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ABSTRACT

The pharmacological and biophysical properties of native and recombinant non-NMDA 

receptors were studied using patch-clamp methods.

The molecular mechanism underlying the inward rectification, which characterises Câ "̂ - 

permeable non-NMDA receptors, was investigated. Rectification was lost during 

recordings from cerebellar granule cells and from isolated patches containing recombinant 

AMP A or kainate receptors, suggesting that it was conferred by an intracellular factor. The 

experiments described here suggested that intracellular spermine is the endogenous 

cytoplasmic factor. Thus, spermine conferred rectification in Ca^^-permeable native 

AMPA receptors (from cerebellar granule cells) and recombinant AMP A receptors 

(composed of GluR4) and recombinant kainate receptors (formed from GluR 6(Q)/KA2).

A study was made of the single channel properties of recombinant AMPA receptors 

containing the two alternatively spliced isoforms (flip(i) and flop(o)) of the GluR2 and 

GluR4 subunits, which are thought to be present in cerebellar granule cells. Several 

permutations were tested. The Ca^^-permeable AMPA receptor, GluR4(i), gave 

conductances of ~7, 15 and 25 pS when activated by AMPA or glutamate. On the other 

hand, kainate gave a noise increase with no discrete resolvable events at this receptor, and 

an estimated conductance (from noise analysis) of ~2 pS. A similar agonist dependence of 

conductance has been seen in ‘low-conductance’ channels from cerebellar granule cells. 

Ca^^-impermeable (GluR2 containing) AMPA receptors had a lower conductance than 

GluR4(i). Receptors formed from only the GluR2 (i or o) subunits had extremely small 

conductances of « 1  pS. Ca^^-impermeable heteromeric receptors formed by co

expressing GluR2 (i or o) with GluR4(i) subunits had a main conductance level of 4 pS 

and a sub-conductance of 8  pS when activated AMPA. These conductances resemble those 

activated at native low-conductance channels found in cerebellar granule cells.

Some general pharmacological properties of granule cell non-NMDA receptors grown 

under two different culture conditions: high-K^ and low-K^, were also investigated. Their 

pharmacology was consistent with the expression of AMPA- rather than kainate-type 

receptors. The sensitivity of argiotoxin, which selectively blocks recombinant Câ "̂ - 

permeable AMPA receptors, was correlated with Câ "*" permeability of these AMPA 

receptors. Câ "̂  permeability also appeared to be correlated with single channel 

conductance of the AMPA receptors in cerebellar granule cells.
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1. INTRODUCTION

Fast excitatory synaptic transmission in the central nervous system (CNS) is mediated by 

glutamate, which activates ligand-gated ion channels. Three types of ionotropic glutamate 

receptor have been identified; these are selectively activated by the agonists A^-methyl-D- 

aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) and 

kainate. NMDA receptors are pharmacologically and functionally distinct from AMPA 

and kainate receptors. However, because of the difficulty in pharmacologically separating 

AMPA and kainate receptors, they are often collectively referred to as non-NMDA 

receptors.

This thesis is primarily concerned with a characterisation of the properties of native and 

recombinant AMPA receptors. Some results are also presented on the properties of 

recombinant kainate receptors. The experimental results are divided into 3 sections. The 

first of these. Chapter 3, describes experiments investigating the intracellular actions of 

the polyamine, spermine, on native and recombinant non-NMDA receptors. The results 

obtained suggest a role for spermine, or a similar compound, in conferring rectification on 

Ca^^-permeable non-NMDA receptors. Chapter 4 is concerned with the single channel 

properties of recombinant AMPA receptors of known subunit composition. Some 

comparisons are made between these recombinant receptors and native AMPA receptors. 

Chapter 5 describes experiments which investigate the properties of non-NMDA 

receptors in cerebellar granule cells grown under two different culture conditions, namely, 

‘low-’ (control) and ‘high-K^’ conditions. Pharmacological approaches are used to identify 

these as AMPA- rather than kainate-receptors under both conditions. Furthermore, 

argiotoxin is used to identify the enhanced expression of Ca^^-permeable AMPA receptors 

in some granule cells grown in high-K^. The single channel properties of high-K^ synaptic 

and extra-synaptic granule cell AMPA receptors are also examined.

In the rest of the present introductory Chapter, I will review some aspects of our current 

understanding of non-NMDA receptors. In particular, I will present a summary of the 

properties of recombinant non-NMDA receptors. This is of particular relevance to the 

results presented in Chapters 3 & 4 of this thesis which explore some of the biophysical
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properties of recombinant non-NMDA receptors. Furthermore, I will discuss some of their 

pharmacological properties below (as well as in Chapter 5).

1.1 Cloned non-NMDA slutamate receptors: nomenclature and subtypes.

To date, nine ionotropic non-NMDA receptor subunit cDNAs have been cloned, four of 

which belong to the AMPA- and five to the kainate-class. AMPA receptor subunits are 

classified as GluR-1 to -4 (or A to D). Each AMPA subunit has two isoforms which arise 

from alternative splicing of adjacent exons: the flip and flop isoforms (Sommer et al, 

1990). These differ in a cassette of 38 amino acids (probably extracellular; see below) and 

this imparts subtle pharmacological and biophysical differences in receptors containing 

these isoforms (Sommer et al, 1990; Partin et al, 1993; Partin, Patneau & Mayer, 1994; 

Mosbacher et al 1994; Partin, Bowie & Mayer, 1995). Expression of the two isoforms 

appears to be developmentally regulated, with embryonic and early prenatal forms being 

flip, while the mature receptors (postnatal day 14; Monyer, Seeburg and Wisden, 1991) are 

predominantly flop. In addition to these two splice variants, one further AMPA receptor 

subunit isoform has been identified which occurs predominantly in cerebellar granule cells 

(Gallo et al, 1992). This subunit has been designated GluR4c and contains a flop sequence 

between TM3 and TM4 but has an additional 36 amino acid insert in the C terminal 

domain. All of these AMPA receptor subunits are capable of forming functional 

homomeric or heteromeric receptors when expressed in heterologous expression systems 

such as Human Embryonic Kidney (HEK) 293 cells or Xenopus oocytes (see Hollmann & 

Heinemann, 1994 for review).

The rat ionotropic kainate receptor subunits are classified as GluR-5 to -7 (Pettier et al, 

1990; Egebjerg, Pettier, Hermans-Porgmeyer & Heinemann, 1991; Pettier et al 1992) and 

KAl and KA2 (Werner et al, 1991; Herb et al, 1992). Of these, GluR-5, - 6  and -7 are 

classified as iow-affinity’ and KAl and KA2 as ‘high-affinity’ subunits. When expressed 

in HEK 293 cells or oocytes, GluR-5 and GluR- 6  form functional homomeric channels, 

but their properties are modified when co-expressed with KAl or KA2 (which do not form 

functional homomeric channels by themselves; Herb et al 1992).
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1.2 The structure of ionotropic glutamate receptors.

Recently, models of glutamate receptor structure have been radically revised. Rather than 

sharing strong similarities with other ligand gated ion channels, glutamate receptors have 

been found to have structural features analogous to voltage gated channels (Wo & 

Oswald, 1995). In addition to structural parallels, certain functional similarities have been 

noted between these two channel species (Wo & Oswald, 1995; Forsythe, 1995).

At the level of the primary amino acid sequence, there is a high degree of sequence 

homology of subunits within the kainate or AMPA classes (-70-80 %). However, this 

drops to -30-40 % when comparing AMPA with kainate subunits. There is less than 20 % 

sequence homology between the non-NMDA receptor and NMDA receptor subunits 

(Hollmann & Heinemann, 1994).

Although the tertiary structure of glutamate receptors is thought to resemble that of other 

ligand gated ion channels (ie a pentameric array of subunits), the structure of individual 

subunits is still the subject of debate. An early model suggested that both the N and C 

terminals were extracellul ar (Raymond, Blackstone & Huganir, 1993). This model was 

based on hydropathy data (but limited biochemical data) suggesting the presence of four 

hydrophobic domains and the assumption that glutamate receptors would resemble other 

ligand gated ion channels. Although the N terminus of glutamate receptors is still thought 

to be extracellular (based on the presence of glycosolation consensus sequences), the latest 

models of their structure invoke only three transmembrane segments with an intracellular 

C terminus (Bennett& Dingledine 1995; Hollmann, Maron & Heinemann 1994). It is 

proposed that although TM (transmembrane segment) 1, TM 3 and TM 4 probably 

transverse the membrane, the section of amino acids previously referred to as TM 2 

(which are thought to line the ion channel), dips into the membrane rather than fully 

transversing it. This structure is directly analogous to the ‘P-loop’ in channels 

(MacKinnon, 1995). This model therefore implies that the section of amino acids between 

TM 3 and TM 4 is extracellular. Furthermore there is a high degree of sequence homology 

between this proposed extracellular loop and bacterial amino acid binding proteins (such 

as the glutamate binding protein; O’Hara et al, 1993; Stem-bach et al 1995). Wo and
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Oswald (1995) therefore proposed that mammalian CNS glutamate receptors are chimeric 

proteins whose ancestry lies in the evolutionarily ancient voltage activated channels 

and bacterial amino acid binding proteins.

Extracellular

Intracellular

COOH

Figure 1.1 The proposed membrane topology of glutamate receptor subunits (adapted 

from Wo and Oswald, 1995: Bennett & Dingledine, 1995). The cylinders denoted by 1,3 

and 4 (previously referred to as TM1,3 and 4) are membrane spanning helices, while 2 

indicates the region of amino acids which form a membrane ‘dip’ analogous to the P-loop 

of channels. The star indicates the Q/R/N site and the extracellular box between 3 and 

4 is the position of the flip/flop site of AMPA receptors.

Indirect evidence which accords with this model has been been obtained from functional 

studies. For example, Woodull modelling of the Mg^  ̂ blocking site of NMDA receptors 

suggests that this site (the Q/R/N site; star. Fig 1.1) is close to the cytoplasmic side of the 

channel (Ascher & Nowak 1988a). Furlhermore, the flip/flop region of AMPA receptor 

subunits which regulates desensitisation and binds the modulatory drug cyclothiazide 

(CZD) extraeellularly (Partin, Patneau & Mayer, 1994; Patneau, Vieklicky & Mayer,

1993), is positioned between TM 3 and TM 4.
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1.3 Functional properties o f cloned and native non-NMDA receptors.

One of the primary aims of experiments which characterise the properties of recombinant 

non-NMDA receptors is to use the information to decipher the role of particular subunits 

(or subunit combinations) in the pharmacological or biophysical response of native 

receptors. This approach may also give clues about the subunit composition of native non- 

NMDA receptors.

1.3.1 AMPA receptor asonist pharmacolosy.

Binding studies have demonstrated that AMPA has a much higher affinity than kainate for 

receptors formed from the GluR2 subunit (Keinanen et al, 1990). The order of agonist 

affinity for the GluR2 subunit was determined using four AMPA receptor agonists: 

quisqualate>AMPA>glutamate>kainate (Keinanen et al 1990). The order of agonist 

potency (obtained from dose-response curves) for recombinant receptors is 

AMPA>glutamate>kainate (see Pettier and Mulle 1995). Initially it was thought that 

kainate was more efficacious than AMPA at activating AMPA receptors, however 

experiments using ‘fast jump’ agonist application revealed that AMPA gives larger peak 

currents (see for example Patneau & Mayer, 1991).

Molecular biological evidence from polymerase chain reaction (PCR), 

immunocytochemistry and in situ hybridisation suggests that AMPA receptor subunits are 

widely expressed in the CNS (Geiger et al, 1995; see Seeburg, 1993 for review). Indeed, 

the vast majority of neurones in the CNS appear to express functional AMPA receptors. 

Furthermore, the abundance of different AMPA receptor subunits appears to lead to 

functional diversity as indicated by the electrophysiological data from various neurones.

14



1.3.2 Kainate receptor asonist pharmacolosy

The pharmacology of kainate receptors is dominated by two principle agonists: kainate 

itself and another neurotoxin, domoate. While both of these agonists are relatively 

selective, domoate appears to produce limited desensitisation at these receptors. The low 

affinity kainate subunits GluRs -5 to -7 have the following order of affinities for non- 

NMDA agonists: domoate> kainate> glutamate~quisqualate> AMPA. The KA2 subunit 

has a higher affinity for kainate than domoate and its order of affinities for agonists is 

kainate> quisqualate> domoate»glutamate>> AMPA (Herb et al 1992). The 

responsiveness of kainate receptors to AMPA application appears to be dependent on the 

presence of a high affinity kainate receptor subunit. Thus homomeric GluR6  is insensitive 

to AMPA whereas co-expression of KA2 with GluR6  results in detectable AMPA 

responses (Herb et al, 1992). This was also found to be true for the Glu5/KA2 

combination (Sommer et al, 1992). Therefore, the presence of an AMPA response has 

been used as an indicator of the incorporation of KA2 into the kainate receptor complex 

(see for example Swanson, Feldmeyer, Kaneda & Cull-Candy, 1996). A knowledge of 

these pharmacological properties of recombinant kainate receptors has proved useful in 

identifying native kainate receptors detected in a number of cell types (reviewed by 

Feldmeyer & Cull-Candy, 1994).

Although mRNA for kainate receptor subunits occurs extensively in the CNS (Wisden & 

Seeburg, 1993), few reports have demonstrated the functional existence of kainate 

receptors in neurones. The reason for this remains elusive. The first reported patch-clamp 

study of kainate receptors came from Hu^ttner (1990) who described the action of kainate 

and domoate on non-NMDA receptors of dorsal root ganglion (DRG) cells. Domoate and 

kainate have EC50 values of 0.7 and 15 jiM respectively in these cells (much lower than 

the values observed in cortical neurones for these agonists). Kainate responses desensitised 

during prolonged agonist exposure but desensitisation was abolished during co-application 

with the plant lectin concanavanlin A (Con A; see below). Local and rapid perfusion of the 

neurones in this study allowed the detection of the desensitising kainate receptor response. 

Wong et al (1994) later showed that AMPA had a lower affinity for DRG kainate 

receptors than for hippocampal AMPA receptors (261 vs 11 jiM respectively).
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Another report has described kainate receptor mediated responses in a subset of cultured 

hippocampal neurones (Lerma, Patemain, Naranjo & Mellstrom, 1993). A rapidly 

desensitising kainate response (but no AMPA response) was observed in these neurones. 

The majority of cells tested in this study however, appeared to give a steady-state response 

to kainate which is typical of AMPA receptors. This would have masked any transient 

(desensitising) kainate receptor mediated current. The authors therefore used the approach 

of desensitising the AMPA receptor population (using a high concentration of AMPA) 

followed by a fast jump into a kainate containing solution, thus allowing the kainate 

receptor mediated current to be detected in isolation. Polymerase chain reaction (PCR) 

data suggested that cultured hippocampal cells exhibiting kainate receptor mediated 

responses strongly express the GluR6  kainate receptor subunit (Ruano, Lambolez, Rossier, 

Patemain & Lerma 1995).

Glial cells of oligodendrocyte lineage have also been found to co-express functional 

kainate and AMPA receptors (Patneau et al, 1994). PCR analysis of these cell’s mRNA 

has revealed the expression of a number of kainate receptor subunits: GluR5, GluRV, KAl 

and KA2, and also mRNA for AMPA receptor subunits. The AMPA, but not the rapidly 

desensitising kainate receptor response, was previously described in these cells by Wyllie 

et al (1991).

Recently, the actions of a group of the 5-substituted willardiines have been examined on 

non-NMDA receptors of DRG and hippocampal neurones (Wong, Mayer, Jane and 

Watkins, 1994). These compounds are able to select between native AMPA and kainate 

receptors, depending on the nature of the substitution at the 5 position of their uracil 

moiety. For example, 5-fluorowillardiine has an EC50 of 1.5 |liM at AMPA receptors of 

hippocampal neurones but its EC50 is 69 |iM in dorsal root ganglion cells. Thus 5- 

fluorowillardine is 50-fold more potent at hippocampal AMPA receptors than at DRG 

kainate receptors. Other 5- substitutions of the willardiine stmcture make the molecule 

more potent at kainate receptors. Thus the kainate receptor complex may differ structurally 

from AMPA receptors by having a lipophilic pocket which allows high affinity binding of 

hydrophobic 5-substituted willardiines. Willardiines with hydrophobic groups such as 5-
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CF3-willardiine and 5-I-willardiine have a much higher affinity for the DRG kainate 

receptors than hippocampal AMPA receptors.

Although various non-NMDA receptor agonists exhibit distinct macroscopic 

pharmacological, kinetic and desensitisation profiles (see Seeburg, 1993; Hollmann & 

Heinemann; Mayer et al, 1995), there is limited information about the effect of different 

agonists on the single channel conductance and kinetic behaviour of non-NMDA 

receptors. Chapter 4 of this thesis explores the single channel behaviour of recombinant 

AMPA channels in response to different agonists.

1.3.3 The C a  ̂permeability o f non-NMDA receptors.

Recently, the Ca^^ permeability of AMPA receptors has aroused a great deal of interest. 

Functional studies indicate that a number of neurones (lino, Ozawa & Tsuzuki, 1990; 

Gilbertson, Scobey & Wilson, 1991; Jonas et al, 1994; Otis, Raman & Trussellj Kyrozis, 

Goldstein, Heath & MacDermott, 1995; Koh, Geiger, Jonas & Sakmann, 1995; Geiger et 

al, 1995) and glia (Burnashev et al(!^J992; Muller et al 1992) express AMPA receptors 

with a high Ca^'^-permeability. Elevated intracellular Ca^^ has been implicated in 

neuropathological states and long term potentiation (LTP). Thus Ca^^-permeable AMPA 

receptors may provide a route for Ca^^ entry, allowing pathological or physiological 

processes to be triggered.

1.3.3.1 The molecular basis ofhish permeability o f non-NMDA receptors

Studies using cloned AMPA receptors have shown that those lacking the GluR2 subunit 

have a high Câ "̂  permeability (Hollmann, Hartley & Heinemann, 1991). The fundamental 

difference between GluR2 and other AMPA subunits (which gives rise to this effect) 

comes about through a relatively rare cellular mechanism in mammals, RNA editing 

(Sommer, Kohler, Sprengel & Seeburg, 1991). An editing enzyme selectively binds to the 

mRNA product of GluR2 gene transcription and converts an adenosine into an inosine at a 

crucial codon in the RNA molecule. Thus in the protein product, an arginine (R) 

substitutes for a glutamine (Q) at a site (the Q/R site) which lines the channel pore and
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determines ion selectivity. Site directed mutagenesis at this Q/R site of the other AMPA 

subunits (mutating the Q into an R) results in these subunits also having a low Câ "̂  

permeability. Given the high degree of sequence homology of the amino acids surrounding 

the Q/R site (ie the amino acids which line the ion channel pore), the selectivity of this 

RNA editing process seems surprising: -100 % of GluR2 subunits are edited while the 

other AMPA subunits undergo no editing. Sommer et al (1991) proposed that the 

secondary structure of the GluR2 mRNA was unique and thus conferred specificity to 

editing. The Ca^^ permeability of kainate subunits seems to follow a similar pattern to the 

AMPA receptor subunits: the unedited GluR6 subunit (GluR6(Q)) having a higher Ca^^ 

inflow than the edited version of this subunit (GluR6(R)) (Burnashev et al 1995).

1.3.3.2 The Ca^-permeability o f native non-NMDA receptors and its functional 

implications

A number of methods have been used to detect and measure Ca^^ influx through Ca“̂ - 

permeable native non-NMDA receptors. These include fluorescence measurements 

(Muller et al 1992; Schneggenbiirger, Zhou, Konnerth & Neher, 1993; Brorson, 

Manzolillo & Miller, 1994; Burnashev, Zhou, Neher & Sakmann, 1995), digital Ca^^ 

imaging (Kyrozis, Goldstein, Heath & MacDermott, 1995) and reversal potential shift 

measurements in ion substitution experiments (lino, Ozawa & Tsuzuki, 1990; Burnashev 

et al 1992; Jonas et al 1994; Otis, Raman & Trussel, 1995; Geiger et al, 1995; Kamboj, 

Swanson & Cull-Candy(; Koh, Burnashev & Jonas, 1995). Indirect evidence from inwardly 

rectifying I/V relationships has also been used to suggest the presence of Ca^'^-permeable 

non-NMDA receptors (McBain & Dingledine, 1992; Bochet et al 1994).

Recently, ion substitution experiments have been combined with PCR and indicate that a 

number of GABAergic interneurones may express Ca^^-permeable AMPA receptors. 

Jonas et al (1994) showed that fast-spiking neocortical non-pyramidal neurones expressed 

a smaller proportion of GluR2 mRNA than pyramidal cells and had a relatively high Ca^^ 

permeability (Pca/Px =0.6). Furthermore, ‘Type U’ neurones in hippocampal cultures 

showed a low level of GluR2 expression and a high Câ "̂  permeability (Ozawa, Tzusuki, 

& lino, 1991 ; Bochet et al, 1994). These cells were stained with glutamic acid



decarboxylase indicating that they were also intemeurones. Conderelli et al (1993) showed 

that influx could be enhanced in cerebellar granule cells by growing them under

conditions of chronic depolarisation. This manipulation resulted in reduced GluR2 

expression as determined by immunocytochemistry. The results presented in Chapters 3 

and 5 show that cerebellar granule cells grown in high in fact show varying degrees of 

Ca^  ̂permeability.

The presence of synaptically located Ca^^-permeable AMPA receptor in stratum radiatum 

intemeurones has been inferred (McBain & Dingledine, 1993). However, Otis el al (1995) 

showed directly that nucleus magnocellularis (nMAG) neurones, (which have somatic 

excitatory synapses) also have highly Ca^^-permeable synaptic AMPA receptors. Reversal 

potential shifts of glutamate responses (in isotonic Câ "̂  external) indicated a Pca/PNa ratio 

of ~5 in patches from these cells. Furthermore, local perfusion of the cell soma with 

isotonic Câ "̂  during synaptic stimulation showed that excitatory post synaptic currents 

(EPSCs) exhibited similar reversal potential shifts. This study therefore demonstrated that 

Ca^^-permeable AMPA receptors are not restricted to GABAergic intemeurones. It 

remains to be seen if this approach can be applied to other preparations with excitatory 

somatic synapses such as the principle neurone of the medial nucleus of the trapezoid body 

(Forsythe, 1994) or the bushy cells of the anteroventral cochlear nucleus (Isaacson & 

Walmsley, 1995).

A method for determining the fractional contribution of Câ "̂  ions to the total whole-cell 

cation current was developed by Schneggenburger et al (1992). This method combines 

whole-cell recording with fluorometric Ca^  ̂ measurements under more ‘physiological’ 

conditions than those afforded by ion substitution experiments. Since isotonic Ca^  ̂

substitution may lead to extensive cell death in brain slices (see Otis et al , 1995), the use 

of Ca^  ̂indicator dyes (and physiological concentrations of extracellular Câ "̂ ) in assessing 

Câ "̂  permeability may be more applicable in the slice preparation.

Previously, findings by Wyllie & Cull-Candy (1994) showed that cultured glial cells of the 

cerebellum (type 2-astrocytes) have a limited Câ '̂  permeability. However, Bumashev et al 

(199^ and Muller et al (1992) showed that another type of glial cell, the cerebellar
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Bergmann glia, have a high Ca^^ permeability. Furthermore, a recent study showed that 

Bergmann glia lack GluR2 and their AMPA receptors show the highest level of Ca^^ 

permeability among a number of different CNS cells measured under identical conditions 

(Geiger et al 1995). Although the physiological role of Ca^^-permeable (or indeed any 

non-NMDA) receptors in glia is uncertain (see Cull-Candy, 1995), a rise in intracellular 

Câ "̂  in Bergmann glia may have important implications for neuronal-glial interaction. Otis 

el al (1995) raised the possibility that permeation of Ca^^ through synaptic AMPA 

receptors during high frequency trains of stimuli may serve to reduce the extracellular Câ "̂  

concentration at the synapse, thereby producing presynaptic depression through reduced 

Ca“"̂ dependent transmitter release (see also Zhang & Trussel, 1994). Since Bergmann glia 

and Purkinje cells are in close contact with one another, the possibility is raised that 

synaptic release of transmitter may similarly be regulated by this glial-neuronal interaction.

A widely observed feature of Ca“̂ -permeable recombinant non-NMDA receptors is their 

inward rectification. However, some native Ca^^-permeable AMPA receptors have linear 

FV relationships (see Chapter 3 for references), suggesting that the mechanism which 

couples inward rectification to high Ca^^ permeability is lacking in some native receptors. 

In fact the ‘uncoupling’ of Câ "̂  permeability from inward rectification was probably due 

to loss of the polyamine, spermine from neurones during patch-clamp recording. This 

possibility is discussed further in Chapter 3 (see also Kamboj, Swanson & Cull-Candy, 

1995; Koh, Burnashev & Jonas,1995; Bowie & Mayer, 1995; Donevan & Rogawski, 

1995).

Koh et al (1995) suggested that the Ca^^ transients arising from AMPA receptor 

activation in hippocampal Basket cells were less efficiently buffered by intracellular 

proteins than those arising from NMDA receptors. Simulation of the Ca^^ transients 

produced by activation of NMDA and AMPA receptors in these cells showed that 

NMDA induced Ca^^ elevation persisted for considerably longer than the Ca“̂  transient 

arising from AMPA receptor activation (Koh et al^l995). It was noted by these authors 

that intemeurones, many of which express Ca^'^-permeable AMPA receptors, also 

appear to express the Ca^^ buffering protein parvalbumin (Ribak, Nitch & Seress, 1990). 

This buffer binds Ca“̂  with a slow time constant (Hou, Johnson & Rail, 1991) raising
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the possibility that the rapid AMPA receptor mediated Ca^^ transient is not as efficiently 

buffered as the NMDA mediated transient. On the other hand, in cells lacking such 

buffers, the Câ "̂  transient arising from Ca^^-permeable non-NMDA receptors is likely
2+to be short lived and focal. This may therefore serve to limit the spacial actions of Ca 

such that only Câ "̂ - requiring proteins situated close to the membrane are activated. For 

example, Calcium-calmodulin dependent protein kinase H (CAM-KII) is is imbedded in 

the plasma membrane and is thought to be activated by non-NMDA receptors during 

Long Term Potentiation (LTP; Lisman, 1994)

1.3.4 Non-NMDA receptor antagonists

1.3.4.1 Invertebrate toxins: a specific tarset for Cc^'̂ -permeable non-NMDA receptors

Two invertebrate venom-derived toxins, argiotoxin and Joro spider toxin (JSTX) appear to 

specifically antagonise Ca^^-permeable non-NMDA receptors (Herlitze et al 1993; 

Blaschke et al 1993). These toxins are large polyamine molecules which appear to interact 

directly with ion channels, causing channel blockage (see Scott, Sutton & Dolphin, 1993 

for review). JSTX produces a non-competitive, voltage dependent block of AMPA and 

kainate receptors which lack an edited subunit. Thus, receptors containing a mutant form 

of GluR 2 (GluR2(R586Q)) which has a Q instead of an R at the Q/R site, show strong 

sensitivity to block by JSTX. Herlitze et al (1993) performed a thorough analysis of the 

blocking action of argiotoxin, which also shows selectivity for Ca^"^-permeable AMPA 

receptors. At 10 pM, argiotoxin caused almost complete (98 %) block of Ca^^-permeable 

AMPA receptors of various subunit combinations. Argiotoxin block of AMPA channels 

appears to be voltage- and use-dependent.

Since prolonged non-NMDA receptor activation can cause cell death, it has been 

suggested that these receptors may play an important role in pathological states such as 

stroke (Brorson, Manzolillo & Miller, 1994; Zorumski, Yamada, Price & Olney, 1993; 

Meldrum & Garthwaite, 1990). The extent of the cell death which was due to persistent, 

low level Câ "̂  permeance through non-NMDA receptors with low Câ "̂  permeability was 

unclear from these studies. However, given that prolonged NMDA receptor activation
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produces cell death through elevating the intracellular Câ '̂  (see Choi, 1988), it seems 

possible that Ca^^-permeable non-NMDA receptors may also mediate neuronal cell death. 

If so, toxins such as argiotoxin, which is capable of crossing the blood brain barrier (Scott, 

Sutton & Dolphin, 1993), may prove to be useful templates in the design of therapeutic 

agents used in stroke induced cell death.

1.3.4.2 Quinoxalinediones and 2,3-benzodiazepines

The quinoxalinediones, 6-cyano-7-nitroquinoxaline-2,3-dione and 6,7-dinitroquinoxaline- 

2,3-dione (CNQX and DNQX Honore et al, 1988) are competitive antagonists at non- 

NMDA receptors. Although their affinity is slightly higher at AMPA channels than at 

kainate channels (Keinanen et al 1990; Sommer et al 1992), these compounds cannot be 

used to distinguish between the two receptor types. On the other hand, the 2,3 

benzodiazepines such as GYKI 52466 selectively block AMPA receptors by non

competitive antagonism (Donevan & Rogawski, 1993; Zorumski, Yamada, Price & Olney,

1993). This mode of antagonism is ideal for a neuroprotective agent since it strongly 

attenuates responses to high concentrations of glutamate. The neuroprotective potential of 

these compounds was investigated by Zorumski et al (1993) who found that they 

significantly reduced excitotoxicity induced by prolonged exposure to kainate or oxygen 

deprivation in chick retina.

In young cultured hippocampal neurones (1-2 days in culture) containing a mixture of 

AMPA and kainate receptors, the kainate receptor mediated component (which showed 

rapid desensitisation to kainate) was minimally inhibited by GYKI 52466 while the 

AMPA receptor component (showing a steady-state kainate response), was completely 

blocked (Ruano et al, 1995). Previously, Done^van and Rogowski (1993) showed that 

GYKI 52466 may interact with the CZD binding site (which is exclusive to AMPA 

receptors; see below). The selective action of 2,3 benzodiazepines for AMPA receptors 

may therefore be useful in identifying kainate receptors and thus help elucidate their role 

synaptic transmission.
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1.3.5 Non-NMDA receptor desensitisation and its modulation by drus s.

Desensitisation is a phenomenon reported in a large number of receptor types. Both 

kainate and AMPA receptors undergo profound desensitisation, the extent of which 

depends on the subunit composition of the receptor and also which agonist is used to 

activate the channel (see Mayer et al, 1995 for review).

The advent of fast perfusion systems, in particular, piezo-driven devices (Franke, Hatt & 

Dudel, 1987), has allowed the detailed investigation of the kinetics of glutamate receptor 

desensitisation (Colquhoun, Jonas, Sakmann, 199i; Mosbacher et al, 1994; Raman & 

Trussel, 1995; Tang, Dichter & Morad, 1989; Mayer et al, 1995). AMPA receptors 

undergo rapid and profound desensitisation in the continued presence of AMPA or 

glutamate. On the other hand, kainate acting at AMPA receptors causes limited 

desensitisation. Indeed, it was previously thought from whole-cell experiments, that 

kainate failed to desensitise AMPA receptors. However, whole-cell responses afford a 

limited resolution and AMPA receptors were found to desensitise (albeit slightly) 

following rapid application of kainate to outside-out patches (Patneau, Vickliky & Mayer,

1994). Studies on recombinant AMPA receptors have shown that the extent, rate of onset 

and rate of recovery from desensitisation depends on the subunit composition. More 

specifically, these features appear to depend on which of the two alternatively spliced 

isoforms is present in the receptor complex (Partin, Patneau & Mayer, 1994; Mosbacher et 

al 1994). Flip forms of AMPA receptor subunits give rapidly decaying currents in 

response to sustained glutamate application which decay to a steady-state level. Flop forms 

of the AMPA subunits desensitise more rapidly and more profoundly than flip forms, 

giving a steady-state current which is <1 % of the peak current (Partin, Patneau & Mayer,

1994). In particular the flop isoforms of GluR3 and -4 undergo desensitisation very rapidly 

with desensitisation time constants of ~1 mS (Mosbacher et al 1994).

AMPA receptor responses are selectively augmented by thiazide diuretics such as 

diazoxide and CZD which appear to block desensitisation (Yamada & Rothman, 1992; 

Partin, Patneau, Winters, Mayer & Buonanno, 1993). CZD has no effect on kainate 

receptor responses. Furthermore, flip forms of AMPA receptors are considerably more
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sensitive to block of desensitisation by CZD than flop forms and their affinity for CZD is 

also higher (Partin, Patneau & Mayer 1994). In receptors combining both flip and flop 

AMPA subunit isoforms, the flip isoform dominates and the functional channels have 

desensitisation profiles and CZD sensitivity which resemble homomeric flip containing 

receptors (Partin, Bowie & Mayer, 1995). The actions of CZD are likely to be complicated 

however, and it is unclear to what extent the potentiating action comes about solely 

through a block of desensitisation (the potentiating action may come about through 

increasing the affinity of the receptor for agonist (see Chapter 5). Furthermore, CZD has 

recently been shown to enhance the release of glutamate during synaptic stimulation 

(Diamond & Jahr, 1995).

AMPA receptor desensitisation may to be an important physiological phenomenon at a 

number of glutamatergic synapses where (due to the anatomy of the synapse) glutamate 

may persist in the cleft for longer than the time-course of desensitisation (Trussel, Zhang 

& Raman, 1993; Jonas & Spmston, 1994; Raman & Trussel, 1995). This has led to the 

suggestion that desensitisation at some synapses may render the AMPA receptors 

unresponsive to further incoming signals and may therefore represent a mechanism for 

modulating the firing rate of neurones (Hestrin, 1993). Furthermore, since low 

concentrations of glutamate (2 pM) are able to desensitise -50 % of AMPA receptors in 

various hippocampal cells, changes in the ambient glutamate level (-1 pM) may also serve 

to modulate channel activity (Colquhoun, Jonas and Sakmann, 1992).

Few studies describe kainate receptor desensitisation in detail. However, Herb et al (1992) 

found that kainate receptor desensitisation also depends on subunit composition. Unedited 

GluR5 (GluR5(Q)) exhibits a biexponential desensitisation to pulses of kainate. When 

GluR5(Q) is co-expressed with KA2, the resulting receptor desensitised more rapidly than 

homomeric GluR5 (Q) (Herb et al 1992). However, co-expression of KA2 with GluR6 (Q) 

has a less dramatic effect on desensitisation.

Kainate receptors responses are selectively potentiated by the plant lectin. Con A, which 

suppresses their desensitisation (Heuttner, 1990; Partin et al, 1993). Con A is thought to 

bind to glycosylation sites on the receptors. The selectively of Con A for kainate is 

therefore thought to lie in the larger number of glycosylation sites in these receptor
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subunits compared with AMPA receptor subunits (Roche, Raymond, Blackstone & 

Huganir, 1994).

In addition to the Q/R editing site, Lomeli et al (1994) described another site on AMPA 

receptor subunits which was subject to RNA editing and regulates the rate of recovery 

from desensitisation of AMPA receptors. This site was referred to as the ‘R/G site’ and 

immediately precedes the flip/flop module of the GluR-2, -3 and -4 AMPA subunits. The 

editing process converts the encoded R (arginine) to a G (glycine) at this site and is 

developmentally regulated. Thus prenatal forms of the AMPA subunits are predominantly 

unedited (ie in the R-form) at this site, while by postnatal day 7, the edited form (G) 

predominates. This form undergoes more rapid recovery from desensitisation. In this 

thesis, when referring to ‘edited subunits’, what is intended is that the Q/R site is edited.

1.3.6 Single channel properties

A number of reports have described the single channel properties of non-NMDA receptors 

(Cul 1-Candy, Howe and Ogden, 1988; Ascher & Nowak 1988b; Tang Dicher & Morad, 

1989; Sciancalapore, Galdzicki, Zheng & Moran, 1990; Huettner, 1990; Ozawa, lino, 

Tsuzuki, 1991; Jonas & Sakmann, 1992; Hestrin, 1993; Wyllie, Traynelis, Silver & Cull- 

Candy, 1993; Raman, Zhang & Trussel, 1994; Koh, Geiger, Jonas & Sakmann, 1995; 

Swanson, Feldmeyer, Kaneda & Cull-Candy, 1996). One striking feature of these reports 

is the large variability in conductances: <lpS to 35 pS. One possible reason for this 

variability is the multitude of non-NMDA subunits expressed in various neurones, 

combining variously to give channels with different single channel conductances. 

However a consistent observation is that non-NMDA receptors have fast kinetics and 

generally a low (<10 pS) conductance.

Early single-channel studies on glutamate receptors of cerebellar granule cells and 

hippocampal neurones showed that glutamate activated channel opening to a number of 

different conductance levels (Cull-Candy & Usowicz, 1987; Jahr & Stevens, 1987). Later
grcvM,

studies allowed conductance levels arising] NMDA receptors (40-50 pS events) to be 

distinguished from non-NMDA receptor activations (<30 pS). Furthermore, different non-
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NMDA receptors in cerebellar granule cells could be distinguished on the basis of 

different conductances (Wyllie,Traynelis & Cull-Candy, 1993). These studies indicate that 

cerebellar granule cells are likely to have a number of different non-NMDA receptors 

characterised by different single channel conductances. These include the ‘femtosiemen 

channel’ (Cull-Candy et al, 1988) and the ‘low-’ and ‘high-conductance’ channels (Wyllie 

et al, 1993). Chapter 4 of this thesis contains results of single channel recording 

experiments using the subunits which are thought to be present in cerebellar granule cells 

and draws some comparisons between the native channels and recombinant AMPA 

receptors of known subunit composition.

A number of methods have been used in previous studies to assess single channel 

conductance (see Chapter 2). Because of the small conductance of some non-NMDA 

channels, noise analysis has proved to be a particularly useful method for obtaining 

conductance estimates (Cull-Candy et al, 1988; Wyllie et al, 1993; Swanson et al, 1996). 

For channels which have discrete conductance sub-states noise analysis yields a weighted 

mean conductance estimate which takes account of the current carried by all of the 

conductance levels (determined by their dwell time and conductance). The results 

presented in Chapter 4 demonstrate that channel conductance may depend on which non- 

NMDA agonist is used to activate the channel (see also Wyllie et al, 1993). Therefore 

single channel conductance estimates from different studies cannot be compared directly 

since different agonists were used in each study. Furthermore, the different analysis 

methods used makes a comparison difficult.

Recently, non-stationary noise analysis has been used to determine the conductance of 

single non-NMDA channels at the mossy fibre to granule cell synapse (Traynelis et al, 

1993). This indicated that the receptors underlying evoked BPSCs had a conductance of 

15-20 pS, values which were close to the weighted mean conductance of -20 pS estimated 

for the high conductance (or ‘10-30 pS’) channel in cerebellar granule cells in culture (see 

Wyllie et al 1993). Recent, experiments using minimal stimulation of this synapse shows 

that these non-NMDA receptors may in fact have a lower conductance than was originally 

suggested by Traynelis et al (1993) (Silver, Cull-Candy & Takahashi, in press). This is 

thought to be due to additional current variance contributed by asynchrony of transmitter
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release during the decay of stimulated EPSCs. Granule cells are electrotonically compact 

with short processes. This affords a high resolution and minimal dendritic filtering. It 

remains to be seen if the method of non-stationary noise analysis can be applied 

successfully to estimate the conductance of non-NMDA receptors at other synapses.

The results reported in the various single channel studies are likely to have been from 

AMPA, rather than kainate receptors. To date, only one study has reported the single 

channel properties of native kainate receptors. Huettner (1990) showed that kainate 

receptors of dorsal root ganglion (DRG) neurones had a main conductance of ~4 pS and 

these channels appeared to show long burst kinetics. Swanson et al (1996) found that 

receptors formed from GluR5(Q) showed remarkably similar behaviour to the kainate 

channels in DRG neurones. Partin et al (1993) showed that these cells express high levels 

of GluR5(Q) along] KA2, however, given that the native channel properties are matched 

well with the GluR5(Q) homomer, it is possible that this constitutes the native channel.

1.3.7 Modulation by phosphorylation.

Phosphorylation is a widely observed post-translational modification of channels 

occurring in NMDA channels (see for example Tingley, Roche, Thompson & Huganir, 

1993; Liebermann & Mody, 1994), nicotinic acetylcholine channels (Huganir et al, 1986) 

and GABAa channels (Lin et al, 1994). Recently, non-NMDA receptor-channels have also 

been shown to undergo phosphorylation resulting in profound changes in their 

macroscopic behaviour (Wang, Salter & MacDonald, 1991; Greengard, Jen, Naim & 

Stevens, 1991). Chapter 4 contains results of single channel experiments in which ATP 

was included in the patch electrode. Under these conditions, some patches exhibited 

‘potentiated’ single-channel events. The basis of this potentiation is unclear but may have 

been due to phosphorylation. This phenomenon is discussed further in Chapter 4.

An early observation that ‘mn-down’ of AMPA mediated responses in cultured 

hippocampal neurones could be overcome by adding an ‘ ATP-regenerating solution’ to the 

internal solution, led to the suggestion that cAMP dependant kinase (PKA) may be 

involved in modulating AMPA receptor responses (Wang, Salter & MacDonald, 1991;
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Greengard, Jen, Nairi\ & Stevens, 1991). Greengard et al (1991) showed that AMPA 

receptor responses could be enhanced by the addition of PKA into the patch electrode. In 

addition to increased whole-cell responses to exogenously applied glutamate, the size and 

duration of non-NMDA receptor mediated mEPSCs was prolonged and the single channel 

open time was increased ~7 fold. Later it was found that PKA enhancement of non- 

NMDA receptor currents required additional substrates; A-kinase-anchoring proteins 

(Rosenmund et al, 1994).

At least two other kinases appear to modulate non-NMDA receptor activity: 

calcium/calmodulin-dependent protein kinase II (CAM-K II) and protein kinase C (PKC). 

Modulation of GluRl by CAM-K II has been demonstrated by McGlade-McCulloh et al 

(1993). These authors showed that like PKA, CAM-K-II caused an enhancement of the 

whole cell non-NMDA receptor mediated currents in hippocampal cells. CAM-K-II is a 

major postsynaptic density protein, co-localised with glutamate receptors and it has been 

implicated in inducing and maintaining LTP (Malinow, Schulman & Tsien, 1989; 

Fukunaga, Stoppini, Miyamoto & Muller, 1993; see also Wyllie and Nicoll, 1994). The 

capacity for long term modification by CAM-K II comes about through its ability to 

undergo autophosphorylation (Lisman, 1994).

Intracellular injection of PKC also enhances non-NMDA receptor mediated kainate 

responses in hippocampal neurones and prolongs mEPSCs (Wang, Dudek, Browning & 

MacDonald, 1994). Furthermore, activation of phosphatases 1 and 2A by okadaic acid 

results in an attenuation of kainate activated currents at concentrations of kainate below its 

EC50, but enhances the current amplitude at kainate concentrations above its EC50. The 

authors therefore suggested that phosphorylation induced potentiation occurs 

predominantly at saturating concentrations of agonists as are thought to exist at the 

synapse during synaptic transmission (Clements, Lester, Tong, Jahr, Westbrook^l 992).

Most electrophysiological studies on receptor phosphorylation have relied heavily on the 

use of the active kinase or its inhibitors. However, given that some kinases interact with 

one another (eg PKC may increase the activity of PKA and CAM-K II through 

phosphorylation) and may also interact with cytoskeletal elements and other cytosolic
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elements (see Wang et al, 1994, for discussion), it is difficult to determine which kinases 

are actually responsible for modulating channel activity in vivo.

The substrates required for activation of kinases (eg Ca?'̂  ions, diacylglycerol and cAMP) 

suggest that in order for phosphorylation to occur, intimate interaction between different 

receptor types may be required. For example, NMDA activation could lead to the 

elevation in required for CAM-K II activation. Indeed, Ca^'^-permeable AMPA 

receptors may themselves produce a sufficient rise in Ca^  ̂ to lead to this activation. 

Furthermore, activation of metabotropic glutamate receptors, which are co-localised with 

ligand gated glutamate receptors, could lead to PKC activation (through enhanced 

diacylglycerol levels). Indeed, a role for metabotropic receptors has been suggested in LTP 

(Bashir et al, 1993). PKC activation is thought to occur during LTP (Raymond, Blackstone 

& Huganir, 1993) and could account, in part, for the observed enhancement of the AMPA 

receptor mediated current. Therefore, it appears that a number of receptor types and 

kinases may interact through cross-talk to modulate the properties of non-NMDA 

receptors (see Suzuki, 1994).

1.4 Conclusion

Non-NMDA receptors are a functionally diverse group of receptors which have a 

complicated pharmacology and are differentially modulated. Further examination of their 

biophysical properties combined with pharmacological analysis of recombinant and native 

receptors could help identify non-NMDA subtypes in neurones and elucidate their role in 

synaptic transmission.
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2. METHODS

2.1 Preparation o f cells.

2.1.1 Cerebellar sranule cell cultures.

Explant cultures of cerebellar granule cells were made as described by Cull-Candy et al 

(1988) with modifications for ‘high-K'^’ cultures (Conderelli et al, 1993). 7-9 day old 

Sprague-Dawley rats were decapitated and their cerebella removed and finely chopped in 

culture medium (Dulbeccos medium (Gibco), 10% fetal calf serum (PCS) (complement 

inactivated), penicillin, 50 p.g/ml, and streptomycin, 50 |Xg/ml). The culture medium was 

supplemented with 23 mM KCl for ‘high-K"^’ cultures while ‘low-K" ’̂ (control) medium 

contained 5 mM KCl. The chopped tissue, together with a small volume of culture 

medium (-10 ml) was then passed through a 200 |Lim nylon mesh into a narrow sample 

tube. The smaller pieces of tissue in the resulting suspension were removed and plated on 

laminin and poly-L-lysine coated glass cover slips. The cells were then incubated at 37° C 

in a water saturated atmosphere of 95% air and 5% CO2 until use.

High-K^ cultures were viable for longer periods than low-K^ cultures. Survival was 

enhanced by replacing the culture medium on the first, third and fifth day (high-K^ 

cultures) or the first and third day (low-K"  ̂cultures). Recordings were made from cells that 

had been in culture for 3-4 days (low K^ cultures) or 4-9 days (high K^ cultures). For 

electrophysiological recordings, cover-slips were placed in a recording chamber (bath 

volume -1 ml) and the cells viewed under phase contrast or Normaski optics. Granule 

cells were identified by their small size (capacitance ~3pF) and distinctive morphology (ie 

spherical or ovoid shaped cells with a large nucleus and typically 2-4 processes).
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2.1.2 Thin cerebellar slice preparation.

Slicing of the cerebellum for patch-clamp recordings was performed as described by 

Edwards et al (1989), with modifications (Farrant & Cull-Candy, 1991). Sprague-Dawley 

rat pups were killed by decapitation. The whole brain was carefully removed, avoiding 

damage to the cerebellum, and placed in ice-cold oxygenated slicing solution (see below). 

Dura and blood vessels were removed and the brain cut in half along the midline. One 

cerebellar hemisphere was then glued to the platform of a vibrating micro-slicer (DTK 

1000; Dosaka EM Ltd., Japan) and 150-200 p.m parasagital slices were made. These were 

then incubated at 30° C for one hour in slicing solution which was continuously bubbled 

with a 95 % O2 / 5  % CO2 gas mixture.

2.1.3 Culture ofHEK 293 cells.

The initial cell line was kindly supplied by Professor Trevor Smart (School of Pharmacy, 

London). Subsequently, cells were passaged 1-2 times a week to maintain them at a low 

density (-30-60 % confluency). The HEK 293 cell culture medium contained Dulbeccos 

Modified Eagle Medium (DMEM), 10 % PCS (compliment inactivated) and 1% 

penicillin/streptomycin (both at 50 |Xg/ml). Cells tended to grow in clumps; in order to 

reduce the number of these and thereby increase the number of single cells from which 

electrophysiological recordings could be made, a brief (20 s) trypsin treatment was 

required before passaging. The trypsin activity was quenched by adding culture medium 

and the cells were then briefly dispersed using a Pasteur pipette. The cell suspension was 

then split into two 25 ml flasks (Nunc) at a density of -10-30 %. One further batch of cells 

was placed into the wells of a 4-well dish (Nunc), each containing a fibronectin coated 11 

mm glass cover slip. The cells were then allowed to grow for 1 day before being 

transfected with cDNA.

2.1.4 Transfection of HEK cells

The protocol for transfection of HEK cells was modified from Chen & Okayama (1987). 

The reaction involves the formation of a CaP0 4 -DNA precipitate which is thought to be

31



endocytosed by the cells. All the stock solutions (except the DNA) were filtered through 

a 0.22 )Lim filter before use.

Two tubes were used in the transfection reaction:

Tube A Tube B

2-10 jig DNA of each DNA* 500 |il 2xBES**

450 jLil Tris.EDTA (pH 8)

40-50 jLil 2.5 M CaClz

*For heteromeric transfections, the GluR2:GluR4 ratio was 2:1 or 3:1 and 1:1 for 

GluR6(Q)/KA2. cDNA for AMPA and kainate subunits where kindly provided by Drs 

Steven Heinemann (Salk Institute, CA, USA) and Peter Seeburg (Heidelberg University, 

Heidelberg, Germany).

**2xBES solution contained: 50 mM BES (A, A-bis [2-hydroxyethyl] -2-

aminoethanesulphonic acid), 280 mM NaCl, 1.5 mM Na2HP0 4 .2 H2 0 ; pH was adjusted 

to 6.96 with HCl (the pH of this solution appeared to be critical in achieving a high 

transfection efficiency)

The contents of tube A were added dropwise to tube B while shaking tube B gently. A 

precipitate then formed while the reaction mixture sat for ~ 2  minutes, after which time 

50-100 \i\ of this CaP0 4  -DNA precipitate was added to each of the 4 wells containing 

HEK cells (each well contained -0.5 ml of medium). The cell/transfection precipitate 

mixture was then placed in an incubator for 4-12 hours at 37 °C (5-7 % CO2). The 

media was then aspirated off, and the cells washed twice in phosphate buffered saline 

(PBS) and once with culture medium. Recordings from tran^cted cells could be made 

within 24 hours and cells remained viable for 2-4 days after transfection

In some experiments, in addition to glutamate receptor subunit cDNAs, cDNA for the 

cell-surface marker-protein, CD8 , was included in the transfection mixture. Prior to 

patch-clamp recording, cells were exposed to beads (Dynabeads; Dynal Ltd, Wirral, 

UK) coated with an antibody against CD8  for 5 minutes. Beads were supplied at a
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concentration of 1-4 X 10 /mL and were diluted 1000-fold before being added to cells. 

These beads bound with high affinity to cells which expressed CD8 (Jurman, Bolan & 

Yellen, 1994). This approach allowed ready identification of transfected cells and 

demonstrated that 20-40 % of cells showed bead binding, suggesting they had been 

transfected with the cDNA for CDS. This was taken to indicate transfection competence 

of these cells and they were targeted for electrophysiological recordings. The rate of 

successful recordings varied from transfection to transfection. However, GluR2(i)/4(i) 

transfections were generally most successful and resulted in a success rate of up to -90  

% (ie -90  % of cells which were labelled with beads gave whole-cell responses). Prior 

experiments in which no ‘marker’ protein was added (ie cells were randomly selected 

for patch-clamp recording) had a success rate of <20 %.

2.2 Patch-clamp recordinss

Patch-clamp recordings in whole-cell and ouside-out patch mode (Hamill, Marty, Neher,

Sakmann & Sigworth, 1981) were made using either a List EPC-7 or an Axopatch

200A. Currents were recorded either on magnetic tape (Racal store 4; bandwidth 2.5

kHz ) or with a DAT recorder (Biologic DTR-1204; 48 kHz). Series resistance and

capacitance values were read from the dials of the patch-clamp amplifier following

compensation of the capacitance transient resulting from a 5 mV step. 
w c /c  iA0.cU a t  rocM. \:CM.^c^cJrurc. ( jL \  -  .

2.2.1 Patch pipettes

Patch pipettes were fabricated from thick-walled borosilicate glass (outer diameter, 1.5; 

inner diameter, 0.86 mm; Clark Electromedical) on a two stage puller (List Instruments). 

Stray capacitance was reduced by applying Sylgard resin (Dow Corning) to the tips of 

the electrodes. To improve seal formation, the pipettes were then fire polished. Patch 

electrodes typically had resistances of 10-20 MiT. Pipettes used for puffer application of 

drugs or for stimulation, had resistances of -5  MQ.
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2.2.2 Solutions

The chemicals listed below were obtained from Sigma unless indicated otherwise.

Patch electrodes were back filled with an ‘internal’ solution composed of (mM): CsF, 110; 

CsCl, 30; NaCl, 4; EGTA, 5; K-HEPES, 10; and CaClz, 0.5; pH 7.3. The ‘internal’ 

solution was filtered through a 0.22 |im filter before use. In some experiments 2 mM 

Mg^^-ATP was also included in the pipette. The composition of the external solution 

(mM) was: NaCl, 150 ; KCl, 2.8; Na-HEPES, 10; MgClz, 1 and CaClz, 1.0; pH 7.3.

For cerebellar slices, the external recording solution contained (mM): NaCl, 125; KCl 2.5; 

CaClz, 1; MgCli, 1; NaHCOg , 26; NaH2P0 4 , 1.25; glucose, 25. This solution was 

continuously bubbled with 95 % 0% and 5% CO2 throughout recordings. The slicing 

solution had the same composition except that it contained 4 mM rather than ImM 

MgCl2.

Stock drug solutions were made up in distilled water (or dimethyl sulphoxide (DMSO) 

where indicated) to concentrations of 5 or 10 mM. The following drugs were used: kainate 

(Tocris Cookson), ®c-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA; 

Tocris Cookson), bicuculline methobromide^domoate, 7-chlorokynurenate (10 mM stock 

in DMSO; Tocris Cookson), D-2-amino-5-phosphonovalerate (D-APV; Tocris Cookson). 

Cyclothiazide (50 mM stock in DMSO; a gift from Eli Lilly) concanavalin A, argiotoxin 

(Latoxan), spermine, spermidine and putrescine. Most drugs were stored as frozen stocks, 

however spermine solution was made up fresh on the day of the experiment.

2.2.3 Drus application

Drug and control solution were perfused into the bath by passing a number of narrow 

tubes into a common outlet with a small ‘dead space’. Solutions were switched manually 

using a two way Hamilton tap. For puffer application of argiotoxin with kainate, the drugs 

were made up in external solution and puffer pipettes positioned ~ 2  granule cell diameters 

away from cells. A pressure of 15 psi was used to discharge the drugs and the duration of 

the pulse was controlled manually. Puffer applied kainate (100 jiM) gave currents which 

were 98.7 ± 0.7 % (n=3 cells; 5-7 trials per cell) of bath applied kainate. Furthermore,
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puffer applied responses reached equilibrium within ~5 s. Mossy fibre inputs to granule 

cells were stimulated using electodes filled with 2M NaCl. This made contact with a silver 

wire through which voltage pulses (20-50 V; 20-50 jis) were applied.

2.3 Noise analysis.

In order to estimate single channel conductance from macroscopic currents, noise 

analysis was used. Noise from whole-cell and ouside-out patch-clamp recordings was 

analysed either by measuring current and variance during the rising or falling phases of 

responses (current/variance analysis), or by characterising the steady-state noise using 

spectral analysis (Katz & Miledi, 1972; Anderson & Stevens 1973; Silberberg & 

Magleby, 1993).

Current/variance analysis was carried out using the N05 program developed by Dr 

Steve Traynelis (Emory University, Atlanta, USA). Spectral analysis was carried out 

using either a program by David Colquhoun (UCL, London, UK) or the SPECTAN 

program courtesy of John Dempster (Strathclyde University, Glasgow, UK).

For current/variance analysis, currents were filtered at 2 kHz (-3 dB, 8 -pole Bessel filter) 

and digitised at 10 kHz. Stretches of noise of 100-500 ms (depending on the speed of 

onset of the response) were analysed. Control variance and current (the holding current) 

were subtracted from the drug induce current variance and inward current at various 

times during the rising- or falling-phase of responses. These values were then used to 

construct plots of current vs variance, which in the low concentration limit (ie when 

channel Popen was low), were predicted to be linear. The slope of these plots (fit by 

linear regression) provide an estimate of the single channel current (i):

i=a^/I (1)

where i is the weighted mean single channel current, cr is variance and I is the 

macroscopic current. The single channel conductance (y) was then calculated from.
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y=\rw Hold (2)

where Vnoid is the holding potential (assuming a 0 mV reversal potential).

Spectral analysis was carried out as described by Colquhoun, Dreyer and Sheridan 

(1979). Currents were replayed either from magnetic tape or DAT recorder. Current 

noise was separated from the DC shift by band-passing the signal: the high-pass filter was 

set at 0.2 Hz and the low-pass at 1-2 kHz (-3 dB, undamped, 8  pole Butterworth). The DC 

shift was digitised on a separate channel (low-pass filter setting, 1 kHz). Control and drug 

stretches were digitised onto hard disc of either a PDF 12 or a PC via a Cambridge 

Electronic Design (CED) 502 or a 1401 interface. The digitisation rate was set at twice the 

-3 dB low pass filter setting to avoid aliasing. Records were then displayed and edited to 

remove any artifacts which were obviously not due to current fluctuations. The edited data 

was divided into sections of duration 1/fres s, where f^s was the desired resolution 

(generally 2 or 5 Hz) and spectral densities were calculated for each of these sections. 

Individual spectra were then averaged and the control and drug spectra subtracted to give a 

mean net spectrum. These were generally well fit with the sum of two Lorentzian curves.

The weighted mean single-channel current was calculated using the following equation:

inoise = 7t {Gi (0)fd + G2 (0 )fc2 } /2 1  (3)

where Gi (0) and G2 (0) are the zero frequency asymptotes for the two Lorentzian 

components and fd and fc2 are the comer frequencies for the slow and fast components. I 

is the whole cell current induced by the agonist.

The fc values were used to calculate the mean open life-time, t, of the channel according 

to :

T=l/(2j[fc) (4)
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2.4 Time-course fittins o f single channel currents.

In those cases where channel openings could be resolved, time course fitting was used to 

analyse them. This method of analysis is based on Colquhoun (1994) and Colquhoun 

and Sigworth (1995). The programs (SCAN & EKDIST) for fitting single channel 

events and their resulting parameter distributions (amplitudes, open times, shut times 

and bursts lengths) were kindly provided by David Colquhoun. SCAN allowed the 

simultaneous collection of kinetic and amplitude information through cursor fitting of 

individual channel events. Stretches of single channel openings were filtered at 1 or 2 

kHz (-3dB, 8  pole Bessel) and digitised at 10 or 20 times the -3dB filter setting. 

Specifically, GluR4(i) channel events were filtered at 2 kHz while GluR2(i)/4(i) channel 

events were filtered at 1 kHz. Reconstruction of idealised channel openings was 

achieved using the step response function of the recording system. Records chosen for 

analysis usually had rms noise levels of <110 fA (measured after 2 kHz filtering; 8 -pole 

Bessel filter). Individual transitions were then fitted using a cursor, the fit being adjusted 

until it most accurately represented the digitised trace. This analysis was complicated 

when analysing non-NMDA channel openings (which open to small conductances and 

have rapid kinetics) by the presence of multiple conductance levels: events fit as 

unresolved closures may actually have been transitions to sub-conductance levels and 

conversely, incompletely resolved openings may have been to any one of several 

conductance levels. Events which were too brief to be fully resolved were therefore fit 

to the mean amplitude level of the most frequently occurring conductance level for 

consistency.

Once all the transitions had been fit, a resolution was imposed on the data in order to 

reduce the number of random baseline fluctuations mistakenly fit as unresolved 

openings (ie to reduce the false event rate). For kinetic analysis, openings to all 

conductance levels (and the intervening close times) were used. Minimal resolvable 

open and shut times were generally set to give a false event rate of lower than lO'"̂  per 

second. Typically, the resolution for openings was 166-220 |lls and 100-150 |is for 

closures.
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2.4.1 Distributions o f single channel amplitudes

Events which had a duration >1.5 or 2.0 times the filter rise times ( 249 j i s  and 332 |Lis 

respectively at 2kHz) were included in the amplitude distributions. Thus events reached 

94.0 % (1.5 filter rise times) or 98.8 % (2.0 filter rise times) of their full amplitudes 

(Howe et al 1988). The distributions were fit by the sum of up to three Gaussian 

components from which the mean unitary conductance levels were determined. The 

amplitude distributions (and other distributions described in this section) were fit using 

the method of maximum likelihood (Colquhoun & Sigworth, 1995). This gave mean 

values of Gaussian distributions together with their standard deviations and relative 

proportions.

2.4.2 Open- and shut-time distributions

The data set obtained during time-course fitting contained all the open- and shut-time 

intervals. These were then divided into observations falling within bins of specified 

width. Open- and shut-time distribution histograms were thus displayed as frequency 

(on a square root scale) vs the open- or shut-time (on a log scale) (Sigworth & Sine, 

1987). This type of plot allowed large time intervals to be displayed on a single graph 

(because of the use of the log scale). Furthermore, the distributions were ‘peaky’, with 

each peak corresponding to an exponential time constant.

Due to the rapid kinetics and low conductance of non-NMDA channels, certain open- 

times may have been over estimated since brief closures were unresolved (ie the shut 

periods were shorter than the imposed resolution) and therefore treated as part of an 

opening. Conversely, brief openings which were unresolved, were treated as part of a 

shut period. As such, the intention in this thesis when referring to open- and shut-times, 

is that these times are apparent open- and shut-times.

The first two or three exponential components of the shut-time distributions (depending 

on whether distribution was fit to four or five components) were concentration-
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independent and were used to calculate a value for tent, the critical gap length which was 

used to define bursts arising from single channel activations.

2.4.3 Burst length analysis.

Bursts of openings were defined as channel activations which were separated by shut 

times shorter than a defined gap length, tent- This value was calculated to include an 

equal percentage of gaps misclassified as being within bursts as gaps misclassified as 

being between bursts, ie,

l-expC-tcrit/Ti) = exp(-tcrit/T2) (5)

(see Colquhoun & Sigworth, 1995)

2.5 Non-stationary noise analysis o f synaptic currents from cerebellar granule cell 

cultures

Estimating the single channel conductance of synaptic ligand-gated receptors is 

problematic since they cannot be accessed by the patch electrode. However, one 

approach is to use non-stationary noise analysis to estimate channel conductance. This 

method was originally devised by Sigworth (1980) to estimate the single channel 

conductance of voltage gated Na"̂  channels. A related approach was subsequently 

employed by Robinson et al (1991) to synaptic GAB A receptors and modified by 

Traynelis et al (1993) to estimate the single channel conductance of non-NMDA 

receptors at the cerebellar mossy fibre-granule cell synapse. The method of non- 

stationary fluctuation analysis used to determine Na"̂  channel conductance (Sigworth, 

1980) could not be applied to synaptic non-NMDA receptors. This was because 

fluctuations in the size of individual excitatory post synaptic currents (EPSCs) did not 

arise solely from random channel gating but also from different numbers of receptors 

being activated in the post synaptic membrane. To overcome this, the peak of the mean 

EPSC waveform (generated from all the individual EPSCs in a particular record (-100 

events)) was scaled to individual EPSCs. Each scaled EPSC was divided into bins 

(generally 30) of equal amplitude. For each of these bins the mean current and local 

variance around the scaled waveform were calculated and averaged over all EPSCs.
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This gave a difference current from which current/variance plots were obtained (see 

Traynelis et al, 1993 for details of peak scaled analysis). The parabolic current/variance 

relationship was fit (Sigmaplot, Jandel Scientific,CA, USA) using the following 

equation,

â =i. I-I^/NpW (6)

where i is the single channel current, I is the mean current amplitude, Np is the number 

of channels activated in the post synaptic membrane and g\  is the baseline variance.

In the thin-slice preparation of the cerebellum, cable filtering by granule cells is minimal 

due to the short length of their dendrites (see Silver, Traynelis & Cull-Candy, 1993). 

However, dendritic length was unknown in the culture preparation. Since dendritic 

filtering could have lowered the variance, only cells which showed rapidly rising EPSCs 

(10-90 % rise time of <600 p.s) were chosen for analysis. Furthermore, it was ensured 

that the decay time constants and amplitudes of EPSCs were not correlated.

2,6 Determinins the Ca '̂̂ -permeability o f non-NMDA receptors

An external isotonic CaClz solution was used in experiments where the Câ "̂ - 

permeability of channels was investigated. This contained (mM): CaCl2 , 100 and Ca-

HEPES, 10. The Ca^^-permeability was expressed as the permeability ratio of Ca^  ̂ to 

Cs^ (PCa/PCs), calculated using the constant field equation (see lino, Osawa & Tsuzuki, 

1990):

PCa/PCs = [Cs+]/[Ca^^]o ■ [exp(AV„v F/RT) ■ (exp(AV,,, F/RT)+l)]/4, (7)

where PCa and PCs are the permeability coefficients for Ca and Cs* respectively,

AVrev is the reversal potential shift (determined by subtracting the Vrev of kainate 

activated currents in control external from kainate activated currents in isotonic Ca^  ̂

external) and F, R and T have their usual meanings.
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Câ "̂  reduces the free kainate concentration by formation of a Ca^'^-kainate complex (Gu 

& Mae-Huang, 1991). Generally, 100 fxM kainate (in control external solution) was 

used to activate non-NMDA receptors from granule cells. In order to obtain the same 

free concentration of kainate in high Ca^^ external, formation of the Ca^^-kainate 

complex was compensated for.

The total kainate required was calculated according to :

[Ka]total-[Ka]free + [Kajfree ' [Ca^ ]̂o/Kdiss (8 )

where [Ka]total is the total kainate concentration, [Kajfree is the final free kainate 

concentration, [Ca^ Ĵo is the external calcium concentration and IQiss is the dissociation 

constant of the Ca^^-kainate complex (144 nvM, Gu and Mae-Huang, 1991). Thus 

169|iM kainate was used to give a final free concentration of 100 |xM.

A small junction potential was generated upon switching from ‘control external’ to an 

isotonic Ca^^ external. This was determined using a 2M KCl filled electrode and 

switching from the control saline into isotonic Câ "̂  external as described by Neher 

(1992). The potential change was measured using the patch-clamp amplifier (Axopatch 

200A, Axon instruments, CA, USA) in current clamp mode.

2.7 Calculation o f rectification index and analysis o f concentration-inhibition curve for 

internal spermine

Rectification was quantified using a rectification index (RI) :

RI = GJG. (9)

where G+ is the conductance at 4-40 mV (with respect to Vrev) and G. is the conductance 

at -60 mV (with respect to Vrev) (see Ozawa et al 1992). An RI value close to 1 indicated
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a linear or near linear W  relationship, whereas lower values indicated inward 

rectification.

For the plot of RI vs spermine concentration, the data points were fit (using a non-linear 

least squares procedure; Sigma plot 5.0, Jandel scientific, CA, USA) using the equation:

RI =  (RImax-RIminy(l+([spermine]/IC5o)")+RImin (10)

where Rlmax ^nd RImin are the mean RI values in the presence of the minimal and 

maximum concentration of spermine respectively, n is the Hill coefficient and IC50 is 

the concentration of spermine that produced 50% of the maximum rectification.

2.8 Analysis o f dose response curves

Whole-cell dose response curves were fit to the following equation:

I = W )  • (1 / (1 + ( EC50 / [agonist])" )) ( 1 1 )

where I(max) is the response to a saturating dose of agonist, n is the Hill slope and EC50 is 

the concentration of agonist which produces a half maximal response.

2.9 Voltage ramp protocol.

To construct FV (current/voltage) relationships, the voltage was changed using a ramp 

protocol generated by pClamp 5.5 (Axon Instruments, CA, USA) and were applied to cells 

or patches held at -50 to -70 mV between ramps. Three or four ramp trials were averaged 

(each trial lasting 950 ms; see fig 3. IB) in the presence and absence of drug : subtracting 

the two gave a net FV relationship.

2.10 Statistical analysis

Values are given as means ± SEM.Tests of significance were carried out using paired 

and unpaired Student’s f-tests. Error bars in graphs signify the SEM.
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3. THE ROLE OF INTRACELLULAR POLYAMINES IN CONFERRING 

RECTIFICATION ON Ca ^-PERMEABLE NON-NMDA RECEPTORS

3.1 Summary

1. Whole-cell recordings were made from cerebellar granule cells cultured in high 

medium to induce expression of Ca^^-permeable AMPA receptors. Current/voltage (W ) 

plots of agonist evoked responses showed varying degrees of inward rectification, which 

became linear within 5-10 minutes of establishing the whole-cell configuration.

2. Recombinant Ca^^-permeable kainate receptors (composed of GluR6(Q)/KA-2 

subunits) or AMPA receptors (homomeric GluR4(flip)) exhibited inwardly rectifying 

whole-cell W  plots. These became linear in outside-out patches.

3. Loss of inward rectification in granule cells was prevented by including 100-300 jiM 

spermine in the pipette solution. The degree of rectification in the presence of internal 

spermine was strongly correlated with Ca^^-permeability of the granule cell AMPA 

receptor population. In the absence of spermine, these two quantities were poorly 

correlated.

4. EPSCs recorded from granule cells of the sliced cerebellum showed linear JfV plots 

when spermine was included in the pipette suggesting that synaptic non-NMDA 

channels of granule cells are Ca^^-impermeable.

5. Spermine could also prevent loss of rectification in patches containing recombinant 

GluR6(Q)/KA-2 receptors; the IC50 value for intracellular spermine was 1.7 pM. 

Neither the spermine analogue putrescine (100 pM) nor intracellular Mg '̂  ̂(5 mM) were 

effective at maintaining rectification.

6 . Loss of rectification in patches containing the recombinant AMPA receptor subunit 

GluR 4(flip) was prevented by inclusion of spermine in the patch electrode. As
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expected, the Ca^'^-impermeable AMPA receptor, GluR2/4 showed no sign of 

rectification in the presence of internal spermine.

7. It is concluded that spermine, or a similar cellular constituent, may act as a 

cytoplasmic factor conferring inward rectification on Ca^^-permeable non-NMDA 

receptors. Thus ‘washout’ of this factor could explain the observed loss of inward 

rectification,

3.2 Introduction

A number of native AMPA receptors have a high permeability to Ca^^ ions (Osawa, 

lino &Tsuzuki, 1991; Gilbertson, Scobey & Wilson, 1991; Jonas, Racca, Sakmann, 

Seeburg & Monyer, 1994; Otis, Raman & Trussed, 1995; Seifert & Steinhauser, 1995; 

Geiger et al 1995). Ca^^-permeability of recombinant AMPA type non-NMDA receptors 

reflects the absence of GluR2, since inclusion of this subunit in the receptor complex 

invariably reduces Ca^^-permeability (see Hollman, Hartley & Heinemann, 1991).

Ca^^-permeable recombinant AMPA receptors exhibit marked inward rectification of 

the VW relationship of agonist evoked responses. This property can be used to indicate 

the presence of Ca^^-permeable native AMPA receptors (see Bochet et al, 1994; McBain 

& Dingledine, 1993). Although in hippocampal neurones the degree of rectification and 

extent of Ca^'^-permeability appear to be well correlated (Lerma, Morales, Ibarz & 

Somohano, 1994), other reports have shown that highly Ca^^-permeable non-NMDA 

receptors can exhibit linear FV plots (Gilbertson et al, 1991; Jonas et al, 1994; Otis et al, 

1995).

Recent experiments on the recombinant inward rectifier channels, IRKl and HRKl, 

have shown that their inward rectification is not an intrinsic property of the channels but 

is conferred by a voltage dependent block by physiological concentrations of 

intracellular polyamines (Lopatin, Makhina & Nichols, 1994; Fakler, Brandie, 

Glowatzki, Weidemann, Zenner & Ruppersberg, 1995). In this chapter it is shown that 

both native and recombinant Ca^^-permeable non-NMDA receptors exhibit a time-
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dependent loss of rectification compatible with the washout of intracellular components 

during patch-clamp recording. Furthermore, inward rectification of these channels can 

be maintained by the addition of low molecular weight polyamines, particularly 

spermine, to the intracellular solution. This suggests that such molecules may be 

intimately involved in the rectification process of Ca^^-permeable AMPA and kainate 

receptor-channels. Similar results have been obtained by Koh et al®(1995), Bowie & 

Mayer (1995) and Done van & Rogowski (1995).

3.3 Results

3.3.1 Rectification o f AMPA receptors in cerebellar sranule cells

Figure 3.1 A shows a typical whole-cell response to 100 |J,M kainate. This gave a steady 

response from receptors which had the characteristics of AMPA type non-NMDA 

receptors (see Chapter 5). VW relationships were generated using the protocol 

illustrated in Figure 3.IB (see also Chapter 2). Figure 3.2A shows W  relationships of 

kainate evoked responses from a granule cell. As expected from their enhanced 

immunoreactivity to GluRl and reduced immunoreactivity to GluR2 (Condorelli et al.,

1993), some granule cells grown in high K^ medium showed inwardly rectifying W  

plots. However, as is apparent from Fig 3.2, the degree of rectification was gradually 

reduced during continued whole-cell recording. Rectification was quantified using a 

rectification index (RI; see Chapter 2, equation 9). Figure 3.2B illustrates the time- 

dependent change in RI which occurred after whole-cell formation for the same cell as 

Figure 3.2A. The degree of rectification and its rate of loss varied from cell to cell. Loss 

was usually complete within 5-10 mins (n=8 ; initial RI <0.8). Cells that initially 

exhibited linear W  plots showed no change during extended recording periods. Given 

the unusually small cytoplasmic volume of granule cells these observations would be 

consistent with the idea that an intracellular factor needed for rectification was washed 

out during recording.
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Figure 3.1 Voltage ramp protocol.

A, activation of a steady response from AMPA receptors in a cultured cerebellar granule 

cell. Application of kainate (100 |iM) is indicated by the arrows. The deflections in the 

trace are voltage ramps applied before and during kainate application. Calibration : 50 

pA and 10 s. B, the ramp protocol applied to the cell in A. The rate of the ramp pulse 

was 0.23 Vs'^ (thick line). Three trials were averaged in control solution and in the 

presence of 100 |LiM kainate. The dotted line indicates 0 mV. Cells were held at -50 mV 

between ramps.
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Figure 3.2 Time dependent loss of inward rectification of AMPA receptor mediated 

whole-cell responses in granule cells.

A, W  relationships of agonist evoked responses obtained from a single granule cell at 

various times after establishing the whole-cell configuration. The W  plots show a 

gradual reduction in inward rectification at positive potentials. To facilitate comparison 

of the plots, and obviate complications caused by ‘run-down’ of the response, W  

relationships were normalised to the negative potential slope of the initial (30 s) ramp; 

ordinate values apply to this. B, Plot of rectification index (RI) vs time after whole-cell 

formation (same cell as A). Initial W  plot (at t=30 s) was inwardly rectifying with an 

RI=0.48. Loss of rectification was complete within 10 mins of establishing the whole

cell recording configuration. Steady application of 100 |xM kainate was used to activate 

AMPA receptors.
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'^3,2 Action of svermine on granule cell AMP A receptors

Since small polyamines, particularly spermine, maintain rectification of inwardly 

rectifying channels (Lopatin et al., 1994; Fakler et al., 1995), the W  relationship of 

granule cells when spermine (100 or 300 )liM )  was present in the patch-pipette solution 

was examined. Three types of AMPA receptor FV plots were identified under these 

conditions. Figure 3.3A(i) shows an FV plot from a cell where the relationship initially 

showed some degree of rectification and became progressively more rectifying with 

time (ramps were applied every 1-5 mins). Such cells gave a final RI value of <0.35 

(n=9 cells). Figures 3.3A(ii) and (iii) show the reversal potentials of whole cell 

responses in control external solution (ii) and 100 mM CaCl2 external (iii). Another 

population of cells (Fig 3.3B(i)) showed an intermediate level of rectification (RI 

values 0.35-0.8; n=12 cells), which remained stable during the recording period. Finally, 

in a third population (Fig 3.3C(i)), the I/V plots were initially linear or outwardly 

rectifying (RI>0.8; n=6) and remained so during the recording period. Note the 

reduction in the slopes of the high Câ "̂  I/V plots (3 B(iii) and C(iii)) compared with 

their respective control I/V plots (3 B(ii) and C(ii)). This is consistent with a reduced 

conductance of the non-NMDA receptor response in isotonic calcium external in cells 

with reduced sensitivity to internal spermine. The possibility that Ca^^ permeability and 

rectification were correlated was examined further.

3.3.3 Relationship between rectification and Ca '̂̂ -permeability o f granule cell AMPA 

receptors

The reversal potential shifts, AVrev, of kainate activated responses in isotonic (100 mM) 

CaCL were measured; the mean AVrev was -21.59 ± 3.22 mV and the range was 

between -80 and +10 mV (n=44), suggesting that the population of AMPA receptors in 

granule cells is heterogeneous in terms of their Câ "̂  permeability. To quantify the Câ "̂  

permeability, PCa/PCs values were determined from the shift in reversal potential (see 

Chapter 2, equation 7). The mean PCa/PCs was 0.35 ± 0.045 (range: 0.02-1.29; n=44). 

These results therefore indicate that on average, these granule cells have a five-fold
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higher permeability than those grown in low medium (see Wyllie & Cull-Candy

1994).

Together these observations are consistent with the idea that spermine confers 

rectification on certain AMPA receptors, and that granule cells grown in high 

contain a mixed population of Ca^^-permeable and -impermeable receptors. Thus the 

degree of rectification in the presence of intracellular spermine would be expected to 

reflect the relative level of Ca^'^-permeable receptor expression. The relationship 

between RI and AVrev in isotonic Câ '  ̂with and without spermine in the patch-pipette 

was therefore examined. Figure 3.4A shows the relationship between these two 

quantities in the absence of internal spermine. RI and AVrev (in isotonic Câ "̂ ) were

poorly correlated in granule cells, even when voltage ramps were recorded less than 5 

mins after whole-cell formation (correlation coefficient, r=0.53; n=33 cells). However, 

as shown in Fig 3.4B, the two parameters were well correlated in cells that had been 

internally perfused with 100 |xM spermine. The correlation coefficient was 0.91 (n=17 

cells), even after reasonably long recording periods (>15 mins).
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Figure 3.3 Intracellular spermine reveals varying degrees of rectification in granule 

cells.

A(i), W  plot of an agonist evoked current from a cell which retained strong inward 

rectification >20 mins after establishing whole-cell configuration, with 100 |xM 

spermine in the pipette solution. Note that rectification is most noticeable at potentials 

between Vrev and +45 mV. The slope is greater than expected at potentials more 

positive than +70mV. A (ii) and (iii) show the reversal potentials in control external and 

isotonic external respectively. B (i), FV plot from a granule cell which showed 

less marked rectification in 100 pM internal spermine. The RI showed little change with 

time: 0.66 after 4mins, and 0.62 at 20 mins. B (ii) and (iii) show reversal potentials in 

control external and isotonic Câ "̂ . C(i), an example of a cell with an approximately 

linear I/V plot in the presence of 100 p,M internal spermine. C(ii) and (iii), reversal 

potentials in control and high Câ "̂  respectively for a cell with a linear IV with 100 )llM 

internal spermine.
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Figure 3.4 Relationship between RI and AVrev .

A, RI vs AVrev (the shift in reversal potential in isotonic Câ "̂  external) measurements 

from 33 different cells <20 minutes after starting whole- cell recording. The dotted line 

shows a linear regression least squares fit to the data points (r=0.53). B, measurements 

(made 10-20 min after establishing the whole-cell recording configuration) of RI and 

AVrev made in the presence of 100-300 |xM spermine (n=17 cells). The solid line (least 

squares fit to the points) had a correlation coefficient of r=0.91.
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3.3.4 Spermines action on excitatory synaptic currents in cerebellar granule cells in 

thin slices

The presence of Ca^^-permeable synaptic non-NMDA receptors has previously been 

difficult to assess using reversal potential shifts in isotonic Ca^  ̂(however see Otis et al, 

1995). However, I/V relationships of synaptic currents have been used to infer the 

presence of Ca^^-permeable AMPA receptors in CA3 stratum radiatum intemeurones 

(McBain & Dingledine 1993). In small cells where cytoplasmic factors might be rapidly 

perfused into the pipette, such an approach may give erroneous linear I/V relationships 

due to the wash out of spermine. I/V relationships were therefore constructed from 

granule cells of the sliced cerebellum and the internal solution was supplemented with 

100 pM spermine to assess their Câ "̂  permeability. Recordings were made from 12-14 

day old animals to increase the likelihood of obtaining cells with synaptic connections 

(see Traynelis et al, 1993). Fig 3.5A shows typical synaptic currents recorded at 4-40 and 

-60 mV from a granule cell. Figure 3.5B is the full I/V relationship for the same cell. 

Synaptic currents were evoked in granule cells by applying voltage pulses (20-50 V; 

stimulating rate : 0.5 Hz) using a stimulating electrode placed -50 pm from the cell 

body to stimulate mossy fiber inputs. 20-50 events were averaged at each of at least 4 

holding potentials including -60 and 4-40 mV. The resulting I/V relationships were 

described by linear regression fits (mean r=1.0 ± 0.0; n=5) which allowed the reversal 

potentials (mean = 4.0 ± 4.9 mV; n=5) and RI (1.0 ± 0.0; n=5) values to be measured. 

This result suggested that the synaptic non-NMDA receptors of granule cells in the slice 

preparation are Ca^^-impermeable or have a low Ca^  ̂permeability.
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Figure 3.5 Lack of effect of spermine on non-NMDA receptor mediated synaptic 

currents recorded form granule cells in thin cerebellar slices.

A, averaged synaptic currents measured at + 40 (n=20 events) and -60 mV (n=20 events) 

in the presence of 10 p,M bicuculline, 10 )liM  7-chlorokynurenate and 10 pM APV. The 

current deflections preceding the synaptic currents are stimulus artifacts. The calibration 

indicates 10 pA and 5 ms. 5, sequential current measurements at -70, -60,-40, -20, 0, 

+20, +40 and +60 mV giving a linear IV relationship. 20 to 50 events were averaged at 

each potential. The solid line is a linear regression fit to the data (r=0.99)
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3.3.5 Rectification o f recombinant kainate receptors

The effect of intracellular polyamines was examined on a population of kainate 

receptors composed of GluR6(Q) and KA-2 subunits. On the basis of co-localisation of 

subunit mRNA and peptide immunoreactivity (Wisden & Seeburg, 1993; Wenthold, 

Trump, Zhu & Petralia, 1994) this is a possible subunit combination in vivo. The 

unedited (Q) form of the GluR6 subunit gives rise to Ca^^-permeable heteromeric 

receptors which show inward rectification (Egebjerg & Heinemann, 1993).

GluR6(Q)/KA-2 receptors exhibited relatively large steady-state currents in outside-out 

patches. As illustrated in Fig 3.6A, these receptors exhibited marked inward rectification 

in whole-cell recordings. The degree of rectification was usually stable during 

recordings of up to 20 minutes. The example shown is from an HEK 293 cell which 

became less rectifying after a relatively long recording period (35 mins). In contrast, 

outside-out patch-currents usually lost inward rectification within 3 minutes of excision, 

although for some larger patch-responses this took up to 10 minutes. The relatively 

rapid loss of rectification in the outside-out patches, when compared with the whole-cell 

recordings from granule cells, is consistent with a diffusion-limited loss of an 

intracellular factor involved in rectification. In patches containing GluR6(Q)/KA-2 

receptors, the RI measured from voltage ramps (taken more than 7 minutes after patch 

excision) was 1.34 ± 0.14 (n=7; Fig 3.9A). Some patches which gave small responses 

(<1 pA) to 10 j i M  domoate were treated with 10 |liM  concanavalin A, which potentiated 

the responses by -5-fold, but had no apparent effect on the time course of loss of 

rectification.

3.3.6 Svermine on recombinant kainate channels

Figure 3.6B shows the effect of intracellular spermine (100 |liM added to the pipette 

solution) on outside-out patches containing GluR6(Q)/KA-2 receptors. Rectification of 

domoate-activated currents was maintained during the entire recording period (7-15 

mins). RI values increased with decreasing intracellular spermine concentrations. In Fig
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3.6C, RI is plotted against the spermine concentration. From this plot, the IC50 value for 

spermine was 1.7 |LiM and the Hill coefficient was 2.3.

The activity of two smaller poly amines, putrescine (4 patches) and spermidine (2 

patches) were also examined. Spermidine (100 )liM )  appeared to be much less effective 

at maintaining rectification, with an approximate RI value of 0.53. Putrescine (100 |iM) 

had no apparent rectifying activity, with an RI value which was not significantly 

different from the control values (1.1 ± 0.2, Fig 3.9A). Intracellular Mĝ "̂  ions have been 

implicated in rectification of some voltage-activated and ligand-gated channels 

(Vandenberg, 1987; Mathie, Colquhoun & Cull-Candy, 1990). However, addition of 5 

mM MgCli to the pipette solution failed to induce inward rectification of 

GluR6(Q)/KA-2 channels (Fig 3.9A).
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Figure 3.6 Influence of spermine on recombinant GluR6(Q)/KA-2 receptors.

A, whole-cell I/V relationships obtained in the absence of internal spermine from an 

HEK 293 cell containing recombinant kainate receptors. The ramps shown were 

obtained 15 and 35 mins after whole-cell formation, and illustrate the reduced inward 

rectification with time. Currents were activated by 10 pM domoate (holding potential 

between ramps = -70mV). B, patch I/V relationships for recombinant kainate receptors 

(each ramp obtained 7 minutes after patch excision). The ramp in the absence of internal 

spermine showed no inward rectification (RI=1.1). The inwardly rectifying I/V 

relationship was from a different patch (excised from the same HEK 293 cell), with 100 

pM spermine in the internal solution (RI=0.05). Holding potential between ramps = -80 

mV. C, Dependence of Rectification Index on internal spermine concentration. The RI 

was calculated from the initial I/V plot after stabilisation of the relationship (generally 

5-7 mins after patch excision). The vertical bars indicate the SEM (n=3-5 observations 

per point). From the fitted line (fit using equation 10, Chapter 2), the IC$o=T7 pM and 

the Hill coefficient=2.3.
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3.3.7 Rectification and the action of spermine on recombinant AMPA receptors

Whole-cell recordings from HEK 293 cells transfected with the AMPA receptor subunit 

GluR4(flip), maintained rectification for up to one hour with no internal spermine 

(RI=0.02 ± 0.00; n=3; RI measured 5-60 mins after establishing whole-cell recording). 

Fig 3.7A shows an example of a whole-cell I/V from a cell transfected with GluR4(i).

In a manner similar to the GluR6(Q)/KA2 combination, patches containing GluR4(i) 

also lost rectification (final mean RI=1.20 ± 0.13, n=3; Fig 3.7B, Fig 3.9B). GluR4(i) 

containing patches maintained rectification for long periods when 30 |xM or 100 p,M 

spermine was included in the pipette solution (final RI=0.11 ± 0.03; n=8; pooled data 

for 30 and 100 |xM spermine measured 10-30 mins after patch excision; Fig 3.7C). 

Although a full dose-inhibition relationship was not constructed for the GluR4(i) 

receptor, l|iM  internal spermine (instead of 30 or 100 |iM) was used in one patch. This 

patch maintained inward rectification for 50 mins (RI=0.14 after 50 mins). This suggests 

that GluR4(i) may have a lower IC50 value for spermine than the GluR6(Q)/KA2 

receptor since 1 p.M spermine induces minimal inward rectification in the 

GluR6(Q)/KA2 combination (Fig 3.6C). Bowie and Mayer (1995) reported a 3 fold 

higher affinity of the GluRl receptor (IC5o= 1.5 p,M at OmV) for spermine than the 

GluR6 receptor (IC5o=5.5 at OmV). Ca^^-permeable AMPA receptor subunits may 

therefore have a higher affinity for spermine than kainate subunits.

Rapid voltage jumps from -50 to +30 mV applied to GluR4(i) containing patches (n=3) 

in the presence of glutamate (100 |Li M )  and cyclothiazide (50 j i M )  failed to show any 

current relaxation at positive potentials. This suggested that under conditions where 

desensitisation is blocked, spermine block at positive potentials is very rapid.

The specificity of spermine for Ca^^-permeable non-NMDA channels was confirmed by 

testing its effect on a Ca^^-impermeable recombinant AMPA receptor subunit 

combination GluR2/4 (n=3). With 100 )liM spermine in the pipette solution, no inward 

rectification of these receptor responses was seen and they gave RI values of ~1 (see Fig 

3.9B). Bowie and Mayer (1995) reported that the Ca^^-impermeable kainate receptor
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GluR6(R) was also insensitive to 100 |liM spermine. Figures 3.8A and B. show whole

cell and outside-out patch I/V relationships respectively from GluR2/4 transfections. As 

expected from the low Câ "̂  permeability of this receptor combination, spermine failed 

to induce rectification in either patch-clamp configuration.
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Figure 3.7 Loss of rectification of AMPA receptors is prevented by spermine.

A, a whole cell FV relationship from a HEK 293 cell transfected with GluR4(flip). The 

FV relationship was constructed from responses applied ~2 mins after whole-cell 

formation. B, an FV plot from a patch (from cell shown in A). Rectification in this patch 

was lost -15 minutes after patch excision. C. patch FV (30 p,M spermine, different cell 

from A) recorded >15 minutes after patch excision. For all the FV plots, 100 jiM 

glutamate (in the presence of 100 pM cyclothiazide) was used to activate a steady-state 

response from the receptors. The holding potential between ramps was -50 mV.
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Figure 3.8 Spermine fails to induce rectification in GluR 2 containing AMPA receptors.

A, whole-cell I/V relationship from a cell transfected with GluR2 and GluR4 in the presence 100 pM internal spermine. The RI is 1.07. B, 

an I/V relationship from a patch pulled from a HEK 293 cell transfected with GluR2 and GluR 4. The RI of this patch IV is 1.0 in the 

presence of 100 pM spermine.



Figure 3.9 Effect of polyamines on Rectification Index for recombinant kainate and 

AMPA receptors.

A, histogram summed sing the GluR6(Q)/KA2 rectification data. The solid bar indicates 

the RI value for agonist evoked whole-cell currents (15-22 mins after whole-cell 

formation) in the absence of added internal poly amines. Open bars indicate RI values 

from outside-out patches (> 7 mins after patch excision) in the absence (control) or 

presence (all others) of substances added to the intracellular solution. B, summary of 

recombinant AMPA receptor data. The open bars show the mean RI value for the GluR4 

receptor in the absence (control) and presence of 100 pM spermine. The solid bar shows 

the RI value for GluR 2/4 receptors in the presence of 100 pM spermine. Number of 

cells/patches examined is indicated in parentheses and the SEM is indicated on each 

histogram.
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3.4 Discussion

It has previously been shown that inward rectification, which typifies recombinant - 

permeable AMPA receptor responses, is rapidly lost in isolated patches (Burrill, 

McCullum & Hume, 1993). The results presented in this Chapter demonstrate a similar 

loss of rectification in Ca^'^-permeable AMPA receptors of granule cells. Loss of 

rectification also occurred in recombinant AMPA and kainate receptors in patches, 

indicating that inward rectification is not an intrinsic property of the receptors themselves 

(ie it is not due to some voltage dependent gating phenomenon such as reduced channel 

open probability at positive potentials). The time-dependent change in the I/V relationship 

is compatible with the idea that an intracellular factor is rapidly lost or inactivated in 

isolated patches and in whole-cell recordings. The results presented here show that this 

effect can be prevented by addition of spermine to the patch-pipette solution.

Is spermine the intracellular factor that normally confers rectification on these channels? 

Several pieces of evidence suggest it is a strong candidate. Spermine is a normal cellular 

constituent, occurring widely in CNS white matter (Shaw, 1979). In Xenopus oocytes its 

intracellular concentration is -100-300 jiM, although buffering by nucleic acids and ATP 

results in a free concentration of -8-80 |xM (Watanabe et al, 1991). Our experiments with 

recombinant kainate receptors indicate that an intracellular concentration of -2  jUiM may 

be sufficient to give 50% of the maximum rectification. This suggests that processes 

which regulate intracellular spermine concentration may influence the degree of 

rectification of Ca^'^-permeable non-NMDA receptors in situ. These regulatory pathways 

could include changes in the relative rate of spermine synthesis and degradation, changes 

in intracellular nucleic acid levels, and changes in the metabolic state of the cell (which 

affects the ATP level).

These results may explain why some neurones exhibit Ca^^-permeable non-NMDA 

channels with linear I/V relationships (Gilbertson et al., 1991; Jonas et al., 1994; Otis et 

al., 1995). Dialysis of an intracellular factor (such as spermine), during whole-cell 

recording, could account for the uncoupling of rectification from Câ "̂  permeability. The 

dilution process, and hence the speed at which rectification is lost, is likely to be 

dependent on a number of different parameters - including the series resistance of the 

patch-electrode, the cell volume, the length of dendrites and access to receptor sites. 

These results therefore provide an alternative explanation for recent observations (Lerma
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et al., 1994) that dendritic and somatic AMPA receptors in acutely dissociated 

hippocampal neurones exhibit different degrees of rectification. It was concluded that this 

difference is likely to reflect a higher proportion of Ca^'^-permeable channels on the 

dendrites. Clearly, an additional possibility is that somatic polyamine pools would be 

diluted more rapidly than those at dendritic sites.

The results presented here show that rectification induced by spermine is specific to the 

glutamine (Q)-containing isoform of non-NMDA receptors. Site-directed mutagenesis has 

previously revealed that although the identity of the amino acid at the Q/R site critically 

determines Ca^^ permeability, an acidic residue near this site (glutamate 625 in GluR6  and 

aspartate 616 in GluR3) may be responsible for inward rectification (Dingledine, Hume & 

Heinemann, 1992). It has been proposed that in arginine (R)-containing isoforms of non- 

NMDA receptors, the negative charge on the acidic residue is shielded by its interaction 

with the positive side chain of arginine (Dingledine et al, 1992). The acidic residue (the 

only negatively charged amino acid in the putative pore forming domain) represents a 

putative binding site for spermine, which may have access to this residue only when a 

neutral glutamine is present at the Q/R site. Furthermore, the respective charges on 

spermine and the acidic amino acid would suggest a voltage-dependent blocking 

mechanism, consistent with the shape of I/V plots obtained.

Polyamines have also been shown to induce rectification in inwardly rectifying 

channels (Lopatin et al., 1994; Fakler et al., 1995). The IC50 of spermine at inwardly 

rectifying (IRKl) channels is almost two orders of magnitude lower than that for 

GluR6(Q)/KA2 (-30 nM for the IRKl channel vs 1.7 |liM for the GluR6(Q)/KA2). 

Although certain structural similarities have been noted between glutamate receptors and 

K̂  channels (see Wo and Oswald, 1995; Chapter 1), the large difference in affinities 

between the two types of channel for polyamines would suggest differences in the 

structural components involved in binding polyamine molecules. Progress in determining 

the site of action of polyamines in K^ channels has been aided by the relatively advanced 

knowledge of their structure (see Jan & Jan, 1994 for review) and through studying the 

effect of point mutations on putative binding sites for polyamines (Fakler et al, 1994; 

Yang, Jan & Jan, 1995). A similar approach would be valuable in determining with more 

certainty, the site of action of spermine in non-NMDA channels.
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The IC50 value for spermine of GluR6(Q)/KA2 receptors (1.7 pM) was determined by 

measuring the RI at +40 mV and -60 mV. This IC50 is close to the value obtained by 

Bowie and Mayer (1995) for the homomeric GluR6 (Q) receptor (1.2 pM) when measured 

at +40 mV. The IC50 value for native AMPA receptors in hippocampal Bergmann glial 

cells (which contain AMPA receptors with a high permeability to Câ '*'; Bumashev et al, 

1992; Geiger et al, 1995 ) was found to be 0.3 pM (Koh, Bumashev & Jonas, 1995). This 

result therefore accords with the idea that Ca^^-permeable AMPA receptors may have a 

higher affinity for intracellular poly amines than kainate receptors.

Other ligand gated ion channels, notably the nicotinic acetylcholine receptor and ATP 

receptors in vas deferens and sensory neurones show profound inward rectification 

(Vandenberg, 1987; Mathie et al, 1990; Ifune & Steinbach, 1991; Bean & Friel, 1990). It 

is an intiguing possibility therefore, that spermine may be a ubiquitous factor conferring 

rectification on a wide variety of channels.

I/V relationships of Ca^^-permeable non-NMDA receptors presented in this thesis and 

elsewhere are consistently doubly rectifying. The outward current observed at potentials 

more positive than -+50 mV would suggest a complicated mechanism of action of 

spermine at these potentials: either a relief of block occurs allowing cations to permeate 

the ion channel and/or spermine itself passes through the channel.

NMDA receptors are also sensitive to spermine. Spermine acting at an extracellular site 

modulates the desensitisation of NMDA receptors and potentiates steady-state responses. 

The action of spermine on NMDA receptors is not voltage dependent and involves a 

slowing of the onset of desensitisation without effecting the time-course of recovery from 

desensitisation (Lerma, 1992). This effect appears to be subunit and splice isoform 

specific (Traynelis, Hartley & Heinemann, 1995). Higher concentrations of spermine are 

required to achieve this potentiating effect at NMDA receptors than is required to induce 

rectification in non-NMDA receptors. Given its mode of action and apparently lower 

affinity at the NMDA receptor, spermines site of action is likely to be distinct from its site 

of action at the non-NMDA receptor.

Although the high Câ "̂  permeablility of NMDA receptors is likely to have important 

physiological and (in the case of excessive activation) pathological consequences, the role
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of Ca^'^-permeable non-NMDA receptors has yet to be established although they are 

widely distribution in the CNS (Geiger et al 1995). Supplementing internal pipette 

solutions with spermine may help in determining if Ca^^-permeable non-NMDA receptors 

are present at synaptic sites, and could therefore be of value in elucidating their role in 

synaptic transmission and plasticity.
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4. THE SINGLE-CHANNEL PROPERTIES OF RECOMBINANT Câ -̂ 

PERMEABLE AND Ca^-IMPERMEABLE AMPA RECEPTORS

4.1 SUMMARY

1. The single channel properties of a number of recombinant AMPA receptors expressed 

in HEK 293 cells were investigated. The results presented here focus on the properties of 

receptors formed from the two isoforms, flip (i) and flop (o), of the GluR2 and GluR4 

subunits. These subunits were of particular interest since they are thought to be present in 

cerebellar granule cells. These cells contain at least three distinct AMPA receptors whose 

properties have been described at the single channel level. The following homomeric and 

heteromeric receptor types have been examined: GluR4(i), GluR4(o), GluR2(i), 

GluR2(o), GluR2(i)/4(i), GluR2(o)/4(i) and GluR2(i)/4(o).

2. The single-channel properties of the Ca^^-permeable AMPA receptor formed from 

GluR4(i) were investigated in outside-out patches when activated by three agonists: 

AMPA, kainate and glutamate. Noise analysis yielded single-channel conductance 

estimates of 6 pS with AMPA and 2 pS with kainate. Spectra were fit by two Lorentzian 

components, the contribution of the fast component being greater for kainate- than for 

AMPA-induced noise.

3. AMPA and glutamate activated resolvable channel openings from GluR4(i) channels, 

which were analysed using time-course fitting. Amplitude distributions indicated 

conductance levels of 7, 16 and 27 pS for AMPA and 7, 15, and 24 pS for glutamate. 

Kainate evoked a noise increase and only a few discrete openings which were poorly 

resolved. A similar apparent agonist dependence of conductance is seen in the low- 

conductance channels of cerebellar granule cells.

4. Single-channel events of the GluR4(i) receptor had similar mean open times when 

activated by AMPA or glutamate. Open time distributions were generally fit with a single 

exponential component of approximately 0.2 ms for both agonists. Burst length 

distributions were fit with two exponentials with time constants of 0.2 and 1.6 ms for 

AMPA and 0.1 and 3.4 ms for glutamate.
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5. The single channel properties of GluR4(i) receptors were markedly different in two 

patches when 2 mM Mg^VATP was included in the patch electrode. The main 

conductance state was -29 pS with two sub-conductance states of -9  and -18 pS when 

AMP A was used as an agonist. The main component of the open time distribution was 

-0.4 mS in these patches, although longer open time constants were also present. The 

profoundly different conductance and kinetic behaviour of these channels may have been 

due to phosphorylation of GluR4(i) channels in some patches exposed to an ATP- 

containing pipette solution.

6. The GluR4(o) receptor was much less responsive to AMP A receptor agonists than 

GluR4(i) and failed to respond to AMPA and glutamate. Kainate gave a single channel 

conductance estimate from noise analysis which was -2-fold higher than GluR4(i). 

Whole-cell noise analysis yielded a mean conductance estimate of 4.4 pS for GluR4(o) 

when activated by kainate.

7. Homomeric receptors formed from the flip or flop isoforms of GluR2 gave small 

whole-cell currents and conductances of «  1 pS (estimated from whole-cell noise 

analysis). The conductance estimate appeared to be independent of the agonist used.

8. Heteromeric receptors containing GluR2(i) or (o) combined with GluR4(i) gave 

discrete channel events to two conductance levels, 4 and 8 pS when activated by AMPA. 

Glutamate also activated 4 and 8 pS events at the GluR 2(o)/4(i) channel.

9. No detectable discrete events were activated by glutamate at the GluR2(i)/4(o) receptor. 

Noise analysis yielded a conductance estimate of -1 pS.

10. In conclusion, homomeric GluR4(i) channels gave conductance estimates that were 

dependent upon the agonist used to activate the receptor. Furthermore, it was found 

that of the receptors tested, the Ca^^-permeable GluR4(i) receptor had the highest 

conductance, while the Ca^'^-impermeable GluR2 homomeric receptors had the lowest 

conductances. Intermediate conductances were activated in heteromeric receptors 

containing GluR2 and GluR4.
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4.2 INTRODUCTION

A number of studies have investigated the single-channel properties of native AMPA 

receptors (see Chapter 1), although rather few have examined single-channel properties 

in defined cell types where information about the subunits present is also known.

Although the spatial and temporal distribution of different AMPA receptor subunits has 

been established using in situ hybridisation in brain slices (see Monyer et al, 1991; 

Seeburg, 1993), at present nothing is known about the subunit composition of native 

AMPA receptors. A description of the single channel properties of recombinant receptors 

(of known subunit composition) may therefore provide valuable clues about the subunit 

composition of native AMPA receptors.

In this chapter the unitary properties of AMPA receptors composed of the GluR2 and 

GluR4 subunits have been examined. These subunits are found in a number of neurones 

(Monyer et al, 1991; Geiger et al, 1995) including cerebellar granule cells (Monyer et al, 

1991; Lambolez et al, 1992; Mosbacher et al, 1994). The AMPA receptors of these cells 

(see Chapter 5) have been well characterised at the single channel level (Cull-Candy, 

Howe & Ogden, 1988; Wyllie, Traynelis and Cull-Candy; 1993). In this Chapter it is 

shown that some recombinant AMPA receptor combinations have certain similarities to 

native AMPA receptors (including those found in cerebellar granule cells). Some of these 

results have been published in abstract form (Kamboj, Swanson & Cull-Candy, 1994; 

Kamboj, Swanson & Cull-Candy, 1995b).
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4.3 RESULTS

4.3.1 The Homomeric GluR4(i) receptor.

4.3.1.1 The GluR4(i) channel shows asonist dependence o f estimated sinsle-channel 

conductance.

Figure 4.1 A shows currents evoked by 300 \iM kainate, 100 pM glutamate and 5 |iM 

AMPA in outside-out patches from GluR4(i)-transfected HEK 293 cells. For macroscopic 

currents of similar amplitude, AMPA consistently evoked a larger noise increase than 

kainate. Furthermore, single-channel events were evident in the presence of glutamate and 

AMPA, but not kainate. Current and variance measurements were made during the rising 

or falling phases of patch responses to the three agonists and used to construct mean 

current vs variance plots (Fig. 4 .IB). These plots were linear, indicating that the channel 

open probability during agonist application was low. Average conductance estimates 

derived from the slopes of these plots were, y(glutamate)= ~3 pS (n=2), y(AMPA)= 5.6 ± 

0.1 pS (n=3) and y(kainate)= 2.0 ± 0.3 pS (n=6). Similar conductance values were 

obtained from whole-cell recordings, indicating that patch excision did not markedly alter 

the single channel conductance.

Spectral analysis was carried out on kainate and AMPA patch currents (Fig 4.2A & B, 

respectively). The mean conductance estimates were, y(kainate)=2.5 ± 0.8 (n=5) and 

y(AMPA)= 5.5 ± 0.5 pS (n=6). This difference in estimated conductance was statistically 

significant (p<0.05). The mean comer frequencies (fc) for the fast and slow components 

were 16.4 ±4.1 Hz and 761.1 ±153.4 Hz for kainate (n=5) and 28.3 ± 8.2 Hz and 562.5 ±

195.6 Hz for AMPA (n=6). Corresponding time constants were 13.5 ± 4.0 and 0.25 ± 0.05 

ms (kainate) and 11.5 ±5 .7  and 0.52 ±0.17 ms (AMPA). Although the fc values for the 

two agonists were not significantly different, the proportion of the noise variance carried 

by the fast component was significantly larger for kainate than AMPA. For kainate 

activated noise, the fast component contributed 92.7 ± 6.9 % (n=5) to the noise variance, 

whereas it accounted for only 67.2 ± 2.3 % (n=6) of the AMPA-noise.

77



Control

AMPA 7.5 pS

g 0.2
Glutamate 2.7 pS

300 [iM Kain

100 Gilt

5 |liM AMPA

B 0-4
2  0.5 pA

500 mS

Kainate 1.1 pS

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Mean Current (-pA)

Figure 4.1. Noise activated by AMPA receptor agonists in patches from cells expressing 

GluR4(i) channels. A, control (background) noise and noise induced by three AMPA-receptor 

agonists producing similar amplitude inward currents. The traces were obtained from three 

different patches with similar background noise levels (-100  fA rms noise after 2 kHz filtering; 8 

pole Bessel). The calibration is the same for all the responses (0.5 pA, 500 ms). B, mean current V5 

variance plots for 20 pM AMPA, 100 pM glutamate and 300 pM kainate. From linear 

regression fits to the data points (constrained to go through zero), the conductance estimates are 

7.5 pS for AMPA, 2.7 pS for glutamate and 1.1 pS for kainate. The data for each point was 

obtained by subtracting the holding current and background variance from the inward current and 

current variance induced by the agonist. Mean current and variance measurements were made over 

80-200 ms stretches during the rising phase of the responses. The holding potential was -80 mV.
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Figure 4.2. Spectral analysis o f kainate and AMPA noise in patches from cells expressing 

GluR4(i) channels. A, net power spectrum (continuous line) for kainate (100 pM) fit with two 

Lorentzian components (dashed lines). The single channel conductance is 2.0 pS from the fitted 

parameters : fd=30 Hz, fc2=295 Hz (indicated by arrows; corresponding to t  = 5.3 and 0.5 ms), 

G(0),=0.0105 pA^s, 0(0)2=0.0055 pA^s. B, net power spectrum (continuous line) for AMPA (10 

pM) fit with two Lorentzians giving an estimated conductance of 5.8 pS; f^,=26 Hz, f].2=280 Hz (t 

= 6.1 and 0.6 ms), 0(0),=0.0491 pA  ̂s, 0(0)2=0.00101 pA  ̂s. Patches were held at -80 mV.

Records were bandpass filtered between 0.2 Hz and 2 kHz (Butterworth-type filter) and digitised at 

4 kHz for variance measurements. The DC shift was measured separately after low pass filtering 

at 1 kHz and digitisation at 4 kHz.
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One problem encountered when performing noise analysis on patch currents was that the 

poor DC resolution during steady-state agonist application, often resulted in poorly 

defined spectra. Therefore, noise analysis was generally restricted to patches giving 

steady-state responses of > 0.3 pA. The noise properties of glutamate activated channel 

events were not examined systematically in the present study due to the small size of 

steady-state glutamate responses. However, in two patches with sizeable currents in 

response to glutamate (300 pM), noise analysis yielded a mean conductance estimate of 

y(glutamate)= 2.5 pS with fc values of -20 and 800 Hz (time constants : -7  and 0.2 ms).

To examine further the possibility that channel conductance may vary with agonist, the 

single channel events of the GluR4(i) channel were recorded with high resolution in an 

attempt to identify discrete channel events. It was important to record discrete channel 

openings since different nicotinic receptor agonists have previously been reported to give 

different conductances when noise analysis was used to obtain conductance estimates 

(Colquhoun, Dionne, Steinbach & Stevens, 1975). However, high resolution recordings at 

the single-channel level of the nicotinic receptor, revealed that the differences were in fact 

spurious and different agonists actually gave similar conductances (Gardner et al, 1984-).

Figure 4.3 shows patch responses to the three agonists on a fast time base. 100-300 pM 

kainate activated a noise increase with occasional larger events superimposed on the 

fluctuations (arrow. Fig 4.3). These rapid events were not amenable to rigorous single

channel analysis since they were superimposed on channel noise and occurred relatively 

infrequently. In patches which responded to kainate, lower concentrations of this agonist 

(10-30 pM) also produced a noise increase. In contrast, AMPA and glutamate invariably 

activated discrete channel openings to multiple conductance levels (Fig. 4.3). These were 

analysed using time-course fitting (Colquhoun and Sigworth, 1995; all GluR4(i) 

responses were filtered at 2 kHz prior to such analysis). Amplitude distributions for both 

agonists were fit with three Gaussian components. Figure 4.4A shows a representative 

amplitude distribution for events activated by AMPA. Data from eight patches analysed in 

this way gave mean amplitudes (and their relative proportions) of 6.5 ± 0.2 (83.6 ± 1.1%), 

15.7 ± 0.5 (12.5 ± 1.0%) and 26.7 ± 1.0 pS (3.0 ± 1.0%). Figure 4.4B shows a 

representative amplitude histogram for glutamate; data from seven patches gave mean
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Figure 4.3. Kainate-activated noise and AMPA- and glutamate-activated single

channel currents in patches from cells expressing GluR4(i) channels.

Control noise and patch responses for kainate (100 pM), AMPA (10 \iM) and glutamate 

(100 jiM) as indicated, on a faster sweep than Fig. 4.1 A (calibration 1 pA, 10 ms for all 

traces). The arrow in the second trace indicates an event which resembles a channel 

opening superimposed on the kainate induced noise. The zero current level (accounting 

for the holding current) is indicated by the solid line on this trace. AMPA evokes single 

channel events to 6, 16, and 27 pS with no detectable change in background noise. The 

dashed lines indicate the approximate size of the conductance levels activated by AMPA 

(from the Gaussian fitted amplitude distributions in Fig 4.4A). Glutamate activates 

channel openings to conductance levels of 8, 15 and 24 pS.
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Figure 4.4. Amplitude histograms of fitted AMPA- and glutamate-activated single

channel events from GluR4(i) channels. A, an amplitude histogram for AMPA- 

activated events fit to three Gaussian components: 0.46 pA (85.1%), 1.26 pA (12.2%) and 

2.14 pA (2.7%) at -80 mV (assumed reversal potential of 0 mV) corresponding to 6, 16 

and 27 pS. B, amplitude histogram for glutamate evoked events also fit with three 

Gaussians ; 0.65 pA (77.7%), 1.2 pA (18.3%), 1.93 pA (4.1%) at -80 mV giving 8, 15 

and 24 pS.
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conductance levels of 7.1 ±0.6 (73.4 ± 3.7%), 15.3 ±0.5 (17.9 ± 2.9%) and 24.4 ± 1.1 pS 

(8.7 ± 1.4%). Direct transitions between conductance levels, as well as direct openings to 

the larger conductance levels from the baseline (without any apparent inflections) were 

observed, suggesting that these represent at least three distinct sub-conductance states 

rather than superimposed multiple openings. Neither AMPA (5-20 |iM) nor glutamate 

(50-300 |iM) produced a detectable change in the background noise during agonist 

application. However, it was clear that channel events shorter than the resolution imposed 

on the amplitude distributions (269 |Lis (1.5 filter rise-times) or 332 | i s  (2 filter rise-times)) 

occurred frequently but were excluded from the amplitude distributions. The weighted 

mean conductance calculated from the area under the amplitude histograms for AMPA 

events (assuming identical open times for the three conductance levels) was 8.7 pS, which 

is higher than the conductance estimate obtained from noise analysis (5.5 pS). This 

difference might therefore suggest the presence of additional low conductance events 

activated by AMPA and glutamate.

4.3.1.2 Kinetic properties of the GluR4(i) receptor

A kinetic description of the GluR 4(i) channel was obtained by constructing open time, 

shut time and burst length distributions for events activated by AMPA and glutamate. Fig 

4.5A shows a typical open time distribution for AMPA. Open time distributions for 

AMPA activated events were generally fit with a single exponential component with a 

time constant of 0.20 ± 0.01 ms (n=7). In two patches, two components were required to 

adequately fit the distribution; these had mean open time constants (and relative 

proportions) of 0.21 (95.5 %) and 0.8 ms (4.5 %). Shut time distributions for AMPA 

events were fit by the sum of 4 or 5 components. Figure 4.5B shows a typical shut time 

distribution fit with 4 components. The mean time constants from 4 component fits were 

0.20 ± 0.02 (31.7 ± 5.1 %), 1.85 ± 0.60 (15.3 ± 3.0 %), 42.18 ± 20.09 (35.7 ± 4.0 %) and 

152.95 ± 39.93 ms (17.3 ± 1.7 %) (n=4). 5 component fits gave mean time constants of: 

0.09 ± 0.02 (29.9 ± 6.9%), 0.37 ± 0.07 (24.8 ± 5.7 %), 7.25 ± 3.70 (10.5 ± 4.0 %), 64.90 ± 

33.69 (26.3 ± 6.7 %) and 311.63 ± 79.22 ms (8.5 ± 0.7%) (n=3).
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Figure 4.5. Kinetic properties of AMPA-activated events at the GluR4(i) channel.

A. An open time distribution for channels activated by AMPA (5 jiM) fit with a single 

exponential component giving a time constant of 0.2 ms. The patch was held at -80 mV.

B. A shut time distribution for the same patch as A fit to 4 exponentials: 0.21 (27.5 %),

1.1 (18.6 %), 19.8 (27.1 %), 98.8 ms (26.8 %).

C. The burst length distribution for AMPA activated events from the same patch as A. 

The tcrit was calculated to be 2.4 ms from the shut time distribution (see Chapter 2). The 

distribution is fit to 2 exponential components: 0.18 ms (71.9 %) and 1.8 ms (28.1 %).
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Bursts were defined after a t̂ ^̂  was calculated from the shut time distributions (Chapter

2). Figure 4.5C shows a representative burst length distribution for AMPA. These were fit 

with two exponential components with time constants of 0.18 ± 0.02 ms (60.8 ±5.1 %) 

and 1.6 ± 0.3 ms (39.2 ±5.1 %) (n=7).

Fig 4.6A shows a single exponential fit to an open time distribution for glutamate. 

Glutamate-activated events had a mean open time of 0.18 ± 0.02 ms (n=7). The single 

exponential open time constants were not significantly different for the two agonists. 

Furthermore, the shut time distributions for glutamate were fit with the sum of 4 or 5 

exponentials as described for AMPA. Figure 4.6B shows a typical 4 exponential fit. The 

mean shut time constants for glutamate were 0.33 ±0.06 (29.5 ± 5.3%), 2.69 ± 0.69 

(31.5 ± 4.5 %), 43.28 ± 20.00 (29.4 ± 6.3%), 216.73 ± 104.67 ms (9.6 ± 2.8%) for 4 

component fits (n=4) or 0.08 ±0.02 (16.1 ± 3.6%), 0.46 ±0.18 (19.7 ± 5.4%), 2.55 ± 0.79 

(27 ± 4.7%), 24.35 ± 9.48 (28.3 ± 11.5), 136.73 ± 29.15 ms (9.0 ± 4.9%) for 5 

components (n=3).

Glutamate gave burst length time constants of 0.12 ± 0.00 ms (69.7 ± 3.5 %) and 3.36 ± 

0.47 ms (30.3 ± 3.5 %) (n=7). A representative glutamate burst length distribution is 

shown in Figure 4.6C. The main (fast) component of these burst length distributions was 

significantly faster for glutamate- than for AMPA-activated events (P< 0.05) although the 

slow component was significantly slower for glutamate-activated events (P< 0.05). The 

weighted mean of these components was 0.7 ±0 .1  ms (AMPA) and 1.0 ± 0.1 ms 

(glutamate).

4.3.1.3 Effect ofusins an ATP ‘internal solution’ on the properties ofGluR4(i) channels

Most experiments on GluR4(i) channels were carried out using a CsF/CsCl internal 

solution with no added ATP (see Chapter 2). However, the effect of adding 2 mM Mĝ "̂  

/ATP to the internal solution was also examined. In two out of four patches exposed to 

ATP, the channel openings activated by AMPA (5 or 10 pM) were indistinguishable from 

those lacking an ATP internal solution. The two other patches however, showed a 

dramatic difference in conductance and kinetic behaviour compared with the patches 

lacking an ATP internal solution (see Fig 4.7A).
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Figure 4.6. Kinetic properties of glutamate-activated events at the GIuR4(i) channel.

A. The open time distribution for glutamate activated from a patch held at -80 mV. The 

distribution was fit with a single exponential with a time constant of 0.17 ms.

B. A shut time distribution for the same patch as A fit to 4 exponentials: 0.25 (31.0 %),

1.4 (41.4 %), 20.7 (18.0 %), 90.8 ms (9.6 %).

C. Burst length distribution for glutamate-activated openings fit with two exponentials 

with time constants of 0.14 ms (67.6 %) and 3.3 ms (32.4 %). The tcrit was calculated to 

be 4.76 ms from the shut time distribution.
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In these patches, at least three conductance levels were apparent from the amplitude 

distributions, ~9 (24 %) ,~18 (23 %) and -29 pS (53%) (Fig 4.8A, n=2). Most strikingly 

however, the majority of openings were to the -29 pS level. This differed from patches 

lacking an ATP internal solution, where the lowest conductance level predominated 

(compare A and B in Fig 4.7; note difference in time-base). The open channel noise 

associated with openings to the main conductance level was considerably greater than the 

baseline noise level (see Fig 4.8B). It was difficult to assess whether this noise 

represented rapid transitions to lower conductance levels or unresolved closures. 

Therefore a detailed description of the burst properties of this mode of channel gating 

could not be readily obtained with the time course fitting method. The kinetic analysis 

was therefore restricted to open time measurements. The channels in the patch shown in 

Fig 4.7A exhibited a 3 component open-time distribution with time constants of 0.36 

(77.1 %), 1.9 (14.1 %) and 8.5 ms (8.8 %) (Figure 4.8C). The other patch gave an open

time distribution with two exponential components: 0.46 (97.4 %) and 1.88 ms (2.6 %). 

The patch illustrated in Fig 4.7A showed a reduction in channel activity within -10 

minutes, after which, the open time and opening rate appeared to be reduced. This change 

in channel gating may therefore have involved the loss of some diffusable factor during 

patch-clamp recording.

What caused the marked difference between patches examined with and without ATP 

internal? Although no direct evidence is presented here, one possible explanation is that 

phosphorylation of the AMPA-channel produced changes in its properties. 

Phosphorylation is thought to occur at non-NMDA receptors via the activation of a 

number of kinases (see Chapter 1) and has been reported to result in an increased mean 

open-time of native non-NMDA channels (see Green̂ o-rcl et al, 1991). The observation 

presented here clearly requires further investigation to determine if the switch in the 

conductance and kinetic properties of GluR4(i) is indeed due to phosphorylation- and if 

so, which kinases are responsible and which residues phosphorylated. However, recent 

studies show that PKA may be the kinase involved, since patches containing GluR4(i) 

which are exposed to intracellular sp-cAMP, an activator of this kinase, invariably show 

this remarkably different channel behaviour (G. T. Swanson, Salk Institute, CA,USA, 

personal communication).
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Figure 4.7. Single-channel currents activated by AMPA at the GluR4(i) channel with 

an ATP internal solution.

A. control patch noise and single-channel events activated by 5 |iM AMPA. The internal 

solution contained 2mM ATP/MgCl2 . The calibration for the first three traces is 2 pA and 

1 s. The fourth trace in A shows a section of record (solid bar) on a faster sweep 

(calibration 50 ms).

B. A typical example of a patch response to 10 pM AMPA when no ATP was included in 

the internal solution. Calibration 2 pA and 10 ms. Note the difference in the time-base 

and switch in the main conductance state between the patches in A and B.
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Figure 4.8. Conductance and open time properties of GIuR4(i) channels recorded in 

the presence of ATP.

A. An amplitude histogram for AMPA activated events from the same patch as Fig 4.7A. 

The main conductance level is 28 pS (58.3 %) with two other conductance levels of 9 

(23.5 %) and 17 pS (18.2 %). B. An all-point amplitude histogram taken from channel 

openings from the same patch as 4.7A. This histogram is fit with three Gaussians 

components and illustrates the high open-channel noise (a=0.22 pA) compared to the 

background noise (a=0.12 pA). C, an open time distribution fit with three exponential 

components: 0.36 (77.1 %), 1.9 (14.1 %) and 8.5 ms (8.8 %).
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4.3.1.4 The GluR4(o) receptor.

This receptor was poorly responsive to AMPA receptor agonists (co-applied with 100 fxM 

CZD). In fact, AMPA and glutamate failed to produce detectable whole-cell responses 

whereas kainate (300 |liM )  gave small (<10 pA) but detectable responses in a number of 

cells. Fig 4.9A shows a whole-cell GluR4(o) receptor response to 300 |iM kainate (with 

100 jiM CZD). The lack of response to AMPA and glutamate may have been due to the 

profound desensitisation of flop isoforms of AMPA receptors and their relatively low 

sensitivity to CZD (Partin, Patneau & Mayer, 1994). Outside-out patches from cells 

transfected with GluR4(o) showed no detectable response. Therefore, whole-cell noise 

analysis was carried out in cells which had a low series resistance (<20 MH) and 

relatively low capacitance (<10 pF) in order to minimise the filtering imposed by the 

electrode-cell circuit. Fig 4.9B shows a plot of mean membrane current vs variance for 

kainate activation of GluR4(o) channels. The estimated channel conductance was 2.7 pS 

in this case. The mean conductance was 4.4 ± O.VpS (n=5) when currents were activated 

by 100-300 |xM kainate in the presence of 100 )liM  CZD.

4.3.1.5 Homomeric GluR2 receptors

Whole-cell currents from cells transfected with either isoform (flip or flop) of the GluR2 

subunit were very small (typically < 5 pA). Fig 4.10A shows an unusually large response 

(-30 pA) from a cell transfected with GluR2(i). Conductance estimates were obtained 

from current/variance plots or steady-state fluctuation analysis and were not significantly 

different for currents activated by AMPA (356 ± 12 fS; n=3), kainate (454 ± 186 fS; n=3) 

and glutamate (211 ± 59 fS; n=6) (P<0.05; all co-applied with 50-100 |liM  CZD). A 

current vs variance plot for a glutamate activated response at the GluR2(i) receptor is 

shown in Fig 4.1 OB.
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Figure 4.9. Conductance of the GluR4(o) channel.

A, a representative whole-cell response from a cell expressing GluR4(o) to 300 

pM kainate (in the presence of 100 pM CZD; held at -70 mV). Note the small size 

of the current even in the presence of CZD. B, a current vs variance plot for a 

whole- cell response to 300 pM kainate (co-applied with 100 pM CZD). The cell 

was held at -70 mV. The points are fit with a linear regression constrained to go 

through the origin. The conductance estimate is 2.7 pS.
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300 îM Glu/30 [iM CZD

V

-J

<
Q.

2 s

0.4

0.3

<Q.
0)Oc
03

0.2

CÔ
>

0.0
10 12 146 82 40

Current (pA)

Figure 4.10. Conductance of homomeric GluR2(i) channels. A, the rising phase of a whole-cell response to 300 pM glutamate (plus 30 pM CZD) from a cell transfected 

with the GluR2(i) subunit. The calibration is 10 pA and 2 s. Note the negligible change in noise during glutamate perfusion. The response was filtered at 2 kHz and digitised at 

10 kHz (Bessel-type filter, 8-pole). B, current vs variance plot for the rising phase o f the response o f the response shown in A. The straight line is fit by linear regression and 

constrained to go through the origin. The conductance estimate is 313 fS.



Obtaining whole cell GluR2(o) mediated reponses from individual HEK 293 cells proved 

to be difficult. This may have been due to GluR2(o) desensitising more than GluR2(i) 

combined with a lower sensitivity of this isoform for CZD. However, it was possible to 

record currents from electrically connected clusters of cells, indicating that functional 

channels could be formed from this subunit. In three individual cells where inward 

currents were detectable, the change in noise variance during the response was bearly 

detectable suggesting that these channels had an even lower single channel conductance 

then GluR 2(i) (ie <-300 fS).

Previous studies have shown that the homomeric GluR2 receptor gives small steady-state 

currents when expressed alone (see Patneau et al, 1993; Herlitze et al, 1993). This was 

attributed to poor expression efficiency or poor receptor assembly. Clearly an additional 

consideration is that the extremely small unitary conductance of this channel results in 

small whole-cell currents.

4.3.2 Heteromeric receptors

The properties of certain heteromeric receptors were investigated by co-expression of the 

following subunit pairs: GluR2(i)/4(i), GluR2(o)/4(i), GluR2(i)/4(o), GluR2(o)/4(o) and 

GluR2(o)/4c(o). However, the GluR2(o)/4(o) and GluR2(o)/4c(o) receptor combinations 

were poorly responsive to agonists and were not investigated in detail. The following 

sections describe the properties of GluR2(i)/4(i), GluR2(o)/4(i) and GluR2(i)/4(o).

4.3.2.1 Conductance properties

4.3.2.1.1 GluR2(i)/4(i).

Fig 4.11 A shows a typical response to glutamate recorded from an outside-out patch 

containing GluR2(i)/4(i) channels. Glutamate-activated events were recorded between -80 

and -120 mV. Few channel openings were fully resolved due to their rapid kinetics and 

were therefore not amenable to time-course fitting. However, noise analysis of glutamate 

activated channel events gave a mean conductance estimate of 2.2 ± 0.5 pS (n=6).
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AMPA-activated noise gave an estimated conductance of 2.4 ± 0.2 pS (n=3), a value not 

significantly different from the conductance gated by glutamate (P>0.05 unpaired t-test). 

However, AMPA gave longer resolvable openings (Fig 4.1 IB) which were analysed using 

time-course fitting. Since the single channel conductance of this subunit combination was 

considerably smaller than the GluR4(i) channel, time-course fitting was carried out on 

records which had been filtered at 1 kHz in order to improve the signal to noise ratio. Fig 

4.11C shows a typical amplitude histogram for AMPA-activated events at the 

GluR2(i)/4(i) receptor. The mean conductance levels activated by AMPA (2-20 pM) were 

3.9 ± 0.2 (92.2% ± 0.2 %) and 8.1 ± 0.4 pS (7.8 ± 0.1%) (n=9). The fact that the noise 

analysis estimate is -2-fold lower than the weighted mean conductance obtained by time- 

course fitting (4.2 pS) suggests that openings to levels < 4 pS may also have occurred. 

These conductances were clearly different from those seen with GluR4(i) channels, 

allowing the two channel species to be distinguished readily. In later experiments, 

incorporation of GluR2 into the channel complex was further verified by checking that the 

W  relationships were linear with 30-100 pM spermine in the internal solution (see 

Chapter 3).

Kainate-evoked responses were rarely observed in patches from cells transfected with this 

combination. The reason for this remains unclear. However, in two responsive patches 

with low noise levels, a noise increase was observed in response to 300 pM kainate (co

applied with 100 pM CZD); no discrete events were seen. Noise analysis of these 

responses yielded a conductance estimate of -0.5 pS. Therefore, the GluR2(i)/4(i) 

receptor appears to be similar to homomeric GluR4(i) in that the conductance estimates 

appear to be agonist-dependent.

4.3.2.1.2 GluR2(o)/4(i)

Figure 4.12A shows a typical response of the GluR2(o)/4(i) channel to glutamate (100 

pM). Single-channel events, although brief, were resolvable and were analysed using time 

course fitting. The mean conductances levels were 4.0 (80.2 %) and 9.6 pS (19.8 %) 

(n=2). AMPA evoked channel openings to similar conductance levels: 4.3 ± 0.2 (85 ± 2 

%) and 9 ± 0.6 pS (15 ± 2 %) (n=4) (Fig 4.12B and 4.13 C). Thus, the conductance levels 

activated by AMPA at the GluR2(o)/4(i) combination were not significantly different
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from those at the GluR2(i)/4(i) receptor (P>0.05), suggesting that alternative splicing of 

the GluR2 subunit has little effect on AMPA-activated channel conductances. Kainate- 

evoked responses were not examined in this receptor combination.
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Figure 4.11. Single-channel currents activated by glutamate and AMPA in patches from cells 

expressing the GluR2(i)/4(i) receptor.

A, channel openings activated by glutamate (100 pM). The dashed lines indicate 4 and 8 pS levels. 

Note the brief duration of openings. Records were filtered at 1 kHz. B, single channel openings 

activated by 20 pM AMPA. 4 and 8 pS levels (the mean conductance values obtained from time- 

course-fitting of all the GluR2(i)/4(i) containing patches examined) are indicated. The calibration 

applies to A and B\ 0.4 pA and 20 ms. C, an AMPA amplitude distribution for a GluR2(i)/4(i) 

containing patch. The histogram is fit to two Gaussian components corresponding to conductance 

levels of 4 pS (91.5 %) and 7 pS (8.5 %). The patch was held at -80 mV.
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Figure 4.12. Single-channel conductances of the GluR2(o)/4(i) receptor

A, single-channel events activated by 100 pM glutamate. The dashed line indicates 

4 and 8 pS conductance levels. Records were filtered at 1 kHz.B, single-channel 

events activated by 20 pM AMPA. Note the duration of the AMPA-activated 

events appear to be longer than the glutamate-activated channel openings but to 

the similar amplitudes (dashed lines). Calibration 0.4 pA and 20 ms. C, an 

amplitude histogram fit to two Gaussian components. The conductance levels are 

4 (87.6 %) and 8 pS (12.4 %).
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4.3.2.1.3 GluR2(i)/4(o)

Glutamate currents were analysed in this receptor combination using noise analysis of 

whole-cell and outside-out patch currents. Outside-out patch currents of -0.5 pA (n=2) 

were obtained in response to 300 pM glutamate in the presence of 100 pM CZD. No 

responses were detected in the absence of CZD. Furthermore, no discrete channel events 

were observed in these patches. However, noise analysis of patch currents gave a mean 

conductance estimate of -1.0 pS . The fc values from 2 component Lorentzian fits were 

-10 and -300 Hz for the slow and fast components, respectively (corresponding to x = 

-15 and -0.5 ms). The fast component accounted for 64 ± 13 % of the current variance.

Cells transfected with GluR2(i)/4(o) also gave weak responses to glutamate when 

examined with whole-cell recording. However, co-application of 300 pM glutamate with 

CZD (30-100 pM) elicited measurable responses. Figure 4.13A shows a relatively large 

whole-cell current in response to 300 pM glutamate (plus 100 pM cyclothiazide). In three 

cells, currents were activated by glutamate (300 pM) applied alone. Noise analysis of 

these whole-cell currents yielded a conductance estimate of 1.6 ± 0.3 pS (n=3). The slow 

and fast C values were 3.7 ±1.6 and 134.4 ± 59.7 Hz, respectively (corresponding to x=43 

and 1.2 ms, respectively). The proportion of variance carried by the fast component was 

79 ± 31 % (n=3). Co-application of CZD with glutamate did not significantly change the 

single channel conductance estimate for GluR 2(i)/4(o), which was 1.5 ± 0.3 pS (n=6). 

Figure 4.13B shows a typical power spectrum for a response to glutamate (100 pM) in the 

presence of CZD (30 pM) in this receptor combination.

4.3.2.2 Oven times o f GluR2(i)/4(i) and GluR2(o)/4(i) channels.

Kinetic parameters were difficult to assess for these subunit combinations due to the 

relatively poor signal-to-noise ratio arising from the small amplitude of the channel 

events. Time-course fitting of GluR2(i)/4(i) channel events was necessarily carried out on 

records which had been filtered at 1 kHz. In order to reduce the false event rate, the open 

time distribution resolution was set to between 350 and 600 pS. This relatively poor 

resolution, which resulted from the imposed filtering and the small amplitude of events, 

meant that brief closures were not resolved. Therefore, fitted openings may have
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represented channel bursts rather than individual openings. AMPA-activated channel 

open time distributions for the GluR2(i)/4(i) combination were fit with the sum of two 

exponential components: 0.43 ± 0.06 ms (84 .9 ± 1.7 %) and 1.32 ± 0.21 (15.1 ± 1.7 %) 

(n=6); the weighted mean open time was thus 0.56 ms. Of two GluR2(o)/4(i) patches 

analysed, one gave a single and the other a double exponential fit to the open time 

distributions of AMPA-activated events. The weighted mean open time from these 

GluR2(o)/4(i) patches was 0.86 ms.

The conductance properties of the subunit combinations discussed in this chapter are 

summarised in table 4.1.
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Figure 4.13. Spectral analysis of the GluR2(i)/4(o) mediated current.

A, an unusually large whole-cell response to glutamate (100 pM) plus CZD (30 pM). The onset o f agonist application is indicated by the arrow. Calibration: 50 pA and 5 s. B, 

net power spectrum (continuous line) from a different cell to A. The conductance estimate from the fitted two component (dashed lines) spectrum is 0.9 pS. The slow and fast 

comer frequencies are 9.3 and 140.1 Hz (corresponding to 17.1 ms and 1.1 ms, respectively). The G(0) values for the two components are 0.407 and 0.021 pA^s.



Table 4.1

Receptor (combination Conductance Comment

GluR 4(i)
AMPA 7/16/27 pS* 
Glu 7/15/24 pS* 
KA -2  pS

GluR 4(0) KA -4.4 pS Poorly responsive to AMPA 
and Glu

GluR 2(i) -300 fS Small whole-cell currents

GluR2(o) <300 fS Small whole-cell currents

GluR2(i)/4(i) AMPA 4/8 pS*

GluR2(o)/4(i) AMPA/Glu 4/8 pS*

GluR2(i)/4(o) Glu -1 pS

GluR2(o)/4(o) Not determined Poorly responsive

GluR2(o)/4c(o) Not determined Poorly responsive

GluR2(i)/4c(o) Not tested

Estimated from time-course fitting of directly resolved events
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4.4 DISCUSSION

This report describes the single-channel properties of a group of ion channels composed 

of the GluR2 and GluR4 AMPA receptor subunits. Some interesting features of these 

channels have been uncovered which may help us to identify the subunit composition of 

neuronal AMPA channels. Firstly, the GluR4(i) receptor showed agonist dependence of 

the conductance estimated from noise analysis, with AMPA giving a higher conductance 

than kainate. Secondly, receptors containing the RNA edited GluR2 subunit had a lower 

conductance than the homomeric GluR4(i) and GluR4(o) channels which are unedited. 

This supports the idea that Ca^^-impermeable AMPA receptors may generally have a 

lower conductance than Ca^'^-permeable ones. These observations are explored in 

greater detail below.

4.4.1 Aeonist dependence of GluR4(i) conductance.

It has previously been shown that the kinetics of ligand gated ion channels may depend 

on the agonist used to activate them. On the other hand, single-channel conductance is 

generally considered to be an intrinsic property of the ion channel, and as such, not 

determined by the agonist. This has been demonstrated for glutamate-gated ion channels 

from locust muscle fibres (Cull-Candy, Miledi & Parker, 1981) and GAB A receptors 

from mouse spinal neurones (Barker & Mathers, 1981). The present results show that 

the kainate-activated channel conductance estimated by noise analysis is lower than that 

estimated from AMPA-noise at the GluR4(i) channel. This is re-inforced by the 

observation that AMPA activates discrete channel events while kainate causes an 

increase in membrane noise. A similar observation was made for GluR2(i)/4(i) 

heteromeric channels, although in this case it was not studied systematically. 

Furthermore, AMPA has been shown to activate higher conductances than kainate in 

some native AMPA channels (Wyllie et al, 1992; Jonas & Sakmann, 1992). Possible 

explanations for this phenomenon are considered below.

I) Is there preferential activation of distinct sub-conductances by different agonists? 

One possibility is that kainate preferentially activates a lower sub-conductance state than 

AMPA and glutamate. Preferential activation of sub-conductance states by different 

agonists has been suggested for the GABAa receptor (Mistry & Hablitz, 1990). A
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similar phenomenon could account for the apparent agonist dependence of conductance 

of the GluR4(i) receptor, with kainate preferentially activating a sub-conductance of ~2 

pS. Conversely, higher conductance levels (~ 7, 15 and 25 pS) may be preferentially 

activated by glutamate and AMPA. The fact that noise analysis gives a lower 

conductance estimate than that obtained with time-course fitting adds support to this 

possibility since it may indicate that AMPA and glutamate activate low-conductance 

levels which are too small to be directly resolved.

2) Does signal filtering o f noise variance reduce the estimated conductance for kainate? 

It is clear that although the comer frequencies for kainate and AMPA activated noise are 

similar, noise spectra for kainate contain a larger proportion of fast events. It is therefore 

possible that kainate activates conductance levels which are similar to those activated by 

AMPA and glutamate but that the channel kinetics are so fast that filtering prevents 

openings from reaching a fully resolvable amplitude. This would result in an apparent 

lowering of channel conductance.

3) Is there open channel block by kainate? Open channel block of the nicotinic 

acetylcholine receptor by its agonists may result in a lowering of the estimated channel 

conductance (Sine & Steinbach, 1984; Ogden & Colquhoun, 1985). Such a block is 

produced by the low-affinity blocking action of an agonist, which rapidly ‘flickers’ in 

and out of the open channel. Low affinity channel block results in a reduction in the 

channel open time, which in turn results in fewer resolvable openings. This would tend 

to reduce the ensemble single channel conductance (see Newland & Cull-Candy, 1992 

for discussion). However, kainate is unlikely to cause a lowering of conductance 

through a similar mechanism since it is negatively charged at physiological pH and as 

such, is likely to be repelled by the ring of negatively charged aspartate residues on the 

extracellular mouth of the channel (Wo & Oswald, 1995). Furthermore, this 

phenomenon is expected to be concentration dependent, with higher concentrations of 

agonist producing more profound block. However low concentrations of kainate (10-30 

pM) also result in a noise increase rather than discrete channel openings.

4) Is there a heterogeneous receptor population? Although a homogeneous population 

of receptors is expected from a transfection of a single subunit, selective activation of 

conformationally distinct forms of the GluR4(i) receptor by AMPA and kainate is
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another possible explanation for the different conductances activated by these two 

agonists. Distinct receptor isoforms might arise from different post-translational 

modifications of individual receptors or variable numbers of subunits per receptor 

complex. Although this possibility would seem unlikely, at present it is difficult to rule 

out.

Thus, it would appear that filtering of fast kainate-activated channel events or 

preferential activation of a low sub-conductance state by kainate are the most plausible 

explanations for the apparent agonist-dependence of GluR4(i) channel conductance. Of 

course, these two possibilities are not mutually exclusive and the apparently lower 

conductance estimate for kainate may arise from a combination of these two factors.

4.4.2 The kinetic properties o f GluR4(i) receptors sussest that burst kinetics determine 

the rapid deactivation reported previously for this receptor

GluR4(i) channel events show very rapid kinetics as demonstrated by their open-time 

and burst-length distributions. Rapid kinetics of GluR4(i) channels have been observed 

in concentration jump experiments (Mosbacher et al, 1994). These gave a deactivation 

time constant of - 0 . 6  ms for glutamate jumps, in good agreement with the weighted 

mean burst length of -1 ms reported here. Bergmann glial cells which express GluR4(i) 

abundantly (Geiger et al, 1995) show rapid deactivation kinetics of -1 ms (Geiger et al, 

1995), also in good agreement with the burst length measured in this study. Together, 

these results suggest that burst duration rather than latency to first opening, determines 

the deactivation kinetics of the GluR4(i) channel {cf NMDA receptor channel-kinetics 

described by Edmonds & Colquhoun, 1992)
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4.4.3 The role o f GluR2 in determinins unitary properties

The results presented here show that the single-channel conductance is highest for the 

Ca^^-permeable AMPA channel, GluR4(i), lowest for the Ca^^-impermeable channels, 

GluR2(i) or GluR2(o), and intermediate for heteromeric channels composed of both 

edited and unedited subunits (GluR2(i)/4(i), GluR2(o)/4(i) and GluR2(i)/4(o)). Thus, the 

inclusion of an RNA-edited subunit, which reduces Câ "̂  permeability, also appears to 

reduce the single channel conductance of these AMPA receptors. To what extent this 

reflects a general trend for Ca^^-impermeable receptors is unclear. However, it is 

noteworthy that Swanson et al (in press) found that edited kainate receptor subunits have 

an unusually small conductance compared with their unedited counterparts. 

Furthermore, the conductances observed here for homomeric GluR2(i) and 2(o) are 

similar to those reported for GluR6 (R) (-200 fS) and GluR5(R) (<200 fS) by Swanson 

et al (in press). Thus, sub-picoSeimens conductances may be a characteristic of 

homomeric non-NMDA receptors composed of RNA-edited subunits.

It would be of interest to determine if the molecular determinants of Ca^^ permeability 

in GluR2 also control single-channel conductance of AMPA receptors containing this 

subunit. Dingledine et al (1992) found (through mutational analysis) that the size and 

charge of the amino acid at the Q/R site critically determined the Câ "̂  permeability of 

AMPA receptors. For example, reducing the size of the amino acid residue at the Q/R 

site of edited AMPA subunits increased their Câ "̂  permeability. It would be interesting 

to investigate similar mutants of the GluR2 subunit to determine if they showed a 

corresponding increase in single-channel conductance. Similarly, examining the single

channel properties of the unedited GluR2(Q) homomer would be of interest. If the 

GluR2 subunit behaves in a manner similar to GluR5 and GluR6 , it would be expected 

that GluR2(Q) would have a substantially higher conductance than the edited GluR2 

subunit. This would allow the role of the Q/R site in determining channel conductance 

to be examined directly.

All of the GluR2(i)/4(i) patches activated by AMPA (n=9) in this study gave very 

similar conductance levels and relative proportions of these conductances. This would 

imply that either the number of GluR2 subunits incorporated in the AMPA receptor 

complex was constant or that the number of GluR2 subunits in an AMPA receptor does
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not affect the conductance as long as a single GluR4(i) subunit is present. Another 

possibility is that any change in conductance arising from more or less GluR2 subunits 

being incorporated in to the channel is too subtle to be detected.

4.4,4 Comparison with native AMPA receptors

The subunit composition of native AMPA receptors is unknown at present. In principle, 

comparisons between recombinant and native receptors (from cells with known subunit 

mRNA content) may help us to elucidate the subunit composition of native channels. 

However, such comparisons are complicated by the fact that neurones express mRNAs 

for a number of different AMPA receptor subunits (see Geiger et al, 1995), making it 

likely that individual neurones contain a mixed population of channel types with 

different subunit compositions. However, studies at the single-channel level may allow 

distinct channel species to be isolated and identified on the basis of their unitary 

properties (see Wyllie et al, 1993). Thus, a description of the single-channel properties 

of recombinant AMPA receptors should facilitate a comparison and allow the subunit 

composition of native AMPA channels to be inferred.

The results presented here focus on the unitary properties of channels containing GluR2 

and GluR4 AMPA subunits. mRNAs for these subunits are present in cerebellar granule 

cells (Monyer et al, 1991; Mosbacher et al, 1994; Lambolez et al, 1992). Cultured 

granule cells have at least three distinct AMPA receptors that can be distinguished on 

the basis of their single channel properties (Cull-Candy et al, 1988; Wyllie et al, 1993). 

Interestingly, some of the unitary properties of the recombinant AMPA receptors 

described here match those of the native AMPA receptors in cultured granule cells.

The apparent agonist-dependence of conductance of GluR4(i) channels reported here is 

strikingly similar to that seen in ‘low-conductance’ channels from cerebellar granule 

cells (Wyllie et al, 1993). In these native channels, kainate induced a noise increase and 

gave an estimated single-channel conductance of ~1 pS, whereas AMPA activated 

discrete channel events with conductances of ~5 and 10 pS. In this previous study, 

however, it was unclear whether the different conductances activated by AMPA and 

kainate arose from distinct channel species, or if the two agonists produced different
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conductances at the same receptor. The results presented here favour the latter 

possibility.

Although the apparent agonist-dependence of conductance of GluR4(i) is similar to that 

seen in native low-conductance channels, the conductances of these two channel types is 

quite different (7, 15 and 25 pS for the GluR4(i) channel versus 5 and 10 pS for the 

native channel). In fact, the conductances activated by AMPA and glutamate at the 

GluR4(i) channel are similar to those produced by these agonists at ‘high-conductance’ 

(10, 20 and 30 pS) channels in cerebellar granule cells. However, the native high- 

conductance channel lacks agonist-dependence of conductance and gives similar 

conductances when activated by AMPA, glutamate or kainate, making it unlikely to be a 

homomeric GluR4(i) channel.

Analysis of glutamate activated single channel events of Ca^^-permeable AMPA 

receptors from nucleus magnocellularis (nMAG) neurones (Raman, Zhang & Trussell, 

1994; see Otis et al, 1995 for evidence of high Câ "̂  permeability) indicated that the 

main components of the open time and burst length distributions (-0.15 ms and - 0 . 1  ms 

respectively) are remarkably similar to those observed in the present study. The 

unusually rapid channel kinetics of AMPA receptors in nMAG neurones are thought to 

contribute to the fast decay of their synaptic currents, which may be of physiological 

significance in accurately relaying information in auditory systems (Raman and Trussel

1992). These channels had conductances of between 18 and 28 pS, similar to the 

intermediate- and high-conductance levels for GluR4(i). It is possible that smaller 

events were also present but were excluded from the analysis due to the relatively low 

resolution analysis employed by Raman et al (1994). It is also interesting to note that 

kinetic modelling of non-NMDA responses from chick nMAG neurones suggested that 

kainate preferentially activated a distinct open state which had a lower unitary 

conductance than that activated by glutamate (Raman & Trussell, 1992). It would be of 

interest to determine which AMPA subunits are present in this cell type in order to 

relate the single-channel properties of these receptors to their possible subunit 

composition.

It seems curious that although most combinations of GluR2 and GluR4 subunits were 

examined in the present study, the single-channel properties of the native high-
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conductance channel found in cerebellar granule cells were not matched by any of the 

recombinant receptors tested. There are a number of possible reasons for this apparent 

anomaly. For example, one of the receptor combinations which could not be examined 

in detail, due to poor responsiveness or expression efficiency (GluR4(o), GluR4c(o), 

GluR2(o)/4(o) or GluR2(o)/4c(o)), may constitute the native high-conductance channel. 

If this were the case, it would suggest that the native receptors were more responsive 

and/or expressed more efficiently than the recombinant receptors. Another possibility is 

that a subunit which was previously undetected in granule cells contributed to the 

formation of the high-conductance channel. Although in situ hybridisation data suggest 

that only GluR2 and 4 are present in the granule cell layer of the cerebellum (Monyer et 

al, 1991; Mosbacher et al, 1994), it is possible that the culturing process results in a 

different expression pattern for cultured granule cells (from which the single-channel 

data was obtained). It should be noted however that the preliminary data of Lambolez et 

al (1992) using PCR also detected the presence of GluR2 and GluR4 in cultured 

cerebellar granule cells. Clearly it would be of interest to examine other AMPA receptor 

subunits (GluRl and -3) to determine whether their properties match those of the native 

high-conductance channel.

The heteromeric channel combinations Glu2(o)/4(i) and GluR2(i)/4(i) exhibit AMPA 

activated conductance levels of 4 and 8  pS, which are similar to those seen in native 

low-conductance channels from granule cells (5 and 10 pS). Furthermore GluR2(i)/4(i) 

appears to show an agonist-dependence of conductance which is also seen in this native 

channel. Thus the GluR2(i)/4(i) combination is a candidate for the low-conductance 

channel found in granule cells. It is unclear at present whether the GluR2(o)/4(i) 

combination could also be a candidate for this native channel, as this combination was 

not tested for agonist-dependence of conductance.

Homomeric GluR2 (i and o) channels give an unusually small conductance estimate 

(-300 fS). This conductance estimate is similar to that of the ‘femtosiemens-channel’ 

described in cerebellar granule cells (-200 fS; Cull-Candy et al, 1988). Since the non- 

NMDA receptors of cerebellar granule cells are likely to be AMPA rather than kainate 

channels (see Chapter 5), it is tempting to suggest that the native femtosiemen channel 

may have been a homomeric GluR2 channel. It is unclear what role such low- 

conductance channels might serve if they occur extensively in vivo since large numbers
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would have to be activated if substantial currents were to flow through them. However, 

they may function as glutamate binding proteins as discussed by Swanson et al (in 

press).

GluR2(i)/4(o) showed no discrete openings in response to AMPA or glutamate and gave 

an estimated conductance of ~1 pS. These properties do not correspond to any of the 

native AMPA receptors studied in granule cells to date. However, it is possible that this 

receptor combination is present in granule cells but that it has not been detected 

because of its relatively poor responsiveness.

4.4.5 Conclusions and future developments

A  number of observations made in the present study would be interesting to pursue 

further. For example, the origin of the apparent agonist-dependence of conductance 

remains elusive and could arise from system filtering or preferential activation of a low 

sub-conductance by kainate. Experiments designed to address the origin of the 

difference in conductance might involve higher resolution recordings than were possible 

in this study. Levis & Rae (1993) have described a method for achieving very low noise 

recordings from outside-out patches using quartz glass electrodes. This approach, 

combined with an increased driving force for cations during channel activation, may 

provide a high enough resolution to allow kainate activated channel openings to be 

resolved and their conductance estimated more accurately. Furthermore, this would 

allow any openings to higher conductances activated by kainate to be resolved. Thus, the 

possibility of preferential activation of a lower conductance sub-state by kainate could 

be addressed more directly.

The possibility that AMPA channels undergo enhancement of their single-channel 

conductance through phosphorylation would clearly be interesting to pursue. Although 

this was not demonstrated directly in the present study, the fact that an increase in 

GluR4(i) channel open time and conductance only occurred when an ATP internal 

solution was used, suggests that channel phosphorylation may underlie this increase. 

Phosphorylation of AMPA channels can result in an enhancement of mEPSC amplitude 

and duration (Wong et al, 1994). Such enhancement of mEPSCs also occurs during LTP 

when channel phosphorylation is thought to occur (see Suzuki, 1994). However, the 

mechanism underlying the increase in mEPSC size and duration is still unknown. It is
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clearly possible that an increase in single-channel conductance and burst length could 

account for this phenomenon. Experiments are now in progress to determine which 

kinase could be responsible for the change in single channel properties and preliminary 

results suggest PKA is a candidate mediating this effect.

The conductance properties of homomeric GluR2 and heteromeric GluR2(i or o)/4(i) 

clearly resemble the granule cell ‘femtosiemens-channel’ and low-conductance channel, 

respectively. It would be of interest to extend the scope of the present project to include 

the study of other AMPA receptor subunits. This may facilitate further comparisons 

with native channels. Such comparisons are likely to be greatly accelerated by the recent 

identification of AMPA subunits present in a number of CNS cell types (Geiger et al, 

1995). Single cell PCR has already been applied to the AMPA receptor subunits present 

in particular neurones, while electrophysiological recordings of AMPA receptors from 

these neurones have allowed their functional properties to be described. In particular, 

desensitisation and deactivation kinetics have been investigated in some depth (Geiger 

et al, 1995). The problem with such ‘macroscopic’ studies is that a number of distinct 

receptor populations may contribute to the recorded current. On the other hand, single

channel recording from outside-out patches has been used to isolate distinct channel 

species from a mixed population of receptors (see Wyllie et al, 1993). Therefore, a 

combination of molecular approaches and single-channel recording from native 

receptors together with a knowledge of the single-channel properties of recombinant 

receptors may provide a valid method for assigning subunit composition to receptors in 

vivo.
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5. PROPERTIES OF NON-NMDA RECEPTOR-CHANNELS IN RAT 

CEREBELLAR GRANULE CELLS GROWN IN LOW- AND HIGH-K+

CONDITIONS

5.1 Summary

1. The pharmacological properties of the non-NMDA receptors of cerebellar granule 

cells were investigated using whole-cell patch-clamp recordings. Granule cells were 

grown either in control conditions (low-K" ;̂ 5 mM), or under conditions causing chronic 

depolarisation (high-K^; 23 mM).

2. Whole-cell responses to kainate showed ‘run-down’ in cells grown under either 

condition; this was prevented by addition of 2 mM Mg^^-ATP to the pipette solution.

3. For cells grown in low-K^, kainate had a mean EC50 of -100 pM, consistent with 

previous observations. Domoate gave an EC50 of 16.4 pM. Granule cells from high-K^ 

cultures gave variable EC50 values for kainate (34-163 pM).

4. Responses to kainate and AMPA were augmented by the thiazide diuretics diazoxide 

(DZ) and cyclothiazide (CZD), indicating the presence of functional AMPA receptors. 

In low-K^ cultures, DZ increased the EC50 for kainate and enhanced the response to 

saturating concentrations of kainate and AMPA. The potentiating action of DZ had an 

EC50 of 138 pM and a Hill coefficient of 2.1. The action of CZD on kainate-activated 

currents was investigated in high-K^ cultures. CZD caused a -3-fold increase in 

responses to 100 pM kainate. Kainate responses were not potentiated by concanavalin A 

(Con A) in granule cells grown under either condition. These results suggest the 

presence of functional AMPA- but not kainate-type non-NMDA receptors under both 

culture conditions.

5. AMPA receptors from high-K"  ̂ cultures showed variable Câ "̂  permeability as 

demonstrated by their variable sensitivity to spermine (see Chapter 3). This was further 

demonstrated by the variability of their block by argiotoxin - a toxin which specifically 

blocks Ca^^-permeable AMPA receptors. Furthermore, the magnitude of the reversal

116



potential shift in isotonic solution (AVrev) and argiotoxin sensitivity appeared to be 

correlated.

6 . Noise analysis of whole-cell kainate-activated responses in low-K^ cultures showed 

that AMPA receptors had a single-channel conductance of ~2 pS, while the AMPA 

receptors of high-K^ cultures had variable conductances (-1-9 pS) which appeared to be 

correlated with Ca^^ permeability,

7. Synaptic currents mediated by non-NMDA receptors were occasionally observed in 

high-K"  ̂ cultures. These decayed with a mean time constant of 0.86 ms. The 

conductance of the synaptic non-NMDA channels was variable (-3-30 pS).

8 . In conclusion, the properties of somatic granule cell non-NMDA receptors are 

consistent with the presence of AMPA- but not kainate receptors under both culture 

conditions. A proportion of the AMPA receptors of high-K^ cultures exhibited Câ "̂  

permeability. Furthermore, argiotoxin sensitivity and single-channel conductance 

appeared to be correlated with the Ca^  ̂permeability of these receptors.

5.2 Introduction

Many of the experiments described in this Chapter were obtained during the early stages 

of the PhD project. In particular, many experiments were conducted before the 

importance of the role of intracellular spermine was known. However, the data 

contained herein were thought worthy of publishing in this thesis since the findings are 

novel and have relevence to the main themes of the thesis, ie Ca^  ̂permeability and 

single-channel conductance of AMPA receptors.

One of the principle aims of the experiments described in this section was to determine 

the contribution of AMPA- and kainate receptors to the observed non-NMDA receptor 

mediated current in cerebellar granule cells using pharmacological methods. The 

majority of non-NMDA receptors in central neurones have relatively high EC50 values 

for kainate (Traynelis & Cull-Candy, 1991, Wyllie & Cull-Candy, 1994, Colquhoun, 

Jonas & Sakmann, 1992, Patneau, Vicklicky & Mayer, 1993), which is characteristic of 

AMPA receptors in general. Several other pharmacological approaches (such as
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studying the effects of thiazide diuretics) have also allowed native non-NMDA receptors 

to be classified as AMPA rather than kainate receptors in central neurones (see Chapter 

1).

Previous studies have described some of the pharmacological properties of cerebellar 

granule cell non-NMDA receptors. Relatively high EC50 values for kainate have been 

reported in these cells (115-180 |iM; Traynelis & Cull-Candy, 1992; Wyllie et al, 1993), 

suggesting the presence of AMPA receptors. However, molecular biological evidence 

indicates the presence of mRNA for the kainate receptor subunits GluR6  and KA2, in 

addition to AMPA subunits in cerebellar granule cells (Wisden & Seeburg, 1993; Bahn, 

Volk & Wisden, 1994). To date, no study has investigated the possibility of functional 

kainate receptors in these cells. Previously, it had been difficult to isolate kainate- 

receptor mediated responses in neurones and glia expressing a mixture of AMPA and 

kainate receptors. This was due to the fact that the AMPA-receptor mediated responses 

are non-desensitising when kainate is used as an agonist, thus masking the rapidly 

desensitising kainate-receptor mediated component. In some cases this problem has 

been obviated either by using fast agonist (kainate) application (Lerma et al, 1993; 

Patneau et al, 1994) or by selectively blocking desensitisation at kainate receptors with 

Con A. This action of Con A has, in part, allowed kainate receptors to be identified in 

DRG neurones (Heuttner, 1990; Wong and Mayer, 1993). The results presented here 

show that Con A fails to potentiate kainate-activated currents in granule cells, 

suggesting a lack of functional kainate receptors.

The second aim of the experiments described in this section was to determine the 

functional consequences of culturing granule cells under conditions of chronic 

depolarisation. High-K^ growth conditions have been reported to alter AMPA receptor 

subunit expression. Specifically, GluRl was shown to be up-regulated while GluR2 was 

down-regulated, resulting in an increase in '̂ Ĉâ '̂  uptake during AMPA receptor
eJc ed.

activation (Condorelli[l993). The results presented in Chapter 3 indicate that these 

AMPA receptors exhibit variable Ca^  ̂permeability as demonstrated by the wide range 

of AVrev values (measured in 100 mM Ca^  ̂external solution) and RI estimates (with 

spermine in the pipette solution). An electrophysiological characterisation of the non- 

NMDA receptors of high-K"  ̂cultures is presented here, demonstrating further 

heterogeneity.
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5.3 Results

5.3.1 Recording proverties o f cerebellar granule cells

During patch-clamp recordings from high-K^ cultured granule cells, mean series 

resistance (Rs) and capacitance (C) values of 22.7 ± 1.4 M fl and 3.5 ±0.2 pF 

respectively were measured (n=26). For low-K^ cultures, these values were 26.8 ± 1.3 

M fl and 3.1 ± 0.0 pF (n=12) respectively. Thus the electrophysiological recording 

conditions were similar for both types of cultured granule cell. Furthermore, visual 

inspection of the cells suggested that their morphology was unaltered by growth in high-

5.3.2 Run-down of kainate mediated responses and its prevention by addition o f ATP to 

the internal pipette solution

A time dependent reduction in the size of whole-cell kainate-activated currents was 

observed in granule cells grown in high- or low-K"  ̂conditions and was examined in detail 

in high-K^ cultures. Fig 5.1 shows a plot of the size of normalised whole-cell responses 

activated by 100 |iM kainate in the presence and absence of 2 mM ATP in the pipette 

solution. After 30 mins and in the absence of ATP, whole-cell kainate-activated currents 

declined to 59.8% of their value at 1 min, while currents recorded with an ATP internal 

solution were sustained for up to 20 mins. A similar time-dependent decline in the 

amplitude of kainate-evoked currents has previously been observed in cultured 

hippocampal neurones (Wang et al, 1991; Greengard et al, 1991; Rosenmund et al, 1994). 

For any experiments described below in which the internal solution lacked ATP, 

measurements presented were obtained 5-7 minutes after obtaining the whole-cell 

configuration, when the effects of run-down were relatively minor.
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Figure 5.1. The run-down of kainate-activated responses in cerebellar granule cells 

and its prevention by addition of ATP to the pipette solution.

Responses to 100 |iM kainate are indicated at 5 min intervals. Filled circles: magnitude 

of whole-cell responses recorded in the absence of an ATP internal solution (normalised 

to the response at 1 min) (n=6-9 cells per point). Open circles: normalised kainate 

responses from cells recorded without an ATP internal (n=3-10 cells per point). Data 

shown in this graph was obtained from cells grown in high-K^ solution for 4-6 days.
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5.3.3 The pharmacolosy o f cerebellar granule cell non-NMDA receptors sussest the 

presence o f AMPA receptors under both culture conditions

5.3.3.1 Low-K^ cultures

CZD has been shown to selectively enhance AMPA-receptor mediated currents by 

suppressing desensitisation (Partin et al, 1993). Taken together with other evidence, the 

potentiation of non-NMDA receptor mediated currents by CZD has therefore been used to 

infer the presence of AMPA receptors in neurones (Patneau et al, 1993; Wong and Mayer, 

1994; Koh et al, 199^. At the time when the experiments presented here were performed, 

CZD was not available commercially, therefore the actions of DZ (a CZD analogue) were 

investigated initially. This compound shows the same specificity for block of 

desensitisation of AMPA receptors as CZD (D. Patneau, personal communication). DZ 

potentiated kainate-activated responses in cerebellar granule cells as previously described 

for kainate-activated responses in hippocampal neurones (Yamada & Rothman, 1992), 

thus indicating the presence of AMPA receptors. Fig 5.2A shows the concentration- 

response curve for the potentiating action of DZ on kainate responses. The EC50 for 

potentiation was 138 \lM and the Hill coefficient, 2.1, suggesting the binding of two DZ 

molecules to each receptor complex. This EC50 value is ~ 10-fold higher than that reported 

for CZD (-15 |iM; Patneau et al, 1994; Koh et al, 1995) indicating that DZ has a 

considerably lower apparent affinity for AMPA receptors than CZD. For the experiments 

described below, a saturating concentration (500 |iM) of DZ was used.

Fig 5.2B shows a response to 100 jiM kainate from a cerebellar granule cell; co-perfusion 

with DZ caused a more than 2-fold potentiation of the whole-cell current. The mean 

whole-cell current activated by kainate was -41.5 ± 4.7 pA at -70 mV, while co

application with DZ significantly increased the whole-cell currents to -94.0 ± 13.9 pA 

(p<0.05; paired student’s r-test; n=ll). Furthermore, responses to a saturating 

concentration of kainate (1 mM) were significantly increased from -101.2 ± 12.3 pA to 

-163.7 ± 15.3 pA in the presence of DZ (n=3; p<0.05; paired t-test). This supports the idea 

that kainate causes desensitisation at AMPA receptors which is reduced by DZ (see also 

Patneau et al, 1994). Fig 5.2C shows concentration-response curves for kainate in the 

presence and absence of DZ. The EC50 for kainate alone was 101.3 jiiM and the Hill
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coefficient, 1.5. Similar values have been reported by Traynelis and Cull-Candy (1991) 

under comparable recording conditions. In the presence DZ, the kainate concentration- 

response curve was shifted leftward, indicating an EC50 of 17.2 }xM and a Hill coefficient 

of 1.6. Thus diazoxide increased the apparent affinity of granule cell non-NMDA receptors 

for kainate by more than 5-fold.

Responses to a saturating concentration of AMPA (10 fxM) were also compared in the 

presence and absence of DZ (Fig 5.2D). 10 \lM  AMPA generally produced small whole

cell currents: -6.9 ± 3.4 pA (n=8 ) at -70 mV. However, in the presence of DZ, AMPA 

responses were significantly increased (P<0.05; paired student’s f-test) to -62.0 ± 14.7 pA. 

The small size of AMPA currents may therefore be explained by profound desensitisation 

of AMPA receptors by this agonist. Since many cells gave small steady-state currents in 

response to AMPA, it was not possible to construct a full concentration-response curve for 

this agonist. However, responses to 3,10 and 100 |iM AMPA were measured in some cells 

(Fig 5.2F). Figure 5.2F shows a complete concentration-response curve for AMPA in the 

presence of DZ which yielded an FC50 of 1.5 |iM and a Hill coefficient of 2.5 for AMPA.
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Figure 5.2. Potentiating action of diazoxide on kainate and AMPA responses.

A, concentration-response curve for DZ potentiation of kainate responses; all 

measurements were made at a fixed kainate concentration (100 |xM). The EC50 of DZ was 

138 |liM and the Hill coefficient, 2.1. All points were normalised to the response to 100 

|LlM kainate (in the absence of DZ). Cells were examined at -50 to -70 mV.

B, application of 100 |xM kainate activates a steady response from a low-K'^ cultured 

granule cell (thin line). The response is reversibly potentiated by application of DZ (500 

|iM; thick bar) during the continued kainate application. Calibration: 50 s and 30 pA. The 

cell was held at -70 mV.

C, concentration-response curve for kainate (10, 30, 100, 300, 1000 jiM; open circles; 

n=5) and for kainate (3, 10, 30, 100, 300, 1000 pM) in the presence of 500 pM DZ (filled 

circles; n=4). The EC50 and Hill coefficient for kainate were 101 pM and 1.6 respectively 

under control conditions; in the presence of DZ these were changed to 17.2 pM and 1.42 

respectively. All responses were normalised to the mean response to 100 pM kainate 

applied alone. Cells were examined at -50 to -70 mV.

D, response to AMPA (5 pM) in the presence and absence of DZ (500 pM). In this case 

DZ causes a 6.3-fold potentiation of the kainate current.

E, a concentration-response curve for AMPA at 0.1, 0.3, 1, 3, 10, 30, 100 pM in the 

presence of 500pM DZ (filled triangles; 3-11 cells per point). All responses were 

normalised to the response to 3 pM AMPA plus DZ. The relative magnitude of responses 

to 3, 10 and 100 pM AMPA applied alone are shown for comparison (open triangles; n=3 

cells per point). The AMPA concentration-response curve in the presence of DZ had an 

EC50 value of 1.6 pM and a Hill coefficient of 2.5. Cells were held at between -50 and -70 

mV. All concentration-response curves were fitted using equation 11 (Chapter 2) from 

which EC50 and Hill coefficients were determined.
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Responses to domoate were also investigated in these cells since it is a more potent agonist 

at kainate receptors than kainate itself. Thus, it was of interest to investigate the 

concentration dependence of domoate-activated currents in order to determine if kainate- 

type non-NMDA receptors were present in cerebellar granule cells. A preponderance of 

kainate receptors would be expected to give a sub-micromolar EC50 value for domoate. 

Figure 5.3A shows a concentration-response curve for domoate giving an EC50 of 16.4 pM 

and a Hill coefficient of 1.6. This compares with an EC50 of -200 nM at the GluR6 (Q) 

recombinant kainate receptor (Fig 5.3B; see also Bettler et al, 1992) suggesting a lack of 

kainate receptors in granule cells.

To check further if kainate receptors contributed to the observed non-NMDA responses in 

granule cells, the effect of Con A was investigated. Con A has been shown to selectively 

augment kainate-receptor mediated responses by blocking desensitisation (Partin et al

1993) and has been used to identify kainate receptors in DRG cells (Huettner, 1990; Wong 

& Mayer, 1993). The protocol for this experiment was first tested on recombinant kainate 

receptors composed of GluR6 (Q) (Fig. 5.3C). Fig 5.4A shows whole-cell kainate- and 

AMPA-activated currents from a granule cell cultured in low-K^. 100 pM kainate 

produced mean whole cell currents of -143 ± 70 pA in the absence of Con A and -132 ± 

6 6  pA when co-applied with Con A (n=8 ; paired observations; cells held at -70 mV; cells 

were pre-exposed to Con A for 1 to 5 minutes before co-application with agonist). The 

lack of potentiation of kainate-activated responses by Con A supports the idea that 

functional kainate receptors were absent in these cerebellar granule cells since responses at 

recombinant kainate receptors are potentiated by -60-200 fold by Con A (Partin et al, 

1993, see also Fig 5.3C). Responses to 10 pM AMPA on the other hand, were increased 

from -39.3 ± 21.6 pA to -79.2 ± 44.6 pA (n=8 ) in the presence of Con A. This relatively 

small potentiation (-2-fold) of AMPA responses, although significant (P<0.05; paired 

student’s r-test) is consistent with the actions of Con A at AMPA receptors as described by 

Patneau et al (1993) and Wong & Mayer (1993). These reports showed that Con A’s 

action was not entirely specific for kainate receptors and that glutamate acting at AMPA 

receptors also showed potentiation (up to 6 -fold) in some AMPA receptor combinations 

while kainate responses were unaffected. Figure 5.4B shows a histogram summarising the 

effects of Con A.
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Figure 5.3 The action of domoate on granule cell AMPA receptors: comparison 

with a recombinant kainate receptor response.

A, concentration-response relationship of domoate activated responses from granule 

cells (n=3-7 cells per point). All data points were normalised to the mean current value 

at 30 pM domoate. The EC$o was 16.6 pM (indicated by the dashed line) and the Hill 

coefficient, 1.6. B, For comparison, a concentration-response curve for GluR6 (Q) 

channels in a patch obtained from a transfected HEK 293 cell. The dashed line indicates 

an EC50 of 214.9 nM. The Hill coefficient is 2.1. The curves were fit using equation 11 

(Chapter 2). C, a patch responses to domoate from a HEK 293 cell transfected with 

GluR6 (Q), before and after exposure to 2.5 pM Con A. 1 pM domoate causes an inward 

current of ~ 0.9 pA at -60 mV while 100 nM domoate activated a current of 7.8 pA from 

the same patch after a 1 minute pre-exposure to 2.5 pM Con A.
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Figure 5.4 The action of Con A on granule cell non-NMDA receptors.

A, control response to 100 pM kainate and 10 pM AMPA (open and hatched boxes 

respectively) and responses to these agonists following a 5 min Con A exposure as 

indicated. All the responses are from the same low-K^ cultured granule cell. Note that 

the kainate response is minimally effected while the AMPA response is potentiated by 

-140%. B, histogram summarising the effect of Con A on AMPA and kainate responses 

from low-K^ cultures.

128



A.

Kainate + Con A

B.

AMPA
T"

+ Con A

<
Cl

OO

5 s

<
CL

220

200

180

160

-g 140 0)

o 120

oJC
100

80

60

40

2 0

K ain ate  (1 0 0  /j , M  )

AMPA ( 10 /zM )

ConA ( 5 f x M  ) + K ainate/A M PA

K ainate AMPA

129



S.3.3.2 Hish-lC cultures

The EC50 values for kainate were variable in high-K^ cultures, ranging from 33.5 to 162.7 

|liM  (n=23; mean, 76.4 ±8.1 |iM). The mean Hill coefficient was 1.6 ± 0.0 and showed 

little variability from cell to cell. Figure 5.5A shows a histogram illustrating the 

variability of EC50 values for kainate activated currents in high-K'^ cultures. CZD 

(obtained as a gift from Eli Lilly during the course of these experiments) invariably 

enhanced whole-cell kainate activated responses in high-K"  ̂granule cells. In the absence 

of CZD, 100 |xM kainate activated mean whole-cell currents of -39.9 ± 6 . 8  pA (n=21). 

These were potentiated ~3-fold to -111.9 ± 23.0 pA (n=21) in the presence of lOOpM 

CDZ (Fig 5.5B). Trichlormethiazide, another thiazide diuretic was found to potentiate 

whole-cell kainate-activated currents by -2.5-fold from -79.5 ± 61.4 pA (100 jiM kainate; 

n=4) to 198.3 ± 60.5 pA (100 |iM kainate plus 100 |iM trichlormethiazide).

The action of Con A was investigated on kainate-activated responses in 3 high-K^ 

granule cells. Responses from these cells (which had EC50S of 41, 64.2 and 70 p.M for 

kainate) were not potentiated by co-applying Con A (2.5 or 5 \iM). Thus, the relatively 

low EC50 values for kainate in these cells is unlikely to have reflected the presence of 

kainate receptors in high-K"  ̂ cultures. Somatic granule cell non-NMDA receptors will 

therefore be referred to as AMPA receptors from this point on.
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Figure 5.5. EC50 values for kainate in different high-K^ granule cells and potentiation of their AMPA receptors by CZD.

A, histogram illustrating the range of kainate EC50 values obtained for different cells. The observations are divided into 20 pM bins (n=23).

B, histogram of whole-cell currents (in pA) activated by 100 pM kainate (open bar) and 100 pM kainate in the presence of 100 pM CZD (closed bar; 

n=21).



5.3.4 The action o f arsiotoxin on hish-lC granule cell AMPA receptors indicates variable 

Ca '̂^-permeability

AMPA receptors in granule cells cultured under control conditions have been shown to 

have a low Câ "̂  permeability (Wyllie and Cull-Candy, 1994). On the other hand, AMPA 

receptors of cells from high-K^ cultures show inter-cell variability in AV^v and spermine 

sensitivity indicating variability in their Câ '̂  permeability (see Chapter 3). This 

presumably arises from differences in the relative expression of GluR2 in different cells. 

To test this idea further, argiotoxin was used as a pharmacological tool to determine the 

level of expression of GluR2 in granule cells. As described in Chapter 1, argiotoxin is a 

polyamine molecule which selectively blocks recombinant AMPA receptors lacking edited 

subunits (Herlitze et al, 1993). The degree of block produced by argiotoxin was found to 

be increased by increasing the Q:R subunit RNA mole ratio injected into oocytes (Herlitze 

et al, 1993). This suggested that argiotoxin could be used as a probe to measure the level 

of expression of Ca^'^-permeable AMPA receptors. The experiments described in this 

section were conducted before the importance of supplementing the pipette solution with 

spermine was established.

Fig 5.6A shows the response of a granule cell to application of 100 pM kainate. Co

application of 10 pM argiotoxin causes -30% suppression of this response. The W  

relationship of this cell was linear (Fig 5.6B; RI=1.05) Figure 5.7C shows the kainate 

response of a different cell. In this case, argiotoxin causes almost complete block (98 %) 

and the kainate W  relationship for this cell shows strong inward rectification (Fig 5.6D; 

RI=0.17; this was a rare example of a cell exhibiting strong inward rectification in the 

absence of spermine). Thus argiotoxin appeared to selectively block Ca^^-permeable 

AMPA receptors (although the RI values measured for these two cells may not be 

completely reliable since some rectification may have been lost during the recordings). 

The relationship between Câ "̂  permeability of granule cell AMPA receptors (measured as 

AVrev) and the degree of block produced by 10 pM argiotoxin was investigated. Fig 5.6E 

shows a plot of AVrev vs % block of kainate (100 pM) responses by argiotoxin for 10 

different cells.
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Figure 5.6 AMPA receptors in granule cells from high-K^ cultures show variable 

sensitivity to argiotoxin.

A, whole-cell response to 100 pM kainate (first arrow). Co-application of 10 pM 

argiotoxin (ATX) is indicated by the second arrow. The whole-cell current during 

argiotoxin application is 70.3% of the control kainate response. B, the I/V relationship 

of this cell (RI =1.0). C, whole-cell response from a cell to 100 |iM kainate. Co

application with argiotoxin (10 pM) causes the kainate activated current to be reduced 

to -2% of the control 100 jiM kainate response. D, W  relationship for the cell in C 

(RI= 0.14). E, plot of % reduction of the whole-cell kainate response in the presence of 

10 p,M argiotoxin vs AVrev in isotonic Ca^  ̂ external solution. Each point represents 

results from a different cell (n=10). The solid line is a linear regression fit to the data 

points; conelation coefficient=0.84. All cells in this plot were held at -70 during co

application of argiotoxin.
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The linear regression fit to the points indicates a regression coefficient of 0.84 suggesting 

that the degree of block produced by argiotoxin can be a useful index of the level of 

expression of Ca^^-permeable AMPA receptors in neurones.

It was expected that in addition to a correlation between AVrev and degree of block 

produced by argiotoxin, RI and argiotoxin block would also be correlated. For the 10 cells 

shown in 5.6E, these quantities were poorly correlated (r=0.4S). This was presumably 

because of a loss of intracellular spermine (and hence rectification) during prolonged 

recordings. It would be of interest to determine if RI and argiotoxin block were correlated 

when the internal solution contained spermine.

5.3.5 Noise analysis of kainate evoked currents in cells cultured in low- and hish-K^

Analysis of whole-cell kainate (100 |Li M )  noise in granule cells cultured in low-K"  ̂gave an 

estimated mean single-channel conductance (ynoise) of 1.9 ± 0.05 pS (n=7; range: 1.2-2.2 

pS). Net spectra were best fitted by the sum of two Lozentzian components with mean fc 

values of 9.4 ± 1.8 Hz and 207.7 ± 17.8 Hz (n=7). On the other hand, the AMPA receptors 

of cells grown in high-K^ gave more variable estimates of single-channel conductance, 

with a range of 0.7-8.7 pS (n=14; mean, y=3.3 ± 0.6 pS). fc values from 2 component 

Lorentzian fits were 37.8 ± 11.8 Hz and 372.1 ± 108.9 Hz. The variability in ynoise between 

cells from high-K^ cultures was unlikely to have arisen from differences in the filtering 

properties of different cells since no correlation was apparent between ynoise and fc(fast) or 

fc(siow) (r=0.42 for ynoise V5 fc(fast); r=0.32 for ynoise fc(siow)). Furthermore Rg and C values 

were similar for all cells (see 5.3.1). Figure 5.7A and B show kainate responses of 

approximately the same size recorded from two different granule cells (high-K"  ̂cultures). 

These responses show clear differences in the amount of noise associated with the kainate- 

activated current. The single-channel conductance estimated by noise analysis for these 

two cells revealed a -5-fold difference in single channel conductance (Fig 5.7C and D).
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Figure 5.7. Variable single channel conductances of high-K^ cultured cerebellar 

granule cells.

A, whole-cell response to 100 |iM kainate from a granule cell (Vhoid=-54 mV). Note the 

small change in noise during agonist application. B, different granule cell gives a larger 

noise increase in response to 100 pM kainate (Vhoid=-46 mV). C, net noise spectrum 

(continuous line) for the cell in A fitted to two Lorentzian components; Ynoise=L05 pS, 

fc(siow)=137 and fc(fast)=374 Hz. The G(0) values are 0.0096 and 0.0045 pA^s. D, noise 

spectrum for the kainate response shown in B. The Lorentzian fit yeilds fc values of 

fc(siow)=162 and fc(fast)=910 Hz ; G(0) values are 0.0201 and 0.0012 and 7noise=5.4 pS.
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Previous studies have demonstrated a relatively high single-channel conductance for Câ "̂ - 

permeable non-NMDA receptors compared with Ca^^-impermeable receptors (Ozawa et 

al, 1992; Koh et al, 1995; Swanson et al 1996; Chapter 4). Since the AMPA receptors 

from high-K^ cultured granule cells in this study showed variability in both single-channel 

conductance and Câ "̂  permeability, it seemed possible that these two quantities might be 

correlated. Fig 5.8 shows a plot of ynoise vs AW rev in isotonic Câ "̂  for 14 different cells and 

indicates that these two quantities are well correlated (r=0.77).
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Figure 5.8. The relationship between AMPA receptor single-channel conductance 

and AVrev.

A plot of conductance vs AVrev The results from 14 different cells are plotted; the solid 

line is a linear regression fit to the data points (0.77).
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5.3.6 Spontaneous excitatory synaptic currents in hish-K^ cultures and their underlying 

single-channel conductance

Rather few of the granule cells grown in high-K^ exhibited spontaneous synaptic 

currents, even in a hyperosmotic external solution (20 mM sucrose supplementing the 

external solution). This may have been due to the fact that chronic depolarisation during 

culturing of granule cells inhibits synapse formation (RandoU  ̂Deisseroth & Tsien, 

1993). However EPSCs with a mean amplitude of -23.4 ± 5.5 pA (at -50 to -70 mV; 

corresponding to 412.0 ± 38.3 pS) were recorded from 5 cells. These currents were 

recorded in 10 jiM bicuculline and 1 mM MgCl2 , suggesting that they were mediated by 

non-NMDA receptors. Figure 5.9A shows the mean BPSC waveform (solid line; 77 

events) normalised to the peak of an individual BPSC (dotted line). BPSCs rose with a 

10-90 % rise time of 0.27 ± 0.03 ms and decayed with a single exponential time 

constant of 0.87 ± 0.07 ms (n=5). This value is close to the deactivation time constant 

obtained by Silver et al (1996) for AMPA receptors from granule cell patches (-0.6 

mS).

In order to determine the single-channel conductance underlying the synaptically located 

non-NMDA channels, non-stationary variance analysis was carried out on the decay 

phase of spontaneous BPSCs using the method described by Traynelis et al (1993; see 

Chapter 2). Figure 5.9B shows a current/variance plot giving a single-channel 

conductance estimate of 31.3 pS in this example. A range of conductances was 

estimated for five different cells using this method (3.0-31.3 pS; mean, 15.0 ± 5.3 pS). 

This suggests that the functional diversity of non-NMDA receptors in granule cells 

cultured in high-K^ extends to synaptic channels. Furthermore, this observation raises 

the intriguing possibility that the variability in conductance of synaptic channels reflects 

differing levels of Ca^^-permeable non-NMDA receptors at the synapse as found for 

somatic channels in these cells. Clearly it would be of interest to repeat these 

experiments with a spermine pipette solution and determine whether the W  relationship 

is inwardly rectifying for synaptic currents whose underlying non-NMDA channels have 

a high conductance. However, this may prove difficult given the low frequency of 

spontaneous synaptic BPSCs, although it may be possible to examine evoked BPSCs 

from these cells.
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Figure 5.9. Granule cell EPSCs and the single-channel conductance of synaptic non-NMDA channels.

A, the mean waveform (solid line) of EPSCs recorded in 10 pM bicuculline and 1 mM MgCb fit with a single exponential with a time constant of 0.75 

ms (n=77 events). This mean waveform was normalised to the peak of an individual EPSC (dotted line). B, a current/variance plot for the same cell as 

A. The solid line is a parabolic fit to the data points (equation 6; Chapter 2). The mean single-channel conductance underlying the EPSCs from this 

cell is 31.4 pS



5.4 Discussion

AMPA- and kainate-receptor subunit mRNA is widely distributed in the CNS (Bahn et al, 

1994; Geiger et al, 1995; see Seeburg, 1993 for review). Given the presence of GluR6 and 

KA2 mRNA in cerebellar granule cells (Bahn et al, 1994; Wisden & Seeberg; 1993), the 

lack of functional responses corresponding to kainate-receptor activation may seem 

surprising at first sight. However, to date, only three cell types have been shown to exhibit 

kainate-receptor mediated responses (Huettner, 1990; Lerma et al, 1993; Patneau et al, 

1994; see Chapter 1), despite the fact that kainate receptor subunits have been detected in 

many CNS cell types. The reason for this apparent discrepancy between molecular 

biological evidence and functional studies is unclear at present. One possible explanation 

is that kainate receptors are concentrated presynaptically and are therefore difficult to 

detect using conventional electrophysiological methods. Evidence for the presence of 

presynaptic kainate receptors has been provided by Chittajallu et al (1996) who showed 

that kainate receptors were present in hippocampal synaptosomes and could modulate the 

release of [^H] glutamate. Furthermore, kainate was found to depress synaptic 

transmission between Schaffer collateral-commissural terminals and CAl neurones by a 

presynaptic action. It is unclear at present if the presynaptic membrane is the sole locus of 

kainate receptors. They may also occur postsynaptically but signals arising from these sites 

may be too small to be detected (if, for example, the channels have a low conductance and 

occur at low density). It is thought that -75% of kainate receptor subunits undergo RNA 

editing in vivo (Sonuner et al, 1992) and that receptors containing edited kainate receptor 

subunits have an unusually low conductance (Swanson et al, 1996). If such receptors are 

concentrated postsynaptically at distal synapses, it is possible that signals arising from 

such low conductance channels would undergo strong attenuation. One approach to 

detecting postsynaptic kainate receptors may be to use Con A to block their desensitisation 

and hence augment the size of the responses (Partin et al, 1993). Con A has previously 

been used to uncover kainate-receptor mediated responses which were undetectable, 

presumably due to profound desensitisation (Swanson et al, 1996). However, it is unclear 

if Con A could be used to detect the presence of synaptic kainate receptors since it has a 

molecular weight >100,000 and hence may not readily gain assess to the synaptic 

membrane. Furthermore, since it has a relatively low specificity for blocking kainate
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receptor desensitisation, a small potentiation by this compound would be difficult to 

inteipret: it could arise from the block of desensitisation of a small population of kainate 

receptors (within a mixture of AMPA and kainate receptors) or through weakly 

potentiating the response from an exclusively AMPA receptor population by block of 

desensitisation.

In addition to investigating the pharmacology of granule cell AMPA receptors, the 

results described in this chapter illustrate that granule cells cultured in high-K^ express 

AMPA receptors with diverse functional properties. This was reflected in the different 

EC50 values for kainate, the variety of single-channel conductance estimates and the 

large range of Ca^^ permeabilities of AMPA receptors in different cells. The latter two 

properties presumably came about as a result of down-regulation of GluR2 expression. 

It has previously been proposed that only interneurones express Ca“̂ -permeable AMPA
tjb aXj

receptors (Jona^ 1994). This was challenged by the observation that synaptic AMPA 

channels from the principle neurones of the avian nucleus magnocellularis also showed 

a high Ca^^ permeability (Otis et al, 1995). The observations of Chapter 3 are extended 

in this Chapter to show that some cerebellar granule cells also express AMPA receptors 

which have a high Ca^^ permeability.

It is unclear why the upregulation of Ca^'^-permeable AMPA receptor expression was 

variable and did not occur to the same extent in all cells. The trigger for the expression 

of AMPA channels with an enhanced Ca^^ permeability is not known at present. 

However, it has been shown that elevation of intracellular Ca‘  ̂ through voltage- 

activated Ca^^ channels can trigger changes in gene expression (Gallin & Greenberg, 

1995). Therefore, one explanation for the observed inter-cell diversity in Ca“̂  

permeabilities is that different granule cells, when initially put into culture, express 

varying densities of voltage-activated Câ "̂  channels. This would be expected to lead to 

differential Ca^^ influx upon depolarisation. Bessho et al (1994) suggested that up

regulation of the NMDAR2A subunit in cerebellar granule cells in culture was 

dependent on Ca^^ influx through voltage activated channels. It is possible, therefore, 

that the tendency for granule cells to undergo a change in AMPA-receptor subunit 

(principally GluR2) expression also depends on Ca^^ influx. It would be of interest to
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determine the effect of blocking voltage-gated Câ "̂  channels during the culturing 

process using nifedipine (see Bessho et al, 1994). Furthermore, it would be of interest to 

determine if tonic influx through NMDA channels could also result in a down 

regulation of GluR2 expression. As discussed by Bessho et al (1994), Câ "̂  entry 

(through voltage activated Ca^  ̂channels) induced by chronic depolarisation may mimic 

the normal developmental signals experienced by cerebellar granule cells during 

maturation in vivo (ie Ca^^ influx through the tonic activation of NMDA channels; 

Komuro & Rakic, 1993). Although no evidence of Ca^^-permeable AMPA receptors 

was found in mature cerebellar granule cells in situ (Chapter 3), it is possible that such 

channels are present at earlier stages of development. Thus, it would be of interest to 

investigate the spermine sensitivity of non-NMDA receptors in migrating and pre- 

migratory granule cells from thin cerebellar slices in order to determine if 

developmental changes occur in their level of Ca^^-permeable AMPA receptor 

expression.

The observations presented in this Chapter suggest that the Câ "̂  permeability of granule 

cell AMPA receptors may be correlated with their single-channel conductance. This 

strengthens the idea presented in Chapter 4, that recombinant Ca^^-permeable AMPA 

receptors have a higher conductance than Ca^^-impermeable receptors (see also 

Swanson et al, 1996). No previous study has investigated the single-channel 

conductance properties of AMPA receptors from neurones expressing AMPA receptors 

with a spectrum of Câ "̂  permeabilities. However, Ozawa et al (1992) clearly showed 

that AMPA receptors from two morphologically distinct types of neurone in 

hippocampal cultures, recorded under identical conditions, exhibited different single

channel conductances and Câ "̂  permeabilities. Thus, neurones containing AMPA 

receptors with a high Câ "̂  permeability (Type II neurones) gave a large single channel 

conductance estimate while a low conductance was reported for cells which had Câ "̂ - 

impermeable AMPA receptors (Type I neurones). Furthermore the study by Ozawa et al 

(1992) showed that patches from Type II neurones responded with discrete channel 

openings to multiple conductance levels, while patches from Type I neurones gave a 

noise increase but no discrete events. In addition, Koh et al (1995) have presented 

evidence that Basket cell AMPA receptors which have a relatively high Câ "̂ -
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permeability, had a considerably higher conductance than the Ca^^-impermeable AMPA 

receptors from hippocampal principle neurones (-23 pS vj <10 pS; estimated using non- 

stationary noise analysis). These examples of native AMPA channels seem to confirm 

the observation found for recombinant receptors (Chapter 4): AMPA receptors with 

high Ca^^ permeability also have a high single-channel conductance, while those with 

low Câ "̂  permeability have a low conductance.

The two types of AMPA channels in low-K^ cultures described by Wyllie et al (1993) 

were distinguished on the basis of their single-channel properties and termed low- (5 

and 10 pS) or high-conductance (10, 20 and 30 pS) channels. Both of these channel 

types were thought to be Ca^^-impermeable based on their linear I/V relationships 

(measured in the absence of spermine) and their AVrev (measured in isotonic Câ "̂ ; —40 

mV; Wyllie & Cull-Candy, 1994). It is possible, however, that the high-conductance 

channels described by Wyllie et al (1993) in outside-out patches were in fact Câ "̂ - 

permeable but occurred at a low density and therefore did not contribute significantly to 

the overall measured AVrev Thus low-conductance channels, which presumably were 

Ca^^-impermeable and occurring in high densities, may have weighted the AVrev to 

disproportionately negative values. This idea is clearly speculative and would require 

further experiments (eg measuring the I/V relationship of high-conductance channels 

with a spermine pipette solution) for it to be to addressed.

Ca^^-dependent changes in gene expression are thought to occur during LTP (see for 

example Qian, Gilbert, Colicos, Kandel & Kuhl, 1993; Gallin & Greenberg, 1995 for 

review). If these activity-dependent changes result in a down regulation of GluR2 

expression, then an increase in mean single-channel conductance of the synaptic AMPA 

receptors might be expected. This would further contribute to an increase in synaptic 

gain. At present there is no evidence for an increase in either the single-channel 

conductance or Câ "̂  permeability of AMPA receptors during LTP. However, the 

expression of relatively high conductance AMPA channels, together with their 

‘potentiation’ by phosphorylation (see Chapters 1 & 4) could account for the 

postsynaptic enhancement of the AMPA component of synoptic transmission during 

LTP.
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In conclusion, the modulation of AMPA channel properties (and hence the modulation 

of synaptic transmission), may be regulated, in part, by changes in the expression of the 

GluR2 AMPA receptor subunit. This could readily be detected in| spermine sensitivity 

(Chapter 3), and as changes in argiotoxin sensitivity and single-channel conductance 

(as shown in this Chapter). The subunit composition of synaptic AMPA channels 

remains unclear at present. However, the use of pharmacological tools may allow the 

level of expression of AMPA subunits, specifically, GluR2 to be gaû e<\ in vivo. The 

regulated expression of this subunit would appear to be particularly critical since it 

determines the level of Câ "̂  permeability of AMPA receptors in vivo (Geiger et al, 

1995) and may play a role in excitotoxicity (Brorson et al ,1992) and synaptic 

transmission (see for example Otis et al, 1995). The development of further 

pharmacological tools, exhibiting specificity for subunits other than GluR2, is eagerly 

awaited to allow their role in the synaptic transmission to be investigated.
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