ryanodine-sensitive internal

stores to further augment GABA release (Duguid and Smart, 2004; Rossi et al., 2012),

though there is conflicting evidence which suggests this does not occur at MLI – Purkinje

cell varicosities (Glitsch, 2008a).

At MLI – MLI synapses, AMPAR-mediated enhancement of spontaneous release appears
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to be predominantly mediated by Ca2+ permeable forms of the receptor (Rossi et al.,

2008). Their activation depolarises the membrane to induce VGCC opening, which largely

accounts for the effect on release probability (Bureau and Mulle, 1998). In the presence of

the broad VGCC blocker CdCl2 some potentiation of mIPSC frequency remains (Bureau

and Mulle, 1998), raising the possibility that direct Ca2+ influx through CP-AMPARs

may directly stimulate release. By contrast, MLI – Purkinje cell boutons mainly express

GluA2 containing CI-AMPARs. Besides the proposed involvement of P/Q-type VGCCs

in AMPAR-mediated inhibition of evoked release (Satake et al., 2004), the contribution of

VGCCs to AMPAR-mediated modulation of spontaneous release has not been specifically

investigated at this subset of axonal varicosities. Rather, AMPAR effects on mIPSC

frequency and amplitude were increased by pre-incubation with ryanodine, and decreased

by the internal store inhibitor dantrolene, to suggest internal Ca2+ stores may contribute

to the AMPAR-mediated modulation of spontaneous release (Rossi et al., 2008).

The efficacy and speed of transmitter release is in part determined by the proximity of

VGCCs to Ca2+ sensors on synaptic vesicles (Eggermann et al., 2012). VGCCs that

drive action potential-evoked release are often located close to the active zone, within

10 and 20 nms (Bucurenciu et al., 2008). Such nanodomain coupling (< 100 nm)

produces rapidly activating and decaying localised Ca2+ transients of large magnitude.

This limits any synaptic delay and promotes efficacious transmitter release (Bucurenciu

et al., 2008). At other terminals, it is possible that VGCCs involved in evoked release

are coupled to the active zone over distances in excess of 100 nm (Hefft and Jonas, 2005;

Ohana and Sakmann, 1998). Such microdomain coupling between VGCCs and the Ca2+

sensor substrate exhibits relatively prolonged global increases in Ca2+ levels at axonal

varicosities, which have much slower kinetics than nanodomain Ca2+ transients (Atluri

and Regehr, 1996; Eggermann et al., 2012).

In this chapter I attempt to further elucidate features of Ca2+ influx mechanisms that

meditate AMPAR effects on release probability. Given the requirement for VGCCs in the

mediation of presynaptic AMPAR effects on spontaneous release at MLI boutons that

synapse onto other MLIs, I aimed to investigate if this was also true for MLI – Purkinje cell

varicosities. Through the use of specific toxins, and Ca2+ chelators with differing binding
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rates, it was possible to determine to what extent the VGCCs that mediated AMPAR

effects resemble those at the active zone that support action potential-dependent release.

Besides addressing the contribution of VGCCs, I present data to suggest that at MLI

– MLI boutons, direct Ca2+ influx through CP-AMPARs may contribute to the effects

on spontaneous release. Finally, following application of AMPA, I observed a reduction

in mIPSC amplitude recorded from mechanically dissociated Purkinje cells, calling into

question the role of CICR in mediating AMPAR effects on spontaneous release.

5.3 | Results

5.3.1 | VGCCs predominantly mediate presynaptic AMPAR effects

on release probability

Voltage-clamp recordings from MLIs have demonstrated that VGCCs are required for

AMPAR-mediated potentiation of mIPSC frequency (Bureau and Mulle, 1998). However,

the contribution of VGCCs to the enhanced spontaneous release following AMPA treat-

ment has not been determined at MLI boutons that contact Purkinje cells. I examined

the effect of Cd2+, a broad-spectrum blocker of VGCCs, on CNQX-induced potentiation

of mIPSC frequency (Figure 3.3). Addition of Cd2+ had no significant effect on mIPSC

frequency in recordings from MLIs (from 0.75 ± 0.23 in control to 0.62 ± 0.19 in Cd2+;

n = 7; P = 0.16; Wilcoxon matched-pairs test), nor from Purkinje cells where a control

period was recorded (2.18 ± 0.70 in control to 2.39 ± 0.53 in Cd2+; n = 6; P = 0.84;

Wilcoxon matched-pairs test). This is in agreement with previous reports describing the

Ca2+-independent nature of spontaneous release from MLIs (Bureau and Mulle, 1998;

Llano and Gerschenfeld, 1993). In the presence of 100 µM Cd2+, the effects of CNQX

were significantly reduced (normalised frequency 1.32 ± 0.05 and 1.24 ± 0.15, n = 7

and 11, respectively; P = 0.0047 and 0.00057 versus CNQX alone, Figure 5.1 D). In

the presence of Cd2+ the residual effect of CNQX was significant in MLIs (P = 0.016)

but not in Purkinje cells (P = 0.15) (Figure 5.1 D). These data suggest that activation

of VGCCs underlies the action of γ-2-associated presynaptic AMPARs at both MLI-to-

MLI and MLI-to-Purkinje cell synapses. The incomplete block by Cd2+ at MLI-to-MLI
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synapses may reflect an additional direct influx of Ca2+ through CP-AMPARs (Bureau

and Mulle, 1998; Rossi et al., 2008).

Several types of VGCCs have been shown to be present at presynaptic sites to mediate

neurotransmitter release (subsection 1.4.1). At basket cell terminals that synapse onto

Purkinje cells, action potential-driven Ca2+ transients result mainly from the activity

of P/Q VGCCs, with some contribution of N-type VGCCs (Forti et al., 2000). To

determine if the type(s) of VGCC(s) which mediate AMPAR effects on spontaneous

release correspond to those involved in action potential-driven release, I tested the effect

of AMPA on mIPSC frequency following incubation with the funnel web spider toxin

Agatoxin. At concentrations of 50-100 nM, Agatoxin selectively blocks P/Q channels,

whereas above 1 µM it also blocks N-type VGCCs (Sidach and Mintz, 2000). I recorded

from mechanically dissociated Purkinje cells, to remove any potentially contaminating

effects of somatodendritic depolarisation on release probability (Christie et al., 2011), and

examined the contribution of P/Q- and N-type channels on AMPA-induced potentiation

of quantal release (previously shown in Figure 3.6).

A 15 minute incubation in 1 µM Agatoxin had no significant effect on mIPSC frequency

recorded from acutely dissociated Purkinje cells (from 0.19 ± 0.06 Hz in control to

0.30 ± 0.09 Hz following Agatoxin treatment, n = 6, P = 0.063, Wilcoxon matched-

pairs test, data not shown). Thus, in agreement with previous voltage-clamp recordings

from MLIs (Llano and Gerschenfeld, 1993) and Purkinje cells (Llano et al., 2000), this

data demonstrates that spontaneous release of GABA from MLIs occurs irrespective of

stochastic VGCC openings. In the presence of Agatoxin, application of 2 µM AMPA

had no effect on mIPSC frequency (relative frequency; 0.91 ± 0.20, Figure 5.2 A, B

& D, n = 6, P = 1, Wilcoxon matched-pairs test). Moreover, this lack of effect was

significantly different from AMPA alone (P = 0.0017, Mann-Whitney U -test following a

Kruskal-Wallis test between groups described in table 2.1; χ2(5) = 23.39, P = 0.00028).

Thus, a combination of P/Q- and N-type VGCCs likely mediate both action potential-

driven release (Forti et al., 2000) and presynaptic AMPAR-mediated enhancement of

spontaneous release. Whether both actions involve the exact same population of P/Q-

and/or N-type VGCCs is unknown.
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Figure 5.1: CdCl2 strongly inhibits the action of γ-2-associated AMPARs on mIPSC

frequency

(A) Representative current records and phasic charge transfer measurements from an MLI in

a slice from a P11 wild-type mouse incubated in 100 µM CdCl2 for 5 minutes. The effect

of 20 µM CNQX is shown in green. Dashed lines refer to 0 charge. (B & C ) Cumulative

probability histograms of mIPSC inter-event interval and amplitude, respectively, from sample

MLI recordings. (D) Pooled data showing the effects of CNQX on mIPSC frequency in the

presence (green) and absence (grey) of Cd2+ when normalised to control recordings. Data are
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Figure 5.1 continued: shown for P10-14 wild-type MLIs (left) and P10-14 wild-type Purkinje

cells (right). For Purkinje cell recordings, the effect of 40 µM CNQX was tested in the presence of

50 µM CTZ. Box-and-whisker plots indicate the median (line), the 25-75th percentiles (box) and

the 10-90th percentiles (whiskers); filled circles and crosses represent individual and mean values,

respectively. *, ***, n.s. indicate P values < 0.05, 0.001 and > 0.05, respectively (Wilcoxon

signed-rank test versus one). ## P <0.01 and ### P <0.001 (Mann-Whitney U -test versus

CNQX in P10-14 cells, following Kruskal-Wallis tests that revealed a significant effect of group

(Table 2.1); MLIs χ2(4) = 26.9, P = 0.000021; Purkinje cells χ2(5) = 38.59, P = 0.00000029).
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Figure 5.2: Agatoxin blocks AMPAR-mediated effects on mIPSC frequency

(A) Sample current records from a P10 wild-type mouse pretreated with 1 µM Agatoxin for 15

minutes, before and after 2 µM AMPA treatment. (B & C ) Cumulative probability histograms

of mIPSC inter-event interval and amplitude, respectively, corresponding to the Purkinje cell

recording in B. (E ) Pooled data showing the effects of AMPA on mIPSC frequency in P10-14 wild-

type mechanically dissociated Purkinje cells. Box-and-whisker plots indicate the median (line),

the 25-75th percentiles (box) and the 10-90th percentiles (whiskers); filled circles and crosses

represent individual and mean values, respectively. n.s. indicate a P value > 0.05 (Wilcoxon

matched-pairs test).
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5.3.2 | VGCCs that mediate presynaptic AMPAR effects on release

are remote from the active zone

At MLI boutons, VGCCs that translate action potential depolarisation into GABA release

are coupled to the active zone within the nanodomain (Caillard et al., 2000; Christie

et al., 2011) (section 1.4.2). It is not known whether presynaptic AMPARs modulate

release probability through the same VGCC population, or act through a separate pool

of VGCCs remote from the active zone. The relative binding rates of exogenous Ca2+

chelators allow one to distinguish between free Ca2+ originating at these two different

locations (Adler et al., 1991; Eggermann et al., 2012). BAPTA binds Ca2+ very quickly,

with a rate constant of 500 µM-1·s-1 (Naraghi, 1997), and will buffer Ca2+ even across the

short distances (10-20 nm) between VGCCs and vesicular synaptotagmins in the active

zone (Ricci et al., 1998). The binding rate of EGTA is slower (2.7 × 106 M-1·s-1; Naraghi

(1997)), and thus EGTA is not able to attenuate this fast process, but it will buffer Ca2+

that diffuses to the active zone over larger, microdomain-coupled, distances (Eggermann

et al., 2012).

To determine if the VGCCs that mediate presynaptic AMPAR effects on spontaneous

release were coupled in the nano- or micro-domain, I tested the effects of Ca2+ chela-

tors on the presynaptic AMPAR-induced enhancement of mIPSC frequency observed

in Figure 3.11. Mechanically dissociated Purkinje cells were incubated with membrane

permeable, acetoxymethyl (AM) ester forms of either BAPTA or EGTA > 30 minutes

prior to recording. Once inside a cell membrane, the AM ester is hydrolysed by cellular

acetylesterases to a non-membrane-permeable form (Tsien, 1981). In experiments where

a control period was recorded prior to BAPTA-AM (100 µM) incubation there was no

significant change in basal mIPSC frequency (from 0.93 ± 0.52 Hz in control to 1.37 ±

1.01 Hz in BAPTA-AM, n = 6, P = 0.31, Wilcoxon matched-pairs test). Similarly, no

difference was observed in mIPSC frequency between control condition (0.31 ± 0.06 Hz)

and following a 30 minute EGTA-AM (100 µM) treatment (0.33 ± 0.09 Hz, n = 10, P =

0.77, Wilcoxon matched-pairs test).

In the presence of either chelator, application of 2 µM AMPA caused no change in mIPSC

195



Presynaptic AMPARs drive Ca2+ entry

frequency. With BAPTA treatment the mIPSC frequency showed no significant change

from 1.44 ± 0.76 Hz to 1.86 ± 0.87 Hz (n = 8, P = 0.078, Wilcoxon matched-pairs test)

(Figure 5.3 A & C ). With EGTA pretreatment, mIPSC frequency went from 0.35 ± 0.06

Hz to 0.37 ± 0.05 Hz in AMPA (n = 15, P = 0.42, Wilcoxon matched pairs test) (Figure

5.3 B & C ). The absence of effect in BAPTA and EGTA incubations was significantly

different from treatment with AMPA alone (P = 0.0079 and 0.0017, respectively, Figure

5.3 D). Thus, presynaptic AMPARs potentiate spontaneous GABA release through the

activation of P/Q- and/or N- type VGCCs located in the microdomain, separate to the

P/Q- and/or N-type VGCCs at the active zone that meditate action potential-driven

release (Christie et al., 2011; Forti et al., 2000).

AMPARs not only modulate spontaneous release, but also reduce the probability of action

potential driven release (Figure 4.3, 4.5 and 4.12), potentially through the activation of

P/Q-type VGCCs (Rusakov et al., 2005; Satake et al., 2004). It is plausible that such

VGCCs either correspond to those distributed in the microdomain (which also mediate

AMPAR effects on spontaneous release), or alternatively, are the same VGCCs that evoke

action potential-dependent release in the active zone (Christie et al., 2011; Forti et al.,

2000). To distinguish between these possibilities, the effect of AMPA was tested on IPSCs

evoked from individual adherent boutons on acutely dissociated Purkinje cells (Figure

5.4). Mechanically dissociated Purkinje cells were incubated with 100 µM EGTA-AM

for 30 minutes prior to recordings. It has been previously shown that EGTA-AM has no

significant effect on evoked IPSC amplitude (Christie et al., 2011). In the presence of

EGTA, AMPA had no significant effect on either IPSC peak amplitude (104 % of control

value, n = 6, P = 1, Wilcoxon signed-rank test) (Figure 5.4 A, B & C ), or measures

of release probability (failure rate and CV were insignificantly increased by 11 and 2 %,

respectively; P = 0.56 and 1, respectively; Wilcoxon signed-rank test, n = 6 for both

measures) (Figure 5.4 C ).
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Figure 5.3: Fast and slow Ca2+ chelators block AMPAR-mediated modulation of

spontaneous release

Representative recordings from mechanically dissociated Purkinje cells pre-incubated with either

100 µMBAPTA-AM (A) or 100 µMEGTA-AM (B), before and after 2 µMAMPA treatment. (C )

Cumulative probability histograms of mIPSC inter-event interval corresponding to the Purkinje

cell recording in A (left) and B (right). (D) Pooled data comparing the effects of AMPA

on normalised mIPSC frequency in P10-14 wild-type mechanically dissociated Purkinje cells

incubated with BAPTA-AM (light blue), EGTA-AM (dark blue) or neither (grey). Box-and-

whisker plots indicate the median (line), the 25-75th percentiles (box) and the 10-90th percentiles
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Figure 5.3 continued: (whiskers); filled circles and crosses represent individual and mean

values, respectively. ** indicates P < 0.05 (Wilcoxon signed-rank test versus one). ## P <0.01,

(Mann-Whitney U -test versus AMPA in P10-14 mechanically dissociated Purkinje cells, following

a Kruskal-Wallis test (Table 2.1) that revealed a significant difference between groups; χ2(5) =

23.39, P = 0.00028).
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Figure 5.4: EGTA-AM abolishes the AMPAR-mediated reduction in evoked release

(A) Top panels show selected sweeps from a sample P13 wild-type mechanically dissociated

Purkinje cell, with success and failures of evoked release (in black and grey, respectively). Bottom

panels show corresponding averaged evoked IPSCs. The effect of 2 µM AMPA was tested in the

presence (right), and absence (left) of 100 µM EGTA-AM. (B) Time course of evoked IPSC peak

amplitude from the same wild-type Purkinje cell as in A. Horizontal grey bar indicates the time

period over which 2 µM AMPA was applied. (C ) Pooled data showing application of AMPA did

not alter IPSC peak amplitude, failure rate, or the CV of IPSC amplitude compared to control

period. Box-and-whisker plots are as described in Figure 5.1.
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5.3.3 | Presynaptic CP-AMPARs are associated with γ-2 at MLI –

MLI boutons

In the presence of Cd2+, a residual CNQX-induced increase in mIPSC frequency was

observed in recordings from MLIs, but not Purkinje cells (Figure 5.1). This observation

is consistent with the results of an earlier study in which slices were treated with the partial

AMPA and kainate receptor agonist domoate (Bureau and Mulle, 1998). These authors

originally speculated that the residual increase in mIPSC frequency may result from direct

Ca2+ influx through CP-AMPARs. Indeed, it was subsequently found that MLI boutons

which contact other MLIs contain predominantly CP- AMPARs whilst MLI – Purkinje cell

boutons contain mostly CI-AMPARs (Rossi et al., 2008; Satake et al., 2006). Bats et al.

(2012) have shown previously that CP- and CI-AMPARs can be differentially regulated

by γ-2, which is required for efficient postsynaptic clustering of CI- but not CP-AMPARs

in MLIs. To determine if CP-AMPARs are associated with γ-2, I examined the effect

of CNQX on mIPSC frequency in the presence of PhTx-433, an open-channel blocker

selective for CP-AMPARs. When wild-type slices were incubated in PhTx-433 (6 µM, 10

min), CNQX (20 µM) no longer produced a significant increase in MLI mIPSC frequency

(normalised frequency 1.37 ± 0.25, n = 7, P = 0.47) or charge transfer (normalised charge

1.49 ± 0.23, n = 7, P = 1.00) (Figure 5.5 A, B & D). By contrast, PhTx-433 did not block

the CNQX-induced increase in mIPSC frequency or charge transfer recorded in Purkinje

cells (40 µM CNQX plus 50 µM cyclothiazide) (normalised frequency 2.82 ± 0.54, n =

9, P = 0.0039; normalised charge 2.46 ± 0.51, P = 0.020) (Figure 5.5 D).

5.3.4 | Presynaptic AMPARs preferentially increase the frequency

of small mIPSCs at basket cell terminals

The application of 1 µM AMPA not only increased the frequency of mIPSCs from acute

slice Purkinje cell recordings (Figure 3.6), but also their amplitude (2.11 ± 0.14 relative to

control, n = 10, P = 0.0020, Wilcoxon signed-rank test). This result is consistent with an

earlier study by Rossi et al. (2008) who report a ∼1.6 fold increase in amplitude. In this

study they reasoned that Ca2+ influx through AMPARs sensitises ryanodine-sensitive
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Figure 5.5: PhTx-433 inhibits AMPAR-induced potentiation of spontaneous release

depending on postsynaptic neuron

(A) Representative current records and phasic charge transfer measurements from a MLI in

a slice from a P13 wild-type mouse incubated in 6 µM PhTx-433 for 10 minutes. The effect

of 20 µM CNQX in the presence (dashed lines indicate zero charge). (B & C ) Cumulative

probability histograms of mIPSC inter-event interval and amplitude, respectively, from sample

MLI recordings. (D) Pooled data showing the effects of CNQX on mIPSC frequency when

normalised to control recordings in P10-14 wild-type MLIs (left) and P10-14 wild-type Purkinje
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Figure 5.5 continued: cells (right) within acute cerebellar slices. For Purkinje cell recordings,

the effect of 40 µM CNQX was tested in the presence of 50 µM CTZ. Box-and-whisker plots

indicate the median (line), the 25-75th percentiles (box) and the 10-90th percentiles (whiskers);

filled circles and crosses represent individual and mean values, respectively. *, ***, n.s. indicate

P values of < 0.05, 0.001 and > 0.05, respectively (Wilcoxon signed-rank test versus one). # P

<0.05, (Mann-Whitney U -test versus CNQX in P10-14 cells, following a Kruskal-Wallis test that

revealed a significant effect of group (Table 2.1); MLIs χ2(4) = 26.9, P = 0.000021; Purkinje cells

χ2(5) = 38.59, P = 0.00000029).
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Figure 5.6: AMPAR agonists reduce mIPSC amplitude in mechanically dissociated

Purkinje cells

(A) Representative recordings taken from a P10 Purkinje cell mechanically dissociated from a

wild-type cerebellar slices before and after treatment with 2 µM AMPA. (B) Averaged cumulative

probability histogram of mIPSC amplitude from ten cells; individual cells illustrated by feint black

(control) and red (AMPA) lines. Thick lines and shaded regions represent the averages and SEMs,

respectively. (C & D) Pooled data showing the effects of 2 µM AMPA and 40 µM CNQX (+ 40

µM cyclothiazide) on mIPSC amplitude in P10-14 wild-type mechanically dissociated Purkinje

cells. Box-and-whisker plots indicate the median (line), the 25-75th percentiles (box) and the

10-90th percentiles (whiskers); filled circles and crosses represent individual and mean values,

respectively. ** and * indicate P values < 0.01 and < 0.05, respectively (Wilcoxon matched-pairs

test).
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Ca2+ stores to promote CICR. As Ca2+ release from ryanodine-sensitive stores was

thought to underlie the large amplitude mIPSCs observed in Purkinje cells by promoting

multivesicular GABA release (Llano et al., 2000), Rossi et al. (2008) proposed that CICR

was responsible for the AMPAR-mediated enhancement in mIPSC amplitude.

By comparison, mIPSCs recorded from mechanically dissociated Purkinje cells were re-

duced in amplitude following application of 2 µM AMPA (from 308.78 ± 33.65 pA

in control to 228.17 ± 34.71 pA in AMPA, n = 9, P = 0.0078) (Figure 5.6 A, B

& C ), and 40 µM CNQX (plus 50 µM cyclothiazide) (from 203.06 ± 151.96 pA in

control to 151.96 ± 19.86 pA following CNQX treatment, n = 9, P = 0.047) (Figure

5.6 D). Contrary to evidence from acute slices, the dissociated preparation suggests that

presynaptic AMPAR-mediated potentiation of spontaneous release occurs independently

of CICR. By enhancing the frequency of small amplitude mIPSCs that result from

VGCC activation, without affecting the frequency of large amplitude IPSCs resulting

from CICR, this could explain the overall reduction in average mIPSC amplitude from

acutely dissociated Purkinje cell recordings.

5.4 | Discussion

In this chapter, I have examined the mechanisms that contribute to the effects of presynap-

tic AMPARs on release probability. I extend previous findings to suggest, akin to the MLI

– MLI varicosities, γ-2-associated AMPARs at MLI boutons that synapse onto Purkinje

cells predominantly mediate their effects on spontaneous release through VGCCs. In

addition, I identify this population of VGCCs as containing P/Q and/or N subtypes, but

unlike VGCCs which transform action potential invasion into transmitter release at the

active zone, they reside as a separate population in the microdomain. I provide evidence

that γ-2 regulates both CP- and CI-AMPARs, and that Ca2+ influx directly through CP-

AMPARs may contribute to the enhanced spontaneous release. Finally, by investigating

the amplitude of mIPSCs in mechanically dissociated Purkinje cells following treatment

of AMPAR agonists, I question the hypothesis that ryanodine-sensitive Ca2+ stores are

mechanistically involved in presynaptic AMPAR potentiation of spontaneous release at

basket cell boutons.
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5.4.1 | Presynaptic AMPARs activate microdomain coupled P/Q-

and/or N-type VGCCs

P/Q- and N-type VGCCs have been shown to play a major role in action potential-

driven Ca2+ signals within MLI axons (Forti et al., 2000). By testing the contribution

of specific VGCC blockers on the AMPA-induced reduction in evoked IPSC amplitude,

Satake et al. (2004) suggested presynaptic AMPARs mainly reduced release through

regulation of P/Q VGCCs. However, the dramatic shift in IPSC amplitude baseline

in the presence of Agatoxin observed in this study invalidated their further examination

of the contribution of P/Q VGCCs to AMPAR function (Satake et al., 2004). As VGCCs

are not normally involved in spontaneous GABA release, I avoided this experimental

ambiguity to demonstrate presynaptic AMPARs activate P/Q- and/or N-type VGCCs

to modulate release probability. Despite confirming previous suppositions, the relative

contributions of P/Q- and N-type VGCCs were not tested. Neither were the exact

subtypes of VGCCs involved in presynaptic AMPAR effects examined at MLI boutons

that target other MLIs.

VGCCs that mediate AMPAR effects on both spontaneous and evoked release reside in

the microdomain, distinct from the population of VGCCs that mediate action potential

driven release at the active zone (Christie et al., 2011; Forti et al., 2000). Compared to

nanodomain-coupled VGCCs, the activation of VGCCs loosely coupled to the active zone

is likely to initiate a relatively slow rise in global terminal Ca2+ concentration with a

prolonged decay (Atluri and Regehr, 1996; Eggermann et al., 2012).

Presynaptic NMDARs are also present at MLI – Purkinje cell boutons (Duguid and

Smart, 2004; Duguid et al., 2007; Glitsch and Marty, 1999; Huang and Bordey, 2004).

Given the role of VGCCs in AMPAR-mediated effects on release, it is surprising that

NMDARs enhance both spontaneous and evoked release without modulating VGCC

activity (Duguid and Smart, 2004). The conductance of AMPARs typically lies between

5 and 30 pS (Traynelis et al., 2010), and in cerebellar stellate cells, Liu and Cull-

Candy (2005) reported conductances values of 5.5 and 7 pS. By comparison, NMDARs

exhibit larger conductances between 20-60 pS (Traynelis et al., 2010), and in stellate cells
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mean slope conductances of 57.2 pS and 50.2 pS were reported for synaptic and extra

synaptic NMDARs, respectively (Clark et al., 1997). Given the respective single-channel

conductances, one might expect NMDARs to elicit a greater membrane depolarisation

than AMPARs and thus would be more likely to activate axonal VGCCs within MLI

boutons.

The positioning of NMDARs within close proximity to the active zone could potentially

explain this paradox. At nanodomain ranges, direct Ca2+ influx through the NMDAR

channel could potentially sensitise Ca2+ sensors that initiate vesicular release. However,

due to the presence of VGCCs in MLI active zones (Christie et al., 2011), NMDARs would

likely increase their openings and thus their effect on release would show sensitivity to

VGCC blockers. A more parsimonious explanation might be that presynaptic NMDARs,

like presynaptic AMPARs, are coupled to the active zone in the microdomain, but do

not closely associate with VGCCs. This theory would suggest a non-uniform distribution

of VGCCs in the terminal, that functionally complex with AMPARs, but not NMDARs.

Such a theory would assume that membrane depolarisation following iGluR activation

was spatially limited. One way to determine whether AMPAR-activated VGCCs at MLI

boutons are uniformly distributed, or occur in clusters, would be to test the effect of

presynaptic AMPAR activation at various EGTA concentrations (Eggermann et al., 2012).

If the block of AMPAR-potentiated release by EGTA was independent of concentration, it

would suggest such VGCCs are non-uniformly clustered (Meinrenken et al., 2002).

5.4.2 | The role of alternative Ca2+ sources in mediating

presynaptic AMPAR control on release

The presence of CP-AMPARs at MLI – MLI axonal boutons potentially provides an

additional source of Ca2+ entry to promote spontaneous GABA release. This is not

without precedent. AMPARs present at glutamate release sites on amacrine cell dendrites

in the retina, have previously been shown to modulate release probability by direct Ca2+

entry through the AMPAR channel (Chávez et al., 2006). Moreover, direct Ca2+ entry

through presynaptic NMDARs on lamprey reticulospinal axons has been proposed to

contribute to the enhancement of action potential-driven release (Cochilla and Alford,
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1999).

At basket cell boutons that synapse onto Purkinje cells, presynaptic AMPARs have been

suggested to promote spontaneous release through the sensitisation of ryanodine-sensitive

ER Ca2+ stores (Rossi et al., 2008). Following AMPAR activation, CICR from such stores

would in theory be activated by the increased Ca2+ levels resulting from VGCC activity.

This idea was supported by observations from Purkinje cell recordings in acute slices,

where the treatment of ryanodine could further amplify the effect of AMPA on mIPSC

frequency (Rossi et al., 2008). As CICR from ryanodine-sensitive stores is thought to

underlie the large amplitude mIPSCs recorded from Purkinje cells (Llano et al., 2000),

this mechanism provides an explanation as to why the amplitude of mIPSCs recorded from

Purkinje cells in acute slices is enhanced following application of AMPA, shown in both

my data (referred to in subsection 1.3.4), and as initially reported by Rossi et al. (2008).

However, in my recordings from mechanically dissociated Purkinje cells, application of

AMPA reduced mIPSC amplitude. This would suggest that the Ca2+ entering the bouton

following presynaptic AMPAR activation is insufficient to evoke CICR. Thus, the number

of mIPSCs resulting from VGCC Ca2+ entry is increased, yet the frequency of large

amplitude mIPSCs that result from Ca2+ release from ryanodine-sensitive stores (known

to occur spontaneously (Llano et al., 2000)), is unaltered. This would reduce the number

of large-mIPSCs as a proportion of the total mIPSCs and have the net effect of reducing

the average amplitude of mIPSCs.

The fact that both Rossi et al. (2008) and myself saw an increase in mIPSC amplitude

in acute slice recordings may indicate that there was an unavoidable activation of soma-

todendritic MLI AMPARs with bath application of AMPA (that was obviously absent

from dissociated Purkinje cell recordings). Recordings from MLIs in the presence of

TTX, demonstrate a somatic depolarisation of > 20 mV can passively spread down MLI

axons to increase release probability (Christie et al., 2011). It could be argued that in

slice experiments, application of AMPA promoted the passive spread of somatodendritic

depolarisation to basket cell boutons (see section 3.4.1). The membrane depolarisation

may have been large enough to trigger an influx of Ca2+ through VGCCs of sufficient

magnitude to evoke CICR, thereby enhancing the frequency of large amplitude mIPSCs.
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Indeed, in the dendrites of hippocampal pyramidal cells, subthreshold membrane depo-

larisation has been revealed to prime ryanodine-sensitive Ca2+ stores for release (Manita

et al., 2007). Thus, my data suggest that at basket cell boutons, AMPAR activation

enhances the entry of Ca2+ through VGCCs. The resulting increase in bouton Ca2+

levels promote the spontaneous release of GABA, but is of insufficient magnitude to drive

CICR from ryanodine-sensitive stores.
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6 | General Discussion

This thesis has addressed regulatory and mechanistic aspects of presynaptic AMPAR

function, specifically in regard to the modulation of release probability in cerebellar

molecular layer interneurons. In chapters 3 and 4, I established that TARP γ-2 can

associate with presynaptic CI- and CP-AMPARs, and play a key role in the modulation

of both evoked and spontaneous transmitter release. This was readily apparent from

the attenuated effects of AMPAR activation on evoked- and miniature IPSCs in stg/stg

mice, and by the TARP-dependent actions of CNQX. Importantly, the actions of CNQX

could be replicated in mechanically dissociated cells, demonstrating that they arose from

direct activation of TARPed presynaptic AMPARs. This contrasts with the situation for

presynaptic KARs, where the analogous transmembrane auxiliary protein NETO-1 does

not appear necessary for either their presynaptic localisation or function (Copits and

Swanson, 2012; Straub et al., 2011). Chapter 5 addressed the mechanism of presynaptic

AMPAR function. Spontaneous release from MLI boutons was potentiated by AMPARs

mainly through the activation of P/Q- and/or N-type VGCCs. Recordings from Purkinje

cells, pre-incubated with the slow binding Ca2+ chelator EGTA, suggests that such

VGCCs are remote from the active zone and distinct from the nanodomain-coupled

VGCCs that couple spike invasion to GABA release.

6.1 | Impact of TARP association for presynaptic

AMPARs

For postsynaptic AMPARs, TARPs are known to promote their dendrite-selective sorting

(Matsuda et al., 2008b), cell surface delivery (Tomita et al., 2003; Vandenberghe et al.,

2005) and synaptic accumulation (Bats et al., 2007; Chen et al., 2000; Howard et al.,

2010). Although little is known about the targeting and stabilisation of presynaptic

AMPARs, my findings indicate that this may involve similar TARP-dependent processes.

In hippocampal neurons and Purkinje cells, following AMPAR export from the Golgi

apparatus, TARP interaction with the µ4 subunit of the clathrin-based AP-4 is necessary
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for their somatodendritic targeting (Matsuda et al., 2008b). Axonal targeting could

involve suppression of this interaction, potentially through phosphorylation of serine

or threonine residues in the TARP C-terminal (Matsuda et al., 2008b). At the PSD,

interactions of the C-tail of γ-2, γ-3, γ-4 and γ-8 with MAGUKs such as PSD-95 and

SAP-97 are important for AMPAR accumulation and stability (Bats et al., 2007; Chen

et al., 2000; Howard et al., 2010). At presynaptic sites, similar interactions with SAP-97

or SAP-90, both of which are present in terminals (Kistner et al., 1993; Klöcker et al.,

2002), could be important for AMPAR accumulation and stabilisation.

Irrespective of their precise influence on AMPAR number and stability at axonal bou-

tons, TARPs are known to affect AMPAR functional properties, and would thus lead to

increased charge transfer and, for CP-AMPARs, greater direct Ca2+ influx. In MLIs,

the loss of γ-2 in stg/stg mice is known to reduce the weighted mean single-channel

conductance of synaptic AMPARs by ∼50% (Bats et al., 2012). Correspondingly, the con-

ductance of recombinant CP- (homomeric GluA1, GluA3 and GluA4) and CI-AMPARs

(GluA1/A2) is increased by 50-70% when expressed with γ-2 (Bats et al., 2012; Coombs

et al., 2012; Soto et al., 2009). In addition, γ-2 slows desensitisation by 20-100% (Coombs

et al., 2012; Soto et al., 2009; Milstein et al., 2007; Suzuki et al., 2008; Turetsky et al.,

2005) and increases glutamate potency (for homomeric GluA1 the EC50 is reduced by

∼3-6-fold Kott et al. (2007); Priel et al. (2005); Tomita et al. (2005); Yamazaki et al.

(2004)). For CP-AMPARs, γ-2 also attenuates (and speeds recovery from) the voltage-

dependent block by endogenous intracellular polyamines (Soto et al., 2007) and enhances

relative Ca2+ permeability (Coombs et al., 2012; Kott et al., 2009).

Together, these effects are expected to increase glutamate potency to broaden the spatial

extent over which glutamate spillover is capable of influencing GABA release and thus

potentially increase the number of MLI boutons affected. At each bouton, γ-2 association

will serve to enhance charge transfer via presynaptic CI- and CP-AMPARs as well as

increase direct Ca2+ entry via CP-AMPARs. The greater charge transfer conferred by

γ-2 association would produce a correspondingly larger terminal depolarisation and thus

enhance VGCC activation. This amplification may allow modulation of release by a small

number of AMPARs, which could be potentially important given the spatially constrained
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environment of a presynaptic site.

6.2 | Presynaptic γ-2-associated AMPARs potentially

promote a prolonged waveform of residual Ca2+

γ-2-associated AMPARs predominantly promote spontaneous GABA release from MLIs

through the activation of VGCCs. Data in chapter 5 suggest that P/Q- and/or N-

type VGCCs activated by presynaptic AMPARs are coupled to MLI active zones in

the microdomain. If we assume the Ca2+ flux following AMPAR and VGCC activation

experiences similar regulation as the Ca2+ signals resulting from an action potential, the

elevated Ca2+ levels will potentially exhibit a biphasic exponential decay (Collin et al.,

2005a; Rusakov et al., 2005). At rest, Ca2+ concentrations of 40 and 100 nM have been re-

ported in MLI terminals (Collin et al., 2005a; Eggermann and Jonas, 2012; Rusakov et al.,

2005). Following AMPAR and VGCC activation, there is likely to be a relatively high

and brief Ca2+ transient, although the peak concentration is unknown. This will rapidly

decay as a result of Ca2+ extrusion mechanisms (Ca2+-ATPase, Na+/Ca2+ exchangers),

diffusion, and binding of fast Ca2+ buffers (Collin et al., 2005a; Eggermann and Jonas,

2012; Rusakov et al., 2005), to leave a reduced level of Ca2+ which decays at a slower rate.

Due to the microdomain proximity of the VGCCs from the active zone, the facilitation of

GABA release by presynaptic AMPARs is likely to be mainly dependent on this remaining

residual Ca2+ concentration (Atluri and Regehr, 1996). Indeed, a computational model

of microdomain coupled VGCCs in hippocampal interneuron boutons suggests that the

Ca2+ sensors which initiate release would be exposed to a slow rising and prolonged

waveform of residual Ca2+ concentration (Goswami et al., 2012). At a coupling distance

of 200 nm, spontaneous VGCC openings in response to a 1.5 s, 20 mV, depolarisation

took ∼ 500 ms to have a noticeable effect on release rate, which slowly increased until

depolarisation ceased. This contrasts to the nanodomain coupled Ca2+ transients which

had relatively immediate effects on release rate lasting < 50 ms (Goswami et al., 2012).

Thus, it is plausible that activation of presynaptic AMPARs in MLI boutons produces a

relatively slow build up of residual Ca2+, perhaps akin to that which follows an action

potential to evoke asynchronous release.
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A number of mechanisms regulate Ca2+ concentration within MLI boutons. The exponen-

tial decay of residual Ca2+ concentration is thought to be strongly modulated by mobile

Ca2+ buffers such as parvalbumin (Collin et al., 2005a). MLIs contain high concentrations

of parvalbumin with estimates ranging from 0.15 and 1 mM (Caillard et al., 2000; Collin

et al., 2005a; Eggermann and Jonas, 2012; Rusakov et al., 2005). During development,

parvalbumin levels rise, whereas the influence of an unidentified fast Ca2+ buffer decreases

(Collin et al., 2005a). At the P10-14 age range examined here, parvalbumin is present at

higher levels in basket cell boutons, than stellate cell boutons (Collin et al., 2005a). The

presence of parvalbumin acts to accelerate the initial decay phase of Ca2+ concentration,

aided by its binding to Mg2+ which preserves its free concentration levels (Eggermann and

Jonas, 2012). However, during the exponential decay of residual Ca2+, the dissociation

of Ca2+ from parvalbumin prolongs its terminal concentration above resting values (with

a time constant of 0.6 s) (Collin et al., 2005a), thus exposing the release machinery to

more extended periods of residual Ca2+.

The prolongation of residual Ca2+ levels by parvalbumin may be of crucial importance

for AMPAR-mediated effects on spontaneous release at basket cell terminals. Recent

evidence from cholecystokinin-containing interneurons in the hippocampus suggests that

microdomain coupling of VGCCs may produce conditions more favourable for higher levels

of spontaneous activity than nanodomain coupled VGCCs, especially when the Ca2+

extrusion rate and buffer levels are low and the Ca2+ sensor affinity is high (Goswami

et al., 2012). Moreover, asynchronous neurotransmitter release from MLI boutons was

found to be reduced in the absence of parvalbumin (Collin et al., 2005a). If the waveform

of Ca2+ resulting from presynaptic AMPAR activation is indeed similar to that which

promotes asynchronous release, then it is plausible that parvalbumin may be crucial for

the effects of AMPARs on GABA release from MLIs.

Accurate knowledge of the number of VGCCs activated by presynaptic AMPARs and

the resulting Ca2+ waveform experienced by the exocytotic Ca2+ sensors requires val-

ues of Ca2+ concentrations resulting from presynaptic AMPAR and subsequent VGCC

activation. Ca2+ imaging experiments of basket cell axonal boutons using the Ca2+

indicator OGB-1 demonstrated that whilst action potentials evoked a ∼20% change
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in fluorescence (corresponding to a intraterminal concentration between 3-5 µM), puff

application of AMPA or glutamate had no significant effect (Rusakov et al., 2005). This

result was surprising given the clear dependence on VGCCs for AMPAR-mediated effects

on spontaneous release, but could suggest that AMPARs elicit a relatively low Ca2+ influx,

below the noise of the recording. Indeed, estimates of residual levels of Ca2+ following

an action potential range between 115-130 nM (Rusakov et al., 2005), less than the Kd of

OGB-1 ≈ 0.2 µM (Collin et al., 2005a; Hendel et al., 2008). It is likely that the number

of VGCCs opened by presynaptic AMPAR activation is far below the 100-200 channels

estimated to give rise to the action potential driven Ca2+ transient at basket cell terminals

(Rusakov et al., 2005). Rather, the activity of a small number of presynaptic AMPARs

and associated VGCCs may raise inter-terminal Ca2+ concentrations only by nanomolar

concentrations, below the sensitivity of Ca2+ indicators. Sparse levels of AMPARs and/or

associated VGCCs in MLI varicosities would place greater weight on the charge transfer

through an individual AMPAR, potentially further highlighting the importance of γ-2

association for effects on release probability.

6.3 | Differential regulation of CP- and CI-AMPARs

MLIs express both CP- and CI-AMPARs. Bats et al. (2012) have shown previously that

these can be differentially regulated by γ-2, which is required for efficient postsynaptic

clustering of CI- but not CP-AMPARs. MLI boutons that contact other MLIs contain pre-

dominantly CP- AMPARs whilst MLI-Purkinje cell boutons contain mostly CI-AMPARs

(Figure 4) (Rossi et al., 2008). If the differential TARP regulation of postsynaptic CP- and

CI-AMPARs seen in MLIs were conserved at presynaptic sites, one might have expected

CI-AMPARs at MLI – Purkinje cell boutons to be disproportionately affected by the loss

of γ-2 in stg/stg mice. Paradoxically, the AMPA-induced increase in mIPSC frequency

was similarly reduced at both types of synapse. This may suggest that CI- and CP-

AMPARs in boutons are equally reliant on γ-2 for their accumulation, unlike the situation

described at postsynaptic sites (Bats et al., 2012). Alternatively, at MLI – MLI boutons

in stg/stg mice, CP-AMPARs lacking γ-2 may be present but their conductance reduced

such that it is insufficient to depolarise the membrane and activate VGCCs.
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Evidence from mechanically dissociated Purkinje cells suggest that presynaptic AMPARs

were unable to modulate GABA release in the absence of γ-2. Thus, although MLIs

also express the atypical TARP γ-7 (Fukaya et al., 2005; Yamazaki et al., 2010), it

appears unlikely that a population of presynaptic AMPARs exclusively associates with

γ-7. Similarly, it seems unlikely that the cornichons (CNIH-2 and CNIH-3) modulate

presynaptic AMPARs in MLIs; despite their expression in the molecular layer (Schwenk

et al., 2009), they do not appear to reach the surface of cerebellar cells (Gill et al., 2011).

Both CKAMP44 (von Engelhardt et al., 2010) and synDIG1 (Kalashnikova et al., 2010)

are present in the cerebellum, but there is currently little detailed information about

their cellular location. Moreover, there is conflicting evidence as to whether synDIG1 is a

bonafide auxiliary protein (Lovero et al., 2013). It is unknown whether GSG1L (Schwenk

et al., 2012; Shanks et al., 2012) is present in the cerebellum.

6.4 | Significance of presynaptic auxiliary proteins for

synaptic function

It seems likely that under normal circumstances all somatodendritic AMPARs associate

with auxiliary transmembrane proteins. My findings raise the possibility that such

proteins may play a universal role in the modulation of presynaptic AMPARs. In so

doing they may influence a variety of functions known to be regulated by the activa-

tion of presynaptic AMPARs, including the transmission of sensorimotor information

in the cerebellum (Satake et al., 2000), noxious and non-noxious sensory signals in the

spinal cord (Engelman et al., 2006; Lee et al., 2002) and auditory information in the

brainstem (Takago et al., 2005). The importance of auxiliary protein association and

VGCC mediation for presynaptic AMPAR function may not be limited to the direct

modulation of neurotransmitter release at established synapses. For example, activation

of AMPARs on axonal growth cones both inhibits the motility of filopodia (Chang and

Camilli, 2001) and enhances synaptic vesicle cycling (Schenk et al., 2005), potentially

facilitating synaptogenesis. The influence of presynaptic AMPARs also extends to the

modulation of action potential propagation; when activated by astrocytic glutamate

release, AMPARs on CA3 pyramidal cell axons bring about depolarisation that inactivates
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potassium channels, broadening the action potential waveform (Sasaki et al., 2011).

In conclusion, my work suggests that MLI γ-2-associated AMPARs predominantly mod-

ulate GABA release through the activation of microdomain coupled P/Q-type and/or

N-type VGCCs. Loss of γ-2 in stg/stg mice prevents the normal function of presynaptic

AMPARs in MLIs. This provides direct evidence that auxiliary transmembrane proteins

can associate with presynaptic iGluRs and suggests that, for TARPs at least, their

influence extends to all neuronal domains.

6.5 | Future directions

Whilst I have determined that γ-2 is essential for presynaptic AMPAR function, I have

not addressed the exact molecular or biophysical mechanisms by which γ-2 plays a role.

Assuming that γ-2 physically associates with presynaptic AMPARs, one wonders whether

γ-2 regulates the biophysical properties of presynaptic AMPARs, or whether γ-2 regulates

the localisation and trafficking of AMPARs, or, as with postsynaptic AMPARs, regulates

both trafficking and gating. Antibody labelling of axonal AMPARs in cerebellar slices

from wild-type and stg/stg mice may provide one way to address if TARPs promote

presynaptic AMPAR trafficking. To determine if the gating of presynaptic AMPARs is

modulated by γ-2 association, outside-out patches could be pulled from cerebellar basket

cell boutons from acute slices (Southan and Robertson, 1998), or cultured cerebellar

interneurons (Fiszman et al., 2007). Ultrafast application of AMPA or glutamate would

provide information on the desensitisation and deactivation kinetics of presynaptic AM-

PARs, as well as their mean single-channel conductance. The influence of γ-2 would

be determined by comparing between currents from wild-type and stg/stg mice. If

presynaptic AMPARs are dependent on γ-2 for their trafficking to presynaptic sites,

it could be possible that no currents are observed from outside-out patches from stg/stg

MLI boutons.

At the PSD, it is understood that AMPARs constitutively recycle to and from the

membrane through well characterised mechanisms (Anggono and Huganir, 2012). The

corresponding endocytic and exocytic processes that control AMPAR surface expression
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at the presynaptic membrane are poorly characterised. One study, of hippocampal growth

cones, suggests that presynaptic AMPARs are trafficked to and from the membrane via

synaptic vesicles (Schenk et al., 2003). Synaptic vesicles typically fuse with the membrane

at active zones, yet data from chapter 5 suggest that presynaptic AMPARs are located

in the microdomain. Does this discrepancy reflect a difference between growth cones

and established synapses? Or, do AMPARs exhibit significant lateral movement away

from active zones following membrane incorporation? Synaptic vesicles are thought to

primarily endocytose at locations coupled to the active zone within the nanodomain

(Teng and Wilkinson, 2000; Yamashita et al., 2010). Does this then require presynaptic

AMPARs to move laterally back towards active zones to be internalised? The lateral

mobility of AMPARs could be tested through real-time imaging of AMPARs tagged with

a fluorescent marker. Single-molecule imaging through small and stable fluorophores

such as quantum dots may provide a useful measure of AMPAR membrane mobility.

This technique may further allow one to determine if presynaptic AMPARs are stabilised

within the presynaptic membrane through interactions between the TTPV C-tail motif of

γ-2 and MAGUKs, as observed at the PSD (Bats et al., 2007; Sainlos et al., 2011).

At a general level, it may be interesting to know what processes promote the sorting

of AMPARs to the axon rather than the dendrite. More specifically, the processes that

dictate the selective sorting of CP-AMPARs to MLI – MLI boutons and CI-AMPARs to

MLI – Purkinje cell axonal boutons are unknown. It may be conceivable that this inter-

bouton heterogeneity relies on specific retrograde signals from distinct postsynaptic target

neurons. Such knowledge would be interesting given the target-dependent expression

of presynapitc iGluRs observed in a number of neurons (Figure 1.7; subsection 1.3.2).

As mentioned, an interaction between AP-4 and TARPs in the ER has been described

to promote the dendritic sorting of AMPARs (Matsuda et al., 2008b). Could it be

possible that this signalling is suppressed during development and turned on around

P15 when the effects of presynaptic AMPAR activation are lost? The reasons for the

developmental loss of presynaptic AMPARs at MLI axonal varicosities is unknown, but it

may not be a coincidence that they are lost around the same time that the molecular layer

stops expanding. Consistent with their role in synapse formation (Chang and Camilli,

216



General Discussion

2001), their developmental expression may reflect a role in the formation of GABAergic

innervation in the molecular layer.

The mechanism that mediates presynaptic AMPAR suppression of action potential-driven

release from MLIs remains contentious. As described earlier, assertions that a direct

interaction between presynaptic AMPARs and the Gi/o-protein was responsible for the

suppression of release, were complicated by the use of N-ethylmaleimide to block G-protein

binding (Satake et al., 2004) (subsection 5.2). Recordings of mIPSC frequency from

Purkinje cells incubated with pertussis toxin, may allow for a more valid test of a potential

G-protein interaction. However, pertussis toxin experiments are time-consuming, often

requiring long incubations that are unsuitable for acute slice recordings. To overcome this

difficultly, a protocol to maintain mechanically dissociated Purkinje cells in cell culture

media could be attempted. This would have the additional advantage of removing the

potentially confounding influence of somatodendritic AMPARs. Other mechanisms that

may have accounted for the presynaptic AMPAR-induced suppression of evoked GABA

release include shunting inhibition as a result of the combined conductance through

AMPARs and VGCCs positioned at microdomain (Segev, 1990), or a depolarisation-

evoked inactivation of Na+ channels (Graham and Redman, 1994). To differentiate

between these two alternatives, it may be informative to test the effect of an equivalent

conductance in a computer simulation of action potential invasion at MLI boutons.

However, this model may require more accurate information on the number, conductance

and location of both AMPARs and subsequently activated VGCCs present in MLIs axonal

varicosities. One might predict that a mechanism which involves the inactivation of Na2+

channels would slow the rising phase of the action potential, thus reducing the speed of

neurotransmission. Though there was no significant difference in the latency of IPSC

onset in paired MLI–MLI recordings in control and CNQX conditions (Figure 4.10 E ),

there was a trend to increase, which may have been revealed to be significant with a more

powerful statistical test, or a greater number of recordings (n = 6).

The contribution of ryanodine-sensitive Ca2+ stores to presynaptic AMPAR effects re-

quires further study. In chapter 5, I suggest that the activation of somatodendritic

AMPARs, but not presynaptic AMPARs, may have been responsible for the increased
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amplitude of mIPSCs in acute slice recordings, as well as the previously reported effects

of ryanodine and dantrolene on mIPSC frequency (Rossi et al., 2008). By examining

the effect of AMPA on mIPSC frequency from mechanically dissociated Purkinje cells

in the presence of ryanodine or dantrolene, it might be possible to confirm or reject the

contribution of CICR to presynaptic AMPAR effects on spontaneous release.

Both AMPARs and NMDARs are expressed at MLI boutons, yet following the synap-

tic release of glutamate, their coincidental activation has never been described. For

example, parallel fibre stimulation evoked Ca2+ transients were observed in axons of

MLIs, likely to be stellate cells (Rossi et al., 2008). Such currents were blocked by

GYKI 53556 but not d-APV, to suggest that presynaptic AMPARs, but not preysnaptic

NMDARs were activated. Parallel fibre stimulation was further shown to reduce the

autaptic/autoreceptor current in stellate cells (Liu, 2007). This effect was blocked by

AMPAR antagonists, but not NMDAR blockers. However, another study found parallel

fibre stimulation could activate presynaptic NMDARs to produce a long-term enhance-

ment of the autaptic/autoreceptor current (Liu and Lachamp, 2006). At basket cell

terminals, the reduction of evoked GABA release following spillover of climbing fibre

glutamate was unaltered in the presence of d-APV, but markedly suppressed by the

AMPAR blocker GYKI 53655 (Satake et al., 2000). In another study, climbing fibre-

released glutamate was found to enhance mIPSC frequency in Purkinje cells, an effect

that was attributed to the activation of NMDARs (Duguid and Smart, 2004). This

study found that climbing fibre glutamate did not spillover to MLI boutons to activate

presynaptic NMDARs, but rather depolarised Purkinje cell dendrites to elicit a retrograde

release of glutamate. Although one would expect a concomitant effect of climbing fibre

glutamate on presynaptic AMPARs, there was no mention to their involvement in the

modulation on GABA release in these experiments. Do these experiments suggest that

presynaptic iGluRs are targeted to separate MLI boutons and are differentially activated

according to the specific waveform of spillover or retrograde glutamate? Or can both

iGluRs exist at the same MLI bouton and simultaneously contribute to effects on GABA

release? To differentiate between these two possibilities, the effect of glutamate could be

tested on evoked GABA release stimulated from a single MLI bouton in the dissociated
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Purkinje cell preparation. The effects on release in the presence and absence of AMPAR

and NMDAR blockers may reveal if both iGluRs occur at the same bouton, and if so,

will allow one to determine the net effect of their simultaneous activation.
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