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ABSTRACT

The axons of Purkinje cells are the only efferent projections of the cerebellar cortex. 

Synaptic inhibition exerts critical control over Purkinje cell firing activity, and 

thereby immediately influences cerebellar cortical output. Two inhibitory synaptic 

inputs to Purkinje cells, arising from basket cells and stellate cells, have been studied 

extensively, and are well characterised in the literature. In this study, 

electrophysiological recordings and confocal imaging in cerebellar slices are 

combined with modelling techniques, to find and characterise two novel inhibitory 

synaptic inputs to Purkinje cells in neonatal (thirteen - fifteen day-old) rats.

The first input is proposed to arise from the Lugaro cell, a rare type of cerebellar 

intemeurone that is excited by the monoamine serotonin. The putative Lugaro cell - 

Purkinje cell synaptic connection displays unusual pharmacology, being recorded 

under conditions in which all other synaptic inputs to Purkinje cells are blocked. 

Modelling competitive antagonism o f GABAa receptors suggests that this 

pharmacology results from an unusually long GABA dwell time and / or high G ABA 

concentration in the synaptic cleft. The pharmacology may reflect the immature state 

of the synaptic connections, for, similarly to other synapses o f the cerebellar cortex, 

the physiology and morphology of the novel synapses are likely to undergo marked 

developmental changes following the age studied. The input is subject to strong 

GABAa receptor-mediated presynaptic modulation, resulting in a dynamic range 

from almost 0 % to 90 % release probability. It is suggested that the presynaptic 

modulation renders the input sensitive to background GABA, and might allow



Lugaro cell - Purkinje cell synapses to become active when the activity o f basket 

cells and stellate cells is reduced.

The second synaptic connection examined in this work is suggested to arise between 

Purkinje cells themselves. There has long been anatomical evidence for a synapse 

between Purkinje cells, but no fiinctional connection has yet been directly 

demonstrated. Simultaneous recordings o f pairs of Purkinje cells, and subsequent 

statistical analysis of their synaptic activities, are presented to give evidence of such 

a connection.

Finally, possible implications of the proposed novel synaptic connections, which 

have as yet been observed only at this immature stage of cerebellar synaptic 

development, are considered in terms of the fiinction of the cerebellum.
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CHAPTER 1 

INTRODUCTION

In this thesis, an investigation is presented of inhibitory synaptic inputs impinging 

onto cerebellar Purkinje cells. The synaptic control of Purkinje cells has been a 

subject of research for many years. However, whilst two inhibitory synaptic inputs 

to Purkinje cells, arising from basket cells and stellate cells, have been extensively 

characterised, the relations to Purkinje cells of two other inhibitory synaptic 

pathways in the cerebellum are less clearly understood. One of these pathways arises 

from a relatively rare type of cerebellar intemeurone, the Lugaro cell; the second 

pathway arises from Purkinje cells themselves. It is these two inhibitory pathways 

that are the focus of study in this thesis.

The first sections of this chapter provide a general introduction to the anatomy and 

synaptic connectivity of the cerebellum, and to inhibitory synaptic transmission. 

Then, the physiology of the known synaptic inputs to Purkinje cells is described, 

with particular emphasis on synaptic inhibition, before introducing the inhibitory 

pathways that are investigated in this thesis. Finally, an overview is given of theories 

of cerebellar function.

1.1 Cerebellar anatomy and synaptic connectivity

The cerebellum is composed of an outer layer of grey matter, forming the cerebellar 

cortex, an inner tract of white matter and three pairs of deep nuclei. A transverse 

fissure separates the cerebellum into anterior and posterior lobes, and two
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longitudinal fissures define three mediolateral cerebellar regions: the central vermis, 

and, on each side of the vermis, the intermediate hemisphere and lateral hemisphere. 

These regions are further subdivided by transverse fissures into separate lobules, 

each of which is finally divided, by shallower transverse fissures, into many ‘folia’. 

With the exception of the most posterior lobe of the cerebellum, which sends output 

via the dorsal part of the lateral vestibular nucleus (Deiters nuclei), all cerebellar 

output is conveyed via cells lying in the deep cerebellar nuclei. The deep nuclear 

cells, however, project to differing targets in the central nervous system, such as the 

red nucleus and varying regions of the thalamus, according to the region of the 

cerebellar cortex from which they receive input.

Despite these anatomical divisions within the cerebellum, the architecture of the 

entire cerebellar cortex contains a simple, repeated arrangement of cells. Figure 1.1 

shows a schematic picture of a cross-section through the cerebellar cortex. The 

mature cerebellar cortex can be divided into three layers: the molecular layer, which 

is the most superficial, the Purkinje cell layer, and, bordering the white matter, the 

granule cell layer. In the following description of the cerebellar cortex, background 

information is taken largely from Marr (1969), Albus (1971) and Mugnaini (1972); 

the dimensions given refer to the cerebella of adult rats.

The only efferent projections of the cerebellar cortex are the axons of Purkinje cells. 

The somata of Purkinje cells, which are amongst the largest of all cerebellar cells 

(diameter up to 35 pm), form a monolayer in adults. Their dendrites project from the 

Purkinje cell layer through the molecular layer, where they form extensive dendritic 

trees that are tightly confined to the sagittal plane (see Figure 1.1). The dendritic

19



Figure 1.1. The cerebellar cortex

Schematic picture of a cross-section through the folia of the cerebellum, showing the 

neurones and glutamatergic afferent fibres of the cerebellar cortex. Only one of each 

cell type, other than Purkinje cells and granule cells, is shown, for clarity.
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trees of Purkinje cells are approximately 6 pm in transverse depth, but 250 pm in 

height and width. In the molecular layer, they receive inputs from basket cells and 

stellate cells, and from glutamatergic fibres. The principal axons of Purkinje cells 

run through the granule cell layer, and then via the white matter, to synapse with the 

neurones of the deep cerebellar nuclei and Deiters nuclei (De Camilli et al., 1984). 

The Purkinje cell input exerts an inhibitory effect on the activity of these nuclei: the 

synapses made by Purkinje cells release the inhibitory neurotransmitter, y - 

aminobutyric acid (GABA; see section 1.2, below), onto the postsynaptic nuclear 

cells (Morishita and Sastry, 1993; Mouginot and Gahwiler, 1995).

1.1.1 Excitatory neurones

Two types of fibre carry excitatory, glutamatergic input to the cerebellum: the 

climbing fibres, which are the axons of cells lying in the inferior olive, and the mossy 

fibres, which are the axons of cells whose somata lie in the spinal cord and 

brainstem. Both types of fibre send axon collateral projections to the cells of the 

deep cerebellar nuclei, and also ascend to the cerebellar cortex. Here, the climbing 

fibres directly synapse onto Purkinje cells, wrapping around Purkinje cell somata and 

proximal dendrites. In the adult, each Purkinje cell is contacted by only one 

climbing fibre, but this climbing fibre makes several hundred synapses onto the 

Purkinje cell (Konnerth et al., 1990); each climbing fibre contacts several Purkinje 

cells.

Mossy fibres form excitatory synapses in the granule cell layer, with granule cells. 

Each mossy fibre contacts several hundred granule cells, and each granule cell
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receives input from several (between one and seven) mossy fibres. The axons of 

granule cells ascend from the granule cell layer to the molecular layer, where they 

bifurcate, and run as parallel fibres for a few millimetres, transversely, along the 

cerebellar folium occupied by the parent granule cell. In this manner, each granule 

cell’s axon intersects the dendritic trees of many Purkinje cells, and each Purkinje 

cell receives input from many thousands of granule cells. The synapses made by 

parallel fibres onto Purkinje cells are excitatory (Konnerth et al., 1990).

1.1.2 Inhibitorv neurones

There are three well studied types of inhibitory intemeurone in the cerebellar cortex. 

These are Golgi cells, basket cells and stellate cells (Eccles et al., 1966c). All three 

types of intemeurone are GABAergic (McLaughlin et al., 1974).

Golgi cell somata lie just beneath the Purkinje cell layer. Their large, approximately 

cylindrical dendritic trees, which reach up to 600 pm in diameter, extend into the 

lower molecular layer, where they are contacted by parallel fibres, and down into the 

granule cell layer, where they are contacted by mossy fibres. They send inhibitory 

synaptic input to granule cells. Each Golgi cell contacts many thousands of granule 

cells, and each granule cell receives inputs from several Golgi cells. The axon 

terminals of mossy fibres and Golgi cells, and the dendrites of granule cells, are 

contained in glial sheaths, forming cerebellar ‘glomeruli’.

Basket cells and stellate cells are known as the ‘molecular layer intemeurones’. 

Basket cells lie in the inner third of the molecular layer, whilst stellate cells
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lie further towards the superficial border of the cerebellar cortex. Both cell types 

receive excitatory synapses from parallel fibres and from climbing fibre axon 

collaterals, and send inhibitory synaptic input to other basket cells and stellate cells, 

Golgi cells and Purkinje cells. However, the two types of molecular layer 

intemeurone differ in the geometry of their projections. The axons of basket cells 

extend in a sagittal orientation, running for up to 200 -  300 pm above the Purkinje 

cell layer. Each basket cell drops pericellular baskets around the somata and axon 

hillocks of several Purkinje cells that are ‘off-beam’ to - that is, outside the path of - 

the parallel fibres through which the basket cell receives excitation. Stellate cells 

have shorter axons and contact, near to their own cell bodies, the distal dendrites of 

Purkinje cells.

1.2 Inhibitorv synaptic transmission

Synaptic inhibition is achieved through the release from a presynaptic cell of a 

transmitter that, upon activating receptors in the membrane of the postsynaptic cell, 

exerts a depressant effect on postsynaptic activity. Synaptic inhibition at the vast 

majority of inhibitory synapses in the central nervous system, including most 

inhibitory synapses in the cerebellum, is mediated by the actions of GABA. In this 

section, an overview is given of aspects of GABAergic synaptic transmission that are 

pertinent to the results presented in this thesis. Unless otherwise stated, the 

information is taken largely from Chebib and Johnston (2000), Cherubi and Conti 

(2001) and Zhang et al. (2001).
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1.2.1 GABAergic synaptic transmission

GABA is synthesised in neurones from glutamate, through the action of glutamic 

acid decaroxylase. Following release, GABA is removed from the synaptic cleft by 

diffusion, and uptake, into glia and neurones, by sodium- and chloride-dependent 

transporters. The recovered GABA is then metabolised into glutamate, by GABA 

transaminase.

GABA activates three pharmacologically and physiologically distinct classes of 

receptor. GABAa and GAB Ac receptors contain intrinsic, ligand-gated ion channels, 

which are opened by the binding of GABA to the receptor, whilst GABAg receptors 

exert their effects through G-protein-linked second messenger pathways. The 

postsynaptic responses at the GABAergic synapses studied in this thesis are mediated 

by ligand-gated GABA receptors.

1.2.2 Molecular biologv of the ligand-gated GABA receptors

GABAa and GAB Ac receptors are thought to be formed by the association of five 

protein subunits into a pentameric, ligand-gated ion channel complex. Each subunit 

consists of four membrane-spanning domains, with both N- and C- termini residing 

extracellularly (reviewed by Sieghart et al., 1999). The activation of GABAa and 

GAB Ac receptors by GABA is thought to require the binding of two GABA 

molecules to the receptors, at the extracellular, N-terminal subunit domains. To date, 

sixteen GABAa receptor subunits (al-6 , pi-3, yl-3, 8, s, n, and 0) and three GAB Ac 

receptor subunits (p i-3) have been cloned. Purkinje cells possess the a l ,  a3.
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p2, p3 and y2 GABAa receptor subunits (Fritschy et al., 1992; Laurie et al. 1992), 

and all three p subunits (Boué-Grabot et al., 1998; Rozzo et al., 2002).

p subunits coassemble to form both homomeric and heteromeric GAB Ac receptors 

(Cutting et al., 1991; Kusama et a l, 1993; Wang et al., 1994; Shingai et al., 1996; 

Enz and Cutting, 1999). Conversely, most GABAa receptors are thought to consist 

of heteromeric assemblies of subunits, possibly involving two a  subunits, two p 

subunits and one y subunit (Sieghart, 2000). The GABAa and GAB Ac receptor 

subunits have, until recently, been thought to combine only with subunits from the 

same family (Shimada et a l, 1992; Hackam et a l, 1998; Koulen et al., 1998). 

However, more recent studies have indicated that pi and y2 may be able to combine 

into functional receptors (Qian and Ripps, 1999; Qian and Pan, 2002), raising the 

possibility that the diversity of ligand-gated GABA receptors may be even greater 

than previously suspected.

1.2.3 Svnantic inhibition mediated bv the ligand-eated GABA receptors

The ion channels associated with the ligand-gated GABA receptors are permeable to 

chloride and bicarbonate ions. However, the current mediated by the receptors is 

usually dominated by chloride ion flux, since the permeability of the receptors to 

chloride ions is approximately four- to five-fold higher than their permeability to 

bicarbonate ions (Dallwig et al., 1999). The effect of the movement of anions on the 

membrane potential of the cell depends upon the resting membrane potential and the 

transmembrane ionic concentration gradient. Chloride ions are actively extruded 

from most neurones in adult animals, resulting in a concentration gradient for
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chloride ions that is inward across the cell membrane. Thus, if the chloride 

equilibrium potential is more negative than the resting membrane potential, 

activation of GABAa receptors or GAB Ac receptors causes influx of chloride ions 

and subsequent membrane hyperpolarisation, driving the membrane potential away 

from the threshold for action potential generation. In certain cases, such as 

developing neurones (Ben-Ari et al., 1997; Rivera et al., 1999), and the axon 

terminals of some adult neurones (Zhang and Jackson, 1993; Jang et al., 2002), the 

transmembrane concentration gradient for chloride ions is outwardly directed, and 

can result in a chloride equilibrium potential that is more positive than the resting 

membrane potential. However, GABA receptor activation may still exert inhibitory 

effects on the cells: the increase in membrane conductance, caused by the opening of 

the receptor ion channels, may hold the membrane potential near to the chloride 

equilibrium potential, and thereby prevent action potential generation. Furthermore, 

the depolarisation resulting from the anion efflux may be sufficient to cause 

inactivation of the voltage-gated ion channels underlying the active properties of the 

cell membrane (Zhang and Jackson, 1993).

1.2.4 Pharmacologv and phvsiologv of the ligand-gated GABA receptors

Although the binding of GABA to both types of ligand-gated GABA receptor causes 

the opening of an anion-permeable transmembrane ion channel, the two families of 

receptor differ in their physiological properties. The conductance of the GAB Ac 

receptor ion channel is approximately three- to four-fold lower than that of the 

GABAa receptor ion channel, and the mean channel open time of the former class of 

receptors is approximately five-fold greater than that of GABAa receptors
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(Feigenspan and Bormann, 1994). During continued exposure to GABA, 

desensitisation of GABAa receptors causes a decrease in the receptor-mediated 

current, whilst GAB Ac receptors, which do not desensitise as readily, mediate 

responses that are sustained during GABA application (Bormann and Feigenspan, 

1995). Additionally, GABAa receptors display an approximately seven-fold higher 

affinity for GABA than that of GAB Ac receptors (Feigenspan and Bormann, 1994). 

The receptor classes also differ in their pharmacological properties. For example, 

bicuculline is an antagonist of GABAa receptors, but does not affect GAB Ac 

receptors (Shimada et al., 1992; Wang et al., 1994; Shingai et al., 1996), whereas 

(1,2,5,6-tetrahydropyridine-4-yl) methylphosphinic acid (TPMPA) is an 

approximately one hundred-fold more potent antagonist of GAB Ac receptors than of 

GABAa receptors (Ragozzino et al., 1996). Both bicuculline and TPMPA are 

competitive antagonists (Kemp et al., 1986; Ragozzino et al., 1996), exerting their 

effects by preventing the binding of GABA to the receptors. Also, the conductance 

change caused by the activation of GABAa receptors by GABA is potentiated by 

benzodiazepines, via an increase in the affinity of the receptors for GABA and an 

increase in the conductance of the GABAa receptor channel (Macdonald and Olsen, 

1994; Eghbali et a l, 1997). Conversely, benzodiazepines do not affect GAB Ac 

receptors (Shimada et al., 1992; Wang et al., 1994; Shingai et al., 1996).

1.2.5 Inhibitorv svnantic transmission to Purkinje cells

Purkinje cells respond to applied GABA on the first day after birth in rats 

(Woodward et al., 1971). At this age, the equilibrium potential for chloride ions 

across the Purkinje cell membrane is approximately - 40 mV, and the activation of
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GABAa receptors elicits depolarising responses (Eilers et al., 2001). The chloride 

equilibrium potential becomes more negative during the first postnatal week; by the 

twelfth postnatal day, the equilibrium potential has reached its adult value of 

approximately - 85 mV, and GABAa receptor activation causes hyperpolarisation of 

the Purkinje cell membrane.

All the known ligand-gated inhibitory synaptic inputs to Purkinje cells, arising from 

basket cells and stellate cells, are mediated by GABAa receptors. Although the 

expression of p subunits is higher in the cerebellum than in most brain regions, and 

the expression of these subunits appears to be restricted to Purkinje cells (Boué- 

Grabot et al., 1998), no GAB Ac receptor-mediated synaptic input to Purkinje cells is 

known. Additionally, subunits of another type of inhibitory receptor, the glycine 

receptor, have been detected in Purkinje cells (Triller et al., 1987; Fujita et al., 1991). 

Glycine receptors, similarly to GABAa receptors and GAB Ac receptors, are anion- 

permable ligand-gated ion channels. It has been demonstrated that glycine inhibits 

Purkinje cell firing activity (Strahlendorf et al., 1984; Strahlendorf et al., 1989); 

however, no glycinergic synaptic input to Purkinje cells has yet been described.

1.3 Phvsiologv of the known synaptic inputs to Purkinje cells

Since the work carried out in this thesis centres on synaptic inhibition of Purkinje 

cells, only a brief description is given below of the physiology of their excitatory 

inputs, in order to put the role of synaptic excitation in the control of Purkinje cell 

activity, and in theories of cerebellar function, into context.
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1.3.1 Excitatory inputs

The excitatory input to Purkinje cells from climbing fibres is established three days 

after birth in rats (Woodward et a l, 1971), whilst that from parallel fibres is 

established later, up to approximately the twelfth postnatal day (Shimono et al., 

1976). Each parallel fibre forms only one synapse with each postsynaptic Purkinje 

cell (Albus, 1971); in order to elicit an action potential in a Purkinje cell, many 

presynaptic parallel fibres must be active simultaneously. Activity in the one 

climbing fibre innervating each Purkinje cell, however, reliably brings the Purkinje 

cell to firing threshold, eliciting a ‘complex spike’, which is associated with 

prolonged depolarisation of the Purkinje cell (Eccles et al., 1966a).

1.3.2 Inhibitorv inputs

The synapses made by basket cells and stellate cells onto Purkinje cells start to form 

on the tenth day after birth in rats, and continue to increase in number during the rest 

of the first postnatal month (Altman, 1972a; Altman, 1972b). The synapses become 

functional on approximately the eleventh postnatal day (Shimono et al., 1976). 

Subsequently, the strength of the inputs from both types of intemeurone undergoes a 

prominent change: the amplitude of the responses evoked in postsynaptic Purkinje 

cells decreases eleven-fold between postnatal days eleven and thirty-one (Pouzat and 

Hestrin, 1997). This change in efficacy of the connections is primarily presynaptic in 

origin, being associated with a decrease in the reliability with which presynaptic 

action potentials evoke transmitter release. At the age of rat studied in this thesis (13 

- 15 days old), each Purkinje cell receives inputs from between eight and ten
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molecular layer intemeurones (Hausser and Clark, 1997; Saitow et al., 2000); 

approximately 10 - 30 % of action potentials in the intemeurones fail to elicit to 

transmitter release onto a given postsynaptic Purkinje cell (Pouzat and Hestrin, 1997; 

Than and Szabo, 2002). The developmental decrease in synaptic strength coincides 

with the increase in the number of basket cell and stellate cell synapses made onto 

each Purkinje cell, such that the overall level of inhibition provided by the molecular 

layer intemeurones is likely to remain approximately constant (Pouzat and Hestrin, 

1997).

Both basket cells and stellate cells fire action potentials spontaneously, in vitro and 

in vivo, at frequencies of up to approximately 30 Hz (Eccles et al., 1966a; Eccles et 

al., 1966c; Hausser and Clark, 1997; Saitow et al., 2000; Than and Szabo, 2002). 

The responses of a Purkinje cell, as recorded at the soma, to basket cell inputs are 

typically larger than those to stellate cell inputs, and show more variation from one 

event to the next in their amplitude (Vincent and Marty, 1996). Due to the position 

of their synapses on or near to the Purkinje cell soma, and the amplitude of the 

postsynaptic responses, basket cells are thought to play a prominent role in providing 

inhibitory synaptic control of Purkinje cell activity.

1.3.3 Neuromodulation of the known inhibitorv svnaptic inputs to Purkinje cells

Part of the work presented in this thesis is concemed with mechanisms through 

which the strength of inhibitory inputs to Purkinje cells may be modified, via 

neuromodulatory compounds released from neurones in the cerebellar cortex. Such 

changes in the strength of the synaptic inputs would allow the ‘fine-tuning’ of the
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inhibition of a Purkinje cell; any given input would not be of fixed importance in 

controlling Purkinje cell activity, but rather would vary in strength according to the 

activities of other cells. A description is given in this section of ways in which the 

strength of the inhibitory inputs to Purkinje cells from the molecular layer 

intemeurones may be altered.

Activation of the climbing fibre innervating a Purkinje cell causes a decrease in the 

amplitude of the synaptic currents arising from basket cell inputs, lasting for several 

seconds (Satake et al., 2000). This effect is blocked by antagonists of ionotropic 

glutamate receptors, and appears to be due to an action of glutamate, released from 

the climbing fibre, on ionotropic glutamate receptors at the basket cell axon 

terminals, resulting in a decrease in the release of GABA. Climbing fibre activity 

may also lead to a decrease in the strength of basket cell or stellate cell inputs to 

Purkinje cells through ‘depolarisation-induced suppression of inhibition’ (DSI): 

depolarisation of a Purkinje cell leads to a reduction in the frequency and amplitude 

of synaptic currents arising from the intemeurones (Llano et al., 1991a; Vincent et 

al., 1992). This suppression of inhibitory inputs begins within a few seconds of the 

depolarisation of the Purkinje cell, and lasts for approximately one minute. DSI is 

not restricted to the inhibitory synapses formed onto the depolarised Purkinje cell, 

but also affects inhibitory synapses onto other, non-depolarised Purkinje cells, whose 

somata lie up to approximately 100 pm away (Vincent and Marty, 1993; Kreitzer et 

al., 2002). It has recently been shown that DSI is mediated via the release of 

endocannabinoids from depolarised Purkinje cells (Kreitzer and Regehr, 2001; Diana 

et al., 2002; Kreitzer et al., 2002; Yoshida et al., 2002). The endocannabiniods act
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as retrograde messengers, to suppress both the firing rates of the molecular layer 

intemeurones and the release of GABA from their axon terminals.

However, depolarisation of Purkinje cells also leads to a secondary enhancement of 

the strength of their GABAergic synaptic inputs, due to an increase in Purkinje cell 

sensitivity to GABA (Llano et aL, 1991a; Vincent et al., 1992). Such 

postsynaptically expressed ‘rebound potentiation’ occurs following the period of 

DSI, and lasts for at least half an hour; it is thought to be mediated by a Purkinje cell 

intracellular signalling cascade, possibly causing a change in the phosphorylation 

state of the postsynaptic GABAa receptors (Kawaguchi and Hirano, 2000). These 

mechanisms of altering the strength of basket cell and stellate cell inputs to a 

depolarised Purkinje cell lead to an alteration of all such inputs, nonspeciflcally. The 

total inhibitory synaptic control arising from the molecular layer intemeurones would 

then first be weakened (through DSI), before showing an increase in strength 

(through rebound potentiation). However, synapse-specific changes in the strength 

of these inhibitory inputs also occur: activity in a presynaptic molecular layer 

intemeurone occurring at the same time as depolarisation of the Purkinje cell can 

prevent the occurrence of rebound potentiation at the synapses made by only that 

intemeurone (Kawaguchi and Hirano, 2000).

Basket cell and stellate cell inputs to Purkinje cells are also subject to modulation by 

their own transmitter, GABA. Pouzat and Marty have shown that these cells display 

‘autapses’, at which GABAa receptors respond to GABA released from the 

intemeurones themselves (Pouzat and Marty, 1998; Pouzat and Marty, 1999). The 

autapses give rise to inhibitory currents following an intemeurone action potential.

33



with a latency of approximately 2 ms. The autaptic currents occur in a greater 

fraction of intemeurones, and are larger in amplitude, in young animals (in the 

second postnatal week) than in older animals (in the fourth - seventh postnatal 

weeks). It is suggested that the autapses might regulate the firing rates of the 

intemeurones, both in response to the GABA released from the cells themselves and 

possibly also in response to background levels of GABA (Pouzat and Marty, 1998; 

Pouzat and Marty, 1999). A further modulatory action of GABA on these inputs is 

mediated by G A B A b  receptors. Both the firing rates of the intemeurones and the 

release of GABA from their synapses are depressed by GABAg receptor activation 

(Mann-Metzer and Yarom, 2002; Than and Szabo, 2002).

Finally, the monoamines, noradrenaline and serotonin, also modulate the strength of 

basket cell and stellate cell inputs to Purkinje cells. The cerebellar cortex receives a 

diffuse noradrenergic innervation from the locus coemleus. Noradrenaline facilitates 

the molecular layer intemeurone inputs to Purkinje cells, causing an increase in both 

the amplitude and frequency of the postsynaptic responses (Mitoma and Konishi, 

1999; Saitow et a l, 2000). The effects of noradrenaline appear to be mediated 

presynaptically: noradrenaline causes depolarisation of the intemeurones, through a 

change in the voltage-dependence of the hyperpolarisation-activated cation 

conductance, Ih, leading to an increase in intemeurone firing rates that lasts for tens 

of minutes (Saitow and Konishi, 2000).

The effects of serotonin on the inputs to Purkinje cells from the molecular layer 

intemeurones are discussed below, in section 1.5.4.
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1.4 Why place such emphasis on svnaptic inhibition of Purkinje cells?

Since the axons of Purkinje cells carry all the output of the cerebellar cortex, any 

factor that changes Purkinje cell firing rates will have a crucial influence on the 

functioning of the cerebellum. In fact, it is the level of synaptic inhibition of 

Purkinje cells, rather than that of synaptic excitation, that plays the major role in 

determining Purkinje cell firing patterns.

In vivo, Purkinje cells fire action potentials at frequencies of up to 100 - 150 Hz (e.g. 

Llinas and Precht, 1969; De Schutter, 1999). A study carried out in vitro has shown 

that Purkinje cells generate action potentials spontaneously, independently of 

glutamatergic input (Hausser and Clark, 1997). In vitro, Purkinje cells display 

periods of firing at higher frequencies, and more regularly, than is observed in vivo, 

and spontaneous dendritic calcium spikes, which are not recorded in vivo, occur in 

bursts (Jaeger and Bower, 1999). Computer modelling of Purkinje cells suggests that 

the firing patterns recorded in vivo are generated only when the total synaptic current 

received by the cell is outward -  that is, there is net movement of positive ions out of 

the cell (De Schutter, 1999; Jaeger and Bower, 1999). The outward synaptic currents 

limit the activation of powerful voltage-dependent conductances, which would 

otherwise lead to the depolarisation of the cell and the generation of high frequency 

firing patterns. As explained in the preceding part of this chapter, such synaptic 

currents may be mediated by inhibitory receptors, such as the GABAa receptor, 

which, upon opening, allow chloride ions to enter the Purkinje cell. Thus, at least in 

modelled Purkinje cells, inhibitory synaptic inputs exert a critical influence over
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Purkinje cell activity, by restraining the intrinsic, spontaneous generation of action 

potentials.

The suggestions made by the modelling work are supported by studies of real 

Purkinje cells. Eccles et al. (1966a) found that, in vivo, the patterns of Purkinje cell 

firing activity were reset by inputs from basket cells or stellate cells. More recently, 

it has been shown that the application of GABAa receptor antagonists to cerebellar 

slices causes Purkinje cell firing rates to increase, and to become more regular, 

further indicating that GABAergic input plays a critical role in setting the pattern of 

Purkinje cell firing activity (Hausser and Clark, 1997). Conversely, the application 

of glutamate receptor antagonists had little effect on Purkinje cell firing activity. 

Moreover, inputs from individual presynaptic molecular layer intemeurones were 

shown to change the firing patterns and passive membrane properties of Purkinje 

cells in vitro (Hausser and Clark, 1997).

Thus, the behaviour of the inhibitory synaptic inputs received by Purkinje cells 

strongly influences the output of the cerebellum. The role of providing the required 

inhibitory synaptic control of Purkinje cells is typically assigned to basket cells and 

stellate cells. As explained above, these intemeurones, and basket cells in particular, 

indeed provide substantial synaptic inhibition of Purkinje cells; furthermore, the 

output of basket cells and stellate cells is subject to modulation according to the 

activities of other cell types, providing a means of dynamically regulating Purkinje 

cell activity. However, there are, as mentioned, other inhibitory pathways in the 

cerebellar cortex that tend to receive less attention. These pathways, arising from
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Lugaro cells and from Purkinje cells themselves, may provide additional sources of 

inhibitory synaptic input to Purkinje cells.

1.5 Lugaro cells

Lugaro cells are a relatively scarce type of cerebellar intemeurone. Estimates of the 

abundance of Lugaro cells in the cerebella of rat and cat have given Purkinje cell : 

Lugaro cell ratios of between 15 : 1 and 30 : 1 (Sahin and Hockfield, 1990; Laine 

and Axelrad, 1996; Dieudonné and Dumoulin, 2000). The cells are present in rat 

cerebellum from the fourth postnatal day (Laine et al., 1992). There are disparate 

reports of their distribution across the cerebellum. In some studies, Lugaro cells 

have been found to vary in abundance between the cerebellar vermis and 

hemispheres, between folia and even between areas of individual folia (Braak, 1974; 

Geurts et al., 2001), whilst others report that Lugaro cells are not segregated in 

particular regions of the cerebellum (Laine and Axelrad, 1996).

Due to their scarcity, and to difficulties in their identification, Lugaro cells have been 

subject to very little investigation. The greatest part of the literature on Lugaro cells 

concerns their anatomy, rather than their physiology or role in the cerebellar 

circuitry.

1.5.1 Lugaro cell anatomv

Lugaro cell somata lie in or immediately below the Purkinje cell layer, and are 

usually elliptical in shape (Aoki et al., 1986; Sahin and Hockfield, 1990; Laine and
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Axelrad, 1996). In rat cerebellum, the somata are approximately 1 5 - 3 0  pm in 

length, and 10- 15  pm in depth. Lugaro cells tend to lie with the long axes of their 

somata oriented in the sagittal plane, such that the poles of the somata point along 

beneath the line of the Purkinje cell layer (see Figure 1.1).

The primary dendrites of a Lugaro cell originate from each pole of the soma, 

extending in the same sagittal and horizontal plane as the long axis of the soma, and 

usually remain confined to the upper granule cell layer (Aoki et al., 1986; Sahin and 

Hockfield, 1990). In some cases, four primary dendrites are emitted, in such a way 

that they form an X-shape centred on the soma (Laine and Axelrad, 1996). The 

dendrites are thick at their proximal portions ( 2 - 5  pm), which can obscure the point 

at which the soma ends and the dendrites begin. The dendrites become narrower as 

they become more distant from the soma, and have been followed for distances as 

great as 700 pm (Laine and Axelrad, 1996).

Lugaro cells emit two axonal plexuses (Laine and Axelrad, 1996; Dieudonné and 

Dumoulin, 2000). Axons forming a sagittal plexus originate at the soma, and 

sometimes travel in the granule cell layer, even reaching the white matter, before 

ascending to the molecular layer (Laine et al., 1992; Laine and Axelrad, 1998). 

Lugaro cell axons additionally form a transverse plexus, which runs for several 

hundred microns in the molecular layer, parallel to the parallel fibres (Dieudonné and 

Dumoulin, 2000). Both axonal plexuses display en passant varicosities, and 

terminate in the lower molecular layer (Lainé and Axelrad, 1996).
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1.5.2 Lugaro cell phvsiologv

Very little is known about the synaptic inputs or outputs of Lugaro cells. The cells 

are known from immunostaining experiments to contain GABA (Aoki et a l, 1986; 

Lainé and Axelrad, 1998). From an ultrastructural study of a Lugaro cell axon, it 

was suggested that the principal postsynaptic targets of Lugaro cells are basket cells 

and stellate cells (Lainé and Axelrad, 1998). More recently, work by the group of 

Dieudonné has provided evidence for a synaptic connection from Lugaro cells to 

Golgi cells (Dieudonné and Dumoulin, 2000). This connection releases not only 

GABA, but also glycine (Dumoulin et al., 2001). From unpublished data, Dieudonné 

also reports that Lugaro cells form synapses onto basket cells and stellate cells, at 

which GABA is released alone (Dieudonné, 2001). With regard to the synaptic input 

received by Lugaro cells, it is thought that the great majority (95 %) of the input onto 

their somata is GABAergic, and arises from the axon collaterals of Purkinje cells 

(see section 1.6, below) (Lainé and Axelrad, 1996). The remaining 5 % of their 

somatic synaptic input is thought to be excitatory, arising from the glutamatergic, 

ascending axons of granule cells.

Unlike all other cerebellar intemeurones, Lugaro cells do not fire action potentials 

spontaneously. Dieudonné reports that Lugaro cells are subject to strong 

GABAergic control, and that the paucity of their glutamatergic inputs renders these 

inputs relatively ineffective stimulants of the cells (Dieudonné, 2001). However, 

Lugaro cells are induced to fire by serotonin (Dieudonné and Dumoulin, 2000).
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In the following parts of this introduction to Lugaro cells, the cerebellar serotonergic 

system is reviewed, in order to put the serotonin-induced activation of Lugaro cells 

into context.

1.5.3 Serotonergic innervation of the cerebellum

Serotonin (5-hydroxytryptamine, 5-HT) is a transmitter that is synthesised following 

uptake into neurones of the amino acid tryptophan. Serotonin acts at seven known 

types of receptor, named 5-HTi -  5-HT?, many of which exist in more than one 

subtype (for example, 5-HTia). The effects of activation of all the serotonin 

receptors except 5 -HT3 are mediated through G-protein-linked second messenger 

pathways.

Both the cerebellar cortex and the deep cerebellar nuclei receive serotonergic 

projections from cells whose somata lie in nuclei in the brainstem, such as the raphe 

nuclei and the reticular formation (Kerr and Bishop, 1991; Kitzman and Bishop, 

1994). The serotonergic innervation is established in rat cerebellum by the second 

day after birth (Lauder et ah, 1982). The brainstem nuclei that send serotonergic 

fibres to the cerebellum are also the sources of the glutamatergic (mossy fibre / 

climbing fibre) projections. In each brainstem nucleus, the serotonergic cells 

constitute a small fraction of all the cells projecting to the cerebellum. However, in 

the cerebellum itself, the serotonergic pathways form a dense plexus, which results 

from extensive ramification of the serotonergic fibres (Kerr and Bishop, 1991).
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There is variation both between species, and between lobules of the cerebellum, in 

the regions of the cerebellar cortex that receive serotonergic innervation (Crivellato 

et al., 1992; Dieudonné, 2001). In rats, the serotonergic plexus is densest in the 

upper granule cell layer and Purkinje cell layer. Only a small proportion 

(approximately 10 %) of serotonergic varicosities in the cerebellar cortex are 

apposed to postsynaptic membranes, suggesting that most serotonin action in this 

region is achieved through volume (non-synaptic) transmission (Dieudonné, 2001).

The firing rates of the serotonergic neurones of the brainstem raphé nuclei increase 

during motor activity (Jacobs and Fomal, 1993). Through microdialysis techniques, 

it has been shown that the levels of serotonin in the cerebellar cortex in vivo also 

increase during motor activity (Mendlin et a l, 1996). Whilst the changes in the 

levels of serotonin were related to the general motor state (Mendin et al. (1996) 

analysed the effects of gross bodily movements or postural support), serotonin levels 

remained elevated for prolonged periods if the motor activity was associated with 

increased levels of arousal. Thus, the cerebellum is likely to be subject to the 

influence of serotonin during motor activity, and particularly that occurring during 

heightened arousal.

1.5.4 Effects of serotonin on the circuitrv of the cerebellar cortex

Observations of serotonergic fibres in close apposition to Purkinje cell somata (e.g. 

Crivellato et al., 1992; Lu and Larson-Prior, 1996) led to several studies 

investigating the effects of serotonin on Purkinje cells. Purkinje cells are known to 

express several types of serotonin receptor (Dieudonné, 2001). Serotonin has been
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reported to cause both increases and decreases in Purkinje cell firing rates, or lead to 

a biphasic effect, in which an initial decrease in firing is followed by an increase 

(Strahlendorf et al., 1984; Darrow et al., 1990; Darrow et al., 1991; Lu and Larson- 

Prior, 1996). The direction of the change in firing rate elicited by serotonin was 

reported to be related to the resting firing rates of the Purkinje cells, such that the 

activity of cells that fired at high frequencies before the application of serotonin was 

depressed, whilst cells displaying lower resting firing rates were excited 

(Strahlendorf et al., 1984). These effects were attributed to a direct effect of the 

monoamine on Purkinje cell activity. Additionally, experiments in which serotonin 

and GABA were co-applied, by in vivo iontophoresis, led to suggestions that 

serotonin causes changes in Purkinje cell sensitivity to GABA (Strahlendorf et al., 

1989). In most cells, serotonin exerted a dual effect on Purkinje cell responses to 

GABA, initially attenuating GABA-mediated depression of Purkinje cell firing and 

subsequently, after approximately eight minutes of serotonin application, increasing 

responses to GABA.

Several groups have also reported presynaptic effects of serotonin on the synaptic 

inputs to Purkinje cells. Thus, through an effect in the inferior olive, serotonin 

causes changes in the climbing fibre-driven firing patterns of Purkinje cells: the 

pattern of complex spikes becomes more rhythmic, and the synchrony of complex 

spikes between Purkinje cells increases (Sugihara et al., 1995). Effects on the 

excitatory inputs arising from the mossy fibre - granule cell - parallel fibre pathway 

seem to vary between preparations; responses of Purkinje cells to these inputs have 

been shown to be attenuated (Lu and Larson-Prior, 1996) or unaffected (Mitoma et 

al., 1994; Mitoma and Konishi, 1999) by serotonin. It has also been suggested that
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serotonin adds to the list of neuromodulators, outlined in section 1.3.3, affecting 

basket cell and stellate cell inputs to Purkinje cells. From work in cerebellar slices, 

Konishi’s group reported that serotonin causes an increase in the amplitude of 

synaptic currents arising from the molecular layer intemeurone inputs to Purkinje 

cells (Mitoma et a l, 1994; Mitoma and Konishi, 1999). The effect of serotonin 

appeared to be mediated presynaptically, through a facilitation of GABA release 

from basket cell / stellate cell axon terminals. More recent work has, however, not 

been able to reproduce these results. Despite using a similar preparation, 

Dieudonné's group reported that serotonin causes a depression of basket cell and 

stellate cell inputs to Purkinje cells (Dieudonné and Dumoulin, 2000). The reasons 

for the discrepancies between the two groups’ results are not clear (Dieudonné, 

2001).

Finally, it has recently been shown that serotonin alters the ability of synaptic inputs 

to affect the firing patterns of Purkinje cells, through an effect on an ion conductance 

intrinsic to the Purkinje cell membrane (Williams et al., 2002). These authors have 

shown that serotonin inhibits Purkinje cell Ih, the hyperpolarisation-activated cation 

conductance, which maintains Purkinje cell membrane potentials in a region from 

which spontaneous action potentials are generated. The down-regulation of this 

intrinsic mechanism of stabilising Purkinje cell membrane potentials causes the 

firing rates of Purkinje cells to become more dramatically affected by both synaptic 

excitation and inhibition. Thus, excitatory synaptic inputs that would, in the absence 

of serotonin, cause transient increases in Purkinje cell firing rates lead to prolonged 

increases in firing. Similarly, the importance of inhibitory synaptic inputs to 

Purkinje cells is accentuated by serotonin, such that inhibitory synaptic currents that
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would usually cause transient pauses in Purkinje cell firing activity cause complete 

cessation of firing for prolonged periods, lasting several hundred milliseconds.

The study by Williams et al. (2002) indicates that, in the presence of serotonin, the 

behaviour of the synaptic inputs received by Purkinje cells will have an exaggerated 

influence on Purkinje cell activity. However, the review of the literature given above 

illustrates that there are somewhat discrepant views on the effects of serotonin on the 

synaptic inputs to Purkinje cells. Dieudonné (2001) notes that the distribution of 

serotonergic fibres in the cerebellar cortex suggests that Lugaro cells are in fact the 

primary target of serotonin. Thus, the fibres are concentrated in regions of the 

cerebellar cortex in which Lugaro cells are located, and appear to vary in density 

between lobules of the cerebellum in a manner that parallels the variation in Lugaro 

cell distribution. The Lugaro cell input to Golgi cells, whilst not directly affecting 

Purkinje cell activity, would be expected to disinhibit granule cells, and thereby 

increase the excitatory synaptic input to Purkinje cells arising from parallel fibres 

(Dieudonné and Dumoulin, 2000). It is possible, however, according to the courses 

of their axons, that Lugaro cells directly form synapses onto Purkinje cells. The 

existence of such connections has indeed been suggested by one study of Lugaro cell 

morphology, in cat cerebellum (Melik-Musian and Fanarjan, 1998). The possibility 

that Purkinje cells receive synaptic input from Lugaro cells is investigated in 

Chapters 4 -  6 of this thesis.
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1.6 Purkinje cell axon collaterals

The second inhibitory pathway investigated in this thesis is derived from Purkinje 

cells themselves. As stated in section 1.1, the main axon of each Purkinje cell leaves 

the cerebellar cortex to synapse with cells in the deep cerebellar nuclei or Dieters 

nuclei. As it approaches the white matter, however, the axon emits collateral 

projections. These axon collaterals are present in rats by the end of the first postnatal 

week (Altman, 1972a). The collaterals leave the primary axon at an acute angle, and 

return towards the Purkinje cell layer, forming three plexuses of fine, myelinated 

fibres. The supraganglionic plexus lies 1 5 - 20  pm above the Purkinje cell somata, 

the infraganglionic plexus lies 8 - 1 0  pm below the Purkinje cells, at the superficial 

border of the granule cell layer, and the granule cell plexus lies deep in the granule 

cell layer.

Despite extensive and numerous anatomical studies of Purkinje cell axon collaterals, 

there are many conflicting reports in the literature of their distribution and of the 

identity of their postsynaptic target cells. Furthermore, very little information is 

available regarding the effects on target cells of Purkinje cell axon collateral input.

1.6.1 Distribution of Purkinje cell axon collaterals

Some reports of Purkinje cell axon collaterals state that they travel mainly in the 

transverse direction away from the parent cell (e.g. Llinas and Precht, 1969). 

However, this has been a matter of some dispute: for example, Chan-Palay 

specifically looked for the transverse course of the axon collaterals and could only
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observe the fibres running in the sagittal plane (Chan-Palay, 1971). A quantitative 

measure of the distribution of the axon collaterals has more recently been made in cat 

cerebellum. The average distance travelled from the parent Purkinje cell soma in the 

transverse direction was approximately 200 pm, whilst the average extent of the 

axon collaterals in the sagittal plane was approximately 700 pm (O'Donoghue and 

Bishop, 1990). Indeed, there have been several reports of Purkinje cell axon 

collaterals extending between cerebellar folia (e.g. Hamori and Szentagothai, 1968; 

Snider et al., 1968). The transverse course of the axon collaterals would mean that 

Purkinje cells, Lugaro cells and granule cells are the only cortical neurones whose 

axons are known to travel to a substantial extent in the transverse direction around 

the cerebellar cortex. Also, if, as proposed by some groups, Purkinje cell axon 

collaterals leave the folium of their parent cell, they would be the only known 

cortical neurones giving rise to interfolial connections (Hamori and Szentagothai, 

1968).

1.6.2 Postsvnaptic targets of the Purkinje cell axon collateral svstem

The myelination of the axon collaterals is broken at points, and here the fibres 

display varicosities, which are the thought to be the sites of synaptic contact. In the 

cerebella of adult cats, each Purkinje cell’s axon collateral system forms a total of 

approximately 100 varicosities. This figure is quite constant across different regions 

of the cerebellum (Chen et al., 1989; O'Donoghue and Bishop, 1990). Most 

varicosities lie within 200 - 300 pm of the parent Purkinje cell body in the sagittal 

direction, and within 100 - 150 pm in the transverse direction (O'Donoghue and 

Bishop, 1990). Thus, as suggested by the course of the axon collaterals, the
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distribution of the synapses formed by Purkinje cells in the cerebellar cortex is 

greatest in the sagittal plane. The spread of axon collateral varicosities increases in 

more lateral regions of the cerebellum. In rats, the infraganglionic plexus is the 

densest plexus, in which the majority of the varicosities are found (Chan-Palay, 

1971; King and Bishop, 1982).

Electron microscopy has yielded a list of putative targets of Purkinje cell axon 

collaterals. In the granule cell layer, the axon collaterals most commonly synapse 

onto Golgi cell somata and dendritic shafts (Hamori and Szentagothai, 1968; 

Mugnaini, 1972; King and Bishop, 1982; Hawkes and Leclerc, 1989). Additionally, 

the somata and proximal dendrites of Lugaro cells receive synapses from Purkinje 

cells (Larramendi and Lemkey-Johnston, 1970; Chan-Palay, 1971; De Camilli et a l, 

1984), and synapses from Purkinje cell axon collaterals onto granule cell dendrites 

have been reported. These latter synapses are not enclosed in the glomeruli 

associated with other synaptic inputs to granule cells (Chan-Palay, 1971; King and 

Bishop, 1982).

The targets of the more superficial axon collateral plexuses have been the subject of 

some debate. Some studies claim that the axon collaterals of Purkinje cells each 

contact the somata of multiple basket cells (Larramendi and Lemkey-Johnston, 1970; 

Chan-Palay, 1971). Each basket cell receives several synapses from the axon 

collateral, but from this collateral only: there does not appear to be any convergence 

of Purkinje cell axon collaterals onto basket cells (O'Donoghue et al., 1989). One 

study, examining interfolial Purkinje cell axon collaterals, reports axon collateral 

synapses onto basket cell somata, and could not find evidence of synapses onto
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Purkinje cells (Hamori and Szentagothai, 1968). However, other groups have shown 

that Purkinje cells are a common target of the axon collateral system, with 

varicosities abutting Purkinje cell somata and dendrites (Larramendi and Lemkey- 

Johnston, 1970; Chan-Palay, 1971; Mugnaini, 1972; King and Bishop, 1982). Of the 

85 varicosities of the axon collateral system of one Purkinje cell studied by King and 

Bishop (1982), 36 appeared to form synapses onto other Purkinje cells. These 

synapses were most commonly seen on the apical regions of the postsynaptic somata, 

and there was evidence for convergence of the axon collaterals of multiple Purkinje 

cells onto the postsynaptic Purkinje cells (King and Bishop, 1982). The Purkinje 

cells receiving axon collateral inputs were described as being ‘adjacent’ to the parent 

cell. In this study, synapses from Purkinje cells onto basket cells were not observed. 

However, the same group later reports the axon collaterals of a Purkinje cell 

contacting both cell types: 6 varicosities of one Purkinje cell abutted another 

Purkinje cell, and, similarly to the studies mentioned above, the presynaptic Purkinje 

cell contacted several basket cells (Chen et al., 1989).

As is apparent from the discussion above, there are discrepancies in the literature on 

Purkinje cell axon collaterals, including the orientation with respect to the parent cell 

of the synapses formed, and the identities of the postsynaptic cell types. There are 

several possible reasons for the differences between groups’ observations. 

Variations in the distribution of the axon collateral system may occur during 

development, and are known to occur between species: for example, the 

supraganglionic plexus is barely present in rats, whilst it is prominent in cats 

(Hawkes and Leclerc, 1989). It is also possible that the identity of the cells receiving 

synapses from Purkinje cell axon collaterals differs between regions of the
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cerebellum (King and Bishop, 1982); these authors suggest that the collaterals make 

more contacts with intemeurones, rather than Purkinje cells, in the vermis than in 

more lateral regions of the cerebellum. It is, further, possible that the orientation of 

the axon collaterals depends upon the mediolateral position of the parent cell in the 

cerebellum (Hawkes and Leclerc, 1989).

1.6.3 Phvsiologv of Purkinje cell axon collateral svnaptic connections

There have been very few reports of the physiology of the synaptic connections made 

by Purkinje cell axon collaterals, and indeed a postsynaptic response to the activity 

of a Purkinje cell axon collateral in the cerebellar cortex has not yet been directly 

demonstrated.

Eccles et al. (1966c), using in vivo extracellular recordings in cat cerebellum, showed 

that stimulation in the region of the deep cerebellar nuclei led to a depression of the 

firing rates of intemeurones in the cerebellar cortex. No distinction was made 

between basket cells, stellate cells, Lugaro cells or Golgi cells. The effect of deep 

nuclei stimulation was attributed to the action of synapses made by Purkinje cell 

axon collaterals onto the intemeurones, following the generation of antidromic action 

potentials in Purkinje cell axons. The same group also performed extracellular 

recordings in the deafferented cat cerebellum. Following deafferentation (severing 

of the cerebellar peduncles), the only fibres remaining intact to conduct action 

potentials from the deep nuclei up to the cerebellar cortex are the axons of Purkinje 

cells. Stimulation in the region of the deep nuclei was shown to cause a depression 

of the spontaneous firing rates of Purkinje cells (Eccles et al., 1966b). This
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inhibitory effect was brief in comparison to the basket cell-mediated inhibition of 

Purkinje cell activity, and the authors attributed it to a “weak inhibitory action of 

antidromic impulses in the Purkinje axons” on other Purkinje cells. The use of 

similar methods led to the conclusion that the primary targets of the Purkinje cell 

axon collateral system are the molecular layer intemeurones: antidromic action 

potentials in Purkinje cells of deafferented cerebellum caused a decrease in the firing 

rates of intemeurones located deep in the molecular layer (Llinas and Precht, 1969).

In further work on deafferented cat cerebellum, stimulation of the surface of the 

cerebellar cortex caused a decrease in the firing rates of cells lying in adjacent folia. 

The cells affected were identified (by the size of their action potentials and the 

positions of the recording electrode), as Purkinje cells, granule cells and Golgi cells 

(Snider et a l, 1968). The depression of the firing rates of these cells was attributed 

to the action of Purkinje cell axon collaterals, since these are believed to be the only 

interfolial fibres left intact following deafferentation of climbing fibres and mossy 

fibres. The inhibition of firing in this study lasted for approximately 50 ms; the 

duration of the ‘weak’ inhibitory action described by Eccles et a l (1966b) was 

somewhat greater, lasting for 100 - 150 ms.

The studies described above suffered from difficulties in identifying the cells from 

which the recordings were made. More recently, stimulation of the cerebellar 

peduncles was shown to elicit inhibitory synaptic potentials in morphologically 

identified basket cells, in cat cerebellar vermis (O'Donoghue et al., 1989). The 

inhibitory responses coincided with the climbing fibre-mediated activation of 

Purkinje cells. The inhibitory potentials were large (approximately 11 mV), and
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remained at constant amplitude as the stimulus intensity was increased; these 

characteristics complied with anatomical observations that each basket cell receives 

multiple synapses, on its soma, from only one Purkinje cell.

Finally, in vivo experiments on neonatal rats have led to the conclusion that Purkinje 

cell axon collaterals provide substantial control over the firing rates of other Purkinje 

cells (Bernard and Axelrad, 1993). At the age of rat studied ( 5 - 8  days old), basket 

cells and stellate cells are not functional, and any inhibition of Purkinje cells was 

attributed to an action of Purkinje cell axon collaterals. Extracellular recordings of 

pairs of Purkinje cells showed that Purkinje cell action potentials sometimes 

correlated with a pause in the firing of the other member of the pair. This effect, 

which was thought to arise via an axon collateral connection, began 10 ms after an 

action potential, and lasted for up to 400 ms. In some cases, each member of the pair 

could inhibit the other (‘reciprocal inhibition’); alternatively, the inhibition was ‘one

way’. The likelihood of observing an effect of a Purkinje cell action potential on the 

firing activity of its paired cell increased as the distance between the cells was 

reduced. If the somata of the members of a pair lay within 100 pm of each other, all 

pairs recorded displayed an apparent axon collateral connection.

These results of Bernard and Axelrad (1993) suggest that Purkinje cell inputs make 

an important contribution to the inhibitory control of other Purkinje cells. However, 

the postsynaptic response to the connection between Purkinje cells has not yet been 

directly demonstrated. In Chapter 8 of this thesis, the possibility is investigated that 

synaptic currents resulting from Purkinje cell input can be recorded in other Purkinje 

cells.
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1.7 Function of the cerebellum

The elementary circuitry of the cerebellar cortex is both simple and uniform. The 

basic cortical circuit of excitatory input, inhibitory output, carried by Purkinje cells, 

and inhibitory relays, within each circuit, mediated by inhibitory intemeurones, are 

repeated throughout every lobule and folium of the cerebellum. Partly as a result of 

this simplicity, the physiology and anatomy of the cerebellum have been a focus of 

research for decades. However, a generally accepted theory of cerebellar function is 

still lacking. In this final section, some of the principal models of cerebellar function 

are reviewed, in order to put the results presented in this thesis into a broader context.

One of the most influential theories of cerebellar function was proposed by Man* 

(1969), and subsequently modified by Albus (1971). Both authors suggested that the 

function of the cerebellum is to store motor commands. The principal idea was that 

climbing fibre activity causes long-lasting alterations in the strength of parallel fibres 

inputs to Purkinje cells. The climbing fibres were thought to carry information 

concerning motor commands from ‘higher centres’, whilst the mossy fibre -  granule 

cell -  parallel fibre pathway carried information, such as proprioceptive signals, 

concerning the ‘context’ in which the movement would be carried out. The 

alteration in the strengths of parallel fibre synapses was proposed to allow parallel 

fibre -  Purkinje cell connections to store motor commands, such that, after practice, a 

movement could be executed under the control of the parallel fibre pathways alone. 

The cerebellum was thus perceived as a learning machine, through which movements 

are executed in the absence of conscious input.
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In the Marr - Albus theories of cerebellar function, the climbing fibres were 

perceived as ‘teachers’, modulating the activity of the cerebellar network only when 

such modulation is required. However, the functional significance of alterations to 

the strength of parallel fibre -  Purkinje cell connections has been questioned (De 

Scbutter and Maex, 1996), and it has been suggested that, rather than organising the 

plastic responses of the cerebellar cortex, climbing fibres might play a more direct 

role in motor activity. The group of Llinas observed that the neurones of the inferior 

olive, in which climbing fibres originate, fire in synchrony, and in an oscillatory 

pattern (Llinas and Welsh, 1993). This group proposed that climbing fibres serve to 

synchronise Purkinje cell activity, and, thereby, the output of the cerebellum, 

generating timing signals that are used by other motor systems to co-ordinate the 

elements of movements. Thus, in this model, the function of the cerebellum lies not 

in the storage and generation of motor commands, but in the co-ordination of the 

motor commands issued by other centres. The group of Braitenberg holds a yet 

alternative view of cerebellar function, in which the emphasis is removed from the 

input to the cerebellum provided by the climbing fibres, and placed upon the mossy 

fibre pathway. Sequences of mossy fibre inputs are suggested to cause the sequential 

activation of granule cells, which, if proceeding at the same speed as the conduction 

of action potentials by parallel fibres, causes a wave of activity to travel along an 

overlying beam of parallel fibres (Braitenberg et a/., 1997). The excitation of 

Purkinje cells along the active beam generates a sequence of output signals from the 

cerebellum, which is used to “sculpt” motor commands issued by other regions of the 

motor system. This sculpting is suggested by Braitenberg et al. (1997) to produce 

mechanical efficiency of movements. In this model, climbing fibres are re-assigned
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the role of teacher, serving to train Purkinje cells to respond to the correct parallel 

fibre inputs.

One common feature of the models discussed thus far is that the cerebellum, acting 

alone (Marr - Albus) or together with other centres (Llinas, Braitenberg), plays a 

direct role in the execution of movement. Thus, the cerebellum either issues the 

motor commands itself, or issues signals that, adding to the output of other centres, 

produces the final motor commands. It has, however, been suggested that, rather 

than directly leading to or organising movement, the cerebellum contributes more 

indirectly to motor control (Miall et al., 1993). The theory is that the cerebellum 

receives motor commands from other centres, in anticipation of a movement, and 

then generates a prediction of the sensory consequences of the planned movement. 

This prediction allows other centres to ascertain whether the motor commands are 

likely to lead to the desired results, and thereby enables the fast and yet accurate 

generation of movements. Further, the cerebellum is proposed to generate a second, 

delayed model of the sensory consequences of the movement, which is produced at 

the same time as the real sensory feedback. This second model forms part of a 

feedback control system, through which the real and predicted sensory feedback is 

compared, and allows the models residing in the cerebellum to be modified in the 

event of a mismatch between the real and predicted feedback. Such mismatch may 

be signalled by the climbing fibres; thus, the theory of cerebellar function forwarded 

by Miall et al. (1993) also includes a role for climbing fibres in training the 

cerebellar network.
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This brief outline of theories of cerebellar function, although illustrating that the 

issue is a matter of dispute, makes two important omissions. First, the focus has 

been entirely upon the role of the cerebellum in motor activity. The cerebellum is 

increasingly attributed non-motor, cognitive or sensory, functions, in addition to its 

functions in motor processes (Fiez, 1996). For example, the cerebellum has recently 

been implicated in the consolidation and storage of associative fear memories 

(Sacchetti et a l, 2002), and the formation of stimulus - response associations 

(Bischoff-Grethe et al., 2002). The second omission from the account given above is 

that it is likely to be erroneous to consider the cerebellum, in terms of function, as a 

single unit. As stated, the basic circuit of the cerebellar cortex is present throughout 

the cerebellum; however, the regions of the brain with which the cerebellum is 

connected, through both inputs and outputs, differ between the cerebellar vermis, 

intermediate hemispheres and lateral hemispheres, and even between zones within 

these cerebellar regions. These varying input / output connections are likely to 

reflect varying functions of the computations performed by each region of the 

cerebellum (e.g. Oscarsson, 1979; Stein, 1986). However, it seems possible that the 

contribution made by the cerebellum to motor activity, which is, as explained, not yet 

understood, will also apply to other, non-motor activities. The ‘meaning’ of 

cerebellar output would then depend upon the areas of the central nervous system 

with which the active parts of the cerebellum were connected (Leiner et al., 1993).

Achieving an understanding of cerebellar function necessitates not only elucidating 

what the cerebellum does, but, also, how it does it. The theories of cerebellar 

function described above vary in their emphasis on the cellular circuitry of the 

cerebellum. For example, whilst the model of Braitenberg et al. (1997) was built
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upon the connectivity between cell types, that of Miall et al. (1993) was established 

on purely theoretical grounds, and the authors then attempted to fit the model into 

cerebellar physiology. It is clearly a challenging task to relate the interactions 

occurring between the cells of the cerebellum to the function of the cerebellum as a 

whole, and vice versa. As suggested by De Schutter and Maex (1996), however, a 

‘bottom-up’ approach to cerebellar research, in which a picture of the computations 

performed by the cerebellum is achieved through an understanding of the 

physiological properties of its cellular networks, may be more valuable. The work 

described in this thesis contributes to such an approach, by investigating the 

inhibitory synaptic pathways impinging onto Purkinje cells. This work may be 

considered in the light of two principles. First, Purkinje cells carry all the output of 

the cerebellar cortex, and, therefore, exert an immediate influence on cerebellar 

function. Second, synaptic inhibition plays a critical part in determining the firing 

rates of Purkinje cells. Thus, elucidating the properties of the inhibitory synaptic 

inputs received by Purkinje cells is an important step towards achieving a complete 

picture of cerebellar physiology.
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CHAPTER 2 

METHODS

2.1 Preparation of cerebellar slices

Sagittal slices were prepared from the cerebella of 13 - 15 day-old Sprague Dawley 

rats of either sex. Animals were killed by decapitation, according to UK Home 

Office guidelines, and the cerebellum was quickly removed and placed in ice-cold 

Krebs solution (see Table 2.1 for the composition of solutions). The cerebellum was 

then bisected sagittally, through the vermis, using a scalpel.

2.1.1 Slicing

The cerebellar hemispheres were glued on their vermal surfaces to the stage of a 

slicing chamber, using cyanoacrylate glue. The slicing chamber contained frozen 

Krebs solution up to the level of the stage, and was filled with ice cold Krebs 

solution once the tissue was glued into place. Sagittal slices (400 - 500 pm thick) 

were then cut from the cerebellar hemispheres, under a dissecting microscope, with a 

stainless steel blade (Campden Instruments Vibra-slice, Loughborough, UK). 

Between 4 and 8 slices were usually obtained from each cerebellum.

2.1.2 Maintenance of slices

All manipulation of slices was carried out using a cut and fire-polished Pasteur 

pipette (tip diameter approximately 4 mm). The slices were placed in a holding 

chamber containing Krebs solution at 34 °C, heated by means of a water bath. The
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Krebs solution was bubbled with 95 % O2 / 5 % CO2. In the holding chamber, the 

slices lay upon a thin piece of cotton material, suspended between two plastic rings 

(Edwards et aL, 1989); this allowed efficient oxygenation at both surfaces of each 

slice. For most experiments, after 1 0 -15  minutes, the slices were transferred to a 

second holding chamber containing fresh, bubbled Krebs solution also at 34 °C, 

where they were maintained for a further 15-20 minutes. Following this period, the 

holding chamber was allowed to cool, and the slices were maintained at room 

temperature until they were used for recording. The procedure of transferring the 

slices into fresh Krebs solution was adopted in order to improve the health of the 

slices.

2.2 Electrophvsiological recordings

2.2.1 Fixation and visualisation of slices

Slices were transferred, individually, to the glass-bottomed recording chamber of an 

upright microscope (BX50WI, Olympus, Japan). To provide mechanical stability, 

the microscope was placed on a vibration isolation air table (Newport Corporation, 

CA, U.S.A.), and the slice was held in position by a grid of 5 - 8 parallel nylon 

threads glued to a flattened, U-shaped piece of platinum wire (Edwards et aL, 1989). 

The recording chamber (volume ~ 1 ml) was continuously superfused with Krebs 

solution, at a flow rate of 1 - 3 ml / minute. The solution was fed to the recording 

chamber via gravity flow from a syringe barrel, in which the supply of solution was 

continuously bubbled with 95 % O2 / 5 % CO2 . Solution was removed from the 

recording chamber by means of a fine glass tube, connected, via plastic tubing, to a
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suction pump (HYFLO, MedCalf Bros. Ltd., Potters Bar, UK). All drugs, unless 

otherwise stated, were bath-applied. The effects of drugs were measured when the 

effects has stabilised; this was typically 3 - 8  minutes after the drug solution first 

arrived at the recording chamber.

Slices were viewed on a television screen, with a video camera (Hamamatsu C2400, 

Japan, or Hitachi KP-MIE/K, Japan), using either a 40 x or a 60 x water immersion 

objective and a 0.9 numerical aperture condenser, under infrared differential 

interference contrast microscopy.

Purkinje cells were easily identified by their shape, size and position in the slice. 

Putative Lugaro cells were identified, by their position in the slice and the shape of 

their proximal dendrites, whilst viewing the slice with a 60 x objective. Firstly, their 

somata lay in or immediately below the Purkinje cell layer; secondly, their somata 

were elliptical in shape, and large diameter processes emerged from their poles, in 

the sagittal plane. As explained in Chapter 6, identifying Lugaro cells in this way 

does not always distinguish them from other cell types occupying similar positions in 

the slice, and definitive identification of Lugaro cells was made using confocal 

imaging (see section 2.4). The molecular layer intemeurones were identified by the 

size of their somata and their position in the slice. The only other neuronal somata 

that are found in the molecular layer are those of migrating granule cells, which, in 

neonatal rats, have not yet reached their positions in the granule cell layer. However, 

the somata of basket cells and stellate cells (7 -10  pm diameter) are larger than those 

of granule cells (Vincent and Marty, 1996).
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2.2.2 Patching procedure

All recordings were made at room temperature (21 - 24 °C). Thick-walled 

borosilicate glass electrodes (World Precision Instruments, FA, U.S.A.) were pulled 

on a two-stage electrode puller (PP-83 microelectrode puller, Narishige, Japan), and 

filled with intracellular solution using a MicroFil (World Precision Instruments, FL, 

U.S.A.). The resistances of the electrodes were 2 - 4  MQ for Purkinje cell 

recordings, and 4 - 6  MQ for recordings from Lugaro cells and molecular layer 

intemeurones. The exact electrode resistance depended upon the intracellular 

solution used. The composition of the intracellular solutions is given in Table 2.2.

The microscope was placed inside a Faraday cage, in order to prevent externally 

derived electrical noise from interfering with recordings. A filled recording 

electrode was inserted into a Teflon electrode holder containing a silver wire, which 

had been coated with AgCl by previously immersing the wire in bleach for 2 - 6 

hours. The headstage of the patch-clamp amplifier was mounted on a 

micromanipulator (Marzhauser, Wetzlar, Germany; or LNSMl, Luigs and Neumann, 

Ratingen, Germany). The ground electrode was a AgCl pellet, which was submerged 

in the Krebs solution in the recording chamber. All recordings were made using 

either an Axopatch 1-D (Axon Instruments, CA, U.S.A.), or an EPC9/2 (HEKA 

Elektronik, Lambrecht, Germany) patch-clamp amplifier.

Offset potentials were set to zero when the tip of the recording electrode was 

submerged in the Krebs solution in the recording chamber. Whilst the electrode was 

advanced towards the surface of the slice, positive pressure was applied to the
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interior of the electrode via a tube connected to the electrode holder. This prevented 

the tip of the electrode from becoming blocked, and blew away any tissue obscuring 

the cell of interest. All recordings were made by patching the somata of cells that lay 

at, or near to, the surface of the slice. Upon touching the membrane of the cell of 

interest, the positive pressure was removed and slight suction was applied. The 

potential of the recording electrode was then set to - 70 mV. The resistance of the 

electrode was monitored by applying - 10 mV test pulses of 50 ms duration, at a 

frequency of 2 Hz. The suction gradually (over tens of seconds) resulted in the 

formation of a high resistance seal (> 1 GQ) between the cell membrane and the tip 

of the recording electrode. At this point, the suction was released and the recording 

was in the ‘cell-attached’ configuration. Pipette capacitance compensation was 

performed, using the pipette capacitance compensation circuitry of the patch-clamp 

amplifier; the pipette capacitance was typically 5 - 8  pF. In this configuration, action 

potentials arising from the patched cell could be recorded.

By applying brief, strong pulses of suction to the recording electrode, the patch of 

cell membrane beneath the electrode tip was ruptured, such that the interior of the 

electrode was in continuity with the interior of the cell. The recording was then in 

the ‘whole-cell’ configuration.

2.2.3 Whole-cell voltage-clamp recordings

The holding potential in whole-cell voltage-clamp recordings was set at - 70 mV, 

unless otherwise stated. The current transients associated with the charging and 

discharging of the cell membrane capacitance during each - 10 mV test pulse were
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cancelled using the whole-cell capacitance compensation circuitry of the patch-clamp 

amplifier, and the series resistance was then usually compensated by 50 -  80 % 

(Llano et aL, 1991b). Series resistances in whole-cell voltage-clamp recordings from 

Purkinje cells, as estimated during compensation of the cell capacitance, were 

typically between 10 and 20 MQ. The quality of the recording was regularly 

checked throughout experiments, by examining the current response to the - 10 mV 

test pulse in the absence of cell capacitance compensation and series resistance 

compensation. If the series resistance changed by more than approximately 20 % 

during a recording, the recording was terminated.

2.2.4 Quality of whole-cell voltage-clamp control

Whole-cell voltage-clamp experiments on cells that are not spherical, but emit 

processes such as the extensive dendritic trees of Purkinje cells, suffer from problems 

of imperfect ‘space-clamp’. This means that, due to the access resistances between 

the interior of the recording electrode and the cell’s processes, the voltage set in the 

electrode is not controlled uniformly over the whole cell membrane. The access 

resistances consist of the resistance between the interior of the electrode and the cell 

soma (‘series resistance’), and the axial resistances between the morphological 

compartments of the cell. Since these resistances are in series with the resistance of 

the cell membrane, they result in a voltage error, increasing with distance from the 

recording electrode, in the potential at which the cell membrane is held. Imperfect 

space-clamp can alter both the apparent amplitude and time course of synaptic 

currents. Three methods were adopted in the experiments described in this thesis in 

order to minimise space-clamp problems. Firstly, the cerebella were taken from
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young animals. At 14 days after birth, the dendritic trees of rat Purkinje cells are not 

fully developed, and synaptic currents therefore arise at locations on the cell 

membrane that are electrotonically closer to the recording electrode than would be 

the case in Purkinje cells of older animals. Secondly, when possible, a cæsium-based 

intracellular solution was used; this reduces space-clamp problems by inhibiting 

potassium ion conductances in the membrane of the recorded cell, increasing the 

membrane resistance and, thereby, increasing the proportion of the electrode voltage 

that is held across the membrane. Finally, as noted above, series resistance 

compensation was employed. This technique reduces the effective series resistance, 

allowing the membrane of the recorded cell to be held at a potential closer to that set 

in the preamplifier.

2.2.5 Extracellular stimulation of svnaptic currents

Stimulating electrodes were pulled, and filled, as described above for recording 

electrodes (section 2.2.2). In some early experiments, the stimulating electrode 

contained Krebs solution, but filling the stimulating electrode with 1 M NaCl 

allowed the use of lower stimulating voltages and gave smaller stimulus artefacts, 

and therefore NaCl was used in most experiments. The ground electrode of the 

stimulating circuit was a silver wire, which was submerged in the Krebs solution in 

the recording chamber. The stimulating electrode was inserted into an electrode 

holder containing a silver wire, which was coated in AgCl as described in section 

2.2.2. The electrode holder was mounted in a micromanipulator (MP-285, Sutter 

Instrument Co., CA, U.S.A. or MHW-103, Narishige, Japan). Before patching a cell, 

the tip of the stimulating electrode was placed on the surface of the slice, such that it
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was near to the cell of interest and could be manoeuvred with minimal disturbance of 

the subsequent recording. No stimuli were yet applied. Having patched the cell, 

synaptic currents were evoked by applying bipolar, rectangular voltage pulses (100 - 

200 ps duration) to the stimulating electrode, at a frequency of 0.5 Hz (Grass SD9 

stimulator, Astro-Med, Inc, RI, U.S.A. or A-M Systems stimulator model 200, A-M 

Systems Inc., WA, U.S.A.).

Synaptic currents were evoked using ‘minimal stimulation’. The stimulating voltage 

was gradually increased from zero until synaptic currents were observed that 

displayed an all-or-none relation to stimulus strength. The stimulating electrode was 

then moved, and this process repeated, until the position was found at which the 

synaptic currents could be evoked by the weakest stimulus. At stimulating voltages 

below threshold, no synaptic currents were detectable; the currents appeared at full 

amplitude when the stimulating voltage reached a threshold level. This relation 

between the amplitude of evoked synaptic currents and stimulus strength can be used 

as an indicator that the currents arise through the activation of a single presynaptic 

input, or a small number of inputs running very closely together (Schneggenburger 

and Konnerth, 1992). An example of an input / output curve for minimal stimulation 

is shown in Figure 5.1C. Synaptic currents were evoked throughout each experiment 

using a stimulating voltage just above threshold, so as to stimulate only the one input 

(for example, for the cell from which the data shown in Figure 5.1C were taken, 14 V 

stimulation was used). Finally, the position of the tip of the stimulating electrode 

was marked on the television screen. Both this position and the stimulation threshold 

(as assessed by the input / output curve for the synaptic currents) were regularly
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checked throughout each experiment, in an attempt to ensure that the evoked 

synaptic currents arose from the original input.

2.2.6 U-tube application of drues

Fast application of receptor agonists to slices was achieved using a solenoid valve- 

controlled U-tube system (Fenwick et aL, 1982). The U-tube was made from 

borosilicate electrode glass, bent when heated with a Bunsen burner into a U - shape 

(angle at bend ~ 45 °). 4 - 5  short pieces of electrode glass were glued from side to 

side across the U-tube, and a thick metal wire (4 -  6 cm long) was glued across these 

glass supports. The metal wire formed the handle for the U-tube. In order to form 

the aperture in the U-tube through which solutions were applied to the slice, a piece 

of rubber tubing was attached to each end of the U-tube, and one piece of tubing was 

tied off, A syringe was inserted into the other piece of tubing. The U-tube was then 

clamped in a retort stand, and placed close to the flame of a Bunsen burner. 

Application of strong positive pressure to the U-tube, using the syringe, caused a 

hole to blow out in the bend in the glass, which had been softened by the flame. The 

U-tube aperture formed in this manner was approximately 100 pm across.

During experiments, the U-tube was mounted, by its metal handle, in an electrode 

holder on a micromanipulator. Rubber tubing was connected to each end of the U- 

tube. One piece of tubing led to a beaker, and the other was connected to 4 syringe 

barrels, each fitted with a tap, such that opening the tap allowed solution to flow, by 

gravity, through the U-tube to the beaker. The composition of the U-tube solution is 

given in Table 2.3. Upon switching a solenoid valve, the outlet to the beaker was
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closed off for 500 ms, forcing the solution to flow out of the U-tube aperture. Before 

patching a cell, the U-tube aperture was placed above the soma, and, with a flow of 

control solution, the U-tube was advanced slowly, until operating the switch caused 

tissue on the surface of the slice to move slightly. This indicated that the solution 

from the U-tube was being applied adequately to the slice. In this position, the 

aperture was usually 50 - 100 pm above the soma of the cell of interest.

Having patched the cell, a 500 ms pulse of U-tube solution was applied and, in order 

to eliminate mechanical artefacts, the recording was discarded if the cell showed any 

response. Correct operation of the U-tube was verified by applying GAB A, which 

always resulted in an inward current (an example is shown in Figure 4.4D). Drugs 

were then applied in three 500 ms pulses, separated by at least 20 s. During these 

experiments, both the Krebs solution in the recording chamber and the solution in the 

U-tube itself contained 0.5 pM tetrodotoxin, in order to prevent presynaptic effects 

of the applied drugs. When the effects of antagonists were tested on U-tube-evoked 

responses, the antagonists were present in both the recording chamber solution and 

the U-tube solution.

2.2.7 Dual whole-cell current-clamp and voltage-clamp recordings

All dual recordings were made using an EPC9/2 patch-clamp amplifier. For dual 

recording experiments, both headstages were joined to one ground electrode, rather 

than using one ground electrode per headstage; this was found to reduce the noise in 

the recordings. The slice was first scanned for two Purkinje cell somata lying within 

approximately 200 pm of each other. Areas were sometimes found that contained
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several Purkinje cells suitable for patching, with superficial somata; in this case, 

recordings were made from Purkinje cells lying in close proximity to each other. In 

other cases, suitable Purkinje cells could only be found at greater distances from each 

other. The distances between recorded cells were estimated by eye, and are reported 

as the distance between the centres of the two somata. The KCl-based intracellular 

solution (solution C, see Table 2.2) was used in both recording electrodes. In some 

cases, as noted in Chapter 8, the concentration of calcium in the Krebs solution was 

raised to 5 mM.

Two Purkinje cells were first patched as described above for whole-cell voltage- 

clamp recording, and compensation of both series resistances and cell membrane 

capacitances was performed (see sections 2.2.2 and 2.2.3). The Purkinje cell in 

which action potentials were evoked will be called ‘cell 1’, whilst the Purkinje cell 

which was recorded for synaptic activity will be called ‘cell 2’. The recording mode 

of cell 1 was switched to current-clamp, and the holding current of cell 1 was set so 

as to hold the membrane potential at - 60 to - 80 mV. The usual protocol for evoking 

action potentials in cell 1 was to inject a current pulse of + 1 nA amplitude, for 2 -  5 

ms, once every second. The duration of the current pulse was varied so as to limit 

the response to only one action potential. In some experiments, paired-pulse 

stimulation was used: two identical current pulses were given with an inter-pulse 

interval of 30 ms, every 1 s. In cases when the recordings of both cells remained 

sufficiently stable, the recording modes of the two cells were reversed, such that cell 

1 was switched back to whole-cell voltage-clamp and cell 2 was switched into 

whole-cell current-clamp. The stimulating protocols were then repeated. Thus, in
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some cases, synaptic connections could be investigated in both directions between 

the two Purkinje cells.

2.3 Analysis of electrophvsiological recordings

2.3.1 Single cell recordings: data acquisition

Currents were recorded from the amplifier at a bandwidth of 10 kHz (4-pole Bessel 

filter for the Axopatch 1-D, 3-pole Bessel filter for the EPC9/2). Recordings were 

either sampled directly onto computer, or were first digitised at 44 kHz onto tape 

(Fuji Magnetics, Kleve, Germany) with a modified video cassette recorder (Vetter 

model 200, A.R. Vetter Co. Inc., PA, U.S.A.). For recordings made using the 

EPC9/2, all recordings were digitised at 32 kHz onto DAT tape (Model VDAT2, 

Vetron Technology Inc., PA, U.S.A.). Recordings were resampled from tape onto 

computer through a 2 kHz filter (8-pole Bessel, Frequency Devices, MA, U.S.A.), at 

a sampling frequency of 10 kHz, with a CED 1401 interface (CED, Cambridge, UK) 

or an Axon Digidata 1200 interface. In experiments involving the U-tube or 

extracellular stimulation of synaptic currents, the program WinWCP (kindly supplied 

by Dr. J. Dempster, University of Strathclyde Electrophysiology Software: 

www.strath.ac.uk/Departments/PhysPharm/ses.htm) was used for the acquisition and 

analysis of recordings. WinWCP was triggered to acquire data by the stimulus 

artefact, or, in U-tube experiments, by the trigger that switched the solenoid valve. 

40 ms of pre-artefact baseline were acquired, and each record was 200 ms (evoked 

synaptic currents) or 5 -10 s (U-tube-evoked responses) in total length.
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For analysis of spontaneous synaptic currents, recordings were resampled from tape, 

at a sampling frequency of 10 kHz, using the programme WinCDR (also supplied by 

Dr. J. Dempster, University of Strathclyde Electrophysiology Software). WinCDR 

acquired the data as a continuous record, and then performed automatic detection of 

spontaneous synaptic currents using the following detection criteria: to be classified 

as a spontaneous current, an event had to cross an amplitude threshold of - 3 pA (+ 3 

pA when detecting outward currents) for a duration of 5 ms, with a dead time 

between consecutive events of 15 ms. The same detection criteria were used for each 

phase of a recording (for example, in the absence and presence of a drug). Detected 

events were then inspected by eye, to avoid inclusion of artefacts. Events were 

accepted if they did not overlap with other synaptic events, their rise times were 

faster than approximately 10 ms, and their decay phases were slower and appeared 

approximately exponential. Detected events were saved in the format of a WinWCP 

file.

2.3.2 Single cell recordings: data analvsis

WinWCP was used for all analyses of synaptic currents from single cell recordings, 

and for the analysis of U-tube-evoked responses. The zero current baseline was set 

by averaging 20 sample points approximately 30 ms before the onset of the synaptic 

current or U-tube-evoked response. Each set of 3 U-tube-evoked responses was 

averaged, and the peak amplitude of the average was measured with respect to the 

zero current baseline.
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For the analysis of synaptic currents, any currents that overlapped with other synaptic 

events were first discarded. In the initial stage of analysis, the peak amplitudes of 

synaptic currents from the entire experiment were plotted against time (see, for 

example. Figure 3.15), in order to ensure that the currents were not undergoing run

down of their amplitudes in the control period, and that sufficient time was allowed 

for drug effects to stabilise. Peak amplitudes were measured with respect to the zero 

current baseline. Having ascertained that the recording was stable, average 

amplitudes of synaptic currents were obtained by averaging at least 50 consecutive 

currents, including any failures (in the case of evoked synaptic currents) unless stated 

otherwise. The latencies of evoked synaptic currents were measured by placing 

cursors at the beginning of the stimulus artefact and at the onset of the synaptic 

response, as judged by eye. Rise times, measured by WinWCP, give the time taken 

for currents to rise from 10 % to 90 % of their peak amplitudes. Current decay times 

were measured by fitting a single exponential curve to the current decay phase, 

according to the following equation:

I(t) = Ae"' + c

where A = initial (peak) amplitude of the current, t = time constant of current decay, 

and c = steady-state current when synaptic event has fully decayed (due to the 

definition of the zero current baseline in WinWCP, c = 0 A). The region of the 

current decay to be fitted was defined by two cursors; the first cursor was placed 

approximately 3 ms after the peak of the current, and the second was placed beyond 

the end of the current decay phase.

The variance used in the calculation of the coefficients of variation of current 

amplitudes (CVs) was obtained by subtracting the variance of the background noise
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from that of the peak current amplitudes. The variance of the background noise was 

taken from a length of recording, approximately 200 ms in duration, in which no 

synaptic events occurred. The variance was calculated in this manner for each CV 

condition (for example, in the absence and presence of a drug). CV was then 

calculated as V variance / (mean current amplitude).

2.3.3 Dual recordings: data acquisition

Dual recordings, made with the EPC9/2 patch-clamp amplifier, were acquired using 

the programme PULSE (HEKA Elektronik, Lambrecht, Germany). 800 ms traces, 

from both cells, were recorded at a bandwidth of 2 kHz, and directly stored on 

computer as PULSE files. The stimulating protocol was arranged such that the 

action potentials of the cell recorded in current-clamp (cell 1) were evoked in the 

middle of each trace (400 ms after the start of each trace).

The analyses of the dual recordings are described in Chapter 8 (sections 8.3 and 8.4).

2.3.4 Statistics

Data are presented as means ± standard error of the mean (SEM), unless the data 

were not normally distributed, in which case the medians and 25 % - 75 % quartiles 

of the data are given. Results were analysed with Student’s paired or non-paired 

two-tailed t-tests, one-way analysis of variance (ANOVA), or non-parametric 

methods (the Mann-Whitney test or the Wilcoxon matched pairs signed rank sum 

test) as indicated in the text, using the Prism statistics package (GraphPad Software
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Inc., CA, U.S.A.). Results were considered significant if the probability of chance 

occurrence was less than 0.05.

2.4 Confocal imaging

Cells were filled with dye for flourescent imaging by making a whole-cell patch- 

clamp recording in almost the same way as that described above (section 2.2.2). The 

dyes Alexa Red (Alexa Fluor 594) or Alexa Yellow (Alexa Flour 488) were 

dissolved in the CsCl-based intracellular solution (solution A, see Table 2.2), at 

concentrations of 0.2 mg / ml. When the recording electrode was advanced towards 

the cell of interest, very little or no positive pressure was applied to the interior of the 

electrode, in order to avoid blowing dye over the surface of the slice. It was found 

that a whole-cell recording of approximately 6 minutes duration was sufficient to fill 

the cell adequately for imaging; however, holding the cell for longer resulted in 

better filling with dye, and usually cells were held for at least 15 minutes. The 

recording electrode was then very slowly pulled away from the cell, whilst applying 

slight positive pressure to the interior of the electrode, so as to facilitate the loss of 

the seal between the electrode and the cell. Imaging was performed straight away. 

In some cases, imaging was performed whilst the recording electrode was still in 

place (see, for example. Figure 8.1).

The filled cell was located under flourescent light, viewing the slice with a 20 x 

water immersion objective, on a FLUOVIEW confocal microscope (all equipment 

supplied by Olympus UK). For confocal imaging, the cell was viewed using a 40 x 

or 60 X water immersion objective. During the imaging, there was no flow of
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solution through the recording chamber, since it was found that movement of 

solution sometimes caused the slice to move, interfering with the acquisition of 

images. The dyes were excited at wavelengths of 588 nm (Alexa Red) or 493 nm 

(Alexa Yellow), and emitted light was collected at 613 nm (Alexa Red) or 517 nm 

(Alexa Yellow). The programme FLUOVIEW was used to acquire images. Usually, 

one crude image (step size 1 pm) was first taken of the whole cell, to show its 

general morphology and position, before scanning parts of the cell at higher 

resolution. The step size for the high-resolution images was 0.1 -  0.5 pm.

2.5 Drugs and solutions

2.5.1 Composition of solutions

The composition of the Krebs solution is given in Table 2.1. Unless stated 

otherwise, this was the extracellular solution used in all experiments. In the 

experiments in which the extracellular calcium concentration was changed, the CaClz 

content was altered; the solution was otherwise identical to that given in Table 2.1. 

The Krebs solution was made up either on the day of the experiment or on the 

previous day.

The compositions of the intracellular solutions are given in Table 2.2. Stock supplies 

of intracellular solutions were made up and frozen at - 20 °C, and were thawed on the 

day of the experiment.
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Table 2.3 gives the composition of the solution applied via the U-tube. In order to 

avoid the formation of bubbles in the tube, this solution was not bubbled; therefore, 

HEPES was used as the pH buffer.

Tables 2 .1 -2 .3

All concentrations are mM.

Table 2.1. Composition of Krebs solution

NaCl 125

KCl 2.4

NaHCO] 26

NaH2?04 1.1

MgClz 1

CaClz 2

Glucose 25

pH when bubbled with 95 % O2 / 5 % CO2 7.4
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Table 2.2. Composition of intracellular solutions

Solution A B C D

CsCl 140 10 30

Cs gluconate 130

KCl 140

N-methyl-D-glucamine (NMDG) 110

CaCl2 2 2 2 2

HEPES 5 5 5 5

EGTA 10 10 5 10

MgATP 2 1 2 2

pH adjusted with CsOH CsOH KOH HCl

pH 7.4 7.4 7.4 7.4

Liquid junction potential + 3 mV + 15 mV + 3 mV < - 1 mV
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Table 2.3. Composition of U-tube solution

NaCl 142

KCl 2.4

HEPES 10

MgClz 1

CaCl2 2

Glucose 25

pH with NaOH 7.4

2.5.2 Drugs: sources and stock solutions

QX-314,2.3-dioxo-6-nitro-l,2,3,4-tetrahydro[f]quinoxaline-7-suphonamide (NBQX), 

bicuculline methochloride, ZD7288 and (l,2,5,6-tetrahydropyridine-4-yl) 

methylphosphinic acid (TPMPA) were obtained from Tocris Cookson (Bristol, UK). 

Apamin was obtained from Alomone Labs (Jerusalem, Israel). The flourescent dyes 

Alexa Red and Alexa Yellow were obtained from Molecular Probes (Oregon, 

U.S.A.). UCL 1848 was a kind gift from Dr. Guy Moss (Dept, of Pharmacology, 

University College London). All other drugs were obtained fi*om Sigma (St. Louis, 

MO, U.S.A).

Bicuculline methochloride (henceforth referred to as ‘bicuculline’) was made up in 

distilled water freshly straight before each experiment. NBQX was dissolved in 

dimethylsulphoxide (DMSO) at 500 times its final concentration. All other drugs
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were dissolved in distilled water. The concentrated aliquots of the drugs, except for 

bicuculline, were then frozen at - 20 °C. Drugs were thawed and diluted into Krebs 

solution at the time of the experiment. The pH of the Krebs solution was tested 

following the first addition of each drug, and in all cases remained at pH 7.4.

2.5.3 Liquid junction potentials

The liquid junction potentials associated with the intracellular solutions, when used 

with the Krebs solution, are given in Table 2.2. These potentials arise from differing 

rates of ion diffusion across the boundary between two solutions. The liquid junction 

potentials of the intracellular solutions were measured using a 3 M NaCl agar bridge 

to connect the recording chamber to a separate chamber containing the ground 

electrode. The ground electrode was submerged in 3 M NaCl. The recording 

chamber was first filled with the intracellular solution, in which the tip of the 

recording electrode was submerged. With the patch-clamp amplifier in current- 

damp mode, the offset potential was set to zero. The solution in the recording 

chamber was then quickly changed to Krebs solution, and the resulting offset 

potential was measured. This offset is the potential of the intracellular solution with 

respect to that of the bath, and is the negative of the conventional liquid junction 

potential (which is defined as the potential of the bath with respect to that of the 

electrode (Barry and Lynch, 1991)). The values given in Table 2.2 are therefore the 

negative values of these measurements. The liquid junction potentials were also 

calculated using the programme JPCalc, supplied by Prof. P. H. Barry 

(www.med.unsw.edu.au/PHBSoft). The measured values closely agreed with those 

calculated.
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Data presented from experiments in which intracellular solution B was used have 

been corrected for the liquid junction potential; the liquid junction potentials of the 

other intracellular solutions are negligible, and data have not been corrected.

2.6 Modelling

GABAa receptor-mediated synaptic currents were simulated using the programme 

SCALCS, kindly provided by Prof. D. Colquhoun (Dept, of Pharmacology, 

University College London, UK: http://www.ucl.ac.uk/Pharmacology/dc.html). A 

Q-matrix algorithm (Colquhoun and Hawkes, 1995) was used to find the occupancy 

as a function of time of each state in the 7-state model shown below.

k_F 2k+B

B + BR +A

k+B2k.B

BzR

2k+A

k-A

k+A

B + A R + A
h

+̂A

BRA

^ 2k.A 1
k+B a

1/
P

A2R*

The terms refer to: R, GABAa receptor; A, GABA; B, antagonist; R*, open state; k+A 

or k+B, association rate of GABA or antagonist with receptor; k_A or k_B, dissociation 

rate of GABA or antagonist from receptor; p, GABAa receptor channel opening rate; 

a , GABAa receptor channel closing rate.

The model makes several assumptions. These are, firstly, that agonist affinity at 

each binding site is the same; secondly, antagonist affinity at each site is the same; 

finally, the occupancy of one binding site by either agonist or antagonist does not
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influence the affinity of the second site for either agonist or antagonist. A potential 

complication is that the model contains a cycle, and so the product of the reaction rates 

in both clockwise and anti-clockwise directions should be equal, in order to ensure that 

the principle of microscopic reversibility is maintained. Thus: 2k+A.k+B.k_A.k.B = 

2 k + B .k + A - k - B - k .A .

The rate constants used in the models from which results are presented are given in 

Table 2.4 (see also Table 7.1). The antagonists’ rate constants were taken from Jones 

et al. (2001); other rates were taken from Jones et al. (1998), except for the channel 

opening rate, which was taken from the data of Maconochie et al. (1994) for Purkinje 

cell GABAa receptors.

Table 2.4. Rate constants used in the modelling

Reaction Rate constant

Channel opening (s'*) 2000

Channel closing (s'*) 400

Association rates (M'*s'*)

GABA 5 x  10*̂

Bicuculline 5 x  10’

SR-95531 1.8 X 10’

Dissociation rates (s'*)

GABA 131

Bicuculline 62

SR-95531 6
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Simulations of synaptic currents were generated as responses to concentration jumps 

of GABA. The GABA concentration rose exponentially (time constant 0.1 ms), 

reached a peak concentration ranging from 0 . 5 - 5  mM, and decayed exponentially 

(time constant ranging from 0.1 -  1000 ms), as described in Chapter 7. The initial 

GABA concentration was modelled as zero. In simulations of the effects of 

antagonists, the antagonist was present at a fixed concentration before and 

throughout the GABA concentration jump. Traces of average current were analysed 

from ASCII files, by reading off the peak current and the 10 -  90 % rise time of the 

current.
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CHAPTERS

THE BACKGROUND INHIBITORY SYNAPTIC ACTIVITY OF PURKINJE

CELLS

This chapter describes the properties of the common GABAergic synaptic currents 

occurring in Purkinje cells, which are attributed to inputs from basket cells and 

stellate cells. These inputs have been extensively studied previously. They are 

reviewed here in order to verify that the conditions used in this thesis, under which 

purportedly novel GABAergic synaptic inputs to Purkinje cells are described, gave 

similar recordings of the behaviour of the basket cell / stellate cell inputs to those 

reported in the literature. The data are presented with relevant references to other 

groups’ work, in order to facilitate comparisons between results.

All the results presented in this chapter were obtained from whole-cell voltage-clamp 

recordings of Purkinje cells, in the presence of antagonists of ionotropic glutamate 

receptors (20 pM 2.3-dioxo-6-nitro-l,2,3,4-tetrahydro[f]quinoxaline-7-suphonamide 

(NBQX) and 10 pM 7-chlorokynurenate).

3.1 Purkinie cells receive spontaneouslv active GABAa receptor-mediated svnaptic 

inputs

All Purkinje cells displayed spontaneous synaptic currents, as previously described 

(e.g. Konnerth et a l, 1990; Vincent et a i, 1992; Puia et a i, 1994; Vincent and 

Marty, 1996; Hausser and Clark, 1997) (Figure 3.1). The mean frequency of the 

synaptic currents recorded from 6 Purkinje cells was 8.1 ± 0.8 Hz (n = 6), which is
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similar to the frequencies previously reported (e.g. 11 Hz; Than and Szabo, 2002). 

When recordings were made using intracellular solutions containing a high 

concentration of chloride ions (CsCl-based or NMDG^ Cl -based solutions; see 

Chapter 2, Table 2.2), and the holding potential of the Purkinje cells was - 70 mV, 

the synaptic currents were inward, and ranged in amplitude from - 10 pA to more 

than - 1 nA.

As previously reported (e.g. Konnerth et al., 1990; Puia et al., 1994), the 

spontaneous synaptic activity was reversibly inhibited by the GABAa receptor 

antagonist, bicuculline (Figure 2>.\A - B). In 20 pM bicuculline, the spontaneous 

synaptic currents were fully inhibited in most Purkinje cells, such that no synaptic 

activity was detected. In a few cells, an occasional spontaneous synaptic current 

remained in the presence of 20 pM bicuculline (see Chapter 4). The sensitivity of 

the majority of the synaptic currents to bicuculline indicates that they are mediated 

by GABAa receptors, and probably arise through the activity of the GABAergic 

inputs to Purkinje cells from basket cells and stellate cells, which are known to fire 

spontaneously in cerebellar slices (e.g. Hausser and Clark, 1997).

The mean 1 0 - 9 0  % rise time of the spontaneous synaptic currents was 2.9 ± 0.5 ms 

(n = 6), and the mean decay time constant (fitted to one exponential) was 11.0 ± 0.7 

ms (Figure 3.1C; n = 4). These kinetic measurements are similar to those previously 

reported from studies of Purkinje cell synaptic responses to spontaneous basket cell 

or stellate cell input, recorded under similar conditions (e.g. rise time, 3.0 ms 

(Farrant and Cull-Candy, 1991); monoexponential decay time constant, 8.8 ms 

(Vincent e / <3/., 1992)).
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Figure 3.1. Purkinje cells receive spontaneously active GABAergic synaptic inputs.

(A) 3 s of recording in 20 pM NBQX and 10 pM 7-chlorokynurenate, before (top 

trace) and during (middle trace) the addition to the bath of 20 pM bicuculline, and 

following washout of bicuculline (bottom trace). GABAergic synaptic currents are 

inward, due to the high chloride content of the intracellular solution and the negative 

holding potential (- 70 mV). Scale bars apply to all traces.

(B) Time plot of the peak amplitudes of all synaptic currents detected in one 

experiment, showing reversible inhibition of the currents by 20 pM bicuculline 

(bath-applied as indicated by black bar).

(Q  Raw traces of 2 consecutive spontaneous synaptic currents, recorded in the 

absence of bicuculline. An exponential fit to the decay phase is superimposed upon 

the traces; decay time constants = 9.4 ms (top), 9.0 ms (bottom). Scale bars apply to 

both traces.
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3.2 Svnaptic currents are evoked in Purkinie cells by stimulating in the molecular 

layer

The tip of the stimulating electrode was placed in the molecular layer in order to 

stimulate basket cell or stellate cell inputs to Purkinje cells. As described by Vincent 

et al. (1992), synaptic currents were usually evoked by stimulating in the lower third 

of the molecular layer, approximately 5 0 -  100 pm from the line of the Purkinje cell 

somata. Stimulating in positions within 30 -  40 pm of the soma of the recorded 

Purkinje cell caused direct stimulation of the cell, eliciting a large, undamped, 

inward current. The tip of the stimulating electrode could be moved along the lower 

molecular layer for up to approximately 200 pm, sagittally, from the soma of the 

recorded Purkinje cell, whilst still giving successful stimulation of synaptic currents. 

These stimulation positions probably excited inputs from basket cells, whose axons 

lie in the lower molecular layer and follow the line of the Purkinje cell somata. 

Synaptic currents could also be evoked by stimulating in the upper molecular layer, 

up to the uppermost border of the cerebellar cortex, at distances of up to 300 pm 

from the Purkinje cell layer. These more distant stimulating positions probably 

excited stellate cells, which lie in the outer molecular layer (Albus, 1971).

Examples of the evoked synaptic currents are shown in Figure 3.2. All currents were 

evoked using minimal stimulation (see Chapter 2, section 2.2.5), in order to try to 

excite a single presynaptic cell (Schneggenburger and Konnerth, 1992). The 

synaptic currents occurred at a mean latency after the stimulus artefact of 2.3 ±0.1 

ms (n = 9), which is similar to the latencies reported previously for the responses of 

Purkinje cells to evoked synaptic input from basket cells or stellate cells (Vincent et
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al., 1992). Neither the rise times nor the decay time constants of the evoked synaptic 

currents were significantly different to the values reported above for the spontaneous 

synaptic currents. The mean 1 0 - 9 0  % rise time of the evoked currents was 2.2 ± 

0.5 ms (n = 5), and the mean decay time constant (fitted to one exponential; Figure 

3.25) was 13.6 ± 1.3 ms (n = 5). Again, these kinetic measurements are also similar 

to those previously reported for synaptic currents evoked from basket cell / stellate 

cell inputs to Purkinje cells, recorded under similar conditions (e.g. rise time, 2.5 ms 

(Pouzat and Hestrin, 1997); monoexponential decay time constant, 9.3 ms (Vincent 

e ta l ,  1992)).

The evoked synaptic currents showed large fluctuations in their amplitudes from one 

event to the next (see Figure 3.2C), again as previously reported (Vincent and Marty,

1996). Also, the currents were interspersed by ‘failures’, where stimulation failed to 

evoke a synaptic current. An example is shown in Figure 3.2C. The mean failure 

rate of the evoked synaptic connections was 33.0 ± 6.5 % (n = 10). This is 

comparable to the failure rates previously reported for basket cell / stellate cell inputs 

to Purkinje cells at the same age of rat (36 % failure rate at 9 -  15 days (Than and 

Szabo, 2002); 12 % at 11 -  15 days, 33 % at 16 -  21 days (Pouzat and Hestrin,

1997)). At a holding potential of - 70 mV, and using the CsCl-based intracellular 

solution, the mean amplitude of the evoked synaptic currents (including failures) was 

- 256 ± 46 pA (n = 17). This measurement, again, is close to the mean amplitudes 

previously reported from experiments performed using similar conditions (- 330 pA 

(Pouzat and Hestrin, 1997); - 203 pA, (Than and Szabo, 2002)).
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Figure 3.2. Synaptic currents can be evoked in 20 pM NBQX and 10 pM 7-

chlorokynurenate by stimulating in the molecular layer.

All stimulus artefacts have been truncated.

(A) Averages of evoked synaptic currents from two cells. Scale bars apply to both 

traces. Average (ii) shows some ‘noise’ in the decay phase of the evoked synaptic 

current; this is due to the occurrence of spontaneous synaptic currents.

(B) Fits of exponential decays to two raw evoked synaptic currents, from the same 

cell as A (ii). The fits are superimposed upon the current traces, and gave 

exponential decay time constants of 12.9 ms (top trace) and 12.4 ms (bottom trace). 

Scale bars apply to both traces.

(Q  Raw traces of 4 consecutive evoked synaptic currents, from a different cell. The 

third trace shows a failure (followed by a spontaneous synaptic current 

approximately 10 ms after the stimulus artefact). Scale bars apply to all traces.
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3.3 The evoked svnaptic currents are mediated by GABAa receptors

The ionic selectivities of the evoked synaptic currents were assessed, by varying the 

holding potentials at which Purkinje cells were recorded and the ionic concentration 

gradients across the membranes of the cells. Predicted reversal potentials for 

chloride ions and for small cations were calculated from the Nemst equation, 

according to:

^  == RT In [ion ]oîon ----  ------
zF [ionji

where R = Universal gas constant; T = absolute temperature; z = valency of ion; F = 

Faraday constant, [ionjo and [ion]i = extracellular and intracellular concentrations of 

the ion, respectively. When recordings were made using a CsCl-based intracellular 

solution, currents carried by both chloride ions and by small cations were predicted 

to reverse at approximately 0 mV. Using the NMDG^ Cl'-based intracellular 

solution, the predicted reversal potential for chloride ions (ECl ) was + 2 mV, whilst 

that for small cations was + 40 mV. With both intracellular solutions, the evoked 

synaptic currents of all cells tested reversed at approximately ECl' (Figure 3.3^4) (n = 

3).

The evoked synaptic currents were inhibited by bicuculline (Figure 3.3.5 - Q . The 

currents were largely inhibited by low concentrations of the antagonist: 2 pM 

bicuculline reduced the amplitudes of the currents by 67.4 ±5.1 % (n = 10). In 20 

pM bicuculline, the currents were fully inhibited, to the extent that no synaptic 

current was discernible in the average of 50 traces (Figure 3.3C) (n = 3).
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Figure 3.3. The evoked synaptic currents are mediated by GABAa receptors.

All stimulus artefacts have been truncated.

(A) The evoked currents are carried by chloride ions. Averages of evoked currents 

recorded at the holding potentials indicated, from an experiment in which the 

Purkinje cell was patched using the NMDG^ Cl -based intracellular solution. The 

currents reversed near the predicted reversal potential for chloride (predicted ECl', + 

2mV).

{B - C) The evoked synaptic currents are inhibited by bicuculline.

{E) Plot of peak amplitudes of all synaptic currents evoked in one Purkinje cell, in 20 

pM NBQX and 10 pM 7-chlorokynurenate. Bicuculline was bath-applied at 

increasing concentrations, as indicated by the bars along the x-axis.

(Q  Averages of evoked synaptic currents from the same cell as {B), before and after 

the addition to the bath of 20 pM bicuculline. Scale bars apply to both traces.
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This concentration of bicuculline (20 )iM) is the concentration used in later chapters 

of this thesis to ensure full inhibition of basket cell and stellate cell inputs to Purkinje 

cells.

Both their sensitivity to bicuculline and their reversal potential identify the evoked 

synaptic currents as being carried by GABAa receptors, as shown in previous studies 

of Purkinje cell responses to evoked basket cell or stellate cell input (e.g. Vincent et 

ai, 1992).

3.4 Discussion

The results presented in this chapter confirm the findings of other studies that have 

investigated Purkinje cell synaptic currents arising from the molecular layer 

intemeurones. The purpose of the experiments described in this chapter was two

fold. Firstly, in the following chapters, data are presented which suggest the 

existence of novel GABAergic synaptic inputs to Purkinje cells, which are proposed 

to arise from cells other than basket cells or stellate cells. It is important to verify 

that the basket cell and stellate cell inputs behave as described in the literature under 

the conditions used in this thesis, and are unlikely to account for the results presented 

in the following chapters. Secondly, the purportedly novel synaptic currents 

described in Chapters 4 and 5 exhibit properties distinct from those of the currents 

arising from the molecular layer intemeurones; this chapter therefore provides for a 

direct comparison of the properties of the synaptic inputs.
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CHAPTER 4

A SEROTONIN-ACTIVATED SYNAPTIC INPUT TO PURKINJE CELLS

In this chapter, the hypothesis is tested that Purkinje cells receive a synaptic input 

from Lugaro cells.

As explained in Chapter 1, Lugaro cells are sparsely distributed intemeurones that lie 

beneath the Purkinje cell layer, at the upper border of the granule cell layer. Very 

little is known about their behaviour, connectivity or functional role in the 

cerebellum. To date, there has been only one publication of electrophysiological 

recordings of Lugaro cells (Dieudonné and Dumoulin, 2000). The only known 

synaptic connection from Lugaro cells is made onto Golgi cells, at which both 

GABA and glycine are co-released (Dumoulin et al., 2001). Dieudonné’s group has 

further shown that, in cerebellar slices, Lugaro cells do not spontaneously fire action 

potentials, but can be induced to fire by the bath application of 1 pM serotonin 

(Dieudonné and Dumoulin, 2000; Dieudonné, 2001).

Here, the sensitivity of Lugaro cells to serotonin was used to investigate the 

possibility of a Lugaro cell - Purkinje cell synaptic connection. Since Purkinje cells 

express glycine receptors (Triller et al., 1987; Fujita et al., 1991), the release by 

Lugaro cells of glycine provided a possible tool with which to isolate any glycinergic 

component of Lugaro cell input from the other, known (glutamatergic or 

GABAergic) synaptic inputs to Purkinje cells. Thus, unless otherwise stated, all the 

results presented in this chapter were obtained from whole-cell voltage-clamp 

recordings of Purkinje cells, in the presence of 20 pM NBQX, 10 pM 7-
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chlorokynurenate and 20 [iM bicuculline, in order to inhibit ionotropic glutamate 

receptors and GABAa receptors.

4.1 1 uM serotonin evokes svnaptic currents in Purkinie cells

In the bath solution containing antagonists of glutamate receptors and GABAa 

receptors, the spontaneous synaptic activity of Purkinje cells was inhibited, as 

described in Chapter 3 (section 3.1 and Figure 3.1). No synaptic currents were 

detected in 1 8 / 2 2  Purkinje cells, in recordings of at least 90 s duration. In the 

remaining 4 cells, spontaneous synaptic currents occurred at frequencies of 0.05 Hz, 

0.1 Hz (2 cells) and 0.3 Hz.

Bath application of 1 pM serotonin caused a marked increase in the synaptic activity 

of Purkinje cells (p < 0.001, Wilcoxon matched pairs signed rank sum test; n = 22 

cells) (Figure 4AA - D). This effect of serotonin was observed in 1 3 / 2 2  Purkinje 

cells (59 % of tested cells). In the remaining 9 cells, no synaptic currents were 

detected before or during the application of serotonin. Across the 13 cells in which 

synaptic activity increased in serotonin, the median frequency of spontaneous 

synaptic currents occurring before the application of serotonin was 0.00 Hz (25 % - 

75 % quartiles, 0.00 - 0.08 Hz; n = 13). During the application of 1 pM serotonin, 

the median frequency increased to 0.24 Hz (0.1 - 0.5 Hz; n = 13). Examples of the 

synaptic currents recorded in 1 pM serotonin are shown in Figure 4. W - B. In 6 

cells, serotonin was removed, and the frequency of synaptic currents decreased to a 

median frequency of 0.05 Hz (25 % - 75 % quartiles, 0.01 - 0.16 Hz) (Figures 4.1C).

94



Figure 4.1. 1 |iM serotonin evokes synaptic currents in Purkinje cells.

All results were obtained from slices bathed in 20 pM NBQX, 10 pM 7- 

chlorokynurenate and 20 pM bicuculline.

(A) 4 s o f  recording from one Purkinje cell before (top) and after (middle) the 

addition to the bath o f  1 pM serotonin, and following washout o f  serotonin (bottom).

(B) 4 consecutive raw traces o f  spontaneous synaptic currents from the same cell as

(A), during the application o f  1 pM serotonin. Scale bars apply to all traces. Fits of  

exponential decays are superimposed upon the first 2 currents; exponential decay 

time constants: 16.7 ms (1st), 18.4 ms (2nd).

(C) Frequencies o f  spontaneous synaptic currents recorded before and during the 

bath application o f  1 pM serotonin, and (in 6 cells) following washout o f  serotonin, 

in the 13 Purkinje cells that showed a change in synaptic activity in serotonin. Each 

linked set o f  points represents one cell. Note the break in the y-axis.

(D) Time plot o f  peak amplitudes o f  all synaptic currents detected in one experiment. 

Bath application o f  1 pM serotonin is indicated by the black bar. In this cell, no 

synaptic currents were detected in 151 s before exposure to serotonin; 1 pM  

serotonin elicited spontaneous currents ~  70 s after arriving at the bath (mean 

amplitude o f  currents, - 37 pA; mean frequency, 0.08 Hz).
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The delay between the arrival of serotonin at the bath and the appearance of, or 

increase in frequency of, synaptic currents varied widely between cells. The median 

delay across the 13 Purkinje cells was 120 s, with minimum and maximum delays of 

10 s and 500 s. An example of the time course of the onset of the serotonin effect, 

from one cell, is shown in Figure 4. ID.

4.2 Kinetic properties of the serotonin-induced svnaptic currents

In the 4 Purkinje cells that displayed spontaneous synaptic currents before the 

application of serotonin, these currents were indistinguishable in their kinetics and 

amplitudes to those occurring (at a greater frequency) in the presence of serotonin 

(Figure 4.2). The amplitudes, 1 0 - 9 0  % rise times and decay time constants of the 

synaptic currents occurring before the application of serotonin were, respectively,

95.4 ±1.6 %, 95.3 ± 12.6 % and 88.4 ± 7.3 % (n = 4) of those measurements from 

the synaptic currents occurring in the presence of serotonin. Henceforth, all synaptic 

currents detected in serotonin are referred to as ‘serotonin-induced’ synaptic currents.

The average properties of the serotonin-induced synaptic currents are given in Table 

4.1. The kinetics of the serotonin-induced currents were compared to those of the 

spontaneous synaptic currents that were recorded in the absence of bicuculline, and 

which are attributed to basket cell and stellate cell inputs, as described in Chapter 3. 

Both the rise times and the decay times of the serotonin-induced currents were highly 

significantly greater than those of currents arising from basket cell / stellate cell
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Figure 4.2. Properties of the serotonin-induced synaptic currents

When spontaneous currents occurred in the absence of serotonin, they displayed the 

same amplitude and kinetics as the currents occurring in the presence of serotonin.

(A) Averages of spontaneous synaptic currents recorded from a Purkinje cell before 

(black) and after (red) bath application of 1 pM serotonin.

(B) Time plot of peak amplitudes of all synaptic currents detected in one experiment. 

Bath application of 1 pM serotonin is indicated by the black bar. The mean 

amplitudes of synaptic currents occurring before and after the addition of serotonin 

were - 44 pA and - 45 pA, respectively; their mean frequencies were 0.1 Hz and 0.4 

Hz.

(Q  Relative fi-equency amplitude histograms of all synaptic currents detected from 

the same cell as (B), before (black) and after (red) bath application of 1 pM 

serotonin. All the bars of the black (pre-serotonin) histogram are the same height 

due to the small number of currents occurring in the absence of serotonin.
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inputs (rise times: 6.0 ± 0.3 ms versus 2.9 ± 0.5 ms, p < 0.001; decay time constants, 

18.8 ± 1.5 ms versus 11.0 ± 0.7 ms, p < 0.01).

Table 4.1. Average properties of the serotonin-induced synaptic currents

All data are means ± SEM, from Purkinje cells recorded at a holding potential o f - 70 

mV using the NMDG^ Cl'-based intracellular solution. Numbers in parentheses 

indicate the numbers of cells analysed.

Amplitude - 46.9 ± 3.3 pA (n = 9)

Rise time (10 % -  90%) 6.0 ± 0.3 ms (n = 9)

Decay time constant 18.8 ± 1.5 ms (n = 9)

The induction of synaptic currents in Purkinje cells by serotonin suggests that the 

currents might arise from a Lugaro cell input, for, as explained, Lugaro cells are 

normally silent and are induced to fire by serotonin (Dieudonné and Dumoulin,

2000). Since Lugaro cells are known to release both GAB A and glycine (Dumoulin 

et al., 2001), postsynaptic currents arising from a Lugaro cell input would be 

expected to be carried by anions, and by either glycine receptors or GABA receptors. 

These predictions are tested in the following three sections.

4.3 The serotonin-induced svnaptic currents are carried bv chloride ions

The holding potentials of 9 Purkinje cells displaying serotonin-induced synaptic 

currents were varied, in order to assess the ionic selectivity of the currents. Using the
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NMDG^ Cl'-based intracellular solution, the predicted reversal potential for chloride 

ions (ECr) was + 2 mV, and the predicted reversal potential for small cations was + 

40 mV, as calculated from the Nemst equation (see section 3.3). The reversal 

potentials of the synaptic currents were assessed by holding Purkinje cells at - 70 mV 

(the usual holding potential in all experiments), 0 mV and + 40 mV.

In all cells, the serotonin-induced synaptic currents reversed at holding potentials 

close to ECr. The mean amplitude of the currents at + 40 mV was 38.8 ± 4.4 pA (n 

= 9), and no synaptic currents were detected in any of the cells that were held at 0 

mV (n = 5). Note that it was not possible to obtain full current / voltage relations for 

the serotonin-induced synaptic currents, as, at holding potentials close to the reversal 

potential, the currents increasingly disappeared into the noise of the recordings, 

preventing the detection and measurement of current amplitudes. Figure 4.3 shows 

serotonin-induced synaptic currents in Purkinje cells from which recordings were 

made using the NMDG^ Cl'-based intracellular solution.

The reversal of the serotonin-induced synaptic currents at holding potentials close to 

ECr indicates that the currents are carried by anions.

4.4 The serotonin-induced svnaptic currents are not mediated bv glvcine receptors

Bath application of the glycine receptor antagonist, strychnine (5 pM), did not affect 

the amplitudes of the serotonin-induced synaptic currents (Figure 4.4^ - Q . The 

mean amplitude of the currents in strychnine was 102.8 ± 2.5 % of that in the 

absence of strychnine (n = 4, Figure 4 AC).

101



Figure 4.3. The serotonin-induced synaptic currents are carried by chloride ions.

These experiments were carried out using the NMDG^ Cl'-based intracellular 

solution.

(À) Time plot of peak amplitudes of all synaptic currents detected in one experiment. 

In this cell, no synaptic currents were detected before exposure to serotonin, and 1 

pM serotonin elicited currents within 10 s of arriving at the bath (application of 

serotonin is indicated by bar marked ‘ 1 ’). When the holding potential was changed 

to + 40 mV (bar 2), the currents were outward (mean amplitude: 36 pA).

(B) Same cell as (A): 3 consecutive raw traces of serotonin-induced synaptic currents 

from periods indicated by bars 1 and 2 in (A). Top: after ~ 1 minute in serotonin 

(holding potential - 70 mV); bottom: at + 40 mV holding potential.

(Q  Averages of serotonin-induced synaptic currents at holding potentials of - 70 mV 

and + 40 mV, from a different cell. No currents were detected at a holding potential 

of 0 mV.
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There have been reports of a strychnine-insensitive form of glycine receptor, which 

is expressed in neonatal animals (Kuhse et al., 1990; Withers and St John, 1997). To 

ascertain whether such a receptor might mediate the serotonin-induced synaptic 

currents, a U-tube drug application system was used to test for any Purkinje cell 

response to glycine (10 mM) in the presence of strychnine (5 pM, and 20 pM 

NBQX, 10 pM 7-chlorokynurenate, 20 pM bicuculline). No response to glycine was 

seen in any cell tested (n = 7) (Figure A AD).

These results indicate that the serotonin-induced synaptic currents are unlikely to be 

mediated by glycine receptors.

4.5 The serotonin-induced svnaptic currents are mediated bv GABAa receptors 

behaving with atypical pharmacologv

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

GABAa receptor antagonist that inhibits GABAa receptor-mediated responses with 

an approximately three-fold higher potency than that of bicuculline (Hamann et a/., 

1988; Seutin et a l,  1997; Ueno et a l,  1997; Jones et a l,  2001). Experiments were 

carried out in which the bicuculline in the normal bath solution was exchanged for 

SR-95531, in order to examine the effect of another GABAa receptor antagonist on 

the serotonin-induced synaptic currents.

When testing the effect of exchanging the two GABAa receptor antagonists, it was 

ensured that sufficient time was allowed for bicuculline to fully leave the bath, in 

order to avoid adding the effects of the two drugs. The time needed for bicuculline
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Figure 4.4. The serotonin-induced synaptic currents are not mediated by glycine 

receptors.

(A) Time plot of peak amplitudes of all synaptic currents detected in one experiment. 

In this cell, no currents were detected before exposure to serotonin; 1 pM serotonin 

elicited synaptic currents ~ 6 minutes after arriving at the bath (application of 

serotonin indicated by bar marked ‘1’; mean amplitude of synaptic currents, - 40 

pA). Bath application of 5 pM strychnine (bar 2) did not inhibit the synaptic currents 

(mean amplitude, - 43 pA). The break is the x-axis is over a period where the 

membrane potential of the cell was varied, during assessment of the ionic selectivity 

of the synaptic currents.

(B) Same cell as in (A): 3 consecutive raw synaptic currents during periods indicated 

by bars 1 and 2. Top: after ~ 6 minutes in serotonin; bottom: after 6 minutes in 5 pM 

strychnine.

(Q  Mean amplitude of serotonin-induced synaptic currents from all cells on which 5 

pM strychnine was tested, normalised to amplitudes in 1 pM serotonin alone.

(D) Raw traces from experiments using the U-tube. Both traces were obtained in 20 

pM NBQX, 10 pM 7-chlorokynurenate, and 0.5 pM tetrodotoxin. 50 pM GABA 

evoked a large inward current (the deflections from this trace are spontaneous 

synaptic currents). When testing for strychnine-insensitive glycine receptors, 20 pM 

bicuculline and 5 pM strychnine were added to the bath and U-tube solutions. No 

response to glycine (10 mM) was seen.
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washout was assessed from experiments in which synaptic currents arising from 

basket cell / stellate cell inputs to Purkinje cells were observed whilst bicuculline was 

added to and removed from the bath (e.g. Figure 3.1A - B). These experiments 

showed that full bicuculline washout could be achieved in 6 - 7 minutes.

The effect of exchanging 20 pM bicuculline for 6 pM SR-95531, for a minimum 

duration of 7 minutes, was tested on 4 Purkinje cells that showed increased synaptic 

activity in the presence of serotonin. It was found that exchanging the antagonists 

caused a reversible inhibition of the serotonin-induced synaptic currents (Figure 4.5). 

The cells on which SR-95531 was tested were recorded at the positive holding 

potential of + 40 mV (see section 4.4); the mean amplitude of the serotonin-induced 

synaptic currents in 20 pM bicuculline was 26.0 ±3.1 pA (n = 4). In all the cells, 

exchanging bicuculline for SR-95531 (6 pM) caused the synaptic currents to 

disappear, such that no currents were detected in the presence of SR-95531 (n = 4). 

In 2 cells, 6 pM SR-95531 was re-exchanged for 20 pM bicuculline, and synaptic 

currents reappeared (Figure 4.55).

The inhibition of the currents by SR-95531 suggests that the currents are mediated by 

GABAa receptors. However, the currents therefore display unusual pharmacology. 

Firstly, they are elicited in the presence of a high concentration of the GABAa 

receptor antagonist, bicuculline. Secondly, as SR-95531 is reported to be an 

approximately three-fold more potent GABAa receptor antagonist than bicuculline, it 

was surprising that the drugs exerted such different effects on the serotonin-induced 

synaptic currents when present at approximately three-fold different concentrations 

(6 pM versus 20 pM).
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Figure 4.5. The GABAa receptor antagonist, SR-95531, inhibits the serotonin- 

induced synaptic currents.

(A, B) Time plots of peak amplitudes of all synaptic currents detected in two 

experiments. Bath application of 1 pM serotonin is indicated by black bars marked 

‘1’. These experiments were carried out in 20 pM NBQX, 10 pM 7- 

chlorokynurenate and 20 pM bicuculline until the bars marked ‘2’, at which point the 

bicuculline was exchanged for 6 pM SR-95531. Bath application of 1 pM serotonin 

elicited synaptic currents in the presence of 20 pM bicuculline (mean amplitudes: 22 

pA (cell A) and 37 pA {E)), but when the bicuculline was exchanged for 6 pM SR- 

95531, no further synaptic currents were detected. In cell (5), bicuculline was re

exchanged for SR-95531, and synaptic currents reappeared.
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4.6 Discussion

In this chapter, evidence is presented that Purkinje cells receive a population of 

serotonin-induced synaptic currents. The currents are mediated by GABAa 

receptors, but their pharmacology is unlike that previously reported in studies of 

GABAa receptor-mediated synapses. As discussed below, the excitation of 

GABAergic synaptic inputs by serotonin suggests that the synaptic currents might 

arise from Lugaro cell - Purkinje cell synaptic connections.

The mechanism underlving the serotonin effect

Serotonin may cause an increase in the frequency of synaptic currents in Purkinje 

cells through two general mechanisms. Firstly, serotonin might cause an increase in 

the amplitudes of the background GABAergic synaptic currents arising from basket 

cell / stellate cell inputs, via either a presynaptic increase in the release of transmitter, 

or through a postsynaptic change, increasing the responses of Purkinje cells to the 

released transmitter. Alternatively, serotonin might activate synaptic inputs that 

were previously silent. There are several arguments against the former suggestion 

for the action of serotonin, provided both by the data presented, and also from the 

literature. These arguments are considered in some detail in the following 

discussion, since they are central to the interpretation of the results presented in this 

chapter.

The argument for the former action of serotonin might run as follows. It was shown 

in Chapter 3, and in the present chapter, that no synaptic currents arising from basket
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cell / stellate cell inputs are detected in the majority of Purkinje cells in the presence 

of 20 pM bicuculline. Thus, these currents are inhibited in this solution to 

amplitudes lower than that of the noise of the recording. The serotonin-induced 

synaptic currents reported in this chapter are elicited in 20 pM bicuculline. The 

appearance of serotonin-induced currents might, then, be due to a serotonin-induced 

increase in the amplitudes of the currents arising from basket cell / stellate cell 

inputs, causing the largest of this population of currents to become detectable above 

the noise of the recording. Such an effect would be expected to gradually increase 

the amplitudes of the synaptic currents, revealing them above the noise of the 

recording, such that the amplitudes of the smallest currents would be near to the limit 

of detection. In the analysis of spontaneous synaptic currents, the limit of detection 

is approximately - 10 to - 15 pA.

The data indicate that the serotonin-induced synaptic currents do not exhibit the 

behaviour expected of such facilitation of basket cell / stellate cell inputs to Purkinje 

cells. Firstly, the currents usually first appeared at their final amplitude, and did not 

gradually increase in amplitude from their initial appearance or during the 

application of serotonin. Secondly, the amplitudes of the smallest serotonin-induced 

currents were often substantially larger than that of the noise of the recording; 

typically, the amplitudes of the smallest currents were between - 20 and - 30 pA (see 

Figures 4. ID, 4.25). This indicates that the occurrence of the synaptic currents in 

serotonin did not result from an increase in the amplitudes of spontaneous synaptic 

currents, revealing these currents above the detection threshold. Thirdly, the currents 

that sometimes occurred before exposure to serotonin were of the same amplitude as 

those occurring in the presence of serotonin (see Figure 4.2A - Q , indicating that, in
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these cells, serotonin did not increase the amplitudes of spontaneously occurring 

synaptic currents. Finally, it should be noted that the serotonin-induced synaptic 

currents were not evoked in every Purkinje cell on which serotonin was tested, but in 

only 59 % of cells. An augmentation of the amplitudes of currents arising from 

basket cell or stellate cell inputs would be expected to affect all such currents.

Two groups have examined the effect of serotonin on the synaptic currents arising 

from basket cell and stellate cell inputs to Purkinje cells. The group of Konishi 

stimulated these inputs, in a similar way to that described in Chapter 3 (section 3.2), 

in slices of cerebellar vermis from 7 - 2 1  day-old rats. They report that 30 pM 

serotonin causes an increase in the amplitudes of the synaptic currents, which they 

attribute to a presynaptic effect of serotonin, facilitating the release of GABA 

(Mitoma et al., 1994; Mitoma and Konishi, 1999). The mean amplitude of the 

synaptic currents increased by approximately 50 %. Dieudonné's group has carried 

out similar experiments, but using 1 pM serotonin. They report that, on the contrary 

to the results of the studies by Konishi’s group, serotonin causes an inhibition of the 

spontaneous synaptic currents arising from basket cell or stellate cell inputs to 

Purkinje cells (Dieudonné and Dumoulin, 2000). The mean amplitudes and 

frequencies of the synaptic currents were each reduced by approximately 30 %.

The serotonin-induced synaptic currents reported in this chapter were elicited by 1 

pM serotonin. According to the results of Dieudonné and Dumoulin (2000), 

therefore, the currents cannot be due to an augmentation of background synaptic 

activity arising from basket cell or stellate cell inputs. Even if it were the case that 

the serotonin-induced synaptic currents arose from augmented basket cell / stellate

112



cell inputs, the amplitudes of the currents must change from values lower than the 

limit of detection (approximately - 10 to - 15 pA) to a mean value of - 47 pA. This 

would require an increase in amplitude of more than 200 %. In the case of the 

largest serotonin-induced currents, the increase in amplitude would be even greater: 

in one cell, the mean amplitude of the serotonin-induced currents was - 68 pA, and 

no currents were detected before serotonin application. Thus, in the light of the 

literature on the effects of serotonin on Purkinje cell responses to GABAergic 

synaptic input, it seems very unlikely that the synaptic currents reported in this 

chapter are due to an effect such as that reported by Konishi’s group (Mitoma et aL, 

1994; Mitoma and Konishi, 1999).

The alternative explanation for the serotonin-induced synaptic currents, other than an 

increase in the amplitude of background synaptic currents, is the serotonin-induced 

release of transmitter at previously silent synapses onto Purkinje cells. Such 

transmitter release might arise as a result of the serotonin-induced firing of a 

previously silent presynaptic cell. The obvious candidate for the presynaptic cell, in 

this case, is the Lugaro cell. Lugaro cells are GABAergic (Aoki et aL, 1986; Lainé 

and Axelrad, 1998; Dumoulin et al, 2001), they are the only cerebellar intemeurones 

that are known to be silent under resting conditions, and, finally, they are induced to 

fire by serotonin (Dieudonné and Dumoulin, 2000).

If the synaptic currents arise from an input to Purkinje cells from Lugaro cells, the 

following predictions can be made. Firstly, electrical stimulation in the region in 

which Lugaro cells are found should evoke synaptic currents displaying properties 

similar to those of the serotonin-induced synaptic currents. Secondly, the firing
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behaviour of Lugaro cells should mimic the patterns of synaptic activity recorded 

from Purkinje cells. These predictions are tested in the following two chapters.

Pharmacology of the serotonin-induced svnaptic currents

Lugaro cells co-release glycine and GABA at synapses onto Golgi cells (Dumoulin 

et al., 2001). In the present study, the possibility of glycine release from Lugaro cell 

synapses was used as a tool to search for synaptic inputs to Purkinje cells from 

Lugaro cells, by allowing other, GABAergic or glutamatergic inputs to be 

pharmacologically removed. However, no evidence was found for any glycinergic 

component of the serotonin-induced synaptic currents in Purkinje cells. Although 

Purkinje cells express glycine receptors (Triller et aL, 1987; Fujita et al., 1991), and 

iontophoretically applied glycine has been shown to inhibit Purkinje cell firing 

activity (Strahlendorf et al., 1984; Strahlendorf et al., 1989), no synaptic response 

mediated by glycine receptors in Purkinje cells has yet been reported. The data 

obtained in this chapter do not ascertain whether the absence of any glycinergic 

component in Purkinje cell responses to the putative Lugaro cell input was due to an 

absence of glycine release at the synapses, or an absence of postsynaptic glycine 

receptors.

Instead, the serotonin-induced currents were found to be mediated by GABAa 

receptors, as indicated by their inhibition by the selective GABAa receptor 

antagonist, SR-95531. However, as noted in section 4.5, the currents do not display 

the pharmacology typical of GABAa receptor-mediated synapses. The currents are 

elicited in a concentration of bicuculline that was shown in Chapter 3, and in the
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work of other groups (e.g. Konnerth et aL, 1990; Puia et aL, 1994), to be sufficient to 

fully block other GABAa receptor-mediated synaptic inputs to Purkinje cells. Also, 

as explained in section 4.5, bicuculline and SR-95531 are reported to inhibit GABAa 

receptors with an approximately three-fold difference in potency (Hamann et aL, 

1988; Liiddens and Korpi, 1995; Seutin et aL, 1997; Ueno et aL, 1997; Jones et aL,

2001). Thus, the concentration of SR-95531 that inhibits the currents (6 pM) would 

be expected to be approximately equipotent to the concentration of bicuculline in 

which the currents are routinely recorded (20 pM).

A possible explanation for this unusual profile of sensitivity of the synaptic currents 

to GABAa receptor antagonists is that the receptors involved are an atypical form of 

GABA receptor, such that the relative potencies previously reported for the two 

antagonists do not apply. Alternatively, the explanation for the pharmacology of the 

currents might concern the concentration profile of the GABA transient in the 

synaptic cleft. Both bicuculline and SR-95531 are competitive antagonists of 

GABAa receptors (e.g. Heaulme et aL, 1986; Kemp et aL, 1986; Hamann et aL, 

1988). It might be possible that the GABA concentration profile allows more 

effective competition between GABA and bicuculline, than between GABA and SR- 

95531, for the receptors at the putative Lugaro cell - Purkinje cell synapses. These 

possible explanations for the pharmacology of the synaptic currents are addressed in 

Chapter 7.
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Conclusions

The results presented in this chapter support the hypothesis that Purkinje cells 

receive synaptic inputs from Lugaro cells. The inputs are activated by serotonin, and 

elicit GABAa receptor-mediated synaptic currents in Purkinje cells. Such inputs 

would represent additional GABAergic pathways impinging onto Purkinje cells to 

those provided by the molecular layer intemeurones.

However, the results also raise several questions about the serotonin-sensitive 

synaptic inputs. Firstly, is the Lugaro cell indeed the only candidate for the 

presynaptic cell type underlying the synaptic currents? Secondly, why is it possible 

to elicit GABAergic synaptic currents in the presence of bicuculline? Thirdly, why 

does the pharmacology of the currents not conform to the relative potencies expected 

of two GABAa receptor antagonists?

The investigations presented in the following three chapters are aimed at addressing 

these questions.
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CHAPTER 5

ELECTRICAL STIMULATION OF THE NOVEL SYNAPTIC INPUT TO

PURKINJE CELLS

It was proposed in the previous chapter that the serotonin-induced synaptic currents 

recorded from Purkinje cells arise from synaptic inputs from Lugaro cells. One 

prediction of this proposal was that similar synaptic currents to those induced by 

serotonin would be evoked, in the absence of serotonin, by electrically stimulating in 

the region of the cerebellar cortex in which Lugaro cells are located. In the present 

chapter, such electrically stimulated synaptic currents are described.

The conditions used for stimulating the synaptic input were the same as those under 

which the putative Lugaro cell - Purkinje cell connection was found in the previous 

chapter. Thus, unless stated otherwise, all the experiments described in this chapter 

were carried out on slices bathed in 20 pM NBQX, 10 pM 7-chlorokynurenate and 

20 pM bicuculline. This bath solution is referred to below as the ‘standard recording 

solution’. All the results are from whole-cell voltage-clamp recordings of Purkinje 

cells.

5.1 Svnaptic currents are evoked in Purkinje cells bv minimal stimulation in the 

Purkinje cell laver

The tip of a stimulating electrode was placed on the surface of the cerebellar slice. 

Synaptic currents were evoked using minimal stimulation (see Chapter 2, section 

2.2.5). In the bath solution of antagonists of glutamate receptors and GABAa
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receptors, no synaptic currents could be evoked by stimulating in either the 

molecular layer, where basket cells, stellate cells and parallel fibres are located, or 

deep in the granule cell layer, where climbing fibres are found. However, synaptic 

currents were evoked when the tip of the stimulating electrode was moved to the 

approximate region in which Lugaro cells are found (Figure 5AA - B).

An example of the input / output curve for minimal stimulation of these evoked 

synaptic currents is shown in Figure 5.1C. At stimulating voltages below threshold, 

no synaptic currents were detected. The currents appeared at full amplitude when the 

stimulating voltage reached a threshold level. This all-or-none relation between 

current amplitude and stimulus strength suggests that the currents arose through the 

activation of a single input cell, or a small number of inputs running very closely 

together (Schneggenburger and Konnerth, 1992).

The most common position in which the tip of the stimulating electrode was placed 

in order to evoke the synaptic currents was in the Purkinje cell layer, at a distance of 

3 - 4  Purkinje cells from the recorded cell (Figure 5.W). In order to investigate the 

location of the presynaptic cell, the synaptic currents were evoked in 8 Purkinje cells 

by stimulating in this position, and then the stimulating electrode was moved to 

different positions in order to attempt to track the path of the presynaptic axon. In all 

cases, the currents could only be evoked by stimulating inside a band, approximately 

30 -  40 pm in width, running along the Purkinje cell layer, in only one direction 

from the soma of the recorded Purkinje cell. In 4 / 8 cases this band stretched for at 

least 400 pm, with the furthest successful stimulating position being at about 800 pm 

from the recorded cell (approximately 30 Purkinje cell somata away around the
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Figure 5.1. Synaptic currents are evoked in Purkinje cells by minimal stimulation in

the Purkinje cell layer.

All results were obtained from slices bathed in 20 pM NBQX, 10 pM 7- 

chlorokynurenate and 20 pM bicuculline.

(A) Photomicrograph of typical electrode positions for recording the synaptic 

currents. The recording electrode (bottom) is patched onto a Purkinje cell. The tip 

of the stimulating electrode (top) is placed in the Purkinje cell layer, approximately 3 

Purkinje cells away from the recorded cell. ML, molecular layer; PC, Purkinje cell 

layer; GC, granule cell layer.

(B) Raw traces of 4 consecutive evoked synaptic currents from one cell. Stimulus 

artefacts have been truncated. Scale bars apply to all traces. Fits of exponential 

decays are superimposed upon the 3rd and 4th currents; exponential decay time 

constants: 16.6 ms (3rd), 15.6 ms (4th).

(Q  The synaptic currents were evoked using minimal stimulation. Each point is the 

mean current amplitude ± SEM of 10 consecutive records from one cell. The 

currents appeared at full amplitude as the stimulus was increased above threshold (13 

V). With stimulating voltages substantially higher than threshold only ~ 10 pA 

additional current was evoked.
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folium). The tip of the stimulating electrode was placed in many positions 

throughout this band, and generally, all positions within the band were successful. 

However, with rare exceptions, currents could not be evoked if the electrode was 

placed on the surface of Purkinje cell somata. In one case, currents could be evoked 

by placing the tip of the stimulating electrode in the Purkinje cell layer of the 

neighbouring folium. Currents could never be evoked by placing the electrode in the 

cerebellar white matter.

5.2 The svnaptic currents exhibit properties tvpical of currents arising from an 

evoked svnaptic connection

The evoked synaptic currents were completely blocked by the addition to the bath 

solution of the voltage-gated sodium channel antagonist, tetrodotoxin* (1 pM). The 

currents were not due to action potentials occurring in the recorded Purkinje cell, as 

the currents were unaffected by the inclusion of QX-314 (10 mM), another 

antagonist of voltage-gated Na^ channels, in the intracellular solution*. The 

amplitudes and failure rates of the currents were sensitive to the extracellular calcium 

concentration* (data not shown). Finally, the currents occurred at a mean latency 

after the stimulus artefact of 2.5 ±0.1 ms (n = 9), which is typical of currents evoked 

from a monosynaptic connection (e.g. Schneggenburger and Konnerth, 1992). These 

results together indicate that the synaptic currents were caused by the action 

potential-dependent, vesicular release of transmitter following direct stimulation of a 

cell presynaptic to the recorded Purkinje cells.

These experiments were carried out by Dr. Susan Robertson. None o f the data is shown.
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5.3 The evoked svnaptic currents display similar properties to those of the serotonin-

induced svnaptic currents

The average properties of the evoked synaptic currents are given in Table 5.1. This 

table also shows the average properties of the serotonin-induced synaptic currents, 

which were recorded in the previous chapter; this data is reproduced from Table 4.1, 

in order to aid comparisons between the two groups of currents.

Neither the rise times nor the decay time constants of the evoked synaptic currents 

were significantly different to those of the serotonin-induced synaptic currents. For a 

comparison of the amplitudes of the two sets of currents, the amplitude measurement 

for the evoked currents must be made excluding stimuli after which the presynaptic 

cell failed to release transmitter, since such events would not have been included in 

the analysis of the serotonin-induced currents. As shown in Table 5.1, the median 

failure rate of the evoked synaptic currents was 10 %. When failures were excluded 

from the measurement of the amplitudes of the evoked currents, there was no 

significant difference between the amplitudes of the two sets of currents. Thus, in all 

respects analysed thus far, the evoked synaptic currents were very similar to the 

serotonin-induced synaptic currents.

The similarities suggest that the two sets of currents might originate from the same 

inputs. If this were the case, the evoked synaptic currents should also show the ionic 

selectivity and pharmacology reported in the previous chapter. This prediction is 

tested in the following three sections (sections 5.4 -  5.6). Additionally, electrical 

stimulation allows a more detailed investigation of a synaptic connection than is
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possible through detection of its spontaneous activity. In the experiments presented 

below, this advantage was used to examine the evoked synaptic currents in more 

detail than that achieved with the serotonin-induced currents in the previous chapter.

Table 5.1. Average properties of the evoked synaptic currents

All data are means ± SEM (except the failure rate), from Purkinje cells recorded at a 

holding potential of - 70 mV using either the CsCl-based intracellular solution or the 

NMDG^ Cl'-based intracellular solution. Numbers in parentheses indicate the 

numbers of cells analysed.

Evoked currents
Serotonin-induced

currents

Rise time (1 0 -9 0  %) 4.6 ± 0.8 ms (n = 6) 6.0 ± 0.3 ms (n = 9)

Monoexponential decay 

time constant 15.9 ± 1.2 ms (n = 8) 18.8 ± 1.5 ms (n = 9)

Failure rate (median) 

25 % - 75 % quartiles

10 % (n = 12) 

4 % - 32 %

Amplitude

- including failures

- excluding failures

-34.0 ±2.7 pA (n = 99) 

-38.1 ± 4 .8 p A (n =  14) - 46.9 ± 3.3 pA (n = 9)
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5.4 The evoked svnaptic currents are carried bv chloride ions

Two intracellular solutions were used to assess the ionic selectivity of the evoked 

synaptic currents. With both intracellular solutions, the currents reversed at a 

holding potential near to the predicted reversal potential for chloride ions (ECl ), as 

calculated from the Nemst equation (see section 3.3). When the NMDG^ Cl'-based 

intracellular solution was used, predicted ECl' was + 2mV, and the predicted reversal 

potential for cations was + 40 mV. The evoked currents reversed at an average 

holding potential of - 0.25 mV (Figure 5.2A -  B). Similarly, when recordings were 

made using a Cs"̂  gluconate-based intracellular solution, predicted ECl' was - 66 mV, 

the predicted reversal potential for cations was + 3 mV, and the evoked currents 

reversed at an average holding potential of - 51 mV (Figure 5.2C).

5.5 The evoked svnaptic currents are not mediated bv glvcine receptors or GABAr 

receptors

Similarly to the serotonin-induced synaptic currents, the evoked synaptic currents 

were not affected by bath application of 5 pM strychnine. The mean amplitude of 

the currents in strychnine was 94.25 ± 0.04 % of that in the absence of strychnine^ (n 

= 4; data not shown).

The evoked synaptic currents were additionally tested for sensitivity to the GAB Ac 

receptor antagonist, ( 1,2,5,6-tetrahydropyridine-4-yl) methylphosphinic acid 

(TPMPA) (Ragozzino et aL, 1996). TPMPA caused a dose-dependent decrease in

These data were obtained by Dr. Susan Robertson.
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Figure 5.2. The evoked synaptic currents are carried by chloride ions.

(A) Averages of evoked currents at the holding potentials indicated, from an 

experiment in which the Purkinje cell was patched using the NMDG^ Cl'-based 

intracellular solution. The currents reverse near the predicted reversal potential for 

chloride ions (predicted reversal potential for chloride ions = + 2 mV). Stimulus 

artefacts have been truncated.

(B -  Q  Using both the NMDG^ Cl'-based (B) and the Cs"̂  gluconate-based (Q  

intracellular solutions, the evoked synaptic currents reverse at membrane potentials 

near to the predicted reversal potential for chloride ions (third order polynomial fits). 

Points are mean current amplitudes ± SEM from at least 3 cells. Amplitudes are 

normalised to those at - 70 mV (B) or - 15 mV (Q . ECf, predicted reversal potential 

for chloride ions; EX^, predicted reversal potential for small cations.
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the amplitudes of the evoked synaptic currents (Figure 5.3A - B). However, the 

inhibition caused by TPMPA did not appear to be compatible with involvement of 

GAB Ac receptors, but rather seemed to reflect a non-specific effect of the drug. The 

dissociation equilibrium constant (K b) of TPMPA at GAB Ac receptors is 2 - 16 pM 

(Ragozzino et al,  1996; Chebib et al., 1998), whilst the mean amplitude of the 

currents in 30 pM TPMPA was 79.7 ±4 .1  % (n = 5) of that in the absence of 

TPMPA. Even in 270 pM TPMPA, the mean current amplitude only decreased to 

59.5 ± 5.0 % (n = 3; Figure 5.35). The Kb of TPMPA at GABAa receptors is 320 

pM (Ragozzino et al., 1996), so a partial inhibition by 270 pM might reflect an 

effect on GABAa receptors.

To test further for any involvement of GAB Ac receptors, two experiments were 

performed using the U-tube. Firstly, GABA (50 pM) was applied to Purkinje cells in 

the standard recording solution. The application of GABA caused an inward current, 

which was tested for its sensitivity to GABA receptor antagonists (Figure 5.3Q . The 

response to GABA was not affected by 270 pM TPMPA (mean amplitude of 

response to GABA in TPMPA, 117.7 ± 11.9 % of that in the absence of TPMPA, n = 

4; Figure 5.3Cz). However, the response was inhibited when the concentration of 

bicuculline was increased (mean amplitude in 30 pM bicuculline, 19.0 ± 9.8 % of 

that in 20 pM bicuculline, n = 4; Figure 5.3Cii). Thus, the Purkinje cell responses 

elicited by GABA in 20 pM bicuculline were not mediated by GAB Ac receptors, but 

arose via activation of GABAa receptors, probably following competition for the 

receptors between GABA and bicuculline.

127



Figure 5.3. The evoked synaptic currents are not mediated by GAB Ac receptors.

(A -  B) The GAB Ac receptor antagonist, TPMPA, was bath-applied to slices in the 

standard recording solution (20 pM NBQX, 10 pM 7-chlorokynurenate and 20 pM 

bicuculline).

(A) Averages of evoked synaptic currents from one cell, on which TPMPA was 

tested at concentrations of 90 pM and 270 pM. Stimulus artefacts have been 

truncated.

(B) Mean amplitudes of evoked synaptic currents showing inhibition of the currents 

by TPMPA, at the concentrations indicated. Bars show the mean current amplitude ± 

SEM, normalised to amplitudes in the absence of TPMPA. Numbers in parentheses 

indicate the number of cells tested. *, p < 0.01 compared to amplitudes in the 

absence of TPMPA, one-way ANOVA.

(Q  Recordings from two Purkinje cells from experiments using the U-tube. 

Responses to 50 pM GABA were obtained in 20 pM NBQX, 10 pM 7- 

chlorokynurenate, 20 pM bicuculline and 0.5 pM tetrodotoxin. In both cells, GABA 

caused an inward current (the responses to GABA differ in time course due to factors 

such as differences in the position of the U-tube aperture and the solution flow rate 

through the bath). The tested antagonists were present in both the bath and U-tube 

solutions. Scale bars apply to all traces.

(f) The response to GABA was not blocked by 270 pM TPMPA.

(ii) In another cell, the response to GABA was inhibited by raising the concentration 

of bicuculline to 30 pM.
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Secondly, the U-tube was used to test for Purkinje cell responses to a GAB Ac 

receptor agonist, cis-4-amino crotonic acid (CACA), in the standard recording 

solution. The EC50 of CACA at expressed GAB Ac receptors is 70 -  75 pM (Kusama 

et al,  1993; Zhang et al,  2001). No response to 200 pM CACA was seen in any of 

the Purkinje cells tested (n = 10; data not shown).

These results together indicate that GAB Ac receptors are unlikely to underlie the 

evoked synaptic currents.

I

5.6 The evoked synaptic currents are mediated by GABAa receptors, behaving with 

pharmacology that appears similar to that of the serotonin-induced synaptic currents

Next, the sensitivity of the evoked synaptic currents to GABAa receptor antagonists 

was investigated. First, the experiments in which the bicuculline in the standard 

recording solution was exchanged for the higher affinity GABAa receptor antagonist 

SR-95531, as described in Chapter 4 (section 4.5) for the serotonin-induced synaptic 

currents, were repeated on the evoked synaptic currents. Second, the effect of 

increasing the concentration of bicuculline was tested.

Exchanging 20 pM bicuculline for 6 pM SR-95531, for a minimum duration of 7 

minutes, caused a marked inhibition of the evoked synaptic currents in 12 /1 4  cells. 

In the 12 cells, the mean amplitude of the currents in 6 pM SR-95531 was 18.3 ±1.7 

% of that in 20 pM bicuculline (Figure 5.4^). The effect of exchanging bicuculline 

for a lower concentration of SR-95531 was additionally tested. 3 pM SR-95531 also 

strongly inhibited the evoked synaptic currents: the mean amplitude of the currents in
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3 |aM SR-95531 was 53.0 ±6.1 % of that in 20 pM bicuculline (n = 3) (Figure 5.4/4 - 

B).

Increasing the concentration of bicuculline in the bath solution also inhibited the 

evoked synaptic currents (Figure 5.5). The dose / response relation of this effect, at 

concentrations of bicuculline higher than that in the standard recording solution, is 

shown in Figure 5.5/4. An example of the inhibition of the currents by 100 pM 

bicuculline is shown in Figure 5.5B.

The inhibition of the evoked synaptic currents by both bicuculline and SR-95531 

indicates that the currents are mediated by GABAa receptors. However, they do not 

display the pharmacology expected of GABAa receptor-mediated synaptic 

responses. According to previous studies of the two antagonists, 20 pM bicuculline 

would be expected to be approximately equipotent to 6 pM SR-95531, as explained 

in Chapter 4 (section 4.5) (Hamann et al., 1988; Seutin et al., 1997; Ueno et al., 

1997; Jones et al., 2001). This was clearly not the case for the evoked synaptic 

currents, which were inhibited to a greater extent by both 3 pM and 6 pM SR-95531 

than by 20 pM bicuculline. The profile of sensitivity of the evoked synaptic currents 

to bicuculline also supports the suggestion that the currents display atypical 

pharmacology. Even at 100 pM bicuculline, the inhibition of the currents was not as 

great as that caused by 6 pM SR-95531, although, according to the previously 

reported potencies of the two antagonists, SR-95531 was expected to be 

approximately five-fold less effective than bicuculline at these concentrations.
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Figure 5.4. The evoked synaptic currents are inhibited by bath application of SR- 

95531.

(A) Inhibition of the currents caused by exchanging 20 pM bicuculline in the 

standard recording solution for SR-95531, at the concentrations indicated. Bars 

show the mean current amplitude ± SEM, normalised to amplitudes in 20 pM 

bicuculline. Numbers in parentheses indicate the number of cells tested. *, p < 0.01 

compared to amplitudes in 20 pM bicuculline, one-way ANOVA.

(B) Averages of evoked synaptic currents from two cells, showing the effect of 

exchanging 20 pM bicuculline for 3 pM SR-95531 (top) or 6 pM SR95531 (bottom). 

Stimulus artefacts have been truncated. Scale bars apply to all traces.
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Figure 5.5. The evoked synaptic currents are inhibited by high concentrations of 

bicuculline.

(A) Dose / response curve to bicuculline, normalised to amplitudes in 20 pM 

(standard recording solution). Numbers in parentheses indicate the number of cells 

tested. *, p < 0.01 compared to amplitudes in the standard recording solution, one

way ANOVA.

(B) Averages of evoked synaptic currents from one cell, showing the effect of 

increasing the concentration of bicuculline to 100 pM. Stimulus artefacts have been 

truncated.
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The relative sensitivity of the evoked synaptic currents to SR-95531 and bicuculline 

appears similar to that of the serotonin-induced synaptic currents (see section 4.5). 

Note that the percentage inhibition of the evoked currents by 6 pM SR-95531 would 

account for the disappearance of the serotonin-induced currents in this concentration 

of the antagonist. In the cells on which 6 pM SR-95531 was tested, the mean 

amplitude of the serotonin-induced currents in 20 pM bicuculline was 26.0 ±3.1 pA. 

An 80 % inhibition, as observed with 6 pM SR-95531 on the evoked synaptic 

currents, would reduce this amplitude to approximately 5 pA, which is below the 

limit of detection of spontaneous synaptic currents.

The results presented above together indicate that the evoked synaptic currents 

exhibit very similar properties to those of the serotonin-induced synaptic currents. 

Where compared, the kinetics, ionic selectivities and amplitudes of the two groups of 

currents, and their pharmacology with respect to bicuculline, SR-95531 and 

strychnine, are indistinguishable.

5.7 Removal of bicuculline reveals a strong presvnaptic modulation of the evoked 

svnaptic connection

Thus far, both groups of synaptic currents have only been recorded in the presence of 

GABAa receptor antagonists. In the case of the serotonin-induced currents, it was 

not possible to examine the currents in the absence of GABAa receptor antagonists, 

because the background activity of inputs to Purkinje cells from basket cells and 

stellate cells would hamper the detection of serotonin-induced events. This was not a 

limitation for the evoked synaptic currents, which occurred at times determined by
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the stimuli and therefore could be examined in isolation. Thus, experiments were 

carried out in which the evoked currents were elicited in the usual manner, by 

stimulating in the Purkinje cell layer in the standard recording solution, and then 

bicuculline was removed from the bath.

Removal of bicuculline caused the amplitudes of the evoked synaptic currents to 

increase, as expected of GABAa receptor-mediated currents. However, the increase 

in amplitude was accompanied by a marked increase in the failure rates of the 

currents, such that, following washout of bicuculline, stimuli very rarely caused the 

presynaptic cell to release transmitter. These effects of reducing the concentration of 

bicuculline on the evoked synaptic currents are shown in Figures 5.6 - 5.8.

Figure 5.6 shows the effect of removing bicuculline on the synaptic currents evoked 

in one Purkinje cell. The concentration of bicuculline was reduced in stages in this 

experiment. Raw data traces are shown in Figure 5.6A. Part B of  the figure shows 

averaged traces from the same cell, including and excluding failures; the difference 

between the amplitudes of the two averages at each concentration of bicuculline 

becomes greater as the concentration of the antagonist was reduced, reflecting the 

rising failure rate. Finally, part C of the figure summarises the effects of removal of 

bicuculline on the evoked synaptic currents from this cell. The amplitude histograms 

show that the currents that occurred following full washout of bicuculline were large 

in amplitude, but very rare: some currents of approximately - 500 pA amplitude were 

evoked, but the failure rate increased from 12 % in 20 pM bicuculline to 97 % 

following bicuculline washout.
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Figure 5.6. Removal of bicuculline reveals a strong presynaptic modulation of the 

evoked synaptic currents.

All the data in this figure is from one cell.

(A) Raw traces of evoked synaptic currents from one cell in different concentrations 

of bicuculline, as indicated. 6 consecutive traces are shown at each concentration. 

As the concentration of bicuculline was reduced, the currents grew in amplitude and 

the frequency of failures increased, such that in 20 pM and 10 pM bicuculline no 

failures occurred in the 6 consecutive traces, in 5 pM bicuculline, 4 failures occurred, 

and following washout of bicuculline, 5 failures occurred. Scale bars apply to all 

traces.

(B) Averaged evoked currents from the same cell as (A), in the concentrations of 

bicuculline indicated. Currents recorded in 5 pM bicuculline are not shown, for 

clarity. Traces were averaged including and excluding failures in each concentration 

of bicuculline, also as indicated. Stimulus artefacts have been truncated.

(C) Relative frequency amplitude histograms of the evoked synaptic currents 

recorded from the same cell as (A - B), in the concentrations of bicuculline indicated. 

Failures have been plotted at 0 pA. Note the breaks in the axes.
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The pooled data of the effects of removing bicuculline on all cells tested is shown in 

Figure 5.7^4. In 20 pM bicuculline, the median failure rate of the evoked synaptic 

currents was 10 % (25 % - 75 % quartiles, 4 - 3 2  %; n = 12 cells). Following the 

removal of bicuculline, the median failure rate increased to 97 % (90 -  100 %; n = 

11). This increase in failure rates was highly significant (p < 0.005, Wilcoxon 

matched pairs signed rank sum test; n = 11). The concentration of bicuculline in the 

bath solution was reduced in stages in experiments on 3 cells. The failure rates of the 

evoked synaptic currents were dependent on the concentration of bicuculline, as 

shown for 1 cell in Figure 5.6 and summarised for all cells in Figure 5.1 A.

In every cell, although the evoked synaptic currents started to fail more frequently, 

spontaneous synaptic currents appeared as bicuculline was removed. These currents 

probably arose from basket cell and stellate cell inputs to the Purkinje cells, which 

were no longer inhibited as the antagonist was washed out of the bath.

5.8 The changes in failure rates reflect changes in the reliabilitv with which stimuli 

elicit transmitter release

The increased failure rates of the evoked synaptic currents were not due to run-down 

of the synaptic connections over time, but rather reflected an effect of the removal of 

bicuculline. In the experiments in which bicuculline was removed fully without 

reducing the concentration in stages, the mean delay between the start of bicuculline 

washout and the increase in the failure rates of the evoked synaptic currents was 11.4 

±1.9 minutes (n = 9). This corresponded to a mean delay of 21.8 ± 1.9 minutes (n = 

9) after first evoking the synaptic currents at the start of the experiment. In contrast.
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Figure 5.7. Pooled data and time course of the effects on the evoked synaptic 

currents of removing bicuculline.

(A) Pooled data of the change in failure rates of the evoked synaptic currents, from 

all the cells on which the effect of reducing the concentration of bicuculline was 

tested. Failure rates are plotted of the evoked currents recorded in the standard 

recording solution (20 pM bicuculline) and following washout of bicuculline for 11 

cells. In 3 cells, the concentration of bicuculline was reduced in stages. Each linked 

set of points represents one cell.

(B) Time plot from one experiment, showing peak amplitudes of all records 

measured in a time window between 1.5 and 10 ms after the stimulus artefacts. 

Bicuculline was removed from the bath during the period indicated by the black bar. 

At ~ 10 minutes, - 1 8  minutes and -  23 minutes, the stimulation threshold of the 

evoked synaptic currents was checked. The red line indicates the approximate 

amplitude below which traces were classified as failures. The failure rate of the 

currents in 20 pM bicuculline was 2 %; after washing bicuculline out of the bath for 

30 minutes, the failure rate had risen to 46 %.
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the currents were often evoked in other experiments, without removing bicuculline, 

for more than 45 minutes with no change in failure rate. An example of the time 

course of the effect on the evoked synaptic currents of removing bicuculline is shown 

in Figure 5 IB .

Checks were performed during this series of experiments to ensure that the changes 

in the behaviour of the evoked synaptic currents observed upon removing bicuculline 

were not artefacts of the experimental conditions. Firstly, the stimulation threshold 

of the synaptic currents was regularly assessed during the removal of bicuculline, in 

order to ensure that the currents arose through stimulation of the same input cell, 

alone, throughout the experiment. An example of the results of this procedure is 

shown in Figure 5.8W. In this cell, the threshold for evoking the synaptic currents 

was 9 V throughout the experiment. In some cases, it was found that the stimulation 

threshold decreased during the removal of bicuculline; this probably reflected the 

stimulation of other inputs to the Purkinje cells, for example those arising from 

basket cells or stellate cells, the synaptic responses from which were revealed as 

bicuculline was removed. All cells that showed a change in the stimulation threshold 

of the synaptic currents were discarded.

Secondly, it was ensured that the tip of the stimulating electrode had not moved 

during the removal of bicuculline, causing stimulation of the presynaptic cell to fail 

(see Chapter 2, section 2.2.5). In some cases, once the failure rate of the evoked 

synaptic currents had increased, the tip of the stimulating electrode was deliberately 

moved by several microns, to test whether a previous movement might have been 

missed. In no case did moving the stimulating electrode in this manner reduce the
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failure rates of the synaptic currents. Additionally, in experiments on 4 cells, the 

stimulating voltage was increased after having observed the increase in the failure 

rates of the currents. This procedure was found to evoke synaptic currents with 

lower failure rates only if the stimulating voltage was increased substantially: it was 

necessary to raise the voltage by at least 5 V in every case, corresponding to 

increasing the stimulus strength by approximately 50 % of its original value. At 

these stimulating voltages, it is likely that the resulting synaptic currents were evoked 

from other inputs to the Purkinje cell.

Finally, accurate analysis of the failure rates of synaptic currents can be hindered if 

the currents are of small amplitude, since currents may be mistyped as failures. This 

would be expected to give an erroneously high count of failures of the evoked 

synaptic currents in the presence of bicuculline (when the currents are of smaller 

amplitude), rather than in its absence. This is the opposite to the results reported 

here, where the count of failures increased as the synaptic currents were becoming 

larger in amplitude. Furthermore, failures were clearly distinguishable from currents, 

both in the presence of bicuculline (Figure 5.85/), and in its absence (Figure 5.85//), 

and when traces that were classified as failures were averaged together, no synaptic 

current was discernible in the resulting trace (Figure 5.8C).

These observations together indicate that the traces classified as failures were likely 

to be genuine failures of the presynaptic cell to release transmitter following 

stimulation.
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Figure 5.8. Checks were performed to ensure accurate analysis of the effects of 

bicuculline washout on the evoked synaptic currents.

(A) The stimulation threshold was checked regularly during washout of bicuculline. 

Each point is the mean current amplitude ± SEM of at least 5 consecutive records 

from one cell, at the indicated times during bicuculline washout. The stimulation 

threshold was 9 V at every stage. Note the break in the y-axis.

(B) Failures could be distinguished clearly from evoked currents. Two consecutive 

raw traces are shown from one cell in 20 pM bicuculline (/), and following removal 

of bicuculline (/z), in each case showing one current and one trace that was classified 

as a failure. The current in (ii) has been truncated in order to use the same scale as 

(z). All stimulus artefacts have been truncated. Scale bars apply to all traces.

(Q  Average of 50 traces that were classified as failures, following the removal of 

bicuculline. The stimulus artefact has been truncated.

(D) Coefficients of variation of the amplitudes of evoked synaptic currents, from all 

cells analysed during the removal of bicuculline. Each pair of points represents one 

cell.
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5.9 Removal of bicuculline causes a change in the coefficients of variation of the

amplitudes of the evoked svnaptic currents

As an additional measure of synaptic function, the coefficients of variation (CVs) of 

the amplitudes of the evoked synaptic currents were analysed for 8 cells in the 

standard recording solution and following washout of bicuculline. Removal of 

bicuculline caused a large increase in the CVs of the currents (Figure 5.SD). The 

median CVs (and 25 % - 75 % quartiles) in 20 pM bicuculline and following the 

removal of bicuculline were 0.18 (0.13 - 0.26) and 1.4 (1.0 - 1.9), respectively (p < 

0.01, Wilcoxon matched pairs signed rank sum test; n = 8).

Interpretation of CV analysis makes certain assumptions about the statistical 

description of the synaptic connection, namely that the amplitudes of the synaptic 

currents are described by a binomial distribution, and that the release probability is 

the same at all the release sites contributing to the currents. For a binomial 

distribution,

1 _ np 

CV^ 1-p

where n = number of release sites, and p = probability with which stimulation evokes 

transmitter release from each release site. Therefore, an increase in CV, as observed 

upon the removal of bicuculline, is an indicator of a decrease in n, p, or both of these 

parameters.
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Thus, both the changes in the failure rates of the evoked synaptic currents and the 

changes in the CVs of their amplitudes indicate that the removal of bicuculline exerts 

marked presynaptic effects on the evoked synaptic connection.

5.10 Properties of the evoked svnaptic currents remaining following the removal of 

bicuculline

The mean amplitudes of the evoked synaptic currents that remained following the 

removal of bicuculline varied substantially between cells. The mean amplitude 

across 5 cells was -  316 ± 83 pA (n = 5), with individual synaptic currents varying in 

amplitude from several tens of picoamps to more than 1 nA. As stated, the increase 

in amplitude of the currents following the removal of bicuculline further indicates 

that the currents are mediated by GABAa receptors. Note, however, that averaging 

traces including failures gave an average of smaller amplitude following the removal 

of bicuculline than in the presence of bicuculline. This is illustrated in Figure 5.65, 

where the averaged traces including failures are of increasingly smaller amplitude 

following reductions in the concentration of bicuculline.

The removal of bicuculline did not cause any change in the monoexponential decay 

time constants or latencies of the evoked synaptic currents. The mean decay time 

constant of the currents, analysed from 5 cells, was 17.0 ± 2.4 ms in 20 pM 

bicuculline and 18.0 ± 1.7 ms following washout of bicuculline (n = 5). The currents 

occurred at mean latencies after the stimulus artefacts of 2.5 ± 0.2 ms in 20 pM 

bicuculline and 2.4 ± 0.3 ms following washout of bicuculline (n = 4). However, one 

prominent change in the kinetics of the currents was observed upon removing
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bicuculline: the 10 -  90 % rise times of the currents decreased. Figure 5.9A shows 

the change in the rise times of the synaptic currents evoked in one cell. The 

amplitude of the averaged current in 20 pM bicuculline has been scaled to the 

amplitude of the average following washout of bicuculline, to facilitate comparisons 

between the two traces. From all cells analysed, the mean 10 -  90 % rise time of the 

evoked synaptic currents was 4.6 ± 0.8 ms in 20 pM bicuculline and 2.8 ± 0.8 ms 

following the removal of bicuculline (p < 0.01, n = 6). In the 3 cells on which the 

concentration of bicuculline was reduced in stages, the rise times of the evoked 

synaptic currents decreased in a dose-dependent manner (Figure 5.9B).

Possible reasons for the change in the rise times of the synaptic currents observed 

upon the removal of bicuculline are addressed in Chapter 7.

5.11 Replacing bicuculline does not fullv recover the evoked svnaptic currents

Experiments were carried out on 4 cells to test whether the increase in the failure 

rates of the evoked synaptic currents observed upon removing bicuculline could be 

reversed by washing bicuculline back into the bath. Bicuculline was removed from 

the bath solution, as described above, and, when the increase in failure rates was 

observed, bicuculline was washed back into the bath for at least 30 minutes.

In all 4 cells, replacing bicuculline (20 pM) did not recover the pre-washout 

behaviour of the currents. In 2 cells, replacing bicuculline did cause a transient 

decrease in the failure rates, lasting 4 minutes in one cell and 6 minutes in the other 

(Figure 5.10^), During these periods of recovery, the evoked synaptic currents were
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Figure 5.9. Removal of bicuculline causes a decrease in the rise times of the evoked

synaptic currents.

{A) Average evoked synaptic currents from one cell, excluding failures. The 

averaged current in 20 pM bicuculline has been scaled to the amplitude of that 

following washout of bicuculline, as indicated. Stimulus artefacts have been 

truncated.

{B) Mean 10 -  90 % rise times of the evoked synaptic currents recorded from 7 cells 

during reduction in the concentration of bicuculline.
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similar in amplitude and kinetics to the currents recorded before bicuculline was 

removed (Figure 5.105/). However, the failure rates were still substantially higher 

than their pre-washout values, such that averaging traces including failures gave an 

average of smaller amplitude in the recovery period than in the pre-washout period 

(Figure 5.105//). In both of these cells in which the failure rates of the currents 

decreased upon replacing bicuculline, the period of recovery was followed by a 

prolonged period of no detectable synaptic currents, in the continued presence of 

bicuculline. In two other cells, no recovery of the synaptic currents was seen when 

bicuculline was washed back into the bath.

5.12 The presvnaptic modulation of the evoked svnantic connection is mediated bv 

GABAa receptors

The results reported in sections 5.7 - 5.9 indicate that bicuculline exerts strong 

presynaptic effects on the evoked synaptic input to Purkinje cells. The quaternary 

salts of bicuculline, such as bicuculline methochloride, which was used in these 

experiments, inhibit not only GABAa receptors, but also small-conductance calcium- 

activated potassium channels (SK channels) (Seutin et al., 1997; Khawaled et al., 

1999; Strobæk et al., 2000). In contrast, SR-95531 does not affect SK channels 

(Seutin et a l, 1997; Seutin and Johnson, 1999). The possibility arises that the 

presynaptic effects of bicuculline on the evoked synaptic currents might be due to 

inhibition of presynaptic SK channels; inhibition of SK channels might facilitate 

release at the synapses, by enhancing the depolarisation of the presynaptic terminals 

following an action potential. Modulation of transmitter release by calcium-activated 

potassium channels has been described in the hippocampus (Hu et al., 2001). Three
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Figure 5.10. Washing bicuculline back into the bath does not fully recover the

evoked synaptic currents.

(A) Time plot from one experiment of peak amplitudes of all records measured in a 

time window between 1.5 and 10 ms after the stimulus artefacts. Bicuculline (20 

pM) was removed from the bath during the period indicated by the black bar, and 

washed back into the bath during the period indicated by the hollow bar. The red 

line indicates the approximate amplitude below which traces were classified as 

failures. The failure rate of the currents in 20 pM bicuculline at the start of the 

experiment was 11 %; after washing bicuculline out of the bath for 10 minutes, the 

failure rate had risen to 91 %. When bicuculline was washed back into the bath, the 

failure rate of the currents fell transiently to 61 %, at the time indicated by the blue 

arrow.

(B) Averages of evoked synaptic currents from the same cell as (A). The black traces 

are averages from the period before bicuculline was removed, and the blue traces are 

averages from the period indicated by the blue arrow in (A). All stimulus artefacts 

have been truncated.

(0 Averages excluding failures.

(ii) Averages including failures.
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lines of evidence are explained below that suggest that the presynaptic effects of 

bicuculline on the synaptic currents evoked in Purkinje cells are not mediated via SK 

channels, but rather that the synaptic input is presynaptically modulated by GABAa 

receptors.

Firstly, as stated, SR-95531 does not inhibit SK channels. If the increase in failure 

rates of the evoked synaptic currents observed upon removing bicuculline were due 

to disinhibition of SK channels, the failure rates would be expected to similarly 

increase when bicuculline is exchanged for SR-95531 (section 5.6). On the contrary, 

although the amplitudes of the evoked currents did decrease when the two 

antagonists were exchanged, this did not appear to be due to an increase in failure 

rate. In both concentrations of SR-95531 tested (3 pM and 6 pM), the amplitudes of 

the synaptic currents were too low to allow failures to be accurately counted. 

However, when traces recorded in SR-95531 were averaged, a measurable synaptic 

current clearly remained (e.g. Figure 5.45). The mean amplitude of the current 

remaining in 6 pM SR-95531 was - 4.7 ± 0.8 pA (n = 12). If this remaining current 

reflected a failure rate similar to that seen in the absence of GABAa receptor 

antagonists (approximately 97 %), the few stimuli that do not result in failures would 

elicit synaptic currents of approximately - 160 pA amplitude (- 5 pA x 100/3). No 

such large amplitude synaptic currents were observed in SR-95531. Therefore, the 

synaptic current remaining in the average must arise from small currents occurring in 

many traces.

In order to investigate further the possibility that SK channels were involved in the 

modulation of the synaptic connection by bicuculline, SK channel antagonists were
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co-applied with SR-95531. If the greater inhibition of the evoked synaptic currents 

by SR-95531 were due to disinhibition of SK channels following the removal of 

bicuculline, the inhibition of the currents by SR-95531 should not be as great in the 

presence of SK channel antagonists. The SK channels antagonists apamin and UCL 

1848 were tested (Chen et a i, 2000; Shah and Haylett, 2000). Neither SK channel 

antagonist had any effect on the amplitudes of the evoked synaptic currents in the 

presence of 6 pM SR-95531. The mean current amplitude in 6 pM SR-95531 plus 

33 nM apamin was 70.1 ± 17.9 % of that in SR-95531 alone (p > 0.1, paired t-test; n 

= 4); the mean current amplitude in 6 pM SR-95531 plus 100 nM UCL 1848 was 

121.8 ± 13.3 % of that in SR-95531 alone (p > 0.1, paired t-test; n = 4; data not 

shown). These results suggest that SK channels do not play a role in the regulation 

of transmitter release at the synapses.

Finally, the effects of a benzodiazepine on the evoked synaptic currents were tested. 

In the standard recording solution (including 20 pM bicuculline), bath application of 

1 pM flurazepam caused an increase in the amplitudes and decay time constants of 

the currents, as expected of synaptic currents mediated by GABAa receptors 

(Macdonald and Olsen, 1994). The mean amplitude of the currents increased from 

- 26.2 ± 3.4 pA to - 36.2 ± 5.2 pA (p < 0.01, n = 8), and the mean monoexponential 

decay time constant increased from 15.9 ± 1.2 ms to 21.9 ± 1.7 ms (p < 0.001, n = 8; 

Figure 5.1 W). However, flurazepam also exerted presynaptic effects on the evoked 

synaptic currents: the median failure rates of the currents in the absence and presence 

of 1 pM flurazepam were 12 % (25 % - 75 % quartiles, 1 - 27 %) and 32 % (25 - 67 

%), respectively (p < 0.05, Wilcoxon matched pairs signed rank sum test; n = 6).
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Figure 5.11. A benzodiazepine modulates release probability at the synapses 

underlying the evoked synaptic currents.

(A) Averages of evoked synaptic currents from one cell, showing the effect of bath 

application of 1 pM flurazepam on the amplitude and decay time constant of the 

currents. Stimulus artefacts have been truncated.

(B) Relative frequency amplitude histograms from a different cell, before and during 

the bath application of 1 pM flurazepam, and following washout of flurazepam. 

Failures have been plotted at 0 pA. The dotted vertical line indicates the median 

amplitude of the synaptic currents before the application of flurazepam; the arrows 

indicate the median amplitudes of the currents in the presence of flurazepam, and 

following washout of flurazepam.

(Q  Pooled data of the change in failure rates of the evoked synaptic currents, from 

all the cells on which the effect of flurazepam was tested. Failure rates are plotted of 

the evoked synaptic currents recorded in the standard recording solution (20 pM 

bicuculline), in 1 pM flurazepam, and, in 4 cells, following washout of flurazepam. 

Each set of linked points represents one cell.
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The effect of flurazepam on the CVs of the amplitudes of the evoked synaptic 

currents was also examined. Flurazepam (1 pM) caused an increase in the CVs of 

the currents. The mean CVs in the standard recording solution and following the 

addition of flurazepam were 0.28 ± 0.04 and 0.38 ± 0.08, respectively (p < 0.05, n = 

7).

Thus, the failure rates of the synaptic currents increased upon either the removal of 

bicuculline or the addition of a benzodiazepine. Both manipulations increase the 

activitation of GABAa receptors by GABA. These results, together with the lack of 

effect of SK channel antagonists, suggest that the inputs underlying the evoked 

synaptic currents are subject to presynaptic modulation by GABAa receptors.

5.13 Low concentrations of bicuculline do not affect the failure rates of Purkinje 

cells svnantic currents arising from basket cell or stellate cell inputs

Experiments were carried out to examine whether the synapses formed by basket 

cells and stellate cells onto Purkinje cells are also presynaptically modulated by 

GABAa receptors.

Currents were evoked using minimal stimulation in the molecular layer, in the 

absence of bicuculline. As explained in Chapter 3 (section 3.2), this form of 

stimulation evokes synaptic currents that are attributed to inputs from basket cells 

and stellate cells. The effect of bicuculline on the failure rates of these currents was 

tested. In these experiments, it was necessary to use a low concentration of 

bicuculline, as at higher concentrations of the antagonist the inputs from basket cells
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/ stellate cells were fully inhibited, such that it was not possible to count failures. 

The mean failure rate of the currents in the absence of bicuculline was 33.0 ± 6.5 % 

(n = 10). Note that the failure rates of these currents (for which the median failure 

rate was also 33 %) differed widely from those of the evoked synaptic currents 

described above, which failed at a median rate of 97 % (mean, 87 %) in the absence 

of bicuculline. Bath application of bicuculline did not cause any change in the 

failure rates of the synaptic currents arising from basket cell / stellate cell inputs: in 2 

pM bicuculline, the mean failure rate was 112 ± 25% of that in the absence of 

bicuculline (n = 10; data not shown). However, 2 pM bicuculline caused a decrease 

in the CVs of the amplitudes of these currents. The mean CV in the presence of 

bicuculline was 60.9 ± 9.0 % of that in the absence of bicuculline (p < 0.01, n = 10).

The results of these experiments, examining basket cell / stellate cell inputs to 

Purkinje cells, are discussed in Chapter 9.

5.14 Discussion

In this chapter, Purkinje cells are shown to receive a GABAergic synaptic input that 

can be electrically stimulated under conditions in which all known inputs to the cells 

are inhibited. The input is evoked by stimulating in the approximate region in which 

Lugaro cells are located, and the synaptic currents evoked in this manner appear very 

similar in their kinetics, amplitudes, ionic selectivities and pharmacology to the 

serotonin-induced synaptic currents described in the previous chapter. Evidence is 

presented that the evoked synaptic connection is subject to strong presynaptic 

modulation by GABAa receptors.
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Source of the synaptic currents

The serotonin-induced synaptic currents described in Chapter 4 were proposed to 

arise from an input to Purkinje cells from Lugaro cells. It was predicted that Lugaro 

cell - Purkinje cell synaptic currents would be evoked by electrically stimulating in 

the areas in which Lugaro cells are located. The results presented in this chapter 

strongly suggest that the evoked synaptic currents arise from the same presynaptic 

input as that underlying the serotonin-induced synaptic currents. Thus, in all 

experiments that allowed comparisons to be made between the serotonin-induced 

synaptic currents and the evoked synaptic currents, the two sets of currents are 

indistinguishable. The currents are of the same average amplitude, display the same 

kinetics, are both anion-selective, and show the same pattern of sensitivity to 

strychnine, and to SR-95531 versus bicuculline. Both sets of currents are mediated 

by GABAa receptors (see below); since both have routinely been recorded in the 

presence of 20 pM bicuculline, they must in both cases be the residual components 

remaining from incomplete inhibition of GABAa receptor-mediated synaptic 

currents. By contrast, the synaptic currents arising from the common, basket cell or 

stellate cell inputs to Purkinje cells are fully inhibited in the presence of 20 pM 

bicuculline. It seems very unlikely that Purkinje cells receive two distinct 

GABAergic inputs that are both incompletely blocked by 20 pM bicuculline to leave 

residual components of the same amplitude.

The successful stimulation sites suggest that the synaptic currents might arise from 

Lugaro cells. Thus, the ‘band’ described in section 5.1, in which the tip of the 

stimulating electrode could be placed in order to evoke the synaptic currents, follows
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the line of the main axis of Lugaro cells. The somata and dendrites of Lugaro cells 

lie beneath Purkinje cells, and extend in a band that follows the Purkinje cell layer 

(Aoki et al., 1986; Sahin and Hockfield, 1990; Laine et a l, 1992; Laine and Axelrad, 

1996; Dieudonné and Dumoulin, 2000). The other candidates for the presynaptic 

cell type are the GABAergic neurones that are known to form synaptic connections 

onto Purkinje cells: namely, basket cells, stellate cells and, from anatomical 

observations, other Purkinje cells. However, the synaptic currents could not be 

evoked by stimulating in the molecular layer, where basket cells and stellate cells are 

found, on the somata of other Purkinje cells, or in the white matter, where Purkinje 

cell axons that remain intact after slicing would be found.

The observation that the successful stimulation sites lay in only one direction from 

the soma of the recorded Purkinje cell might arise from the relation between the path 

of the presynaptic axon and the angle at which the cerebellar slices were cut. The 

soma of each recorded Purkinje cell lay at, or near to, the surface of the slice. If the 

presynaptic axon ran at an angle towards the recorded cell, from a cell deeper within 

the slice, the axon would be cut soon after connecting to the recorded cell. Thus, the 

currents would be evoked only by stimulating on the side of the Purkinje cell soma 

on which the presynaptic axon remained intact.

The identity of the presynaptic cell is addressed further in the following chapter.
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Purkinje cells do not display a GABAr receptor-mediated response

Although the evoked synaptic currents are mediated by GABAa receptors, their 

sensitivity to GABAa receptor antagonists is not typical of GABAa receptor- 

mediated synaptic currents. The currents are evoked in the presence of a high 

concentration of bicuculline; furthermore, they are markedly more sensitive to SR- 

95531 than to bicuculline, when the antagonists are tested at concentrations that were 

expected to be approximately equipotent. The serotonin-induced synaptic currents 

also display this pharmacology. Possible reasons for the profile of sensitivity of the 

currents to GABAa receptor antagonists were briefly considered in the discussion of 

Chapter 4 (section 4.6). One suggested reason was that atypical properties of the 

GABA transient in the synaptic cleft might allow more effective competition 

between GABA and bicuculline, than between GABA and SR-95531, for the 

postsynaptic GABAa receptors. This possibility is addressed in Chapter 7.

The evoked synaptic currents were tested for any involvement of GAB Ac receptors. 

The currents were not inhibited by the GAB Ac receptor antagonist, TPMPA, to the 

extent expected of GAB Ac receptor-mediated currents. Additionally, the changes in 

amplitudes and kinetics of the currents caused by flurazepam further indicate that the 

currents are not carried by GAB Ac receptors, which are insensitive to 

benzodiazepines (Shimada et a l, 1992; Wang et al., 1994; Shingai et al., 1996). The 

existence of GAB Ac receptors was first proposed following observations of GABA 

binding to cerebellar membranes that was insensitive to both bicuculline and to the 

GAB As receptor agonist, baclofen (Drew and Johnston, 1992). Such ‘non-A, non-B’ 

binding was found to be inhibited by the GAB Ac receptor agonist, CACA, and
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CACA itself was shown to bind to cerebellar membranes, particularly in the 

molecular layer (reveiwed by Johnston, 1994). Purkinje cells are now known to 

strongly express GAB Ac receptor p subunits (Boué-Grabot et al., 1998; Rozzo et al., 

2002). However, in the experiments described in this chapter, no evidence was 

found for GAB Ac receptor-mediated responses in Purkinje cells. Firstly, CACA, 

applied with the U-tube, did not elicit any responses in Purkinje cells. By 

comparison, CACA, at the same or lower concentrations as that tested here (200 

pM), has been shown to elicit GAB Ac receptor-mediated responses in other cells, 

such as retinal bipolar cells (Feigenspan et al., 1993; Qian and Dowling, 1993), 

pelvic ganglion neurones (Akasu et al., 1999) and gut neuroendocrine tumour cells 

(Jansen et al., 2000). Furthermore, the responses of Purkinje cells to GABA, applied 

with the U-tube in the presence of bicuculline, were not affected by TPMPA; again, 

such responses in retinal bipolar cells are inhibited by a lower concentration of 

TPMPA (Matsui et al., 2001). As stated in section 5.5, the Purkinje cell response to 

GABA appeared to be due to the activation of GABAa receptors.

Hippocampal neurones expressing virally transduced pi subunits fail to incorporate 

these subunits into synaptic receptors, although the receptors are functional at the 

somata (Cheng et a l, 2001). It is possible that the apparent lack of any GAB Ac 

receptor-mediated response in Purkinje cells results from similar targeting of 

GAB Ac receptors. Due to the position of the U-tube aperture, the applied drugs 

mainly reached the somatic and dendritic membranes of the recorded Purkinje cells. 

The expression of GAB Ac receptor subunit mRNA by Purkinje cells is strongest in 

their somata (Rozzo et a l, 2002); however, this does not preclude expression of the 

receptor protein at other sites, such as at the axon terminals. Indeed, in the retina.
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which is the only site in which GAB Ac receptor-mediated synaptic responses have 

been demonstrated (Lukasiewicz and Shields, 1998), the receptors are predominantly 

located at axon terminals (for review, see Zhang et al., 2001). Thus, the results of 

the present study suggest that GAB Ac receptors are not functional on the somata or 

dendrites of Purkinje cells, and are unlikely to participate in Purkinje cell 

postsynaptic responses, at the age of rat studied in this thesis (14 days old). 

However, it remains a possibility that the receptors mediate presynaptic control of 

transmission at synapses formed by Purkinje cell axons, or are present at other stages 

of development.

GABAa receptor-mediated presvnaptic modulation of the evoked svnaptic 

connection

Evidence is presented in this chapter that the evoked synaptic connections are 

strongly modulated, presynaptically, by GABAa receptors. The removal of GABAa 

receptor antagonists or the addition of flurazepam, two manipulations increasing the 

activation of GABAa receptors by endogenous GABA, both caused a decrease in the 

reliability of transmitter release following stimulation. Under conditions in which 

the activation of GABAa receptors was inhibited, the probability with which stimuli 

evoked synaptic currents was approximately thirty-fold higher than that measured 

following the removal of bicuculline. Furthermore, this thirty-fold dynamic range 

covered the entire range of reliability, such that the probability with which stimuli 

evoked synaptic currents was, on average, 0.9 in the presence of 20 pM bicuculline, 

but only 0.03 following the removal of bicuculline.
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Several questions are raised by these results. Firstly, how is the modulation of 

transmitter release effected by GABA? Secondly, what is the source of the GABA 

that causes the presynaptic inhibition? Thirdly, why was it difficult to reverse the 

decrease in the reliability of transmitter release caused by removing bicuculline? 

Finally, what are the functional implications of the modulation of this synaptic input 

to Purkinje cells? This last question is addressed in Chapter 9, when all the results of 

investigations of the synaptic input have been presented.

Possible mechanisms underlving the presvnaptic modulation

The results do not allow the presynaptic mechanism, through which GABAa 

receptors modulate the synaptic connection, to be identified. Several models can be 

proposed through which GABAa receptor activation may lead to the observed 

decrease in the reliability of the synaptic connection. The most attractive model 

must be the simplest. For example, although it is possible that the GABAa receptors 

responsible for the presynaptic effects are located on other cells in the cerebellar 

slice, and down-regulate the connection through a network effect, it is simpler to 

propose that the presynaptic cell itself was directly subject to the GABAa receptor- 

mediated modulation.

There are two very general mechanisms, denoted (A) and (B) below, through which 

activation of GABAa receptors on the presynaptic cell might cause the observed 

increase in the failure rates of the evoked synaptic currents.
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(A) The stimulating voltage pulses might fail to elicit action potentials in the 

presynaptic cell, due to the activation of GABAa receptors located on the regions of 

the cell generating action potentials (for example, the soma or axon hillock).

(B) Action potentials in the presynaptic cell might be generated successfully, but 

then fail to elicit transmitter release. This cause of failures could, in turn, arise 

through the failure of action potentials to propagate along the axon to the release 

sites, or the failure of action potentials reaching the release sites to elicit transmitter 

release. In the dorsal horn, for example, GABAa receptors located at axon branch 

points can prevent the passage of action potentials (Wall, 1995). In contrast, retinal 

bipolar cells possess GABAa receptors at their axon terminals, the activation of 

which depresses transmitter (glutamate) release in response to action potentials 

invading the terminals (Zhang et a l, 2001).

In both mechanisms (A) and (B), GABAa receptor activation may cause the 

increased failure rates of the synaptic currents through a decrease in the membrane 

resistance of the presynaptic cell, or through a change in the membrane potential of 

this cell. Inhibition of the evoked synaptic connection by the latter means may 

involve either a depolarisation or a hyperpolarisation of the presynaptic cell 

membrane. As explained in Chapter 1 (section 1.2.3), the anion flux resulting from 

GABAa receptor activation would lead to depolarisation if the equilibrium potential 

of the permeant anions were more positive than the membrane potential. 

Depolarisation may then cause the increased failure rates of the synaptic currents by 

leading to inactivation of the voltage-dependent sodium or calcium channels 

underlying action potential generation, propagation, or transmitter release. Such 

inhibitory effects of presynaptic GABAa receptor-mediated depolarisation have been
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described in the spinal cord (Vinay et a l, 1999; Jang et a l, 2002) and in the posterior 

pituitary (Zhang and Jackson, 1993). A hyperpolarising action of GABA, on the 

other hand, may move the membrane potential of the presynaptic cell away from the 

threshold for activation of the voltage-dependent channels.

The data do not allow a distinction to be made between the two possible means 

through which action potentials could fail to elicit transmitter release under 

mechanism (B). However, the available evidence suggests that this general 

mechanism -  the failure of the presynaptic cell to release transmitter, rather than the 

failure to fire at all -  is the more likely explanation for the presynaptic changes in the 

behaviour of the evoked synaptic connection.

With regard to mechanism (A), caution must be exercised, for stimulation may fail to 

elicit action potentials in the presynaptic cell as an artefact of the experimental 

conditions; for instance, the stimulating electrode might move away from the 

successful stimulation site. However, checks were made during the experiments to 

ensure that this was not the case, as described in section 5.8. Alternatively, if the 

soma or axon hillock of the presynaptic cell exhibits GABAa receptors, the change in 

membrane potential or membrane resistance resulting from the removal of 

bicuculline might render the stimulating voltage pulses insufficient to bring the cell 

to firing threshold. Note that this effect of removing bicuculline, in contrast to 

artefacts of the experimental technique such as movement of the stimulating 

electrode, could reflect the real physiology of the synaptic connection. If the 

stimulus provided by the stimulating electrode becomes insufficient to excite the 

presynaptic cell, this might also be true of physiological stimuli, such as synaptic
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inputs or voltage-dependent conductances. Such a decrease in the excitability of the 

presynaptic cell would be expected to be seen as an increase in the stimulating 

threshold. However, as explained in section 5.8, stimulating thresholds remained the 

same during the removal of bicuculline, and the failure rates of the synaptic currents 

could be reduced only if the stimulating voltage was substantially increased, to 

stimulus strengths approximately 1.5-fold higher than their initial values. The 

currents evoked by increasing the strength of stimulation presumably arose from 

other inputs to the Purkinje cell, which were revealed as bicuculline was removed.

As explained in Chapter 4, Dieudonné and Dumoulin (2000) have recorded the firing 

activity of Lugaro cells, and shown that these cells fire action potentials in the 

absence of bicuculline, when they are stimulated by serotonin. Therefore, if, as 

proposed, the evoked synaptic currents arise from an input to Purkinje cells from 

Lugaro cells, the results of Dieudonné and Dumoulin support the suggestion that the 

presynaptic cell does not fail to fire following the removal of bicuculline. The 

proposal that the removal of bicuculline causes presynaptic action potentials to fail to 

release transmitter predicts that, in the absence of bicuculline and under the 

experimental conditions of the present study, the serotonin-induced firing of a 

Lugaro cell would very rarely evoke synaptic currents in a postsynaptic Purkinje cell. 

On average, currents would occur after 3 % of Lugaro cell action potentials. 

Unfortunately, this prediction cannot be tested unless recordings are made from both 

cells simultaneously, for the level of spontaneous synaptic activity in Purkinje cells is 

too high in the absence of bicuculline to allow serotonin-induced currents to be 

discerned (see Chapter 9, section 9.7).
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What is the source of the GABA that modulates the evoked svnaptic connection?

Following the removal of bicuculline, intervals of at least tens of seconds commonly 

passed in which stimuli failed to evoke any synaptic currents. However, the change 

in either membrane resistance or membrane potential caused by GABAa receptor 

activation does not last much longer than the exposure of the receptors to GABA. 

Therefore, in order to cause the failures of the evoked synaptic currents, the 

presynaptic GABAa receptors must have been almost continually exposed to GABA, 

for periods lasting for at least tens of seconds.

GABA is removed from the extracellular environment by diffusion and by the action 

of GABA transporters, which carry GABA into both glia and neurones. The 

requirement for an ongoing exposure to GABA means that GABA must therefore be 

provided almost continually, causing a tonic exposure of the presynaptic cell to 

GABA sufficient to produce the presynaptic inhibition. Synaptically released GABA 

is typically cleared with a time course of milliseconds (Clements, 1996; Cherubini 

and Conti, 2001), and therefore, if the GABA were provided by synaptic release, the 

synapses responsible must be highly active. The source of the GABA is unlikely, 

therefore, to be the synapses underlying the evoked synaptic currents themselves. 

There are several other possible sources of tonic GABA output. For example, tonic, 

background GABA levels may result from release from glial cells (Liu et al., 2000); 

alternatively, background levels of GABA sufficient to activate GABAa receptors on 

neurones can result from reverse operation of GABA transporters (Gaspary et al.,

1998). In the cerebellar cortex, however, a likely source of background GABA is 

synaptic release from the other GABAergic neurones present, and, notably, the
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basket cells and stellate cells. These cells are common, being present in 

approximately ten-fold higher numbers than Purkinje cells (Korbo et al., 1993), and 

they are highly spontaneously active (Hausser and Clark, 1997; see also Chapter 3, 

Figure 3.1). The activity of these cells might thus cause the accumulation of GABA 

in the extracellular environment. Indeed, tonic GABAb receptor activation has been 

observed in recordings from basket cells and stellate cells, and this was attributed to 

background GABA accumulating as a result of the spontaneous activity of the basket 

cells and stellate cells themselves (Mann-Metzer and Yarom, 2002). It is proposed 

here that the presynaptic inhibition of the evoked synaptic input to Purkinje cells 

reported in this chapter also results from the accumulation of tonic levels of 

background GABA, following release from basket cells and stellate cells.

Whv was it difficult to reverse the decrease in the reliabilitv of the svnaptic 

connection?

The reasons for the lack of recovery of the evoked synaptic currents are not clear. As 

explained above, the increased failure rates of the currents are attributed to the 

activation of GABAa receptors, allowing the movement of anions across the 

membrane of the presynaptic cell. Replacing bicuculline - or removing flurazepam - 

was expected to reduce the activation of the GABAa receptors, and thereby reverse 

the increase in the failure rates. Some clues as to why the increase in failure rates 

was difficult to reverse might be derived from comparing the results obtained when 

replacing bicuculline to those obtained when removing flurazepam. Whereas the 

failure rates were nearing 100 % following the removal of bicuculline, they were 

only approximately 20 % in the presence of flurazepam in the two cells that showed
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recovery of the currents when flurazepam was removed. Also, in the other two cells 

that did not show recovery of the currents upon removal of flurazepam, the failure 

rates of the currents were considerably higher (52 % and 81 %) (see Figure 5.11). 

Thus, the difficulty in reversing the increase in the failure rates of the synaptic 

currents seems to be connected to the degree to which the reliability of the synaptic 

connections had been reduced.

It may be that the effects of anion movement across the presynaptic membrane were 

simply long lasting, or that a long time was required for bicuculline to reach and 

inhibit the presynaptic GABAa receptors; the currents would then have recovered 

their initial failure rates had more time been allowed. Alternatively, in addition to 

causing an immediate decrease in the reliability of transmitter release via the 

mechanisms considered above, GABAa receptor activation might exert other, longer 

lasting effects on the presynaptic cell. For example, prolonged GABAa receptor 

activity can, through the accumulation of intracellular chloride ions, cause the 

direction of GABAa receptor-mediated responses to reverse (Staley and Proctor,

1999). In this case, short-term presynaptic control of the connection might arise 

through hyperpolarising responses to GABAa receptor activity, whilst depolarising 

responses, occurring following excessive exposure to GABA, lead to longer lasting 

effects, such as neuronal degeneration or the depletion of synaptic vesicles. It has 

also been observed, in the retina, that GABAa receptor-mediated chloride ion influx 

itself can cause neuronal degeneration, possibly by upsetting the intracellular osmotic 

or pH balance (Chen et al., 1998). Thus, it is conceivable that excessive activation of 

presynaptic GABAa receptors caused a decrease in the number of viable release 

sites. Alternatively, it is possible that more complex effects on the presynaptic cell.
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removed from the anion flux typical of GABAa receptor activation, caused the 

apparently long-term reductions in reliability of the evoked synaptic connection. For 

example, GABAa receptors have been implicated in the activation of intracellular 

signalling cascades (Labrakakis et al., 1997; Pamas et al., 2000). A second 

messenger-mediated pathway may exert long-term effects on the reliability of the 

synaptic input, adding to the short-term effects of anion movement across the 

presynaptic membrane.

The duration of the decrease in the reliability of the synaptic connection resulting 

from presynaptic GABAa receptor activation is clearly of relevance when 

considering the functional significance of the synaptic input to Purkinje cells. In 

Chapter 9, when possible functional implications of the synaptic input are discussed, 

it is assumed that the reliability of the input is variable - that is, that a high failure 

rate is not a permanent feature of the input, but can be reduced. In this regard, it 

should be considered that the presynaptic inhibition of the input might be 

exaggerated by in vitro conditions. The concentration of GABA in the slice may be 

higher than that occurring in vivo, since the removal of GABA by GABA 

transporters is temperature-dependent (Binda et al., 2002), and slice conditions might 

exaggerate depolarisation-induced release of GABA, via either vesicular release or 

reversal of transporters. An artificially elevated background concentration of GABA 

might then accentuate the presynaptic effects of GABAa receptor activation 

suggested above, causing the presynaptic inhibition of the input to become greater, in 

both magnitude and duration, than occurs in vivo.
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Conclusions

It is proposed that the GABAa receptor-mediated synaptic currents evoked in 

Purkinje cells by electrical stimulation in the presence of bicuculline arise from the 

serotonin-sensitive inputs reported in Chapter 4. Electrical stimulation of the inputs 

is reliable under conditions of reduced GABAa receptor activity, but, in the absence 

of GABAa receptor antagonists, stimuli very rarely elicit transmitter release. The 

positions in which stimulation successfully evokes the synaptic currents suggest that 

the inputs might arise from Lugaro cells. This conjecture is tested further in the 

following chapter.

As found in Chapter 4, the synaptic currents display atypical pharmacology with 

regard to their sensitivity to GABAa receptor antagonists. Further investigation of 

the synaptic currents, designed to determine the reasons for both their pharmacology 

and the change in their kinetics caused by bicuculline, is presented in Chapter 7.
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CHAPTER 6

IDENTIFICATION OF THE PRESYNAPTIC CELL UNDERLYING THE 

NOVEL SYNAPTIC ACTIVITY OF PURKINJE CELLS

The only previous investigation of Lugaro cell firing behaviour has shown that the 

cells are normally silent, but are induced to fire by serotonin (Dieudonné and 

Dumoulin, 2000). In this manner, the firing behaviour of Lugaro cells is closely 

reminiscent of the serotonin-induced synaptic currents occurring in Purkinje cells. 

Furthermore, as shown in the previous chapter, synaptic currents that are 

indistinguishable from those induced by serotonin can be evoked in Purkinje cells by 

stimulating in the region of the cerebellar slice in which Lugaro cells are found.

However, in the study by Dieudonné and Dumoulin (2000), serotonin caused Lugaro 

cells to fire at considerably higher frequencies than those of the serotonin-induced 

synaptic currents recorded in Purkinje cells. In this chapter, the activity of Lugaro 

cells is examined, in order to evaluate further the possibility that the Purkinje cell 

synaptic currents arise from Lugaro cell inputs.

6.1 Criteria for the presvnaptic cell

In Chapter 4, it was reported that, in the presence of 20 pM NBQX, 10 pM 7- 

chlorokynurenate and 20 pM bicuculline, most (18 / 22) Purkinje cells display no 

spontaneous synaptic currents. In the other 4 Purkinje cells, the frequencies of 

spontaneous synaptic currents were lower than 0.4 Hz (see section 4.1). Synaptic 

currents were elicited, in a characteristically all-or-nothing nature, by either the bath
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application of 1 pM serotonin, or by electrical stimulation. The results presented in 

Chapter 5 indicate that, in the presence of bicuculline, stimuli to the presynaptic cell 

elicit synaptic currents in Purkinje cells with a probability of approximately 0.9. 

These results together suggest that the presynaptic cell is completely silent, or fires 

only very rarely, in the absence of stimulation, but is induced to fire by electrical 

stimulation or by 1 pM serotonin. Furthermore, the high reliability of the synaptic 

connection suggests that the serotonin-induced firing frequency of the presynaptic 

cell would be similar to, or, if the connections are convergent onto Purkinje cells, 

lower than, the frequency of the serotonin-induced synaptic currents.

The ionic selectivities and pharmacology of the synaptic currents indicate that the 

presynaptic cell is GABAergic. Lugaro cells are known to be GABAergic (Aoki et 

a l, 1986; Laine and Axelrad, 1998; Dumoulin et al., 2001). However, Purkinje cells 

are known to receive synaptic inputs from basket cells, stellate cells and other 

Purkinje cells (Chan-Palay, 1971), all of which are also GABAergic. It has been 

widely reported that both molecular layer intemeurones and Purkinje cells fire 

spontaneously (e.g. Hausser and Clark, 1997; Than and Szabo, 2002), rendering 

them unlikely candidates for the presynaptic cell type underlying the synaptic 

currents described in the present study. Moreover, it was shown in Chapter 3 that the 

synaptic currents arising from the molecular layer intemeurones are inhibited fully 

under the conditions in which the novel synaptic currents are recorded. However, 

before investigating the firing behaviour of Lugaro cells, recordings were made of 

the firing behaviour of the molecular layer intemeurones and of Purkinje cells, in 

order to verify that these cell types behave as previously described under the present 

experimental conditions.
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Firing behaviour was examined by making cell-attached recordings from cell somata. 

Cell-attached recordings allow the detection of action potentials generated by the 

recorded cell, with no disturbance of the cell’s interior. When possible, having 

recorded the firing behaviour of a cell, the recording was taken into the whole-cell 

configuration, and the cell was then filled with a fluorescent dye for subsequent 

morphological identification. This procedure was deemed particularly necessary 

when attempting to obtain recordings from Lugaro cells, since the identification of 

Lugaro cells solely on the basis of their position in the slice and the shape of their 

somata, (as described in Chapter 2, section 2.2.1), does not clearly distinguish them 

from other cell types (Dieudonné and Dumoulin, 2000). The identification of 

molecular layer intemeurones and Purkinje cells is less ambiguous. The somata of 

molecular layer intemeurones were identified by their characteristic size and position 

in the slice (see section 2.2.1). The somata of basket cells lie in the inner third of the 

molecular layer, whilst those of stellate cells lie further towards the superficial border 

of this layer (Vincent and Marty, 1996). Recordings were obtained from the somata 

of cells lying at various distances into the molecular layer, ranging from immediately 

above the Purkinje cell somata to the outermost border of the cerebellar cortex; 

therefore, these recordings probably included both basket cells and stellate cells.

6.2 The svnaptic currents are unlikelv to arise from inputs to Purkinje cells from 

either molecular laver intemeurones or other Purkinje cells

All Purkinje cells and molecular layer intemeurones from which recordings were 

obtained fired spontaneously, in the absence of serotonin. The mean firing frequency 

of the basket cells / stellate cells was 5.5 ± 0.9 Hz (n = 5) (Figure 6 A A). One of the
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cells was filled, and inspection of its morphology verified that it was a basket cell 

(Figure 6AB). The mean firing frequency of the Purkinje cells was 12.7 ± 2.9 Hz (n 

= 7). The firing rates of all these cells were similar to those previously reported from 

recordings made under similar conditions (basket cells: 4.0 ±1 .5  Hz, stellate cells: 

2.7 ±1.0 Hz, Purkinje cells: 13.1 ± 1.8 Hz; Than and Szabo, 2002).

The spontaneous firing of these cells in the absence of serotonin or electrical 

stimulation suggests that neither Purkinje cells nor molecular layer intemeurones are 

the presynaptic cell type responsible for the novel synaptic currents recorded from 

Purkinje cells.

6.3 The firing activitv of putative Lugaro cells mimics the novel svnaptic activitv of 

Purkinje cells

In the search for Lugaro cells, recordings were obtained from a total of 41 cells that 

did not fire in the absence of serotonin, or fired very rarely. The effect of 1 pM 

serotonin on the firing activity of these cells was then examined. The results divided 

the cells into two groups.

Firstly, 33 cells were recorded that never fired, before or during the application of 

serotonin. Upon entering the whole-cell voltage-clamp recording configuration, 

these cells often initially required a positive holding current (usually approximately + 

20 pA at a holding potential of -  70 mV), and synaptic activity was always absent. 7 

of these cells were filled. All 7 cells were identified as glial cells, including
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Figure 6.1. Molecular layer intemeurones are unlikely to underlie the novel synaptic 

currents.

(A) 1 s of cell-attached recording from a basket cell, in the absence of serotonin, 

showing 5 action currents.

(B) Confocal image of the same cell as (A), filled with the flourescent dye Alexa 

Red. The cell body lies in the lower molecular layer, and extends processes above 

the Purkinje cells, which drop down towards Purkinje cell somata. Dashed green 

lines, approximate line of Purkinje cell layer; ML, molecular layer; PC, Purkinje cell 

layer; GC, granule cell layer.
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Bergmann glia (n = 2, Figure 6.2AJ, astrocytes (n = 2), or, in three cases, a type of 

glial cell which extended processes into the cerebellar white matter (Figure 6.25).

The remaining 8 cells displayed firing behaviour that could account for the synaptic 

activity recorded in Purkinje cells. 4 of the 8 cells were inspected for morphological 

identification. All 4 cells were identified as Lugaro cells, as defined by the following 

three morphological criteria (Figure 6.3). These criteria are based upon the 

morphology of Lugaro cells as described in the literature, and are the same criteria as 

those used by other groups in the study of Lugaro cells (Aoki et al., 1986; Sahin and 

Hockfield, 1990; Laine et a l, 1992; Laine and Axelrad, 1996; Dieudonné and 

Dumoulin, 2000). Firstly, the cells’ somata lay beneath the Purkinje cell layer, at the 

upper border of the granule cell layer. Secondly, their somata were elliptical in 

shape, and emitted large-diameter processes from their poles, in the sagittal plane. 

Finally, these processes were usually confined throughout their course to the border 

between the granule cell layer and the Purkinje cell layer. These last two 

characteristics are unique to Lugaro cells, and differentiate them from other cell 

types that lie in similar positions in the cerebellar slice (Lainé et al., 1992).

Although 4 of the 8 cells described in this section were not filled with dye for 

morphological identification, their firing behaviour was indistinguishable from that 

of the Lugaro cells that were identified. Furthermore, this firing behaviour was very 

different to that of all the other cell types from which recordings were obtained. 

Therefore, all 8 cells are termed ‘putative Lugaro cells’.
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Figure 6.2. Examples of glial cells that were patched in the search for Lugaro cells

Both cells were filled with the flourescent dye Alexa Red. Neither of the cells fired, 

before or during the application of 1 pM serotonin. ML, molecular layer; PC, 

Purkinje cell layer; GC, granule cell layer; WM, white matter.

(A) Confocal image of a Bergmann glial cell. The cell’s processes extend through the 

depth of the molecular layer, following the direction of Purkinje cell dendrites.

(B) An example of another type of glial cell, which was observed three times. The 

somata of these cells lay very close to the cerebellar white matter, at the curve 

between folia where the granule cell layer was narrow, and extended processes which 

ramified in the white matter.
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Figure 6.3. Confocal images of putative Lugaro cells

The cells were filled with the flourescent dye Alexa Red. Green dashed lines, 

approximate line of Purkinje cell layer; ML, molecular layer; PC, Purkinje cell layer; 

GC, granule cell layer.

(A) (i) This cerebellar slice was cut slightly obliquely to the sagittal plane. The 

elliptically shaped soma lies in the upper granule cell layer, and the 4 main processes 

of the cell follow the line of the Purkinje cell layer.

(ii) Same cell as (f): higher magnification image of the upper part of the cell body 

and the proximal processes. These are probably dendrites. Note the lack of dendritic 

spines.

(iii) Same cell as (/): higher magnification image of the lower processes, which may 

be the extensions of the cell’s axon.

(B) Different cell to (A). No processes are visible to the right of the cell because the 

slice was cut at the immediate right-hand edge of the soma. The soma of this cell is 

also elliptically shaped, and its upper edge is between Purkinje cell somata. The 

processes extending from the left pole of the soma run along the line of the Purkinje 

cell layer.
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6 of the 8 putative Lugaro cells were silent before the application of serotonin (in 

recordings of at least 60 s duration); the other 2 cells fired very rarely (both fired, 

irregularly, at a frequency over the pre-serotonin period of 0.05 Hz). Bath 

application of 1 pM serotonin caused a marked increase in the firing activity of the 8 

cells (Figure 6.4A - Q . The median firing frequency in serotonin, across all 8 cells, 

was 0.5 Hz (25 % - 75 % quartiles, 0.4 - 1.2 Hz; n = 8; Figure 6AC). This increase 

in firing frequency, compared to the firing frequencies before the application of 

serotonin, was highly statistically significant (p < 0.01, Wilcoxon matched pairs 

signed rank sum test; n = 8).

The firing frequencies of the putative Lugaro cells in the presence of serotonin were 

compared to the frequencies of the serotonin-induced synaptic currents recorded 

from Purkinje cells in Chapter 4 (section 4.1). The two groups of data were not 

significantly different (Mann-Whitney test, p > 0.05).

The delay between the arrival of serotonin at the bath and the appearance of, or 

increase in frequency of, firing activity varied widely between the putative Lugaro 

cells. The median delay across the 8 cells was 195 s, with minimum and maximum 

delays of 10 s and 390 s. These times taken for serotonin to induce the firing of the 

putative Lugaro cells were not significantly different to the times taken for serotonin 

to induce an increase in Purkinje cell synaptic activity (section 4.1) (Marm-Whitney 

test, p > 0.7).
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Figure 6.4. The firing activity of putative Lugaro cells mimics the novel synaptic 

activity of Purkinje cells.

{A) Firing rate of a putative Lugaro cell, from a cell-attached recording. This 

recording was made from the cell shown in Figure 6.3W. Spikes were counted in 10 s 

time bins. The cell fired 4 times in 80 s before exposure to serotonin. Bath 

application of 1 pM serotonin (indicated by the black bar) caused the cell to fire, 

irregularly, at an average frequency of ~ 2 Hz. Note the break in the x-axis: the 

firing activity induced by serotonin began 5 - 6  minutes after the arrival of serotonin 

at the bath.

{B) 5 s of cell-attached recording from the same cell as (A), after ~ 7 minutes in 

serotonin, showing 7 action currents.

(Q  Firing frequencies of the 8 putative Lugaro cells before and during the bath 

application of 1 pM serotonin. Each pair of points represents one cell. Compare to 

the frequencies of serotonin-induced synaptic currents recorded from Purkinje cells. 

Figure 4.1C.
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6.4 Morphological characteristics of Lugaro cells

The paucity of information in the literature on Lugaro cells warrants a more detailed 

characterisation of the Lugaro cells examined in this thesis. In the following two 

sections, anatomical and electrophysiological properties of the putative Lugaro cells 

from which recordings were made are described.

The Lugaro cells were relatively rare in the slice, as reported in the literature (e.g. 

Sahin and Hockfield, 1990; Lainé and Axelrad, 1996). In searching for Lugaro cells, 

several slices were discarded because no candidate cells were seen. Additionally, as 

described above, it was common to choose incorrectly another cell type as a 

candidate for a Lugaro cell, when examining the slice: out of 41 cell-attached 

recordings, only 8 cells displayed the firing behaviour and / or morphological 

characteristics that identified them as putative Lugaro cells. Finally, once a 

candidate cell had been found for patching, the surface of the cell often required 

‘cleaning’, by removing overlying tissue with a recording electrode, before 

attempting to form a seal for recording (Edwards et al., 1989). This was necessary in 

order to clear away tissue preventing access for the recording electrode to the cell 

membrane when the soma of the Lugaro cell lay beneath the surface of the slice, and 

again reflects the scarcity of Lugaro cells available for recording. Contrary to some 

reports (Braak, 1974; Geurts et a l, 2001), Lugaro cells were found at both the apex 

and the base of the folia, and they did not appear to be any more or less common in 

different lobules of the cerebellum, or in slices from medial versus lateral parts of the 

cerebellar hemispheres.
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The somata of all the Lugaro cells lay within 40 |am of the nearest Purkinje cell 

somata, either directly below a Purkinje cell or below the space between two 

Purkinje cells. The processes of all the Lugaro cells whose morphology was 

examined extended from the opposite poles of the somata. These proximal processes 

were probably the dendrites, which are known to follow this characteristic course 

(e.g. Aoki et a l, 1986; Sahin and Hockfield, 1990; Lainé and Axelrad, 1996). The 

putative dendrites were more than 5 pm in diameter for several microns’ length after 

leaving the soma, as previously observed (Lainé and Axelrad, 1996). They then 

became smaller in diameter, and could be followed for several hundred microns 

distant to the soma. The dendrites followed the line of the Purkinje cell somata, and 

branched frequently as they became distant from the parent Lugaro cell somata. In 

some cases, the dendrites formed an X-shape, centred about the cell body, also as 

previously described (Lainé and Axelrad, 1996). This X-shape can be seen in the 

cell shown in Figure 63A. When examined at higher magnification, dendritic spines 

were not apparent (Figure 6.3Aii), again as previously observed (Lainé and Axelrad, 

1996).

Also visible in Figure 6.3 is a process that may be the cell’s axon. This thin process 

(approximately 2 pm in diameter) branches from one of the putative dendrites, and 

ascends into the molecular layer (Figure 6.3Ai and iii). Lugaro cell axons of this 

description, beginning from a proximal dendrite and forming a plexus in the 

molecular layer above the parent cell body, have been reported previously (Lainé and 

Axelrad, 1996; Lainé and Axelrad, 1998).
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6.5 Electrophysiological characteristics of Lugaro cells

There are no publications of the synaptic activity of Lugaro cells. From anatomical 

data, the majority of synaptic input to the cells is thought to be GABAergic (Lainé 

and Axelrad, 1996). In order to examine the synaptic activity of Lugaro cells, a 

further 2 putative Lugaro cells were recorded in the whole-cell voltage-clamp mode. 

The bath solution contained 20 pM NBQX and 10 pM 7-chlorokynurenate, so that 

inhibitory synaptic currents alone might be recorded. The recordings were made 

using the CsCl-based intracellular solution, containing Alexa Red, and both cells 

were morphologically identified after the recordings. One of the cells, which lay 

immediately at the surface of the slice, is shown in Figure 6.3.5.

Both cells displayed spontaneous synaptic currents. The mean frequencies of the 

synaptic currents were 0.26 Hz and 0.33 Hz, The currents ranged in peak amplitude 

from a minimum of - 10 pA (which is approximately the threshold for the detection 

of spontaneous synaptic currents) to maxima of - 90 pA (cell 1) and - 140 pA (cell 

2), at a holding potential of - 70 mV. Figure 6.5 shows the distribution of the 

amplitudes of the synaptic currents, and some raw currents, recorded from cell 2. 

The mean 10 -  90 % rise times of the synaptic currents were 2.3 ms (cell 1) and 0.8 

ms (cell 2), and the mean decay time constants of the currents (fitted to one 

exponential) were 27 ms (cell 1) and 25 ms (cell 2).
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Figure 6.5. Synaptic activity of a putative Lugaro cell

The slice was bathed in 20 pM NBQX and 10 pM 7-chlorokynurenate. The cell was 

recorded under whole-cell voltage-clamp (- 70 mV holding potential, CsCl-based 

intracellular solution). Alexa Red was included in the intracellular solution, and the 

cell was subsequently identified by its morphology.

(A) Relative frequency amplitude histogram of the spontaneous synaptic currents 

recorded from one cell.

(B) Three consecutive raw spontaneous synaptic currents recorded from the same cell 

as (A). Scale bars apply to all traces.
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6.6 Discussion

The aim of the experiments reported in this chapter was to ascertain which cell type 

underlies the synaptic currents elicited by serotonin, or by electrical stimulation in 

the presence of bicuculline, in Purkinje cells. The results strongly suggest that the 

currents arise from Lugaro cell - Purkinje cell synaptic connections. In the following 

discussion, the evidence leading to this conclusion is explained, and the results 

presented in this chapter are compared to those previously reported from studies of 

Lugaro cells.

Identification of the presvnaptic cell underlving the Purkinje cell svnaptic activitv

Several lines of evidence presented in this chapter suggest that the synaptic currents 

recorded from Purkinje cells arise from Lugaro cell inputs. Firstly, cell-attached 

recordings from the molecular layer intemeurones and Purkinje cells showed that 

these cells fire spontaneously at high frequencies (approximately 5.5 Hz and 13 Hz, 

respectively). It was shown in Chapter 5 that, under the same conditions, action 

potentials in the presynaptic cell underlying the novel synaptic activity of Purkinje 

cells elicit synaptic currents with a probability of approximately 0.9. Thus, if the 

input arose from the molecular layer intemeurones or from other Purkinje cells, 

synaptic currents would be expected to occur spontaneously in postsynaptic Purkinje 

cells at frequencies of approximately 5 Hz and 11 Hz, respectively. Additionally, the 

connections formed by these cells onto Purkinje cells are convergent (e.g. King and 

Bishop, 1982; Bemard and Axelrad, 1993; Hausser and Clark, 1997); therefore, this 

calculation would give an underestimate of the frequencies of spontaneous synaptic
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currents occurring in Purkinje cells. On the contrary, in the absence of serotonin and 

electrical stimulation, and under the same conditions as those in which the cell- 

attached recordings were made, synaptic currents occur in Purkinje cells only very 

rarely, or not at all. This absence of synaptic activity indicates that the presynaptic 

cell also fires spontaneously only very rarely, or not at all, and therefore renders the 

molecular layer intemeurones and other Purkinje cells very unlikely candidates for 

the presynaptic cell type. Conversely, under these same conditions, the majority of 

Lugaro cells (6 / 8) were found to be silent.

The second piece of evidence suggesting that the Purkinje cell synaptic activity 

results from Lugaro cell inputs arises from the responses of the cells to serotonin. 

Lugaro cells were found, as previously reported (Dieudonné and Dumoulin, 2000), to 

be stimulated to fire by serotonin, at the same concentration as that eliciting synaptic 

activity in Purkinje cells. Furthermore, the time course of the effect of serotonin on 

Lugaro cell firing activity mimicked that of the effect of serotonin on the synaptic 

activity of Purkinje cells. Finally, the results presented in Chapter 5, in which 

electrical stimulation of the input showed that presynaptic action potentials reliably 

elicit responses in Purkinje cells, indicated that the firing frequencies of the 

presynaptic cell would not be substantially higher than the frequencies of currents 

occurring in Purkinje cells. The data presented in this chapter show that, indeed, 

serotonin induces Lugaro cells to fire at frequencies that are comparable to the 

frequencies of the synaptic currents induced by serotonin in Purkinje cells.

Note, also, that two of the Lugaro cells from which recordings were obtained in this 

chapter fired, very rarely, in the absence of serotonin. In some (4 / 22) Purkinje
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cells, rare spontaneous synaptic currents also occurred before the application of 

serotonin; these currents were very similar to those occurring in the presence of 

serotonin (see Chapter 4, section 4.2). It seems likely that the currents occurring in 

Purkinje cells before serotonin application were due to the rare, spontaneous firing of 

presynaptic Lugaro cells.

Thus, the behaviour of Lugaro cells is highly compatible with the presynaptic cell 

type underlying the synaptic currents described in the previous chapters.

Luearo cells: electrophvsiologv. morphologv and comparison to other studies

The morphology of the putative Lugaro cells fitted all the classic criteria for their 

identification, and appeared very similar to other groups’ descriptions of these cells 

in rat or cat cerebellar cortex (Aoki et al., 1986; Sahin and Hockfield, 1990; Lainé et 

a l, 1992; Lainé and Axelrad, 1996; Dieudonné and Dumoulin, 2000).

The only published electrophysiological investigation of Lugaro cells is that by 

Dieudonné and Dumoulin (2000). These authors reported that the majority of 

Lugaro cells are silent under control conditions, but are excited by 1 pM serotonin, 

as was found in the experiments described in this chapter. However, a notable 

difference exists between the results of the present experiments and those of 

Dieudonné and Dumoulin: these authors found that serotonin causes Lugaro cells to 

fire in a regular rhythm, at between 5 and 15 Hz. In the present experiments, no 

rhythm was noted in the firing patterns of Lugaro cells, and their firing frequencies 

were much lower - on average, 0.5 Hz. The rats used in the two studies were within
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the same age range (14 days old in this study, 11-21 days in the work by Dieudonné 

and Dumoulin), and the ionic compositions of the solutions used in the experiments 

were similar. However, there are a few differences in the experimental methods. 

Firstly, Dieudonné and Dumoulin used slices from the cerebellar vermis, as opposed 

to the hemispheres, and their slices were thinner than those used in the present study 

(180 - 250 pm thick compared to 400 - 500 pm). Additionally, Dieudonné's group 

recorded Lugaro cell firing behaviour in the absence of antagonists of glutamate 

receptors or GABAa receptors, unlike the experiments reported here. It is possible 

that activation of either type of receptor causes the firing patterns of Lugaro cells to 

change. Dieudonné and Dumoulin (2000) suggest that the stimulation of Lugaro 

cells by serotonin is mediated by a modulation of potassium or calcium ion 

conductances; serotonin appears to elicit a depolarisation of the Lugaro cell 

membrane, causing the cell to fire, following either a hyperpolarising or depolarising 

voltage pulse. It may be that activation of either glutamate receptors (leading to 

depolarisation) or GABAa receptors (leading to hyperpolarisation) facilitates this 

effect of serotonin on the Lugaro cell membrane, explaining why the cells fire at 

lower frequencies in the present study.

The results in this chapter include the first report of synaptic currents recorded from 

Lugaro cells. The currents were recorded (in two cells only) in the presence of 

antagonists of ionotropic glutamate receptors, but in the absence of bicuculline. The 

pharmacology and ionic selectivity of the currents were not investigated; however, 

the great majority of synaptic input to Lugaro cells is thought to be GABAergic, and 

predominantly provided by the axon collaterals of Purkinje cells (Larramendi and 

Lemkey-Johnston, 1970; Lainé and Axelrad, 1996). Therefore, it is likely that the
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currents recorded from Lugaro cells in this chapter were carried by GABA receptors, 

and arose from Purkinje cell inputs. Lainé and Axelrad (1996) suggest that the 

dendrites of Lugaro cells, oriented beneath the Purkinje cell somata, are optimally 

placed to receive inputs from the axons of several Purkinje cells. However, the 

frequencies of the currents recorded here from Lugaro cells were considerably lower 

than the firing frequencies of Purkinje cells (0.3 Hz compared to 13 Hz). Also, some 

of the synaptic currents may have been due to action potential-independent release of 

transmitter onto the Lugaro cells. These considerations suggest that, if the synaptic 

activity of the two Lugaro cells indeed arose from Purkinje cell input, the occurrence 

of an action potential in a Purkinje cell does not reliably evoke a response in a 

postsynaptic Lugaro cell; that is, the failure rates of the connections are high. If the 

synaptic currents arise from several Purkinje cells, as suggested (Lainé and Axelrad, 

1996), this would imply that the probability of transmitter release from a Purkinje 

cell input is even lower.

Conclusions

The Lugaro cell is the only cell in the cerebellar cortex that appears a likely 

candidate for the presynaptic cell type underlying the Purkinje cell synaptic currents 

described in Chapters 4 and 5. As reported by Dieudonné and Dumoulin (2000), 

Lugaro cells are normally silent, and are induced to fire by serotonin. Under the 

present experimental conditions, serotonin causes Lugaro cells to fire at low 

frequencies, which approximate the frequencies of the serotonin-induced synaptic 

currents occurring in Purkinje cells.

198



In the following chapter, the sensitivity of the Purkinje cell synaptic currents to 

GABAa receptor antagonists is investigated further. The functional significance of 

Lugaro cell -  Purkinje cell synaptic connections is finally considered in Chapter 9.
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CHAPTER 7

A MODELLING STUDY OF COMPETITIVE ANTAGONISM OF GABAa

RECEPTORS

The Purkinje cell synaptic currents described in Chapters 4 and 5 displayed unusual 

relative sensitivities to the competitive GABAa receptor antagonists, bicuculline and 

SR-95531. Despite being mediated by GABAa receptors, the currents were recorded 

in the presence of a concentration of bicuculline sufficient to inhibit other GABAa 

receptor-mediated synaptic currents. Furthermore, from previous reports of the 

affinity or potency of the two antagonists (Hamann et al., 1988; Lüddens and Korpi, 

1995; Seutin et ah, 1997; Ueno et al., 1997; Jones et al., 2001), bicuculline was 

expected to be approximately equipotent to a three-fold lower concentration of SR- 

95531. On the contrary, both the serotonin-induced synaptic currents and the evoked 

synaptic currents were largely inhibited by SR-95531 at a concentration ‘matched’ to 

that of bicuculline (20 pM bicuculline versus 6 pM SR-95531) (see sections 4.5 and 

5.6).

In the discussion of Chapter 4 (section 4.6), two broad hypotheses were put forward 

to explain this pharmacology. Firstly, it was suggested that the receptors carrying the 

currents were atypical, such that they were less sensitive to bicuculline than 

expected. Alternatively, it was suggested that unusual properties of the GABA 

transients at the synapses caused atypical pharmacology of otherwise normal 

receptors. This chapter presents a modelling study of competitive antagonism of 

GABAa receptors that was carried out in order to test the latter hypothesis.

200



7.1 The hypothesis: the pharmacology of the synaptic currents is due to an unusual 

concentration profile of GABA in the synaptic cleft

The degree of occupancy of receptor binding sites by antagonists can be calculated 

from the Hill-Langmuir equation, as follows:

P b  = [B]

[B] + Kb

where pe = proportion of receptor binding sites occupied by antagonist; [B] = 

concentration of antagonist; Ke = dissociation equilibrium constant of antagonist (= 

antagonist dissociation rate / antagonist association rate). For example, the equation 

shows that, at a concentration equivalent to its dissociation equilibrium constant, an 

antagonist occupies 50 % of available receptor binding sites. Using a two binding 

site model of a receptor in which only one antagonist molecule needs to bind in order 

to prevent receptor activation (see Chapter 2, section 2.6), the proportion of receptors 

that are inhibited by the antagonist is given by:

Pinhibited 1  1

1+2[B] ^  [B]'

Kb Kb^

Thus, when the concentration of antagonist is equal to its dissociation equilibrium 

constant, 75 % of receptors would be inhibited.

However, the calculation of receptor occupancy by a competitive antagonist must be 

changed if an agonist and antagonist are equilibrated with the receptor population, 

allowing competition between the two compounds for the receptor binding sites.
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At synapses mediated by ionotropic receptors, the release of transmitter into the 

synaptic cleft is thought to cause a transmitter transient that reaches high 

concentrations, and lasts for only a very brief period. The peak concentration of 

transmitter has been estimated to reach 0.5 - 3 mM (Clements et al., 1992; 

Maconochie et al., 1994; Jones and Westbrook, 1995; Cherubini and Conti, 2001). 

Estimates of the time course of GABA clearance from the synaptic cleft have given 

half times of the GABA transient of less than 1 ms (Clements, 1996; Cherubini and 

Conti, 2001); a recent study modelling synaptic data, obtained at room temperature, 

gave estimates of GABA transients decaying with time constants of 50 - 100 ps 

(Mozrzymas et al., 1999). With such brief exposure to transmitter, the transmitter 

does not come into equilibrium with competitive antagonists, and the postsynaptic 

response is mediated only by the receptors that are unoccupied by antagonist during 

the instant of exposure to transmitter. However, if the dwell time of transmitter in 

the synaptic cleft were increased, the transmitter and the antagonist would approach 

equilibrium. This would reduce the inhibition by a competitive antagonist, in a 

manner dependent on both the rates of binding and unbinding of the transmitter and 

the antagonist with the receptors and the profile of the transmitter transient. Due to 

the lower affinity of GABAa receptors for bicuculline, compared to SR-95531, any 

lengthening of the GABA concentration transient might therefore reduce the potency 

of bicuculline to a larger extent than that of SR-95531.

Such competition between transmitter and antagonist might also affect the kinetics of 

a synaptic current. Since receptors would be activated following the competition for 

binding, the current would be expected to increase more slowly in response to the 

release of transmitter than would be the case in the absence of antagonist. The
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results presented in Chapter 5 (section 5.10) indicate that this was indeed true of the 

synaptic currents evoked in Purkinje cells, which displayed faster rise times 

following the removal of bicuculline.

Thus, these considerations raise the possibility that some aspect of the GABA 

concentration profile in the synaptic cleft allowed the Purkinje cell synaptic currents 

to be elicited in the presence of bicuculline, and yet inhibited by a concentration of 

SR-95531 that was expected to be equipotent. The study presented here investigates 

this possibility, by modelling the effects of changing the profile of the GABA 

transient on GABAa receptor antagonism by SR-95531 and bicuculline.

7.2 The model

A full description of the model is given in Chapter 2, section 2.6. Synaptic currents 

occurring in response to concentration jumps of GABA were simulated, using a two- 

binding site model of a GABAa receptor. The GABA concentration was modelled to 

rise exponentially, from zero, with a time constant of 0.1 ms, and the effects of 

changing either the peak GABA concentration or the time constant of decay of the 

GABA transient were examined.

The rate constants used in the model, and their sources, are also given in Chapter 2 

(section 2.6). The rate constants were taken from a consensus of different published 

studies (Maconochie et a l, 1994; Jones et al., 1998; Jones et al., 2001), and also 

broadly agreed with the work of other groups (Hussain et al., 1990; Johnston, 1991; 

Jonas et a l, 1998; Burkat et a l, 2001). The dissociation equilibrium constants for
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bicuculline and SR-95531 were 1.2 pM and 0.33 p.M, respectively. These values 

were taken from the measurements of the binding and unbinding kinetics of the two 

antagonists made by Jones et al. (2001). Using these values, the affinity of 

bicuculline for the GABAa receptor is 3.6-fold lower than that of SR-95531. This 

ratio of affinities also approximates the ratio of potencies of the two antagonists 

reported in other studies (Hamann et al., 1988; Lüddens and Korpi, 1995; Seutin et 

al., 1997; Ueno et al., 1997).

7.3 The data to be modelled

The aim of the modelling was to simulate the following two results from the 

recordings of the evoked synaptic currents reported in Chapter 5. Firstly, the peak 

amplitude of the synaptic currents in 6 pM SR-95531 was 18.3 ± 1.7 % of that in 20 

pM bicuculline (n = 12) (section 5.6). Secondly, the removal of bicuculline caused 

the rise times of the synaptic currents to decrease by 41.1 ± 10.2 % (n = 6) (section 

5.10). Note that the results obtained with 3 pM SR-95531 and other concentrations 

of bicuculline were not modelled, since changing the concentration of GABAa 

receptor antagonists was associated with additional presynaptic effects on the 

synaptic currents, as described in Chapter 5.

7.4 6 pM SR-95531 and 20 uM bicuculline have similar effects on responses to fast 

GABA transients

Figure 7.W shows GABAa receptor-mediated currents generated by the model in 

response to GABA transients that might mimic those occurring at typical synapses:

204



the GABA concentration reached 0.8 mM, and decayed with a time constant of 0.1 

ms. At the concentrations that were expected to be equipotent (20 pM versus 6 pM), 

the two antagonists indeed reduced the amplitude of the currents by approximately 

the same extent. The peak amplitude of the currents was reduced by more than 99 % 

by either antagonist. Note that the currents were not inhibited by precisely the same 

extent, but that bicuculline was slightly less potent than SR-95531. The peak 

amplitude of the current in 6 pM SR-95531 was 80 % of that in 20 pM bicuculline. 

This difference in potency arose because 20 pM is 16.7-fold higher than the 

modelled Kb of bicuculline, whereas 6 pM is 18-fold higher than the modelled Kg of 

SR-95531. However, the model shows that these concentrations of the antagonists 

would not be expected to cause the differential inhibition of GABAa receptor- 

mediated synaptic currents noted in Chapters 4 and 5.

7.5 Prolongation of the GABA transient decreases the potencv of both antagonists: 

bicuculline is more affected than SR-95531

Increasing GABA dwell time was simulated by increasing the decay time constants 

of GABA transients in the model. The peak GABA concentration was 0.8 mM in 

each case. Increasing the decay time constants of the transients caused the potency 

of both antagonists to decrease (Figure l .\B  - Q . However, the potency of 

bicuculline decreased more markedly than that of SR-95531, such that the difference 

between the peak amplitudes of the currents in the two antagonists became greater as 

the GABA transient was prolonged.
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The difference noted in Chapter 5 between the potencies of the antagonists was 

simulated by a GABA transient decaying with a time constant of approximately 2 

ms. This model (peak GABA concentration, 0.8 mM; rise time constant of GABA 

transient, 0.1 ms; decay time constant of GABA transient, 2 ms) is henceforth 

referred to as ‘model 1’. Figure lA B  shows the currents generated in response to this 

GABA transient. In 6 pM SR-95531, the peak amplitude of the current was 16 % of 

that in 20 pM bicuculline. As the GABA transient was prolonged further, the 

difference in potency between bicuculline and SR-95531 became greater than that 

observed in the experiments. Finally, with very long GABA transients (decay time 

constants of several tens of milliseconds), the relative potencies of the antagonists 

converged again, towards that expected at equilibrium. This convergence of the 

potencies of the antagonists resulted in a second value for the GABA decay time 

constant that mimicked the difference in potency of the antagonists observed in the 

experimental data. Thus, with a GABA transient decaying with a time constant of 

approximately 20 ms, the peak amplitude of the current in 6 pM SR-95531 was 16 % 

of that in 20 pM bicuculline (Figure 7.1C).

7.6 Increase in the concentration of GABA decreases the potencv of both 

antagonists: bicuculline is more affected than SR-95531

The results of the modelling described above indicate that the relative sensitivity of 

the synaptic currents to bicuculline and SR-95531 may arise from a prolonged 

GABA concentration transient in the synaptic cleft. However, increasing the 

concentration of GABA also caused the potency of both antagonists to decrease 

(Figure 7.2). Again, bicuculline was more markedly affected than SR-95531. The
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Figure 7.1. Modelling competitive antagonism of GABAa receptors: effects of

GABA dwell time

The rise time constant of the GABA transients was 0.1 ms, and the peak GABA 

concentration was 0.8 mM.

(A - B) Currents obtained from modelling the response to GABA transients. Currents 

were generated in the absence of antagonists (left), and in the presence of 20 pM 

bicuculline or 6 pM SR-95531 (right). Note the different y-axis scales in the 

presence and absence of antagonists.

(A) Decay time constant of GABA transient: 0.1 ms.

(B) Decay time constant of GABA transient: 2.0 ms.

(C) The amplitude of responses in the presence of the antagonists increases with 

increasing GABA dwell time. Note the breaks in the axes. The black arrows 

indicate the GABA decay time constants that simulated the difference in potency of 

the two antagonists observed in the experimental data (time constants: 2 ms (‘model 

1’) or 20 ms).

207



CONTROL ANTAGONISTS

0.25 pA

25 ms

0.5 fA

25 ms

B

—  20 pM bicuculline

—  6 pM SR-95531

20 fA0.5

25 ms25 ms

Î
0>I

" a
B<a

13u
1

1750-

1500-

1250-

1000-L

6 0 0 -

5 0 0 -

4 0 0 -

3 0 0 -

200 -

100 -

0 - ^
0.1

•  20 pM bicuculline 

o 6 pM SR-95531

-f— ^

; ;

jp_ü_o
o

0.5 1 2 5 10 20 100 500

decay time constant of GABA transient (ms)

1 0 0 0

208



effects of changing both the duration and the amplitude of the GABA transient were 

greater than the effects of changing either parameter alone. Thus, simulations were 

carried out in order to find the values of these two parameters that best simulated the 

results reported in Chapter 5, and yet were least different from GABA transients that 

might be typical of those occurring at synapses. The rise time constant of the GABA 

transients remained at 0.1 ms. The experimental results were best modelled by a 

GABA transient reaching a peak concentration of 5 mM and decaying with a time 

constant of 0.5 ms (‘model 2’). Figure 7.2^ shows the currents generated in response 

to this transient. In 6 pM SR-95531, the peak amplitude of the current was 21 % of 

that in 20 pM bicuculline. Further increasing the concentration of GABA caused the 

difference between the potencies of the two antagonists to increase (Figure 12B).

7.7 Bicuculline causes an increase in the rise times of responses to prolonged GABA 

transients or high GABA concentrations

The mean 1 0 - 9 0  % rise times of the serotonin-induced synaptic currents and the 

evoked synaptic currents in 20 pM bicuculline were 6.0 ± 0.3 ms (n = 9) and 4.6 ± 

0.8 ms (n = 6), respectively (see Table 5.1). As stated, the rise times of the evoked 

synaptic currents decreased upon the removal of bicuculline; an example, from one 

cell, is shown in Figure 13A.

In contrast, modelling GABA transients typical of those thought to occur at synapses 

(0.8 mM peak GABA concentration, 0.1 ms decay time constant) generated currents 

with very similar kinetics in the presence or absence of bicuculline. Also, the rise 

times of the currents generated by the model were considerably faster than those of
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Figure 7.2. Modelling competitive antagonism of GABAa receptors: effects of

GABA concentration

The rise time constant of the GABA transients was 0.1 ms, and their decay time 

constant was 0.5 ms.

(A) Currents obtained from modelling the response to GABA transients reaching a 

peak GABA concentration of 5 mM, Currents were generated in the absence of 

antagonists (top), and in the presence of 20 pM bicuculline or 6 pM SR-95531 

(bottom). Note the different y-axis scales in the presence and absence of antagonists.

(B) The amplitude of responses in the presence of the antagonists increases with 

increasing GABA concentration. The black arrow indicates the GABA concentration 

in model 2, which simulated the difference in potency of the two antagonists that was 

observed in the experimental data (concentration: 5 mM).
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the synaptic currents. The 10 -  90 % rise times of the currents from the model were

0.8 ms in both the presence and the absence of 20 pM bicuculline (Figure 13B).

However, both the slow rise times of the synaptic currents, and the effect of 

bicuculline on the rise times, could be approximately simulated in the model by 

changing the profile of the GABA transient in the ways described above. Thus, from 

model 1 (0.8 mM peak GABA concentration, 2 ms decay time constant of GABA 

transient), the 10 -  90 % rise time of the current in 20 pM bicuculline was 4.5 ms, 

and this decreased to 1.3 ms in the absence of bicuculline (~ 70 % decrease; Figure 

7.3Q . As stated in section 7.5, the difference in potency of the two antagonists 

observed in the experimental data could also be simulated by a GABA transient 

reaching a peak concentration of 0.8 mM and decaying with a time constant of 20 

ms. The current generated by this GABA transient displayed a 10 -  90 % rise time 

in 20 pM bicuculline of 19.7 ms, and this decreased to 1.3 ms in the absence of 

bicuculline (~ 94 % decrease). Finally, model 2 (5 mM peak concentration, 0.5 ms 

decay time constant of GABA transient) gave a 10 -  90 % rise time of the current of

2.1 ms in 20 pM bicuculline, which decreased to 0.9 ms in the absence of bicuculline 

(~ 60 % decrease; Figure 7.3D).

7.8 Effects of other factors on svnaptic current rise times

The results of the modelling indicate that the slow, bicuculline-dependent rise times 

of the synaptic currents might have been due to the shape of the GABA transient in 

the synaptic clefts. However, these results should be interpreted with caution, as 

measurements of the rise times of synaptic currents are also sensitive to other factors.
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Figure 7.3. Effect of bicuculline on the rise times of GABAa receptor-mediated

currents

Currents in bicuculline have been scaled to the amplitude of those in the absence of 

bicuculline, to show the changes in kinetics more clearly. The key and scale bar 

apply to all parts of the figure: black traces are control (modelling: no bicuculline; 

experimental data: after the removal of bicuculline); blue traces are in the presence of 

20 pM bicuculline.

(A) Experimental data: these currents are reproduced from Figure 5.9A. Average 

evoked synaptic currents recorded from one Purkinje cell, excluding failures.

(B - D) Currents obtained from modelling the response to GABA transients. All 

GABA transients rose exponentially with a time constant of 0.1 ms.

{B) Decay time constant of GABA transient: 0.1 ms; peak GABA concentration: 0.8 

mM.

(Q  Decay time constant of GABA transient: 2 ms; peak GABA concentration: 0.8 

mM (model 1).

(D) Decay time constant of GABA transient: 0.5 ms; peak GABA concentration: 5 

mM (model 2).
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Firstly, a synaptic current that rises rapidly at its site of origin might appear to be 

slow when measured at the soma, as in a whole-cell patch-clamp recording, if the 

current occurs at a distal position in the dendritic tree. This is due to low-pass 

filtering of the current by the capacitative properties of the cell membrane. Since this 

factor was not included in the models, which gave the time courses of currents 

measured directly at the GABAa receptor, the synaptic currents measured 

experimentally would not be expected to show precisely the same rise times as the 

currents generated by the modelling. Thus, the rise times of the currents generated 

by model 2, which were faster than those measured experimentally, do not 

necessarily indicate that this model simulates the synaptic currents less accurately 

than model 1. Note, however, that the currents generated by the model would not be 

expected to display slower rise times than those observed in the experiments. 

Therefore, the currents generated in response to the GABA transient decaying with a 

time constant of 20 ms, which, as noted above, displayed rise times of nearly 20 ms, 

were incompatible with the experimentally measured synaptic currents.

A further complication arises in the analysis of the change in rise times of the 

synaptic currents observed upon the removal of bicuculline. The degree to which 

synaptic currents are filtered by the capacitance of the cell membrane depends upon 

the membrane resistance (input resistance), such that increased input resistance 

increases the filtering effect. The inhibition of GABA receptors by bicuculline might 

increase the input resistance of the Purkinje cell. Thus, the increase in the synaptic 

current rise times caused by bicuculline might arise through either of two 

mechanisms: competition between GABA and bicuculline due to an unusual profile
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of GABA transient, as suggested by the modelling, or a change in the input 

resistance of the Purkinje cell.

A change in input resistance would be expected also to affect the rise times of other 

synaptic currents occurring in the Purkinje cell. In order to assess the contribution of 

any change in input resistance to the change in the rise times of the synaptic currents, 

further analysis was carried out of the whole-cell voltage-clamp recordings obtained 

from Purkinje cells during the removal of bicuculline (from Chapter 5). The rise 

times were measured of spontaneous synaptic currents that appeared during the 

removal of bicuculline. These currents probably arose from inputs from basket cells 

and stellate cells. The spontaneous currents recorded from 10 Purkinje cells were 

analysed, as follows. First, rise times were measured of the spontaneous currents 

detected during an early stage of bicuculline washout. Then, these currents were 

counted, and the rise times were measured of the same number of currents following 

bicuculline washout, but selecting in this later time bin for the greatest current 

amplitudes. This selection was performed in an attempt to analyse currents arising 

from the same inputs at the two concentrations of bicuculline: it was assumed that 

the currents detected in the earlier time bin, when the concentration of bicuculline 

was higher, were the largest in the population.

From this analysis, the removal of bicuculline caused a decrease in the rise times of 

the spontaneous synaptic currents in 6 /  10 cells (Figure lAA). However, the effect 

of removing bicuculline on the rise times of these currents was inconsistent, and, in 

other cells, the rise times increased upon the removal of bicuculline (Figure 7.45).
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Figure 7.4. Effect of bicuculline on the rise times of spontaneous GABAa receptor-

mediated synaptic currents

(A) Data from one cell. The 10 - 90 % rise times are shown of all spontaneous 

synaptic currents detected in the early stage of bicuculline washout, and of the same 

number of currents, selected for the greatest amplitudes, detected in the later stage of 

bicuculline washout. The median rise times of the currents were 1.4 ms (early 

washout) and 0.9 ms (late washout).

(B) Median rise times of spontaneous synaptic currents, from all cells analysed, at 

two stages of bicuculline washout. Each pair of linked points represents one cell.
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Overall, the change in rise times was not statistically significant (p > 0.1, Wilcoxon 

matched pairs signed rank sum test; n = 10).

The comparison between the effect of bicuculline on the kinetics of these 

spontaneous synaptic currents and the kinetics of the evoked synaptic currents 

recorded in Chapter 5 is limited, for two reasons. Firstly, the range of bicuculline 

concentrations over which rise times were measured could not be the same for the 

two sets of currents. Rise times of the evoked synaptic currents were measured in 20 

pM bicuculline, whereas the spontaneous currents arising from basket cells / stellate 

cells were only detectable in lower concentrations of bicuculline, when washout of 

the drug had already been started. Secondly, it is possible that the evoked synaptic 

currents arose at more distal parts of the Purkinje cell dendritic tree than the basket 

cell / stellate cell currents; this would allow changes in input resistance to exert 

greater effects on the kinetics of the evoked currents.

As a final test for possible changes in input resistance caused by removing 

bicuculline, the holding currents of Purkinje cells were analysed during bicuculline 

washout. The holding current reflects the input resistance of the recorded cell: from 

Ohm’s Law, the membrane resistance « (holding potential -  resting potential) / 

holding current. Removal of bicuculline did not cause any significant change in 

Purkinje cell input resistance, measured in this manner. The mean input resistances 

were 534 ± 77 MQ in the presence of 20 pM bicuculline, and 481 ± 9 2  MQ 

following washout of bicuculline (p > 0.4; n = 6).
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To summarise, the possibility cannot be excluded that a decrease in input resistance 

contributed to the change in the rise times of the evoked synaptic currents seen upon 

the removal of bicuculline. However, the analyses described above, and the 

similarity between the models’ results and the experimental data, suggest that this is 

unlikely to be the only factor involved.

7.9 Discussion

The modelling study presented in this chapter was aimed at investigating the 

pharmacology of the synaptic currents reported in Chapters 4 and 5. Specifically, the 

aim was to address the following questions: why could GABAa receptor-mediated 

synaptic currents be elicited in the presence of 20 pM bicuculline? This 

concentration of bicuculline reduces other GABAa receptor-mediated synaptic 

currents in Purkinje cells to undetectable amplitudes (Chapter 3, and other groups’ 

work). Secondly, why did the currents not show the expected relative sensitivities to 

bicuculline versus SR-95531? An extensive survey of the literature finds many 

reports of a three-fold difference in potency or affinity of these antagonists (Hamann 

et a l,  1988; Lüddens and Korpi, 1995; Seutin et a i, 1997; Ueno et a l, 1997; Jones et 

al., 2001), in contrast to the profile of inhibition by the antagonists of the synaptic 

currents. Finally, why were the rise times of the evoked synaptic currents slow in the 

presence of bicuculline?

The results of the modelling show that these properties of the currents might be 

explained by the profile of GABA in the synaptic cleft. A prolonged GABA dwell 

time and / or high peak GABA concentration is sufficient in the model to allow
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GABA to compete more effectively with bicuculline than with SR-95531 for binding 

sites on the GABAa receptor. This competition between transmitter and antagonist 

renders the sensitivity of the currents to the former antagonist lower than expected, 

and additionally, causes a slow current rise time.

In the following discussion, alternative possible explanations for the pharmacology 

of the currents are first considered, before the implications of the modelling results 

are discussed.

Other possible explanations for the pharmacoloev of the svnaptic currents

The pharmacology of the synaptic currents may be caused by factors other than those 

suggested by the modelling. As noted in Chapter 4 (section 4.6), the currents might 

be carried by atypical GABA receptors, which are less sensitive to bicuculline than 

normal GABAa receptors. There have previously been reports of GABA receptors 

exhibiting properties that do not fit the ‘A, B or C’ scheme of GABA receptor 

classification, and claims have been made of the existence of ‘novel’ GABAa 

receptors. For example, in the cerebral cortex, a GABA autoreceptor has been 

reported to have unusually high sensitivity to bicuculline (Minchin et a l, 1992), 

whilst a receptor in the retina was found to be insensitive to the GABAa receptor 

antagonist picrotoxin, but inhibited by bicuculline and SR-95531 (Shen et al., 2002). 

Also, GABA receptors have been reported in the central amygdala that are inhibited 

by benzodiazepines (Delaney and Sah, 1999). Such novel GABA receptors might 

consist of an unusual combination of GABAa receptor subunits. Purkinje cells 

express relatively few GABAa receptor subunits (Laurie et al., 1992; Fritschy et al..
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1992). The sensitivity to bicuculline and SR-95531 of various combinations of the 

GABAa receptor subunits available in Purkinje cells bas been examined (Lüddens 

and Korpi, 1995). All combinations tested displayed a tbree-fold difference in 

potency of the two antagonists, and thus showed the relative sensitivity to the 

antagonists that has been reported in other studies. Therefore, it is unlikely that the 

pharmacology of the synaptic currents described in Chapters 4 and 5 is due to an 

atypical receptor consisting of GABAa subunits.

However, Purkinje cells also express all three GAB Ac receptor p subunits (Boué- 

Grabot et al., 1998; Rozzo et al., 2002). Could a GABAa / GAB Ac beteromeric 

receptor underlie the pharmacology of the synaptic currents? The common view 

until recently has been that the two types of subunit do not interact. More recently, 

though, it has been reported that some subunits of the GABAa and GAB Ac receptor 

families can form beteromeric receptors: expression of the y2 subunit, from the 

GABAa receptor family, has been shown to affect responses mediated by the pi 

subunit (Qian and Ripps, 1999; Qian and Pan, 2002). It is unlikely that this 

beteromeric receptor underlies the Purkinje cell synaptic currents, because, unlike the 

Purkinje cell currents, the beteromer is insensitive to both bicuculline and 

benzodiazepines (Qian and Ripps, 1999). However, it remains possible that other 

combinations of GABAa / GAB Ac receptor subunits form receptors displaying the 

pharmacology of the synaptic currents.

A second possible explanation for the pharmacology of the synaptic currents might 

concern the shapes of the two antagonist compounds. It has been reported that 

bicuculline inhibits the activation of GABAa receptors by the general anaesthetic
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pentobarbitone, whilst this activation is insensitive to SR-95531 (Uchida et al., 

1996). These authors suggest that these differential effects of the antagonists are 

caused by differences in the steric interactions of the antagonists with the GABAa 

receptor. Bicuculline is a larger molecule than SR-95531, and occupies a greater 

three-dimensional space; this is thought to allow bicuculline to hinder the binding of 

pentobarbitone to the receptor. It is, similarly, conceivable that the pharmacology of 

the synaptic currents described in Chapters 4 and 5 is due to physical constraints on 

the access of bicuculline - and not SR-95531 - to the synaptic cleft. Note, however, 

that no such constraints appear to exist for other GABAergic synapses onto Purkinje 

cells, nor for GABAergic synapses onto cerebellar granule cells, which are enclosed 

in the glial sheaths of the glomeruli and yet are still strongly inhibited by bicuculline 

(Wall, 2001).

Modelling competitive antagonism of a GABAa receptor

Whilst it cannot be excluded that the pharmacology of the synaptic currents arises 

through an unusual form of GABA receptor, and / or limitations on the effective 

concentration of bicuculline reached at the synapses, the modelling results of the 

present chapter are the favoured explanation for the pharmacology of the currents, 

for two principal reasons. Firstly, the models can explain not only the relative 

sensitivities of the currents to the antagonists, but also the rise times of the currents 

(note, however, the limitations on the use of rise time data considered in section 7.8). 

Secondly, the explanation for the pharmacology suggested by the modelling - that is, 

a prolonged GABA dwell time and / or an unusually high GABA concentration - 

does not require further atypical properties of the synapses, such as restricted access
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to bicuculline or the involvement of atypical GABA receptors, to be invoked. As 

discussed below (see ‘What might cause a prolonged GABA dwell time or raised 

GABA concentration?’), properties of the synapses have already been described, in 

Chapter 5, which could cause either of these changes to the shape of the synaptic 

GABA transient.

The models approximately simulated the pharmacology and the rise times of the 

synaptic currents when the GABA transient either:

1. reached a peak concentration of 0.8 mM, and decayed with a time constant of 2 

ms (model 1), or

2. reached a peak concentration of 5 mM, and decayed with a time constant of 0.5 

ms (model 2).

As stated in section 7.6, both the dwell time and the concentration of GABA affected 

the inhibition of the currents by the two antagonists; model 2 therefore represents 

least extreme values of these parameters that simulated the experimental data.

Responses to these GABA transients were more effectively inhibited by SR-95531 

than by bicuculline, with a ratio of current amplitudes in the presence of the two 

antagonists that approximated the ratio measured in Chapter 5. Furthermore, 20 pM 

bicuculline was considerably less effective at inhibiting the responses to these GABA 

transients than the responses to fast transients. The responses in model 1 and model 

2 were reduced by 20 pM bicuculline to approximately 3 % and 2 %, respectively, of 

their amplitudes in the absence of bicuculline. In contrast, 20 pM bicuculline 

reduced the response to a fast GABA transient, which might be typical of that 

occurring at most GABAergic synapses (0.8 mM GABA, 0.1 ms decay time
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constant), to less than 0.4 % of its control amplitude. Thus, a prolonged and / or 

unusually high GABA concentration might explain why the GABAergic synaptic 

currents could be elicited in this concentration of bicuculline.

As a test of the modelling, inhibition of the synaptic currents by the GAB Ac receptor 

antagonist, TPMPA, might be investigated. This compound acts as a competitive 

antagonist of GABAa receptors with lower affinity than that of either bicuculline or 

SR-95531 (TPMPA dissociation equilibrium constant at GABAa receptors: 320 pM; 

Ragozzino et a l, 1996). The hypothesis of a prolonged and / or unusually high 

GABA concentration would predict that TPMPA, even when present at a 

concentration chosen to be equipotent to 20 pM bicuculline, would be relatively 

ineffective at inhibiting the synaptic currents. Furthermore, the rise times of the 

currents in the presence of TPMPA would be predicted to be slower than those 

measured in bicuculline. If, however, the pharmacology of the synaptic currents 

arose through other factors, such as the involvement of atypical GABA receptors, 

these predictions of the modelling might not be borne out.

Validitv of the modelling

The rate constants used in the models were largely taken from the work of Jones et 

al. (1998, 2001). These rate constants were measured from hippocampal neurones. 

It is possible that the kinetic properties of GABAa receptors differ between the 

hippocampus and the synapses underlying the currents studied in this thesis. More 

notably, the reported rate constants of GABAa receptor kinetics differ, even within 

the same preparation, between publications. For example, the binding rate of SR-
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95531 reported by Jones et al. themselves varies from 1.8 x 10  ̂ M'^s*’ (Jones et al., 

2001) to 4.28 X 10̂  M'  ̂ s'* (Jones et a l, 1998), and several-fold variation can be 

found in the reported binding rates of GABA (e.g. 10 - 15 x 10  ̂M'*s'^ (Mozrzymas 

et al., 1999) compared to 3 x 10  ̂M'^s'^ (Jones and Westbrook, 1995)). In order to 

assess whether altering the rate constants would change the conclusions drawn from 

the modelling, a wide range of rate constants was taken from a survey of the 

literature on GABAa receptors, and tested in the model. The ranges of rate constants 

tested are shown in Table 7.1. For each reaction, several rate constants were tested 

within the given range. All alterations to the rate constants of the antagonists were 

made such that the affinity of SR-95531 for the receptor was approximately three

fold higher than that of bicuculline.

Table 7.1. Ranges of rate constants tested in the modelling

Reaction Range of rate constants

Channel opening rate 500 -  5000s'

Channel closing rate 142 -  500 s '

Association rates GABA

bicuculline

SR-95531

0 . 5 - 1 x 1 0 ^  M ' s '  

5 - 6 . 7 X  10’ M ''s ' 

1.8-4.3X IO’ M-'s-'

Dissociation rates GABA

bicuculline

SR-95531

131-200  s'' 

2 5 - 6 2  s'' 

6 - 1 2  s''
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It was found that the quantitative results of the modelling carried out in this chapter 

depend on the kinetic model of the GABAa receptor used: altering the rate constants 

did cause changes in the values of GABA dwell time or concentration that simulated 

the pharmacology of the synaptic currents. Thus, models 1 and 2 do not necessarily 

give an accurate description of the precise shape of the GABA transient underlying 

the synaptic currents. However, the conclusions drawn from the simulations remain 

unchanged. All combinations of rate constants tested showed that bicuculline and 

SR-95531 inhibit responses to fast GABA transients (0.8 mM peak concentration, 

0.1 ms decay time constant) to approximately the same, and very great, extent, when 

the two antagonists are present at the concentrations expected to be equipotent (20 

pM versus 6 pM). With all rate constants tested, the relatively low sensitivity of the 

synaptic currents to bicuculline, and higher sensitivity to SR-95531, could be 

simulated by a prolonged GABA dwell time and / or high peak concentration of 

GABA.

Lastly, it should be noted that the model of the GABAa receptor used in this thesis 

was simpler than that used in some groups’ work: for example, no desensitised states 

or monoliganded open states of the receptor were included (Jones and Westbrook, 

1995). Jones and Westbrook (1995) suggest that monoliganded openings of the 

GABAa receptor are not important in shaping the currents mediated by the receptor; 

thus, the qualitative conclusions of the present study may be unchanged if a more 

complex model of the GABAa receptor were used. However, a more extensive 

modelling study might make use of a more detailed model of the receptor.
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What might cause a prolonged GABA dwell time or raised GABA concentration?

Previous studies of the time course of the GABA transients at other synapses have 

given estimates of peak GABA concentration of 0.5 mM - 3 mM, and time constants 

of decay of the GABA transient of 50 - 100 ps (Maconochie et al., 1994; Jones and 

Westbrook, 1995; Mozrzymas et a l, 1999; Cherubini and Conti, 2001; Nusser et a l, 

2001). As stated above, the modelling performed in this chapter does not allow 

precise estimates of the parameters describing the GABA transients underlying the 

synaptic currents of Chapters 4 and 5. However, the modelling suggests that the 

atypical pharmacology of the synaptic currents, as compared to other currents 

occurring in Purkinje cells and other known GABAa receptor-mediated synaptic 

currents, resulted from GABA transients that lasted approximately an order of 

magnitude longer and / or reached a higher concentration than is typical of 

GABAergic synapses.

Fusion of vesicles with the presynaptic membrane, and the resulting transmitter 

release, results in an initial concentration of transmitter in the synaptic cleft that is 

determined by such factors as the concentration of transmitter in the vesicles, the 

number of vesicles released and the volume of the cleft. The concentration of 

transmitter is then rapidly reduced by two mechanisms: binding, to both receptors 

and transporters, and diffusion. The rate at which diffusion clears released 

transmitter depends on such factors as the geometry of the synaptic cleft and barriers 

to diffusion, such as extracellular proteins and glial cells, both within and 

surrounding the cleft (Cherubini and Conti, 2001). The combined action of diffusion
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and binding is thought to lead to fast clearance of transmitter; uptake of transmitter 

into cells, by transporters, follows with a slower time course (Clements, 1996).

An atypically high concentration of GABA or prolonged GABA dwell time might 

arise through a number of these factors determining the profile of the transmitter 

transient. For example, the synaptic cleft might be surrounded by glial cell 

processes, which would limit the diffusion of GABA. However, the results of the 

experiments reported in Chapter 5 might provide an explanation for an atypical shape 

of the GABA transients. Evidence was presented in sections 5.7 - 5.9 that the 

synaptic connection is modulated by G ABA a receptors, such that inhibition of 

G A BA a receptors by bicuculline causes an increase in the probability of transmitter 

release following stimulation. It is possible that the high probability of GABA 

release in the presence of bicuculline is associated with the release of multiple 

vesicles from individual release sites. Such multivesicular release might result in an 

unusually high concentration of GABA in the synaptic cleft, and / o r a  prolonged 

GABA dwell time. Multivesicular release has been reported to occur at 

glutamatergic synapses, and indeed causes changes to the shape of the glutamate 

transients, resulting in an increased current rise time and decreased inhibition by low 

affinity competitive antagonists (Tong and Jahr, 1994; Wadiche and Jahr, 2001). 

Furthermore, reducing presynaptic inhibition of the glutamatergic synapses increases 

the probability of multivesicular release, leading to less effective inhibition of the 

synaptic currents by a low affinity antagonist (Tong and Jahr, 1994). It seems 

possible that the block by bicuculline of the presynaptic inhibition described in 

Chapter 5 leads to similar changes in the shape of the GABA transients.
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Conclusions

The results of the modelling suggest that the pharmacology of the synaptic currents 

recorded from Purkinje cells in the experiments of Chapters 4 and 5 may arise 

through an atypical profile of the concentration of GABA at the synapses. Using a 

simple model of the GABAa receptor, GABA transients reaching a sufficiently high 

concentration and / or long dwell time were found to allow competition to occur 

between GABA and bicuculline for the receptor binding sites, rendering bicuculline 

a less effective antagonist than expected from measurements of its affinity. Such 

atypical GABA transients might be caused by the raised release probability at the 

synapses in the presence of GABAa receptor antagonists. It is proposed that the 

atypical GABA concentration profile, and the resulting competition between GABA 

and bicuculline for the postsynaptic receptors, contributed to the slow rise times of 

the synaptic currents.
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CHAPTER 8

PURKINJE CELL -  PURKINJE CELL SYNAPTIC CONNECTIONS

In this chapter, the hypothesis is tested that Purkinje cells receive functional synapses 

from other Purkinje cells. As explained in Chapter 1, several studies have reported 

anatomical evidence that Purkinje cell axon collaterals form synapses onto other 

Purkinje cells (Larramendi and Lemkey-Johnston, 1970; Chan-Palay, 1971; King and 

Bishop, 1982; Chen et al., 1989; Hawkes and Leclerc, 1989). However, a synaptic 

response to a connection formed by a Purkinje cell axon collateral, onto Purkinje 

cells or other target cells, in the cerebellar cortex, has yet to be directly demonstrated.

The possibility that Purkinje cells are synaptically connected was investigated using 

dual recordings, in which recordings were made from two Purkinje cells 

simultaneously. This technique was chosen because technical difficulties arise in 

demonstrating Purkinje cell - Purkinje cell connections by means of extracellular 

stimulation. The two sites in which extracellular stimulation might be expected to 

evoke Purkinje cell - Purkinje cell synaptic currents are in the cerebellar white 

matter, where the principal axons of Purkinje cells run, and, secondly, on Purkinje 

cell somata. Stimulation in the former site might evoke synaptic currents via the 

generation of antidromic action potentials in the collaterals of stimulated axons. 

However, the principal axons of a large proportion of Purkinje cells are damaged 

during slicing (Mouginot and Gahwiler, 1995), and this technique would require the 

axons to remain intact throughout their passage to the white matter. The branch 

points of Purkinje cell axons commonly occur close to the soma (e.g. Chan-Palay, 

1971; Hawkes and Leclerc, 1989), and so the generation of action potentials at the
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soma is more likely to lead to successful action potential propagation along the axon 

collaterals. Extracellular stimulation on Purkinje cell somata, on the other hand, 

might excite the axons of basket cells, and the origin of evoked synaptic currents 

would therefore be ambiguous.

At their connections onto the cells of the deep cerebellar nuclei, Purkinje cell axon 

terminals release GABA (Morishita and Sastry, 1993; Mouginot and Gahwiler, 1995; 

Sastry et a/., 1997). Thus, it is likely that any synaptic connections between Purkinje 

cells would, similarly, be mediated by GABA. The experiments described in this 

chapter were therefore, unless stated otherwise, carried out in the absence of GABA 

receptor antagonists.

8.1 Anatomy of Purkinje cell axon collaterals

Before embarking on the electrophysiological investigation of Purkinje cell -  

Purkinje cell synaptic connections, 4 Purkinje cells were filled with a flourescent 

dye, in order to examine their axon collaterals. Most of the studies of the anatomy of 

Purkinje cell axon collaterals have used intracellular injections of horseradish 

peroxidase, and these studies have usually been carried out in the cerebellar vermis. 

Therefore, it was important to verify that the Purkinje cells in the slices from the 

cerebellar hemispheres, which were used in the experiments described in this thesis, 

also displayed axon collaterals that might contact other Purkinje cells.

All 4 of the filled Purkinje cells displayed axon collaterals. 3 of the cells are shown 

in Figure 8. W -  C. Similarly to previous descriptions of Purkinje cell axons (Chan-
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Palay, 1971; King and Bishop, 1982; Hawkes and Leclerc, 1989; O'Donoghue and 

Bishop, 1990), the principal axons travelled through the granule cell layer towards 

the white matter, and the axon collaterals left the principal axons at branch points 

approximately 20 - 100 pm from the parent somata. The axon collaterals travelled 

back towards the Purkinje cell layer and, in some cases, entered the molecular layer 

(Figure 8. W and Q . The primary axon collateral of the cell shown in Figure 8.W 

branches again, to form a secondary collateral, in the molecular layer. The axon 

collaterals displayed swellings approximately 2 - 5  pm in diameter, spaced 1 0 - 2 0  

pm apart, in the molecular layer (Figure ^AAii). These swellings may be 

varicosities, which have previously been reported to be several microns in diameter 

(De Camilli et al., 1984; O’Donoghue et al., 1989).

There has been some debate in the literature as to whether Purkinje cell axon 

collaterals travel mainly in the sagittal or transverse directions (e.g. Hamori and 

Szentagothai, 1968; Chan-Palay, 1971). A study that analysed the extent of axon 

collateral spread in either direction found that the collaterals travel for up to 700 pm 

in the sagittal plane, but only 200 pm in the transverse plane (O'Donoghue and 

Bishop, 1990). The axon collaterals of the cells examined in this chapter extended in 

varying directions from the parent cell bodies, and could be followed for several 

hundred microns from the points at which they branched from the principal axons.

Thus, the morphologies of the Purkinje cell axons in the slices used in this thesis 

were similar to those described in previous reports. Furthermore, the course of the 

axon collaterals conformed to the possibility that their postsynaptic targets might be 

other Purkinje cells.
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Figure 8.1. Confocal imaging of Purkinje cells and the axon collateral system

(A -  C) These cells were filled with the flourescent dye Alexa Red. The recording 

electrode is patched onto the soma of each cell, as indicated by the black asterisks. 

ML, molecular layer; PC, Purkinje cell layer; GC, granule cell layer.

(A) (i) The slice was cut at an angle between the transverse and sagittal planes. An 

axon collateral leaves the principal axon -1 0 0  pm from the soma, and extends back 

toward the parent cell body and into the molecular layer, where it branches again. 

The dashed box indicates the area shown at higher magnification in (ii).

(B) The principal axon, labelled ‘p ’, has broken after extending ~ 80 pm into the 

granule cell layer. Before the break, two axon collaterals branch away from the 

principal axon; one collateral extends beneath the Purkinje cell layer; the other 

extends back towards the parent cell body.

(Q  The principal axon is probably the process furthest to the right; at least two other 

processes branch away at points very close to the soma, and travel in the direction of 

the Purkinje cell layer. Due to the position of the recording electrode, it was not 

possible to image the branch points in detail.

(D) An example of two cells from which a dual recording was made. The cells were 

filled with Alexa Red (right) and Alexa Yellow (left). The dashed white lines 

indicate the approximate line of the Purkinje cell layer. Neither axon is visible; it 

was found that the process of removing the recording electrode, and moving the slice 

to a different microscope for imaging, invariably damaged the fine processes of cells.
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8.2 Dual recordings of Purkinje cells

Pairs of Purkinje cells were patched as described in Chapter 2 (section 2.2.7). 

Although the technique of dual recording offers some advantages over alternative 

methods for searching for Purkinje cell - Purkinje cell connections, as noted above, it 

suffers from the disadvantage that the members of the pair must simply be chosen, 

randomly, from all visible Purkinje cells. Clearly, unless all Purkinje cells form 

synapses onto all others, there will be a chance that connections will be missed by 

choosing non-connected cells. A previous study of the effects of the firing of 

Purkinje cells on that of other Purkinje cells found that there is a higher chance of the 

cells interacting, through what was thought to be axon collateral connections, if the 

cells lie close to each other (Bernard and Axelrad, 1993). Thus, an attempt was 

made in the present study to patch Purkinje cells lying within 200 pm of each other. 

However, two Purkinje cells suitable for patching could sometimes only be found at 

greater inter-cell distances. An example of two Purkinje cells that were patched for a 

dual recording is shown in Figure 8.ID.

In early experiments, the slices were bathed in a solution containing no receptor 

antagonists. When only one member of the pair of Purkinje cells was recorded in the 

whole-cell configuration, and the other cell was recorded in the cell-attached 

configuration, the synaptic activity of the former cell was sometimes observed to 

occur in coincidence with spontaneous action potentials in the latter (Figure 8.2/4). 

This correlation between the firing of one cell and the occurrence of synaptic 

currents in the other is suggestive of a synaptic connection between the two cells, and 

has indeed been interpreted as such in a study using dual recordings of Purkinje cells
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and basket cells (Vincent and Marty, 1996). However, caution must be exercised in 

making this interpretation. No glutamate receptor antagonists were present in these 

experiments, and climbing fibres and parallel fibres form synapses onto several 

Purkinje cells, and also onto basket cells. It is possible, therefore, that both the 

action potentials and the synaptic currents in the pair of Purkinje cells resulted from a 

shared glutamatergic input; alternatively, the synaptic currents might have resulted 

from basket cells that were driven, at coincident times, by the same glutamatergic 

input. Thus, a coincidence between firing activity that occurs at times uncontrolled 

by the experiment, and synaptic currents in another cell, does not conclusively 

demonstrate that the two cells are synaptically connected. It is, instead, preferable to 

record both cells in the whole-cell configuration, such that the firing of one cell can 

be evoked at determined times. Throughout the following experiments, both 

members of the Purkinje cell pairs were recorded in the whole-cell configuration.

The standard experimental format in the dual whole-cell recordings was to stimulate 

one member of each pair, which was recorded in the current-clamp mode, to generate 

an action potential, once every second. This cell is henceforth referred to as ‘cell 1’; 

the other cell, recorded in voltage-clamp, is referred to as ‘cell 2’. The concentration 

of the calcium buffer (EGTA) in the intracellular solutions was 5 mM; this was lower 

than that in all other intracellular solutions used in this thesis, in order to reduce the 

buffering of calcium transients occurring in the axon terminals, and thereby facilitate 

transmitter release. Additionally, two adjustments were made to the bath solution 

during the course of these experiments. Firstly, in order to reduce the synaptic 

activity in Purkinje cells resulting from basket cell / stellate cell inputs, antagonists 

of ionotropic glutamate receptors (NBQX, 10 pM), and of hyperpolarisation-
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activated cation channels (ZD7288, 100 pM), were included in the solution. ZD7288 

has been shown previously to reduce the firing rates of basket cells (Saitow and 

Konishi, 2000). Secondly, the extracellular calcium concentration was raised to 5 

mM in some experiments, in order to facilitate transmitter release at the putative 

Purkinje cell - Purkinje cell synapses.

All analyses of the dual whole-cell recordings were made using the PULSE data 

acquisition and analysis programme. 800 ms traces were recorded from both cells, 

and cell 1 was stimulated in the middle of each trace (after 400 ms).

8.3 Initial analvses of the dual recordings do not reveal anv obvious synaptic 

connections between the members of the Purkinje cell pairs

In the first stage of analysis, between 50 and 300 traces of the current recordings 

obtained from cell 2 were aligned by the action potentials of cell 1, and overlaid. 

Since these experiments were carried out in the absence of bicuculline, cell 2 

displayed a very high frequency of spontaneous synaptic currents, probably arising 

from basket cells and stellate cells (as described in Chapter 3). However, if the 

action potentials of cell 1 consistently evoked synaptic currents in cell 2, these 

evoked currents should be apparent as time-locked events in the aligned traces (e.g. 

Vincent and Marty, 1996). This was not the case in any pair of Purkinje cells 

analysed in this manner (n = 5 pairs; Figure 8.25).

As a second form of analysis, the current traces obtained from cell 2 were again 

aligned by the action potentials of cell 1, and these traces were averaged together.
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Figure 8.2. Dual recordings of Purkinje cells do not reveal any obvious synaptic 

connections between the members of the pairs.

In each pair of traces, the voltage recording (from ‘cell 1’) is in red, and the current 

recording (from ‘cell 2’) is in black.

(A) Cell 1 was recorded in the cell-attached configuration. In this pair of Purkinje 

cells, synaptic currents in cell 2 often occurred in coincidence with action potentials 

of cell I, as indicated by the asterisks. Approximate distance between cells 1 and 2: 

50 pm.

{B - C) Cell 1 was recorded in whole-cell current-clamp mode. The current traces 

from cell 2 have been aligned by the action potentials of cell 1 (1 voltage trace is 

shown).

{B) 8 current traces from cell 2 have been overlaid. There is no obvious tendency for 

synaptic currents to occur at a given latency after the action potentials. Approximate 

distance between cells 1 and 2: 150 pm.

(Q  300 current traces from cell 2 were aligned by the action potentials of cell 1, and 

averaged together. Approximate distance between cells I and 2: 40 pm. Inset: 100 

current traces, from a different pair of cells, averaged in the same way; approximate 

distance between cells: 300 pm. Neither average reveals an evoked synaptic current 

after the action potentials of cell I .
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This form of analysis is similar to that described in the preceding paragraph. If 

synaptic currents consistently occurred at a certain latency after the action potentials 

of cell 2, a synaptic current should be apparent at this latency in the averaged trace, 

whilst the spontaneous currents, which occur at varying times, would be averaged 

out. An example of the results of this analysis is shown in Figure 8.2C. The 

frequency and amplitude of the background synaptic currents were so high that it was 

necessary to average high numbers of the current traces. As shown in Figure 8.2C 

(inset), averaging less than several hundred current traces resulted in an average that 

was too noisy to allow synaptic currents to be discerned. However, even when many 

(> 300) traces were averaged, no synaptic current was discernible in the averaged 

trace from any of the Purkinje cell pairs that were analysed in this way (n = 7 pairs).

These results suggested that the members of the Purkinje cell pairs were not 

synaptically connected.

8.4 Poisson analvsis of the frequencies of svnaptic currents in dual recordings

The analyses described above should, as explained, reveal any synaptic currents that 

consistently occurred as a result of action potentials in cell 1. However, if release 

probability at the synapses were low, it might be possible for the currents to become 

lost in the analyses. For example, if only ten synaptic currents, each of peak 

amplitude - 50 pA, were evoked from a Purkinje cell - Purkinje cell synaptic 

connection after a total of 500 action potentials, averaging all the traces together 

would reduce the evoked synaptic currents to an average amplitude of only - 1 pA.
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In order to analyse the dual recordings in more detail, Poisson analysis was applied 

to the frequencies of the synaptic currents recorded from cell 2 of each Purkinje cell 

pair. For Poisson analysis, traces were viewed in the PULSE programme, and 

synaptic currents were counted by eye, using the criteria described in Chapter 2 

(section 2.3.1) for synaptic events. The analysis was only performed on pairs of 

Purkinje cells from which at least 200 traces were obtained. Firstly, the background 

frequency of spontaneous synaptic currents was measured, by counting the number 

of events occurring in the first 100 -  200 ms of each trace. In this way, the 

background frequency of currents was taken from periods at least 200 ms before the 

next action potential of cell 1, and at least 500 ms after the previous action potential, 

so as to minimise the likelihood that the firing of cell 1 influenced the background 

frequency of currents in cell 2. The background frequency was used to calculate the 

probability of a synaptic current occurring in a 1 ms time bin (probability = total 

number of events counted / total time in ms examined). Then, the onset times of all 

synaptic currents occurring in cell 2 in periods immediately preceding and following 

the action potentials in cell 1 were measured, using cursors. The onset times of these 

events, from all traces examined, were put into 1 ms time bins. Finally, the Poisson 

probabilities of detecting the number of events observed in each 1 ms time bin were 

calculated, according to the equation:

P(x) = e'^.pVx!

where p = (probability of a synaptic current occurring in 1 ms) x (number of records 

examined).
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If the action potentials of cell 1 had no effect on the synaptic activity of cell 2, it 

would be expected that the numbers of synaptic currents would be approximately the 

same in all time bins.

8.5 Poisson analysis of the frequencies of svnaptic currents reveals a tendency in 

some pairs for svnaptic currents to occur after Purkinje cell action potentials

Poisson analysis was applied to dual recordings from 8 pairs of Purkinje cells in 

which cell 1 was stimulated to evoke an action potential once every second. 

Synaptic currents were counted in time bins up to a maximum of 8 ms before and 8 

ms after the action potentials. The analyses showed that, in 5 of the 8 Purkinje cell 

pairs, the numbers of synaptic currents observed in every time bin conformed to the 

Poisson statistics (Figure 8.3). For every time bin, in each of these 5 pairs, the 

probability of detecting the observed numbers of currents was higher than 0.05, and 

usually substantially higher.

However, in the remaining 3 pairs of Purkinje cells, synaptic currents occurred in 

significantly greater numbers in some time bins. In each of these pairs, the 

‘significant’ time bins, in which unusually high numbers of synaptic currents 

occurred, were always those starting 1 ms or 2 ms after the action potentials of cell 1 

(Figure 8.4). In these time bins only, in each of these 3 pairs, the probability of 

detecting the observed numbers of currents was lower than 0.01.

The total numbers of Purkinje cell pairs on which the Poisson analysis was carried 

out, and the results of the analyses, are summarised in Table 8.1 (section 8.6).
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Figure 8.3. Poisson analysis of dual recordings of Purkinje cells: synaptic activity

conforming to Poisson statistics; no evidence of synaptic connections

(A -  C) Histograms from 3 pairs of Purkinje cells, showing the times of onset of all 

synaptic currents detected in cell 2 within 4 ms (or 6 ms for pair C) of action 

potentials in cell 1. Synaptic currents have been placed according to their times of 

onset into 1 ms time bins; the start of each bin is indicated on the x-axis. The 

probability of detecting the numbers of synaptic currents observed in each time bin, 

as calculated from Poisson analysis of the background frequency of synaptic 

currents, is indicated. For all 3 pairs of cells, p > 0.1 in every time bin.

The lines on each histogram indicate the following:

• red line: time of the action potential in cell 1 ;

• solid black line: mean number of synaptic currents per 1 ms time bin, calculated 

from the background frequency of currents;

• dashed black line: a greater number of currents than that indicated by this line 

would occur, in a 1 ms time bin, with a probability < 0.05.

(A) Approximate distance between cells 1 and 2: 500 pm.

(B) Approximate distance between cells 1 and 2:100 pm.

(C) Approximate distance between cells 1 and 2: 120 pm.
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Figure 8.4. Poisson analysis of dual recordings of Purkinje cells: synaptic activity

not conforming to Poisson statistics

The histograms have the same format as those in Figure 8.3. The probability of 

detecting the observed number of currents in each time bin, as calculated from 

Poisson analysis of the background frequency of currents, is indicated above each 

bin.

{A) (0 Histogram of onset times of synaptic currents from 1 pair of Purkinje cells.

{ii) Same pair of cells as (/). The first 10 of the current traces from cell 2 in which

synaptic currents occurred with onset times between + 1 ms and + 2 ms have been 

aligned by the action potentials of cell 1. Approximate distance between cells 1 and 

2: 150 pm.

{B - C) Histograms of onset times of synaptic currents from 2 other pairs of Purkinje 

cells.

{B) Approximate distance between cells 1 and 2: 40 pm.

(Q  Approximate distance between cells 1 and 2: 50 pm.
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These results of the Poisson analysis indicate that, in some of the pairs of Purkinje 

cells, there was a tendency for synaptic currents to occur soon after the action 

potentials of cell 1. The results are, therefore, suggestive of an interaction between 

the members of the Purkinje cell pairs. The significant time bins, in which synaptic 

currents occurred in higher than expected numbers, occurred after the action 

potentials at latencies (between + 1 ms and + 3 ms) typical of monosynaptic 

connections. Thus, although other explanations are plausible (see Discussion, 

section 8.10), the simplest explanation for the higher numbers of currents in these 

time bins is that the action potentials of cell 1 directly evoked the synaptic currents in 

cell 2, through an axon collateral connection.

8.6 Poisson analvsis of the frequencies of svnaptic currents: paired-pulse stimuli

As stated above, the Poisson analysis was carried out on a minimum of 200 traces 

from each pair of cells. In the 3 pairs of Purkinje cells, although the numbers of 

synaptic currents observed in the significant time bins were highly statistically 

significant, the absolute numbers of currents involved were very small. For example, 

for the pair of cells shown in Figure SAA, 646 traces were analysed. In this pair, the 

probability of detecting the number of currents observed in the time bin starting at + 

1 ms was 0.0001 (see Figure 8.4^4). However, the number of currents observed in 

this time bin differed from the mean number per 1 ms time bin, as calculated from 

the background frequency of currents, by only 11 events. If, as proposed, the higher 

numbers of currents in the significant time bins resulted from synaptic connections 

between the members of the Purkinje cell pairs, these small numbers of currents
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suggest that presynaptic action potentials evoke postsynaptic currents with very low 

probability.

At synapses at which the probability of transmitter release is low, release can 

sometimes be facilitated by giving pairs of stimuli. The second stimulus of each pair 

is given at a short interval after the first, such that the presynaptic calcium influx 

elicited by the second action potential adds to that elicited by the first action 

potential. This results in ‘paired-pulse facilitation’: the synaptic currents evoked by 

the second action potentials show lower failure rates, and their average amplitudes 

are greater.

In a further 22 pairs of Purkinje cells, paired-pulse stimuli were given to cell 1. For 

paired-pulse stimulation, two action potentials, separated by 30 ms, were evoked 

once every second. Poisson analysis of the frequencies of synaptic currents observed 

in cell 2 was carried out for 1 ms time bins around both action potentials of cell 1. 

The results are summarised in Table 8.1. The analyses showed that, in 15 / 22 pairs 

of Purkinje cells, the numbers of synaptic currents detected in every time bin (around 

both action potentials) conformed to the Poisson statistics. This proportion is similar 

to the proportion (5 / 8) of Purkinje cell pairs whose synaptic activity conformed to 

Poisson statistics during single-pulse stimulation (section 8.5). In the remaining 7 

Purkinje cell pairs, synaptic currents occurred in some time bins in significantly 

greater numbers. As with the pairs in which single-pulse stimulation was used, the 

significant time bins, in which the numbers of synaptic currents were higher than 

expected, were always those starting 1 ms or 2 ms after the action potentials of cell 1. 

In 6 of the 7 pairs, these time bins occurred after the first action potentials only
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(Figure 8.5^). In the 1 remaining pair of Purkinje cells, synaptic currents were 

observed in higher than expected numbers in a time bin (starting at + 1 ms) after the 

second action potentials only.

These results indicate that the paired-pulse stimulation did not increase the reliability 

of the putative synaptic connections. In all cases but one, the significant time bins, in 

which higher than expected numbers of synaptic currents were observed, occurred 

after the first of the paired stimuli. Therefore, using paired stimuli changed neither 

the proportion of Purkinje cell pairs in which the Poisson analysis suggested an 

interaction existed between the cells, nor the absolute numbers of synaptic currents 

involved.
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Table 8.1. Summary of the results of Poisson analysis of synaptic activity from dual 

recordings of Purkinje cells: numbers of Purkinje cell pairs

When the recording mode of a pair of cells was reversed (see section 8.9), the results 

of the analyses were counted as representing two pairs.

Number of cells

Single stimuli Paired stimuli

Synaptic activity in all time bins conforming 

to Poisson statistics: total 5 15

Synaptic activity not conforming to 

Poisson statistics:

1̂  ̂action potential

• higher numbers of currents at + 1 to + 2 ms 2 2

• higher numbers of currents at + 2 to + 3 ms 1 4

2nd action potential

• higher numbers of currents at + 1 to + 2 ms 1

• higher numbers of currents at + 2 to + 3 ms — 0

Total 3 7

Overall total 8 22
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Figure 8.5. Poisson analysis of dual recordings of Purkinje cells: effects of 

bicuculline and paired-pulse stimulation, and comparison of inter-cell distances

(A -  B) Histograms of onset times of synaptic currents from 2 pairs of Purkinje cells. 

This figure has the same format as Figures 8.3 and 8.4. The probability of detecting 

the number of currents observed in each time bin, as calculated from Poisson analysis 

of the background frequency of currents, is indicated to the top right of each 

histogram; time bins with p < 0.05 are indicated individually.

{A) Pairs of action potentials (interval: 30 ms) were evoked in cell 1. A significantly 

higher than expected number of synaptic currents was observed after only the first of 

the action potentials. Approximate distance between cells 1 and 2: 80 pm.

{B) Single action potentials were evoked, (z) In the absence of bicuculline, a 

significantly higher than expected number of synaptic currents was observed in the 

time bin starting 2 ms after the action potentials, (zz) Following bath application of 

bicuculline (5 pM), the numbers of synaptic currents observed in every time bin 

conformed to the Poisson statistics. Approximate distance between cells 1 and 2:120 

pm.

(Q  Plot of the approximate distances between members of the Purkinje cell pairs. 

The pairs are divided into two groups: those in which the synaptic activity of cell 2 

did not conform to Poisson statistics (left), and those in which the synaptic activity 

conformed to Poisson statistics (right). Each point represents one pair of cells.
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8.7 The synaptic currents occurring after Purkinje cell action potentials are inhibited 

by bicuculline

In experiments on 3 of the Purkinje cell pairs whose synaptic activity did not 

conform to the Poisson statistics, bicuculline (5 pM) was added to the bath solution. 

If the currents occurring in higher numbers after the Purkinje cell action potentials 

were mediated by GABAa receptors, as might be expected of currents arising from 

Purkinje cell -  Purkinje cell synaptic connections, these currents should be inhibited 

by bicuculline. If, however, these currents were carried by another type of receptor, 

they should not be affected by bicuculline, whilst the frequency of background 

synaptic currents arising from basket cell / stellate cell inputs would be reduced. In 

all 3 pairs of Purkinje cells, in the absence of bicuculline, synaptic currents were 

observed in cell 2 in higher than expected numbers during the time bins starting 1 ms 

or 2 ms after the action potentials of cell 1. After the application of bicuculline, the 

numbers of synaptic currents observed in every time bin conformed to the Poisson 

statistics (Figure S.5B). This effect of bicuculline suggests that the additional 

synaptic currents occurring in the significant time bins, in the absence of bicuculline, 

were mediated by GABAa receptors.

It should be noted that these experiments suffer from a possible source of error. 

Bicuculline was necessarily applied after having already recorded the Purkinje cells 

for some time (at least 200 s, in order to obtain 200 traces in the control condition), 

and then at least 3 - 4  minutes was allowed for bicuculline to take an effect. Thus, 

the effect of bicuculline was analysed after having held the Purkinje cell pairs for a 

longer time than was the case in previous experiments. It is possible that factors
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such as the dialysis of the presynaptic Purkinje cell (see the Discussion) caused a 

run-down of the putative synaptic connections, such that the additional synaptic 

currents, observed before the application of bicuculline, were lost by the time the 

Poisson analysis was applied to the bicuculline condition. A further experiment that 

should be carried out in order to address this issue would be to test the effects of not 

only applying bicuculline, but also of washing bicuculline out. The effect of 

bicuculline on the putative synaptic connection would be more conclusively 

demonstrated if, upon removing bicuculline, the synaptic activity of the Purkinje cell 

pairs no longer conformed to the Poisson statistics, as was the case before bicuculline 

was applied.

8.8 Comparison of the distances between the members of the Purkinje cell pairs

The distance between the centres of the two somata of each Purkinje cell pair was 

estimated. The median distance between the members of the pairs whose synaptic 

activity conformed to Poisson statistics was 120 pm (25 % - 75 % quartiles, 73 - 325 

pm; n = 20). The median distance between the members of the pairs whose synaptic 

activity did not conform to Poisson statistics (after either single stimuli or paired 

stimuli) was 90 pm (50 - 135 pm; n = 10) (Figure 8.5Q. These groups of data were 

not significantly different (p > 0.1, Mann-Whitney test). However, it is apparent 

from Figure 8.5C that, from these 30 pairs of cells, a trend can be observed. At inter

cell distances of less than approximately 150 pm, pairs of cells whose synaptic 

activity does not conform to Poisson statistics are almost equally likely to be found 

as pairs whose synaptic activity conforms to Poisson statistics. However, if the
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members of a pair are separated by more than approximately 150 pm, it is very 

unlikely that the synaptic activity will not conform to Poisson statistics.

8.9 Reversal of the recording modes

In 3 pairs of Purkinje cells, the recording mode of each Purkinje cell was reversed, 

such that the cell that had previously been held in current-clamp was taken into 

voltage-clamp, and vice versa. The cell held in current-clamp and that held in 

voltage-clamp are still referred to as cells 1 and 2, respectively. Having reversed the 

recording modes, the pair was counted as a new dual recording. These 3 pairs of 

cells have already been included in the numbers given in Table 8.1, to which they 

therefore contributed 6 pairs of cells.

The analyses showed that, in 1 of these pairs of cells, the synaptic activity of cell 2 

conformed to Poisson statistics regardless of which way round the recording modes 

were held. In the other 2 pairs, however, the synaptic activity of cell 2 only 

conformed to Poisson statistics when a particular member of the pair was cell 1. 

When the recording modes were changed, synaptic currents occurred in significantly 

higher than expected numbers in the ‘new’ cell 2, in the time bins starting 1 ms or 2 

ms after the action potentials of cell 1.

These results, regarding the pattern of connectivity between Purkinje cells, are 

considered in Chapter 9.
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8.10 Discussion

Evidence is presented in this chapter that, in some pairs of Purkinje cells, synaptic 

currents occur in unusually high numbers in one of the cells following an action 

potential in the other cell. The interval between the action potential and the 

increased frequency of currents was, in all cases, 1 - 3 ms. The simplest explanation 

for these results is that the Purkinje cells concerned were synaptically connected, 

such that action potentials in one member of each pair evoked synaptic currents in 

the other. In the following discussion, the validity of the results, and other possible 

interpretations, are addressed. The functional implications of Purkinje cell - Purkinje 

cell synaptic connections are considered in Chapter 9.

Validitv of the Poisson analvsis

The putative synaptic connections could not be shown by any means other than 

statistical analysis. The Poisson distribution was used to calculate the probabilities 

of detecting the numbers of synaptic currents observed to occur in one member of 

each Purkinje cell pair, in 1 ms time bins around the action potentials of the other 

member of the pair. The probabilities were calculated from the background 

frequencies of synaptic currents, occurring in the absence of presynaptic stimulation.

In 10 out of 30 Purkinje cell pairs, the numbers of synaptic currents occurring in the 

time bins 1 -  3 ms after an action potential were significantly greater than expected. 

Even where giving these positive results, however, the statistical analysis showed 

that the absolute increases in the numbers of synaptic currents involved were very
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small. These small numbers mean that the effective signal : noise ratio of the 

measurements was low. Although strict criteria were used to classify an event as a 

synaptic current (see Chapter 2, section 2.3.1), any error in counting the currents or 

in measuring the times of their onset would have large effects on the results of the 

Poisson analyses. The demonstration of a synaptic connection is clearly more 

convincing if the firing of one cell consistently evokes synaptic currents in the other; 

this would allow the connection to be demonstrated, graphically, by simply 

averaging the current recordings aligned by the action potentials. Despite the small 

numbers of synaptic currents involved, however, the results of the Poisson analyses, 

from individual Purkinje cell pairs, were highly statistically significant. For 

example, the probability of detecting the numbers of synaptic currents observed was, 

in some cases, lower than 0.001. Furthermore, the significantly high numbers of 

synaptic currents were observed in a total of 10 Purkinje cell pairs. Finally, in each 

of these pairs, the synaptic currents fell in 1 out of a minimum of 8 time bins, and, as 

noted above, these significant time bins always started at a characteristic latency after 

the action potentials.

Together, these results strongly suggest that action potentials of Purkinje cells can 

cause an increase in the synaptic activity of other Purkinje cells.

Other possible explanations for the results of the Poisson analvsis

In the present study, Purkinje cell action potentials were evoked by applying 

depolarising current pulses. Depolarisation of Purkinje cells has been shown 

previously to cause a decrease in the frequencies of GABAergic synaptic currents in
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other Purkinje cells (Vincent and Marty, 1993; Kreitzer et al., 2002). Such 

‘depolarisation-induced suppression of inhibition’ (DSI) is thought to arise through 

the release from the depolarised Purkinje cell of endocannabinoids, which depress 

the activities of molecular layer intemeurones that are presynaptic to both the 

depolarised and the non-depolarised Purkinje cells (Kreitzer and Regehr, 2001; 

Diana et al., 2002; Kreitzer et al., 2002; Yoshida et al., 2002). The effects of 

Purkinje cell action potentials observed in the present study clearly did not arise 

through the same mechanism as that reported by these groups, for the frequencies of 

Purkinje cell synaptic currents were observed here to increase, rather than decrease, 

following the depolarisation of other Purkinje cells. Less specifically, however, 

these studies indicate that changes in Purkinje cell synaptic activity, following the 

firing of other Purkinje cells, may be explained without invoking a synaptic 

connection between the cells. Could, then, similar neuromodulatory effects, 

following the release of an extracellular messenger, underlie the increased 

frequencies of synaptic currents reported in this chapter?

All previously demonstrated neuromodulatory effects of Purkinje cell depolarisation 

on the frequencies of Purkinje cell synaptic currents have involved suppression of 

synaptic activity (Llano et al., 1991a; Vincent et al., 1992; Vincent and Marty, 1993; 

Kreitzer et al., 2002). It has recently been suggested that depolarised Purkinje cells 

release the hormone secretin, which leads to an increased frequency of synaptic 

currents arising from basket cell / stellate cell inputs (Yung et al., 2001). However, 

such a mechanism must be active within only the few milliseconds following 

Purkinje cell depolarisation in order to explain the results presented in this chapter. 

On the contrary, all previously described effects of Purkinje cell depolarisation on
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Purkinje cell synaptic activity begin a few seconds after the depolarisation, and last 

for at least tens of seconds. Finally, a further difference between the present results 

and those previously showing effects of Purkinje cell depolarisation on Purkinje cell 

synaptic activity lies in the strength of depolarisation of the cells. The Purkinje cells 

in the work of Vincent and Marty (1993) were depolarised to 0 mV, eight times in 

quick succession (at 0.5 Hz), for 100 ms each time. Kreitzer et al. (2002) 

depolarised Purkinje cells with one pulse to 0 mV, lasting for 5 s. In the present 

work, effects on synaptic activity were seen when Purkinje cells were depolarised, to 

fire action potentials, for a maximum of only 5 ms.

From these comparisons, it seems very unlikely that neuromodulatory effects caused 

the changes in the frequencies of synaptic currents reported in this chapter. A further 

means by which depolarisation of Purkinje cells might affect the frequencies of 

synaptic currents in other Purkinje cells is via changes in extracellular ion 

concentrations. Climbing fibre-induced Purkinje cell activity has been shown to 

cause changes in the extracellular levels of potassium and calcium ions (Stockle and 

ten Bruggencate, 1980). It is conceivable that the depolarisation of Purkinje cells in 

the present study similarly caused extracellular depletion and / or accumulation of 

ions, which might affect the activities of intemeurones that are presynaptic to the 

non-depolarised Purkinje cells. Again, this possibility seems unlikely, as the 

previously reported changes in extracellular ionic composition lasted for tens of 

milliseconds.

The possibilities that the results reported in this chapter were due to either the release 

of neuromodulatory compounds or to changes in extracellular ionic composition
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could be assessed in two further experiments. Firstly, by including the antagonist of 

voltage-gated sodium channels, QX-314, in the intracellular solution of the Purkinje 

cell in which action potentials were evoked (cell 1), it could be ascertained whether 

the positive results of the Poisson analyses were dependent on the generation of 

action potentials in this cell. Secondly, Purkinje cell axons can be cut soon after they 

leave the parent somata (Vincent and Marty, 1993); this operation would establish 

whether obtaining the positive results with the Poisson analyses required the axon 

collaterals of cell 1 to be intact. If either treatment (QX-314 or cutting of the axons) 

did not prevent the increased fi*equency of synaptic currents in cell 2 following the 

depolarisation of cell 1, it could be concluded that the synaptic currents do not arise 

from a connection between the two Purkinje cells.

From the available results, however, the timing and direction of the effects of 

Purkinje cell action potentials suggest that the increased synaptic activity, as 

observed through Poisson analysis, arose through direct synaptic connections 

between the members of the Purkinje cell pairs.

Pharmacologv of the putative Purkinje cell - Purkinje cell svnaptic connections

The significant difference between the mean numbers of synaptic currents and the 

numbers observed was eliminated upon the application of bicuculline, in three pairs 

of cells. Possible limitations of these experiments were considered in section 8.7. 

However, the apparent effect of bicuculline suggests that the ‘additional’ synaptic 

currents occurring in the significant time bins, which are proposed to arise from an 

input from the other member of each Purkinje cell pair, were mediated by GABAa
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receptors. These data therefore suggest that, similarly to Purkinje cell principal 

axons (Morishita and Sastry, 1993; Mouginot and Gahwiler, 1995; Sastry et al., 

1997), Purkinje cell axon collaterals release GABA onto their postsynaptic neurones.

Reliability of the putative Purkinie cell - Purkinie cell svnaptic connections

The results of the paired-pulse stimulation suggest that the putative Purkinje cell - 

Purkinje cell synaptic connections undergo paired-pulse depression. The synaptic 

currents of the Purkinje cell that was held in voltage-clamp occurred in higher than 

expected numbers after the first of the paired action potentials, and not after the 

second, in 6 out of 7 Purkinje cell pairs. Paired-pulse depression is thought to result 

from depletion of the synaptic vesicles at the release sites, and is usually associated 

with synapses that display a high probability of transmitter release. On the contrary, 

as noted above, the frequencies with which presynaptic action potentials evoked 

postsynaptic currents via the putative Purkinje cell - Purkinje cell connections were 

very low. The largest absolute difference between the mean number of currents and 

the observed number was only 11, which occurred after a total of 646 presynaptic 

action potentials. This low incidence of postsynaptic currents may be interpreted as 

showing that the probability of transmitter release at the putative synapses is low, 

such that fewer than 2 % of action potentials successfully evoke a postsynaptic 

current. The reliability of action potential propagation into the axon collaterals of 

Purkinje cells is believed to be high, and to remain high even when the cells are 

stimulated in quick succession (Eccles et a l, 1966b). Therefore, it likely that both 

action potentials of each paired pulse successfully invaded the Purkinje cell axon 

terminals. Given the low release probability, paired-pulse depression is a surprising
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feature of the putative Purkinje cell - Purkinje cell synaptic connections. However, 

the synapses formed by Purkinje cells onto the cells of the deep cerebellar nuclei 

have also been reported to display paired-pulse depression (Morishita and Sastry, 

1993). Thus, a decrease in the reliability of transmitter release following rapid 

stimuli might be a characteristic feature of Purkinje cell output.

Caution must be exercised, however, in drawing conclusions from the present results 

regarding the reliability of the putative connections between Purkinje cells. Firstly, 

the Purkinje cells, which were recorded in the whole-cell configuration, were 

dialysed with intracellular solution. The concentration of calcium buffer in the 

intracellular solution was reduced, in order to facilitate transmitter release (see 

section 8.2). However, it is likely that the disturbance of the intracellular contents of 

the presynaptic cells altered the transmitter release process (e.g. Vincent and Marty,

1996). Secondly, the experiments were carried out at room temperature; it is likely 

that the probability of transmitter release is higher at physiological temperatures. 

Thirdly, the connections between Purkinje cells were investigated using very limited 

profiles of presynaptic stimulation, which are unlikely to occur under physiological 

conditions; the connections may behave differently in response to more physiological 

patterns of Purkinje cell firing activity. The apparent paired-pulse depression of the 

connections suggests that the probability of transmitter release might, in fact, 

decrease during periods of high frequency firing; conversely, the connections may be 

more reliable following periods of reduced presynaptic activity. Also, it has 

previously been reported that the climbing fibre-induced firing of Purkinje cells is 

associated with synaptic responses in basket cells, and that the basket cell responses 

occur reliably, following every stimulus (O'Donoghue et al., 1989). These authors
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attributed the basket cell responses to Purkinje cell axon collateral connections, and 

raised the possibility that Purkinje cell complex spikes, induced by climbing fibre 

input, elicit transmitter release from Purkinje cell axon collaterals with greater 

reliability than that elicited by simple spikes.

Thus, further experiments are needed to investigate the properties of the proposed 

Purkinje cell - Purkinje cell synaptic connections in more detail. The principal aim 

of the experiments would be to increase the reliability of transmitter release at the 

connections; if the release probability could be raised sufficiently, this would, as 

explained above, increase the signal : noise ratio of the measurements, by increasing 

the numbers of synaptic currents occurring in the significant time bins. An increased 

frequency of evoked synaptic currents would then allow a more detailed examination 

of the properties of the connections. In the following chapter (section 9.7), 

experiments are outlined through which the behaviour of the connections under 

conditions favouring transmitter release may be examined.

Conclusions

The results presented in this chapter suggest that Purkinje cells form functional, 

GABAa receptor-mediated synaptic connections onto other Purkinje cells. The 

putative connections were found between a substantial proportion (1 / 3) of the 

Purkinje cells from which recordings were made. The connections appear to be 

weak, in that, at least under the conditions tested, postsynaptic currents are evoked 

with very low reliability. It is difficult, however, to infer the reliability of the 

connections under physiological conditions from the present data. Therefore, this
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study should be viewed as the beginning of the investigation of Purkinje cell - 

Purkinje cell connections: whilst the results suggest that functional connections 

indeed exist between Purkinje cells, further work is needed to characterise the 

properties of these connections more fully.

No other functional synaptic connection made by Purkinje cell axon collaterals in the 

cerebellar cortex has yet been directly demonstrated. It is tempting to speculate that 

the difficulty in recording the connections made by the axon collaterals is due to a 

low probability of transmitter release, as observed here, onto other target cells of the 

axon collateral system. It should be noted, in this regard, that the spontaneous 

synaptic currents recorded from Lugaro cells in Chapter 6 (section 6.5), which 

probably arose from synapses made by the axon collaterals of Purkinje cells (Laine 

and Axelrad, 1996), occurred at very low frequencies. As stated in the Discussion of 

Chapter 6, the low frequencies of these spontaneous synaptic currents (approximately 

0.3 Hz), compared to the high spontaneous firing frequencies of Purkinje cells 

(approximately 13 Hz), suggests that the inputs to Lugaro cells from Purkinje cells 

do not reliably release transmitter. Thus, a low reliability of transmitter release from 

Purkinje cell axon collaterals might be a common feature of the axon collateral 

system.
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CHAPTER 9 

DISCUSSION

The results presented in this thesis suggest that Purkinje cells receive two novel 

synaptic inputs, the activity of which has not previously been reported. One of the 

inputs is proposed to arise from Lugaro cells, and is under the control of the 

serotonergic system; the other input is suggested to arise from Purkinje cells 

themselves.

In the final sections of the preceding chapters, the validity of the results of the 

experiments described in each chapter was discussed. In this chapter, the results are 

collectively considered in the broader context of the network in which Purkinje cells 

participate, and possible functional implications of the novel synaptic connections 

are considered.

9.1 Two novel svnaptic inputs to Purkinie cells

In Chapter 4, Purkinje cells were shown to receive a synaptic input that was excited 

by serotonin. The all-or-nothing nature of the serotonin-induced synaptic currents 

suggested that the currents arose through the serotonin-induced release of transmitter 

from previously silent synapses. These data led to the proposal that Purkinje cells 

receive a synaptic input from Lugaro cells. In Chapter 5, synaptic currents were 

described that could be evoked, again in a characteristically all-or-nothing manner, 

by electrically stimulating in the region in which Lugaro cells are found. The evoked 

synaptic currents were indistinguishable from those induced by serotonin. These
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results suggested that the two sets of synaptic currents resulted from the activation of 

the same presynaptic input to Purkinje cells, and furthermore, that this input arose 

from Lugaro cells. This conclusion is greatly strengthened by the results presented 

in Chapter 6. In the presence of bicuculline and glutamate receptor antagonists, but 

in the absence of serotonin, spontaneous synaptic activity in Purkinje cells is either 

absent or very rare. However, presynaptic action potentials in the novel synaptic 

input, when stimulated, reliably evoke currents in Purkinje cells (section 5.7). The 

lack of spontaneous synaptic currents in Purkinje cells therefore suggests that the 

presynaptic cell does not fire, or fires only very rarely, unless it is stimulated. Of all 

the candidate GABAergic neurones that might be responsible for the Purkinje cell 

synaptic activity, it was shown in Chapter 6, and previously by Dieudonné and 

Dumoulin (2000), that the Lugaro cell is the only known GABAergic cell in the 

cerebellar cortex that rarely fires spontaneously. Thus, it is concluded from the 

results presented in Chapters 4 - 6  that Purkinje cells receive a synaptic input from 

Lugaro cells.

The data presented in Chapter 8 suggest that Purkinje cells receive synaptic inputs 

from other Purkinje cells. The interaction between Purkinje cells could be shown 

only through statistical analysis of their synaptic activities. However, the results of 

these analyses strongly indicate that Purkinje cell action potentials can evoke an 

increase in the frequency of synaptic currents in other Purkinje cells. As discussed in 

Chapter 8, the most likely explanation for such an interaction between Purkinje cells 

is that the cells are synaptically connected.
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9.2 Svnaptic inhibition of Purkinie cells

The results suggest that the Purkinje cell synaptic currents arising from both the 

proposed novel inputs are mediated by GABAa receptors. The currents arising from 

the Lugaro cell inputs display an unusual profile of sensitivity to GABAa receptor 

competitive antagonists, compared to other GABAa receptor-mediated synapses. 

However, it was shown in Chapter 7 that this pharmacology might result from an 

atypically prolonged dwell time and / or an atypically high concentration of GABA 

in the synaptic cleft.

In the experiments described in this thesis, the currents were usually observed as an 

outward movement of anions (recorded as inward currents). This was because the 

recordings were made using approximately equal intracellular and extracellular 

concentrations of chloride ions, and, at negative membrane potentials, the driving 

force for the anions was therefore outward across the Purkinje cell membrane. 

However, when the intracellular contents of Purkinje cells are not disturbed, GABAa 

receptor-mediated currents at the age of rat studied in this thesis are carried by an 

inward, hyperpolarising movement of anions (Eilers et al., 2001). The synaptic 

currents arising from the novel inputs would then tend to inhibit the postsynaptic 

Purkinje cells in vivo.

Powerful inhibitory synaptic input to Purkinje cells is well known to arise from 

basket cells and stellate cells. As shown in Chapter 3, in which the synaptic currents 

recorded from Purkinje cells were attributed to inputs from the molecular layer 

intemeurones, Purkinje cell responses to basket cell / stellate cell inputs are of high
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amplitude, and occur at high frequency. Thus, Purkinje cells are subject to strong 

inhibitory control by means of these inputs alone. What might be the function, 

therefore, of the additional inhibitory inputs, provided by Lugaro cells and Purkinje 

cells?

In the following discussion, inferences are drawn from the data regarding the pattern 

of connectivity of the novel synaptic connections, and their behaviour in vivo. Then, 

the significance of the connections for the activity of postsynaptic Purkinje cells is 

considered, before finally suggesting implications of the connections for the function 

of the cerebellum as a whole.

9.3 Degree of connectivitv of the novel svnaptic inputs

The results of Chapters 4 - 6  together give an indication of the degree of convergence 

of Lugaro cell - Purkinje cell synaptic connections. When the Lugaro cell input was 

electrically stimulated, the probability with which presynaptic action potentials 

evoked postsynaptic responses was approximately 0.9. The frequencies of the 

serotonin-induced firing of Lugaro cells, measured in Chapter 6, were not 

significantly different to the frequencies of the serotonin-induced synaptic currents in 

Purkinje cells. Thus, it is likely that, at least in the sagittal cerebellar slice, each 

Purkinje cell receives input from only one Lugaro cell.

Does every Purkinje cell receive Lugaro cell input? Serotonin induced an increase in 

synaptic activity in only 59 % of Purkinje cells tested. The lack of response to 

serotonin in some Purkinje cells may either indicate that these cells received no
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Lugaro cell input, or it may have resulted from the loss of connected Lugaro cells 

during the experiments, for example during slicing. The somata of Purkinje cells 

from which recordings were made lay at, or near to, the surface of the cerebellar 

slices. The chance that the soma of the presynaptic Lugaro cell lies deeper than the 

soma of the recorded Purkinje cell would, therefore, be approximately equal to the 

chance that the Lugaro cell lies more superficially. In the latter case, the axon of the 

Lugaro cell might remain available for electrical stimulation, but its soma would be 

cut out of the slice. Note that the positions from which the input could be electrically 

stimulated lay to only one side of the soma of each recorded Purkinje cell (section 

5.1), suggesting that the presynaptic axon indeed originated from a cell lying deeper 

than, or more superficially to, the recorded cells. If the excitation of Lugaro cells by 

serotonin were effected by serotonin receptors on the Lugaro cell somata and / or 

dendrites, approximately 50 % of connections from Lugaro cells to the recorded 

Purkinje cells would then remain available for excitation. Further, if the presynaptic 

Lugaro cell axon travelled for a greater distance than the thickness of the slice (400 - 

500 pm), a yet smaller proportion of Purkinje cells receiving Lugaro cell input would 

show evidence of such input in the recordings. Thus, the approximately 50 % 

incidence of Purkinje cells in which serotonin induced an increase in synaptic 

activity suggests that all Purkinje cells might receive Lugaro cell input in the intact 

cerebellum.

Finally, how many Purkinje cells receive input from each Lugaro cell? It has been 

estimated that Purkinje cells outnumber Lugaro cells by between 15 and 30 to 1 

(Sahin and Hockfield, 1990; Laine and Axelrad, 1996; Dieudonné and Dumoulin,

2000). Thus, if each Lugaro cell sent input to only one Purkinje cell, it would be
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expected that, at most, one in every fifteen Purkinje cells would show the serotonin- 

induced increase in synaptic activity. Therefore, even without the correction 

suggested in the preceding paragraph for the proportion of Purkinje cells receiving 

Lugaro cell input, it seems likely that Lugaro cell - Purkinje cell synaptic 

connections show a high degree of divergence.

Certain inferences can also be made from the results of Chapter 8 regarding the 

degree if connectivity between Purkinje cells. With the method of dual recording, it 

was necessary simply to choose two Purkinje cells randomly in order to test for 

connections between them, with the only criterion being that their somata lay near to 

each other. Indeed, it was sometimes not possible to fulfil even this criterion. With 

these limitations in mind, the proportion of pairs of Purkinje cells that the analyses 

suggested were connected (1 /3)  was quite high. Furthermore, the results suggest an 

effect of inter-cell distance on the likelihood that Purkinje cells are connected. In 

order for the Purkinje cells to show evidence of a synaptic connection, the members 

of the pairs lay, in all but one case, within 150 pm of each other. At these short 

inter-cell distances, there was an almost 50 % chance that pairs of cells would show 

evidence of a connection. At greater inter-cell distances, very few pairs from which 

recordings were obtained appeared to be connected. It is, again, likely that the axon 

collaterals of some of the Purkinje cells were cut during slicing; this would, clearly, 

lead to an underestimate of the incidence of connections. The likelihood of damage 

during slicing to the connection between cells might increase as the distance 

separating the cells increases; therefore, the very low incidence of connections over 

large inter-cell distances is difficult to interpret. However, the comparatively high 

incidence of connections over shorter inter-cell distances suggests that, over such
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distances, a majority of Purkinje cells might be synaptically connected. These results 

tend to support those of a previous study of Purkinje cell - Purkinje cell connections. 

Bernard and Axelrad (1993) showed an interaction between the firing rates of 

Purkinje cells, which the authors attributed to synaptic connections between the cells, 

and reported that, at inter-cell distances of less than 100 pm, all cells are connected. 

This study (Bernard and Axelrad, 1993) was carried out in vivo, and therefore, all 

axon collaterals would be intact. The results of the present study, and those of 

Bernard and Axelrad (1993), therefore imply that, over short distances, connections 

between Purkinje cells show both convergence (each Purkinje cell receives input 

from more than one other Purkinje cell), and divergence (each Purkinje cell sends 

input to more than one other).

Evidence was also found in Chapter 8 (section 8.9) of ‘asymmetric’ connections 

between Purkinje cells, in which the synaptic activity was higher after an action 

potential in only one member of the Purkinje cell pair. Such asymmetric connections 

might result from damage to the axon collaterals of only one member of pairs that 

otherwise would be connected in both directions. However, asymmetric connections 

between Purkinje cells were also observed in the intact preparation of Bernard and 

Axelrad (1993), suggesting that such connections are a real feature of Purkinje cell - 

Purkinje cell interactions.

9.4 Behaviour of the novel svnaptic connections in vivo

This section is divided into three parts. The first (9.4.1) considers the presynaptic 

modulation of the Lugaro cell inputs by GABA. Then, the possible in vivo behaviour
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of the Lugaro cell inputs (9.4.2) and that of the Purkinje cell inputs (9.4.3) is 

discussed.

9.4.1 Lugaro cell - Purkinie cell connections: presynaptic modulation by GABAa 

receptors

The data presented in Chapter 5 suggest that the activation of presynaptic GABAa 

receptors causes a decrease in the strength of the Lugaro cell inputs to Purkinje cells. 

Following either the removal of GABAa receptor antagonists, or the addition of a 

benzodiazepine, a decrease was observed in the reliability with which stimulation of 

the inputs evoked postsynaptic responses. It is proposed that this modulation of the 

input is effected by endogenous, background GABA. The source of the GABA 

causing the modulation of the Lugaro cell input has not been identified. However, it 

is likely, as previously suggested by Mann-Metzer and Yarom (2002), that basket 

cells and stellate cells are the major source of background GABA in the cerebellar 

cortex. As explained in Chapter 5 (section 5.14), basket cells and stellate cells are 

present in high numbers, and their high spontaneous activity may lead to the 

accumulation of GABA in the extracellular environment.

Presynaptic modulation by background GABA is not a feature unique to the Lugaro 

cell input to Purkinje cells: GABA released from basket cells and stellate cells may 

also lead to the modulation of these cells themselves. Thus, the activation of 

GABAb receptors decreases both the firing rates of these intemeurones and the 

release of GABA from their synapses (Mann-Metzer and Yarom, 2002; Than and 

Szabo, 2002), and the cells display a GABAa receptor-mediated autaptic current
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(Pouzat and Marty, 1998; Pouzat and Marty, 1999), which is thought to regulate the 

firing rates of the cells. In the experiments described in Chapter 5, low 

concentrations of bicuculline did not cause a change in the reliability with which 

basket cell / stellate cell action potentials evoked synaptic currents in Purkinje cells. 

However, the coefficients of variation of the amplitudes of these currents were 

changed by bicuculline (section 5.13), suggesting that endogenous activation of 

GABAa receptors by background GABA might also modulate transmitter release at 

basket cell / stellate cell inputs to Purkinje cells.

Thus, the inputs to Purkinje cells arising from both Lugaro cells and the molecular 

layer intemeurones are likely to be modulated by the level of exposure of the 

presynaptic cells to GABA. However, the evidence suggests that the conditions 

associated with the presynaptic modulation differ between the two sets of input. In 

the absence of GABA receptor antagonists, and when the cells are exposed to the 

levels of GABA occurring in vitro, the molecular layer intemeurones are highly 

spontaneously active, and their action potentials evoke Purkinje cell responses with a 

probability greater than 0.6 (section 5.13). In contrast, under these conditions, the 

strength of the Lugaro cell input is strongly down-regulated. A decrease in the level 

of presynaptic GABA receptor activation allows the Lugaro cell input to dramatically 

increase its strength, whilst inputs from basket cells / stellate cells do not increase 

their strength as substantially. Indeed, GABAb receptor-mediated modulation of 

basket cells / stellate cells has only reliably been observed upon application of an 

exogenous GABAb receptor agonist; the application of GABAb receptor antagonists, 

alone, has given inconsistent results (Mann-Metzer and Yarom, 2002; Than and 

Szabo, 2002). Therefore, it is uncertain whether the molecular layer intemeurones
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are subject to modulation by GAB As receptors at the levels of GAB A to which the 

cells are normally exposed. Conversely, the strength of basket cell / stellate cell 

inputs might be down-regulated by higher levels of G ABA than those associated 

with the modulation of the Lugaro cell inputs.

These properties of the G ABA receptor-mediated modulation of the connections 

might have important consequences for the behaviour of these inhibitory inputs to 

Purkinje cells. In the case of the molecular layer intemeurones, the modulation by 

their own transmitter release would allow these cells to participate in a negative 

feedback system: an increase in their output of GABA, if sufficient to elicit the 

presynaptic modulation of the cells, would favour a reduction in their activity. This 

feedback system might serve to maintain inhibitory input to Purkinje cells at a given 

level. What might be the consequences of the GABA receptor-mediated modulation 

of Lugaro cell - Purkinje cell connections? As in the case of basket cells / stellate 

cells, activity of the Lugaro cell input is favoured by a decrease in the exposure of 

the cell to GABA. However, the activity of basket cell / stellate cell inputs is self- 

limiting; presumably the high resting levels of activity of these cells reflects an 

equilibrium to which the cells return when changes in their activity cause changes in 

their output of GABA. Conversely, since activity at the Lugaro cell input requires 

reduced levels of GABA, and, as suggested above, is modulated by GABA released 

from the molecular layer intemeurones, Lugaro cell inputs might become active only 

when the activity of basket cells and stellate cells is reduced.
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9.4.2 Activity of Lugaro cell - Purkinje cell connections in vivo

Thus, the results indicate that two conditions need to be met in order to result in 

activity at Lugaro cell - Purkinje cell synapses. These are, firstly, the firing of 

Lugaro cells, as the cells are silent under resting conditions (as shown in Chapter 6). 

Secondly, a reduced level of presynaptic GABAa receptor activation is needed to 

allow the synapses onto Purkinje cells to become active. As explained, it is 

suggested that the latter condition requires reduced levels of activity of the molecular 

layer intemeurones. Are the two conditions likely to be met in vivol

Lugaro cells receive very little glutamatergic input (Laine and Axelrad, 1996), and 

the most effective stimulant for the cells is thought to be serotonin (Dieudonné,

2001). Therefore, it is likely that, in vivo, Lugaro cells fire only if they are exposed 

to serotonin. Serotonin is released in the cerebellar cortex from fibres originating in 

nuclei in the brainstem, such as the raphe nuclei (Kerr and Bishop, 1991; Mendlin et 

al., 1996). The majority of serotonergic release sites in the cerebellar cortex are not 

associated with synapses, and most effects of serotonin are thought to occur via 

volume transmission (Dieudonné, 2001). In the present study, the bath application of 

1 pM serotonin caused Lugaro cells to fire. Although the concentrations of serotonin 

reached in the cerebellar cortex in vivo are not known, the serotonergic fibres are 

most densely distributed close to Lugaro cells, and the density of their distribution 

varies according to the abundance of Lugaro cells (Dieudonné, 2001). This 

distribution of the afferent fibres suggests that Lugaro cells are a target of the 

serotonergic system, and would be subject to the influence of serotonin in vivo.
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With regard to the requirement of decreased basket cell / stellate cell activity, it is 

possible that this condition, too, is favoured by the release of serotonin. Basket cells 

and stellate cells receive inhibitory synaptic inputs from Lugaro cells themselves 

(Laine and Axelrad, 1998; Dieudonné, 2001). Furthermore, Dieudonné and 

Dumoulin (2000) report that serotonin, at the same concentration that stimulates 

Lugaro cells, reduces basket cell / stellate cell input to Purkinje cells. This effect 

may be due to a reduction in the level of activity of the molecular layer 

intemeurones. Thus, the release of serotonin is not only likely to cause Lugaro cells 

to fire, but might also reduce the presynaptic inhibition of the Lugaro cell - Purkinje 

cell synaptic connections. In this case, a reciprocal interaction may exist between 

these two sets of inhibitory input to Purkinje cells: the release of GABA from basket 

cells / stellate cells might inhibit the activity of Lugaro cells, and serotonin, the 

stimulant of Lugaro cells, might inhibit the activity of basket cells / stellate cells. It 

is conceivable that such a two-way interaction may serve to ensure rapid changes in 

the source of synaptic inhibition of Purkinje cells.

9.4.3 Activitv of Purkinje cell - Purkinie cell connections in vivo

Under the conditions in which the recordings of the putative Purkinje cell - Purkinje 

cell connections were made, the connections showed a very low probability of 

transmitter release: the results indicate that fewer than 2 % of presynaptic action 

potentials elicit a response in a given postsynaptic Purkinje cell. Indeed, the apparent 

paired-pulse depression of the connections suggests that the probability of transmitter 

release may be even lower during high frequency presynaptic firing patterns.
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Conversely, it is possible that the connections become more reliable during low 

frequency presynaptic firing activity.

It was explained in Chapter 8 that these recordings are likely to give an 

underestimate of the reliability of the connections, due to aspects of the experimental 

technique, such as the low temperature and the dialysis of the presynaptic cells (see 

section 8.10). It should also be considered that the strength of the putative 

connections between Purkinje cells, similarly to the inputs to Purkinje cells arising 

from Lugaro cells and from the molecular layer intemeurones, is changed upon 

exposure of the cells to neuromodulatory compounds. Notably, the activation of 

GABAb receptors causes a suppression of responses at the synapses made by 

Purkinje cell principal axons onto the cells of the deep cerebellar nuclei (Sastry et al.,

1997); the strength of the synapses made by Purkinje cell axon collaterals may also 

be subject to such modulation. If this were the case, the inputs to Purkinje cells 

arising from not only Lugaro cells and molecular layer intemeurones, but, also, from 

other Purkinje cells may be modulated by the level of background GABA. As stated 

in Chapter 8, further experiments are needed in order to assess the presynaptic 

behaviour of Purkinje cell - Purkinje cell connections in vivo.

9.5 Significance of the novel svnaptic connections for postsvnaptic Purkinie cell 

function

The level of synaptic inhibition received by Purkinje cells plays a critical role in 

controlling the passive and active properties of the Purkinje cell membrane. The 

tonic, spontaneous firing rates of Purkinje cells are largely generated by intrinsic
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voltage-dependent conductances (Hausser and Clark, 1997). Inhibitory synaptic 

input plays an essential role in limiting the activation of these conductances (De 

Schutter, 1999; Jaeger and Bower, 1999), and altering the integrative properties of 

the membrane (Hausser and Clark, 1997), thereby restraining Purkinje cell firing 

rates. Indeed, patterns of Purkinje cell firing in vitro and in vivo are dramatically 

altered by inhibitory synaptic input (Eccles et al., 1966a; Hausser and Clark, 1997). 

What might be the impact of the proposed novel synaptic inputs on postsynaptic 

Purkinje cells?

9.5.1 Lugaro cell - Purkinie cell connections

In the absence of GABAa receptor antagonists, the Purkinje cell responses to Lugaro 

cell input have a mean conductance of approximately 4 nS (as calculated from the 

mean amplitude of synaptic currents of ~ - 300 pA; see section 5.10). Under these 

conditions, the release probability of the connections is very low, due to the 

presynaptic inhibition of the inputs by GABAa receptors; therefore, the responses 

that were measured in section 5.10 were probably due to release from single release 

sites. The conductance of the responses to Lugaro cell input under conditions 

favouring transmitter release can be estimated from the amplitude of the currents 

recorded in the presence of the high affinity GABAa receptor antagonist, SR-95531. 

In the high concentration of SR-95531 (6 pM), the presynaptic inhibition of the input 

by GABAa receptors would be low, and the amplitudes of the currents were not 

much distorted by the atypical shape of the synaptic GABA transient (see Chapter 7, 

Figures 7.1C and I.IB). It can be calculated, as explained in section 7.1, that 6 pM 

SR-95531 would inhibit approximately 99.7 % of the receptors in the postsynaptic
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G A BA a receptor population. This indicates that, if the release probability remained 

the same, the currents would be of approximately 300-fold greater amplitude in the 

absence of SR-95531. The mean current amplitude in the presence of 6 pM SR- 

95531 was - 4.7 ± 0.8 pA (n = 12), corresponding to a mean conductance of 

approximately 67 pS. Therefore, if conditions in vivo allowed the input to release 

GABA as reliably as occurs in the presence of G ABA a receptor antagonists in vitro, 

the mean conductance of the responses to Lugaro cell input would be expected to be 

approximately 20 nS, corresponding to the activity of several release sites.

Such large conductance inputs would be expected to exert a very important influence 

over Purkinje cell activity. For comparison, the mean amplitude of the Purkinje cell 

synaptic currents arising from basket cell / stellate cell inputs was measured in 

Chapter 3 to be approximately - 250 pA, corresponding to a conductance of 

approximately 3.6 nS. However, the results of a recent study suggest that the 

proposed Lugaro cell inputs would be of even greater functional significance for the 

postsynaptic Purkinje cells: Williams et al. (2002) have shown that serotonin itself 

renders Purkinje cells particularly susceptible to synaptic inhibition. By inhibiting 

the hyperpolarisation-activated cation conductance, Ih, in the Purkinje cell 

membrane, serotonin allows inhibitory synaptic inputs to prevent Purkinje cells from 

firing for periods outlasting the usual time course of synaptic inhibition. The 

Purkinje cells recover their firing activity only upon receiving excitatory synaptic 

input (Williams et al., 2002).
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Thus, the release of serotonin into the cerebellar cortex may lead to both the activity 

of Lugaro cell - Purkinje cell synaptic connections and, also, an increase in the 

functional significance of the resulting synaptic inhibition of Purkinje cells.

9.5.2 Purkinie cell - Purkinie cell connections

From anatomical studies, it was suggested that the connections between Purkinje 

cells would be of considerable functional importance for the postsynaptic cells, due 

to the somatic positions of the synaptic contacts (Chan-Palay, 1971; King and 

Bishop, 1982). The study by Bernard and Axelrad (1993) indeed suggests that 

Purkinje cell input causes substantial inhibition of other Purkinje cells: these authors 

reported that Purkinje cell action potentials were followed by prolonged decreases in 

the firing activity of other Purkinje cells, lasting for several hundred milliseconds. 

However, other studies have shown that the inhibitory effects of Purkinje cell input 

on the firing activities of other Purkinje cells are only short-lasting (approximately 

50 - 100 ms; Eccles et al., 1966b; Snider et aL, 1968). It is possible that the 

discrepancies between the results of these studies were due to the age of animal used: 

the study by Bernard and Axelrad (1993) was carried out on the cerebella of 5 - 8 

day-old rats, whilst Eccles et al. (1966) and Snider et al. (1968) used adult animals. 

The studies by Eccles et al. (1966) and Snider et al. (1968) led to these authors to 

conclude that Purkinje cell input exerts only a ‘weak’ inhibitory action on other 

Purkinje cells.

The analyses presented in Chapter 8 do not allow the synaptic currents arising from 

Purkinje cell inputs to be distinguished from those arising from molecular layer
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intemeurone inputs. However, the results suggest that the synaptic currents arising 

from these two sets of input do not differ notably in amplitude. When the currents 

occurring in the significant time bins following the presynaptic Purkinje cell action 

potentials were overlaid, without distinguishing between currents arising from the 

two sets of input (see Figure 8.4^/z), the currents were not obviously divided into 

two populations by their amplitudes. Note, also, that if the dialysis of the presynaptic 

Purkinje cells caused a reduction in the probability of transmitter release at their 

synapses, the amplitudes of the postsynaptic currents might also be reduced. 

Therefore, it seems likely that the postsynaptic inhibition resulting from activity of 

Purkinje cell - Purkinje cell connections might be as great as that resulting from 

molecular layer intemeurone inputs.

9.6 Possible significance of the novel svnaptic connections for cerebellar function

Since Purkinje cells carry all the output of the cerebellar cortex, any changes in 

Purkinje cell activity occurring in response to the novel synaptic inputs are likely to 

have important consequences for cerebellar function. In this final section of 

discussion, possible implications of the proposed synaptic connections for the 

function of the cerebellum are considered.

9.6.1 Lugaro cell - Purkinie cell connections

The condition that is best known to lead to increased firing rates of the serotonergic 

neurones of the raphe nuclei is locomotor activity (Jacobs and Fomal, 1993). 

Further, it has been shown that motor activity, and particularly that occurring during

282



increased arousal, results in serotonin release in the cerebellar cortex (Mendlin et aL, 

1996). Thus, Lugaro cells are likely to fire during locomotor activity. A 

concomitant reduction in the GABAa receptor-mediated presynaptic inhibition of 

Lugaro cell inputs to Purkinje cells would then allow these inputs to become active. 

Furthermore, if, as proposed, the presynaptic inhibition of the inputs results from 

GABA released from basket cells and stellate cells, the Lugaro cell might then 

become a dominant source of inhibitory synaptic input to Purkinje cells during 

locomotor activity.

The activity of a Lugaro cell would be expected to cause, through the divergence of 

Lugaro cell - Purkinje cell synaptic connections, a powerful and synchronised 

inhibition of multiple Purkinje cells. As explained, the action of serotonin on 

Purkinje cell Ih would cause the inhibitory effects of Lugaro cell input to last until 

the Purkinje cells received synaptic excitation (Williams et aL, 2002). Clearly, the 

significance of the Lugaro cell input to Purkinje cells will depend on the ongoing 

activity of the wider cerebellar network, and it is difficult to predict the effects of the 

interactions between many cell types. However, following the inhibition of Purkinje 

cells, Lugaro cell - Golgi cell synaptic connections (Dieudonné and Dumoulin, 2000) 

might result in an increase in the excitatory drive to Purkinje cells, due to 

disinhibition of granule cells. A previous study has, further, shown that serotonin, 

via an action in the inferior olive, causes an increase in the rhythmicity of the 

climbing fibre-driven firing patterns of Purkinje cells, and an increase in the 

synchrony of these firing patterns between Purkinje cells (Sugihara et aL, 1995). It is 

suggested here that Lugaro cells contribute to this reorganisation of the spatial and 

temporal patterns of Purkinje cell firing activity occurring upon activation of the
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serotonergic system. The combined effects of serotonin may cause Purkinje cells to 

adopt patterns of firing in which multiple cells are either quiescent, following Lugaro 

cell input, or are firing in synchrony, following climbing fibre input and / or the 

disinhibition of granule cells.

The activities of Lugaro cells may thus be associated with marked changes in the 

output of the cerebellar cortex during motor activity. The finding that cerebellar 

ataxia, a classical motor symptom of cerebellar lesions, is relieved by administration 

of the precursor of serotonin, 5-hydroxytryptophan (Trouillas, 1993), has previously 

led to suggestions that the serotonergic system plays an important role in the 

cerebellar contribution to motor activity (Jacobs and Fomal, 1993). As explained in 

Chapter 1, the role of the cerebellum itself in motor activity, and the physiological 

consequences of changes in Purkinje cell firing patterns, are not yet understood. 

However, following activation of the serotonergic system, it seems likely that a shift 

in cerebellar output occurs, which is expressed by changes in both the states of 

Purkinje cell firing and the synchrony of firing between Purkinje cells. It is proposed 

here that a major inhibitory component of the network under these conditions is 

provided by Lugaro cell - Purkinje cell synaptic connections.

It should finally be noted that, although this discussion has been limited to 

considering the role of the serotonergic system in motor activity, the serotonergic 

innervation of the cerebellum is also likely to contribute to non-motor cerebellar 

function. For example, a link has recently been suggested between serotonin effects 

in the cerebellum and autism (DeLong, 1999; Marazziti et aL 1999). It is tempting to 

speculate that the role of Lugaro cell - Purkinje cell synaptic connections in
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cerebellar function is not limited to the involvement of the cerebellum in motor 

control.

9.6.2 Purkinie cell - Purkinie cell connections

Whilst the synaptic inputs to Purkinje cells provided by basket cells, stellate cells and 

Lugaro cells participate in the computations performed within the cerebellar cortical 

networks, the activity of the inhibitory pathways between Purkinje cells themselves 

is directly related to the final output of the cerebellar cortex. As explained, the 

reliability of the connections between Purkinje cells cannot be ascertained from the 

present data. However, the convergent nature of these connections, even if 

characterised by low release probability, may mean that each Purkinje cell is subject 

to a considerable level of inhibition from the concerted activity of other Purkinje 

cells. Thus, these connections may establish an inhibitory tone within a population 

of connected cells, allowing the activity of Purkinje cells to be influenced by that of 

other Purkinje cells in the local region.

It has been previously suggested that the functional significance of the connections 

between Purkinje cells might lie in their anatomical specificity (Hawkes and Leclerc, 

1989). The cerebellar cortex is thought to be functionally divided, by its afferent and 

efferent projections, into sagittal ‘zones’, such that the Purkinje cells within each 

zone are involved in a common aspect of cerebellar function (Oscarsson, 1979). 

Hawkes and Leclerc (1989) suggested that Purkinje cell - Purkinje cell synaptic 

connections might operate between cells lying in different sagittal zones of the 

cerebellar cortex, thereby providing pathways through which the activity of cells 

involved in different functions, not involving the parent cell, could be reduced.
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In the experiments described in this thesis, sagittal slices of cerebellum were used, 

and all the cells from which recordings were made lay at, or near to, the surface of 

the slice. Thus, both members of each Purkinje cell pair lay in approximately the 

same sagittal plane; furthermore, as noted, the interacting cells lay within a 

circumscribed distance of each other. Therefore, rather than suppressing the output 

of functionally disparate regions of the cortex, the connections between Purkinje 

cells observed in this study would operate between cells that are concerned with a 

common aspect of cerebellar function. It is proposed that these connections thus 

form a negative feedback system, serving to limit the output of functionally defined 

regions of the cerebellar cortex.

9.7 Future directions

From the data available, it is difficult to infer the role of the proposed novel synaptic 

connections in the overall functioning of the cerebellum, and the suggestions given 

above regarding the physiological significance of these connections are therefore 

made with caution. Below, experiments are outlined that might shed more light on 

the physiology and function of the novel synaptic inputs to Purkinje cells.

First, the behaviour of the connections under physiological conditions might be 

investigated. As noted in Chapter 6, the Lugaro cells recorded in the present study 

fired at lower frequencies than those reported by Dieudonné and Dumoulin (2000). 

Thus, the in vivo firing activity of Lugaro cells cannot yet be deduced. Further cell- 

attached recordings of Lugaro cells under varying conditions, such as exposure to 

transmitter receptor antagonists and temperature, may give more insight into the in
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vivo behaviour of Lugaro cells. Also, an examination of the putative Purkinje cell - 

Purkinje cell connections under more physiological conditions than those used in this 

study may reveal an increase in the strength of these connections, in turn allowing a 

more detailed examination of their properties. To this end, experiments using the 

perforated-patch technique would allow the presynaptic cells to be recorded with 

little disturbance of their intracellular contents; such experiments should be 

performed at physiological temperature, in order to mimic in vivo conditions more 

closely. The behaviour of the connections during physiological patterns of 

presynaptic firing activity might also be examined. Finally, it might be ascertained 

whether the strength of the connections between Purkinje cells can be modulated by 

neuromodulatory compounds, such as GABAb receptor antagonists.

The connections from Lugaro cells to Purkinje cells may best be examined further 

though dual recordings. Such experiments would be challenging, in that the 

connected pair of cells must be chosen blindly. Moreover, the probability of a 

Lugaro cell lying near to the surface of the slice, and therefore being available for 

patch-clamp recording, and also being connected to a superficial Purkinje cell, is 

likely to be very low. Dual recordings would, however, allow several important 

questions to be addressed. For example, the Lugaro cell inputs to Purkinje cells 

could be demonstrated directly, by showing that action potentials in Lugaro cells 

elicit monosynaptic currents in Purkinje cells. Also, it might be ascertained whether, 

as was assumed in the preceding discussion, the GABAa receptor-mediated 

presynaptic inhibition of the Lugaro cell input, which was observed upon electrical 

stimulation, also affects the input when it is stimulated by serotonin. This issue 

could not be addressed through recordings of Purkinje cells alone, as the spontaneous
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synaptic activity of Purkinje cells in the absence of GABAa receptor antagonists 

prevents serotonin-induced events from being discerned.

Finally, dual recordings might shed more light on the role of the novel synaptic 

connections in the wider cerebellar network. Thus, Lugaro cells themselves are 

thought to receive synaptic input from Purkinje cells (Chan-Palay, 1971; Laine and 

Axelrad, 1996), and the axons of individual Purkinje cells also contact basket cells, 

Golgi cells and granule cells (Hamori and Szentagothai, 1968; Larramendi and 

Lemkey-Johnston, 1970; King and Bishop, 1982; Hawkes and Leclerc, 1989; 

O'Donoghue et aL, 1989). The patterns of connectivity between these individual cell 

types are not understood. Do Lugaro cells form synapses onto the same Purkinje 

cells as those from which they receive input? Similarly, although ‘asymmetric’ 

connections between Purkinje cells were observed in Chapter 8, such connections do 

not appear to be the rule: it has previously been reported that reciprocal interactions 

exist between Purkinje cells (Bernard and Axelrad, 1993). In order to understand the 

functional significance of the proposed novel synaptic connections, it will be 

important to understand the interactions occurring at such a network level.
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9.8 Conclusions

In models of cerebellar function, the critical role of providing inhibitory synaptic 

input to Purkinje cells has classically been attributed to basket cells and stellate cells. 

The results presented in this thesis add to our understanding of the circuitry of the 

cerebellar cortex. Firstly, it is proposed that Lugaro cells also form GABAergic 

synapses onto Purkinje cells. Furthermore, it is suggested that Lugaro cells provide 

input to Purkinje cells under conditions of reduced basket cell and stellate cell 

activity. Activity of the Lugaro cell inputs occurs in the presence of serotonin, and 

would be expected to exert pronounced effects on Purkinje cell firing patterns. It is 

suggested that Lugaro cell - Purkinje cell synaptic connections might contribute to 

the rearrangement of cerebellar cortical output during motor activity.

Secondly, the results provide physiological support for previous, anatomical 

descriptions of synaptic connections between Purkinje cells. It is proposed that the 

connections made between Purkinje cells by their axon collaterals are indeed 

functional, and result in GABAa receptor-mediated inhibition of the postsynaptic 

cells. Through these connections, Purkinje cells may be able to inhibit the activity of 

other, local Purkinje cells lying in the same sagittal plane, generating a negative 

feedback system operating at the final level of cerebellar cortical output.

Just what cerebellar cortical output ‘means’ remains unknown. With the function of 

the cerebellum itself a matter of dispute, it is difficult to make specific inferences 

regarding the roles of the proposed novel synaptic connections in cerebellar function. 

However, the importance of synaptic inhibition of Purkinje cells in determining
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Purkinje cell activity (Hausser and Clark, 1997; De Schutter, 1999; Jaeger and 

Bower, 1999) must mean that, in all models of cerebellar function, inhibitory 

synaptic inputs to Purkinje cells play a central part. The results of this investigation 

suggest that the classical picture of cerebellar synaptic connectivity may need to be 

expanded, to incorporate inhibitory synaptic inputs to Purkinje cells arising from not 

only the molecular layer intemeurones but, also, from Lugaro cells and from 

Purkinje cells themselves.
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