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ABSTRACT

The pharmacological and biophysical properties of native NMDA receptors were 

studied using patch-clamp methods. The NMDA receptor subtypes present in 

cerebellar Golgi cells were investigated. Golgi cells express two distinct types of 

NMDA receptors in their extrasynaptic membrane. The high-conductance single

channel openings (50pS main- and 40pS sub-conductance) were inhibited in the 

presence of the NR2B subunit-selective antagonist ifenprodil, consistent with the 

presence of an NR2B-containing NMDA receptor population. These high- 

conductance openings were not potentiated in the presence of the zinc chelator TPEN, 

suggesting the absence of NR2A-containing NMDA receptors. Golgi cells also 

contain low-conductance NMDA receptors (39pS and 19pS) which exhibit 

asymmetry of transitions between the main- and sub-conductance states. Thus, -63% 

of all low-conductance transitions were from the 39pS state to the 19pS state, typical 

of NR2D-containing NMDA receptors.

The properties of both spontaneous synaptic currents, arising from a number of 

different inputs onto Golgi cells and evoked synaptic currents, arising from parallel 

fibre inputs onto Golgi cells, were similar. In both cases, the majority of the synaptic 

NMDA receptor current was suppressed in the presence of ifenprodil. However, a 

small residual NMDA receptor current remained in the presence of ifenprodil. In 

order to investigate the possible contribution of NR2D-containing NMDA receptors to 

this residual current, the decay time constant of this current was compared to that of 

the native NR2D-containing NMDA receptor population found in the somatic 

membrane of cerebellar Purkinje cells. Fast concentration jump experiments 

indicated that the decay of native NR2D-containing receptors was slow, -3-4 seconds, 

unlike the relatively fast decay of the residual current observed at Golgi cell synapses. 

This suggested that NR2D-containing NMDA receptors were not present at Golgi cell 

synapses. The effect of TPEN was also investigated on Golgi cell synaptic currents. 

No evidence was obtained for the presence of NR2A-containing NMDA receptors at 

Golgi cell synapses.

The pharmacological approaches used to examine NMDA receptors in Golgi cells 

were also applied to cerebellar granule cells - a developmental switch in NR2 subunit



expression has been described previously in these cells. Using this pharmacological 

approach, I was able to demonstrate, for the first time, the switch from NR2B- to 

NR2A-containing NMDA receptors in cerebellar granule cells.

In conclusion, Golgi cells possess two distinct types of NMDA receptor in their 

extrasynaptic membrane. These are the high-conductance NR2B-containing NMDA 

receptors and the low-conductance NR2D-containing NMDA receptors. NMDA 

receptors contribute to the synaptic responses in Golgi cells. The majority of this 

current at the parallel-fibre to Golgi cell synapse appeared to be carried by NR2B- 

containing NMDA receptors. We found no evidence for the presence of synaptic 

NR2D-containing NMDA receptors in these cells, although it is clear they are present 

extrasynaptically. The physiological significance of NR2D-containing NMDA 

receptors remains to be resolved. However, this study also highlights the suitability 

of pharmacological and biophysical approaches in determining NMDA receptor 

diversity within the CNS.
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1. INTRODUCTION

The actions of the amino acid L-glutamate in the central nervous system (CNS) have 

been established for some decades. It is clear that advances in glutamate receptor 

research are critically dependent on the techniques used to study the physiology of the 

CNS. In particular, the introduction of the modified patch-clamp techniques in the 

early 1980’s facilitated some of the major findings in this field (Hamill et al., 1981; 

Neher & Sakmann, 1995). More recently, the development of highly selective 

pharmacological agents, as well as advances in molecular biological approaches 

(including the ability to map mRNA expression and work with transgenic animals), 

have added to the repertoire of approaches available. Collectively, this diversity of 

experimental approaches has led to our current level of understanding.

It is generally accepted that three broad classes of ionotropic glutamate receptors exist 

in the CNS: N-methyl-o-aspartate (NMDA) receptors, a-amino-3-hydroxy-5-methyl- 

4-isoxazole propionic acid (AMPA) receptors and kainate receptors. These receptors 

are named according to the selective, synthetic agonists that activate them. AMPA 

and kainate receptors share a number of structural, functional and pharmacological 

similarities and are collectively referred to as non-NMDA receptors. The NMDA 

receptors are distinct from the non-NMDA receptors and have been implicated in 

physiological phenomena in the CNS including neuronal development (Cline et al., 

1990; Constantine-Paton, 1990) and long term potentiation (Collingridge et al, 1988). 

They are also thought to play a role in pathological conditions such as ischaemic brain 

damage and epilepsy (Meldrum & Garthwaite, 1990).

This thesis is primarily concerned with the properties of NMDA receptors in 

identified cerebellar cell types - in particular, the properties of NMDA receptors in 

Golgi cells and granule cells. The results are divided into five sections. Chapter 3 

describes the properties of Golgi cells and the criteria used to distinguish these cells 

from other cell types in the cerebellum. Chapter 4 is concerned with the diversity of 

NMDA receptors present in the Golgi cell soma. Pharmacological and biophysical 

approaches have been used to ascertain the likely subunits contributing to these 

NMDA receptors. My results suggest that there are at least two distinct types of

12



NMDA receptor present at extrasynaptic sites. Chapter 5 addresses the issue of 

NMDA receptor diversity at synaptic sites in Golgi cells, and draws comparisons 

between those receptors expressed at the soma and those at the synapse. Chapter 6 

investigates whether the pharmacological assays used in previous chapters provide a 

reliable means of determining an NMDA receptor switch that is known to occur 

during development in the granule cell. Chapter 7 presents data on the temperature 

dependence of the Mĝ "̂  block of the NMDA receptor in granule cells at 

physiologically relevant temperatures.

In the remainder of this introductory chapter, I review some of the key functional and 

structural properties of NMDA receptors determined from both native and 

recombinant systems, before discussing previous approaches that have been used to 

elucidate NMDA receptor diversity in the cerebellum.

1.1 Cloned NMDA receptors: nomenclature and subtypes

Molecular cloning has revealed the existence of distinct families of genes encoding 

NMDA receptor subunits. The first NMDA receptor subunit to be cloned was the 

NRl subunit from the rat (Moriyoshi et al, 1991; Monyer et al., 1992). In the mouse 

this subunit is termed the Ç1 family (Ishii et al, 1992). Eight functional isoforms and 

one non-functional isoform of the NRl family arise from a single gene (Sugihara et 

al., 1992). A second family of subunits, the NR2 family, has also been identified. 

This family consists of four members: NR2A, -2B, -2C and -2D (mouse: el-4). Of 

these, only the NR2D subunit has been shown to exist in more than one isoform (Ishii 

et al., 1993). These are the NR2D1 and NR2D2 subunits (1300 and 1333 amino 

acids, respectively). Recently a third family of NMDA receptor subunits has been 

described; the NR3 (or NMDA-%) family. This family is currently thought to contain 

two members, but neither has been extensively characterised (Ciabarra et al., 1995; 

Sucher et al., 1995).

13



1.2. Structure o f NMDA receptors

1.2.1 Transmembrane topolosy

Early models of the NMDA receptor subunit structure suggested the presence of four 

transmembrane domains (TMl-4) with both the N- and C-terminal domains located 

on the extracellular side of the membrane (Raymond et al., 1993). This model was 

based on analysis of hydropathy plots and owed much to parallels being drawn 

between other ligand-gated channels, particularly the nicotinic acetylcholine receptor. 

Recently a more widely accepted model has emerged (Wo & Oswald, 1995; Bennett 

& Dingledine, 1995; Hollmann et a l, 1994), which shares similarities with the 

documented channel structure (MacKinnon, 1995). The N-terminal is still thought 

to be extracellular, due to the presence of N-glycosylation sequences, but the C- 

terminal is thought to be intracellular, since studies indicate that this region is 

phosphorylated by PKC (Mori et al, 1993). Further, whereas there are four TM 

domains (as postulated from early hydropathy studies), only three (TMl, 3 and 4) 

traverse the membrane. The second membrane domain is thought to form a ‘hairpin’ 

loop (Hollmann et al., 1994; Wo & Oswald, 1994), as shown in Figure 1.1. TM2 is 

thought to line the pore of the ion channel (Kuner et al., 1996). Consistent with this, 

substitution of the asparagine residue (at position N616) in TM2 by glutamine 

strongly reduces the sensitivity of the receptor to Mĝ "̂  block, (an ion known to block 

within the aqueous pore of the channel (Bumashev et al., 1992; Mori et al., 1992)).

1.2.2 Subunit stoichiometry

It is thought unlikely that any native NMDA receptors arise as homomers of NRl 

since when expressed in Xenopus oocytes, they produce only small amplitude 

responses (Moriyoshi et al., 1991). Further, it is unlikely that native NMDA receptors 

are homomers of NR2 subunits, since these assemblies are non-functional (Ishii et al., 

1993). However, when NRl and NR2 subunits are co-expressed, functional receptors 

are formed with high efficiency (Ikeda et al., 1992; Kutsuwada et al., 1992; Merguro 

et al., 1992; Monyer et al., 1994; Stem et a l, 1992; Ishii et al., 1993). The NMDA 

receptor requires for its activation the presence of both glutamate and the co-agonist 

glycine (Johnson & Ascher, 1987; Kleckner et al., 1988). Site-directed mutagensis

14
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has identified determinants of glycine binding in distinct regions of the NRl subunit 

(Kuryatov et ah, 1994; Hirai et ah, 1996). The glutamate binding site is located on 

homologous regions of the NR2 subunit (Laube et al., 1997). The co-agonist, glycine 

is bound (by a "Venus-fly-trap" mechanism) between two domains, the first preceding 

TMl and the second, the loop separating TM3 and TM4 (Kuryatov et al., 1994; Hirai 

et al., 1996). It is thought that NMDA receptors are heteromultimeric assemblies 

formed from NRl subunits and at least one type of NR2 subunit. However, there is 

controversy regarding the exact number of subunits contributing to receptors. Early 

studies indicated that the activation of native NMDA receptors requires at least two 

molecules each of glutamate and glycine (Patneau & Mayer, 1990; Benveniste & 

Mayer, 1991; Clements & Westbrook, 1991). Since the binding of glutamate appears 

to be associated with the NR2 subunit (Laube et al., 1997) and glycine binding with 

the NRl subunit (Kuryatov et a l,  1994; Hirai et a l, 1996), these studies suggested 

that NMDA receptors are at least tetramers comprised of two NRl subunits and NR2 

subunits. Studies by Behe et a l, (1995) and Premkumar & Auerbach, (1997) suggest 

that the NMDA receptor is a pentamer. Both studies were based on interpreting 

differences in single-channel conductances of receptors formed from native and 

mutant subunits. More recently, mutational studies, by Laube et a l, (1998), who used 

a similar approach to Premkumar & Auerbach, (1997), and Rosenmund et a l, (1998), 

who ‘counted’ the underlying conductance states when a competitive antagonist 

dissociated from the AMPA receptor, have provided compelling evidence that the 

NMDA and AMPA receptors are tetrameric.

The precise stoichiometry of the NMDA receptor is of importance when considering 

the number of different types of receptor that can arise within a population due to 

subunit variability. As discussed in Chapters 4 & 5, co-assembly of more than one 

type of NR2 subunit within a complex may affect the properties of NMDA receptors. 

If the NMDA receptor is indeed tetrameric, and two different types of NR2 subunit 

can co-assemble, then the number of different NMDA receptors arising from 

variations in NR2 subunit composition would be limited to three.

16



1.3 Functional properties o f native and recombinant NMDA receptors.

Early patch-clamp studies of cultured neurons indicated considerable variability in the 

conductance of glutamate receptors (Nowak et a l, 1984; Cull-Candy et a l, 1985; Jahr 

& Stevens, 1987; Cull-Candy & Usowicz, 1987a). Three types of channel were 

observed: large conductance channels, activated preferentially by NMDA and 

aspartate, lower conductance channels activated preferentially by ‘non-NMDA’ 

agonists and some common conductance states activated by both types of agonist (see 

Jahr & Stevens, 1987; Cull-Candy & Usowicz, 1987a, b; Ascher & Nowak, 1988). 

Although the physical basis for this pattern of activity was unclear, subsequent 

molecular advances revealed that the various glutamate receptor types exist as 

discrete entities, each with an integral ion channel, capable of opening to a limited 

number of conductance states.

Studies on recombinant receptors have been pivotal in determining the properties of 

receptors formed from single types of NR2 subunit (in combination with NRl), since 

such studies provide a useful means of comparing the properties of receptors formed 

from a known combination of subunits, with those of a native population (Farrant et 

a l, 1994; Misra et a l, 1998, 1999). However, it is known that many neurones co

express at least two types of NR2 subunit (Chazot et a l, 1994; Wafford et a l, 1993). 

Since recombinant studies have generally focussed on the properties of receptors 

containing only one type of NR2 subunit (Monyer ei a l, 1994; Wyllie et a l,  1996, 

1998; Vicini et a l, 1998), the properties of native and recombinant receptors 

containing multiple NR2 subunits are largely unknown.

Properties thought to be NR2 subunit-dependent include single-channel conductance 

and kinetics (Stem et a l, 1992; Tsuzuki et a l, 1994; reviewed in Cull-Candy et a l, 

1995; Brimecombe et a l, 1997), time-course of current deactivation (Monyer et a l, 

1994; Takahashi et a l, 1996; Ebralidze et a l, 1996; Vicini et a l, 1998; Wyllie et a l, 

1998), affinity for agonists and antagonists (Kutsuwada et al, 1992; Ishii et a l, 1993; 

Brimecombe et a l, 1997) and sensitivity to Mg^^ (Monyer et a l, 1994; Momiyama et 

a l, 1996). Table 1.1 summarises some of the functional properties of native and 

recombinant NMDA receptors.

17



NRl / NR2A NRl /NR2B N R l/ NR2C N R l/ NR2D

CONDUCTANCE (pS) 5 0 /4 0 50 /40 37 /1 7 3 8 /1 8

Asymmetry of transitions no asymmetry no asymmetry no asymmetry 67% from 38->18pS

T  d e c a y 120 400 380 4800

Glutamate Affinity 
ECso (pM)

2.8 1.2 0.9 0.4

sensitivity 
ICso (pM)

2.4 2.1 14.2 10.2

Ifenprodil sensitivity
ICso(pM)

161 0.47 Not determined (NO) ND

% Potentiation by 
IpMTPEN

300 7 ND ND

Table 1.1 Functional properties of native and recombinant NMDA receptors
From a number of studies (Stem et al., 1992; Takahashi et al., 1996; Farrant et al., 1994; Ishii et al., 1993; Kuryatov et al., 
1994; Ikeda et al., 1992, Kuner & Schoepfer, 1996; Monyer et a/., 1994; Williams, 1993; Priestley et al., 1995; Paoletti 
et al 1997). Some displayed values are average values.



Receptors formed from NR1/NR2A or NR1/NR2B subunits have been shown to give 

rise to high-conductance single-channel openings of 50 and 40pS (Stem et a l, 1992; 

Feldmeyer & Cull-Candy, 1996; reviewed in Cull-Candy et a l, 1995). NR1/NR2C- 

or NR1/NR2D containing NMDA receptors, on the other hand, give rise to low- 

conductance NMDA receptors; 36/17pS and 38/18pS, respectively (Stem et a l, 1992; 

Farrant et a l, 1994; Momiyama et a l, 1996; Wyllie et a l, 1996; Cull-Candy et a l,

1995). NR1/NR2A and NR1/NR2B containing NMDA receptors cannot be 

distinguished from one another on the basis of their single-channel properties. 

However, NR1/NR2C and NR1/NR2D containing NMDA receptors can be 

distinguished on the basis of the frequency of transitions between their conductance 

states. Whereas NR1/NR2C subunits show symmetry in their transitions between 

conductance states (37pS and 17pS), NR1/NR2D containing NMDA receptors display 

asymmetry in their frequency of transitions between conductance states (Wyllie et a l,

1996). Up to 73% of transitions in recombinant NR1/NR2D containing NMDA 

receptors are from the 38 to 18pS level (Wyllie et a l, 1996). This characteristic 

asymmetry of NR2D-containing NMDA receptors was first demonstrated in the 

native population of receptors in Purkinje cells (Momiyama et a l, 1996), which have 

been shown to express mRNA for the NR2D subunit (Akazawa et a l, 1994). Such 

asymmetry was also observed previously in cultured ‘large cerebellar cells’ (Cull- 

Candy & Usowicz, 1987b, 1989)

Recently, NMDA receptors containing NR3 subunits have been shown to give rise to 

receptors with very low conductances. Das et a l, (1998) report conductances of 6pS 

and 2.7pS in outside-out patches from receptors containing NR 1/NR2/NR3A 

subunits. They conclude that the presence of NR3 within the complex markedly 

attenuates NMDA receptor single-channel responses.

The identity of the NR2 subunit also determines the sensitivity of NMDA receptors to 

agonists and antagonists. Thus receptors formed from NR1/NR2D subunits have a 

high affinity for glutamate compared to other NR2 containing combinations; relative 

ECso’s are displayed in Table 1.1. Studies on recombinant receptors have also 

revealed distinct deactivation kinetics of NMDA receptors. It is particularly 

noticeable that the subunit combination with the lowest glutamate affinity 

(NR1/NR2A), shows the fastest deactivation time, and that the NR1/NR2D subunit
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combination (which has the highest glutamate affinity), has the slowest deactivation 

kinetics of all the NR2 subunit combinations (Monyer et a l, 1994; Wyllie et al, 

1998; Vicini et ai, 1998). This slow deactivation has only recently been 

demonstrated for a native population of receptors (this thesis).

1.4 Pharmacolosical properties o f cloned and native NMDA receptors

As described above, the NMDA receptor is unique amongst mammalian synaptic 

receptors in requiring for its activation the binding of both a transmitter (glutamate) 

and a co-agonist, glycine (Johnson & Ascher, 1987; Kleckner & Dingledine, 1988). 

Regulation of the extracellular concentration of glycine can thus influence NMDA 

receptor function (e.g. Berger et a l, 1998). In addition, a number of endogenous 

modulators including Mĝ "̂  (Mayer et a l, 1984; Nowak et a l, 1984), Zn̂ "̂  (Peters et 

al, 1987; Westbrook & Mayer, 1987), (Traynelis & Cull-Candy, 1991; Traynelis 

et a l, 1995) and polyamines (McBain & Mayer, 1994) are present at concentrations 

sufficient to influence the functional properties of NMDA receptors.

Recent studies have identified pharmacological agents capable of acting in a subunit- 

specific manner. Thus, agents that selectively act on NR1/NR2A or NR1/NR2B 

containing NMDA receptors have been developed. Given the similarities between the 

single-channel and biophysical properties of NR1/NR2A and NR1/NR2B (out-lined 

above), pharmacological profiling is currently the only way of distinguishing between 

functional NMDA receptors containing either of these NR2 subunits.

1.4.1 Ifenprodil -  an antasonist selective for NMDA receptors contamine the NR2B 

subunit

The phenylethanolamine derivatives ifenprodil (Williams, 1993), haloperidol (Dyin et 

al, 1996) and CP101,606 (Chenard et al, 1995) are NR2B subunit-selective 

antagonists. Ifenprodil, one of the more thoroughly characterised compounds, has 

been shown to have 100-300 fold greater affinity for receptors containing NR1/NR2B 

subunits, than NR1/NR2A containing NMDA receptors (Williams et a l, 1993). 

Ifenprodil and its analogues have been used in studies to determine the presence of 

NR2B-containing NMDA receptors at synaptic and extrasynaptic sites in CNS
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neurones (Williams et a l, 1993; Plant et a l, 1997; Stocca & Vicini, 1997). However, 

the mechanism of action of ifenprodil is unclear. Various mechanisms have been 

proposed including block of the spermine (polyamine) site (Carter et a l, 1990), weak 

open-channel blockade (Williams, 1993), allosteric inhibition of glycine binding 

(Legendre et a l,  1991; Williams, 1993) and stabilisation of the desensitised state of 

the receptor (Reynolds et a l, 1989). Recently, Mott et a l, (1998) have reported that 

ifenprodil increases the potency of ambient protons to inhibit the NMDA receptor. 

This conclusion ties in with previous observations which suggest that ifenprodil 

stabilises an agonist bound state of the receptor with a low open probability (Kew et 

a l, 1996, 1998; Fischer gf a/., 1997).

Ifenprodil is neuroprotective in animal models of cerebral ischaemia (Gotti et a l, 

1988). However, in addition to its effects on NMDA receptors, ifenprodil (and its 

analogues) also block 5 HT3 receptors (McCool et a l, 1995) and calcium channels 

(Church et a l, 1994), and this has precluded its use clinically.

1.4.2 TPEN selectively potentiates responses o f NR2A-containins NMDA receptors

Transition metals such as Zn̂ "̂  and Cd̂ "̂  inhibit NMDA receptors by both a voltage- 

dependent and voltage-independent mechanism (Peters et a l, 1987; Mayer et a l, 

1989; Smart et a l, 1994). Receptors containing the NR2A subunit are known to be 

more sensitive to Zn^^ (nanomolar range; Williams, 1996, Chen et a l, 1997; Paoletti 

et a l, 1997). The Zn̂ "̂  chelator TPEN has been shown to potentiate, (by 

approximately threefold), the responses of recombinant NR1/NR2A containing 

NMDA receptors, whilst having little effect on NR1/NR2B containing NMDA 

receptors (Paoletti et a l, 1997). This effect is due to the chelation of Zn '̂  ̂which is 

known to be a potent inhibitor of NR2A-containing NMDA receptors. However, in 

the experiments by Paoletti et a l, (1997) on cultured diencephalic neurons thought to 

express the NR2A subunit, a potentiation as marked as that seen in recombinant 

NR1/NR2A containing NMDA receptors was not observed (40% compared with up to 

300%; Paoletti et a l, 1997). They ascribe this to the presence of additional NR2 

subunits. Zinc inhibition of NMDA receptors is also known to be dependent on the 

NRl subunit isoform present (Traynelis et a l, 1998).
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1.4.3 Implications o f co-assembly ofNR2 subunits for dru2 selectivity

The development of pharmacological agents selective for particular subunits has 

provided the means to identify NMDA receptors containing each type of NR2 

subunit. One potential shortcoming of pharmacological studies however, stems from 

the lack of information on the specificity of agents on receptors containing more than 

one type of NR2 subunit. For example, does the efficacy of ifenprodil remain the 

same in assemblies formed from NR1/NR2A/NR2B subunits? This is particularly 

pertinent since antagonist sensitivity is known to be NR2 subunit dependent. Indeed, 

as suggested above, the sensitivity of TPEN is thought to change in the presence of 

receptors containing more than one type of NR2 subunit. Further, some studies have 

suggested that the sensitivity of NR1/NR2B containing receptors to ifenprodil, 

decreases following incorporation of other NR2 subunits (Brimecombe et a l, 1997).

Buller & Monaghan, (1995) have studied the pharmacological properties of receptors 

formed from NR2B and NR2D subunits (as well as NRl). They describe a 

pharmacological profile for such tertiary complexes, intermediate of that between the 

two possible dimeric complexes. This includes differential sensitivity to agonists and 

antagonists. They suggest this distinct pharmacology is functional ‘proof for the 

existence of receptors containing at least two NR2 subunits.

In the light of this, it may be of interest to test subunit-selective agents on receptor 

complexes containing more than one type of NR2 subunit. This may aid a clearer 

interpretation of the effects of drugs on native receptors, particularly since many 

neurones are known to contain more than one type of NR2 subunit (Chazot et a l, 

1994; Wafford et a l, 1993). This is discussed in more detail in Chapters 4 & 5.

1.5 The cerebellum as a model system in which to study NMDA receptor diversity

The cerebellum with its few cell types and simple cytoarchitecture provides an ideal 

model system in which to study NMDA receptor diversity. Further, in situ 

hybridisation studies suggest that mRNA for each NR2 subunit is expressed in the 

cerebellum at some stage of development (Akazawa et a l, 1994; Watanabe et a l.
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1994; Monyer et al., 1994; see below). However, mRNA for the NR3 subunit 

however, is not detected in the cerebellum (Ciabarra et al., 1995; Sucher et al., 1995).

The cerebellar cortex is divided into three layers: the molecular layer, Purkinje cell 

layer and internal granular layer. It is classically thought to consist of five major 

neurone types (Cajal, 1911; Eccles et al., 1967). Purkinje cells receive excitatory 

inputs from climbing fibres and parallel fibres and give rise to the sole output of the 

cerebellar cortex. Granule cells are neurones in the granular layer which are 

numerous and relay mossy fibre inputs to Purkinje cells via their axons (parallel 

fibres). The activity of Purkinje cells is regulated by inhibitory intemeurones which 

themselves are activated by parallel fibres. These are the basket and stellate cells of 

the molecular layer. Parallel fibres also activate Golgi cells of the granular layer, 

which provide feedback inhibition to granule cells. In addition to these five main 

neurone types, there are a number of other cells in the internal granular layer 

(discussed in more detail in Chapter 3).

Figure 1.2 shows a schematic diagram summarising the expression of mRNA for the 

NMDA receptor subunits in cerebellar neurons as obtained from in situ hybridisation 

studies (Watanabe et al., 1994; Akazawa et al., 1994; Monyer et al., 1994). Whereas 

the NRl subunit is expressed ubiquitously, the NR2 subunits shows differential 

distribution. Most cells also show a developmental switch in NMDA receptor 

expression.

1.6 Detection o f NMDA receptor NR2 subunit diversity in the cerebellum

Some of the information on NR2 subunit diversity in the cerebellum during 

development has been obtained from in situ hybridisation studies. The potential 

short-coming of this approach is that the presence of mRNA in a cell does not mean 

that protein is expressed or indeed that functional receptors are formed. Such studies 

ideally need to be combined with functional approaches to demonstrate the presence 

of functional receptors within neurones.

In situ hybridisation approaches do not provide the only means of detecting possible 

changes in NR2 subunit expression. Experiments with transgenic animals and
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Figure 1.2 Schematic diagram summarising the predicted NMDA receptor subunit composition in cerebellar neurons.
The principal cell types and main axonal projections of the cerebellum are illustrated. Subunit combinations indicated have been 
predicted from in situ hybridisation studies. Excitatory inputs are depicted by red circles and inhibitory inputs by blue squares. 
(CF -  climbing fibre, MF -  mossy fibre, PF -  parallel fibre).



antibody labelling experiments have also provided valuable insights into the types of 

NR2 subunits present (Sheng et al., 1994; Takahashi et a l, 1995; Ebralidze et al.,

1996). Takahashi et al., (1995), for example, have used NR2A subunit knockout mice 

to determine the contribution of NMDA receptors containing this subunit to single

channel currents and synaptic responses in cerebellar granule cells. Their results 

indicated that the NR2A subunit played an important role in mediating granule cell 

NMDA responses in the mature animals. This is in agreement with the results from in 

situ hybridisation which suggest that mRNA for the NR2A subunit appears in the 

adult rat (Akazawa et a l, 1994). Similarly, Ebralidze et al., (1995) have used an 

NR2C subunit knockout animal to address the contribution of this subunit to 

responses in granule cells. Their results suggest that the NR2C subunit contributes to 

NMDA evoked responses, in mature granule cells. This finding was also in accord 

with those from in situ hybridisation studies (Akazawa et al., 1994). NR2 subunit 

knockout experiments are useful in that they allow the effects of subunit ablation to be 

studied. However they do not give any indication as to whether there is compensatory 

expression of another NR2 subunit as a result of the selective knockout of a particular 

subunit.

Antibody labelling has the advantage over in situ hybridisation techniques in that the 

antibody binds to expressed protein. Dunah et al., (1998), for example, have used 

specific antibodies against various NR2 subunits to examine the subunit composition 

of NMDA receptors containing the NR2D subunit. Their findings suggest that NR2D 

subunits form ternary complexes (with NRl and NR2A or NR2B) as well as binary 

complexes (with NRl alone) in the CNS. However, the binding of antibody to protein 

does not necessarily mean that the receptor is functional and additionally depends on 

the specificity of the antibodies used.

Functional studies offer an unambiguous method of obtaining evidence for the type of 

subunits involved in forming receptors, and at present offer the only direct way of 

determining NMDA receptor diversity. The results in Chapter 6 for example, use a 

functional approach to distinguish changes in NMDA receptor expression during the 

development, of cerebellar granule cells.
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1.7 NR2D-containins NMDA receptors have novel properties

NMDA receptors containing the NR2D-subunit give rise to receptors with novel 

properties. As discussed above these include a high glutamate affinity, slow 

deactivation kinetics, low Mĝ "̂  sensitivity and low single-channel conductances 

(reviewed by Feldmeyer & Cull-Candy, 1996). Given these unusual features, the 

identification of cell types containing these receptors and the subsequent 

demonstration of a contribution of these receptors to synaptic responses would be of 

particular interest. For example, their lower sensitivity to block by Mĝ "̂  at resting 

potentials and slow deactivation suggest that once activated they may allow a greater 

influx of Ca^  ̂into the cell under physiological conditions.

Certain studies have mapped the expression of mRNA for the NR2D subunits in the 

cerebellum. Purkinje cells, stellate cells, cells of the deep cerebellar nuclei (DCN) 

and Golgi cells have been suggested to contain mRNA for the NR2D subunit 

(Akazawa et aL, 1994; Monyer et al., 1994; Watanabe et al., 1994). Despite the 

presence of NR2D subunits in a variety of cells, the involvement of NR2D-containing 

NMDA receptors in synaptic responses has yet to be established. In the case of the 

Purkinje cell for example, NMDA receptors do not appear to be activated synaptically 

(Perkel et al, 1990; Llano et al., 1991; Farrant & Cull-Candy, 1991), although it is 

clear they are present in the extrasynaptic membrane (Momiyama et al., 1996). DCN 

neurones have also been shown to contain a population of low-conductance NMDA 

receptors (Momiyama et al., 1996). However, the presence of this type of NMDA 

receptor in Golgi cells and stellate cells had not previously been examined.

As a preliminary investigation to the experiments performed on Golgi cells and 

described in Chapters 4 & 5, we examined outside-out patches from stellate and 

Golgi cells at different ages of development. The aim of these experiments was to 

determine an age and cell type in which peak expression of NR2D-containing NMDA 

receptors occurred. Whereas in situ hybridisation studies have suggested that these 

cells may contain a pure population of NR2D-containing receptors, they did not chart 

any age-dependent changes in mRNA expression. Stellate and Golgi cells from P14 

animals expressed NR2D-containing NMDA receptors, as determined from their 

characteristic asymmetry of transitions between conductance states (see Chapter 4).
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However, in addition they also appeared to express high-conductance openings which 

arise from NR2A- or NR2B-containing receptors (Golgi cells at P7 also exhibited 

similar types of channels). We found that the highest density of low-conductance 

openings arose in Golgi cells from P14 animals (see Figure 3). Hence, the properties 

of NMDA receptors in this cell population were examined in more detail (Chapters 4 

& 5).

1.8 Temperature dependence o f NMDA receptor properties

Chapter 7 describes experiments performed on granule cells in which the 

temperature dependence of the Mĝ "̂  block of the NMDA receptor was investigated. 

It is known that the conductance of NMDA receptors increases at higher temperatures 

(Feldmeyer & Cull-Candy, 1993), but few studies have looked at the effect of 

temperature on macroscopic NMDA receptor properties. If the Mĝ "̂  block of the 

NMDA receptor changes at physiologically relevant temperatures, it could have 

important implications for the contribution of this receptor to cellular responses.
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FIGURE 1.3 Golgi cells and stellate cells express NMDA receptors with low- 
conductance openings.
Outside-out patch recordings from stellate and Golgi cells (at -70mV). Dashed lines 
indicate different conductance levels, C indicates closed state. For recording 
conditions see Chapter 4. A, high-conductance channel openings in P14 stellate 
cells. B, in P7 Golgi cells two distinct types of channel activity are detected -  high- 
conductance and low-conductance openings (indicated by asterisk) C, bai' graph 
illustrating the age and type of cell in which low-conductance openings were detected. 
In stellate cells at P14, one patch out of 5 contained low-conductance openings. This 
compared to 2 out of 6 for P7 Golgi cells and 9 out of 18 for PI4 Golgi cells. These 
low-conductance openings (from P14 Golgi cells) were analysed in detail (Chapter 
4).
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2. METHODS

2.1 Preparation o f cells

Parasaggital cerebellar slices were obtained from Sprague-Dawley rats. The method 

was essentially as previously described (Farrant et aL, 1994). Briefly, following 

decapitation, the brain was rapidly removed, and maintained in cold Krebs-Heinseleit 

‘slicing’ solution (2 - 4°C), oxygenated with 95% O2 and 5% CO2. The bisected 

cerebellum was glued onto the stage of a vibrating microshcer (DTK-1000 Dosaka 

Co. Ltd, Kyoto, Japan.) and 200 -  250|xm thick slices were prepared. Slices were 

incubated at either room temperature (22 -  25°C) or 34°C for 1 hour, and 

subsequently maintained at room temperature for up to 8  hours. These were then 

transferred to a recording chamber and viewed at room temperature, under a Zeiss 

Axioscope FS microscope with Normaski optics.

2.2 Solutions and druss

The composition of the Krebs-Heinseleit solution used for slicing and incubating was 

(mM): NaCl, 125; KCl, 2.5; CaCL, 1; MgCh, 4; NaHCOs, 26, NaH2P0 4 , 1.25; 

glucose, 25. The recording solution was of similar composition, except that MgCL 

was omitted to facilitate NMDA receptor recordings. Experiments investigating the 

properties of synaptic receptors were performed in the presence of 2mM Ca^ .̂

Various internal solutions were used, with the following compositions:

1. ‘EGTA based’ (mM): CsF, 110; CsCl, 30; Cs-N-2-hydroxyethylpiperazine-N'-2- 

ethanesulphonic acid (Cs-HEPES), 10; Cs-ethyleneglycol-bis(b-aminoethylether)- 

N,N,N',N'-tetraacetic acid (Cs-EGTA), 5; NaCl, 4; CaCL, 0.5; Mg-ATP, 2.

2. ‘BAPTA based’ (mM): NaCl, 4; CaCb, 0.1; Mg-ATP, 2; Tetra Cs BAPTA, 10; 

CsHEPES, 10; CsCl, 30; CsF, 110.

3. ‘ATP-regenerating (ATP-R) internal’ (mM): CsF, 90; CsCl, 30; CsHEPES, 10; 

Tetra Cs BAPTA, 10; NaCl, 4; CaCL, 0.1; Mg-ATP, 4; phosphocreatine, 20; 

creatine phosphokinase, lOunits/ml.
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4. Recordings from Golgi cells were made using a potassium channel blocker based 

internal (mM): CsF, 95; CsCl, 25; CsHEPES, 10; CsEGTA, 10; NaCl, 2; Mg- 

ATP, 2; QX-314, 10; TEA-Cl, 5; 4-AP, 5.

All internal solutions were adjusted to pH 7.3 with CsOH. Recordings were made in 

control solution: Mg '̂^-free external, with the addition of bicuculline methobromide 

(lOpM), and strychnine hydrochloride (0.5 -  1)liM). In some experiments 6-cyano-7- 

dinitroquinoxaline (CNQX, 5pM) and 300nM tetrodotoxin (TTX) were also included 

in the control solution. During concentration jump experiments, this CNQX- 

containing control solution was supplemented with 50pM glycine. Jumps were made 

into and out of ImM glutamate.

NMDA receptors were activated with 10 -  lOOpM NMDA (and 10 -  50|xM glycine). 

IpM A,iV,A',A’-tetrakis-(2-pyridylmethyl)-ethylenediamine (TPEN) was used in 

some experiments. Various ifenprodil concentrations were prepared from a ImM 

stock. Drugs were dissolved in distilled water, with the exception of TPEN and 

CNQX, which were dissolved in dimethyl sulphoxide (DMSO). All drugs and 

chemicals were obtained from Sigma, Poole; Tocris Cookson, Bristol; BDH, Poole.; 

Research Biomedicals Inc, Natick, MA, U.S.A. For the neurobiotin filling procedure, 

neurobiotin, fluorescein and Moviol were obtained from Vector laboratories, 

(California; U S.A.). PFA, PBS and Triton-X were obtained from Sigma, Poole.

2.3 Neurobiotin Fillins o f Cells

An internal solution containing neurobiotin was used in some recordings from Golgi 

and Pukinje cells. The composition of this was 1ml ‘intemal’ solution to 5mg 

neurobiotin. For this protocol to produce a good result it was necessary to obtain a 

high quality whole-cell recording and to hold the cell for anything from 3 - 3 0  

minutes. The location of the cell was documented in a schematic drawing of the slice, 

and the slice was then washed in cold 3% paraformaldehyde (PFA). The slice was 

washed again and left in cold fix maintained at a temperature of 2 - 4°C, for 1 2 - 1 8  

hours. After this the slice was washed over a period of 50 minutes ( 2 x 5  minute 

washes in cold phosphate buffered saline (O.IM, PBS) followed by 2 x 20 minute 

washes). The slice was then placed in the detergent Triton-X (4%) for 1 hour at a
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temperature of 2 - 4°C. Following this, the slice was then washed again with O.IM 

PBS, and placed in fluorescein (streptavidin-conjugated; 30mg/ml) for 1 - 1 . 5  hours 

(stored in the dark at room temperature). Following fluorescein staining, the slice was 

washed over a period of 50 minutes (as above). Finally, the slice was mounted in 

Moviol. The microscope slide was prepared by applying two thin strips of clear nail 

varnish, approximately 2cm apart. Moviol was placed centrally on the microscope 

slide. The slice was lowered onto this drop and a coverslip placed on top. Edges of 

the coverslip were sealed with nail varnish. Slides were left to dry for ~ 20 minutes 

and were subsequently stored in the dark at a temperature of 2 - 4°C. They were 

viewed under a confocal microscope (LEICA TCS-SP; multiple laser system). 

Sections were optimally sampled using maximum intensity projections.

2.4 Patch vivettes

Patch pipettes were pulled from thick walled glass (Clark Electromedical GC150F- 

7.5) on a two-stage puller (List Instruments). These were then coated at the tip with 

sylgard resin (Dow Coming 184), to reduce their electrical capacitance (Hamill et aL, 

1981). Finally, pipettes were fire-polished to a final resistance of 8  -  lOMH for 

whole-cell recordings and 12 -  15M^2 for single-channel recordings. Stimulating 

electrodes typically had a resistance of ~ 8  -  10MÊ2 and electrodes used for puffer 

application of dmgs had a resistance of ~ 5MA. In some instances series resistance 

compensation (70 -  75%; 7ps) was used.

2.5 Drus Application

Cell types within the cerebellum were identified by their characteristic position within 

the slice, their morphology, their capacitance and in the cases of Golgi and Purkinje 

cells, their cell-attached firing properties (Chapter 3). During recording, slices were 

perfused with oxygenated Mg^^ -̂free external solution. Solutions were usually bath 

applied via a gravity-fed application system. The flow rate was ~ Iml/min. On 

average drugs were allowed at least 2  minutes to equilibrate before recordings in the 

presence of drug were made. In some instances, drugs were pressure applied in order 

to achieve a faster on- and off-rates. Drugs were applied from a two-barelled theta
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tube (Clark electromedical, TGC150-10) situated at least 2 cell diameters away from 

the recorded cell. This glass tube contained either one or two solutions and pressure 

pulses of 10 -15psi of varying duration were administered, to expel liquid from the 

electrode tip. The duration of application was controlled either manually or via a 

computer programme.

Synaptic currents were evoked with a stimulating electrode (resistance 8  - lOMQ) 

containing either IM NaCl, or Mg^^-free external solution. A platinum wire was 

dipped in this solution and voltage pulses were applied via an isolated stimulator. All 

experiments were carried out at room temperature (22 - 25°C) unless otherwise stated.

2.6 Temperature experiments

For temperature experiments, a Peltier device was used to heat incoming bath 

solutions. A thermistor attached to the microscope objective monitored the 

temperature of the solution in the immediate vicinity of the cell. Voltage steps were 

administered using PClamp6 .

2.7 Data Acquisition and analysis

Recordings were made using either an Axopatch-ID or an Axopatch-200A amplifier 

and stored on digital audio tape (Biologic DTR-1204, DC-20Hz). Series resistance 

and capacitance values were calculated from amplifier settings during 5mV steps in 

command voltage. Records were filtered using a -3dB, 8 -pole Bessel type filter and 

digitised (1401+ digitimer: Cambridge Electronic Design).

2.7.1 Measurement o f whole-cell currents

Whole-cell currents were digitised at 5kHz after filtering at IkHz. To establish the 

whole-cell response of a cell to a particular drug, the peak response in the presence of 

drug was subtracted from the baseline response in the absence of drug. Generally, 

whole-cell drug applications were repeated 2 or 3 times and a mean response was 

calculated.
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2.7.2 Measurement o f sinsle-channel charse transfer

Single-channel data were digitised at 10 or 20kHz and filtered at 2kHz. Consecutive 

100ms epochs of NMDA channel activity were integrated, and the average charge 

transfer (fC) in the presence and absence of drug was calculated using the program 

N05 (Stephen Traynelis, Emory University, U.S.A.). In the case of migrating granule 

cell and Golgi cell dose-response curves (Chapter 4), the average charge transfer in 

the presence of different concentrations of ifenprodil was expressed as a percentage of 

that seen in the presence of NMDA alone (control). The resulting dose response 

curves were fit to the Hill equation:

JC "

where, y is the mean percentage charge transfer and x  is the agonist concentration. 

Qmax is the charge transfer in the presence of a saturating concentration of agonist, 

IC50 is the concentration of agonist required to inhibit the charge transfer by half, and 

n is the Hill slope (equal to 1).

2.7.3 Calculation o f slope and chord conductances

The conductance of single-channel events from outside-out patches in Golgi cells was 

calculated as either slope or chord conductances. Amplitude histograms of single

channel currents were constructed at various holding potentials, ranging from +20mV 

to -lOOmV, using pCLAMP software (pCLAMPb, FETCHAN, Axon instruments). 

The resulting distributions were fit by the sum of two or three Gaussian components. 

Estimates for the mean amplitude from these Gaussian distributions were used to 

construct a current-voltage (I/V) relationship. The gradient of this relationship gave 

an estimate for the slope conductance from an individual patch. An estimate of the 

reversal potential was also obtained from the I-V relationship. Such analysis was 

performed on a number of patches to give a mean estimate of slope conductance and 

reversal potential.
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At some potentials low-conductance openings were difficult to detect or occurred at 

an insufficient frequency to include in the amplitude histogram distributions. In such 

cases, chord conductances were estimated by using the mean value for the reversal 

potential.

2.8 Time-course fittins

The amplitude and duration of single-channel openings was measured using the time- 

course fitting method (Colquhoun & Sigworth, 1995) with software provided by 

David Colquhoun (SCAN and EKDIST).

Data was analysed off-line. Individual openings were fit by the step response 

function of the recording system (Colquhoun & Sigworth, 1995). This involved 

injecting a square-wave pulse into the input of the system (patch-clamp amplifier, 

tape recorder and filters). The resulting output was filtered and digitised in the same 

way as the data to be analysed and stored on computer file. Once the output of the 

system was known, it was possible to calculate the output expected for a series of 

channel openings and shuttings.

The data trace was scrolled across the screen until an event was detected. The 

program made initial guesses on the positions of all transitions, openings, closings and 

amplitudes occurring in the data record, and performed a least squares fit on the data. 

If the auto fit did not give a close enough fit to the transitions in the trace, the fit was 

manually adjusted using a cursor. The fit of the amplitude after the last transition was 

taken as the new estimate for the baseline level. Events too brief to be resolved were 

fitted to the mean amplitude of the most frequently occurring conductance level.

2.8.1 Distributions o f sinsle-channel amplitudes

After fitting all the transitions, the data points in the fitted region were included in an 

all-point amplitude histogram. A resolution of 2x the filter rise-time was imposed on 

the data, which enabled the inclusion of events that had durations greater than 332ps

i.e. events with durations long enough to reach at least 98.8% of their final amplitude.
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The distributions were fitted by the sum of up to three Gaussian components from 

which the conductance levels, standard deviations and proportions of events were 

determined. The amphtude distributions were fit using the method of maximum 

likelihood (Colquhoun & Sigworth, 1995).

2.8.2 Oven veriod distributions

The data set obtained during time-course fitting contained information on the open- 

and shut-time intervals. It was necessary to impose a resolution on the data so that 

incompletely resolved transitions could be distinguished from baseline noise. This 

would reduce the false event rate; the number of random baseline fluctuations 

mistakenly fit as unresolved openings. Minimal resolvable open and shut times were 

generally set to give a false event rate of lower that 10'  ̂ per second. Typically the 

resolutions for openings were between 170 and 240p,s.

Open period distributions were fit with single exponential functions using the method 

of maximum likelihood, with the EKDIST program (Colquhoun & Sigworth, 1995) 

Open periods were divided into observations falling within bins of specified width 

and displayed as frequency on a square root scale vs the open time on a log scale. 

Plotted in this manner, the peak in the histogram corresponded to the time constant of 

the exponential component. Open periods refer to the time for which the channel is 

open, regardless of fluctuations around sub levels,

Open periods described are apparent open periods, since 

brief unresolved openings may not have been incorporated into the open period 

distribution and may have been treated as part of the shut period.

2.8.3 Asymmetry and stability plots

To examine the frequency of direct transitions between two conductance levels, the 

duration of the event either side of the direct transition had to have a duration longer 

than 2 filter risetimes. Transitions between different states (represented as i th 

conductance level followed by (i + 1 th) conductance level) were shown as a single 

dot when displaying the frequency of the various transition types (Wyllie et aL, 1996).
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The data was displayed in both 2-dimensional and 3-dimensional views. Amplitude 

stability plots were constructed from events that had durations greater than 2  filter 

risetimes.

2.9 Analysis o f synaptic currents

Evoked EPSCs were obtained by stimulating every 5 seconds; 20-80V; 60-400ps 

duration. All EPSCs were recorded onto a DAT recorder (DAT BioLogic DTR-1204, 

DC to 20kHz).

Records were filtered at 2kHz (-3db, 8 -pole Bessel filter) and digitised at lOkHz 

(Axotape, pCLAMP 6 , Axon Instruments) for analysis purposes. sEPSCs were 

identified by eye from the digitised records and were analysed using N05 software. 

For each cell, average sEPSC waveforms were generated from at least 50 individual 

events, aligned on the steepest point of the rise. The decay of the average waveforms 

for both spontaneous and evoked EPSCs was fit by the sum of two exponential 

functions according to the following equation:

y fast^ ^slow

This gave the amplitude and the time constant of the fast (Afasi, Tfast) and the slow 

components (Agiow, Tsiow) of the decay. These estimates were used to calculate the 

percentage current contributing to both the fast and slow component. The magnitude 

of the fast component of the sEPSC was also / alternatively calculated by establishing 

the mean of 3 points around the initial peak of the average waveform. The amplitude 

of the slow component was calculated by averaging 1 0  points, 2 0 ms after the initial 

(non-NMDA) peak. Charge transfer analysis of synaptic currents was also used to 

gauge the size of the NMDA and non-NMDA components. Average waveforms in 

the presence and absence of drug were integrated in Origin 5.

2.10 Concentration jump experiments

Fast concentration jumps experiments were performed on outside-out patches as 

described previously by Colquhoun et aL, (1992). Briefly, the patch pipette was
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placed at the interface between two solutions: control and ImM glutamate (see 

solutions and drugs), emanating from either side of a theta glass partition (type 14- 

072-01, Hilgenberg, Malsfeld, Germany). The theta glass was moved by a piezo 

translator (model LSS-3200, Burleigh instruments). Fast ‘jumps’ were achieved by 

the rapid switching of these two solutions, across the tip of the patch pipette such that 

the patch was exposed to a pulse of ImM glutamate. Concentration jumps of 1ms 

duration were made every minute under the control of a computer driven program 

(CJUMP program; David Colquhoun). Currents were recorded at a holding potential 

of -60mV, filtered at IKHz, and digitised at 5KHz, onto a computer hard disk via a 

CED 1401 plus interface (CED instruments, Cambridge, UK). Individual sweeps 

were averaged and exponentials were fitted by the method of least squares (CJ-FTT 

program; David Colquhoun).

2.11 Calculation o f Om

The temperature dependence of the amplitude of the NMDA current was calculated 

with a temperature coefficient Qio of: (amplitude of response at T2 / amplitude of 

response at T̂ )̂ o/(T2-T])̂  where T% is the lower temperature and T% is the higher 

temperature.

2.12 Statistical analysis

Values are given as mean ± the standard error of the mean (S.E.M.). Tests of 

significance were made using paired and unpaired Student’s t-tests. Differences were 

considered significant at P<0.05. Error bars in graphs represent S.E.Ms.
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3. IDENTIFICATION OF GOLGI CELLS FROM MORPHOLOGICAL 

AND ELECTRICAL CHARACTERISTICS

3.1 SUMMARY

1. Putative Golgi cells in thin cerebellar slices (250|im) were identified from the fact 

that they were present in the intemal granular layer and had a large soma size. We 

confirmed the identity of Golgi cells from their morphological and electrical 

properties.

2. When examined in cell-attached configuration, Golgi cells fired spontaneous 

action potentials. There was an age-dependent increase in action potential 

frequency: at P3 this was 1.35 ± 0.3Hz (n=4), at P7 it increased to 3 ± 0.5Hz (n-4) 

and by P14 it was 6.4 ± 0.48Hz (n=52). In the whole-cell configuration Golgi 

cells had a capacitance of 17.4 ± 1.3pF (n=30) and exhibited spontaneous EPSCs 

and IPSCs.

3. During whole-cell recording, some Golgi cells were filled with neurobiotin for 

later processing and visualisation under a confocal microscope. Golgi cells were 

characterised by a soma diameter of 26 ± 2 .6 pm (w=ll), with numerous processes 

(up to 1 2 ) projecting throughout the intemal granule cell layer and the molecular 

layer of the cerebellar cortex. Presumptive apical dendrites arborised in the 

molecular layer, whereas basolateral dendrites arborised and remained in the 

granular layer. The axonal plexus of the Golgi cell was not easily identifiable. 

However, in many sections we observed an extensive network of fine processes 

that remained in the intemal granular layer and was probably associated with the 

axon.

4. It was concluded that Golgi cells can be identified from their large soma size, their 

position within the granular layer (at least 75pm below the Purkinje cell layer) and 

their distinctive firing pattem when examined in the cell-attached configuration.
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3.2 INTRODUCTION

This thesis is primarily concerned with the properties of NMDA receptors in 

identified cerebellar cells, with particular emphasis on NR2D-containing NMDA 

receptors (see Introduction).

In situ hybridisation studies suggest that mRNA for the NR2D subunit is located in 

cerebellar Purkinje cells, Golgi cells, stellate cells and DCN neurones (Akazawa et 

a/., 1994; Watanbe et aL, 1994; Monyer et aL, 1994). It is known that Purkinje cells 

do not have an identifiable NMDA component to their synaptic responses (Perkel et 

aL, 1990; Llano et aL, 1991; Farrant & Cull-Candy, 1991). However, Golgi cells 

have not been extensively studied, in terms of the NMDA receptors they express, or 

the contribution that these receptors make to the synaptic current. Therefore, we 

examined the properties of extrasynaptic and synaptic NMDA receptors in Golgi cells 

(Chapters 4 & 5). Such an analysis required that the Golgi cells could be 

unambiguously identified in thin slices.

The current chapter is concerned with describing morphological and functional 

properties, which enabled us to distinguish Golgi cells from other cerebellar cell 

types.
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3.3 RESULTS

3.3.1 Golsi cell morvholosv 

3.3.1a Size and location

200-250nm parasagittal slices were cut from the cerebellum of P14 rats. Initially, 

putative Golgi cells were distinguished from the numerous surrounding granule cells 

by their large soma size when viewed under the light microscope. A more thorough 

morphological identification of Golgi cells was based on confocal reconstructions of 

cells filled with neurobiotin during electrophysiological examination. Figure 3.1 

shows one such confocal reconstruction. The edge of the folium is at the top left-hand 

comer of this image. The Purkinje cell layer is also clearly visible. The location 

within the slice of the Golgi cell pictured in Figure 3.1, is typical of the depth at 

which most Golgi cells were found - approximately a third of the way into the intemal 

granule cell layer. The Golgi cell in Figure 3.1 had a horizontal soma diameter of 

approximately 17.6p,m and a vertical soma diameter of 24pm. On average Golgi cells 

had a horizontal soma diameter of 26 ± 2 .6  pm (n=l 1 ).

3.3.1b Dendritic and axonal projections

Golgi cells had multiple processes emanating from their cell bodies. The apical 

dendrites travelled towards the Purkinje cell layer, arborising mainly within the 

molecular layer. These apical dendrites sometimes branched before they reached the 

Purkinje cell layer, but in general split only after they had reached the Purkinje cell 

layer. Other dendrites originated at the base of the soma (basolateral dendrites) and 

remained in the granular layer.

Many Golgi cells exhibited an extensive plexus of neurites in the granular layer. This 

plexus was thought to be associated with the axon. The filled arrows in Figure 3.1 

indicate the numerous fine processes that emanate from the Golgi cell soma. These 

appeared to form a dense network, arborising throughout much of the intemal granule 

layer. However, in some cases, the axon was not easily identifiable amongst the
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Figure 3.1 Golgi cells are located in the internal granule layer.

Confocal reconstruction of a neurobiotin filled Golgi cell, located ~150jim below the 

Purkinje cell layer in a 200p.m sagittal slice prepared from a P14 rat. The three layers 

of the cerebellum can be clearly identified at this age. Apical dendrites extend 

towards the Purkinje cell layer for 250pm, arborising within the molecular layer. 

Basolateral dendrites remain in the intemal granular layer. Arrows indicate a plexus 

of fine processes that remains in the granular layer. These are probably associated 

with the axon, which cannot be easily identified at this magnification.
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numerous projections from the soma. This plexus of fine processes and the numerous 

dendritic projections from the soma can be seen more clearly in Figure 3.2. The cells 

in Figure 3.2 were located within the intemal granular layer, at least 75|im away from 

the Purkinje layer. The distance from the Golgi cell soma to the molecular layer is 

indicated by the point at which the primary apical dendrites undergo a pronounced 

split. In both cells, at least two apical dendrites can be identified, each with further 

collaterals. The dendritic fields extend for 200pm and overlap with each other in the 

molecular layer. There are at least 12 dendrites emanating from the cell body in 

Figure 3.2A, and 6  from the cell body in Figure 3.2B. In general the number of 

processes emanating from the cell bodies of Golgi cells was 4-12 («=11). Figure 

3.2A shows a very faint, fine fluorescent signal located around the soma. This 

represents the plexus of fine (axonal) processes, notably absent in the molecular layer. 

Figure 3.3A shows a Golgi cell with a particularly pronounced axonal plexus.

3.3.2 Firins properties o f Golsi cells in cell-attached confisuration

Many neurones in the brain fire spontaneous action potentials, which can be detected 

in cell-attached configuration. This technique has the advantage of being non- 

invasive and also reveals differences between different cells in terms of their firing 

patterns.

Cell-attached recordings were made from Golgi cells at various developmental stages. 

Recordings were made in Mg^^-free, ImM Câ "̂  containing external solution (see 

Methods). In the cell-attached configuration, all presumptive Golgi cells fired action 

potentials («=52). Figure 3.3B shows the regular firing pattem from the P14 Golgi 

cell pictured in Figure 3.3A. For this cell the inter-spike interval histogram is shown 

in Figure 3.3C, and had a Gaussian distribution with a mean frequency of 3.6Hz.

The majority of experiments described in this thesis were performed on P14 Golgi 

cells (Chapters 4 & 5). However, Golgi cells of other ages were also examined. 

Figure 3.4 shows examples of spiking pattems recorded in P3, P7 and P14 Golgi cells 

(cell-attached). The upper trace in Figure 3.4A is from a P3 Golgi cell - the spiking 

pattem is irregular. The mean frequency of spiking from P3 Golgi cells was 1.35 ±
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Figure 3.2 Confocal images of neuroblotin filled Golgi cells.

Confocal reconstructions of two neurobiotin filled Golgi cells from P14 sagittal slices. 

A, in this cell, numerous processes emanate from the cell body. The two processes 

extending vertically from the soma, begin to arborise ~100|Lim above the soma. This 

demarcates the boundary of the molecular layer. The axon cannot be easily identified 

amongst the numerous processes emanating from the soma. The slightly thicker 

process towards the base of the soma has been severed as it travels out of the plane of 

the slice. B, the main apical dendrite extends vertically from the soma and arborises 

in the molecular layer. Again, the axon cannot be clearly distinguished amongst the 

processes.
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Figure 3.3 Golgi cells fire action potentials in cell attached configuration.

A, confocal reconstruction of a neurobiotin filled Golgi cell from a P14 sagittal slice. 

As described in Figure 2, numerous processes emanate from the cell body. In 

addition, a fine network of processes can also be seen. This arborisation is confined 

to the base of the Golgi cell and is not seen in the upper regions where the apical 

dendrites arborise within the molecular layer. B, cell attached recording of Golgi cell 

action potentials. (This stretch of recording was made in current-clamp mode from 

the Golgi cell pictured in A). The firing pattem is regular. C, inter-spike interval 

histogram of the spiking observed in B. The distribution is Gaussian with a mean of 

3.6Hz.
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Figure 3.4 The rate of action potenial firing increases with age in Golgi ceils.
A, Short stretches of recording from Golgi cells at different ages, showing changes in both firing rate and pattem. The upper trace is from a P3 Golgi cell 
where the firing frequency was highly irregular, and infrequent. By P7, firing rate and regularity has increased dramatically, until finally at P14 Golgi cell 
spikes are regular and frequent. B, bar graph of the average firing rates from P3 (n=4), P7 (n=4) and P14 (n=52) Golgi cells. Asterisks indicate that the 
firing was significantly different from the previous rate. C, histogram of the mean spiking rate from 52 Golgi cells of P14 animals. The mean firing rate from 
52 cells was 6.4 ± 1.48Hz.



0.3 Hz («=4). By P7, there was an increase in the spike frequency, and the inter-spike 

interval remained variable. Mean firing frequency from 4 cells at P7 was 3.0 ± 0.5Hz. 

This contrasts with the situation at P14 (lower trace, Figure 3.4A). The spiking 

pattem was regular with a mean frequency of 6.4 ± 0.48 Hz («=52).

For the study of Golgi cells, slices were prepared in two orientations. Sagittal slices 

were used to study the properties of somatically located NMDA receptors in Golgi 

cells (see Chapter 4), whereas coronal slices were used to study the properties of 

NMDA receptors contributing to synaptic responses (see Chapter 5). The coronal 

orientation was preferred for synaptic experiments, since it minimised damage to the 

parallel fibres, which are known to traverse the slice and make synaptic contacts onto 

the Golgi cell. It was important to determine whether firing properties of the Golgi 

cell were affected by the orientation of the slicing procedure. Figure 3.5A shows the 

regular spiking pattem observed in a sagittal slice from a P14 Golgi cell. The data 

from this cell is plotted as an interspike interval plot in Figure 3.5B. The spiking 

interval remained constant over time. From the spike histogram in Figure 3.5C a 

mean firing frequency of 5.3Hz was obtained. Figure 3.5D displays an 

autocorrelation plot of action potential trains. Multiple distinct peaks are visible in 

the autocorrelogram indicating the regularity of firing. Comparable distributions were 

obtained from Golgi cells cut in the coronal orientation. Spiking frequency of 7.0 ± 

0.7Hz («=12) for Golgi cells in coronal slices was similar to that found in Golgi cells 

from sagittal slices (6.2 ± 0.6Hz («=40)). Thus, firing properties of cells in both 

sagittal and coronal orientations remained the same.

3.3.3 Capacitance measurements in Golsi cells

Golgi cells examined with whole-cell recording had a capacitance of 17.4 ± 1.25pF 

(«=30) at P14, compared with Purkinje cells which had a capacitance of 36 ± 1.4pF 

(«=4) and granule cells which had a capacitance of 1.92 ± O.lpF («=31).

Golgi cells exhibited two types of spontaneous synaptic currents when examined with 

whole-cell recording. Both exhibited fast rise-times, but one of the populations of 

currents decayed more slowly. Judged from their pharmacological properties, these
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Figure 3.5 Analysis of the spiking pattern in Goigi cells from a P14 sagittal slice.

A, recording of a stretch of action potentials recorded in current-clamp mode. B, 

interspike interval plot of the recording in A. Spike frequency remained stable during 

the period of recording. C, an interspike interval histogram from recording in A. 

The histogram was fitted with a Gaussian distribution giving a mean frequency of 

5.3Hz. D, autocorrelation of the action potentials recorded in A. Note that multiple 

distinct peaks are visible at regular intervals in the autocorrelogram.
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two populations represented spontaneous excitatory postsynaptic potentials (sEPSC’s) 

and inhibitory postsynaptic potentials (sIPSC’s) respectively.
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3.4 DISCUSSION

This chapter has been concerned with the identification of Golgi cells in the rat 

cerebellum, based on their distinctive morphological and biophysical properties. We 

found that Golgi cells could be identified using three distinct criteria. First, they had a 

characteristic morphology and location within the cerebellum. Second, they exhibited 

a regular spiking pattern in cell-attached configuration. Third, in whole-cell 

configuration they exhibited spontaneous EPSC’s and IPSC’s.

3.4.1 Comparison with previous mowholoeical studies

A comprehensive study of cerebellar cyto-architecture was undertaken by Cajal in the 

early part of this century (1911). The ‘classical’ description of cerebellar cell types 

and their postion within the layers of the cerebellum emerged from this and later 

studies. In Cajal’s studies five main types of cerebellar neurone were described. 

These are the Purkinje cells (forming the Purkinje cell layer), granule cells (forming 

the granular layer) and three types of intemeurone -  Golgi cells (granular layer), 

stellate and basket cells (molecular layer).

The Golgi cell was first described by Golgi in 1883. He divided large neurones in the 

granular layer into two groups, called Type I and Type U Golgi cells. These are now 

known as Golgi and Lugaro cells respectively (Palay and Chan-Palay, 1974). In 

recent times, anatomical studies have described Golgi cell morphology in more detail. 

Thus, Golgi cell dendrites have been described as extending in both the granular and 

molecular layers, (Palay and Chan-Palay, 1974) and the Golgi cell axon has been 

reported to ramify extensively in the granular layer (Hamori and Szentagothai, 1966; 

Dieudonne, 1998).

The present observations of Golgi cells are in accord with these previous studies, and 

have been aimed largely at identifying cells in slices to enable functional studies.
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3.4.2 Potential sources of mis-classification ofGolsi cells

3.4.2.1 Purkinje cells

As Golgi cells are distributed throughout the internal granule cell layer they can occur 

very close to the Purkine cell layer. The Purkinje cells share a number of features 

with Golgi cells, including a large soma diameter, firing of action potentials in cell- 

attached configuration and the presence of both excitatory and inhibitory synaptic 

currents. However there are a number of differences that enable these two cell types 

to be readily distinguished.

3.4.2.1a Morpholoeical distinctions

Figure 3.6 shows confocal reconstructions of neurobiotin filled Purkinje cells from 

P14 animals. Figure 3.6A illustrates a ‘typical’ Purkinje cell. In general Purkinje 

cells had a larger soma diameter than Golgi cells. The cell pictured in Figure 3.6A 

had a horizontal soma diameter of -40pm. The mean Purkinje cell soma diameter 

was 38 ± 0.8pm (w=5), which was significantly larger than Golgi cell diameters (26 ± 

2.6pm («=11); P>0.05). As shown in Figure 3.6A, Purkinje cells generally had a 

limited number of processes emanating directly from the cell body. Most of the 

Purkinje cells examined («=6) had a main apical dendrite which branched out into 

secondary and tertiary dendrites in the molecular layer. A single Purkinje cell axon 

entered the granular layer and extended towards the white matter, running in the 

opposite direction to the dendrites. Purkinje cell dendrites were characteristically 

‘spiny’, a feature which can easily be distinguished in both examples in Figure 3.6, 

and was clearly distinct from the Golgi cells.

Figure 3.6 also illustrates that location alone cannot provide the basis for a clear 

distinction between the two cell types, since either cell type may overlap into the 

others ‘territory’. Figure 3.6B shows an example of a ‘displaced’ Purkinje cell, which 

was situated about 50pm below the Purkinje cell layer. Since some Golgi cells were 

also located just below the Purkinje cell layer, this could have lead to 

misclassification. However, despite the position of this cell -50pm below the
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Figure 3.6 Purkinje cell morphology.

Confocal reconstructions of neurobiotin filled Purkinje cells from P14 sagittal slices. 

The morphology of these cells is clearly distinct from that of the Golgi cells. A, this 

cell was located in the midst of other Purkinje cells in a well defined layer. A single 

primary apical dendrite emerges from the soma of the Purkinje cell, which splits into 

secondary and tertiary dendrites and arborises extensively in the molecular layer. The 

dendrites have spiny processes, characteristic of Purkinje cells. The axon emerges, 

and traverses the length of the internal granular layer towards the white matter. The 

arrows indicate the axonal process. B, this cell was located 50pm below the Purkinje 

cell layer. It has three apical dendrites, which arborise when they reach the molecular 

layer. The axon extending in the opposite direction to the dendrites has been severed 

as it travels out of the plane of the slice. This is a ‘displaced’ Purkinje cell.
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Purkinje cell layer, its properties were typical of Purkinje cells. These included a 

large soma (~50p.m) and the presence of a few apical primary dendrites emanating 

from the soma, which arborised only when they reached the molecular layer. These 

dendrites are also spiny as compared to the smooth dendrites of the Golgi cells seen in 

Figure 3.2A and 3.2B. A single axon can be seen leaving the soma and travelling 

towards the white matter.

These morphological features enabled a clear distinction between Purkinje and Golgi 

cells.

3.4.2.1b Golsi cells and Purkinje cells exhibit differences in ürins patterns

Golgi cells exhibit a characteristic frequency of spontaneous action potentials in the 

cell-attached configuration. Purkinje cell spikes were recorded from 4 cells 

(examined under similar conditions) to determine whether this feature can distinguish 

between cell types. The firing frequency was 14.3 ± 0.2Hz at room temperature. This 

was significantly higher than the Golgi cell firing rate (6.4 ± 0.48Hz; P<0.05). In 

addition there were differences in the pattern of firing. Golgi cell spiking was 

extremely regular (see Figure 3.5A). However, the pattern of spiking in Purkinje cells 

was sometimes regular and sometimes irregular (also described by Hausser & Clark, 

1997).

The high frequency associated with Purkinje cell firing has been previously 

documented. Various studies report values in the range of 15-32 Hz for Golgi cells 

(Schulman & Bloom 1981, Miles et a/.,1980, Eccles et al, 1966) compared with 40- 

50Hz spiking in Purkinje cells (Brooks & Thach, 1981, Armstrong & Edgley, 1984). 

These rates are clearly higher than those reported in the current chapter, probably 

reflecting differences in the temperature at which the firing was recorded, and in the 

recording conditions (i.e. firing recorded from intact animals performing motor tasks).

Moreover, Purkinje cells display two types of spikes that correspond to the types of 

synaptic input from which they arise. Simple spikes arise from synaptic currents in 

the mossy fibre-parallel fibre circuit whereas synaptic currents associated with
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climbing fibre inputs give rise to complex spikes in Purkinje cells (Llinas & Walton, 

1997). Simple spikes generally consist of a single peak, whereas complex spikes 

consist of multiple peaks of different amplitudes (Mano et al., 1989). Further, simple 

spikes discharge at a high frequency whereas complex spikes discharge irregularly 

and with a low frequency (Thach, 1970; Mano et al, 1989). This could explain the 

irregularity observed in Purkinje cell spiking patterns in this study.

There are various other cells in the cerebellar internal granule layer that could be 

mistaken for Golgi cells. These include Lugaro cells, unipolar brush cells and 

candelabra (or chandelier) cells. Some of these cell types have soma sizes that are 

similar to that of Golgi cells. It is of relevance therefore, to consider the distinct 

morphological and biophysical properties of these three cell types that set them apart 

from Golgi cells.

3A.2.2 Lusaro cells.

Figure 3.7A shows a camera lucida reconstruction of a Lugaro cell from the rat 

cerebellum (taken from Laine et al, 1996). Lugaro cells have a soma size slightly 

smaller than that of Golgi cells (~16p.m) (Laine et al., 1996). They have an elliptical 

cell body and are typically located just below the Purkinje cell layer. They have thick 

dendrites that prolong the soma and extend in either direction parallel to the Purkinje 

cell layer. The axon descends into the granular layer, emitting collaterals that ramify 

profusely in the molecular layer (Laine et a l, 1996). This contrasts with the axonal 

projection of Golgi cells, which remain in the granular layer. Lugaro cells exhibit 

both IPSC’s (arising from Purkinje cell collaterals) and some EPSC’s representing 

only 5% of the total synaptic currents (arising from ascending granule cell axons; 

Laine et al, 1996).

3.4.2.3 Unipolar brush cells (UBC’s)

Figure 3.7B shows two UBC’s of the rat cerebellum, impregnated using the Golgi 

technique (taken from Mugnaini et a l, 1994). UBC’s are located within the granular 

layer and typically have a thin axon and a dense stubby dendrite, the tip of which 

foims a tightly packed group of branchlets resembling a paintbrush (Mugnaini et a l.
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Figure 3.7 Interneurones of the internal granular layer.

A, camera lucida drawing of a (Golgi impregnated) Lugaro cell in the rat cerebellum, 

taken from Laine e t  a i ,  (1996). Scale bar represents 50|iim. B, two Unipolar brush 

cells also filled by the Golgi impregnation technique. Taken from Mugnaini e t  a i ,  

(1994). Scale bars represent 20p.m. C, a camera lucida drawing of a candelabra 

neuron of the rat cerebellum impregnated by the Golgi technique. Taken from Laine 

et  a i ,  1994. Scale bar represents 25p.m.
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1994). They have a diameter of 9-12|xm - intermediate between granule cells (7-8|xm) 

and Golgi cells (17-20|xm). Individual mossy fibres make extensive synapses with 

UBC’s. These inputs give rise to EPSCs, but there is no evidence for existence of 

IPSC’s in these cells (Mugnaini et al., 1994). UBC’s are thought to transmit an 

excitatory output to neurones of the vestibular nucleus (Mugnaini et at., 1994).

3.4.2.4 Candelabra cells

Figure 3.7C shows a camera lucida reconstruction of a candelabra cell (taken from 

Laine et a l, 1994). The cell bodies of candelabra cells are situated within the 

Purkinje cell layer and are ~15pm in diameter (Laine et a l, 1994). Candelabra cells 

are characterised by long, vertical, dendrites that remain in the molecular layer and a 

few short, oblique dendrites that remain in the granular layer. The molecular 

dendrites emerge from the upper part of the cell body as thick processes displaying 

irregularly distributed spines (Laine et al, 1994). Three to five spiny, basal dendrites 

emerge from the soma and extend only in the upper granular layer (Laine et a l, 

1994). The axon of candelabra cells extends in the horizontal direction, through the 

internal granular layer (Laine et al, 1994). EPSC’s and IPSC’s are present in these 

cells (Laine et a l, 1994).

3.4.3 Basis ofGolsi cell classification

The results presented in this chapter have focussed on Golgi cell identification. 

Putative Golgi cells were typically located 75p,m below the Purkinje cell layer, which 

ruled out the possibility of them being displaced Purkinje cells. Further they were 

unlikely to be Candelabra cells or Lugaro cells since these two cell types were also 

typically located in the vicinity of the Purkinje cell layer. UBC’s, despite being 

present in the granular layer have a smaller soma diameter than Golgi cells and so 

were unlikely to have been considered to be Golgi cells. It is apparent therefore that 

Golgi cells can be identified on the basis of their distinctive soma size, their location 

within the slice and their characteristic firing frequency in cell-attached configuration. 

These initial criteria were used to identify cells, which in some instances were 

subsequently filled and confirmed (from their morphology) to be Golgi cells.
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It seems reasonable that the use of these three parameters allows accurate 

identification of Golgi cells. Indeed, all cells that were considered to be Golgi cells 

and were subsequently examined with confocal reconstruction had been correctly 

identified. These parameters have been used to identify Golgi cells in the subsequent 

chapters.
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4. CHARACTERISATION OF EXTRASYNAPTIC NMDA RECEPTORS IN 

GOLGI CELLS OF THE RAT CEREBELLUM

4.1 SUMMARY

1. To investigate the properties of extrasynaptic NMDA receptors expressed in Golgi 

cells, patch-clamp recordings were made from cells in slices of cerebellum taken 

from 14 day old rats (PI4).

2. Whole-cell NMDA activated currents were blocked by the antagonist ifenprodil, 

which is selective for NR2B subunit containing receptors. NMDA receptor 

channels in outside-out patches from Golgi cells were suppressed by ifenprodil 

with an IC50 = 20nM, consistent with the presence of NR2B-containing NMDA 

receptors.

3. Single-channel analysis revealed the presence of high-conductance and low- 

conductance NMDA channels in isolated patches. High-conductance channels 

(49.7 ± 0.9pS, «=18 patches) were inhibited by ifenprodil, indicating that these 

receptors contained NR2B subunits. Current-voltage plots of agonist evoked 

responses from outside-out patches were linear. In addition to the high- 

conductance events, low-conductance openings were also present; these were not 

inhibited by ifenprodil.

4. The low-conductance NMDA channels exhibited properties characteristic of 

NR2D-containing NMDA receptors, namely marked asymmetry of transitions 

between the 39.4 ± 1.4pS (n=9) main-conductance state, and the 19.4 ± 0.9pS sub

conductance state, and mean open periods for the 39pS state of 1.11 ± 0.05ms, and 

that for the 19pS state of 1.45 ± 0.18 ms.

5. Whole-cell NMDA-activated currents were not potentiated by the chelator 

TPEN {N,N,N’,N'-tetmkis-(2-pyridylmethyl)-ethylenediamine), which acts on 

NR2A subunit containing NMDA receptors. Hence, we found no evidence for 

NR2A-containing NMDA receptors in these cells.
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6. To test the specificity of the ‘subunit selective’ drugs used here, we examined 

their effects on NR2A, NR2B and NR2D subunit containing NMDA receptors 

present in other cell types. We found that the NR2B-containing NMDA receptors 

in migrating cerebellar granule cells were blocked by ifenprodil (IC50 = 20nM), 

whereas NR2D-containing NMDA receptors in Purkinje cells were unaffected. 

Furthermore, NR2A-containing NMDA receptors in post-migratory granule cells 

were potentiated by the addition of IpM TPEN (38 ± 0.1%, «=15).

7. It is concluded that at least two types of NMDA receptors are present in the 

extrasynaptic membrane of cerebellar Golgi cells -  a high-conductance NR2B- 

containing receptor and a low-conductance NR2D-containing receptor. The 

presence of high-conductance NMDA receptors was not predicted from the in situ 

hybridisation data available. This observation emphasises the fact that, while in 

situ hybridisation studies are invaluable for obtaining clues about the subunits 

likely to be present, the lack of detection of mRNA for a particular subunit does 

not necessarily imply absence of the subunit.

4.2 INTRODUCTION

As discussed in Chapter 1, the properties of native NR2D-containing NMDA 

receptors have not been extensively characterised, apart from studies on Purkinje cells 

(Momiyama et aL, 1996). In the case of the Purkinje cell, which is known to have 

message for NRl and NR2D (Akazawa et aL, 1994), these subunits give rise to a pure 

population of low-conductance channels, with low sensitivity to magnesium 

(Momiyama et aL, 1996). However there is no evidence for any synaptic contribution 

from these receptors in Purkinje cells (Perkel et aL, 1990; Llano et aL, 1991; Farrant 

& Cull-Candy, 1991). Recombinant studies suggest that receptors composed of the 

NRl and NR2D subunits have slow deactivation kinetics (Monyer et aL, 1994, Vicini 

et aL, 1998, Wyllie et aL, 1998), low Mĝ "̂  sensitivity (Monyer et aL, 1994, Wyllie et 

aL, 1996) and a low Popen. Given the unusual properties of this subtype of NMDA 

receptor, the study and characterisation of cell types containing the NR2D subunit is 

an essential step in understanding the part these receptors play in cellular responses.
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In situ hybridisation studies suggest that Golgi cells at P14 contain mRNA for the 

NRl and NR2D subunit (Akazawa et al, 1994, Watanabe et a l, 1994). Although this 

does not necessarily mean that these are the only subunits present in these cells, or 

that functional NMDA receptors are expressed, it raised the interesting possibility that 

these cells may have low-conductance channels. The results presented in this chapter 

focus on determining the types of NMDA receptors expressed in Golgi cells using 

pharmacological and biophysical means.
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4.3 RESULTS

4.3.1 Extrasynaptic NMDA receptors in Golsi cells

Golgi cells were identified as described in Chapter 3. Recordings were made from 

outside-out patches in the presence of IpM strychnine and lOpM bicuculline, to block 

glycinergic and GABAergic receptors, and 5pM CNQX to block non-NMDA 

receptors.

4.3.1.1 Functional and biophysical properties o f NMDA receptor channels

Application of lOpM NMDA and lOpM glycine resulted in single-channel activity in 

all outside-out patches (n=50). As shown in Figure 4.1 A, we observed openings to 

different conductance levels, as well as transitions between these conductance levels; 

transitions occurred between levels 1 and 2, and between levels 2 and 3, but not 

between levels 1 and 3. The amplitudes of these openings remained stable during 

individual recordings, as shown in the amplitude stability plot in Figure 4.IB. Three 

bands of events were detectable corresponding to three different conductance levels. 

The number of events contributing to each band varied with time.

In order to construct current-voltage relationships, each patch was held at a number of 

different potentials. All point amplitude distributions of single-channel events at each 

potential were constructed using FETCHAN (pClampb). These distributions were 

fitted with the sum of several Gaussian components and mean single-channel current 

estimates were obtained at each potential. A current-voltage relationship for one 

conductance level from one patch is shown in Figure 4.1C. In nominally Mĝ "̂  free 

solution, the relationship was linear and reversed polarity at -1.87 ± 1.02mV (n=7). 

The gradient of the current-voltage relationship for each cell was used to obtain 

estimates for the slope conductances of channel openings. Such analysis of NMDA 

receptor activity in 18 patches revealed the presence of a high-conductance channel 

with 49.7 ± 0.9pS openings. These openings were present in all patches, and were 

associated with a lower 40pS sub-conductance state; clear transitions occurred 

between the main- and sub-conductance states. These conductance levels are

65



Figure 4.1 Cerebellar Golgi cells contain NMDA receptors with multiple- 

conductances.

A, outside-out patch recordings at -70mV from P14 Golgi cells, in response to lOpM 

NMDA and lOpM glycine. The three conductance states (1, 2 and 3) and closed state 

(C) are indicated by dashed lines. The filled circles indicate transitions between the 

main-conductance and sub-conductance of the high-conductance openings and the 

open circles indicate similar transitions for the low-conductance openings. B, 

amplitude stability plot for a single outside-out patch held at -70mV. Three bands of 

events are detectable corresponding to different conductance states. C, current- 

voltage relationship obtained for high-conductance NMDA-evoked, single-channel 

activity, in Mg '̂^-free solution. Linear regression analysis in this cell, provided an 

estimate for the slope conductance of 55 pS and reversal potential of -1.53mV. D, 

amplitude distribution of single-channel NMDA-evoked events from an individual 

outside-out patch at -70mV. Fitted amplitudes were obtained from time-course fitting 

analysis and histograms were fitted with the sum of three Gaussians giving 

conductance estimates of 18.7 pS (7.2%), 37.3 pS (39.3%) and 49.9 pS (53.5%).
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characteristic of ‘high-conductance’ NMDA receptors (Cull-Candy et aL, 1995). In 

addition to these events, ‘low-conductance’ channel openings of 39.4 ± 1.4pS were 

also present in -50% of patches. These exhibited frequent direct transitions to a 

lower, 19.4 ± 0.9pS conductance state. These low-conductance estimates were 

calculated as chord conductances (n=9), using the mean reversal potential of the high- 

conductance openings to estimate the driving force on the cell. We did not observe 

any patches that contained only low-conductance openings.

Analysis of the transitions between the main- and sub-conductance states of NMDA 

channels, can provide useful information about the subunit composition of NMDA 

receptors. NR2A- and NR2B-containing NMDA receptors give rise to high- 

conductance receptors with symmetry of transitions between the main- and sub

conductance level. NR2C- and NR2D-containing NMDA receptors both give rise to 

low-conductance channels, but the NR2D-containing NMDA receptors are 

characterised by asymmetry of transitions between their main- and sub-conductance 

levels (Momiyama et aL, 1996).

To obtain further information about the transitions between the main- and sub

conductance states, single-channel currents from some Golgi cell patches were 

analysed with time-course fitting. An amplitude histogram, showing the three 

different conductance states identified from time-course fitting, is illustrated in Figure

4. ID. We found no evidence for asymmetry of opening in three cells where the 

transitions between 50pS and 40pS were examined in detail. Thus, transitions 

originating in the 40pS level and progressing to the 50pS level (51.8 ± 1.4%) were as 

prevalent as those from the 50pS to the 40pS state (48.3 ± 1.4%). Examples of such 

transitions are depicted in Figure 4.2A (inset). The low-conductance openings, on the 

other hand, displayed clear asymmetry of transitions. In all patches, transitions from 

the 39pS to the 19pS conductance state (level 2 —> level 1 in Figure 4.2B) were more 

prevalent (63.7 ± 4.1%) than transitions form the 19pS to the 39pS state (36.3 ± 

4.1%). The ‘asymmetry plot’ in Figure 4.2C illustrates this imbalance of transitions 

in a single patch. The number of points scattered in the level 2 -> 1 quadrant clearly 

outnumber those in the level 1 —> 2 quadrant, while transitions between level 2 and 3 

exhibited no apparent differences in number. Such asymmetry was evident in all

68



Figure 4.2 Low-conductance openings in cerebellar Golgi cells show asymmetry 

of transitions.

Single-channel activity was evoked in response to lOpM NMDA and lOpM glycine. 

A, high-conductance openings from a P14 Golgi cell outside-out patch at -70mV. A 

small section of the recording is shown on an expanded time-scale (lower trace). The 

dashed lines indicate different conductance states (2 and 3) and the closed state (C). 

Clear transitions between the main- (3) and sub-conductance (2) of the high- 

conductance openings are visible. Transitions from level 3 —> 2 (50 40pS) were as

prevalent as those from 2 ^ 3 .  B, low-conductance openings from an outside-out 

patch from a P14 Golgi cell at -70mV. Clear transitions between the main- (2) and 

sub-conductance (1) of the low-conductance openings are clearly visible. Transitions 

from level 2 - ^ 1  were more prevalent than those from level 1 —> 2 (19 —> 39pS). C, 

the graph illustrates the frequency of occurrence of transitions between two 

consecutive conductance states (excluding the closed state). Dots above the diagonal 

solid line represent transitions in the opening direction: 2 —> 3 and 1 —> 2. Dots below 

the line represent transitions in the closing direction: 3 —> 2 and 2 —> 1. There is 

scatter associated with each of the conductance levels. The asymmetry associated 

with the low-conductance channels is evident: 2 —> 1 transitions (steps from 39 —> 

19pS) greatly exceed 1 —> 2 transitions (19 —> 39pS). This contrasts with the 

symmetry observed in transitions associated with the high-conductance channels.
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Table 4.1 Analysis of types of transitions between conductance levels of NMDA 

receptors.

Results are from 3 separate patches. Possible transitions are grouped into the 12 

combinations: C (closed) —> 1 (19pS) and 1 ^  C, C 2 (39pS or 40pS) and 2 C, 

C —̂ 3 (50pS) and 3 —> C, 1 —̂ 2 and 2 —̂ 1, 2 —> 3 and 3 —̂ 2, 1 —̂ 3 and 3 —̂ 1. 

The majority of transitions are from the closed to the main-conductance state (50pS) 

or to the 40pS or 39pS state. Note the absence of transitions between conductance 

levels 1 (19pS) and 3 (50pS).
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to

Transition Patch 1 
(n=9839)

Patch 2 
(«=9948)

Patch 3 
(«=15337)

Mean ±SEM % transitions

C -^  1 1.7% 8.2% 1.1% 3.6 ± 2.3% 8.5%

1 -> C 2.8% 10.5% 1.5% 4.9 ± 2.8%

C - ^ 2 27.1% 22.7% 12% 20.6 ± 4.5% 40%

2 - ^ C 26.1% 20.4% 11.5% 19.4 ±4.2%

C - > 3 16.7% 11.3% 32.4% 20.1 ±6.3% 40.6%

3 - > C 16.9% 11.6% 33% 20.5 ± 6.4%

1 ^ 2 0.7% 4.4% 0.5% 1.9 ±1.3% 4.9%

2 ->  1 1.7% 6.4% 0.8% 3.0 ±1.7%

1 ^ 3 0.2% 0.5% 0.4% 0.4 ±0.1% 0.8%

3 ^ 1 0.1% 0.5% 0.4% 0.4 ±0.1%

2 - > 3 3.0% 1.9% 3.3% 2.7 ± 0.5% 5.3%

3 ^ 2 3.0% 1.6% 3.1% 2.6 ±0.5%



patches containing low-conductance channels. Table 4.1 summarises transition data 

from three individual patches. The majority of transitions occurred between the main 

states (C 3 or C <-> 2). Only transitions between 1 <-> 2 or 19 39pS events 

showed asymmetry. The small number of events observed between the 1 ^  3 levels 

are not statistically significant and probably represent incorrectly ascribed transitions. 

Thus, the absence of clear transitions between the 19pS and the 50pS state (1 <-> 3) is 

consistent with the idea that the single-channel events arise from at least two distinct 

receptor populations.

Various studies have looked at the open period distributions of recombinant and 

native NMDA receptors. It is apparent that NMDA receptors have different open 

period distributions depending on the NR2 subunits involved (Stem et aL, 1992; 

Farrant et aL, 1994; Momiyama et aL, 1996; Wyllie et aL, 1996), providing another 

feature by which the NR2 subunit composition of NMDA receptors can be identified. 

Figure 4.3 shows open period distributions for the three conductance levels examined 

with time-course fitting. Each conductance level has been separated from the others 

by defining a critical amplitude range (see Methods). Figure 4.3A shows the open 

period distribution for the 39pS level (the main-conductance state of the low- 

conductance openings). This was best fit with a single exponential giving a x value of 

1.20 ms. Similar single exponential fits for the 19pS openings (Figure 4.3B) and the 

high-conductance 50pS level (Figure 4.3C), gave x values of 1.39ms and 1.49ms 

respectively.

The mean x values were 1.11 ± 0.05ms for the 39pS level, 1.45 ± 0.18 ms for the 

19pS level and 2.7 ± 0.6ms (n=3) for the 50pS level. As shown in Table 4.2, these 

values are comparable with the x values from previous studies. The 40pS 

conductance level was not fit separately, since it represented a mix of the sub

conductance of the 50pS level and the main-conductance of the low-conductance 

channel (see Discussion).

These data indicate that patches from Golgi cells express at least two distinct types of 

NMDA receptors. The high-conductance openings show properties consistent with 

the presence of NR2A- or NR2B-containing NMDA receptors. The low-conductance
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Figure 4.3 Open period distributions for types of NMDA channels in Golgi cells.

Distributions are from a single patch held at -70mV. (A, B), distributions of the 

durations of open periods, spent entirely within the 39pS and 19pS amplitude 

windows respectively. Number of events are expressed in square root scale. Both 

distributions were fitted with a single exponential with mean x values of 1.20 ms and 

1,39ms respectively. C, distributions of the durations of open periods spent at the 

high-conductance, 50pS level. Single exponential fit gave a mean x value of 1.49ms. 

Note that the sub-conductance of the high-conductance openings, the 40pS level has 

not been separately fitted, owing to the difficulty associated with distinguishing it 

from the 39pS level. Equally, the 39pS open period distribution may have a 

contribution from these 40pS events.
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--JCZ\

Preparation Low-conductance - 
Main ~ 39pS

Low-conductance - 
Sub -  19pS

High-conductance - 
Main ~ 50pS

High-conductance 
Sub ~ 40pS

Misra et aL, 1998 Native Goigi cells 
putative NR2D

1.11 ± 0.05 ms 1.45 ± 0.18 ms

putative NR2B 2.7 ± 0.6 ms

Momiyama at a/., 
1996

Native Purkinje cells 
NR1-NR2D

0.74 ± 0.07 ms 1.27 ± 0.18 ms

Wyllie at al., 1996 Recombinant
NR1-NR2D

1.01 ± 0.04 ms 1.28 ±0.06 ms

Farrant at al., 1994 Native granule cells 
putative NR2A

putative NR2C 0.85 ± 0.15 ms

3.4 ± 0.4 ms

Howe at a!., 1991 Native granule cells 
putative NR2B

3.2 - 3.9 ms 0.9 -1.2 ms

Stern at a!., 1992 Recombinant
NR1-NR2A

2.7 ± 0.7 ms 0.61 ± 0.05 ms

NR1-NR2B 2.8 ± 0.3 ms

NR1-NR2C 0.61 ± 0.08 ms 0.61 ± 0.13 ms 0.59 ± 0.07 ms

Brimecombe at a!., 
1997

Recombinant
NR1-NR2A

2.6 ± 0.3 ms

NR1-NR2B 2.9 ± 0.3 ms

NR1-NR2C 0.7 ± 0.1 ms

Table 4.2 Channel ‘open periods’ for native and recombinant NMDA receptors.



openings show properties characteristic of NMDA receptors containing the NR2D
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4.3.1.2 P h a rm a c o lo s ic a l  p ro p er t ie s  o f  N M D A  recep tors  in G o ls i  ce lls  

4.3.1.2a Effect o f  ifenvrod il  on m a cro sco p ic  responses

Analysis of biophysical properties of channels allows discrimination between NR2C- 

and NR2D-containing NMDA receptors, but does not provide any distinction between 

NR2A- or NR2B-containing NMDA receptors. However, pharmacological 

distinctions can be made between NR2A- and NR2B-containing NMDA receptors. 

Recent studies have demonstrated that ifenprodil (Williams, 1993), the ifenprodil 

derivative CPIOI 606 (Chenard et al., 1995) and haloperidol (Ilyin e t  a l ,  1996) are all 

capable of selectively blocking NR2B-containing NMDA receptors. The most 

thoroughly characterised of these compounds is ifenprodil. This is an atypical non

competitive antagonist, which exhibits 100-300-fold higher affinity for NR2B- 

containing NMDA receptors than for NR2A-containing NMDA receptors (Williams, 

1993). Whole-cell recordings were made from Golgi cells (at a holding potential o f -  

60mV), in the presence of 10p,M bicuculline, l|iM strychnine, 5|xM CNQX and 

300nM TTX, (to block action potentials). The internal solution contained TEA and 4- 

AP (see Methods) to reduce contributions from channels activated at this holding 

potential. Pressure application of lOpM NMDA and lOjiM glycine from a pipette 

positioned close to the cell, elicited a large inward current with a mean amplitude of 

119.8 ± 18.3pA ( n = \4 )  at -60mV. As illustrated in Figure 4.4A co-application of 

10)iM ifenprodil inhibited the whole-cell NMDA currents by 78.9 ± 2 .1 %  (n=8).

4.3.1.2b Effect o f  ifenprodil  on m icroscop ic  channel p ro p er t ie s  in G o l s i  cells

The effect of ifenprodil on single NMDA-channels was examined on outside-out 

patches from P14 Golgi cells. Single NMDA-channel openings became briefer in the 

presence of lOpM ifenprodil (Figure 4.4B). To quantify this effect, the charge 

transfer through NMDA channels was calculated in a total of 10 patches. Several
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Figure 4.4 High-conductance NMDA receptors in Golgi cells are blocked by 

ifenprodil.

A, whole-cell recording from a P14 Golgi cell voltage clamped at -60mV. The large 

inward current was elicited by pressure ejection of 50pM NMDA and lOpM glycine 

(horizontal black bar). Co-apphcation of lOpM ifenprodil (open bar) caused an 80% 

block of the current. This block was reversible. B, outside-out patch recording from 

a P14 Golgi cell at -70mV. Single-channel activity was evoked in response to lOpM 

NMDA and lOpM glycine. In the presence of lOpM ifenprodil (lower trace), single

channel openings became briefer. C, concentration inhibition relationship for the 

action of ifenprodil on Golgi cell outside-out patches. Results are from 2 - 1 0  patches 

testing 6 different concentrations of ifenprodil. The relationship was fitted with the 

Hill equation and an IC50 of 20nM and Hill slope in) of 0.9 was estimated (dashed 

lines).
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consecutive 100ms epochs of channel activity were integrated and the mean charge 

transfer determined. Such analysis was performed over a range of ifenprodil 

concentrations. The results are plotted in the form of a concentration-response 

relationship in Figure 4.4C. This relationship was fitted with the Hill equation, with 

an estimated IC50 for ifenprodil of 20nM. This is consistent with the high affinity of 

NR2B-containing NMDA receptors for ifenprodil, as shown previously by a number 

of studies on recombinant receptors (Williams, 1993, Priestley et a l, 1995). The 

maximal inhibition was 73.2%, indicating that not all NMDA-mediated channel 

activity was blocked by ifenprodil, in accord with previous studies that report a 

reduction in channel open times in the presence of ifenprodil, but not a complete 

block of activity (Williams, 1993). It was possible that the residual activity in 

ifenprodil was due, in part, to the activity arising from low-conductance channels. 

However, as most patches displayed brief high-conductance NMDA openings in the 

presence of ifenprodil (n=9), it was not possible to unambiguously distinguish 

between these and low-conductance channels in the residual current.

In one patch where the high-conductance openings in the presence of ifenprodil were 

infrequent, the channels were analysed with time-course fitting in the presence and 

absence of ifenprodil. The resulting amplitude histograms, are illustrated in Figure 

4.5. In control conditions (Figure 4.5A), three distinct amplitude peaks are 

discernible, corresponding to the 50pS state (3) the 40pS level (2), and the 18pS 

conductance (1). In the presence of ifenprodil (Figure 4.5B), high-conductance 

openings made little contribution to the distribution. Although, the original 

unanalysed record from this cell contained some brief high-conductance events, these 

were not of sufficiently long duration to be included (see Methods). Interestingly, in 

the presence of ifenprodil, the number of events contributing to the mid-conductance 

~40pS peak was reduced, as expected if these can be ascribed, in part, to the high- 

conductance channels. Transition analysis’ was also performed on this patch. Figure 

4.6 illustrates 3-dimensional plots of the frequency of transitions in control 

conditions, and in the presence of ifenprodil. In the absence of ifenprodil the high- 

conductance openings were symmetrical, as indicated by the similar sized peaks in 

Figure 4.6A (background). The low-conductance openings displayed asymmetry 

(foreground). In the presence of lOpM ifenprodil the high-conductance transitions
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Figure 4.5 Low-conductance openings are not blocked in the presence of 

ifenprodil.

Time-course fitted single-channel events from a single patch at -70mV. A, 

amplitude histogram of events in the presence of lOpM NMDA and lOpM glycine, 

fitted with the sum of three Gaussians. Three peaks are evident corresponding to the 

high 50pS level (3), and the lower 40pS (2) and 18pS level (1). B, amplitude 

histogram from the same patch at -70mV in the presence of lOpM ifenprodil. The 

peak corresponding to the high-conductance openings (3) has been reduced. The 

distribution has been fitted with the sum of two exponentials. Note the reduction in 

the number of 40pS (2) events. Note, the number of events contributing to peak 2 

has been reduced in the presence of ifenprodil.
81



A

5.0 5.0

CONTROL

m à ®
0.0 0.0

B
IFENPRODIL

0.0 0.0

Figure 4.6 Ifenprodil-insensitive events show asymmetry of transitions -  
characteristic of NR2D-containing NMDA receptors.
3-dimensional transition plots constructed from analysis of single-channel events 
from a P14 Golgi cell outside-out patch at -70mV. A, distribution of transitions in 
the presence of lOpM NMDA and lOpM glycine. The peaks in the background 
correspond to transitions associated with the high-conductance openings: transitions 
from the 50 -> 40pS and 40 50pS levels. These peaks are similar in size indicating 
the symmetry of high-conductance transitions. The peaks in the foreground 
correspond to transitions associated with the low-conductance openings: transitions 
from the 18 -^38pS and 38 18pS levels. There is asymmetry associated with these 
transitions as indicated by the different sized peaks. B, in the presence of lOpM 
ifenprodil, the peaks corresponding to high-conductance transitions, are significantly 
reduced, leaving a trace of events in the background of the plot. In the foreground, 
the asymmetry associated with the low-conductance openings is still apparent.
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were all but eliminated, leaving the obvious asymmetry of the low-conductance 

openings (Figure 4.6B).

4.3.2 Hish-conductance NMDA receptors in misratins granule cells

In order to interpret more clearly the effect of ifenprodil on the mixed NMDA 

receptor containing population in Golgi cells, the action of ifenprodil on native cells 

thought to contain a single type of NR2 subunit was examined. Migrating granule 

cells possess mRNA for the NRl and NR2B subunit (Akazawa et al., 1994), and 

express high-conductance NMDA receptors (Farrant et a i, 1994). Since there is little 

evidence for the presence of any other NR2 subunit, it is likely that these cells express 

a ‘pure’ NR2B-containing population of NMDA receptors. Thus, they provide a 

convenient system in which to test the effect of ifenprodil, on native NR2B- 

containing receptors. Outside-out patch recordings were made from PIO migrating 

granule cells held at a potential of -60mV. Application of lOpM NMDA and lOpM 

glycine resulted in 50/40pS high-conductance channel activity as shown in the control 

recording from an outside-out patch, in Figure 4.7A. In the presence of 10|LiM 

ifenprodil, channel activity was significantly reduced, but not completely blocked 

(lower trace Figure 4.7A). The block observed in migrating granule cells was 

qualitatively similar to that seen in Golgi cells. Figure 4.7B shows charge transfer in 

the presence and absence of ifenprodil from a single patch. In the presence of 

ifenprodil the current integral lies around the 0 pAms range. This contrasts with the 

scatter observed in control conditions. Similar results were obtained in 5 cells, with 

an average block in the presence of lOpM ifenprodil of 84.8 ± 4.7% (p<0.05). A 

concentration-inhibition relationship for the action of ifenprodil on migrating granule 

cell patches is shown in Figure 4.7C. The channel activity was blocked in a dose- 

dependent manner, with an IC50 of 21.9nM, similar to that seen in Golgi cells. 

However, in contrast to the Golgi cell experiments, which gave a maximal inhibition 

by ifenprodil of 73.2, the maximal inhibition by ifenprodil in the migrating granule 

cell experiments was 84.4%. This  ̂indicate, ^a greater degree of block is possible in 

granule cells, where all the NMDA receptors are likely to be NR2B-containing.
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Figure 4.7 High-conductance NMDA receptors in migrating granule cells are 

blocked by ifenprodil.

A, outside-out patch recordings from a PIO migrating granule cell in response to 

lOjxM NMDA and lOpM glycine. All single-channel openings were to the high- 

conductance level. The lower trace corresponds to recordings from the same cell in 

the presence of lOpM ifenprodil. The frequency of openings was markedly reduced.

B, analysis of single-channel events in outside-out patches. Each dot represents the 

charge transfer through NMDA channels during a 100ms epoch, in response to lOpM 

NMDA and lOpM glycine (open circles). In the presence of ifenprodil, the charge 

transfer is reduced (filled circles), contrasting with the scatter associated with control 

conditions. Only those records were used, in which patches displayed stable channel 

activity during entire recording periods. C, concentration-inhibition relationship for 

the action of ifenprodil on migrating granule cell outside-out patches. 4 different 

ifenprodil concentrations were used. The data is the average from 5 patches and was 

fitted with the Hill equation. An IC50 of 21.9nM and Hill slope (n) of 0.8 was 

estimated (dashed lines).
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4.3.3 Low-conductance NMDA receptors in Purkinie cells

In order to determine the effect of ifenprodil on a ‘pure’ population of native NR2D- 

containing NMDA receptors, we examined NMDA receptors in Purkinje cells. 

Purkinje cells contain mRNA for the NR2D subunit during the first two postnatal 

weeks. The ubiquitous NRl subunit is expressed persistently, even in the adult 

(Akazawa et al, 1994). In combination, these subunits give rise to a population of 

low-conductance NMDA receptors (Momiyama et a l, 1996). Application of lOpM 

NMDA and lOpM glycine to outside-out patches from P6 Purkinje cells resulted in 

activation of low-conductance channel openings (n=5). This single-channel activity 

appeared to be unaffected in the presence of 10|liM ifenprodil (lower traces in Figure 

4.8A). The charge transfer through open NMDA channels was calculated, by 

integrating over consecutive 100ms epochs. Data from a typical patch is shown in 

Figure 4.8B; note the marked scatter of points in the presence and absence of 

ifenprodil. Although there was a slight reduction in charge transfer in the presence of 

ifenprodil, (14.2 ± 10%), the results from 5 cells indicated that this reduction was not 

significant, P>0.2; Figure 4.8C. Thus these data show that a native, solely NR2D- 

containing NMDA receptor population is insensitive to lO^iM ifenprodil.

Assuming that the properties of NR2D-containing NMDA receptors remain the same 

in the presence of other NR2 subunits, our results suggest that the residual current in 

the presence of ifenprodil observed in Golgi cells, could arise from two populations of 

channel events. Ifenprodil insensitive NR2D-containing, low-conductance NMDA 

channels and brief high-conductance channel openings, due to partially blocked 

NR2B-containing receptors.

4.3.4 Z/2 ~̂̂ inhibition o f NMDA receptors

The high-conductance channel openings recorded in Golgi cell patches were highly 

sensitive to blockade by ifenprodil, suggesting that they arise from NR2B-containing 

NMDA receptors. As an additional control, the effect of the zinc chelator, TPEN was 

tested on NMDA responses in Golgi cells. This agent has been shown to potentiate 

the NMDA evoked responses of recombinant NR2A-containing NMDA receptors (by
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Figure 4.8 Low-conductance NMDA receptors in Purkinje ceils are not blocked 

by ifenprodil.

A, outside-out patch recordings from a P6 Purkinje cell in response to lOjiM NMDA 

and lOpM glycine held at -60mV. All openings are of the low-conductance type. 

Transitions between the conductance states are evident. The lower trace corresponds 

to channel openings in the presence of lOpM ifenprodil. Ifenprodil had no effect on 

either the frequency or conductance of openings. B, analysis of charge transfer in 

outside-out patches. Each dot represents the charge transfer through open NMDA 

channels in response to 10|iM NMDA and lOpM glycine (closed circles). Charge 

transfer, was not affected in the presence of ifenprodil (open circles), as shown by the 

similar scatter of points. C, bar graph of the mean results from 5 cells. A shght 

reduction in the charge transfer in the presence of ifenprodil was observed. This 

reduction was not significant (P>0.05).
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Figure 4.9 NMDA evoked activity in Golgi cells is not potentiated by TPEN.

A, whole-cell response of a P14 Golgi cell held at -60mV. Horizontal filled bar 

indicates duration of pressure ejection of lOpM NMDA and lOpM glycine. Co

application of IpM TPEN does not change the NMDA-evoked current (open 

horizontal bar). B, whole-cell response of a P6 internal granule cell to lOpM NMDA 

and 10|iM glycine (filled bar) held at -60mV. In the presence of 1|liM  TPEN (open 

horizontal bar), the NMDA-evoked response was potentiated by 40%. C, bar graph 

showing average results from granule and Golgi cells. The mean results from 15 

patches indicate a 38 ± 0.1% potentiation in the presence of IpM TPEN. This was 

significantly different from control data (P<0.05). In contrast in Golgi cells, TPEN 

did not potentiate NMDA-evoked currents significantly (P>0.05).
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4.4 DISCUSSION

This chapter has been concerned with the characterisation of NMDA receptor 

channels in cerebellar Golgi cells. Pharmacological and biophysical approaches have 

been used to determine the NR2 subunits contributing to NMDA channels in these 

cells. The experiments have provided two main findings. First, Golgi cells possess 

functional NMDA receptors. Second, at least two distinct types of NMDA receptor 

can be identified in patches from these cells, which exhibit properties characteristic of 

NR2B- and NR2D-containing NMDA receptors.

Further, these results provide a clearer interpretation of some of the earlier studies 

which identified multiple conductance states associated with NMDA receptors. The 

possible existence of other types of NMDA receptor in the Golgi cell, arising from co

assembly of multiple NR2 subunits cannot be ruled out on the basis of these results. 

These various aspects are discussed below.

4.4.1 Previous information on possible NMDA subunits present in Golsi cells

Specific data charting the changes in mRNA expression of NMDA receptor subunits 

in Golgi cells, during development, is limited. Various studies allude to the presence 

of mRNA for the NR2D subunit in Golgi cells, along with all isoforms of the NRl 

subunit (Akazawa et al., 1994). The presence of NR2B subunits in cerebellar Golgi 

cells of the rat has not been convincingly predicted by previous in situ hybridisation 

studies. In contrast, a recent study of human autopsy tissue reported the presence of 

NR2B mRNA but showed no evidence for NR2D subunit expression (Scherzer et al., 

1997). This apparent contradiction may result from the difficulties associated with 

accurately gauging the expression patterns of NMDA receptor subunits in such sparse 

and irregularly distributed cells. It could also be that species and / or age differences 

occur in the expression of NMDA receptor subunits in cerebellar Golgi cells. 

However, since the presence of mRNA in itself does not necessarily mean that the 

subunit protein is synthesised or incorporated into a functional receptor, it seems 

imperative to use pharmacological or biophysical methods to determine the identity of 

functional NMDA receptor subtypes. Results presented in this chapter show the 

presence of NR2D-containing low-conductance NMDA receptors, as identified from
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their asymmetry of transitions. These NR2D-containing NMDA receptors were not 

present in all patches suggesting that their density was low compared to the high- 

conductance openings. Alternatively they could exhibit a low open probability under 

these recording conditions. However, it is surprising that in situ hybridisation did not 

detect mRNA encoding the NR2B subunit in the rat, given that it is responsible for the 

majority of NMDA receptors in cerebellar Golgi cells.

4.4.2 Identification o f native NR2D-containins NMDA receptors

Several lines of evidence suggest that one of the NMDA receptor subtypes observed 

in Golgi cells is the NR2D-containing NMDA receptor. The biophysical evidence is 

as follows:

i. The channel exhibits low-conductance openings (19 and 39pS) typical of NR2D- 

containing NMDA receptors.

ii. The conductance levels show asymmetry of transitions (39 —> 19pS more 

prevalent than 19 39pS), typical of NR2D-containing NMDA receptors.

iii. The mean open periods of the two conductance levels are comparable to those 

previously described for NR2D-containing receptors.

50% of the patches examined (n=9) contained NMDA-channels that opened to low- 

conductance levels, typical of NR2D- or NR2C-containing NMDA receptors. These 

openings showed asymmetry of transitions indicating that they arose from NRl and 

NR2D-containing NMDA receptors (Momiyama et a l, 1996; Wyllie et a l, 1996). 

The asymmetry observed in the current study is comparable to that seen by 

Momiyama et al., (1996). This type of asymmetry is not present in receptors formed 

from the other NR2 subunits (Momiyama et at., 1996).

Analysis of open period distributions and asymmetry in this study revealed that the 

sub-conductance state of the low-conductance openings (19pS level) had a longer 

duration than the main-conductance of the low-conductance openings (39pS). This is 

in accord with previous studies of NR2D-containing receptors, (Momiyama et at., 

1996; Wyllie et al., 1996), see Table 3.2, and also in agreement with the properties of
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low-conductance openings described in cultured cells (Cull-Candy & Usowicz, 

1987a; 1989). It is likely that the open period distribution ascribed to the low- 

conductance main state of 39pS, has a contribution from the 40pS state (sub

conductance of the high-conductance state). Stem et al., (1992) have shown that this 

40pS state has a very brief open time, both for NR2A- and NR2B-containing NMDA 

receptors. It may be therefore, that the x value of 1.11 ± 0.05ms estimated for the 

39pS state is biased towards smaller values. However, the 19pS level is not subject to 

such a bias, and the values obtained both for the sub- and main- state of the low- 

conductance openings fall within the same range as those previously described, see 

Table 4.2. Durations for NR1/NR2C containing NMDA receptors (both the sub- and 

main-level) are very brief (Stem et al., 1992; Farrant et al., 1994), and this provides 

another means of distinguishing NR2C- and NR2D-containing (brief main-level and 

longer sub-level) NMDA receptors.

4.4.3 Evidence for the presence ofNR2B~containins NMDA receptors in Golei cells

The high-conductance NMDA activity detected in outside-out patches from Golgi 

cells, was markedly surpressed in the presence of ifenprodil as was the activity in 

migrating granule cells. The ICso’s for ifenprodil block in Golgi and granule cells 

were 20 and 21.9nM respectively, approximately 10 fold less than values previously 

reported for pure NR1/NR2B populations expressed in recombinant systems. 

Williams, (1993) reported an IC50 of 0.34pM for the action of ifenprodil on 

recombinant NR1/NR2B receptors in Xenopus Oocytes. Several other studies on 

recombinant receptors also report IC50 values in the micromolar rather than the 

nanomolar range. This apparent discrepancy may perhaps reflect differences between 

receptors in cultured expression systems and native systems, since studies describing 

the IC50 for ifenprodil on native receptors are limited. Altematively, co-assembly of 

more than one NR2 subunit may explain the discrepancy (see section 4.4.5).

The Zn̂ "̂  chelator TPEN, potentiated the NMDA receptor mediated response in 

mature granule cells. These cells have been shown to express mRNA for the NR2A 

and NR2B subunit (as well as NRl), and correspondingly possess high-conductance 

NMDA receptors (Farrant et al., 1994). The observed potentiation of NMDA-evoked
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responses in granule cells, indicated that heterogenous NMDA receptor populations 

also display TPEN sensitivity. Previous work with TPEN in recombinant systems has 

focussed solely on NR1/NR2A containing populations (Paoletti et a l, 1997). TPEN 

failed to potentiate responses in Golgi cells, indicating that NR2A subunits do not 

contribute to the pharmacological properties of NMDA receptors present within this 

cell type.

4.4.4 Earlier observations on multiple conductance levels

The results presented in this chapter demonstrate that low- and high-conductance 

single-channel openings reflect distinct types of NMDA receptor. This observation 

provides an explanation of the multiple conductance levels of NMDA receptors 

described in earlier studies (Jahr & Stevens, 1987; Cull-Candy & Usowicz, 1987a, 

1989; Ascher et al., 1988). Cull-Candy & Usowicz, (1987b; 1989) have studied the 

single-channel properties of cultured ‘large cerebellar cells’ such as Purkinje cells and 

deep cerebellar nuclei. As discussed by Momiyama et al., (1996), the low- 

conductance openings observed in these cultured cells can be ascribed to NR2D- 

containing NMDA receptors on the basis of their conductances, asymmetry of 

transitions and channel open times.

4.4.5 Co-assembly o f multiple NR2 subunits within a sinsle receptor comvlex

NMDA receptors in the extrasynaptic membrane of cerebellar Golgi cells, exhibit 

properties associated with either NR2B- or NR2D-containing NMDA receptors. 

Analysis of single-channel behaviour revealed that NMDA receptors with 

intermediate conductances were not observed in these patches. This suggests that the 

presence of multiple NR2 subunits within a single cell does not necessarily result in 

the presence of additional NMDA receptor subtypes with distinct single-channel 

properties, which could be associated with co-assembly of these subunits.

During formation of individual NMDA receptors, there may be some preference for 

similar NR2 subunits to co-assemble (along with the appropriate number of NRl 

subunits). However, it is also possible that co-assembly of different NR2 subunits 

does take place, but the properties of the receptor are dictated by the presence of a
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particular NR2 subunit within an assembly. In such a situation, the degree of channel 

heterogeneity would reflect the relative abundance of one particular subunit. Cells 

expressing a high level of NR2B and a low level of NR2D, for example, would 

express properties consistent with the presence of NR2B-containing NMDA 

receptors, if one type of subunit were dominant.

From in situ hybridisation studies it is apparent that the presence of multiple NR2 

subunits, within a single cell type, could be a common feature amongst CNS 

neurones. For example, multiple NR2 subunits are present in cerebellar granule cells, 

where the contribution of the NR2A, NR2B and NR2C subunits changes during 

development. One notable exception to this generalisation is the Purkinje cell, which 

contains only mRNA for the NR2D subunit. In accordance with the expression of a 

single NR2 subunit, Purkinje cells exhibit a single type of NMDA receptor 

(Momiyama et al., 1996). In a majority of studies however, native NMDA receptor 

single-channel activity can be divided into discrete high-conductance (NR2B- or 

NR2A-containing) and low-conductance (NR2C- or NR2D-containing) openings. It 

would appear, therefore, that NR2A/2B subunits do not usually co-assemble with 

NR2C/2D subunits to produce NMDA receptors with unique single- channel 

properties. However, Ebralidze et al., (1996) have reported a range of intermediate 

conductances in mature granule cells, which they interpreted to result from receptor 

assemblies with varying ratios of NR2A and NR2C subunits. These intermediate 

conductances were not detected in other studies (Farrant et al., 1994, Takahashi et al., 

1996, Feldmeyer & Cull-Candy, 1996). A range of conductances have also been 

reported for neurones of the rat forebrain (Plant et al., 1997).

It seems possible therefore, that NR2 subunits giving rise to either high- or low- 

conductance NMDA receptors may co-assemble to produce other NMDA receptor 

subtypes with novel single-channel properties. In Golgi cells, however, the current 

data suggest this may not be the case.
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4.4.5.1 Immumnoprecipitation studies show the existence o f multiple NR2 subunits 

within a sinsle receptor complex

Immunoprécipitation studies have clearly indicated that two types of NR2 subunits 

can occur within the same receptor complex (Wafford et al., 1993; Sheng et al., 

1994). The proportions of dimeric heteromers (NRl and one NR2 subunit) vs. 

trimeric heteromers (NRl and two NR2 subunits) in native NMDA receptors remains 

to be determined in cerebellar neurones, as does the functional significance of this co

assembly. However, a recent study on adult mammalian forebrain (Chazot & 

Stephenson, 1997) directly demonstrated triple subunit combinations 

(NR 1/NR2A/NR2B) within individual complexes of native receptors, (although such 

receptors represented only a minor subset). Another study showed that, while a 

dimeric complex composed of only NR1/NR2D subunits occurs in the thalamus, in 

the midbrain the NR1/NR2D complexes are always trimeric heteromers, containing 

either NR2A or NR2B (Dunah et al., 1998). Therefore while the complexes 

comprising the majority of native receptors can contain one or two types of NR2 

subunit, this may vary between cell types (see Chazot & Stephenson, 1997; Dunah et 

al., 1998). Further experiments are needed using recombinant receptors to assess the 

effect of multiple NR2 subunits on NMDA receptor single-channel properties.

4.5.5.2 Effect o f co-assemblv on vhannacolosical properties o f NMDA receptors

It may be that co-assembly of different NR2 subunits does not affect the single

channel properties of NMDA receptor complexes, but instead has an effect on the 

pharmacological properties. For instance, consider a situation in which NR2B and 

NR2D subunits co-assemble to form a functional NMDA receptor. This multiple 

assembly of NR2 subunits may not produce a functionally distinct set of single

channel properties. Instead, it may be that the pharmacological properties of the co

assembled complex, sensitivity to ifenprodil for example, would be affected. In this 

study, the degree of ifenprodil block was 10 fold higher than previously observed by 

Williams, (1993). Could this represent a distinct sensitivity to ifenprodil for 

complexes co-assembled from NR2B and NR2D? Recombinant studies in general 

tend to look at effects of drugs on pure populations, which is somewhat anomalous 

since it is known that many cell types co-express different NR2 subunits (although co-
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expression does not necessarily mean that co-assembly occurs). Perhaps studies on 

recombinant NR1/NR2B/NR2D receptors will reveal novel pharmacology for 

ifenprodil sensitivity. However, in this study, given the similar IC50 values obtained 

in ‘pure’ migrating granule cells and Golgi cells, this may seem unlikely. But there 

may be transient expression of other subunits in these cells. In fact some studies have 

reported distinct pharmacologies for trimeric complexes. Vicini et al., (1998) report 

pharmacological properties for trimeric complexes (NR1/NR2A/NR2B) intermediate 

to those for the two possible dimeric complexes (NR1/NR2A and NR1/NR2B). This 

includes a decreased sensitivity of the NR2B subunit selective antagonist haloperidol 

on receptors containing NR1/NR2A/NR2B subunits. Additionally Brimecombe et al., 

(1997) have reported that the sensitivity to ifenprodil analogues decreases in mixed 

NR2 containing populations.

Patches containing purely low-conductance openings were not detected in this study 

(«=18). This may reflect the fact that such openings occurred at a low frequency. 

Indeed, in patches containing both high- and low-conductance openings, the high- 

conductance variety far out-numbered the frequency of the low-conductance openings 

(see Figure 4.5).

4.4.6 Conclusions and future developments

Whether or not different types of NR2 subunits co-assemble in neurones to produce a 

receptor subtype with novel properties is a debatable issue. If they do, how can this 

be detected? In principle, knockout experiments provide an attractive opportunity to 

help resolve this issue. However, when using such approaches, a method for 

detecting the existence of trimeric complexes is required, before the effect of 

knocking out a subunit is assessed. Ebralidze et al., (1996) for example, identified 

intermediate conductances in granule cells from wildtype animals, which they 

ascribed to complexes containing two types of NR2 subunits (NR2A and NR2C). The 

effect of knocking out one NR2 subunit could clearly be interpreted in such a system, 

as a change in the number of conductance levels was detected. However, a similar 

study by Takahashi et ah, (1996) did not identify such intermediate conductance 

states, so the effect of subunit ablation on co-assembly (if any) could not be 

elucidated. A potential limitation of knockout approaches however, lies in the fact
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that there is no way of knowing whether there is compensatory expression of another 

subunit, or over-expression of the remaining subunit in such systems, that causes the 

change in receptor properties.

Another approach could involve recombinant expression of NR1/NR2B/NR2D and 

analysis of the properties of the resulting NMDA receptors, compared to receptors 

composed of N Rl/ NR2B or NR1/NR2D subunits. Does such a combination result in 

the appearance of different intermediate conductance levels under certain conditions? 

Does this combination give rise to NMDA receptors with novel pharmacology, or 

does the pharmacology of a particular subtype dominate?

Much work is required to address the issue of co-assembly of NR2 subunits in NMDA 

receptors. If it does occur, and does not cause a change in receptor properties, then its 

significance remains to be resolved.
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5. CHARACTERISATION OF SYNAPTIC NMDA RECEPTORS IN 

GOLGI CELLS OF THE RAT CEREBELLUM

5.1 SUMMARY

1. Whole-cell patch-clamp techniques were used to study properties of synaptic 

NMDA receptors in cerebellar Golgi cells of 14 day old rats.

2. Spontaneous excitatory postsynaptic currents (sEPSCs) were readily identified in 

whole-cell recordings from Golgi cells, in the presence of bicuculline and 

strychnine. The decay of the sEPSCs was best fitted by the sum of two 

exponentials.

3. Spontaneous currents had a mean peak amplitude of -34.5 ± 6.4pA (at -30mV) 

and occurred at a firequency of 0.17 ± 0.04Hz («=9 cells). The slow component of 

the sEPSCs was mediated by NMDA receptors since it was blocked completely by 

lOpM AP5. The fast component of sEPSCs was blocked in the presence of 5pM 

CNQX, consistent with a non-NMDA mediated synaptic response.

4. lOpM ifenprodil (an antagonist selective for NR2B-containing NMDA receptors) 

inhibited the NMDA component of sEPSCs by 57.2 ± 8% (»=5).

5. Extracellular stimulation in the internal granule layer (activating putative climbing 

fibre or mossy fibre inputs onto Golgi cells), resulted in polysynaptic activity 

which was suppressed in the presence of AP5. Parallel fibre stimulation (in the 

molecular layer) in coronally orientated slices, resulted in a monosynaptic 

response. The properties of this synapse were studied in more detail.

6. Stimulation of the parallel fibre input to Golgi cells also resulted in EPSCs 

composed of non-NMDA and NMDA components. The NMDA mediated 

component was abolished in the presence of lOpM AP5 and reduced by 63.7 ± 

4.4% («=5) in the presence of lOpM ifenprodil. IpM TPEN, which is known to
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potentiate NR2A-containing NMDA receptors, had no apparent effect on the 

NMDA mediated component.

7. The residual synaptic NMDA component, detected in the presence of ifenprodil, 

showed a decay time-course that was similar to that of the normal NMDA-EPSC.

8. To determine whether the presence of synaptic NR2D-containing NMDA 

receptors would be expected to produce a slow time-course NMDA-EPSC we 

examined deactivation kinetics of a ‘pure’ population of NR2D-containing 

receptors in Purkinje cells. Outside-out patches from Purkinje cells (P5-P7) were 

exposed to 1ms pulses of ImM glutamate. Individual responses showed 

prolonged deactivations with time constants of at least 3-4secs duration (n=6 

patches). In one patch an average waveform was constructed and fit by a single 

exponential with a deactivation time constant of 3.3secs.

9. It is concluded that the majority of synaptic NMDA receptors at the parallel fibre 

to Golgi cell synapse appear to contain NR2B subunits, as the residual current in 

the presence of ifenprodil showed a fast time-course, whereas native NR2D- 

containing NMDA receptors exhibited slow deactivation kinetics. NR2D- 

containing NMDA receptors probably contribute little to the NMDA-EPSC in 

Golgi cells. Alternatively when co-assembled with other NR2 subunits the 

NR2D-containing receptors may not show unusually slow kinetics.

5.2 INTRODUCTION

In Chapter 4 it was shown that two distinct types of extrasynaptic NMDA receptors 

with different conductance properties are present in cerebellar Golgi cells. The high- 

conductance channels exhibited properties characteristic of NR2B-containing NMDA 

receptors, namely blockade by ifenprodil and lack of potentiation by TPEN. The low- 

conductance channels exhibited asymmetry of transitions between conductance states 

- typical of NR2D-containing NMDA receptors - and channel open periods that 

resembled those previously documented for NR2D-containing NMDA receptors. To 

investigate whether NMDA receptors formed from NR2B or NR2D subunits also
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contributed to the synaptic responses in Golgi cells, we examined spontaneous and 

evoked excitatory synaptic currents in these cells in 14 day old rats.

Additionally, this chapter describes results from Purkinje cell concentration jump 

experiments in ImM glutamate, demonstrating the deactivation kinetics of native 

NR2D-containing NMDA receptors. The results from these experiments should allow 

receptors containing these subunits to be readily identified at synapses.
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5.3 RESULTS

Recordings were made in the presence of lOpM bicuculline and 0.5pM strychnine to 

block inhibitory synaptic currents. Although solutions were nominally 'Mg^^-&ee% 

the Golgi cells were voltage-clamped at -30mV to minimise the effect of any residual 

Mg^^ on the NMDA component. The internal solution used in these experiments 

contained blockers of both and Na^ channels (see Methods), to improve the

resolution of the recording. Series resistance compensation was used in these 

experiments.

5.3.1 The kinetic and biophysical properties o f spontaneous EPSCs in Gohi cells

Whole-cell patch-clamp recording was used to examine spontaneous excitatory 

postsynaptic currents (sEPSCs) in Golgi cells. A number of biophysical and kinetic 

parameters were studied in order to ascertain the sEPSC properties. Figure 5.1 A 

shows a control recording from a Golgi cell. The downward deflections represent 

sEPSCs. The frequency of events varied from 0.1 Hz to 6.8Hz with a mean of 0.17 ± 

0.04 Hz (n=9). Individual events were averaged by aligning sEPSC’s on their rising 

phase (see Methods). Figure 5.IB illustrates the mean waveform obtained in this 

way from a single cell. The decay of the average sEPSC waveform was best fit by the 

sum of two exponentials, which in this example were Xfast = 0.9ms and Tgiow = 59.1ms. 

The mean decay from 9 cells, had time constants of xfast (or ti)  = 1.6 ± 0.2 ms and 

Tsiow (or Ti) = 64.2 ± 8.3ms, contributing respectively 77.3 ± 4.9% and 18.7 ± 3.3% to 

the total current. The variability in sEPSC amplitude remained reasonably consistent 

throughout each recording as shown by the stability plot for the cell depicted in Figure 

5.1C. The mean correlation coefficient (r) derived from stability plots in 10 cells was 

-0.09 ± 0.06, indicating little change in the sEPSC amplitude during recording 

periods (which were in the range of ~l-4hrs).

The amplitude and 10-90% rise-time of sEPSCs were also examined. A distribution 

of amplitudes from a single cell is illustrated in Figure 5.2A. The mean amplitude of 

sEPSCs in this cell was -28.1 ± 0.5pA. Across a population of 9 cells, the average 

peak amplitude of spontaneous events was -34.5 ± 6.4pA, with a minimum of -3pA
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Figure 5.1 Spontaneous EPSCs in Golgi cells.

A, whole-cell recording of sEPSCs in a P 14 Golgi cell (-30mV) in the presence of 

bicuculline and strychnine. Downward deflections represent individual sEPSCs; note 

their variable amplitude. B, average waveform obtained by aligning individual 

spontaneous events on their rising phase. In this example 122 sEPSCs contributed to 

the average waveform. The decay of the waveform was best fit by the sum of two 

exponentials: x\ of 0.9ms and i 2 of 59.1ms, contributing 91.9% and 8.1% to the 

current amplitude respectively. C, stability of sEPSC amplitudes over time remained 

constant. The linear fit to the data had a correlation coefficient of 0.14.
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Figure 5.2 Properties of spontaneous EPSCs in Golgi cells.

A, amplitude histogram of sEPSCs from a single cell. In this example, the mean 

amplitude was -28.1 ± O.SpA (amplitudes ranged from -3 to -69pA, but were skewed 

towards lower values). B, rise-time histogram of sEPSCs from the same cell, mean 

0.49 ± 0.01ms. All rise-times were below 1ms. The mean rise-time from nine cells 

was 0.8 ± 0.1ms, with a minimum of 0.2ms and a maximum of 1ms. C, scatter plot 

of the relationship between amplitude and rise-time. The line through the points is the 

regression line, which gave a correlation coefficient of -0.15. Data all from P14 

Golgi cells (Vm = -30mV).
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and a maximum of -161pA. Amplitude histograms had approximately normal 

distributions although in some instances they were skewed towards smaller 

amplitudes. Figure 5.2B illustrates the distribution of rise-times of sEPSCs (same cell 

as in Figure 5.2A). As is apparent from the histogram, all events in this cell had a 

rise-time faster than 1ms; the mean rise-time was 0.49 ± 0.01ms. The mean sEPSC 

10-90% rise-time in 9 cells was 0.8 ± 0.1ms.

To investigate whether there was a relationship between the amplitude and rise-time 

of sEPSCs, scatter plots were constructed; Figure 5.2C shows a typical example. 

There appeared to be no clear dependence of rise-time on peak amplitude (correlation 

coefficient -0.15), suggesting that smaller sEPSCs could not be ascribed to filtering of 

more distally located synaptic events.

5.3.2 Pharmacolosical properties o f spontaneous excitatory currents

To investigate the possible contribution of NMDA receptors to either the slow or fast 

component of sEPSCs, we studied the actions of various NMDA receptor selective 

agents on sEPSCs. These agents were bath applied and given at least two minutes to 

reach equilibrium.

In the presence of 10|xM AP5, the slow component of the sEPSC was inhibited by

91.4 ± 3.3%, («=7; P <0.001 Students f-test; paired two-tailed), indicating that it was 

mediated by NMDA receptors. AP5 had little effect on the fast component; however, 

it was abolished by 5p.M CNQX and was therefore non-NMDA receptor mediated. In 

the presence of lOpiM ifenprodil, the NMDA component was inhibited by 57.2 ± 

7.97% («=7; P<0.05). Average sEPSC waveforms from a single cell are shown in 

Figure 5.3A. The waveforms have been normalised to the peak and baseline of the 

sEPSC. Subtraction of the non-NMDA component (obtained in the presence of AP5) 

from the control and ifenprodil waveforms, enabled the NMDA component to be seen 

in isolation (inset). The decay time of the NMDA component was unchanged by the 

presence of ifenprodil. When fit with two exponentials a %2 of 64.2 ± 8.3ms was 

obtained under control conditions and of 57.9 ± 8.1ms («=7) in the presence of 

ifenprodil. These values were not significantly different (P>0.05).
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Figure 5.3 The NMDA component of sEPSCs is reduced in the presence of 

ifenprodil.

A, averaged sEPSCs recorded from a single cell (-30mV). Waveforms have been 

normalised to the peak and baseline of the event. The averages in this cell were 

composed from 61, 93 and 118 individual sEPSCs for control, ifenprodil and AP5 

respectively. The inset shows the NMDA component of the sEPSC in isolation. B, 

bar graph showing the mean effect of ifenprodil and AP5 on the non-NMDA 

component of sEPSCs in P14 Golgi cells. Neither agent affected the conductance of 

the non-NMDA component. C, bar graph showing the mean effect of ifenprodil and 

AP5 on the NMDA component of sEPSCs in P14 Golgi cells. In the presence of 

these agents, a significant reduction in the conductance of the NMDA-sEPSC was 

observed (indicated by asterisks), with no effect on the non-NMDA component.
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Ifenprodil has been shown to have a number of actions in addition to its effect on 

NMDA receptors. These include inhibition of Ca^^ channels (Church et a i, 1994). 

Since Câ "̂  channels are involved in the release of transmitter from the presynaptic 

terminal, it was important to rule out the possibility that ifenprodil was acting 

presynaptically to reduce release. As a control for possible changes in glutamate 

release, the amplitude of the non-NMDA component was monitored. This was not 

affected either by ifenprodil or by AP5, as illustrated in the upper panel in Figure 

5.3B (data from 5 cells). This contrasts with the effect of ifenprodil and AP5 on the 

NMDA component, as shown in the lower panel (Figure 5.3B). The asterisks indicate 

measurements that were significantly different from the control conductance.

To determine whether AP5 or ifenprodil had secondary effects on the frequency or 

amplitude stability of sEPSCs, inter-event interval histograms and stability plots were 

constructed. The frequency of sEPSCs remained unchanged in the presence of 

ifenprodil or AP5 (0.28Hz, in this particular cell). However, in some cells, despite the 

fact that the frequency of events remained stable, the amplitude of sEPSCs declined 

during the recording, possibly due to general rundown. Cells in which sEPSC 

amplitudes decreased by more than 20% of the control response were discarded. The 

inter-event interval histograms shown in the right hand panels in Figure 5.4 have 

similar distributions in the presence of ifenprodil and AP5, indicating that neither 

agent affected the frequency of sEPSCs. The scatter plots in the left-hand panels 

show the stability in the mean amplitude of sEPSCs in the presence of ifenprodil and 

AP5.

In order to determine the contribution of NR2A-containing NMDA receptors to the 

synaptic response, the effect of the zinc chelator TPEN was also investigated. IpM 

TPEN had little effect on sEPSCs in these cells. Figure 5.5A shows normalised mean 

sEPSC waveforms from a single cell in the presence and absence of TPEN; the 

waveforms are similar. The amplitude of the sEPSCs also remained constant 

throughout the recording period, as shown in the stability plots in Figure 5.5A (inset). 

Bar graphs illustrating the mean data from 5 cells are shown in Figure 5.5B. In the 

presence of TPEN neither the amplitude of the NMDA, nor non-NMDA components.
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Figure 5.4 Lack of effect of ifenprodil and APS on frequency of spontaneous events.
Stability plots and interval histograms for sEPSCs under control conditions (A), and 
in the presence of ifenprodil (B), and AP5 (C). All distributions are similar, indicating 
the stability of the recording under different conditions.
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Figure 5.5 The chelator TPEN did not effect the NMDA component of the 

sEPSC.

A, normalised average waveforms in control conditions and in the presence of IpM  

TPEN. The control and TPEN waveforms are the average of 217 and 66 individual 

spontaneous events respectively. The insets to the two average waveforms indicate 

stability plots for sEPSCs in the presence and absence of TPEN. B, bar graphs of 

mean effect of TPEN on the NMDA component (lower panel) and the non-NMDA 

component (upper panel) of the sEPSC. Average results from 5 cells are indicated 

and there was no significant difference in conductance of either the NMDA or non- 

NMDA component in the presence of TPEN.
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were significantly affected (P>0.05). Thus there was little evidence for a significant 

contribution from synaptic NR2A-containing NMDA receptors.

There was considerable variation in the decay of individual sEPSCs. In some cells 

the NMDA component of the decay represented a large proportion of the waveform 

(-25%) whilst in others it appeared small (-8%) -  (termed large decay and small 

decay respectively in Figure 5.6). The Figure displays data from a cell showing both 

types of waveform. The mean waveform (110 events) under control conditions is 

shown in Figure 5.6A. The individual sEPSCs in this cell were re-examined, and then 

sorted by eye, into those with a large decay (66 events; Figure 5.6A(i)) and those with 

a small decay (44 events; Figure 5.6A(ii)). These averages were also best fit by the 

sum of two exponentials, Ti and T2 . As expected T2 represented a greater proportion 

of the decay of the sEPSC in the large decay waveform than in the small decay 

waveform (20.5% vs 8.1%). Figure 5.6B shows the average waveform from the same 

cell in the presence of AP5. The decay of the waveform in the presence of AP5 

resembled that of the small decay waveform indicating that sEPSCs contributing to 

the small decay waveform probably arose from non-NMDA receptors with minimal 

contribution from NMDA receptors. The similarity between the two waveforms is 

highlighted in the insets, where they are shown on an expanded time base (compare 

Figures 5.6A(ii) and 5.6B).

5.3.3 Evoked EPSCs in Golsi cells

In the Golgi cell, spontaneous EPSCs could originate from mossy fibre, climbing fibre 

or parallel fibre inputs. These different afferent inputs could release transmitter onto 

different types of NMDA receptors; for instance certain types of NMDA receptors 

may be confined to certain synapses. Indeed, it has been reported previously that 

distinct types of NMDA receptors exist at different synapses onto the same cell in 

hippocampal neurones (Ito et al., 1997).

To distinguish between different Golgi cell afferents, we used selective extracellular 

stimulation. Stimulation in the internal granule layer activated putative mossy fibre 

and/or climbing fibre inputs onto Golgi cells, producing a complicated synaptic
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Figure 5.6 Variable decay kinetics of sEPSCs in Golgi cells.

A, average waveform from a single cell under control conditions. The control plot is 

an average of 110 events. These events were re-analysed and divided into i) those 

with a 'large decay\66 events), and ii) those with a 'small decay' (44 events). All 

three waveforms were best fit by the sum of two exponentials. The inset shows the 

waveform on an expanded time scale. B, average waveform in the presence of AP5, 

from 58 events. The inset shows the waveform on an expanded time scale. Note the 

similarity between the decays of the AP5 average and the 'small decay average.
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response that was difficult to analyse. This is illustrated by the event in the upper 

panel in Figure 5.7A - the vertical line immediately prior to the synaptic response is 

the stimulus artefact. In the presence of lOpM AP5, this polysynaptic activity was 

reduced as shown in the lower trace in Figure 5.7A. Such polysynaptic events were 

not amenable to more detailed analysis.

5.3.3.1 Parallel fibre activation o f synaptic NMDA receptors in Golsi cells

It was possible to evoke discrete monosynaptic responses in Golgi cells by applying 

stimulation in the molecular layer. Slices were prepared in the coronal orientation to 

minimise the damage to parallel fibres. EPSCs evoked under these conditions had a 

fast and slow component (Figure 5.7B). The decay of the evoked EPSC was fitted by 

a double exponential, with an average Xfast = 2.0 ± 0.1ms and Xsiow = 126.7 ± 25.9ms 

(w=5); these contributed 80.6 ± 4.2% and 19.4 ± 2.3% to the current amplitude, 

respectively. The slow component could be blocked with AP5 (lower panel Figure 

5.7B; also see below).

A current-voltage relationship for the amplitudes of the fast and slow components of 

evoked EPSCs was constructed by examining the cell at various holding potentials in 

Mg^^-free solution. Figure 5.8A shows a family of average EPSC waveforms from a 

single cell. The amplitude of both the fast component (open circles) and slow 

component (filled circles) increased at more hyperpolarising potentials and reversed 

direction at positive potentials. Figure 5.8B shows a current-voltage relationship for 

the amplitudes of the fast and slow components of the EPSC, from a single cell. The 

data falls reasonably well on a straight line, constrained to go through zero.

5.3.32 Pharmacolosical properties o f evoked synaptic currents.

EPSCs were evoked every 5 seconds, by stimulation in the molecular layer. Drugs 

were bath applied and equilibrated for approximately two minutes. Averages of 

EPSCs were constructed from individual events evoked in the presence of AP5 or 

ifenprodil. Failures were not included in the average (see below). The slow 

component of the evoked EPSC was mediated by NMDA receptors, since in the
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Figure 5.7 Parallel fibre stimulation evoked a discrete monosynaptic response.

A, stimulation in the internal granule layer activating putative climbing and mossy 

fibres, giving rise to a polysynaptic response (upper trace). The vertical line, 

immediately prior to the synaptic response, is the stimulus artefact. The lower trace is 

a single EPSC in the same cell in the presence of lOpM AP5, which diminished the 

polysynaptic activity. B, stimulation in the molecular layer, activating parallel fibres 

giving rise to a discrete monosynaptic response (upper trace), the decay of which was 

blocked in the presence of lOpM AP5 (lower trace).
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Figure 5.8 Membrane potential dependence of the slow and fast component of 

the evoked EPSC.

A, average evoked EPSCs at 3 different voltages. The open circles indicate the point 

at which the magnitude of the peak amplitude of the fast component was measured. 

The dashed component indicates the point 20ms after the peak of the EPSC, taken as 

an index of the size of the slow component. B, current-voltage relationship of the 

variation in the size of the fast and slow components at four different voltages. The 

solid and dashed fitted lines have been constrained to go through zero.
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presence of AP5 (lOpM) it was reduced by 9L5 ± 3.5% («=5). Ifenprodil reduced the 

NMDA receptor mediated component by 63.7 ± 4.4% («=5), indicating a significant 

contribution of NR2B-containing NMDA receptors to the overall NMDA-EPSC. The 

magnitude of these effects of ifenprodil and AP5 were comparable to those on 

sEPSCs. Figure 5.9A illustrates the effect of ifenprodil and AP5 on evoked EPSCs. 

The inset displays the isolated NMDA component of the EPSC, in control conditions 

and in the presence of ifenprodil. This was obtained by subtraction of the non- 

NMDA component from the records. The averages were best fit by a single 

exponential, the decays of which were similar in the presence and absence of 

ifenprodil: 88.1 ± 38.9ms and 101.4 ± 8.7ms (n=5), respectively. This indicated that 

ifenprodil reduced the magnitude of the NMDA component, without affecting the 

decay time of the EPSC. The action of ifenprodil and AP5 on the NMDA component 

of the evoked EPSC is summarised in the lower bar graph in Figure 5.9B. As shown 

in the upper panel in Figure 5.9B, neither agent affected the non-NMDA component.

To investigate the contribution of NR2A-containing NMDA receptors to the evoked 

synaptic response in these cells, we examined the effect of the zinc chelator TPEN. 

Figure 5.10A shows average normalised waveforms in control conditions and in the 

presence of IpM  TPEN. The two components of the evoked EPSC were unchanged 

by TPEN. The mean decay in the presence of TPEN was Tfast = 1.9 ± 0.2ms and Xsiow 

= 101.3 ± 12.1ms {n=5). The percentage change in the size of the NMDA receptor 

mediated current in TPEN was 0.8 ± 16.2% («=5); this was not statistically significant 

(P >0.05). TPEN also had no significant effect on the non-NMDA component. These 

data are summarised in the bar graphs in Figure 5.10B (n=5).

5.33.3 The effect o f pharmacolosical asents on the failure rate o f evoked EPSCs

Comparison of the number of failures in the presence and absence of drug gives an 

indication of possible presynaptic actions. Here we are defining a ‘failure’ as the 

failure of suprathreshold extracellular stimulation to evoke an EPSC in the 

postsynaptic cell. Figure 5.11 A shows individual EPSCs in response to successive 

stimulation of a Golgi cell in the molecular layer. The uppermost trace depicts a 

‘failure’, following the stimulus artefact. The lower two traces illustrate evoked
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Figure 5.9 The NMDA component of evoked EPSCs is reduced by ifenprodil.

A, average evoked EPSC waveforms recorded form a single cell held at -30mV, in 

the presence of lOpM bicuculline and 0.5jxM strychnine. Waveforms have been 

normalised to both the baseline and the peak of the EPSC. The averages are from 97, 

73 and 89 individual evoked EPSCs, for control, ifenprodil and AP5 respectively. 

The inset shows the NMDA component in isolation, following subtraction of the AP5 

average waveform. There is a reduction in the size of the NMDA mediated 

component in the presence of ifenprodil. B, bar graph of the mean effect of ifenprodil 

and AP5 on the NMDA (lower trace) and non-NMDA component (upper trace) of the 

evoked EPSC. Note the selective block of the NMDA component. Asterisks indicate 

significant inhibition.
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Figure 5.10 TPEN has no effect on the evoked EPSC.

A, normalised average evoked EPSC waveforms in the presence and absence (control) 

of TPEN. Both waveforms are similar and can be fit by the sum of two exponentials, 

with the majority of the current being carried by T%. B, bar graphs of the effect of 

TPEN on the non-NMDA (upper panel) and NMDA components (lower panel) of 

evoked EPSCs. There was no significant effect.
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Figure 5.11 The failure rate of evoked EPSCs remained unchanged in the 

presence of ifenprodil, TPEN and APS.

A, examples of evoked EPSCs from a single cell at -30mV. The two vertical parallel 

lines indicate the stimulus artefact. The upper trace shows an example of a failure, 

where stimulation failed to produce a synaptic response. The lower two traces show 

examples of evoked EPSCs of different amplitudes. B, amplitude histogram for 

events from this cell. The black histogram represents superimposition of noise data. 

The noise histogram and a subset of events in the amplitude histogram overlap, 

indicating the proportion of events contributing to failures. C, averaged data from 5 

cells in the presence of ifenprodil, TPEN and AP5. The percentage of failures in the 

presence of TPEN and ifenprodil were similar to those under control conditions. The 

slight decline in the failure rate in the presence of AP5 was not significant.
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EPSCs of different amplitude. As is apparent, it was possible to identify failures 

visually. Figure 5.11B shows a histogram of evoked EPSC amplitudes from one cell. 

Superimposed on this is the amplitude histogram for baseline noise (black histogram) 

which overlaps with a discrete set of events, (failures) with amplitudes less than 

~-15pA. We examined failures in the presence of ifenprodil, AP5 or TPEN. In all 

cases the failure rate was not significantly changed from the control data. The results 

from 5 cells are summarised in Figure 5.11C.

The analysis of failure rate suggested that the pharmacological agents used in this 

study did not have a significant presynaptic effect and their site of action was thus 

largely confined to postsynaptic NMDA receptors.

The results presented so far indicate that a proportion of synaptically expressed 

NMDA receptors in Golgi cells arise from NR2B-containing receptor complexes. 

Since both NR2B- and NR2D-containing NMDA receptors are present in the soma of 

these cells, the possible contribution of NR2D-containing NMDA receptors to 

synaptic responses was investigated further. To do this we have compared the 

deactivation kinetics of a pure NR2D-containing NMDA receptor mediated response 

(in Purkinje cells) with the residual NMDA-EPSC in Golgi cells exposed to 

ifenprodil. This involved setting up a fast application system that could be applied 

either to isolated or nucelated Purkinje cell patches.

5.3.4 Concentration jumps on cerebellar Purkinie cell patches

Purkinje cells are known to contain mRNA for the NRl and NR2D subunits during 

the early post-natal period (PO-8; Akazawa et al., 1994) and to express a homogenous 

population of low-conductance NMDA receptors during this period (Momiyama et 

al., 1996). We have therefore made use of this preparation to characterise the 

deactivation kinetics of native NR1/NR2D receptors by exposing these receptors to 

millisecond pulses of glutamate. These concentration ‘jumps’ mimic the brief 

exposure of synaptically expressed receptors to transmitter.
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Slices were bathed in external solution supplemented with 10|liM  AP5 to prevent 

activation of NMDA receptors from background levels of glutamate leaking from the 

slice. Initially we examined nucleated patches from P5-P7 Purkinje cells. However, 

due to the size of these cells and the fact that they were well embedded in the slice at 

this stage of development, it was difficult to isolate nucleated patches. In the 

instances where patches were isolated, we found that they were subsequently swept 

away by the fast flow of the solutions from the apphcator pipette.

We therefore examined large outside-out patches from Purkinje cells (pipette 

resistance ~8M^2), held at -60mV. Concentration jumps of agonist were applied 

using a pipette made from theta glass tubing (see Methods). The two sides of the 

application pipette contained different solutions: a control solution on one side and 

ImM glutamate on the other. Both solutions flowed continuously from either side of 

the theta glass divide. Solutions were made from ‘pure’ (HPLC) water to prevent 

activation of NMDA receptors by trace levels of glutamate that may be present in 

distilled water.

Measurement of the liquid junction potential between these two solutions is shown in 

Figure 5.12B. This indicates the speed of change of solution. The 20-80% rise-time 

for the exchange of control and test solution was <500ps.

Following a quiet pre-jump baseline, patches were exposed to glutamate for 1msec, 

using a piezo-driven double-barrelled application pipette. Briefly, the patch pipette 

was positioned close to the interface between the two solutions (as shown in Figure 

5,12A). For 1msec, the application pipette was moved, such that the patch pipette 

was in a stream of glutamate containing solution. ImM glutamate activated single

channel activity, which rose rapidly and had a slow decay. Figure 5.13A shows an 

individual response recorded following a 1ms pulse of ImM glutamate (in the 

presence of 50p,M glycine), in an outside-out patch from a P7 Purkinje cell. A section 

of the response is shown on an expanded timescale, and single-channel currents are 

clearly visible (Figure 5.13A). Some ‘chair-shaped’ transitions, consistent with the 

presence of NR2D-containing NMDA receptors can be seen, though these have not 

been analysed in detail. An average of 18 such sweeps is shown in Figure 5.13B.

131



A

Pipette

CONTROLPiezo-driven 
theta glass 
application 
pipette

INTERFACE

GLUTAMATE

e 400-1

300 -

100 -

O -100-

- 200 -

- 300 -

-400
105 15 20

T im e  (m s)

Figure 5.12 Schematic diagram of the fast application system.

A, schematic diagram of the fast application system used to ‘jump’ outside-out patches 

into and out of glutamate. Once positioned at the solution interface, the patch electrode 

remained stationary for the duration of the experiment. The piezo-driven theta glass 

application pipette was used to expose the patch to 1ms pulses of glutamate. B, current 

recorded when a 1ms solution change between control and ImM glutamate containing 

solutions was performed by the movement of the application pipette. The 20-80% rise

time of the junction potential was <500ps.
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Figure 5.13 The slow timecourse of the decay of the response to fast application 

of ImM glutamate in a Purkinje cell outside-out patch.

Outside-out patch recording made from a P7 Purkinje cell (-60mV), A, an individual 

sweep filtered at IkHz. Activity evoked in response to a 1ms pulse of ImM 

glutamate. Note the fast onset and slow decay of the single-channel activity. Small 

stretch of single-channel activity is shown on an expanded timescale. Some ‘chair

shaped’ transitions can be seen. B, average of 18 individual sweeps gave a decay 

timecourse of 3.3s. This trace has been filtered at 250Hz. The single exponential fit 

is indicated as the white line on top of the average.
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When fit with an exponential component, a Xdecay of 3.3secs was obtained. A fit of the 

same data, constrained to the mean baseline, gave an exponential fit with a Xdecay of 

4.6secs.

These experiments are technically difficult and are still ongoing. Although more data 

is required to give a definitive value for the X d eactivation  of native NR2D-containing 

NMDA receptors, individual responses in a number of patches showed consistently 

prolonged deactivation (n=6). We are confident that the value is in the 3-4secs range. 

This prolonged deactivation is consistent with the idea that native NR2D-containing 

NMDA receptors have a slow decay to their EPSC.
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5.4 DISCUSSION

This chapter has been concerned with the characterisation of NMDA receptors 

contributing to synaptic responses in Golgi cells. The experiments have provided 

three main findings. First, Golgi cell synaptic currents possess both NMDA and non- 

NMDA receptor mediated components. Second, the majority of NMDA receptors 

present at synaptic sites in Golgi cells appear to contain the NR2B subunit. Third, 

despite the presence of NR2D-containing NMDA receptors at somatic locations in 

Golgi cells, we obtained no direct evidence for their presence at Golgi cell synapses. 

These various findings are considered below.

5.4.1 Golsi cell EPSCs possess NMDA and non-NMDA components

Golgi cell spontaneous and evoked EPSCs exhibited a conventional dual non-NMDA 

and NMDA mediated synaptic current. The size of the NMDA receptor mediated 

component of both spontaneous and evoked EPSCs was variable within any given cell 

and on average was responsible for a fifth of the total charge transfer. This suggests 

that NMDA receptors do not contribute greatly (even once Mĝ "̂  block has been 

alleviated), to the synaptic drive onto Golgi cells at this stage of development. A 

recent report on parallel fibre to Golgi cell synaptic transmission (Dieudonne, 1998) 

described similar dual NMDA and non-NMDA mediated synaptic transmission at this 

synapse.

Stimulation in the internal granular layer gave rise to a complicated synaptic response 

in the Golgi cell (Figure 5.7), possibly due to stimulation of more than one type of 

afferent input. Since climbing fibres and mossy fibres project into the internal 

granular layer, stimulation in the granular layer may activate both of these inputs. It 

may also be that stimulation of granule cell dendrites causes activation of parallel 

fibre afferent inputs onto Golgi cells. This seems a likely basis for the polysynaptic 

activity since complex responses were not obtained when stimulating in the molecular 

layer, where there is only one type of afferent input, namely the parallel fibres.
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5.4.2 The maiority o f NMDA receptors at Golsi cell synapses are NR2B-containins

NR2B subunit selective drugs have been shown previously to block synaptic NMDA 

receptors in developing hippocampal neurons (Kirson & Yaari, 1996), cortical 

neurons (Stocca & Vicini, 1998) and medial septal neurons (Plant et al, 1997). 

However, the potency of this block can vary. In hippocampal neurons the degree of 

ifenprodil block changes during development, consistent with changing contribution 

of NR2B-containing NMDA receptors (Kirson & Yaari, 1996). Also, in cortical 

neurons the degree of block varies between synaptic and extrasynaptic receptors, 

possibly suggesting a differential distribution of NR2B subunits. In a recent study by 

Vicini et al, (1998), haloperidol sensitivity of recombinant NMDA receptors was 

examined in cells transfected with different ratios of cDNA for NRl, NR2A and 

NR2B subunits expressed in HEK cells. Only when pure NR1/NR2B dimers were 

expressed was there a potent haloperidol block of the NMDA current. Thus it seems 

possible that the NR2B-containing NMDA receptors represent the majority of 

synaptic receptors in Golgi cells at this stage of development, given the high degree of 

ifenprodil block observed in sEPSCs and evoked EPSCs. This is similar to the 

situation at extrasynaptic locations in Golgi cells, where NR2B-containing receptors 

also appear to represent the majority of NMDA receptors at this stage of development 

(Chapter 4).

5.4.3 NMDA receptors at the parallel fibre to Golsi cell synapse

As described in the results, spontaneous currents in the Golgi cell may have arisen 

from parallel fibres, climbing fibres or mossy fibres. The evoked currents however, 

arose from a single, isolated afferent input from the parallel fibre. The fact that 

ifenprodil blocked both spontaneous and evoked currents to approximately the same 

extent, may suggest that the majority of EPSCs in Golgi cells arise from the parallel 

fibre input, or that NR2B-containing NMDA receptors are present at all excitatory 

synapses on Golgi cells.

In their experiments on knockout animals, Ito et al., (1997) have shown that NR2A- 

containing NMDA receptors are present at one synapse onto hippocampal CA3 

pyramidal cells while NR2B-containing NMDA receptors exist at other synapses in
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these cells. From our data, there was no indication of differential distribution of 

NMDA receptor expression within individual Golgi cells, although this possibility 

cannot be entirely excluded.

Some sEPSCs in control conditions showed decays that resembled those in the 

presence of AP5 (Figure 5.6) suggesting they were mediated mainly by non-NMDA 

receptors. This may be due to the different densities of NMDA receptors at some 

synaptic sites.

5.4.4 Lack o f evidence for NRlD-containins NMDA receptors at Golsi cells synapses

The residual NMDA-EPSC present in ifenprodil, decayed with a timecourse similar to 

that of control NMDA-EPSCs. Furthermore, the time constants of decay of 

spontaneous and evoked NMDA-EPSCs (57.9 ± 8.1ms vs 88.1 ± 38.9ms) were not 

significantly different. These time constants approach the values previously reported 

for recombinant NR2B- or NR2A-containing NMDA receptors (Monyer et al., 1994, 

Vicini et al, 1998). From the experiments in this thesis on extrasynaptic NMDA 

receptors in Golgi cells (Chapter 4), it appears that ifenprodil produces only partial 

block of native NR2B-containing NMDA receptors. Similar results have been 

obtained with recombinant NR1/NR2B containing NMDA receptors (Williams, 

1993). It is possible, therefore, that the residual current present in ifenprodil 

represents incomplete block of synaptic NR2B-containing NMDA receptors. 

However, the possibility that it represented an NR2D-containing receptor, which had 

fast deactivation kinetics, needed to be considered.

In order to test more rigorously the expected deactivation time-course of a native 

NR2D-containing NMDA receptor, we have examined Purkinje cells which have 

previously been shown to express a homogenous population of NR1/NR2D- 

containing NMDA receptors (see Momiyama et al., 1996; Akazawa et a l, 1994). 

Previous studies have indicated an absence of synaptic NMDA component in Purkinje 

cells (Perkel et a l, 1990; Farrant & Cull-Candy, 1991; Llano et a l, 1991), so it was 

not possible simply to examine synaptic NMDA receptors in these cells. Further, 

previous preliminary data (see Momiyama et a l, 1996, Discussion) had suggested that 

native NR1/NR2D containing receptors may deactivate relatively rapidly. However
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the low density of NMDA receptors in these cells had previously precluded a clear 

estimate of deactivation time.

We overcame this problem by examining ‘macropatches’, which unlike nucleated 

patches were not washed away during the rapid solution changes. The measurements 

obtained here on native channels are similar to data from recombinant NR2D- 

containing NMDA receptors, which exhibit much slower deactivation times than 

NR2A-, NR2B- or NR2C-containing NMDA receptors (Monyer et al., 1994; Wyllie 

et al., 1998; Vicini et al., 1998). Our results would therefore strongly suggest that, if 

present at synapses, the NR1/NR2D receptor would be expected to exhibit a 

characteristic decay time. It therefore seems unlikely that NR1/NR2D receptors are 

present at Golgi cell synapses (see also section 5.4.5). Knowing the deactivation time 

for native NR2D-containing NMDA receptors should be useful in determining 

whether it is present at other synapses in the CNS.

5.4.5 Do NR2D- andNR2B-containins NMDA receptors co-assemble at the synapse?

The issue of NR2 subunit co-assembly was discussed in Chapter 4. Although the 

results presented in this chapter suggest that NR2B-containing NMDA receptors 

predominate at synaptic sites, we cannot rule out the possibility that the NR2D 

subunit (or indeed any other subunit) may also be present, but complexed with other 

subunits. Our results on somatic NMDA receptors in Golgi cells indicate that two 

distinct types of NMDA receptor are present in the extrasynaptic membrane. 

Although these receptor populations show characteristics of either NR2B- or NR2D- 

containing NMDA receptors, a third population may be present which contains both 

NR2B and NR2D subunits and is functionally indistinguishable from one of the other 

receptor types. If such heteromers were present at Golgi cell synapses it would be 

difficult to detect their presence.

Studies on knockout mice in granule cells suggest two types of NR2-containing 

NMDA receptor can be present at synapses, but do not indicate whether these 

subunits co-assemble within a single complex (Takahashi et al., 1996; Ebralidze et 

a l, 1996).
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5.4.6 Are NR2D-containins NMDA receptors ever present at synapses?

It remains to be seen whether NR2D-containing NMDA receptors are present at any 

CNS synapse. For example, as mentioned above, there is no evidence that NR2D- 

containing NMDA receptors are present at the synapse in Purkinje cells, even though 

NR2D-containing NMDA receptors are present in the soma of young animals 

(Momiyama et al., 1996). Dorsal horn neurons also exhibit low-conductance NR2D 

like NMDA openings at the soma (Momiyama et ah, 1996). Very slow decaying 

NMDA mediated synaptic currents have been identified in these cells following 1- 

lOHz stimulation of primary afferents (Miller & Woolf, 1996), but it is not known 

whether this represents the activation of NMDA receptors located at synaptic or 

extrasynaptic sites.

The presence of NR2D-containing NMDA receptors at central synapses remains to be 

demonstrated. Until these receptors are detected at CNS synapses, their function 

remains speculative. Given the high affinity of glutamate for NR2D-containing 

NMDA receptors (Monyer et al, 1994) and their low sensitivity to block by Mĝ "̂  

ions, it could be that extrasynaptic NR2D-containing NMDA receptors are normally 

activated by low levels of ambient glutamate. They could therefore function as 

‘overspill’ detectors, causing persistent Ca^^ entry during high frequency afferent 

stimulation; a situation encountered during certain cerebellar motor tasks. This, 

coupled with the expression of the NR2D subunit early on during development 

(Akazawa et al, 1994; Monyer et a l, 1994; Momiyama et a l, 1996), suggest that 

NR2D-containing NMDA receptors may play a role in the early stages of synapse 

formation in the CNS.

140



6. FUNCTIONAL DEMONSTRATION OF THE CHANGE IN NR2 SUBUNIT 

EXPRESSION DURING DEVELOPMENT IN GRANULE CELLS OF THE

RAT CEREBELLUM

6.1 SUMMARY

1. Whole-cell patch-clamp recordings were made from migrating granule cells. In 

the presence of the zinc chelator TPEN (1pm), NMDA-evoked responses 

remained unchanged, consistent with a lack of NR2A-containing NMDA 

receptors at this stage of development. On the other hand, in internal granule cells 

from P14 animals, NMDA-evoked responses were potentiated in the presence of 

1pm TPEN indicating that NR2A-containing NMDA receptors contribute to the 

population of NMDA receptors at this stage of development.

2. Application of 1pm TPEN to NMDA evoked whole-cell currents in P6 internal 

granule cells resulted in a 23.7 ± 6.7% (n=31)potentiation of the response. 

However, responses to TPEN in slices cut from the hemisphere of the P6 

cerebellum were only potentiated by 1 ± 0.1% («=16), whereas TPEN potentiation 

in the vermis was by 38 ± 1% («=15) indicating a change in contribution of 

NR2A-containing NMDA receptors from the hemisphere to the vermis in P6 

granule cells.

3. Outside-out patch recordings were made from PIG migrating granule cells in the 

presence of the NR2B subunit selective antagonist ifenprodil (lOpM). Mean 

charge transfer through NMDA channels was reduced by 84.8 ± 4.7%, indicating 

the presence of an NR2B-containing NMDA receptor population. In P6 internal 

granule cells however, ifenprodil reduced NMDA responses by only 18.3 ± 5.4% 

(«=15), suggesting a smaller contribution of NR2B-containing NMDA receptors 

after migration.

4. Synaptic currents were evoked in P6 granule cells by stimulating in the internal 

granular layer. The decay of evoked EPSCs had a fast and slow component. The 

fast component was mediated by non-NMDA receptors since it was blocked by
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CNQX. The slow component was NMDA receptor mediated; in the presence of 

AP5 (10p,M) it was reduced by 84.4 ± 5.6%; (n=6). The NR2B-subunit selective 

antagonist ifenprodil reduced the NMDA component by 73.8 ± 6.2% (n=6), which 

was not significantly different to the extent of block observed in the presence of 

AP5. These results indicate that NR2B-containing NMDA receptors are likely to 

be present at granule cell synapses at P6.

5. These results demonstrate a functional switch from NR2B-containing NMDA 

receptors in early granule cells to NR2A-containing NMDA receptors in older 

granule cells.

6.2 INTRODUCTION

The experiments described in Chapters 4 & 5 used pharmacological approaches to 

determine the presence of particular types of NR2 subunits in Golgi cells. In the 

current chapter, this method was applied to a system in which the likely 

developmental changes in subunit expressions are better understood -  namely the 

cerebellar granule cell.

Various approaches have previously been used to study changes in NR2 subunit 

expression during the development of these cells (see Introduction). In situ 

hybridisation studies have demonstrated a reduction in mRNA for the NR2B NMDA 

receptor subunit in ‘young’ granule cells (P3-P11), and an increase in message for the 

NR2A and NR2C NMDA receptor subunits in ‘older’ granule cells (PI3-adult; 

Akazawa et al., 1994; Watanabe et al., 1994; Monyer et al., 1994). Farrant et al., 

(1994) have used single-channel recording to demonstrate a functional change in 

subunit expression. Whereas high-conductance NMDA receptors persist throughout 

development, low-conductance NMDA receptors appear only in older granule cells 

(after ~P16-P19; reviewed by Feldmeyer & Cull-Candy, 1996).

Takahashi et al., (1996) and Ebralidze et al., (1996) have used transgenic animals 

lacking particular NR2 subunits to determine how the changes in NMDA receptor 

subunit expression that occur during development influence EPSC decay kinetics.
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When the properties of wild type animals were compared with those of knockout 

animals, it became apparent that EPSC properties were dependent on the NR2 subunit 

content of the NMDA receptor complex. This knockout approach is a direct way of 

identifying the presence of particular NR2 subunits at various stages of development.

From these various previous studies, it seems highly Hkely that during granule cell 

development NMDA receptors change from predominantly NR2B-containing to 

NR2A- and NR2C-containing receptors. This chapter is concerned with determining 

whether a functional change in NMDA receptor subunit composition can be identified 

using a pharmacological approach. This was deemed to be a useful control for the 

Golgi cell experiments (Chapters 4 & 5), and gave additional information about 

developmental changes in the subunit composition of native NMDA receptors in 

granule cells.
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6.3 RESULTS

6.3.1 Effect o f TPEN on whole-cell NMDA responses

In order to elucidate the contribution of NR2A-containing NMDA receptors to 

responses in granule cells, the effect of the zinc chelator TPEN was studied. This 

agent has been shown to potentiate, by up to threefold, the responses of recombinant 

NR1/NR2A containing NMDA receptors, whilst having little effect on other NR2 

subunit containing NMDA receptors (Paoletti et al, 1997). Furthermore responses 

from native NMDA receptors thought to contain the NR2A subunit have also been 

shown to be potentiated in the presence of TPEN (Paoletti et al., 1997).

Recordings were made from granule cells at various stages of development. 

Migrating granule cells were identified as slightly elongated cells located in the 

molecular layer (see Farrant et at., 1994). These cells lacked action potentials in cell- 

attached configuration and did not exhibit synaptic currents during whole-cell 

recordings. Internal granule cells were identified from their location and other 

characteristic features. Once in the whole-cell configuration, cells were bathed in 

control solution containing lOjitM bicuculline, 0.5|iM strychnine, 5|liM CNQX and 

BOOnM TTX, and examined at room temperature (22-25°C).

6.3.1a Misratine granule cells

In situ hybridisation studies suggest that the expression of mRNA for the NR2B 

subunit is restricted to the migratory zone in young animals during neural migration 

(Watanabe et a l, 1994). Since migrating granule cells have previously been shown to 

contain a population of high-conductance NMDA channels (Farrant et al., 1994), it is 

likely that NR2B-containing NMDA receptors contribute to NMDA mediated 

responses in these cells.

Recordings were made from migrating granule cells in PIO rats. Figure 6.1 A shows a 

typical whole-cell response to 10|xM NMDA during which l|xM TPEN was applied 

briefly to the cell. There was no apparent change in the NMDA response in the
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Figure 6.1 TPEN potentiates NMDA evoked responses in the m ature granule 

cell.

Whole-cell recording of (A) a PIO migrating granule and (C) a P14 internal granule 

(Vm = -60mV). Horizontal filled bars indicate application of 10pm NMDA; open 

bar indicates co-application of 1pm TPEN. B) bar graphs showing mean results from 

5 migrating granule cells and (D) 8 internal granule cells. Asterisk indicates a 

significant difference from the control response (P<0.05).
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presence of TPEN. Results from 5 cells are shown in panel 6. IB. The mean NMDA 

current in the presence of TPEN was 83.9 ± 27pA compared to 82 ± 26pA in control 

conditions (not statistically significant, P>0.05). This suggests that NR2A-containing 

NMDA receptors were not present at this stage of development.

6.3.1b Internal sranule cells -  P14

Whole-cell NMDA responses were obtained from P14 granule cells. This is a stage at 

which these cells contain mRNA for the NR2A subunit (Akazawa et al., 1994). Co

application of 1|liM TPEN resulted in a potentiation of the NMDA-evoked response as 

shown in the trace from a single experiment in Figure 6.1C. Mean results from 8 cells 

indicated a significant potentiation of 16.8 ± 4.7% (Figure 6.ID; P<0.01), from 27.6 ± 

3.7pA in control conditions to 32 ± 4.4pA in the presence of TPEN. These results 

suggest the presence of an NR2A-containing NMDA receptor population in P14 

granule cells.

6.3.1c Internal sranule cells -  P6

Internal granule cells from P3-P11 rats express mRNA for the NR2B NMDA receptor 

subunit (Akazawa et a l, 1994). lOpM NMDA was applied to P6 internal granule 

cells in the presence and absence of IpM TPEN. Mean results from 31 cells indicated 

that TPEN gave a potentiation of 23.7 ± 6.7% (range -19% to 117%). It became 

apparent that the extent of potentiation was dependent on the depth within the 

cerebellum from which the slice was taken. Slices were therefore separated on the 

basis of whether they were cut from the vermis of the cerebellum (>800pm below the 

cerebellar surface), or the hemisphere (up to 600|Lim below the cerebellar surface). 

Figure 6.2A shows a whole-cell response of an internal granule cell from a vermal 

slice of a P6 animal. In the presence of IpM TPEN the response was potentiated. 

The average response from 15 cells in the presence of NMDA was 102.6 ± 19.1pA 

and during co-application of TPEN was 119.8 ± 15.4pA. This was a potentiation of 

38 ± 1.0% («=15) and was significant (P<0.05; Figure 6.2B). Figure 6.2C shows a 

whole-cell response of a granule cell taken from a hemispheric slice (P6 animal) in 

the absence and presence of TPEN. Results from 16 cells indicated that there was no
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Figure 6.2 Regional specificity of TPEN potentiation.

A), whole-cell response of a P6 granule cell from a vermis slice (Vm = -60mV) to 

lO juH NMDA (filled horizontal bar). Application of 1 jilM TPEN indicated by open 

horizontal bar. B, bar graph showing mean results from 16 cells. Asterisk indicates a 

significant difference from the control response. C, whole-cell response of a P6 

granule cell taken from a hemisphere slice (at -60mV) to NMDA and TPEN. D, bar 

graph shows mean results from 15 cells.
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significant potentiation (P>0.05; Figure 6.2D). These results suggest that the 

contribution of NR2A-containing NMDA receptors differs between the hemisphere 

and vermis of granule cells in P6 rats.

6.3.2 Effect o f ifenprodil on whole-cell responses

We used ifenprodil to determine the contribution of NR2B subunits to NMDA 

receptors in granule cells at various stages of development. This agent has been 

shown to suppress the responses of NR2B-containing NMDA receptors by up to 80% 

(Williams, 1993).

MieratiriQ sranule cells from PIO animals

The effect of ifenprodil on migrating granule cells has been shown in Chapter 4 (see 

Figure 4.7). The data shown is from outside-out patches of PIG migrating granule 

cells. On average there was an 84.8 ± 4.7% reduction in the total charge carried in the 

presence of ifenprodil suggesting the presence of NR2B-containing NMDA receptors 

in granule cells at this stage.

Internal sranule cells from P6 animals

lOpM Ifenprodil was applied to P6 internal granule cells in whole-cell configuration 

in the presence and absence of lOpM NMDA (not shown). The mean percentage 

reduction by ifenprodil was 18.3 ± 5.4% («=15). The effect of ifenprodil was not 

significantly different between vermal and hemispheric slices.

Preliminary experiments on internal granule cells from P14 animals, indicated that 

ifenprodil had little, if any, effect at this age.

6.3.3 Evoked EPSCs in granule cells from P6 animals

To investigate which NR2 subunits contributed to NMDA receptors involved in 

synaptic transmission in young cerebellar granule cells, the properties of the mossy 

fibre-granule cell synapse were examined. EPSCs were elicited by stimulating 

putative mossy fibres in the internal granular layer.
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6.3.3.1 Properties o f evoked EPSCs

EPSCs were evoked every 5 seconds for up to 20 minutes. Figure 6.3A shows 

individual EPSCs evoked under these conditions. The stimulus artefact (large vertical 

transient) is followed by an EPSC in the upper two traces in Figure 6.3A. Channel

like activity is present in the decay of the EPSC. The lower trace in Figure 6.3A 

represents a failure, and such events were excluded from the average. A number of 

events were averaged and the decay of the evoked EPSC was fit by the sum of three 

exponentials. Figure 6.3B shows the average waveform obtained from 58 individual 

EPSCs from a single granule cell. The underlying decay time constants were 1.4ms, 

56.4ms and 256.5ms (representing 79.3%, 12.8% and 7.9% of the total charge). 

Evoked EPSCs had a mean amplitude of -42.8 ± 5pA as shown in the histogram of 

amplitudes in Figure 6.3C.

6.3.32 Pharmacolosical properties o f evoked synaptic currents

Drugs were bath applied and allowed to equilibrate for approximately two minutes. 

Average waveforms were constructed from individual evoked EPSCs in the presence 

of AP5 and ifenprodil (Figure 6.4A). The slow component of the EPSC was mediated 

by NMDA receptors, since AP5 (10p,M) caused an 84.4 ± 5.6% reduction (n=6) of 

this component. Ifenprodil reduced the NMDA component by 73.8 ± 6.2% (n=6). 

(There was no significant difference between the extent of block in the presence of 

either ifenprodil or AP5). Ifenprodil produced a marked reduction in the NMDA- 

EPSC suggesting most (if not all) of the receptors were the NR2B-containing variety. 

The action of ifenprodil and AP5 on the NMDA component of the evoked EPSC is 

summarised in the lower bar graph in Figure 6.4B. Neither ifenprodil nor AP5 

affected the non-NMDA component of the EPSC, (as shown in the upper panel in 

Figure 6.4B) indicating the block was not presynaptic in origin.
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Figure 6.3 Properties of evoked EPSCs in P6 granule cells.

A, examples of evoked EPSCs from a single cell at -60mV. The vertical line is the 

stimulus artefact. The lower trace is an example of a failure, where stimulation failed 

to produce a synaptic response. B, average evoked EPSC waveform obtained from a 

single cell by stimulating in the internal granular layer. The decay of the waveform 

was best fit with the sum of three exponentials. Percentage contribution to the total 

current shown in parentheses. C, amplitude histogram of events from a single cell. 

Mean amplitude = -42.8 ± 5pA. (Minimum amplitude -17pA, and maximum 

amplitude -53pA).
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Figure 6.4 The NMDA component of evoked EPSCs is reduced in the presence of 

ifenprodil.

A, normalised average evoked EPSC waveforms recorded from a single cell held at -  

60mV, in the presence of lOpiV') bicuculline and 0.5pM strychnine. Waveforms have 

been normalised to the peak of the EPSC. The averages are from 68, 74 and 75 

individual evoked EPSCs, for control, ifenprodil and AP5 respectively. The size of 

the non-NMDA peak was taken at the position indicated by the filled circle; the 

magnitude of the NMDA peak was taken at the point indicated by the open circle. B, 

bar graph showing the mean effect of ifenprodil and AP5 on the non-NMDA and 

NMDA component. Asterisks indicate significant difference from the control 

response (n=6 cells).
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6.4 DISCUSSION

In this chapter we have used various pharmacological approaches to examine the 

change in granule cell NMDA receptor properties that occur during development. 

The experiments were performed, in part, as a comparative adjunct to the Golgi cell 

experiments described in Chapters 4 & 5. However, they also provided further 

functional evidence for the changes in NR2 subunit expression that occur during 

granule cell development. Our main finding is that immature granule cells express 

NR2B-containing NMDA receptors, whilst mature granule cells express NR2A- 

containing NMDA receptors. We have not examined the presence of NR2C- 

containing NMDA receptors that have previously been identified in granule cells from 

older animals (Farrant et al., 1994; Feldmeyer & Cull-Candy, 1996).

6.4.1 Granule cell development

Granule cells are generated in the external granular layer and migrate through the 

molecular and Purkinje layers to form the internal granular layer (Altman, 1972). 

Thus during early stages of development, granule cells in different layers of the 

cerebellum are at different stages of development. Further, they have been shown to 

express mRNA for different NMDA receptor subunits at different developmental 

stages.

6.4.2 Previous studies mappins NR2 subunit diversity in cerebellar sranule cells

In situ hybridisation studies have mapped the expression of mRNA for NR2 subunits 

in granule cells during development (Akazawa et a l, 1994; Watanabe et al, 1994; 

Monyer et al, 1994). These studies are in general agreement that the signal for NR2B 

mRNA is strong in young granule cells, and diminishes during development. Weak 

signals for the NR2A subunit have also been described in young granule cells 

(Monyer et a l, 1994). More mature granule cells on the other hand have been 

reported to contain mRNA for the NR2A and NR2C subunits (Akazawa et al, 1994; 

Watanabe et al, 1994; Monyer et al, 1994). Thus, evidence from in situ 

hybridisation studies reveal that a likely switch in NR2 subunit expression occurs
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during granule cell development. However, the presence of mRNA does not in itself 

mean that protein is expressed or that functional receptors are formed.

Functional studies provide an unambiguous way of obtaining evidence for the type of 

subunits involved in forming receptors that are activated during synaptic transmission. 

Other methods can be used for the localisation of subunits to the synapse, but do not 

tell us which subunits are involved in forming functional receptors. Farrant et ah, 

(1994) have used functional approaches to study changes in granule cell NMDA 

receptors in the developing cerebellum, by examining NMDA receptor properties at 

the single-channel level. They describe a change in single-channel properties in 

granule cells, from a purely ‘high-conductance’ NMDA receptor population to a 

mixed ‘high- and low-conductance’ NMDA receptor population. It is now known 

that high-conductance NMDA receptors arise from NR2A- or NR2B-containing 

NMDA receptors whilst low-conductance NMDA receptors arise from NR2C- or 

NR2D-containing NMDA receptors (Cull-Candy et ah, 1995). Farrant et al., (1994) 

suggest that the properties of the low-conductance receptor observed in mature 

granule cells correspond to those of recombinant NR2C-containing NMDA receptors. 

However since NR2A- and NR2B-containing NMDA receptors cannot easily be 

distinguished on the basis of their single-channel properties, the high-conductance 

receptors that Farrant et ah, (1994) suggest persist during development could not be 

ascribed to one or other subunit. Pharmacological approaches can now be used to 

distinguish between NR2A- and NR2B-containing NMDA receptors (Williams, 1993; 

Paoletti et ah, 1997; Misra et ah, 1998).

6.4.3 An interpretation o f the results presented in this chapter -  extrasvnaptic 

receptors

The responses of NMDA receptors expressed in migrating granule cells were 

inhibited in the presence of ifenprodil, but were not potentiated by TPEN. In contrast 

NMDA receptors in granule cells from older animals (P14) were potentiated in the 

presence of TPEN but not suppressed by ifenprodil. These results are consistent with 

the presence of NR2B-containing NMDA receptors in young granule cells and the 

expression of NR2A-containing NMDA receptors in the mature cells.
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The results from the experiments on young granule cells in the internal granular layer 

are more difficult to interpret, since the experiments revealed a region specific 

potentiation by TPEN. The presence of TPEN potentiation in the vermis suggests that 

this region was giving rise to the NR2A-containing NMDA receptor type that 

generally appear to be present in the mature cells. The hemispheric region still 

expressed NR2B subunits in granule cells at P6, and therefore was not potentiated in 

the presence of TPEN. This is in accord with previous studies on cerebellar 

development indicating that the vermis of the cerebellum develops before the 

hemisphere (Altman & Bayer, 1997).

Responses in internal granule cells in these two regions were only slightly (-20%) 

suppressed by ifenprodil. It is somewhat surprising that ifenprodil caused such a 

small reduction in response given that NR2B-containing NMDA receptors are thought 

to represent the majority of NMDA receptors present at this age. Further, from the 

results of the migrating granule cell experiments (Chapter 4), it is known that 

ifenprodil can produce an 80% block in a NR2B-containing NMDA receptor 

population. It is not known however, whether co-assembly with another NR2 subunit 

affects the extent of ifenprodil block. It could be that the gradual expression of 

NR2A-containing NMDA receptors during development results in the appearance of 

trimeric complexes containing NR2A and NR2B subunits within a single receptor. 

The extent of ifenprodil block in such a complex may be reduced. Indeed, Vicini et 

al, (1998) have reported a decreased sensitivity for the NR2B-selective antagonist 

haloperidol on recombinant NR1/NR2A/NR2B containing populations when 

compared with recombinant NR1/NR2B populations. Further, Biimecombe et at., 

(1997) have reported that the presence of NR2A subunits within NR1/NR2B 

complexes reduces the sensitivity of the receptor to ifenprodil analogues such as 

CPIOI, 606. However, this idea remains to be systematically examined.

In the older internal granule cells (P14: vermal slice) the extent of TPEN potentiation 

was not as marked as in the young (P6) vermal granule cell (16% compared with 

31%). This may also suggest the presence of other NR2 subunits in the older granule 

cell, which affects the action of TPEN. From in situ hybridisation studies, mRNA for 

the NR2C-subunit (as well as the NR2A subunit), is thought to be expressed from PI3 

onwards (Akazawa et a i, 1994; Watanabe et ai, 1994; Monyer et a l, 1994). It seems
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plausible, therefore, that the insertion of NR2C subunits into NMDA receptor 

complexes in older granule cells may account for the reduced potentiation in these 

cells. Experiments on recombinant NR1/NR2A/NR2C containing NMDA receptors 

may help resolve this issue.

6.4.4 Chanses in synaptic NR2 subunit expression

The results in the current study indicate that young granule cells contain a mixture of 

NR2A- and NR2B-containing NMDA receptors in the extrasynaptic membrane. 

However this situation did not appear to be mimicked at the mossy fibre-granule cell 

synapse in the young rat, where most of the synaptic NMDA current was ifenprodil 

sensitive. It also seems unlikely that NR2A-containing NMDA receptors contributed 

to NR2B-containing receptors, since had they been present as trimeric complexes 

(NIR/NR2A/NR2B) then there may have been a decrease in the potency of ifenprodil. 

Stocca & Vicini, (1997) for example, suggest a decreased sensitivity of NR2B 

selective agents to NMDA receptors thought to contain NR2A and NR2B subunits, in 

cortical neurones.

6.4.5 Limitations o f pharmacolosical assays

At present, the main limitation of the pharmacological approaches to unravelling 

NMDA receptor diversity is the uncertainty regarding the subunit selectivity of 

available drugs. Just how selective are the ‘subunit-selective’ agents, and what 

influence does the presence of other NR2 subunits within a complex have on the 

selectivity of the agent? The specificity of subunit specific drugs such as ifenprodil 

and TPEN therefore needs to be examined on multiple NR2 containing NMDA 

receptor populations. Whereas some studies have examined this issue, and 

differences in pharmacological affinities in mixed NR2 containing receptor 

populations have been reported (Brimecombe et at., 1997, Vicini et al., 1998) such 

profiling needs to be undertaken on a wider scale.
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7. INFLUENCE OF TEMPERATURE ON Mg *̂ BLOCK OF THE NMDA 

RECEPTOR IN GRANULE CELLS

7.1 SUMMARY

1. To investigate the properties of the magnesium block of the NMDA receptor at 

physiologically relevant temperatures we have examined whole-cell responses 

from granule cells in slices of the rat cerebellum from P5-P10 animals.

2. NMDA responses were first examined at room temperature by pressure 

application of 50|xM NMDA to granule cells (PIO animals). All cells had an 

NMDA response (/i=185). However, NMDA evoked responses ran down with 

time. Despite the presence of EGTA in the internal solution the NMDA evoked 

response was reduced to 45.1 ± 4.9% («=6) of the control response after 7-8 

minutes.

3. In an attempt to minimise ‘rundown’, we examined the influence of various 

internal solutions on NMDA responses at room temperature. A BAPTA based 

internal had little effect on the rate of rundown. An ATP-regenerating solution 

coupled with the use of a lower concentration of NMDA (20pM), examined on 

cells from younger animals (P5), significantly reduced the rate of rundown 

(P<0.05).

4. Increasing the temperature by 10°C (to ~35°C) caused a 28.6 ± 3.3% increase in 

the control NMDA response (w=23). 20mV voltage steps at room temperature and 

at higher temperatures, revealed the presence of a residual magnesium block in 

nominally Mg '̂^-free solutions.

5. Pressure application of ImM Mĝ "̂  reduced the NMDA-response by 27.2 ± 4.2% 

at room temperature (-60mV). Voltage steps in the presence and absence of 

magnesium at higher temperatures revealed that there was no detectable difference 

in the degree of Mĝ "̂  block at any given potential.
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6. These results suggest that the degree of Mĝ "̂  block of the NMDA receptor at 

physiologically relevant temperatures is similar to that observed at room 

temperature.

7.2 INTRODUCTION

Properties of NMDA receptors have generally been studied at room temperature. 

Although it is more convenient to examine receptor channels under these conditions, 

their behaviour may not reflect that which occurs in vivo. Feldmeyer & Cull-Candy, 

(1993) have previously studied the effect of temperature on NMDA receptor single

channel properties. They have documented a temperature dependent increase in 

single-channel conductance in granule cells, which reaches approximately lOOpS at 

physiologically relevant temperatures (Feldmeyer & Cull-Candy, 1993). An increase 

in single-channel conductance at higher temperatures has also been reported in a 

number of different channels. These include Ca^^-activated channels (Barrett et 

ah, 1982), anomalous K^-rectifier channel (Fukushima, 1982), glutamate channels 

(Anderson et ah, 1977) and acetylcholine channels (Anderson & Stevens, 1973).

Few studies have looked at the effect of temperature on the macroscopic properties 

such as the Mĝ "̂  block of the NMDA receptor. The degree of sensitivity to Mĝ "̂  

block and its voltage dependence influence the contribution of the NMDA receptor to 

cellular responses. Studies at room temperature have revealed that this blockade is 

relieved by depolarisation, whilst becoming more pronounced at hyperpolarising 

potentials (Ascher et ah, 1988). Any quantitative change in this relationship could 

have important implications for NMDA receptor activation, and how it contributes to 

cellular responses.

This chapter aims to study the effect of temperature on the Mĝ "̂  block of the NMDA 

receptor in cerebellar granule cells.
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7.3 RESULTS

7.3.1 Pru2 application

Farrant et al, (1994) have previously examined the current-voltage relationship of the 

NMDA-response of P7 granule cells at room temperature, by generating voltage- 

ramps in the presence and absence of Mĝ "̂ . However, in the present study, this 

approach was not successful at higher temperatures. The general stability of cells 

deteriorated at higher temperatures, and the series resistance and / or the cell 

capacitance changed by >20%. This general deterioration may have been exacerbated 

by the long drug exposure times associated with the bath application method; 

typically, the response took 1 minute to peak, and ~ 5 minutes to wash off. We 

therefore devised a simple pressure application method. Pressure application of 

50|uiM NMDA, from a single-barrelled pipette positioned 100-200|xm from the 

recorded cell, yielded a rapid response that decayed with a similarly fast time-course 

(Figure 7.1 A).

7.3.2 Rundown o f the NMDA response

In order to study the effect of temperature on the Mĝ "*" block it was necessary to 

obtain steady NMDA responses of reasonably consistent amplitudes. Whole-cell 

recordings were made from PIO granule cells held at -60mV, using patch pipettes 

containing an EGTA based internal solution. 50pM NMDA was pressure appHed to 

granule cells at intervals of 30 seconds or 1 minute. All cells had a NMDA response 

(n=185). The amplitude of the NMDA evoked response showed a gradual rundown 

with time. The rate of rundown appeared to plateau after about 7-8 minutes. The 

amplitude of the peak NMDA current at the plateau was 45.1 ± 4.9% (n=6) of the 

control response at zero time. Figure 7. IB shows the effect of recording with patch 

pipettes containing an EGTA based internal solution (n=6). Currents have been 

normalised to the initial response at zero time. When NMDA was applied at 8-10 

minute intervals, the response did not rundown (/i=3), suggesting that rundown was 

‘use-dependent’.
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Figure 7.1 An ATP-regenerating solution based internal reduced the amount of 

rundown.

A, example of pressure application of 50pM NMDA. The response had a fast on- 

and off-rate (PIO cell). B, NMDA evoked currents in response to 50|liM NMDA as a 

function of time. Open circles indicate the magnitude of the whole-cell response in 

the presence of an EGTA based internal, normalised to the response at 0 minutes 

(n=6). Filled circles indicate normalised NMDA responses in the presence of a 

BAPTA based internal («=7). C, whole-cell responses to 50pM NMDA (open 

circles; n=6) and 20pM NMDA (filled circles; n=3). 10 second pulses of NMDA 

were pressure applied at 1 minute intervals. D, responses of a P5 granule cell to 

application of 20|xM NMDA every minute using an ATP-regenerating solution based 

internal.
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To determine whether rundown could be prevented, by the use of other ‘intracellular’ 

buffers, we used a BAPTA based internal solution. However, in these conditions the 

NMDA-activated peak response was reduced to 43.2 ± 3.6%, (n=7) of the control 

response, within 10 minutes (Figure 7. IB). This was not significantly different from 

the rate or rundown obtained with the EGTA based internal solution (P>0.05). 

MacDonald et al., (1989) have shown that an ATP-regenerating internal solution 

slows down the rate of rundown. Figure 7.1C illustrates the timecourse of rundown of 

NMDA-responses in PIO granule cells, in the presence of an ATP-regenerating 

internal (w=6 cells). Currents have been normalised to the initial response at zero 

time. After 10 minutes, the response evoked by 50|xM NMDA had been reduced to

46.5 ± 19.1 % (%=6) of the control response. This was not significantly different from 

the rates of rundown with either the EGTA or BAPTA based internals (P>0.05 two- 

tails, unequal variance). However, the speed of rundown was reduced in the presence 

of lower NMDA concentrations (20|iM); responses were reduced to 69.9 ± 17.5% 

(%=3) of the control response, by 10 minutes. This was significantly different from 

the rate of rundown with all previous combinations (p<0.001).

It was possible to stabilise the rate of rundown further. We found that granule cells in 

P5 animals gave a low rate of rundown in response to 20pM NMDA, when the patch- 

pipette contained an ATP-regenerating internal solution. Figure 7. ID shows an 

example of this. Within two minutes the response had stabilised to a plateau level that 

was well maintained. The response at 10 minutes was 76.7 ± 12.9% (%=5) of the 

initial response. Thus all subsequent experiments were carried out using these 

conditions.

7.3.3 Effect o f increasins temperature on the whole-cell NMDA response

NMDA was applied to P5 granule cells (-60mV), until responses no longer exhibited 

rundown. This usually took 2-3 minutes. After stable recordings had been obtained 

at room temperature, the incoming bath solution was warmed using a Peltier device. 

A probe attached to the objective monitored the temperature of the solution in the 

immediate vicinity of the cell. Increasing the temperature of the solution by 10°C 

took 1-2 minutes. During this time NMDA was applied every 30-60 seconds (see
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Figure 7.2 Effect of temperature on whole-cell NMDA-evoked response.

A, whole-cell response of a P5 granule cell to 10 sec applications of 20pM NMDA. 

NMDA was applied each minute in the presence of an ATP-regenerating internal. 

After three stable responses, the incoming solution was heated and responses evoked 

at higher temperatures. Horizontal and open bars indicate the temperature. B, 

average results from 18 cells. Asterisks indicate responses significantly different 

from those at room temperature. P values of <0.05.

166



A verage re sp o n se  (pA) D D

o CDO 00O OO

N)

o\

r o
r o

H-
o
w
O

Cû
ro
Ko
1+
o
h
n

ro
42»

O

00en

O



Figure 7.2A). There was a 28.6 ± 3.3% increase in NMDA current when the 

temperature was increased from 22°C to 32°C (Figure 7.2B). (NMDA current 

increased from 58 ± 5.5pA to 87.7 ± 8.9pA (n=23; Vh=-60mV). This was highly 

significant P<0.001).

A Qio of 1.5 ± 0.1 was obtained for the temperature dependence of the amplitude of 

the NMDA evoked response (n=23; see Methods for calculation).

7.3.4 Effect ofmasnesium on the whole-cell NMDA response at hisher temperatures

NMDA was applied to cells from a two-barrelled theta tube, one side of which 

contained NMDA and the other side NMDA and ImM Mĝ "̂ . NMDA responses were 

evoked with these two solutions at room temperature and at higher temperatures. 

Figure 7.3A shows typical responses to 10 second pulses of solution, applied 

alternately from each barrel of the theta tube. The amplitude of the NMDA evoked 

current was significantly reduced by Mĝ "*" at both room temperature (24.1 ± 0.2°C) 

and high temperature (34.5 ± 0.8°C). However, the percentage block was similar at 

both temperatures: 27.2 ± 4.2% at 23.5°C and 26 ± 4% at 35.5°C. Figure 7.3B shows 

average results from 6 cells.

7.3.5 Voltase steps at different temperatures

We have also examined the possibility that the voltage-dependence of the block by 

Mĝ "̂  may change with temperature. Cells were examined over a range of potentials 

between OmV and -lOOmV, in control conditions and in the presence of NMDA and 

Mĝ "̂  at 23.1°C and 32.7°C. Figure 7.4A illustrates the experimental protocol. The 

upper panel in Figure 7.4A is from a recording in response to the voltage protocol in 

the lower panel. In these initial experiments, we examined the effect of residual Mĝ "̂  

present in the solution. Results from 5 cells are indicated in Figure 7.4B. A clear 

residual Mĝ "̂  block was apparent at hyperpolarised potentials, at both temperatures.

These experiments were repeated using a two-barrelled tube containing NMDA and 

NMDA plus ImM Mg '̂ .̂ Voltage steps were triggered during alternate pressure
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Figure 7.3 Magnesium block of the NMDA response at different temperatures.

A, whole-cell response from a P5 granule cell (-60mV), at 23.5‘̂ C and 35.5°C. 

Closed horizontal bar indicates duration of application of 20pM NMDA, and open bar 

indicates co-application of ImM Mĝ "̂ . Note that in the presence of Mĝ "̂  the NMDA 

evoked response is not totally blocked. B, average results from 6 cells. The extent of 

block of the NMDA evoked response by ImM Mg^^ at room temperature was 72.2 ± 

4.9%. The corresponding value at the higher temperature was 72.5 ± 7%. The values 

were not significantly different. Asterisks indicate responses significantly different 

from the control NMDA response.
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Figure 7.4 Residual Mĝ "̂  block at different temperatures.

A, upper trace shows an individual whole-cell recording from a P5 granule cell (- 

60mV). The horizontal black bar indicates the application of 20pM NMDA. The 

lower trace shows the voltage step protocol used in experiments. 20mV steps with a 

duration of 600ms were used. B, average current-voltage relationship generated using 

the voltage step protocol («=5). The open circles indicate experiments performed at 

room temperature: 23.1 ± 0.1°C. The filled circles represent experiments performed 

at higher temperatures: 32.7 ± 1.1°C. Note that despite the presence of Mg '̂^-free 

solutions, there is a residual Mĝ "̂  block. S.E.M’s are shown in one direction for 

clarity.
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application of these two solutions. The procedure was then repeated at higher 

temperatures. Figure 7.5A displays data from 5 cells, at room temperature (23.7 ± 

0.3°C). The general shape of the current-voltage relationship in the presence of Mĝ "*" 

curve was similar to that observed by Farrant et al, (1994). At 34.5 ± 0.6°C the shape 

of the Mĝ "̂  curve remained similar to that at room temperature, although the 

amplitudes of the currents increased. The plot in Figure 7.5B compares the overall 

Mĝ "̂  block at the two temperatures. There was no significant difference between the 

percentage block at any given voltage (P>0.05).

173



Figure 7.5 The I/V relationship for Mĝ "̂  block is similar at low and high 

temperatures.

A) average results from 5 cells. Current voltage relationships obtained from voltage 

steps on whole-cell recordings from P5 granule cells. Currents were evoked in 

response to 20pM NMDA in the presence (open circles) and absence (filled circles) of 

ImM Mĝ "*" at 23.7 ± 0.3°C (i) and 34.5 ± 0.6°C (ii). A residual Mĝ "̂  effect is 

apparent under control conditions. B) results displayed as % block at each potential. 

Each point on the curve is from 2-5 experiments.
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7.4 DISCUSSION

The main result described in this chapter is that the whole-cell NMDA response 

increases with temperature, but that the Mĝ "̂  block remains virtually unchanged. 

This suggests that previous studies in which Mĝ "̂  sensitivity has been described at 

room temperature may be reasonably applicable to the situation at physiological 

temperature.

7.4.1 NMDA receptor properties at physioloeically relevant temperatures.

Feldmeyer & Cull-Candy, (1993) have previously described the effect of temperature 

on microscopic NMDA receptor properties. They have shown that the single-channel 

conductance of NMDA channels increases from 50pS at 22°C to 96pS at 37.5°C. 

Given this observation, it is perhaps surprising that the whole-cell current increased 

by only 29% when the temperature increased from 23°C to 34.5°C. This probably 

reflects the fact that the apparent lifetime of the NMDA channels decreased. The Qio 

of 1.5 ±0.1 obtained in the current study is comparable to that of Feldmeyer & Cull- 

Candy, (1993) who report a Qio of 1.55 for the temperature dependence of the 

conductance of the NMDA receptor. Qio values in this range suggest that the energy 

barriers for crossing the channel are low and not dependent on rate-limiting steps such 

as gating. They can probably be attributed to the temperature dependence of aqueous 

diffusion.

7.4.2 Rundown o f the NMDA response

Since the primary aim of this chapter was to study the effect of temperature on a 

stable set of responses, the mechanisms underlying rundown were not extensively 

studied. However, a few observations on the possible mechanisms underlying this 

phenomenon can be made.

Rundown of the NMDA receptor response has previously been examined in some 

detail (MacDonald et ai, 1989; Rosenmund & Westbrook, 1993a). MacDonald et ai, 

(1989) reported stabilisation of rundown at -50% of the initial response when using 

an EOT A based internal solution. The results presented in this chapter are in accord
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with this. Substitution of the EOT A for BAPTA did not affect the rate of rundown 

and suggests that rundown is not a consequence of changes in intracellular pH, related 

to the binding of to the buffer or to the kinetics of this binding (MacDonald et 

al, 1989).

Many studies have found that rundown is reduced in ‘high-energy’ conditions such as 

that generated by using an ATP-regenerating internal solution (MacDonald et al, 

1989; Rosenmund & Westbrook, 1993a). The results in this chapter indicate that 

while ATP is effective in suppressing rundown in granule cells, the NMDA-evoked 

response is still reduced by up to 30% after 10 minutes. Rosenmund & Westbrook, 

(1993a), however report a complete prevention of rundown in the presence of an 

ATP-regenerating solution and a low concentration of NMDA (lOpM). This 

discrepancy may be due to the different NMDA concentrations used in the two 

studies. Consistent with this idea, we found that rundown was not prevented in the 

presence of 50p,M NMDA and ATP-regenerating internal solution. This could 

suggest that rundown depends on the amount of ion flux through the NMDA receptor. 

In this respect, it is of interest that rundown is known to be calcium dependent 

(Rosenmund & Westbrook, 1993b).

Since NMDA receptors can be modulated by a number of intracellular proteins, 

including Ca^^-dependent and -independent kinases and phosphatases, a possible 

mechanism for rundown involving ATP has been suggested by Rosenmund & 

Westbrook, (1993b). They suggest that cytoskeletal interactions underlie this 

phenomenon. The role of ATP may lie in the stabilisation of NMDA currents by 

facilitating assembly of cytoskeletal actin filaments. Repeated calcium transients 

would be expected to destroy the structural integrity of the actin network since 

elevated Câ "̂  causes actin depolymerisation. This can be rescued by ATP which 

causes repolymerisation of actin.

7.4.3 block at physiolosicalh relevant temperatures

The Mĝ "̂  block of the NMDA receptor is reduced at depolarised potentials and 

enhanced at hyperpolarising potentials. We mainly examined Mĝ "̂  block at 

hyperpolarising potentials in the present experiments. The shape of the current-
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voltage relationship did not change at higher temperatures, suggesting that the degree 

of block of the receptor population may remain unchanged. This is perhaps surprising 

given the large increase in channel conductance and decrease in apparent lifetime of 

the channel that occurs as temperature is increased.
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