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Abstract

Glutamate is a major excitatory neurotransmitter in the central nervous system. Purkinje
cells in the cerebellum receive two excitatory synaptic inputs, from climbing fibres and
parallel fibres, at which excitatory postsynaptic currents (EPSCs) are mediated by amino-
3-hydroxy-5-methyl-4-isoxazolepropinic acid (AMPA) receptors. The determinants of
the EPSC magnitude and duration at the parallel fibre and climbing fibre to Purkinje cell

synapses were studied.

Adenosine and y-aminobutyric acid (GABA) act on presynaptic receptors to inhibit
neurotransmitter release from presynaptic terminals. They were found to decrease the
EPSC amplitude more at the parallel than at the climbing fibre synapses. Adenosine and
GABA also speeded the decay of the EPSCs. Applying an extracellular blocker of
glutamate uptake prolonged the parallel and climbing fibre EPSCs. Blocking AMPA
receptor desensitization also prolonged the decay time course of the EPSCs at both

synapses.

Purkinje cells, although postsynaptic neurons, are thought to express EAACI glutamate
uptake carriers. The pharmacology, voltage-dependence and ion-dependence of a current
attributable to this carrier was examined electrophysiologically. Altering the internal
solution to block uptake specifically in Purkinje cells produced a prolongation of the

climbing fibre EPSC.

These data show that the AMPA-mediated postsynaptic current is shaped by presynaptic
factors (the amount of glutamate released), by postsynaptic factors (receptor properties),
and by the rate of glutamate removal from the synaptic cleft by uptake. When less

glutamate is released into the cleft, it may be cleared from the cleft more quickly.
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Chapter 1

Introduction

In this thesis I describe experiments investigating synaptic transmission at cerebellar
glutamatergic synapses.  This introduction provides the background to these
experiments, in particular on the role of presynaptic factors, postsynaptic receptors and
glutamate uptake in shaping excitatory synaptic currents, and on synaptic transmission in

the cerebellum.
1.1 Glutamate as a neurotransmitter

L-glutamate, a dicarboxylic acid, is the most important excitatory neurotransmitter in the

mammalian central nervous system (CNS).

Immunohistochemical and electron microscopic studies have shown that glutamate is
present in synaptic vesicles at the presynaptic membrane of excitatory synapses
throughout the CNS (De Biasi and Rustioni, 1990; Hamori ef al., 1990; Storm-Mathisen
and Ottersen, 1990; Aas ef al., 1992; Ottersen et al., 1992). This glutamate is released
in a calcium-dependent manner upon physiological stimulation, and during electric field
stimulation (de Belleroche and Bradford, 1972; Hamberger et al, 1978; Potashner,
1978) or depolarization with high potassium concentration (Nicholls et al., 1987
Ottersen ef al, 1990, Storm-Mathisen and Ottersen, 1990). Furthermore, the
pharmacology of excitatory transmission at proposed glutamatergic synapses is in
agreement with the pharmacology of cloned glutamate receptors (Forsythe and
Westbrook, 1988; Hestrin ef al., 1990a; Keindnen et al., 1990; Nakanishi et al., 1990;
Keller ef al., 1991; Blanton and Kriegstein, 1992; Kutsuwada ef al., 1992; Meguro et al.,
1992; Silver et al., 1992). However calcium-dependent release of other candidate
transmitters, such as L-aspartate, L-homocysteate and L-cysteine sulphinate, which are
structurally related to glutamate, has also been demonstrated (Wiklund ez al., 1982; Do
et al., 1988; Pittaluga et al., 1988), and these other proposed transmitters can also
activate glutamate receptors (Cuénod et al., 1990; Cuénod et al., 1993; Griffiths, 1993).
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1.2 Synaptic transmission at glutamatergic synapses

Glutamate mediates excitatory neurotransmission at CNS synapses by activating
ionotropic and metabotropic receptors. Ionotropic glutamate receptors are ligand-gated
ion channels and metabotropic receptors are coupled to second messenger systems
through the activation of GTP-binding proteins (reviewed by Gasic and Hollmann, 1992;
Nakanishi, 1992; Seeburg, 1993; Hollmann and Heinemann, 1994). The ionotropic
glutamate receptors are divided into o-amino-3-hydroxy-5-methyl-4-isoxazole
propionate (AMPA), kainate and N-methyl-D-aspartate (NMDA) receptors, based on
their electrophysiological and pharmacological characteristics. The subunits that
constitute the glutamate receptors have recently been identified by molecular cloning
techniques, and fall into several classes which are components of the AMPA (GluR1-
GluR4), kainate (GIluR5-GluR7, KA1-KA2), NMDA (NRI, NR2A-NR2D), and
metabotropic (mGluR1-mGluR8) receptors. This classification is based on the agonist
selectivity of expressed recombinant subunits, and on the degree of sequence identity

between the subunits.

After glutamate has acted postsynaptically, synaptic transmission is terminated by
glutamate being removed from the synaptic cleft, either by diffusion out of the cleft or by
uptake into neurons and glial cells. There is no extracellular enzyme to break down
glutamate, unlike for acetylcholine at the neuromuscular junction which is hydrolysed by

acetylcholinestrase.

The following sections give detail of the properties of the different postsynaptic

receptors that glutamate acts on.
1.2.1 AMPA receptors

The four receptor subunits (GluR1-GluR4) of AMPA receptors are of similar size (~900
amino acids) and share 68-73% amino acid sequence identity (reviewed by Hollmann and
Heinemann, 1994). These subunits share a common transmembrane topology and
channel architecture with other ligand-gated ion channels and contain four trans-

membrane domains (TMDs), one of which is now known not to actually cross, but to dip
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into the membrane (Hollmann et al., 1994). When expressed in Xenopus oocytes and in
mammalian cultured cells, the subunits form functional homomeric or heteromeric

receptors, probably as a pentamer.

When expressed in oocytes, the agonist potencies of the GluR1-GluR4 subunits follow
the order quisqualate > domoate = AMPA > glutamate > kainate (Hollmann et al., 1989;
Nakanishi et al., 1990; Sakimura ef al., 1990). The same order of agonist potency was
found in [PHJAMPA ligand binding experiments (Keininen et al., 1990; Kawamoto et
al., 1991).

Each subunit exists in two different forms created by alternative splicing of a 115-base
pair region immediately preceding TMD IV (Sommer ef al., 1990). The two alternate
exons have been termed “flop” and “flip”. These two forms have different regional
distributions in the brain, particularly in the hippocampus (Sommer ef al., 1990): CA3
pyramidal cells express only flip, while dentate gyrus granule cells contains more flop
than flip. The cerebellar Purkinje cells which I have studied express five different
subunits: GluR1flip and flop, GluR2 flip and flop, and GluR3 flip (Lambolez et al,
1992): among these subunits, GluR2 is most abundant. In general, the flip and flop
variants do not confer different pharmacological properties on the receptors, but they
result in a difference in the efficacy with which glutamate activates the receptor (Sommer
et al., 1990). In both native AMPA receptors (Jonas and Sakmann, 1992) and
recombinant AMPA receptors (Sommer ef al., 1990), the glutamate-evoked current has

a fast desensitizing component, which is only seen if “flip” is present.

Sommer et al. (1991) found that, in the putative TMD II, a glutamine residue (Q) is
encoded in the genes for GluR1-GluR4, however GluR2 ¢cDNA made from adult animals
contains an arginine (R) instead. This can be explained as a result of editing of the
GluR2 RNA. This Q/R site plays a key role in determining the divalent permeability of
AMPA receptor channels. Generally, non-NMDA receptors used to be thought to be
rather impermeable to divalent cations, in particular to Ca** (Mayer and Westbrook,
1987), although in certain neurons Ca*’-permeable kainate receptors were observed

(Murphy et al., 1987, Iino et al., 1990; Gilbertson et al., 1991). However, expressed
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recombinant AMPA receptor subunits and their heteromeric combinations, except for
GluR2 and combinations containing GluR2, were found to be quite permeable to various
divalent cations including Ca** and Mg®* (Hollmann et al., 1991). Thus, the presence or
absence of GIuR2 subunit determines the Ca®* permeability of the receptors, which is
almost abolished in the presence of GluR2. From mutagenesis studies of AMPA
receptors, the Q/R site is found to play a critical role in determining the Ca’'
permeability: receptors formed with unedited GluR2 subunits (Q type) have a high
calcium permeability (Hume ef al., 1991; Burnashev ez al., 1992).

The role of AMPA receptors in synaptic transmission will be described below.
1.2.2 Kainate receptors

Kainate receptor subunits are divided into two subfamilies, GluR5-7 and KA1-2, based
on differences in agonist affinity. GluRS-7 subunits have lower affinities for kainate (Kp
is 35-95nM) than KA1-2 (Kp is 5-15nM: Bettler et al., 1990, Lomeli e al., 1992,
Sommer et al., 1992). Thus GluR5-GluR7 are called ‘low-affinity’ kainate receptors and
KA1-2 are called ‘high-affinity’ kainate receptors. In addition, they share only ~43%

sequence identity.

1.2.2. 1 Low-affinity kainate receptors (GluR5-GluR7)

The three cloned subunits, GluRS5-GluR7, share 75-80% amino acid sequence identity
with each other, but only ~40% with GluR1-GluR4, thus setting them apart as a different
subfamily of receptors (Bettler ez al., 1990; Egebjerg et al., 1991, Bettler et al., 1992,
Morita et al., 1992; Sommer et al., 1992). GluR5-GluR?7 also have a structure typical of
ligand-gated channels with four putative TMDs.

RNA editing at a Q/R site in TMD II, homologous to that in GluR2, also occurs in
GIuRS5 and GluRé6, but not in GIluR7 (Sommer et al., 1991, 1992; Bettler ef al., 1992;
Lomeli et al., 1992). In contrast to GluR2, however, the editing of GluRS and GluR6
RNA is incomplete, so both edited (R) and unedited (Q) forms coexist. In addition, two
other editing sites were found in the TMD I of GluR6, editing at which results in a

change from isoleucine to valine and from tyrosine to cysteine (Kohler et al., 1993).
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This additional RNA editing also contributes to controlling the Ca®* permeability of the
receptor channels. Furthermore, several splice variants, both at the C- and N-termini,
have been found for GluR5 (Sommer ef al., 1992). Of these variants, the one with the

shortest C-terminus is expressed most strongly (Sommer ef al., 1992).

GluR5 and GluR6 can form homomeric functional receptors, which desensitize during
application of glutamate and kainate and do not produce a steady state current (Sommer
et al., 1992). Expression of GluR7 alone does not produce any detectable responses
either in oocytes or transfected cell lines (Bettler ez al., 1992; Lomeli ef al., 1992). This
could be explained if GluR7 desensitizes extremely rapidly, or does not form functional
receptors on its own. Co-expressing GIluRS5, GluR6 or GluR7 with GluR1-4 does not
produce responses different to those seen with the GluR1-4 single subunits, suggesting
that GluRS-GluR7 do not form heteromeric complexes with GluR1-GluR4 (Bettler ef
al., 1990, 1992; Sommer et al., 1992).

1.2.2.2 High-affinity kainate receptors (KAI, KA2)

The two cloned receptor subunits, KA1 and KA2, share 70% amino acid sequence
identity with each other but only ~37% with GluR1-GluR4 and ~43% with GIuRS-
GlIuR7, suggesting that they form a separate subfamily of glutamate receptors (Werner et
al., 1991; Herb et al., 1992; Kamboj et al., 1992; Sakimura et al., 1992). KAl and KA2
have a structure typical of ligand-gated ion channels, as have GluR1-GluR7. There are
no splice variants reported for KAl and KA2, and no indication of RNA editing at the
Q/R site: both subunits express Q at the site homologous to the Q/R site in GluR2.

Binding studies show that the affinity of KA1 and KA2 for [’H]JKA is significantly higher
than that of GluRS-GluR7, whereas ["H]JAMPA binding was undetectable (Werner ef al.,
1991; Herb ef al., 1992; Kamboj ef al., 1992). The agonist potencies of the KA1l and

KA2 subunits follow the order kainate > quisqualate > domoate > glutamate >> AMPA.

KA1 and KA2 do not produce any detectable response when expressed in oocytes or
transfected in cell lines. Furthermore, when KA1 subunit was coexpressed with GluR1-

GluR4, there was no changes in the functional properties observed, suggesting no
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interaction between these receptor subunits (Werner er al, 1991). However,
coexpression of KA2 with GluR5 and GluR6 produced receptors with functional
properties different from the respective homomeric receptors (Herb et al, 1992;
Sakimura ef al., 1992). Coexpression of KAl with GluR5-GluR7 and coexpression of
KA2 with GluR1-GluR4 and GluR7 have not been reported.

In the brain, KA1 is expressed at a high level only in CA3 pyramidal cells and in dentate

granule cells of hippocampus, whereas KA2 is widely expressed.

1.2.2.3 Kainate binding proteins

Two KA binding proteins (KBPs) have been isolated from chick (KBP-chick, Gregor ef
al., 1989) and frog (KBP-frog, Wada et al., 1989). They are small proteins of ~470
amino acids, yet have a structure similar to other GluRs apart from a shortened N-
terminus. There is 55% amino acid sequence identity between the two KBPs, and they

share ~30% identity with other GluR subfamilies.

When expressed in oocytes or in transfected cells, KBPs did not produce any detectable
ion channel activity (Wada et al., 1989; Gregor et al., 1992). Their affinity for agonists

is in the order: domoate > kainate > quisqualate > glutamate.

The expression of KBP-chick RNA in the cerebellum is localized exclusively and
abundantly in the Bergmann glial cells (Eshhar et al., 1992; Gregor et al., 1992). The
restriction of KBP-chick RNA to Bergmann glial cells, in addition to the close
association of Bergmann glia and Purkinje cells, could be interpreted as indicating a
possible role for KBP-chick subunits in modulation of the strength of the Purkinje cell
synapses (Gregor ef al., 1988; Ortega et al., 1991). During development, KBP-chick
RNA is expressed several days after Bergmann glial cells have developed, when granule
cells start to migrate. This could also indicate a role for the KBP-chick subunit in

regulating granule cell migration (Ortega et al., 1991).

18



1.2.3 NMDA receptors

NMDARI, a receptor subunit for NMDA receptors, shares 25-29% amino acid sequence
identity with non-NMDA receptor subunits, and has a structure typical of ligand-gated
ion channels, including 4 putative TMDs. Eight different functional splice variants of the
subunit have been reported: some variants show different agonist and antagonist
potencies (Durand ef al., 1992; Nakanishi et al., 1992; Hollmann et al., 1993), while
others exhibit a higher susceptibility to modulation by PKC (Durand ef al., 1992). When
expressed in oocytes, NMDARI1 can form homomeric functional receptors, which
respond in the presence of glycine to glutamate, NMDA, quisqualate, ibotenate, L-
aspartate and L-homocysteic acid, but do not respond to kainate, AMPA, trans-ACPD
or to glycine itself. Without glycine, the response to NMDA was completely abolished
(Nakanishi ef al., 1992) or greatly reduced (Moriyoshi et al., 1991, Yamazaki et al.,
1992).

In the absence of Mg”*, the I-V relationship of the channels formed by NMDARI is
linear with a reversal potential of OmV, while in the presence of Mg®*, the response is
reduced at membrane voltages more negative than -20mV (Moriyoshi et al., 1991,
Nakanishi et al., 1992), due to Mg”* being attracted into (and blocking) the channel at
negative voltages. The receptor channel is highly permeable to Ca®>" (Yamazaki et al.,
1992), and calcium entry through NMDA receptor channels plays a key role in activating
second messenger systems, such as those involved in changing synaptic strength (e.g. in
long-term potentiation, reviewed by Bliss and Collingridge, 1993; Collingridge and Bliss,
1995).

NMDARI is expressed in almost all neuronal cells throughout the brain as well as the
peripheral nervous system, with particularly high levels in the cerebellum, hippocampus,

cerebral cortex and olfactory bulb (Moriyoshi ez al., 1991; Shigemoto et al., 1992).

The four cloned NMDAR2 subunits, NMDAR2A-NMDAR2D, share 42-56% amino
acid sequence identity with each other, but share only 21-27% with other GluRs,
including only 26-27% with NMDARI1 (Ikeda et al., 1992; Kutsuwada et al., 1992;
Meguro et al., 1992; Monyer et al., 1992). They have the same typical structure of
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ligand-gated ion channels. When expressed in oocytes or in cell lines, none of the four
NMDAR?2 subunits forms functional homomeric ion channels (Ikeda et al, 1992,
Kutsuwada et al., 1992; Meguro et al., 1992; Monyer et al., 1992). Furthermore, co-
expressing NMDAR2A with other NMDAR2s did not produce functional channels
(Monyer et al., 1992). However, co-expression of any one of the NMDAR2 subunits
with NMDARI1 produced functional heteromeric receptors with properties different from
those of the homomeric NMDARI receptors: glycine alone is able to activate
NMDARI/NMDAR2A, NMDAR1/NMDAR2B and NMDAR1/NMDAR2D receptors in
the absence of NMDA or glutamate (Kutsuwada et al., 1992; Meguro ef al., 1992). The
co-expression of NMDAR?2 subunits resulted in a much larger glutamate-evoked current
than with NMDARI1 alone (Ikeda ef al., 1992; Kutsuwada ef al., 1992; Meguro et al.,
1992). Furthermore, each NMDAR2 subunit confers different deactivation kinetics and

Mg’ -sensitivity to the heteromeric receptors (Monyer et al., 1992).

The role of NMDA receptors in synaptic transmission will be discussed below.

1.2.4 Metabotropic glutamate receptors

1.2.4.1 Molecular biology of metabotropic receptors

The cloned metabotropic glutamate receptors, mGluRs, are much larger than previously
identified G-protein-coupled receptors and do not share any sequence homology with
members of that gene superfamily (Masu et al., 1991). They have a large hydrophilic N-
terminal, 7 putative TMDs and a large C-terminal. Based on their amino acid sequence
identities, the 8 cloned mGluRs to date can be classified into 3 groups (Nakanishi, 1992;
Pin and Duvoisin, 1995); mGluRs of the same group show high sequence identity,
whereas between groups the sequence identity is only about 45%. Group-I consists of
mGluR1 and mGluRS, group-II of mGluR2 and mGluR3, and group-III of mGluR4 and
mGIuR6-8. Splice variants have been found for mGluR1, mGluR4 and mGluRS, and
they show slightly different agonist potency.

The agonist potency for group-I receptors is in the order quisqualate > glutamate =

ibotenate > (28, 1°S, 2’S)-2-(carboxycyclopropyl)glycine (CCG-I) > trans-1-amino-
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cyclopentane-1,3-dicarboxylate ((ACPD). Phenylglycine derivatives are antagonists for
Group-I receptors, with (S)-4-carboxy-3-hydroxyphenylglycine (4C3HPG) and (S)-4-
carboxy-phenylglycine (4CPG) being specific (Hayashi et al., 1994, Thomsen et al.,
1994). The agonist potency for group-Il  receptors is:  2-(2,3-
dicarboxycyclopropyl)glycine (DCG-IV) 2 L-CCG-I > glutamate > tACPD > ibotenate >
quisqualate. (+)-o-methyl-4-carboxyphenylglycine ((+)MCPG) is an antagonist known
for mGluR2, but its potency is weak, and it blocks mGluR1 at the same concentration
(Hayashi et al., 1994; Thomsen et al., 1994). Group-III receptors have a distinctive
sensitivity to L-2-amino-4-phosphonobutyrate (L-AP4) and insensitivity to tACPD.

There are no selective antagonists for Group-III mGluRs.

1.2.4.2 Transduction mechanisms and physiological role of metabotropic receptors

Expression in oocytes or in cell lines shows that the sequence-based classification of
mGluRs also applies to their respective transduction mechanisms and pharmacology.
Group-I receptors couple to G-proteins which activate phospholipase C, while group-II
and group-III receptors, on the other hand, couple with G-proteins which inhibit adenylyl

cyclase activity.

Some native mGluRs, with a pharmacology comparable to Group-I mGluRs, activate
PLC and thus produce IPs, resulting in Ca®* release from internal stores in neurones
(reviewed by Pin and Duvoisin, 1995). This [Ca®*] rise can then stimulate arachidonic
acid release as a consequence of phospholipase A, activation (Dumuis et al., 1990). In
brain slices, some glutamate analogues stimulate cyclic AMP (cAMP) formation by
activating adenylyl cyclase (Casabona et al., 1992; Schoepp and Johnson, 1993; Winder
and Conn, 1992, 1993). rACPD was the most potent agonist for cAMP production
(Schoepp and Johnson, 1993), however its action does not result from the direct
coupling of an mGluR to the G-protein stimulating adenylyl cyclase, but from a
potentiation of the stimulation of adenylyl cyclase by endogenous adenosine acting on
adenosine A, receptors (Schoepp and Johnson, 1993; Winder and Conn, 1993). In
contrast, group-II and group III mGluRs inhibit adenylyl cyclase activity via inhibitory
G-proteins (Prézeau et al., 1992; 1994; Kemp et al., 1994; Cartmell et al., 1993, 1994).
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Some mGluR agonists have been shown to inhibit voltage-sensitive Ca®*-channels in
cultured hippocampal cells, olfactory neurons and cerebellar granule cells. Both L-type
(Chavis et al., 1994a; Lester and Jahr, 1990; Sayer et al., 1992) and N-type (Swartz and
Bean, 1992; Swartz ef al., 1993) Ca®* channels can be inhibited by mGluRs, but the
mechanism involved in these effects has yet to be characterized. Similarly, several
subtypes of K™ channels are regulated by mGIuR agonists (Baskys, 1992). Furthermore,
group-I mGluRs also regulate three major ionotropic receptors, GABA,, NMDA and
AMPA receptors, presumably by raising [Ca®]; and thus activating PKC (reviewed by
Pin and Duvoisin, 1995).

ACPD and other mGluR agonists induce a slowly developing depolarization and inward
current, associated with an increase in cell firing, in many neurons, including
hippocampal pyramidal cells (Stratton et al., 1990; Liu et al, 1993) and cerebellar
Purkinje cells (Glaum ef al., 1992; Linden et al., 1994). In contrast, in ON-bipolar cells
(Nawy and Copenhagen, 1987; Slaughter and Miller; 1981, 1985), mGluRs produce
hyperpolarizing effects. In cerebellar Purkinje cells (Batchelor and Garthwaite, 1993;
Glaum et al., 1992; Staub et al., 1992; Vranesic et al., 1993), ACPD produced a very
slow hyperpolarization following a slow depolarization. mGluRs also mediate
presynaptic inhibition at glutamatergic synapses, by lowering the presynaptic level of
cAMP (cf. Chavez-Noriega and Stevens, 1992), inhibiting presynaptic calcium channels
(Scanziani et al., 1995), or by other mechanisms coupled to part of the exocytotic
machinery (Barnes-Davies and Forsythe, 1995), while in the presence of arachidonic acid

they potentiate glutamate release from synaptosomes (Herrero et al., 1992).

In the hippocampus, the induction of long-term potentiation (LTP) requires the
activation of mGluRs (Bashir et al., 1993, Bortolotto et al., 1994). Similarly, from
antibody studies, induction of cerebellar long-term depression (LTD, see below) has been

shown to require the activation of mGluR1 (Shigemoto et al., 1994).
1.2.5 Glutamate toxicity

Although vital for normal brain function, the excitatory transmitter glutamate can also

act as a toxin. Raising the extracellular glutamate concentration to 100uM for 5 minutes
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was found to cause the death of more than 50% of cultured cortical neurons (Choi et al.,
1987). This glutamate toxicity is largely mediated by an excess influx of Ca®" through
NMDA receptor channels (Choi et al., 1988). Application of APV, a potent NMDA
receptor antagonist, largely prevents the late neuronal degeneration induced by brief
glutamate exposure (Choi et al., 1988), and removal of extracellular calcium has a
similar effect (Choi, 1985; Garthwaite and Garthwaite, 1986; Rothman ef al., 1987). In
addition, neuronal swelling and death induced soon after exposure to glutamate, which
results in an excessive cation influx through non-NMDA receptor channels followed by
osmotic movement of water into the cell, can be blocked by the removal of extracellular

sodium or chloride (Rothman, 1985; Olney et al., 1986).

During ischaemia or hypoxia, the intracellular ATP level falls, and this is followed by a
rundown of transmembrane ion concentration gradients, and release of glutamate
(reviewed by Szatkowski and Attwell, 1994). This release of glutamate, which leads
ultimately to neuronal death, is attributed to the reversed operation of glutamate uptake

carriers (reviewed in section 1.5.5).
1.3 Presynaptic modulation of glutamate release

Experiments described in Chapter 3 investigate the role of presynaptic receptors at
excitatory synapses in the cerebellum. This section reviews what is currently known

about the properties of such receptors.
1.3.1 Mechanisms of presynaptic modulation

When an action potential reaches the presynaptic terminal, voltage-dependent Ca
channels are activated and Ca®* influx through them elicits the release of transmitter: an
elevated intracellular Ca®* concentration increases the probability of the transmitter-
containing vesicles fusing with the presynaptic membrane. G-protein coupled receptors,
situated in the membrane of the presynaptic terminal, can inhibit the transmitter release
by blocking Ca®" entry through voltage-gated Ca®* channels (Wu and Saggau, 1995), by
increasing K* conductance (Zoltay and Cooper, 1990), and by activating (Gereau and

Conn, 1994; Dunwiddie ef al., 1992) or by inhibiting second messenger systems such as
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adenylate cyclase (Dunwiddie and Fredholm, 1989, Scanziani et al, 1992; Chavez-
Noriega and Stevens, 1994). The presynaptic receptors found to date are as follows:
adenosine A; (Dunwiddie, 1985, Lupica ef al., 1992; Prince and Stevens, 1992; Barrie
and Nicholls, 1993), GABAg (Thompson and Gahwiler, 1989; Scanziani et al., 1992;
Isaacson et al., 1993; Pfrieger et al., 1994), kainate (glutamate: Chittajallu e al., 1996),
mGluRs (glutamate: Forsythe and Clements, 1990; Lovinger and McCool, 1995; Baskys
and Malenka, 1991; Herrero et al., 1992; Barnes-Davies and Forsythe, 1995, Vignes et
al., 1995; Glaum and Miller, 1995), P, purinergic (Motin and Bennett, 1995), a,
adrenergic (Limberger er al., 1988; Wichmann and Starke, 1988), M2 muscarinic
(Kawashima et al., 1990; Allen and Brown, 1993), u- (Capogna et al., 1993), 8- (Rogers
and Henderson, 1990; Jiang and North, 1992; Glaum et al., 1994), x- (Ueda et al., 1987)
opioid, neuropeptide Y (Colmers et al., 1987, Johansen, 1993; Ellis and Davies, 1994),

and cannabinoid (Sheng ef al., 1996) receptors.

Evidence that many presynaptic receptors operate via G-proteins came from experiments
in which GTPyS mimicked the effect and GDPBS and pertussius toxin inhibited the effect
(reviewed by Dolphin et al., 1994). For example, presynaptic inhibition of IPSPs by
baclofen in CA3 pyramidal cells was blocked by pertussis toxin treatment (Capogna et
al., 1993). However, some effects of presynaptic receptors are insensitive to pertussis
toxin treatment (Thompson and Gahwiler, 1992; Dutar and Nicoll, 1988), suggesting

that a different type of G-protein was involved.
1.3.2 Function of presynaptic receptors

Presynaptic receptors may have several important functions. At some synapses, the
presynaptic receptors present are autoreceptors (Waldmeier et al., 1988; Forsythe and
Clements, 1990; Baskys and Malenka, 1991; Martin ef al., 1991; Barnes-Davies and
Forsythe, 1995), which may provide negative feedback limiting the amount of transmitter
which can be released, and thus preventing too much excitation or inhibition occurring
(Baskys and Malenka, 1991). At some other synapses, GABAergic inhibitory
presynaptic receptors limit the release of excitatory glutamate (as characterized in

Chapter 3 of this thesis for cerebellar synapses). Presynaptic inhibition provides the
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nervous system with a means of specifically reducing transmission at a particular synapse
(in contrast to postsynaptic inhibition which often reduces the effectiveness of
transmission at all the synapses impinging on the dendrite where the inhibitory synapse is
located). Finally, some presynaptic receptors may be neuroprotective in pathological
situations. During ischaemia or hypoxia, a massive release of glutamate can lead to
neuronal death. At the same time, there is a large release of adenosine into the
extracellular space (Hagberg et al, 1987). This activates presynaptic adenosine
receptors which reduce the amount of glutamate release and so may reduce neuronal

death (Rudolphi ef al., 1992).
1.4 Determinants of EPSC waveform

In most mammalian CNS neurones, EPSCs consist of two components that differ in
kinetics; a fast component, which is selectively blocked by 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX), but is insensitive to D(-)-2-amino-5-phosphopentanoic acid (D-APV
D-APV); and a slow component, which is blocked by D-APV but not by CNQX, and is
also blocked by Mg in a voltage-dependent manner (Nowak et al., 1984). These
results suggest that the two components of the EPSC are mediated by two different
types of ionotropic glutamate receptors: AMPA/kainate-type (fast) and NMDA-type
(slow) glutamate receptors (Silver ef al., 1992; Stern et al., 1992; Forsythe and Barnes-
Davies, 1993; Bekkers and Stevens, 1989; McBain and Dingledine, 1992).

Interestingly, the cerebellar Purkinje cells studied in this thesis lack functional NMDA
receptors after postnatal day 10 (Perkel et al., 1990; Llano et al., 1991; Rosenmund et
al., 1992), and consequently the EPSCs evoked by stimulating the climbing fibre or
parallel fibre inputs to Purkinje cells (see section 1.6) are mediated by non-NMDA
receptors (Konnerth et al., 1990; Perkel et al., 1990; Llano ef al., 1991, Momiyama et
al., 1996). Thus I shall focus on factors shaping non-NMDA receptor-mediated EPSCs

in the following sections.

The rise time of EPSC is determined by both the rate of rise of neurotransmitter

concentration in the synaptic cleft and the activation kinetics of the receptors. The
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factors that determine the rate of the decay of the synaptic current are more complicated.

There are three possible models:

i) If the decay of neurotransmitter concentration in the synaptic cleft is very rapid, then
the synaptic current will be terminated by receptor deactivation following the removal of
neurotransmitter from the synaptic cleft, as has already been proposed for the
neuromuscular junction (Katz and Miledi, 1973; Anderson and Stevens, 1973; Magleby
and Stevens, 1972).

ii) If the decay of neurotransmitter concentration is very slow, the synaptic current may
be terminated by receptor desensitization in the presence of a sustained level of

neurotransmitter.

iii) If the neurotransmitter concentration decays with a time course between that of
receptor deactivation and of receptor desensitization, the synaptic current decay time
course will be determined partly by the time course of the fall of neurotransmitter
concentration (as transformed through the dose-response curve for receptor activation),
and so will be determined by the rate at which transmitter is removed from the synaptic

cleft by diffusion and uptake.
I shall review briefly each of these mechanisms in turn.
1.4.1 Role of receptor deactivation

Deactivation is the closing of a receptor ion channel after a fall in concentration of the
transmitter which activates the channel. Deactivation time constants of non-NMDA
receptors have been studied in various CNS neurones, including cerebellar Purkinje cells
(Barbour et al., 1994), cochlear nucleus neurones (Raman and Trussell, 1992; Trussell et
al., 1993), cerebellar granule cells (Silver ef al., 1994), inhibitory neurons of neocortex
(Hestrin, 1993; Jonas et al., 1994), hippocampal spiny mossy cells and aspiny hilar
interneurons (Livsey et al., 1993), hippocampal granule cells (Colquhoun ef al., 1992),
hippocampal pyramidal neurones (Colquhoun ef al., 1992), and neocortical pyramidal
neurones (Hestrin, 1992; Hestrin, 1993; Jonas ef al., 1994). The time constants varied

from 1 to 3 ms in the different cells.
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In some cell types, the deactivation time constant (measured for AMPA receptors in
membrane patches pulled from the cell soma) is close to the synaptic current decay time
constant (Stern et al., 1992; Colquhoun et al., 1992; Jonas et al., 1993;Jonas et al.,
1994). Thus, if the properties of postsynaptic receptors are similar to those in the soma,
this suggests that the EPSC decay might be largely due to deactivation, following a fast
fall of glutamate concentration in the synaptic cleft. However, this is not the case in
cerebellar Purkinje cells (Barbour ef al., 1994), where the decay time constants of the
climbing and parallel fibre EPSCs are 6-10msec, while the deactivation time constant is

~]msec.
1.4.2 Role of receptor desensitization

Desensitization is the decrease of current flow through a receptor ion channel in the
continued presence of the transmitter which activates the channel. Desensitization time
constants of non-NMDA receptors have been well studied in many CNS neurones, and
vary between 1 and 15msec (Tang et al., 1989; Koh et al., 1995; Hestrin, 1993; Livsey
et al., 1993, Jonas et al., 1994, Colquhoun et al., 1992; Trussell and Fischbach, 1989;
Barbour ef al, 1994; Trussell et al, 1993). In most of the cell types studied,
desensitization of glutamate receptors in membrane patches is two- to four-fold slower
than the decay time course of non-NMDA EPSCs (Silver et al., 1992; Stern et al., 1992;
Trussell et al., 1993; Jonas et al., 1993, Hestrin, 1992, 1993; Colquhoun et al., 1992,
Jonas et al, 1994; Raman and Trussell, 1992), suggesting a minor role for
desensitization in terminating the EPSC. However, at a cochlear nucleus synapse, the
synaptic current decay is apparently dominated by desensitization of the postsynaptic
receptors (Trussell et al., 1993), because the time constant of the EPSC decay and of

desensitization are the same.
1.4.3 Diffusion

Computer modelling of transmitter diffusion through the extracellular space away from
its release site suggests that the neurotransmitter concentration should fall very rapidly at
CNS synapses (reviewed by Clements, 1996), falling to 10% of its peak value in

0.5msec. At synapses in cultured hippocampal neurons, the average time course of the
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transmitter concentration was measured using a rapidly dissociating (low-affinity)
antagonist (Clements ez al., 1992). The glutamate concentration decay was estimated to
be a double exponential with 2.7mM and 0.4mM as the amplitude of the exponentials of
time constant 100us and 2.1ms, similar to what is predicted by the computer modelling.
Rapid removal of glutamate by diffusion depends on the glutamate concentration in the

extracellular space around a synapse being kept low by uptake into surrounding cells.
1.4.4 Uptake

Uptake of neurotransmitter, either directly from the synaptic cleft, or at more distant
locations after the neurotransmitter has diffused out of the cleft, plays a key role in
terminating the action of most CNS transmitters, including glutamate. This role can be
demonstrated by inhibiting uptake, which should prolong the postsynaptic action of

released neurotransmitter and thus alter the decay time course of EPSCs.

Carrying out this experiment for GABAergic synapses has demonstrated that GABA
uptake carriers do contribute to terminating synaptic transmission via GABA4 receptors
(Thompson and Gahwiler, 1992). In addition, GABA uptake prevents GABA released
from active inhibitory neurons spreading through the extracellular space and inhibiting
neurotransmitter release from nearby excitatory neurons by activating GABAg receptors

(Isaacson et al., 1993).

At glutamatergic synapses, the effect of uptake blockers varies from synapse to synapse.
At cerebellar mossy fibre to granule cell synapses and hippocampal Schaffer collateral to
pyramidal cell synapses, inhibiting glutamate uptake does not affect the EPSC decay time
course (Hestrin et al., 1990b; Isaacson and Nicoll, 1993; Sarantis ef al., 1993), which
may be dominated by the time course of channel deactivation following rapid diffusion of
glutamate out of the synaptic cleft (Colquhoun et al., 1992; Silver et al., 1992; 1994).
However, at cerebellar climbing fibre and parallel fibre to Purkinje cell synapses,
blocking uptake prolongs the EPSCs as will be shown in this thesis (see also Barbour ef
al., 1994).

28



1.5 Glutamate uptake

A substantial fraction of the experiments described in this thesis are on the properties of
glutamate uptake. This section provides background information on the properties of

glutamate transporters relevant to the experiments carried out.
1.5.1 Stoichiometry of glutamate uptake carrier

Radiotracing experiments and electrophysiological studies using patch-clamp techniques
have suggested that glutamate uptake by uptake carriers in the membrane of rat (Kanner
and Sharon, 1978), salamander (Brew and Attwell, 1987; Barbour ez al., 1988; Amato et
al., 1994), and rabbit (Sarantis and Attwell, 1990) glial cells is associated with the co-
transport of two Na' ions into the cell and the counter-transport of one K* ion out of the
cell per glutamate anion taken up. There are four cloned mammalian glutamate
transporters reported so far, and all of them appear to transport Na” ions into and K"
ions out of the cell (Pines ef al., 1992; Kanai and Hediger, 1992; Klockner et al., 1993;
Fairman ef al., 1995). Furthermore, glutamate uptake carriers generate pH changes,
acidifying the inside and alkalinizing the outside of the cells (Erecinska ef al., 1983;
Bouvier et al., 1992). In salamander retinal glial cells, it has been suggested that uptake
carriers transport an OH ion out of the cell (Bouvier ef al., 1992). The experiments

leading to these conclusions are summarised in the following sections.

1.5.1.1 Glutamate

A single glutamate anion seems to be transported on each cycle of the carrier’s
operation. Previous studies of high affinity glutamate uptake carriers found a first order
Michaelis-Menten dependence of uptake on external glutamate concentration (Hertz,

1979; Erecinska, 1987) with apparent K, values between 2 and 70uM.

1.5.1.2 Sodium

Sodium ions are necessary outside cells to drive the uptake of radioactive glutamate
(Hertz 1979, Erecinska, 1987). Glutamate uptake by all four cloned expressed carriers

was almost abolished by removal of extracellular sodium. Furthermore, glutamate
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stimulates uptake of radioactive sodium (Stallcup et al., 1979, Baetge ef al., 1979),
suggesting that sodium ions are co-transported on the uptake carrier with glutamate.
The sigmoid dependence of glutamate uptake on external sodium concentration suggests
that at least two sodium ions are transported with each glutamate anion. Direct
measurements of radioactive glutamate and sodium fluxes suggest that two sodium ions
are transported per glutamate (Stallcup et al., 1979; Baetge ef al., 1979). A similar
conclusion (2 Na* per glu’) was deduced from the sodium-dependence of the equilibrium
accumulation of D-aspartate into synaptosomes (Erecinska ef al., 1983). Consistent with
this, the current produced by glutamate transport (which partly reflects the co-transport
with glutamate of an excess of Na" ions) has a sigmoid dependence on external sodium

concentration (Barbour et al., 1991).

1.5.1.3 Potassium

Radiotracing experiments suggested that glutamate uptake needs, in addition to
extracellular sodium, intracellular potassium (Kanner and Sharon, 1978; Burckhardt ef
al., 1980). Similarly, when uptake is studied by whole-cell clamping (Barbour ez al.,
1988), the glutamate-evoked current is activated by intracellular potassium (controlled
by the whole-cell pipette). The current depends on internal potassium concentration in a
first order Michaelis-Menten manner, showing that one K* has to bind to an intracellular
activating site. Direct confirmation that K" is transported out of the cell, rather than just
binding at a regulatory site, was obtained by measuring K" efflux using K'-sensitive

microelectrodes positioned outside the cell (Amato ef al., 1994).

1.5.1.4 pH-changing ions

In addition to transporting 2 Na” and a glu™ into the cell, and transporting a K" out of the
cell, glutamate transporters also generates pH changes, acid inside and alkali outside the
cell, and these are not a secondary consequence of glutamate transport raising [Na'}; and
modulating the action of pH-regulating carriers (Erecinska et al., 1983; Nelson et al.,
1983; Bouvier ef al., 1992). The magnitude of the pH change implies that the glutamate
transporter in salamander glial cells (Bouvier et al., 1992) and the cloned carrier EAACI

(Kanai ef al., 1995) transport approximately one proton equivalent into the cell with each
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unitary charge, i.e. presumably each cycle. These pH changes may therefore be
produced either by the transport of an H' into the cell or of one OH out of the cell with
each glu. Bouvier ef al. (1992), on the basis of anion substitution experiments,
suggested that an OH was transported out of the cell rather than an H" into the cell, but
the discovery that glutamate transporters activate an anion conductance (Wadiche ez al.,
1995a; Fairman et al., 1995, Billups et al., 1996) undermines the methods used to reach

this conclusion: it is currently unknown whether an H' or an OH is transported.
1.5.2 Molecular structure of glutamate uptake carrier

Four distinct glutamate transporters have been cloned. The cloning of homologous
transporters in different species brings to seven the total number of transporters cloned.
The amino acid sequences of these seven transporters (4 from human, EAAT1-4, 2 from
rat, GLT-1 and GLAST, and 1 from rabbit, EAAC1) are shown in Fig. 1.1. Based on
this alignment made by the Clustal method (Higgins et al., 1992), the sequence identity
of the same transporter in different species is highly (more than 90%) conserved: human
EAAT1 (Arriza et al., 1994) has 96% identity with the rat GLAST (Storck et al., 1992);
human EAAT?2 (Arriza et al., 1994) has 90% identity with the rat GLT1 (Pines ef al.,
1992); human EAAT3 (Arriza et al., 1994) has 91% identity with the rabbit EAACI1
(Kanai and Hediger, 1992). GLAST and EAATI1, which are glial transporters, are
closest in sequence to EAAT4, a neuronal transporter, and (surprisingly) furthest in
sequence from the glial transporters GLT1 and EAAT2 (Fig. 1.2). The most
homologous region of the transporters is at the C terminus. The number of
transmembrane domains has not been established yet, but is believed to be between 6 and

12.
1.5.3 Coupling with an anion channel

The four cloned human glutamate transporters (Fairman et al., 1995; Wadiche ef al.,
1995a) and the transporters in salamander photoreceptors and glial cells (Sarantis ez al.,
1988, Eliasof and Werblin, 1993; Billups et al., 1996) have been shown to activate an
anion conductance when they bind external glutamate and Na' ions. The fact that

expressing the cloned transporters also leads to the anion conductance being expressed
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Fig. 1.1 Alignment of glutamate transporter sequences. The alignment was made by the
Clustal method, based on maximizing sequence identity. The conserved amino acids are
boxed. Gaps are introduced to optimize sequence identity. Sequences are taken from
the following references: EAAT1-3 (Arriza et al., 1994), EAAT4 (Fairman ef al., 1994),
EAACI (Kanai & Hediger, 1992), GLAST (Storck et al., 1992) and GLT1 (Pines et al.,
1992).
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Fig. 1.2 A phylogenetic tree of glutamate transporters. This was generated from the
optimal alignment shown in fig. 1.1 to determine the ancestral relationship. Branch

distances from ancestral nodes correspond to sequence divergence.
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suggests that the anion conductance is in the structure of the transporter. Patch-clamp
studies show that the anion conductance in salamander retinal glial cells can be activated
by glutamate binding to either side of the membrane (i.e. both during forward and
reversed uptake), and can occur independently of the transport of glutamate (Billups ez

al., 1996).
1.5.4 Distribution of glutamate uptake carriers in the central nervous system

In situ hybridization indicates that mRNA for the four distinct cloned transporters is
produced only in certain cells of the brain. Two of the first transporters to be cloned,
GLAST or EAAT1 (Storck et al., 1992; Arriza et al., 1994) and GLT-1 or EAAT2
(Pines et al., 1992; Arriza et al., 1994), are located predominantly in glial cells. GLT-1
is expressed widely among astrocytes throughout the brain, while GLAST is much more
localized, being concentrated in Bergmann glial cells of the cerebellum. One cloned
carrier, EAAC1 or EAATS3, is expressed in neurons throughout the brain (Kanai and
Hediger, 1992; Arriza ef al., 1994), while the more recently cloned EAAT4 (Fairman et
al., 1995) is expressed mainly in the cerebellum, primarily in Purkinje cells, and

occasionally in astrocytes.

Antibody staining has revealed in detail the subcellular localization of cloned transporters
in the cerebellum. Interestingly, GLT-1 transporters are not expressed uniformly in the
membrane of astrocytes: there are more carriers in the parts of the glial cell membrane
that face nerve terminals, axons and dendritic spines than in the membrane that faces
other glial cells, capillaries, pia or stem dendrites (Chaudhry ez al., 1995), consistent with
a major role for glial uptake being to maintain the glutamate concentration around
neurons below neurotoxic levels. The subcellular location of the neuronal transporters
EAACI1 and EAAT4 is also of interest. Conventionally neuronal glutamate uptake has
been thought of as being in presynaptic terminals, where it would serve the dual function
of being in a good location to terminate the synaptic action of glutamate and of recycling
glutamate to synaptic vesicles for re-use as a transmitter. However, EAAC1 (Rothstein
et al., 1994) and EAAT4 (Rothstein, personal communication) are found to be expressed

throughout the soma and dendritic tree of Purkinje cells, and experiments described in
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Chapter 5 show that this uptake is present in the surface membrane. Purkinje cells are
not even glutamatergic neurons (although they may need to take up glutamate as a
precursor for synthesis of their transmitter GABA), and this subcellular location suggests
a role in terminating the synaptic action of glutamate released from climbing and parallel

fibres onto the Purkinje cells: a possibility investigated in Chapter 5.

A different function for the glial transporters GLAST and GLT-1, and for the neuronal
transporter EAACI, has been suggested by experiments in which antisense techniques
were used to prevent transporter expression (Rothstein ef al., 1996). The loss of glial
transporters produced a rise of extracellular glutamate concentration which caused cell
death. By contrast, preventing EAAC] function did not raise the extracellular glutamate
concentration, but produced a mild neurotoxicity and resulted in epilepsy. These results
suggest that glial transporters may mainly function to keep the glutamate concentration
low in the extracellular space, while neuronal transporters play a more specific role in

synaptic transmission.
1.5.5 Reversed uptake

The direction of glutamate transport by the uptake carrier is determined partly by the
concentration gradient of the ions other than glutamate that this carrier transports.
During brain hypoxia or ischaemia, these ion gradients will be altered (reviewed by
Attwell ef al., 1993; Szatkowski and Attwell, 1994). The first ionic concentration to
change is that of [H'): because of the switch to anaerobic respiration the pH starts to go
acid, eventually reaching about 6.1 both inside and outside cells. Next, the fall of ATP
levels produced by lack of oxygen leads to inhibition of the sodium/potassium pump and
a rundown of the transmembrane gradients for [K'], [Na'] and voltage. Initially the
extracellular potassium concentration, [K'], rises slowly, but after 2 minutes [K'],
suddenly rises to about 60mM, while [Na'], falls, and the cells are depolarized to -20mV.
These changes leads to the reversed operation of glutamate transporters with the
stoichiometry described above, resulting in release of glutamate into the extracellular

space which can then lead to neuronal death.
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This release of glutamate by reversed uptake has been shown in two ways. First, raising
the potassium concentration around glial cells whole-cell clamped to a depolarized
potential with pipettes containing sodium and glutamate (to mimic the conditions during
ischaemia) evoked an outward membrane current produced by reversed operation of the
transporters (Szatkowski ez al, 1990). Second, glutamate release from a glial cell
produced by depolarizing in high [K'] solution was detected as an opening of glutamate

receptor channels in a neuron placed next to the glial cell (Billups and Attwell, 1996).

In Chapter 5 of this thesis I investigate whether the glutamate transporters in Purkinje

cells can operate at a significant rate in the reversed direction.
1.5.6 Glutamate-cystine exchange

Apart from Na'-dependent glutamate transporters as described above, a Na'-independent
transport mechanism for glutamate in the cell membrane has been reported (Bannai and
Kitamura, 1980, 1981; Bannai, 1986). This is called cystine-glutamate exchange, and is
found in human fibroblasts (Bannai and Kitamura, 1980, 1981), in mouse macrophages
(Watanabe and Bannai, 1987; Bannai et al., 1991), in hepatocytes (Bannai et al., 1986),
in opossum kidney cells (States and Segal, 1990), and in fetal rat brain primary culture
(Sagara et al., 1993). This transport activity is designated as system x. and is a non-
electrogenic process (Bannai, 1986). This exchanger normally transports cystine into the
cell and glutamate out of the cell, since the concentration of cystine is lower inside the
cell while that for glutamate is lower in the extracellular space. The uptake of cystine
mediated by this transporter is important in maintaining intracellular levels of glutathione
(an anti-oxidant), since cystine is converted to cysteine inside the cell, which is the rate

limiting precursor for glutathione synthesis (Bannai and Tateishi, 1986).

The stoichiometry of this transporter has not been defined, however, it is thought to be
Na-independent, Cl-dependent (Waniewski and Martin, 1984), and to be pH-dependent
(Ishii ez al., 1991): the uptake of cystine is slower at an acid pH (6.0) than at pH 7.5.
This protein transports glutamate, cystine, homocysteic acid, o-aminoadipate, and o-
aminopinelate, but not aspartate. The cDNA for this transporter has not been cloned,

however, from an expression study, mRNA encoding this transport is thought to be of
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length 1.5-2.9 kb (Ishii ef al., 1991). In the brain, autoradiography suggests that this Cl-
dependent transporter is most common in the cerebral cortex, the molecular layer of the
dentate gyrus and the superior colliculus (Anderson ef al., 1990), but it is also expressed
in the cerebellum. In Chapter 6 of this thesis I investigate the possible contribution of

cystine-glutamate exchange to glutamate removal at cerebellar synapses.
1.6 Cerebellum

The experiments discovered in this thesis were all carried out on slices of cerebellum, so

I shall review briefly the structure and function of the cerebellum.

The cerebellar cortex functions largely to modulate motor commands, and to integrate
various forms of sensory information to smooth and fine-tune voluntary movements and
reflexes (Ito, 1984). Both lesion studies and ir vivo electrical recordings have suggested
that the intrinsic cerebellar circuitry is involved in various forms of motor learning,
including adaptation of the vestibulo-ocular reflex (Ito, 1984, Watanabe, 1984),
associative eyeblink conditioning (Berther and Moore, 1986, McCormick and
Thompson, 1984; Yeo and Hardiman, 1992), and limb load adjustment (Gilbert and
Thatch, 1977).

1.6.1 Structure of the cerebellum

In the cerebellar cortex, neurons are arranged uniformly and simply as shown in Fig.1.3,
which represents a portion of the structure which repeats throughout the cerebellum
(reviewed by Marr, 1969; Albus, 1971; Gilbert, 1974). The cerebellar cortex consists of
three layers, the granule cell layer, the Purkinje cell layer and the molecular layer

containing the Purkinje cell dendrites and parallel fibres (the axons of granule cells).

Climbing fibres and mossy fibres are the only afferent pathways to the cerebellum. The
climbing fibres originate in the inferior olive; the mossy fibres are all the other afferents
to the cerebellar cortex which arrive from the cerebral cortex, spinal cord, vestibular
cortex and reticular formation. Each climbing fibre sends excitatory synaptic input to a
single Purkinje cell. By contrast, each mossy fibre arborizes throughout the granule cell

layer, and contacts more than 500 granule cells as well as Golgi cells.
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Fig. 1.3 Diagram of the cerebellar cortex of adult rat. The afferents are the climbing
fibres and the mossy fibres. Each climbing fibre makes synapses onto one Purkinje cell,
and sends weak collaterals to other cells of the cortex. The mossy fibres synapse with
granule cells, whose axons form the parallel fibres. The parallel fibres, running
longitudinally down the folium, make synapses onto Purkinje cells and inhibitory
interneurons, the stellate, basket and Golgi cells. The stellate and basket cell axons make
synapses with the Purkinje cells and Golgi cell axons make synapses with granule cells
and mossy fibres. The Purkinje cell axons are the only output from the cortex. (Drawing

created and kindly provided by Dr Barbara Lom.)
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Granule cells receive inputs from mossy fibres, and send their output axons to Purkinje
cells. Each granule cell axon rises to the molecular layer, where it makes a T-shaped
branch and runs longitudinally, parallel to all the other granule axons (hence it is called a
parallel fibre) and perpendicular to the Purkinje cells’ dendritic trees. The parallel fibres
make excitatory synapses with Purkinje cells, basket cells, stellate cells and Golgi cells.
Golgi cells are inhibitory interneurons situated in the granule cell layer, which have

elaborate axons making GABAergic synapses onto granule cells.

Purkinje cells (Fig. 1.3) have a large and very dense dendritic tree flattened in the
parasagittal plane in the molecular layer. More than 150,000 parallel fibres make
synapses onto each Purkinje cell, and each parallel fibre makes synapses onto about 300
Purkinje cells. Despite the large number of parallel fibre inputs, only 50 of these inputs
have to be active to make the Purkinje cell fire an action potential (Barbour, 1993). The
climbing fibre to Purkinje cell synapse is extremely reliable - activating the climbing fibre
always makes the Purkinje cell fire. The only output from the cerebellar cortex is
through the axons of the Purkinje cells which make inhibitory synapses on the cells of the
deep cerebellar nuclei. Purkinje cell axons also send inhibitory recurrent collaterals to

other Purkinje cells, basket cells, stellate cells and Golgi cells.

Basket cells, with somata situated just above the Purkinje cell bodies, also have dense
dendritic trees which receive inputs from parallel fibres. Basket cells axons make strong
inhibitory synapses onto Purkinje cells. Each basket cell inhibits about 50 Purkinje cells.
Stellate cells, located higher up in the molecular layer, are smaller inhibitory

interneurons, which also receive inputs from parallel fibres, and inhibit Purkinje cells.

The Purkinje cells are partly surrounded by a glial sheath formed from the membrane of
Bergmann glia (not shown in Fig. 1.3) which express glutamate transporters (Chaudhry
et al., 1995) whose role is to terminate transmission at the excitatory synapses onto the

Purkinje cell.
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1.6.2 The Purkinje cell and its glutamatergic synapses

At parallel fibre synapses, glutamate activates two types of postsynaptic receptor: those
activated by AMPA, and metabotropic receptors (mGluRs). Glutamate is also believed
to be the transmitter released at the climbing fibre to Purkinje cell synapse, where it
activates postsynaptic AMPA receptors. In adult cerebellum (after about 10 days old:
Konnerth et al., 1990; Perkel et al., 1990; Rosenmund et al., 1992; Momiyama et al.,

1996), neither type of synapse possesses functional NMDA receptors.
1.6.3 Synaptic plasticity

It is widely believed that long-term changes in synaptic strength underlie the storage of
information in the brain, eventually yielding learning and memory. In recent years,
considerable amounts of work have been done to identify persistent, use-dependent
mechanisms that increase synaptic strength, termed collectively long-term potentiation
(LTP), or those which decrease synaptic strength, termed long-term depression (LTD).
In the cerebellum, LTD occurs at the synapses from parallel fibres to Purkinje cells, and
indirect evidence suggests that this form of synaptic plasticity may be one of the
mechanisms underlying some simple forms of learning (reviewed by Thompson and

Krupa, 1994).

1.6.3.1 Synaptic requirements for cerebellar LTD

In intact animals or in vitro cerebellar slices, co-activation of parallel fibre and climbing
fibre inputs to Purkinje cells at low frequencies (1-4Hz) results in depression of
transmission at the parallel fibre synapses (reviewed by Linden and Connor, 1995). The
duration of this depression is not well defined, but is thought to persist for many days or

weeks and is therefore termed long-term synaptic depression, or LTD.

LTD has many interesting features as a model of synaptic plasticity and a memory
substrate. First, it shows input specificity, i.e., LTD is confined to those parallel fibre-
Purkinje cell synapses that are active at the time of climbing fibre stimulation (Ito et al.,
1982; Ekerot and Kano, 1985). Second, it can be observed at many levels of

experimental analysis, ranging from intact animals to slices and even cultured Purkinje
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cells. Third, unlike some other forms of long-lasting synaptic plasticity, the locus of
expression of LTD is defined: cerebellar LTD appears to be a purely postsynaptic

phenomenon.

1.6.3.2 Postsynaptic glutamate receptors involved in LTD

The activation of both AMPA receptors and mGluRs by parallel fibres appears to be
important in LTD. In cerebellar slices, activation of the metabotropic glutamate receptor
in conjunction with depolarization, which replaces activation of AMPA receptors (to
produce a postsynaptic calcium action potential like climbing fibre activation does: see
below), is sufficient to induce LTD (Daniel et al, 1992; Linden et al, 1993).
Furthermore, mice in which mGluR1 receptors have been genetically knocked-out do not
have LTD (Aiba et al., 1994). 1t is likely that activation of these receptors provides one

or more intracellular messengers essential for the induction of LTD (see below).

The postsynaptic electrical responses at parallel fibre to Purkinje cell synapses are
primarily mediated by AMPA receptors (Konnerth ef al., 1990) and these receptors also
play a central role in LTD. First, their activation is required for LTD induction, because
inhibiting them with CNQX also inhibits LTD induction (Linden ez al., 1991). More
importantly, a decrease in the amount of current flowing through postsynaptic AMPA
receptors at parallel fibre to Purkinje cell synapses is thought to be the mechanism
underlying LTD (Hémart ef al., 1994; Linden and Connor, 1995). For example, LTD
results in a progressive decrease in electrical responses to AMPA application (Linden ef
al., 1991; Linden and Connor, 1991). Quantal analysis indicates that quantal size
changes during LTD, which is also consistent with this interpretation (Hirano, 1991).
Thus, cerebellar LTD might be mediated entirely postsynaptically, by an alteration in the
properties of AMPA receptors at the parallel fibre synapse. However, the nature of

these changes is not yet clear.

1.6.3.3 Intracellular signalling mechanisms involved in LTD

Climbing fibre activation normally triggers an action potential associated with Ca®" influx

in the Purkinje cell (Konnerth ef al., 1992). For induction of LTD, climbing fibre input
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can be replaced with depolarization of the Purkinje cell: postsynaptic depolarization
coincident with presynaptic parallel fibre stimulation is sufficient for LTD induction
(Crépel and Krupa, 1988; Konnerth ef al., 1992). This depolarization (or climbing fibre
stimulation) appears to act by elevating the intracellular calcium concentration. Evidence
for this includes observations that intracellular application of calcium buffers prevents the
induction of LTD (Sakurai, 1990; Konnerth et al, 1992) and that elevation of
intracellular calcium permits LTD induction (Lev-Ram ef al., 1995). Thus, a rise in

intracellular calcium within the Purkinje cell is one signal for LTD.

Other signalling pathways have also been implicated in LTD. Nitric oxide (NO) has been
suggested to play an important role in several models of neuronal plasticity (reviewed by
Schuman and Madison, 1994). Recently, it was found that photolytic generation of NO
could completely replace parallel fibre activation in the induction of LTD (Lev-Ram et
al., 1995). NO is a potent activator of soluble guanylate cyclase, the enzyme catalyzing
cyclic GMP formation (Shibuki and Okada, 1991; Daniel et al., 1993). Since the main
biological action of cyclic GMP is to activate protein kinase G, the activation of this

kinase by NO may play a role in the induction of LTD.

Recent work has shown that AMPA receptors can be phosphorylated by protein kinases
(Moss et al., 1993; McGlade-McCulloh et al., 1993; Raymond et al., 1993; Tingley et
al., 1993; Tan et al., 1994; Nakazawa et al., 1995). Some of the phosphorylation sites
on cloned AMPA receptor subunits have been identified, and phosphorylation of these
sites was found to decrease their response to glutamate. It has been postulated that
protein kinases participate in LTP, LTD and receptor desensitization by phosphorylating
glutamate receptors (reviewed by Roche ez al., 1994). For the case of cerebellar LTD,
Nakazawa ef al. (1995) have suggested a requirement for phosphorylation of receptors
by protein kinase C (PKC). In agreement with this hypothesis, it has been shown that
activation of PKC is necessary to induce LTD in cultured Purkinje cells (Crépel and
Krupa, 1988, 1990; Linden and Connor, 1991): PKC inhibitors block LTD whilst
activators of PKC mimic LTD. Protein kinase G is also proposed to be involved in the
induction of LTD (Ito and Karachot, 1990; Daniel ef al., 1993). Furthermore, inhibition
of protein phosphatase-1 (PP-1) by calyculin A mimics LTD (Ajima and Ito, 1995).
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While these data imply a role for protein phosphorylation in LTD, the possible
mechanism of the link between receptor phosphorylation and LTD has not been

established.
1.6.4 Purkinje cell death in ischaemia

Cerebellar Purkinje cells are known to be selectively vulnerable to ischaemia among
neurons in CNS, yet the reason for this vulnerability is not well understood. As
discussed in section 1.2.5, for most neurons an elevation of intracellular free Ca*
concentration mediated by NMDA receptor activation is thought to be important in
causing neuronal death following ischaemia (Choi, 1990), but Purkinje cells have no
functional NMDA receptors (Rosenmund ef al., 1992). One possible explanation of
selective vulnerability among neurons is a lower than normal ability to buffer cytoplasmic
Ca’, since a high level of the cytoplasmic Ca**-binding protein calbindin-D28k may give a
resistance to excitotoxic death in hippocampal neurons (Scharfman and Schwartzkroin,
1989); however, Purkinje cells do express calbindin-D28k at a high level. (Sequier et al.,
1990), so this does not explain the vulnerability of Purkinje cells. Recently, it has been
shown that cultured Purkinje cells express Ca>* permeable AMPA receptors (Brorson et
al., 1992), some of which do not show complete desensitization when AMPA is applied
(Brorson et al., 1995). Purkinje cells express largely the flip form of GluR3, as well as
both splice variants of GluR1 and GluR2 (Lambolez ef al., 1992). Since homomeric
GIuR3 flip receptor channels were shown to have the slowest desensitization time
constant (Mosbacher ef al., 1994), this expression pattern of AMPA receptors might be
responsible for the selective vulnerability of Purkinje cells during ischaemia, by producing

a long lasting calcium influx.

Another possibility is that Purkinje cells may be exposed to high level of NO during
ischaemia (since NO is believed to play an important role in producing LTD in these
cells) - NO is known to be able to damage cells by forming peroxynitrite anions. In
Chapter 5, based on my work on glutamate transporters in Purkinje cells, I will suggest

other possible explanations for their vulnerability to ischaemic insults.
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Chapter 2

Methods

2.1 Preparation of rat cerebellar slices
2.1.1 Preparation of tissue for slicing

Cerebellar slices were prepared from 10-18 day old (usually 12 day old) Sprague-Dawley
rats. The rat was killed by cervical dislocation followed by decapitation, and the whole
brain was removed. After removal, the brain was immediately submerged in ice-cold
oxygenated saline solution A or B (solution recipes are given at the end of this chapter:
table 2.1). Then the two side lobes and the vermis of the cerebellum were cut off using a

razor blade, leaving the central part of the cerebellum intact.
2.1.2 Slicing

The slicing chamber was filled with saline solution A or B, and pre-cooled in a freezer
until the solution was frozen. A sagittal surface (for EPSC and iontophoresis
experiments) or coronal surface (for recording the parallel fibre presynaptic volley) of the
cerebellar block was glued with a cyanoacrylate glue to the stage of the slicing chamber,
then the slicing chamber was immediately filled with ice-cold saline solution. A vibrating
tissue slicer (Campden Instruments) was used to cut slices, and the chamber was
continuously oxygenated. Four to ten 200um thick slices were usually obtained from

one cerebellum.

After slicing, each slice was immediately transferred to a holding chamber containing
oxygenated saline solution A or B, which was kept either in a water bath at a
temperature of 37°C or at room temperature for one hour to ensure the recovery of cells
from slicing, then stored at room temperature until required. All the experiments were

done at room temperature, 22 to 25°C.
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2.1.3 Mechanical fixation of brain slices for recording

One slice was placed in a glass-bottomed recording chamber (0.8ml volume), and during
recording, the chamber was perfused with oxygenated saline solution at a flow rate of
2ml/min. The slice was held in place with a grid of parallel nylon threads. The U-shaped
frame (8x10mm) of the grid was made from 0.5mm platinum wire flattened with a vice
(Konnerth et al., 1987), and the threads were taken from nylon stockings and glued to
this frame.

2.1.4 Isolation of Purkinje cells

To isolate cells, first a 200um thick cerebellar slice was incubated in 2ml of medium
containing (mM): Na-pyruvate 1; NaCl 86; NaHCO; 25; NaH,PO, 10; KCl 3.7, glucose
15; DL-cysteine 10; bubbled with 100% O, and about 10 units of papain for 12-15
minutes at 32°C. Then the slice was rinsed by dropping it through 4ml of solution B four
times. Next the slice was triturated in 1ml of solution B by passing it in and out of the
tip of a Pasteur pipette, which was fire polished to produce an internal diameter of about

0.5mm.

The resulting cell suspension was then immediately plated into the recording chamber.
Prior to superfusing the external solution, cells were allowed to settle on the bottom of
the chamber for 2-3 minutes. Purkinje cells were easily recognised morphologically by
their large cell body and the presence of an axon and some dendritic processes (Fig. 2.1),

as well as electrically by their sodium current after going to the whole-cell configuration.
2.2 Whole-cell clamping
2.2.1 Visualization of cells

The recording chamber was mounted on the fixed stage of an upright microscope
(Axioskop, Zeiss, Germany) and slices were viewed with a 40x water immersion
objective (Achroplan, Zeiss) with 0.9-NA condenser (Zeiss). Purkinje cell somata were

easily identified by their position, shape and size in the slice (Fig. 2.2).
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Fig. 2.1 An isolated Purkinje cell. The cell has a large pear-shaped cell body, an axon (at

the bottom) and some dendritic processes (at the top). Cell body is about 18um diameter.
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Fig. 2.2 A confocal image of a Lucifer yellow-filled Purkinje cell from a 12 day old rat.
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2.2.2 Patch-clamp recording

The microscope was placed on a vibration isolation air table (Ealing Electro-Optics,
U.S.A)) within a Faraday cage. Patch electrodes were pulled from thin-walled
borosilicate glass capillaries (GC150TF-10, Clark Electromedical, England) using a two-
stage pull on a BB-CH horizontal puller (Mecanex, Geneva). Immediately prior to use,
the pipette tip was heat polished with a platinum wire: the pipette tip was observed under
a microscope (Laborlux 11, Leitz) at a magnification of 400. The resistance of the
pipettes before sealing was 2-2.5 MQ when filled with solution D (table 2.2) and bathed
in solution A or B (table 2.1).

The headstage of the patch clamp amplifier (RK300, Biologic, France or Axopatch-
200A, Axon Instruments, U.S.A.) was mounted on a mechanical micromanipulator (MX-
1, Narishige, Japan). The earth electrode was usually an Ag/AgCl pellet immersed in the
bath solution. For experiments in which the external chloride concentration was altered,
a 4M NaCl agar bridge was used (see section 2.2.4). The patch pipette was inserted in a
perspex electrode holder with an Ag/AgCl pellet (Clark Electromedical) or a Teflon

electrode holder with a chlorided silver wire (Axon Instruments).

During seal formation, 10mV voltage steps were applied to the electrode to monitor its
resistance. When the patch electrode was put into the bath, offset potentials were
cancelled to zero. A slight positive pressure was continuously applied until the electrode
tip touched the membrane of the cell. Following contact of the electrode with the
membrane, the positive pressure was immediately released and a small negative pressure
was applied until a high-resistance seal (> 1GQ) was established, and the electrode was
hyperpolarized by 60-80mV to help make a better seal. Then application of brief pulses
of suction to the patch electrode ruptured the membrane at the end of the electrode to

obtain the whole-cell configuration.
2.2.3 Double-patch experiments

To exchange intracellular solutions in the same cell, double-patch experiments were

performed (section 5.8.3). First, a Purkinje cell was whole-cell clamped with the first
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patch electrode (electrode 1), and necessary recordings were made. Next, immediately
prior to attaching the second patch electrode (electrode 2), electrode 1 was switched to
the current-clamp configuration from the voltage-clamp configuration, and a seal was
obtained with electrode 2. Rupture of the patch of membrane under electrode 2 was
then achieved to obtain the whole-cell configuration. Then electrode 2 was set to
current-clamp mode, while electrode 1 was switched back to voltage-clamp mode so that
subsequent EPSC recordings were made with the same electrode as before electrode 2
was attached. The series resistance of electrode 1 was continuously monitored by giving

2mV steps prior to the stimuli used to evoke a synaptic current.
2.2.4 Correction of liquid junction potentials

Potential differences between two solutions, called liquid junction potentials, occur at all
boundaries between solutions of differing compositions. They result from the charge
separation that occurs when anions and cations of different mobilities diffuse across
boundaries. Apparent offset potentials were cancelled before seal formation, at a time
when the pipette solution was diffusing into the bath solution. However, after entering
the whole-cell recording configuration, the liquid junction and the concentration
gradients at the electrode tip no longer exist. Thus, the apparent zero voltage read by
the amplifier was actually shifted by the size of the liquid junction potential, existing at

the end of the pipette when immersed in the bath solution.

The measurement of liquid junction potentials was carried out as described by Neher
(1992). To ensure the accurate measurement of the liquid junction potentials, a 4M
NaCl agar bridge was used as a bath electrode to avoid changes of potential at that
electrode. The bath was first filled with the test pipette solution, which was also in the
pipette. The amplifier was switched to current clamp mode, and the voltage reading was
set to zero by adjusting the offset. The bath solution was then quickly exchanged for
normal external solution and the new pipette voltage was read: this new voltage is the
liquid junction potential between the test pipette solution and the bath solution. For all

the data of this thesis, the liquid junction potential was corrected using this method.
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2.2.5 Voltage-clamp quality

2.2.5.1 Space-clamp quality

To improve voltage control, when recording EPSCs, cell somata were usually clamped
to between -30mV and -40mV to inactivate the voltage-gated sodium current. For the
pipette solution, caesium was used as a major cation instead of potassium to reduce
voltage-dependent potassium currents and to obtain better voltage-clamp uniformity.
Earlier work suggests that with these conditions, combined with the use of young
animals (usually 12 days old), the climbing and parallel fibre EPSCs are reasonably well
voltage-clamped and their decay time constants are reasonably accurately measured

(Llano et al., 1991; Hausser, 1994).

2.2.5.2 Modelling the Purkinje cell dendritic tree

Purkinje cells have an extensive dendritic arborization in adult cerebellum, which would
cause serious problems of voltage-clamp quality. However, using rats younger than 20
days old is thought to give considerably better voltage-control and at this age the
Purkinje cell can be represented by a 2 compartment model, as shown in Fig. 2.3A
(Llano ef al., 1991). This model represents the cell in terms of a proximal compartment
comprising the soma and proximal (main) dendrites (where the climbing fibre synapses
impinge in rats of the age that I have studied) and a distal compartment representing the
distant dendrites (where the parallel fibre synapses impinge). To assess the parameters in
this model, voltage steps (10 or 2mV) were applied to the pipette in whole-cell mode,
and the resulting capacity transient (for an example see Fig. 2.3B) was analysed as

follows. The symbols used in this derivation are as follows:
I current

Vo: pipette (command) potential

V1: potential in the soma and in the main dendrites

V2: potential in the distal dendrites
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Fig. 2.3 Two compartment model of a Purkinje cell. A. Circuit equivalent to a whole-cell
clamped Purkinje cell. Vj is the holding potential, V; the somatic membrane potential, V; the
membrane potential of distal dendrites, I the current flowing in response to a change of
voltage, R, the series resistance between the pipette and the cell, R, the series resistance
between the soma compartment and the distal dendrites, R; the membrane resistance of the
distal dendrites, R4 the membrane resistance of the soma and proximal dendrites, C, the
somatic and main dendritic membrane capacitance and C, the (distal) dendritic membrane
capacitance. B. Specimen capacity transient, showing the current flow in response to a

10mV depolarization from a holding potential of -90mV. L, is the steady state current.
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C,: somatic and main membrane capacitance

C,: distal dendritic membrane capacitance

R;: pipette access resistance

R,: resistance between main dendrites and distal dendrites
Rj: distal dendritic membrane resistance

R4: somatic and main dendritic membrane capacitance

The following derivation leads to results different from those in the maths of Llano ez al.

(1991) whose treatment involved making erroneous assumptions.

When a sudden voltage jump is given at the electrode, the current which flows is given

by,
I=V"_V‘=C,dvl+i+vl~Vz (1)
R, dt R, R,
and
ooy, B @
R, R, dt
From (1),
1 1 dv,
V, = \/]RZ(R—2+—4)+R2C]d—t‘—H{2. 3)
Therefore from (3),
d 2
dv, :_YLRZ[L+LJ +R2C1d_\2/1_R2£11 (4)
dt dt R, R, dt dt
From (2),
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c, Y —Vz( 1 +ij (5)
dt R,

"R, R, R,

Inserting (3) and (4) into (5),

2
I
N
R, R,/ dt dt dt ©
V
:L_(L+L) vlkz(i#]mzc,h—mz
R, \R, R,/| R, R, dt

NOW, from (1) V1:V0-R11, SO

4V g dl
dt dt
d*v, d’1
=-R, —
dt? "at?
So,
d21 dI 1 1 1 1) dI
-RR,CC,—-R.C,—-RI{CR,|—+—|+R.C,| —+—|—
121 2dt2 2 2dt 1{ 2 2(R2 R‘J 2 1(R2 R3 }dt

bl

=(V, - R,I){Ri—[ilf}%)(ni—jj} +I(1+§—j)

2

and collecting terms gives

d_21+§{1 ,Ll(i+1jil(i=l)}+ L (1=R2+&+R‘;R'R2j

& d&|RC G\R, R/ G\R, RJ| RRGGU R, R R, RR, @
Yeacarme sy

=— =

RRCGC\R, R, RR,

Hence the steady state current is
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I = (8)

Now, in general the solution of (7) is
I(t)=1, +Ae™ +Ae"™ )
and the boundary conditions are V,=V,=0 at t=0.

Therefore, from (1)

I(t—O)— =I,+A +A,

1

Hence generally (independent of the values of R; and R,) the pipette series resistance can
be obtained from the values of A, and A, derived from fitting the sum of 2 exponentials

to the capacity transient, as:

Vo

R =——0 10
DI+ A +A, (10)

When 1 = 1,,1,, inserting (9) into (7) gives

ilzl_xi\/xzwy a1

T T, 1 2

where

x=_1_+L(L+Lj+L(_1_+L) 12)
RIC] CI R2 R4 C2 R2 R3

and

go— L [1+&+&+&+_R1R2]. (13)
RR,C,C, R, R, R, RR,

60



Now at t=0, since V,=V,=0, equation (1) becomes

c,ﬂ 1= (14)
dt R,

However, V,=V,-IR;. Hence at t=0,

Cl? -R d C s
A A, (15)

= R]C1 T_+T_

1 2

Thus from (14) and (15), generally (independent of the values of R; and Ry) the

capacitance of the soma and main dendrite component can be obtained as:

C = (16)
e
l t] 12
I+A +A
(:1:(°°+A‘Jr ) 17
oo
tl 12

Now, if 1>1y, (11), (12) and (13) give

1 1 1 1(1 1j 1(1 1j
— = | —+— |+ —| —+—
1 1, RC C\R, R,/ C,\R, R, (18)

therefore, squaring both sides,
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(19)

Since equations (8), (18) and (19) are 3 equations with 4 unknown values (i.e. Ry, C,,

R3, Ry), either R3=c0 or R4=c0 must be assumed to proceed.

Suppose R3=a (i.e. no distant dendritic conductance), then (8) becomes

(20)
I +A +A,

and (18) becomes

1 1 1 1 1 1

= + + +
t, 1, RC, R,C, CR, R,C,

1 1

e @)
T, 1, C\R, R,/ R,\C, C,

and (19) becomes

R,C, = i[l + -R—lj . (22)
RIC] R4

The values of R; and C; can be obtained in terms of other known parameters, as follows.

From (21) and (22):
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mz(HR]j 1, 1, C,\R, R,

R4

S C, =4t 1, -2 (l+—1-J (—1—+ij—c1 (23)
Cc, \R, R,J[\R, R,

and

Cain
T, T, —+—
R, R,

| fr+e-tm( L UL 1)
T ¢, \R, RJN\R, R,

or more simply

”(L+Lj
12 R, R,

C,C,

(24)

R, =

R, =
Alternatively, the equations (8), (18) and (19) can be solved by postulating that Rs=co,
1.e. no soma conductance. In this case (8) becomes

L= 25)

“ R, +R,+R,’

(18) becomes

1,1 11 +L(L+L], 6)
1, T, RC  CR, C

and (19) becomes

R.R,C,C, _ R, +R, +R, _ \'A ‘ @7)
U, R, R,I,
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From (27),

V1,1
RR,C, =212 28
v RICIIoo ( )
Now, (26) becomes
1 1 1 __1 +R2+R3. (29)
T 1, RC  CR, RJR(,
Inserting (25) and (28) into (29) gives
V,
(_0 - le RICIIuo
1 1 1 1 N I,
T, 1, RC, CR, V1,1,
1
C
~R, = ‘ : (30)
1. 1 1 RC(%-RIL)
1, 1, RC, Vo171,
From (25),
\Y/
R3=I—°—R,—R2. €29
From (28),
V,1,1
= (32)
RIRZRSCIIOO

Equations (30) and (32) reduce to equations (23) and (24) when R;=R4=c0.

These equations were used to derive the parameters of the model circuit in Fig. 2.3 from
experimentally derived capacity transients. Capacity transients could be fit well by the

sum of 2 exponentials, as required for this modelling.
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A typical response to a 10mV pulse (average of 25 traces) is shown in fig. 2.3B. A
curve fitting program, Clampfit, was used to fit two exponentials to this response. The
fitting region was from 95% of the peak response to the steady state. To use the

equations derived above I obtained the following parameters from the curve fitting:
A,: amplitude of the first exponential

A;: amplitude of the second exponential

I.: amplitude of the steady state current

7;: decay time constant of the first exponential

T2 decay time constant of the second exponential

These values were then inserted into the equations above. For example, the fit for the
cell in Fig.2.3B generated the following values: A;=1681pA, A,=220pA, 1.=256pA,
1:=0.13ms, 1,=5.25ms. Therefore, R;=4.64MQ and C,=35.86pF. When Rj;=c (no
distal dendritic conductance), R4=34.4MQ, C,=141pF and R,=33.0MQ; and when
Rs= (no somatic conductance), R3=17.6MQ), C,=541pF and R,=33.0MQ. Note that
the value obtained for C, (distal dendrite capacitance) depends critically on whether it is

assumed that R;=co or that R4=00.

Average values of the parameters in 14 cells were: R; (pipette series resistance before
compensation)=9.7MQ, C,;=112pF, and when R;=c (no dendritic conductance),
R=69.1IMQ, C,=137pF and R,=76.0MQ; and when Rs=cc (no somatic conductance),
R3=47.2MQ, C,=383pF and R,=21.8MQ.

2.2.5.3 Series resistance

No correlation of EPSC decay time constant with series resistance value (R; in Fig. 2.3)
was found when the series resistance was less than 15MQ), suggesting no significant
shaping of the EPSC by series resistance by filtering. Furthermore, series resistance

compensation was usually employed to reduce the effective pipette series resistance.
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Nevertheless, control experiments (described in section 3.7) and theoretical calculations
(see below) were performed to check that changes of EPSC waveform produced
experimentally, by reducing transmitter release with adenosine or baclofen, were not due

to defective voltage control produced by series resistance errors.

The voltage drop generated by the synaptic current flowing across the series resistance,
or access resistance, R;, of the whole cell pipette can lead to a distortion of the decay
time course of EPSC and altering the synaptic current amplitude (as in Chapter 3) will
alter this distortion. To analyse this, the cell capacitance (C; and C,) and conductance
(1/R3 and 1/R4) were ignored: numerical simulations using MathCad showed that
including them reduced the speeding of the EPSC decay predicted to be produced by the
series resistance when the synaptic current is reduced with adenosine or baclofen, so the
following is a worst case analysis. In addition the cell was treated as isopotential. Series
resistance alteration of the EPSC time course is most likely to occur for the climbing
fibre synapses because of their large current. Most of the climbing fibre synapses in 12
day old rats are likely to be located in the proximal compartment (soma and proximal

dendrites: Llano et al., 1991).

The following symbols are used in the analysis.

Ly: inward synaptic current produced at proximal dendrites or soma
gmax: peak ion channel conductance

Imax: peak synaptic current in the absence of blockers to reduce gmax
Vrv: the reversal potential of the synaptic current

Veen: the voltage inside the cell

Vipip: the clamped pipette potential

T: “real” time constant of decay of the synaptic conductance

Tobs: the decay time constant of the observed current
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The inward synaptic current can be expressed as
Isyn = gmaxe_l/t(\/rcv - Vcell) - (33)
This current will generate a voltage drop across the pipette series resistance R,, therefore

V.

cell

=V

pip

+I,.R,. (34)

Inserting (34) into (33) gives the observed (non-exponential) time course of the synaptic

current as

_ B (Vm -V, )e"’/ i

I ) 35
l-kg,mR,e"/T (33)

syn

The instantaneous time decay constant of the observed current is defined as

=- = (36)

At the time when the underlying conductance has decreased to half its initial value,
equations (35) and (36) give the observed instantaneous decay time constant (an estimate

of what will be obtained from fitting from 90% to 10% of the EPSC decay) as

R
Tops = t(1+—g"‘a" ‘j
2

1+ [Imalej
2

=T (37)
Vrev - Vpip - I R]

max

Thus, when adenosine, GABA or baclofen are used to decrease gmax (see Chapter 3), the
observed decay time constant will decrease. If the resulting peak current is decreased by

a fraction f, (37) predicts a fractional change of observed time constant of
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SRy (Vi -V,

rev pip)

Tobs {2(Vm ~ Voo )Imale }{va = Vi ~ (1= /MR, } -

For each cell studied in which the synaptic current amplitude was altered experimentally,
equation (38) was used to calculate the change of EPSC decay time constant expected
from series resistance errors. Fig. 3.18 shows that for cells with low (uncompensated)
series resistance (R, in Fig. 3.18 is equal to R; above), these errors generate only a small
fraction (open squares) of the observed change of time constant (filled squares). For the
data in Fig. 3.18 with RI,;x<10mV, the predicted fractional change of time constant due

to series resistance errors is on average 24% of that actually observed.

The presence of series resistance error can also be shown to produce a small distortion of
the dose-response curves describing the action of adenosine or baclofen on the peak
synaptic current (Figs. 3.3, 3.4, 3.8 and 3.9) from that which would be observed for the
underlying conductance. For typical values of series resistance (10M€2) and synaptic
current amplitude, mathematical analysis showed that this will lead to the adenosine dose
needed to produce a half-maximal effect on the synaptic current being 12% higher for the
climbing fibre and 6% higher for the parallel fibre input than that which has a half-

maximal effect on the synaptic conductance, i.e. negligible errors.
2.3 Stimulation of inputs

Stimulation electrodes were pulled from thin-walled borosilicate theta glass capillaries
(TGC150-10, Clark Electromedical, England). For EPSC experiments, the climbing
fibre or parallel fibre input to Purkinje cells was stimulated at 0.1Hz with a bipolar theta
glass electrode filled with 1M NaCl (Konnerth et al, 1990, Perkel et al, 1990).

Identification of synaptic inputs is described in section 3.3.

To record the parallel fibre presynaptic volley, stimuli were given by electrodes
containing extracellular solution in the molecular layer, and the resulting extracellular
compound action potentials were recorded with an electrode containing extracellular

solution placed about 300um from the stimulation electrode. The intensity of the stimuli
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was set to produce a half-maximal response, to enhance the chance of detecting any

effect of the drugs on the number of fibres stimulated.
2.4 Iontophoresis

Iontophoresis electrodes were pulled from thin-walled borosilicate glass capillaries
(GC150TF-10, Clark Electromedical, England) using a single-stage pull on a PG-1
horizontal puller (Narishige, Japan). Electrodes were filled with 100mM sodium D-
aspartate, 100mM sodium glutamate or 100mM PDC (resistance around 100MQ) and
backfilled with 1M NaCl, and were placed near Purkinje cell bodies (usually 5-10um
from the cell bodies) with the superfusion solution flowing in the direction from the
electrode to the Purkinje cell. D-aspartate, glutamate or PDC was ejected by switching
from a holding current of +20nA to an ejection current of -40nA. The position of
electrodes was always monitored by a TV camera on the microscope and thus maintained

constant relative to the cell.
2.5 Superfusion

The extracellular solutions were bath applied in all experiments. Solutions were fed into
the recording chamber through plastic tubing by gravity flow. Excess solution was
constantly removed with a hypodermic needle connected to a small tube with suction

provided by a vacuum pump.
2.5.1 Superfusion for slice experiments

For slice experiments, syringe barrels containing different solutions were connected to a
common tube at the bottom of them to ensure good oxygenation even while switching
the flowing solutions (i.e. there was no dead space containing unoxygenated solution):
with this system, it took less than 2 minutes to change the solution in the recording

chamber when solutions flowed at a rate of 2 ml/min.
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2.5.2 Superfusion for isolated cell experiments

For isolated cell experiments, syringe barrels containing different solutions were
connected together at the common inlet into the bath to allow a faster change (around 10
seconds) of the recording chamber solution. To investigate the effect of high external
potassium concentration as described in Chapter 5, rapid changes of the extracellular
solutions around isolated Purkinje cells were achieved by high speed perfusion through a
cannula (inner diameter 0.6mm) placed near the cell, and by lifting the whole-cell

clamped cell from the bottom of the bath.
2.6 Solutions

The extracellular solutions used frequently are listed in Table 2.1. Modifications of these
are stated in the appropriate figure legends. HCOj;™ buffered solutions (solution A) were
made freshly on the day of experiments, and their pH was 7.4 when bubbled with 95%
0,/5% CO,. This solution was used for the experiments described in Chapters 3 and 4.
HEPES-buffered solutions (solution B) were made either on the day of experiments, or
made up before and kept in a freezer. These solutions were used for the experiments

described in Chapter 5, to allow zero-sodium external experiments.

Picrotoxin (Sigma) were made up as a 2.5mM stock in extracellular solution, and kept
frozen until needed. CNQX (Tocris) and DNQX (Tocris or Sigma) were made up as
either a 10mM or 20mM stock in DMSO. DMSO was then also added to the control
solution. D-APV (Tocris) was made up as a 10 or 20mM stock in water. PDC (Tocris)
was made up as a 100mM stock in water. Diazoxide (Sigma), glibenclamide (RBI), and
sodium kynurenate (Sigma) were dissolved directly in the external solution. ACPD
(Tocris), MCPG (Tocris) were made up as a 100mM stock in water with equimolar
NaOH. After adding drugs, pH of the solution was always checked, and adjusted to 7.4

as necessary.

The intracellular solutions used frequently are listed on Table 2.2; any others used are

stated in the appropriate figure legend. All intracellular solutions were made as a stock
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and kept frozen. On the day of experiments, the solutions were thawed. When filling the

pipette, the solutions were passed through a filter with the pore diameter of 0.2um.
2.7 Data analysis

In most of the experiments, data were acquired with pClamp5.5.1 (Axon Instrument),
and recorded on a hard disk of a personal computer (486, 33kHz, Samsung, South
Korea) after being filtered between 1 (iontophoresis experiments and reversed uptake
experiments) and 50kHz (capacity transients) with a low pass filter (Barr & Stroud).

Data was then analysed using pClamp5.5.1.

For reversed uptake experiments (section 5.9), data were stored on magnetic tape (Racal
Store 4DS) and recorded with a chart recorder (Gould, BS-272), and the currents were

measured directly from the chart recordings.
2.7.1 Fitting the decay of the EPSCs

The decay time constant was calculated using Clampfit or a home-made spread sheet.
The fitting region was 10-90% of the amplitude. The rise time was similarly acquired

with Clampfit, and the fitting region was roughly 10-90% of the amplitude.
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Table 2.1

Standard extracellular solutions A-C

A B C
NaCl 124 140 131
KCl 25 25 25
BaCl, 6
NaH,PO4 1 1 1
CaCl, 2.5 10 10
MgCl, 2 2 2
NaHCO:; 26
HEPES 10 10
Glucose 10 10 10
Bubbled with 95% 0,/5% CO, 100%0, 100%0,
pH 7.4 7.4 7.4
pH adjusted with 5% CO, NaOH NaOH

All concentrations are in mM.
A: Standard extracellular solution used in experiments described in Chapters 3, 4 and 6.
B: Standard extracellular solution used in experiments described in Chapters 5 and 6.

C: Barium extracellular solution used in experiments described in Chapter 5.
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Table 2.2

Standard intracellular solutions D-F

D E F
CsF 110
CsCl 30
KCl 140
KClO4 140
NaCl 4 4 4
CaCl, 0.5 0.5 0.5
NMDG; -EGTA 5 5 5
HEPES 10 10 10
pH 73 73 7.3
pH adjusted with NMDG NMDG NMDG
Junction potential -6mV -2mV -3mV

All concentrations are in mM.
D: Standard intracellular solution.
E: KCl intracellular solution used in Chapter 5.

F: KClOy intracellular solution used in Chapter 5.
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Table 2.3

Intracellular solutions G and H

G H
CsF 110 110
CsCl 14 14
NaCl 20
Na-D-aspartate 20
CaCl2 0.5 0.5
NMDG,-EGTA 5 5
HEPES 10 10
pH 7.3 7.3
pH adjusted with NMDG NMDG
Junction potential -3mV -3mV

All concentrations are in mM.
G: Control intracellular solution for H

H: Intracellular solution to block glutamate uptake from inside the cell
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Chapter 3

Differential effects of adenosine and GABA on parallel fibre and

climbing fibre synapses

3.1 Introduction

Adenosine acts on presynaptic A; receptors to inhibit transmitter release (Dunwiddie,
1985; Lupica et al., 1992; Prince and Stevens, 1992), either by inhibiting voltage-
dependent Ca®* influx (Scholz and Miller, 1991; Yawo and Chuhma, 1993) or by another
mechanism such as inhibition of adenylate cyclase (Dunwiddie and Fredholm, 1989;
Scanziani et al., 1992; Chavez-Noriega and Stevens, 1994). GABA, acting on GABAg
receptors, inhibits glutamate release in a similar manner (Scanziani et al., 1992; Isaacson
et al., 1993; Pfrieger ef al., 1994). The role of adenosine and GABAg receptors in the
cerebellum is poorly understood. The cerebellum contains a high level of adenosine, as
well as A, (but not A,) receptors on parallel fibre terminals (Jarvis and Williams, 1989),
and a high level of 5’-nucleotidase which converts AMP into adenosine (reviewed by Do
etal.,, 1991). GABAg receptors are localized in the molecular layer (Turgeon and Albin,
1993) where parallel fibres make synapses with Purkinje cells. Adenosine is released by
climbing fibres (Cuenod et al., 1989), and by granule cells (Schousboe ef al., 1989)
which provide the parallel fibre input to Purkinje cells, while GABA is released by
basket, Golgi and stellate cells. Adenosine and GABA reduce parallel fibre to Purkinje
cell transmission (Hackett, 1974; Kocsis et al., 1984; Batchelor and Garthwaite, 1992).

This chapter describes experiments which show that adenosine and GABA affect

differentially the strengths of the parallel and climbing fibre synapses to Purkinje cells.
3.2 Methods

These are described in detail in Chapter 2. Purkinje cells were whole-cell clamped in
slices of rat cerebellum. To evoke synaptic currents, the climbing or parallel fibre input
to Purkinje cells was stimulated with a bipolar theta glass electrode filled with 1M NaCl.

For iontophoresis experiments, electrodes filled with 100mM sodium glutamate were
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placed near Purkinje cell bodies and glutamate was ejected by switching from a holding
current of +20nA to an ejection current of -40nA. Iontophoresis experiments were done
in calcium-free external solution (Fig. 3.12 legend) to avoid trans-synaptic effects. All
the drugs were added to external solutions and 100uM picrotoxin was present to block

GABA, receptors.
3.3 Identification of inputs

EPSCs evoked by stimulating the climbing fibre or parallel fibre inputs to Purkinje cells
in cerebellar slices are shown in Fig. 3.1. These EPSCs are mediated by non-NMDA
receptors (Konnerth et al., 1990; Perkel et al., 1990). Stimulation in the granule cell
layer elicited a climbing fibre response. An inward synaptic current elicited by the
climbing fibre was easily recognised by its large amplitude (typically 1-4nA at -36mV)
and its all-or-none characteristic when increasing the stimulus strength (Fig. 3.1A and B;
Perkel et al., 1990; Konnerth et al., 1990). Stimulation of the molecular layer resulted in
a parallel fibre response, the magnitude of which was smoothly graded with stimulus
intensity (Fig. 3.1C and D; Perkel ef al., 1990, Konnerth et al., 1990). These results are
consistent with the idea that a single climbing fibre innervates each Purkinje cell, whereas
more than 100,000 parallel fibres make synapses onto each Purkinje cell. Occasionally
the stimulus-response curve for the climbing fibre input showed two increments rather
than one, suggesting multiple innervation by 2 climbing fibres, as reported previously in 8

to 14 day old rats (Crépel et al., 1976).

The climbing and parallel fibore EPSCs were also distinguished by their response to two
stimuli applied at a short interval (Perkel et al., 1990, Konnerth et al., 1990). The
climbing fibre EPSC evoked by the second of the two closely spaced stimuli is smaller
than the EPSC evoked by the first stimulus (Fig. 3.2A). By contrast, the EPSC evoked
by a second stimulus to the parallel fibre input was larger in amplitude than the first
EPSC (Fig. 3.2B).
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Fig. 3.1 Two types of excitatory postsynaptic currents in Purkinje cells. A. The
synaptic currents elicited by stimulating climbing fibre with an intensity of 10, 30, 50,
70 and 90V. There was no response to the stimuli of 10 and 30V. B. Amplitude of
climbing fibre EPSC as a function of stimulus intensity. Each point is the mean of the
response to three stimuli. The reduction of amplitude with higher stimulation intensity
is probably due to a rise of series resistance during the experiment. C. The synaptic
currents of graded response elicited by stimulating the parallel fibres, with an intensity
of 5, 20, 35, 50, 70 and 90V. D. Amplitude of parallel fibre EPSC as a function of
stimulus intensity. Each point represents the mean from three stimuli. The holding

potential was -36mV.
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Fig. 3.2 The response of the two inputs to paired stimuli. A. Paired-pulse depression
of a climbing fibre EPSC. B. Ratio of the climbing fibre EPSC amplitude produced by
the 2nd stimulus to that produced by the 1st stimulus as a function of the interval

between the stimuli. Curve best-fit through the points has the form
I, +(100-L))(1-¢),

where I; is the initial amplitude (55%) and 7 is the time constant for the interval

needed for the recovery of the 2nd EPSC amplitude (650ms).

C. The parallel fibre EPSC showed facilitation when two stimuli were given at a close
interval. D. Ratio of the parallel fibre EPSC amplitude produced by the 2nd stimulus
to that produced by the 1st stimulus as a function of the interval between the stimuli.

Curve best-fit through the points has the form
100+ (I, -100)e™",

where I, is the initial amplitude (253%) and 7 is the time constant for the interval
needed for the recovery of the 2nd EPSC amplitude (103ms). The holding potential

was -36mV.
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3.4 Effects of adenosine, GABA and baclofen on the amplitude of EPSCs

Superfused adenosine reduced the EPSC amplitude at both synapses (Figs. 3.3, 3.4).
Fig. 3.3 shows that adenosine suppressed the climbing fibre EPSC amplitude in a dose-
dependent manner. Mean dose-response data for the suppressive effect of adenosine on
the climbing fibre EPSC are shown in Fig. 3.3C. Similarly, adenosine suppressed the
parallel fibre EPSC in a dose-dependent manner (Figs. 3.4A and B), and mean dose-
response data for this effect are shown in Fig. 3.4C. The fractional suppression
produced by high doses of adenosine was much larger for the parallel fibre synapses

(78%) than for the climbing fibre synapses (31%), as shown in Figs. 3.3 and 3.4.

The reduction of EPSC amplitude by adenosine is presumably due to a reduction of
presynaptic glutamate release, as in the hippocampus (Lupica et al., 1992; Prince and
Stevens, 1992). Postsynaptic effects of adenosine on potassium currents should be

minimized by the use of caesium instead of potassium in the whole-cell pipette solution.

Dose-response curves for the suppressive effect of adenosine on the EPSCs (Figs. 3.3C,
3.4C) could be fit empirically by Michaelis-Menten functions, and showed that the larger
effect of adenosine on the parallel fibre synapses was not due to a large difference in
apparent affinity for adenosine at the two synapses. The dose producing a half-maximal

suppression was 3.4uM at the climbing, and 1.1uM at the parallel fibre synapse.

Evidence confirming that adenosine was reducing the EPSCs by acting on A, receptors
came from experiments showing that the A; receptor antagonist 8-cyclopentyl-
theophylline (CPT, 20uM) blocked the action of adenosine (Fig. 3.5). Applying CPT on
its own potentiated the parallel fibre response by 24+5 (S.EM.) % in 6 cells, but had
little effect on the climbing fibre response (Fig. 3.5, data typical of 3 cells). This
suggests that there is some tonic adenosine release in cerebellar slices which tonically
suppresses the parallel fibre EPSC. The lack of effect on the climbing fibre EPSC is
consistent with the lower sensitivity of this EPSC to adenosine. However, the
potentiation of the parallel fibre EPSC in Fig. 3.5 is much less than the 200%
potentiation seen for the hippocampal Schaffer collateral EPSC (Garaschuk ef al., 1992).
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Fig. 3.3 Suppressive effect of adenosine (Ado) on the EPSC produced in Purkinje
cells by stimulation of the climbing fibre input. A. Specimen EPSCs recorded in
control solution (largest amplitude current) and with increasing doses of superfused
adenosine (smaller currents), 3, 30, and 300uM. The holding potential was -40mV.
B. EPSC amplitude for the cell shown in A as a function of time during application of
different adenosine doses. C. Mean dose-response data (+S.E.M.) obtained as in B at
potentials between -30 and -65mV. Number of cells shown by each point. Curve

best-fit through the points has the form

. Fmax[AdO]

100 1 ,
[Ado] + Knm

where Fax 1s the maximum fractional suppression (0.31), and K, (3.4uM) is the dose

producing a half-maximal suppression.
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Fig. 3.4 Suppressive effect of adenosine (Ado) on the EPSC produced in Purkinje
cells by stimulation of the parallel fibre input. A. Specimen EPSCs recorded in
control solution (largest amplitude current) and with increasing doses of superfused
adenosine (smaller currents), 1, 10, and 100uM. The holding potential was -55mV.
B. EPSC amplitude for the cell shown in A as a function of time during application of
different adenosine doses. C. Mean dose-response data (+S.E.M.) obtained as in B at
potentials between -30 and -65mV. Number of cells shown by each point. Curve

best-fit through the points has the form

1 Frnax[Ado]
[Ado]+ Km’

where Fr.x is the maximum fractional suppression (0.78) and Ky, (1.1uM) is the dose

producing a half-maximal suppression.
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Fig. 3.5 Effect of the A; receptor blocker 8-cyclopentyl-theophylline (CPT) on the
parallel and climbing fibre EPSCs. A. Peak amplitude of the parallel fibre EPSC as a
function of time during application of CPT. The holding potential was -66mV.
Adenosine suppresses the EPSC less in the presence of CPT than in its absence. Line
through the points was drawn by eye. B. Peak amplitude of the climbing fibre EPSC
as a function of time during application of CPT. The holding potential was -51mV.
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In the presence of picrotoxin (to block GABA, receptors), GABA (100uM) also
reduced the climbing and parallel fibre EPSC amplitude (Figs. 3.6 and 3.7). To confirm
that GABA is acting on GABAg receptors, baclofen, a GABAg receptor agonist, was
applied. Baclofen also reduced the climbing and parallel fibore EPSCs (Figs. 3.8 and 3.9).
Fig. 3.8 shows that the suppressive effect of baclofen on the climbing fibre EPSC is
dose-dependent. Likewise baclofen suppressed the parallel fibre EPSC in a dose-
dependent manner (Fig. 3.9). As for adenosine, the parallel fibre response was
suppressed more (93%) than the climbing fibre response (44%) at high baclofen doses.
Dose-response curves for the suppressive effect of baclofen on the EPSCs (Figs. 3.8C,
3.9C) could be fit empirically by Michaelis-Menten functions. The dose producing a
half-maximal suppression was 4.1uM at the climbing, and 0.47uM at the parallel fibre
synapse. Thus there was some difference in the affinity of the receptors at the two

synapses (Figs. 3.8C and 3.9C).

The GABA or baclofen-evoked reduction of the EPSC is presumably due, as at other
synapses (Scanziani et al., 1992; Isaacson er al, 1993, Pfrieger et al, 1994), to a
reduction of glutamate release from the presynaptic terminal. Effects due to gating of
postsynaptic potassium channels by GABAg receptors should be minimised in these

experiments by the use of caesium in the whole-cell pipette solution.

The GABAg antagonist 2-hydroxy-saclofen blocked the action of baclofen (Fig. 3.10),
but did not produce a tonic potentiation of the EPSC at the 4 parallel fibre and 8
climbing fibre synapses tested, indicating little tonic release of GABA into the cerebellar

slice.

The effects of adenosine and baclofen do not result from changes in the number of
presynaptic afferents stimulated. In the case of the climbing fibre synapses, stimulus-
response curves (Fig. 3.1A) showed that there was only one climbing fibre sending input
to each cell recorded from (or sometimes two climbing fibres, as found previously in
young rats: Konnerth et al., 1990; Llano et al., 1991), and a failure of excitation would
have been immediately apparent. For the parallel fibres, extracellular recording of the

presynaptic compound action potential in 12 coronal cerebellar slices showed that
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Fig. 3.6 Suppressive effect of GABA on the EPSC produced in a Purkinje cell by
stimulation of the climbing fibre input. A. Specimen EPSCs recorded in control
solution and in the presence of 100uM GABA. The holding potential was -35mV. B.
EPSC amplitude for the cell shown in A as a function of time during application of
GABA. In this cell, the suppression by GABA was larger than the average value of

suppression by baclofen.
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Fig. 3.7 Suppressive effect of GABA on the EPSC produced in a Purkinje cell by
stimulation of the parallel fibre input. A. Specimen EPSCs recorded in control
solution and in the presence of 100uM GABA. The holding potential was -35mV. B.

EPSC amplitude for the cell shown in A as a function of time during application of
GABA.
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Fig. 3.8 Suppressive effect of the GABAg agonist baclofen (Bac) on the EPSC
evoked in Purkinje cells by stimulation of the climbing fibre input. A. Specimen
EPSCs recorded in control solution (largest amplitude current) and with increasing
doses of superfused baclofen (smaller currents), 1, 3, and 30uM. The holding
potential was -36mV. B. EPSC amplitude for the cell shown in A as a function of
time during application of different baclofen doses. C. Mean dose-response data
(£S.E.M.) obtained as in B at potentials between -25 and -45mV. Number of cells

shown by each point. Curve best-fit through the points has the form

- Fmax[BaC]

loo_¥ ,
[Bac]+ Km

where Fray 1s the maximum fractional suppression (0.44), and Ky, (4.1uM) is the dose

producing a half-maximal suppression.
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Fig. 3.9 Suppressive effect of the GABAg agonist baclofen (Bac) on the EPSC
evoked in Purkinje cells by stimulation of the parallel fibre input. A. Specimen EPSCs
recorded in control solution (largest amplitude current) and with increasing doses of
superfused baclofen (smaller currents), 0.3, 1, and 3uM. The holding potential was -
32mV. B. EPSC amplitude for the cell shown in A as a function of time during
application of different baclofen doses. C. Mean dose-response data (+S.E.M.)
obtained as in B at potentials between -25 and -45mV. Number of cells shown by

each point. Curve best-fit through the points has the form

Y- Fmax[BaC] ’
[Bac]+Km

where Fr.x is the maximum fractional suppression (0.93), and K,(0.47uM) is the dose

producing a half-maximal suppression. .
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Fig. 3.10 Effect of the GABAg receptor blocker 2-hydroxy-saclofen (Sac) on the
EPSC suppression produced by baclofen. A. Peak amplitude of the parallel fibre
EPSC as a function of time during application of baclofen in the presence and absence
of saclofen. B. Peak amplitude of the climbing fibre EPSC as a function of time
during application of baclofen in the presence and absence of saclofen. Baclofen
suppresses the EPSC less in the presence of saclofen than in its absence. The holding

potential was -36mV.
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100uM adenosine and 100uM baclofen reduced the presynaptic volley by only 6% and
9%, respectively (Fig. 3.11), much less than the 80-90% reduction they produced in the
EPSC amplitude.

3.5 Adenosine and baclofen do not affect non-NMDA receptors in Purkinje cells

To eliminate the possibility that the decrease in EPSC amplitude produced by adenosine
or baclofen application is due to an effect on postsynaptic non-NMDA receptors, the
effects of adenosine and baclofen were tested on the current produced in Purkinje cells
by applying glutamate iontophoretically. Adenosine (100uM) had little effect on the
current generated in Purkinje cells in response to iontophoresed glutamate. The current
was reduced by <3% in 3 cells (Fig. 3.12A), studied in zero-calcium solution to eliminate
trans-synaptic effects of glutamate. Similarly, 100uM baclofen had little effect on the
current generated in Purkinje cells by iontophoresed glutamate (Fig. 3.12: reduced by
<6% in 3 cells). These results confirm that the effects of adenosine and baclofen were
presynaptic. In contrast to the lack of effect of adenosine and baclofen, CNQX greatly
reduced the glutamate-evoked current, as expected (Fig. 3.12C).

3.6 Effects of adenosine and baclofen on the decay time course of the EPSCs

As well as reducing the EPSC amplitude, at both the climbing and the parallel fibre
synapses adenosine, GABA and baclofen speeded the decay of the EPSC (Figs. 3.13,
3.14 and 3.15). Fig. 3.13 shows the effects of 300uM adenosine on the climbing fibre
EPSC, and of 100uM adenosine on the parallel fibre EPSC decay time course. The
effects of 30uM baclofen on the climbing fibre EPSC, and of 3uM baclofen on the
parallel fibre EPSC decay are shown in Fig. 3.14. GABA also speeded the decay time of
the climbing fibre EPSC as shown in Fig. 3.15. However, 100uM GABA almost
completely suppressed parallel fibre EPSCs so that the decay time course could not be

measured, and smaller doses were not tested.

For cells where the voltage error due to the pipette series resistance at the peak of the
synaptic current was less than 10mV (see section 3.7.2, and Fig. 3.18), fitting the EPSC

decay at the climbing fibre synapse by a single exponential showed that the normal decay
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Fig. 3.11 Effect of adenosine and baclofen on the parallel fibre action potential. The
parallel fibre action potential was recorded extracellularly, with the stimulus to the
parallel fibres adjusted to give a half-maximal response. Graph shows the amplitude
of the extracellular action potential during application (indicated by bars) of adenosine

and baclofen. Data taken from 13 slices. Error bars are S.E.M.
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Fig. 3.12 Effect of adenosine, baclofen and CNQX on non-NMDA receptor currents
evoked by iontophoresing glutamate onto a Purkinje cell. A. Superfusion of 100uM
adenosine (bar) did not change the amplitude of the non-NMDA current (ordinate).
Data typical of 3 cells. B. Superfusion of 100uM baclofen (bar) had little effect on
the amplitude of the non-NMDA current (ordinate). Data typical of 3 cells. C.
Superfusion of 5uM CNQX (bar) suppressed the non-NMDA current (ordinate).
Data typical of 3 cells. The holding potential was -82mV. Experiments were done in
calcium-free external solution (2.5mM CaCl, replaced by 2.5mM NaEGTA) to
eliminate effects of glutamate, on cells other than the Purkinje cell, being transmitted

synaptically to the Purkinje cell.
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Fig. 3.13 Effect of adenosine on the decay of EPSCs. A. Climbing fibre EPSCs
recorded in control solution, in 300uM adenosine, and again in control solution
(wash). B. The climbing fibre EPSCs in A normalised to the same peak current. The
holding potential was -46mV. C. Parallel fibre EPSCs recorded in control solution, in
100uM adenosine and again in control solution (wash). D. The parallel fibre EPSCs

in C normalised to the same peak current. The holding potential was -61mV.
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Fig. 3.14 Effect of baclofen on the decay of EPSCs. A. Climbing fibre EPSCs
recorded in control solution, in 30uM baclofen, and again in control solution (wash).
B. The climbing fibre EPSCs in A normalised to the same peak current. The holding
potential was -27mV. C. Parallel fibre EPSCs recorded in control solution, in 3uM
adenosine and again in control solution (wash). D. The parallel fibre EPSCs in C

normalised to the same peak current. The holding potential was -36mV.
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Fig. 3.15 Effect of GABA on the decay of the climbing fibre EPSC. A. Climbing
fibre EPSCs recorded in control solution, in 100uM GABA, and again in control
solution (wash). B. The climbing fibre EPSCs in A normalised to the same peak

current. The holding potential was -35mV.
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time constant (meantS.E M., 7.0+0.4msec in 29 cells) was reduced by 17+2% (15 cells)
by 10-300uM adenosine and by 18+4% (4 cells) by 3-30uM baclofen. At the parallel
fibre synapse the normal decay time constant (mean value 10.7+0.8msec in 27 cells ) was
reduced by 14+2% (13 cells) by 10-100uM adenosine and by 14+2% (6 cells) by 0.3-
3uM baclofen.

3.7 Speeding of the EPSC decay does not result from a voltage-clamp artefact

A change of EPSC kinetics on reducing the amount of glutamate released could result
from two kinds of artefact. First, if the EPSC significantly depolarised a poorly voltage-
clamped cell (more of a problem for the climbing fibre EPSCs which have larger
amplitude), then voltage-gated currents might be activated and contribute to the EPSC
waveform, and their contribution might be smaller when the EPSC amplitude was
reduced, leading to an apparent change of EPSC waveform. Secondly, mathematical
analysis (see Chapter 2, and also Llano et al., 1991) indicates that the voltage drop
across the series resistance of the whole-cell pipette is expected to result in a speeding of
the EPSC decay kinetics when the EPSC is reduced in amplitude. To rule out these

possibilities the three sets of experiments described below were carried out.
3.7.1 The speeding of the decay also occurs at positive potentials

First, the speeding of the EPSC decay by adenosine and baclofen was seen both at
negative potentials and at positive potentials where activation of voltage-gated currents
would be different to that occurring at negative potentials (Fig. 3.16, data typical of 3
cells). These experiments were done on the climbing fibre EPSC because it is larger and

therefore more likely to be affected by this kind of artefact.
3.7.2 Postsynaptically-reduced EPSCs do not show speeding of the decay

Second, reducing the climbing fibre response by around 70% postsynaptically (instead of
by reducing glutamate release presynaptically), by blocking non-NMDA receptors with
1uM CNQX (Honore et al., 1988), did not affect the decay of the EPSC at the climbing
fibre synapse (Fig. 3.17). The time constant in 6 cells was reduced by 0.5+5.2 (S.E.M.)
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Fig. 3.16 Baclofen speeded the climbing fibre EPSC decay at positive potentials as
well as at negative potentials. A. Climbing fibre EPSCs recorded in control solution,
in 30uM baclofen, and again in control solution (wash). B. The EPSCs in A

normalised to the same peak current. The holding potential was +24mV.
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Fig. 3.17 Postsynaptic reduction of the EPSC does not speed the EPSC decay. A.
Climbing fibre EPSCs recorded in control solution, in a dose of CNQX (1uM) chosen
to produce a reduction of EPSC amplitude similar to that produced by baclofen or
adenosine, and again in control solution (wash). B. The EPSC in CNQX scaled up to
the amplitude of the control EPSC, to show the lack of any change of decay time

constant. The holding potential was -37mV.
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%, and the series resistance remaining uncompensated in these cells (10.3+2.5MQ) was
slightly larger than that for the cells to which adenosine and baclofen were applied
(5.941.2 and 9.2+8MQ respectively). A similar experiment showing CNQX having no
effect on the kinetics of the EPSC at the parallel fibre synapse has been carried out by
Barbour ef al. (1994).

3.7.3 Speeding of the decay is not due to a series resistance error

Third, for cells in which the series resistance voltage error was not excessive (peak
EPSC x uncompensated series resistance <10mV), the speeding of the EPSC decay
produced by 10-300uM adenosine at the climbing fibre synapse was found to be
uncorrelated with the series resistance voltage error (Fig. 3.18), and to be on average
four-fold greater than the speeding predicted to occur as a result of the series resistance
(from eqn.38, Chapter 2). A similar result was found for the effects of baclofen on the
climbing fibre EPSC (on average the decay speeding was 2.4-fold greather than that
predicted as a result of series resistance aretefact), and for the effects of adenosine on the
parallel fibre EPSCs (Fig. 3.19), although for these the more distant synaptic location
makes the applicability of eqn. 38 in Chapter 2 uncertain, since much of the series

resistance may be along the dendrites rather than at the electrode tip.
3.8 Discussion

These experiments give insight into two aspects of the operation of the excitatory
synapses from parallel and climbing fibres to Purkinje cells: the differential control of
synaptic strength at different synapses by presynaptic receptors, and the effect of the

amount of glutamate released on the speed of the EPSC decay.
3.8.1 Differential control of synaptic strength by presynaptic receptors

Both adenosine and GABA (baclofen) had a much stronger suppressive effect on the
EPSC at the parallel fibre synapse than at the climbing fibre synapse (see also Hackett
(1974) and Kocsis et al. (1984) who failed to detect a suppression of the climbing fibre
response by applying adenosine or GABA, when they recorded the response
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Fig. 3.18 Speeding of the EPSC decay at the climbing fibre synapse was not
correlated with the series resistance voltage error. Fractional change of climbing fibre
EPSC decay time constant, At/t, produced experimentally by 10-300pM adenosine
(solid squares), and predicted theoretically from Equation 38 (Chapter 2) for the same
cells to occur as a result of pipette series resistance R,, plotted as a function of the
product of R, and the peak synaptic current Inux, in control solution (abscissa).
Straight line is a best fit to the solid squares. Curve (dotted line) through open squares
is a second order spline curve showing the trend of Equation 38. On average the
decay speeding predicted to occur artefactually (open squares) is only 23.5+7.1% of

the decay speeding actually observed.
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Fig. 3.19 Speeding of the EPSC decay at the parallel fibre synapse was not correlated
with the series resistance voltage error. Fractional change of parallel fibre EPSC
decay time constant, At/t, produced experimentally by 0.3-30uM adenosine (solid
squares), and predicted theoretically from Equation 38 (Chapter 2) for the same cells
to occur as a result of pipette series resistance R;, plotted as a function of the product
of R, and the peak synaptic current Iygy, in control solution (abscissa). Straight line
(continuous) is a best fit to the solid squares. Dotted line through open squares is a
best fit to show the trend of Equation 38. On average the decay speeding predicted to
occur artefactually (open squares) is only 30.2+6.7% of the decay speeding actually

observed.

118



0.3

0.2 4

0.1

0.0 -E&

. --E>

Parallel fibre

XK (mV)

119



extracellularly). Functionally this may correlate with the notion (Marr, 1969) that the
powerful climbing fibre input is an all-or-none signal triggering adjustment of the parallel
fibre synaptic gains, so that subtle modulation of its strength by presynaptic receptors is
not required. However, during ischaemia, suppression of glutamate release by release of
adenosine (Hagberg ef al., 1987) is neuroprotective (Gribkoff and Bauman, 1992;
Fowler, 1990, Rudolphi ef al., 1992; Goldberg et al., 1988), and it is not obvious why
such a protective mechanism is not employed at the climbing fibre synapse. Interestingly,
of cerebellar neurones, Purkinje cells are particularly vulnerable to ischaemic damage
(Brierley and Graham, 1984), triggered by activation of non-NMDA receptors (Balchen
and Diemer, 1992).

3.8.2 Dependence of the EPSC duration on the amount of glutamate released

Reducing the amount of glutamate released, using adenosine or a GABAg receptor
agonist, baclofen, speeded the decay of the EPSC at both the climbing fibre and the
parallel fibre to Purkinje cell synapses, and the experiments described in section 3.7 show
that is not an artefact resulting from poor voltage control. In principle the EPSC
speeding could be a purely presynaptic effect, if the duration of the EPSC partly reflects
temporal dispersion in the release of different vesicles of transmitter, and if reducing
transmitter release with adenosine and GABA increases synchrony in the release of
different vesicles. However, reducing the amount of glutamate released could also result
in a faster EPSC decay by three non-presynaptic mechanisms, occurring after the
glutamate has been released. First, when less glutamate is released, there may be a larger
extracellular concentration gradient for diffusion of glutamate out of the synaptic cleft,
so the glutamate concentration falls with a faster time constant, as suggested by Trussell
et al. (1993, Fig. 7). Second, the glutamate concentration may fall with a faster time
constant because glutamate uptake is less saturated. Finally, even if the glutamate
concentration ([glu]) falls with the same time constant (tg,), saturation of the dose-
response curve for glutamate activating AMPA receptors can result in a faster EPSC
decay when the peak glutamate concentration is lower, as described by Sarantis ef al.
(1993, Methods). Sarantis ef al. (1993) analysed a simple model which assumes that

receptor deactivation is much quicker than the decay of [glu], and which ignores
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receptor desensitisation. For this situation, the EPSC decay time constant, 7;, is related

to the time constant with which [glu] falls, Zglu, by the equation:

T=Tw—0XK "~
n
where K is the ECs, for glutamate activating AMPA receptors, and n is the Hill
coefficient for that activation. This equation predicts that 7, is smaller when [glu] is

smaller.

These explanations for how reduced release could speed the EPSC decay assume that a
reduction of release decreases the [glu] seen by all the postsynaptic receptors. This is
appropriate if each release site normally releases several vesicles per action potential, and
adenosine or baclofen decreases the number released. However, it is possible that each
site normally releases only one vesicle, and that adenosine or baclofen stops release
completely at some sites (where the release probability is then 0) while leaving the
release and the [glu] transient unaltered at other, spatially separate, release sites. There
is no information available on the number of vesicles released at single release sites at
parallel and climbing fibre synapses. However, for the climbing fibre, the relatively open
extracellular space between different release sites (onto different Purkinje cell dendritic
“thorns”: Palay and Chan-Palay, 1974) may well result in a reduced [glu] at all
postsynaptic receptors even if only a fraction of release sites stop releasing in the
presence of adenosine or baclofen (i.e. there may well be crosstalk between different

release sites).

One of the possible explanations suggested above, for the EPSC speeding which occurs
when glutamate release is reduced, is that when more glutamate is released from the
presynaptic cell it is cleared from the synaptic cleft more slowly because glutamate
uptake is saturated at high glutamate doses. To test the role of glutamate uptake in

clearing glutamate from the synaptic cleft, and to investigate the role of receptor
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desensitisation in shaping the EPSC, the experiments in the next chapter were carried

out.
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Chapter 4

Factors determining the EPSC decay time course

4.1 Introduction

This chapter describes experiments to investigate further the factors determining the
synaptic current waveform at the two excitatory synapses onto cerebellar Purkinje cells
from climbing fibres and parallel fibres. These experiments test the role of glutamate
uptake and receptor desensitization in terminating the EPSC, by using blockers of these
processes, and by using adenosine and baclofen as tools to vary the amount of glutamate

released presynaptically.
4.2 Methods

These are described in detail in Chapter 2. Excitatory synaptic input was activated by
stimulating the climbing fibre or parallel fibres projecting to the Purkinje cell. Inputs
were identified as described in Chapter 3 (section 3.3). All experiments in this chapter
were done in the presence of 100uM picrotoxin to block inhibitory GABA4 receptors on

the Purkinje cell.
4.3 Blocking glutamate uptake slows the decay of the EPSCs

To test for a rate limiting role of glutamate removal in setting the EPSC decay rate, the
competitive glutamate uptake blocker L-trans-pyrrolidine-2,4-dicarboxylate (PDC,
300uM: Bridges ef al., 1994) was used. This should roughly halve the rate of uptake of
ImM glutamate (Sarantis er al, 1993), which may be the peak concentration of
glutamate in the synaptic cleft during the EPSC (Clements ef al., 1992). PDC does not
affect AMPA receptor currents in hippocampal neurones (Sarantis ef al., 1993) and in
Purkinje cells (Billups and Attwell, 1996).

Consistent with the results of Barbour ez al. (1994), whose paper was published while I
was doing this work, PDC prolonged the EPSC at both the climbing fibre and the

parallel fibre synapses. At the climbing fibre synapses, the decay time constant increased
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by 10£2 (S EM.)% in 6 cells as shown in Fig. 4.1. At the parallel fibre synapses, the
decay time constant increased more strikingly by 101+27% in 12 cells, as shown in Fig.
4.2. InPDC the parallel fibre EPSC decay was better fit by the sum of two exponentials,
rather than just one exponential: however, for simplicity here, the slowing of the EPSC
decay was characterised by using the time constant of a single exponential fitted to the

part of the decay between approximately 90% and 10% of the peak current amplitude.

In addition to slowing the EPSC decay, PDC reduced its amplitude at both synapses by
30-40% (Figs. 4.1 & 4.2), presumably because blocking uptake raises the extracellular
glutamate level, [glu],, in the slice and desensitizes the postsynaptic glutamate receptors.
Consistent with a rise of [glu],, PDC evoked a tonic inward current in the Purkinje cell
(typically about 200pA at -36mV), as reported by Sarantis et al. (1993) and Barbour et
al. (1994). The slowing of the EPSC decay time constant cannot reflect an effect of
desensitization on the receptor deactivation rate, because pre-desensitization apparently

speeds deactivation (Colquhoun ez al., 1992, Fig. 14).

These data show that the rate of glutamate removal affects the EPSC decay rate,
implying that there is a prolonged glutamate transient in the synaptic cleft at these two
synapses when uptake is blocked (and possibly in the absence of uptake blockers as

well).

4.4 Differential effect of adenosine on the 1st and 2nd EPSC produced by double

pulse stimulation of the climbing fibres

If there is a prolonged glutamate transient in the synaptic cleft, as suggested by the
experiments above, then one might expect AMPA receptor desensitization to contribute
to setting the decay time of the EPSC. Desensitization typically occurs on a time scale
of 1-15msec (Raman and Trussell, 1992; Colquhoun ef al., 1992; Barbour et al., 1994),
similar to the EPSC decay time constant at the parallel and climbing fibre synapses. Such
desensitization could explain the fact that, as in calyceal synapses (Trussell et al., 1993),
the EPSC evoked by the 2nd of two closely spaced climbing fibre stimuli is smaller than
the EPSC evoked by the 1st stimulus, as shown in Fig. 3.2A (Konnerth et al., 1990;
Perkel et al,, 1990). Unlike at some synapses (Davies ef al., 1990), paired pulse
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Fig. 4.1 The effect of PDC, a glutamate uptake blocker, on the decay time course of the
climbing fibre EPSC. A. Climbing fibre EPSCs recorded in control solution, in 300uM
PDC, and again in control solution (wash). B. The same climbing fibre EPSCs as in A

normalised to the same peak current. The holding potential was -36mV.
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Fig. 4.2 The effect of PDC, a glutamate uptake blocker, on the decay time course of
parallel fibre EPSC. A. Parallel fibre EPSCs recorded in control solution, in 300uM
PDC, and again in control solution (wash). B. The same parallel fibre EPSCs as in A

normalised to the same peak current. The holding potential was -36mV.
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depression at the climbing fibre synapse is not due to GABA release from interneurons
produced by the 1st stimulus acting on GABAg receptors to suppress glutamate release
produced by the 2nd stimulus: in 9 cells the GABAg receptor blocker 2-hydroxy-saclofen
(500uM) had no effect on the ratio of the 2nd EPSC amplitude to that of the 1st EPSC
(increased by only 0.9+1.5%).

As a first step in investigating how desensitization might shape the climbing fibre EPSC,
I tested how reducing glutamate release with adenosine or baclofen affected the EPSCs
evoked by twin stimuli to the climbing fibres. The rationale behind this experiment was
that reducing glutamate release should result in less desensitization at the time of the 2nd
EPSC (cf. Trussell et al., 1993). As a result adenosine or baclofen is expected to
produce less reduction of the 2nd EPSC than of the 1st. This prediction was found to be
correct, indeed adenosine sometimes increased the amplitude of the second EPSC while
decreasing the amplitude of the first (Figs. 4.3 & 4.6A). This effect presumably results
from less desensitization of non-NMDA receptors at the time of the 2nd stimulus,
outweighing the reduction in amplitude produced by adenosine decreasing glutamate
release. For stimuli separated by 30-55msec, in 22 cells 100uM adenosine decreased the
1st EPSC by 32+3% but did not significantly affect the 2nd EPSC (decreased by 2+5%).
Corresponding figures for 100uM baclofen (3 cells) were 43+4% and 20+6%.

It appears, therefore, that postsynaptic receptor desensitization may contribute to
shaping the climbing fibre EPSC. To test this interpretation, the experiments in the

following section were carried out, using a blocker of desensitization.
4.5 Effects of diazoxide on EPSCs

Diazoxide (500uM) which, among other effects, reduces desensitization of AMPA
receptors (Yamada and Rothman, 1992), was applied to test the hypothesis given above,
and to test directly whether desensitization helps to terminate the EPSC. At both the
climbing fibre synapse (Fig. 4.4) and the parallel fibre synapse (Fig. 4.5), diazoxide
greatly prolonged the EPSC decay. In 9 cells the climbing fibre time constant increased

from 7.5+0.7msec in control solution to 48+t6msec in diazoxide. In 2 cells the parallel
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Fig. 4.3 Differential effect of adenosine on the first and second of two EPSCs evoked by
twin pulse stimulation to the climbing fibre input of a Purkinje cell. Adenosine decreased
the amplitude of the 1st EPSC but increased the amplitude of the 2nd EPSC. (More
commonly adenosine had approximately no effect on the 2nd EPSC amplitude as in Fig.
4.6A). A. Specimen EPSCs in control solution, in 100uM adenosine, and again in
control solution (wash). Stimulus timing is shown by sharp stimulus artefacts on current
traces. B. Amplitude of the first (solid square) and second (open square) EPSCs as a

function of time during the experiment. The holding potential was -51mV.

130



control

Ado 100//M

wash

InA

20ms

PL

first pulse

second

15

oo “rfyp

Y Ado 100/M

30

Time (inin)

45



Fig. 4.4 Effect of diazoxide on the climbing fibre EPSC. A. Climbing fibre EPSCs
recorded in control solution and in 0.5mM diazoxide (DZ). B. The same climbing fibre

EPSCs as in A normalised to the same peak current. The holding potential was -36mV.
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Fig. 4.5 Effect of diazoxide on the decay time course of the parallel fibre EPSC. A.
Parallel fibre EPSCs recorded in control solution and in 0.5mM diazoxide (DZ). B. The
same climbing fibre EPSCs as in A normalised to the same peak current. The holding

potential was -36mV.
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fibre time constant increased from 11.2+2msec to 27.6+4.2msec. A similar result was
found by Barbour et al. (1994) who blocked desensitization with aniracetam (and also
showed that this only increased the deactivation time constant from about 1msec to
about 2msec, so the prolongation of the EPSC decay is unlikely to reflect slowed
receptor deactivation). The slowing of the EPSC decay is unlikely to be due to
diazoxide inhibiting glutamate uptake. Control experiments on salamander glial cells
(Billups and Attwell, 1996) showed that 500uM diazoxide slightly speeded uptake (the
uptake current produced by 200uM glutamate was increased by 17+8% in 3 cells).

In addition diazoxide potentiated the 2nd of two climbing fibre EPSCs more than it
potentiated the 1st EPSC as shown in Fig. 4.6B (see also Trussell et al., 1993): in 9 cells
the ratio of the 2nd EPSC amplitude to the 1st EPSC amplitude was 0.60+0.02 (S.E.M.)
in control solution and 0.84+0.02 in diazoxide. For these experiments, in diazoxide the
current produced by the second stimulus starts from the decaying current tail produced
by the first stimulus. Assuming that glutamate is released at the same sites by both
stimuli (consistent with diazoxide increasing the size of the second response more than
the first), I defined the amplitude of the second EPSC as the peak current measured
relative to the baseline before the first stimulus (i.e., without subtracting the first EPSC
tail), a definition different to that of Trussell ez al. (1993). This is because I am
interested in the current produced by the amount of glutamate present in the synaptic
cleft at the peak of the second EPSC: I assume this glutamate concentration is the same
with or without diazoxide present, so the long current tail of the first EPSC in diazoxide
reflects a prolonged presence of glutamate in the synaptic cleft which occurs even when
diazoxide is absent (without diazoxide the glutamate generates no current because

desensitization occurs and the receptor affinity may be lower).

In 4 of the 9 cells studied 30uM glibenclamide was applied with the diazoxide, to
prevent diazoxide activating ATP-gated potassium channels (Quast and Cook, 1989,
Yamada and Rothman, 1992) and the results obtained were similar to those in the 5 cells
studied without glibenclamide: increase in the decay time constant was 522+70% with

glibenclamide and 725+138% without glibenclamide. Thus, these effects of diazoxide do
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Fig. 4.6 Effect of adenosine on the climbing fibre EPSC evoked by twin pulse
stimulation with and without AMPA receptor desensitization blocked. A. In control
solution, the second of two EPSCs is smaller than the first, and 100uM adenosine
reduced the first EPSC much more than the second. B. 500uM Diazoxide prolongs both
EPSCs, and increases the second EPSC more than the first. C. In diazoxide, adenosine
has a more similar effect on the first and second EPSCs. The holding potential was

-25mV.
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not reflect a change of glutamate release produced by activation of presynaptic ATP-

gated potassium channels.

Both the prolonging effect of diazoxide on the EPSC duration, and its greater
potentiation of the 2nd EPSC than the 1st EPSC, are consistent with desensitization
contributing to the 2nd EPSC being smaller, and to setting the EPSC decay time course.
Presumably the longer EPSC seen in diazoxide is a more faithful reflection of the
underlying glutamate transient in the synaptic cleft (but see section 4.7.2 for more

discussion).

4.6 Interaction of receptor desensitization and amount of glutamate release in

setting the EPSC decay time

A decreased sensitivity of the 2nd EPSC to a blockade (with adenosine or baclofen) of
presynaptic calcium entry, as described in section 4.4 and attributed to a change in
postsynaptic desensitization, might instead be attributed to a presynaptic effect. For
example, decreasing (with adenosine) the number of vesicles released on the 1st pulse
might leave more to be released by the 2nd pulse. The explanation in terms of
desensitization, for the differential effects of adenosine and baclofen on the 1st and 2nd
EPSCs, could be tested by blocking desensitization: with desensitization blocked,

adenosine (or baclofen) should reduce both EPSC amplitudes equally.

Applying adenosine (100uM) in the presence of diazoxide (Fig. 4.6C) led to the 2nd
EPSC amplitude (measured from the prestimulus baseline as explained in section 4.5)
being suppressed by an amount (13+2 % in 9 cells) more similar to the suppression of the
Ist EPSC (18+3%)), as expected with desensitization greatly reduced. This is in contrast
to what was seen in the absence of diazoxide, as shown in Figs. 4.3 & 4.6A. It appears,
therefore, that the explanation given in terms of desensitization for the results in section
4.4 is plausible. Consequently, for brief intervals between presynaptic action potentials,
the climbing fibre EPSC size and kinetics will be set by an interaction between the
amount of glutamate released presynaptically and the amount of desensitization

occurring postsynaptically.
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4.7 Discussion

The experiments described in this chapter give insight into the role of glutamate uptake
and of receptor desensitization in terminating the synaptic current at excitatory synapses

onto Purkinje cells.
4.7.1 Role of glutamate uptake in terminating the EPSC

Blocking glutamate uptake prolonged the EPSC at both the climbing and the parallel
fibre to Purkinje cell synapses (see also Barbour e al., 1994), consistent with the rate of
removal of glutamate from the synaptic cleft partly determining the EPSC duration. This
is in contrast to the behaviour of cerebellar mossy fibre to granule cell synapses and
hippocampal Schaffer collateral to pyramidal cell synapses where blocking uptake has no
effect on the EPSC decay (Hestrin et al., 1990b; Sarantis et al., 1993; Isaacson and
Nicoll, 1993). Interestingly these differential effects of blocking uptake on the EPSCs at
the three cerebellar synapses correlate with the fact that mossy fibre terminals do not
express much glutamate uptake, unlike climbing fibre terminals and the granule cells
which provide the parallel fibre terminals (Garthwaite and Garthwaite, 1988; Wilklund et
al., 1982). The dramatic effect of uptake block on the parallel fibre EPSC (Fig. 4.2) may
be due partly to a number of parallel fibres being stimulated (perhaps 20 for Fig. 4.2,
estimated by dividing the EPSC amplitude by the current generated per parallel fibre as
measured by Barbour, 1993). Removal of glutamate by diffusion out of the synaptic
cleft, rather than uptake, may be more important if only one parallel fibre is active, so
that the glutamate concentration is not elevated in the extracellular space around that

synapse and there is a larger concentration gradient driving diffusion.

An effect of uptake rate on EPSC duration has also been found for synapses in cultured
hippocampal neurones when desensitization is blocked (Mennerick and Zorumski, 1994a,
b). By contrast Tong and Jahr (1994) found that blocking uptake did not affect the
EPSC decay (although it did affect the EPSC amplitude): this may be because the [glu]
falls more rapidly at their cultured synapses than at the cerebellar synapses I have
studied, due to the good diffusive contact with the bath solution, so the EPSC decay rate

1s dominated by the time course of receptor deactivation.
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4.7.2 Does receptor desensitization contribute to the EPSC decay?

The changes of the EPSC decay produced by decreasing glutamate release (Chapter 3)
or blocking glutamate uptake suggest that the glutamate transient in the synaptic cleft
decays on a time scale comparable to that of the EPSC. A prolonged glutamate transient
could result in some of the decay of the EPSC being due to AMPA receptor
desensitization, which in other preparations proceeds with a time constant of 1-15msec
(Colquhoun et al., 1992; Raman and Trussell, 1992). Consistent with this, diazoxide,
which reduces desensitization (Yamada and Rothman, 1992), prolonged the EPSC at
both the climbing fibre and parallel fibre synapses, and reduced the paired pulse
depression seen when applying two stimuli separated by a brief interval to the climbing
fibre. Similar effects of agents which remove desensitization at cochlear nucleus and
Purkinje cell synapses have been interpreted as proving that desensitization contributes
to terminating the EPSC (Trussell ef al., 1993; Barbour et al., 1994). However, agents
like diazoxide have effects other than removal of desensitization. First, they prolong
deactivation time, although apparently not enough to explain the lengthening of the
EPSC produced (Trussell ef al., 1993; Barbour et al., 1994). Second, they may increase
the AMPA receptor affinity for glutamate (Patneau et al., 1993; Yamada and Tang,
1993) and could thus generate a large long lasting current decay from a small tail of
elevated glutamate concentration in the synaptic cleft. This alternative explanation for
the effect of diazoxide on the EPSC decay would require, though, that the glutamate
transient in the synaptic cleft decays on a time scale longer than the EPSC seen in the
absence of diazoxide, and so would in any case be likely to produce desensitization

during the EPSC.

The effects of adenosine in the absence and presence of diazoxide also suggest a role for
desensitization in setting the amplitude of the second of two closely spaced EPSCs (Figs.
43 & 4.6). In the absence of diazoxide adenosine had little effect on the amplitude of
the second EPSC while reducing the first EPSC. This is presumably because, by
reducing glutamate release on the first stimulus, it reduced desensitization at the time of
the second stimulus, and the removal of desensitization counteracted the reduction of

glutamate release produced by adenosine. By contrast, in the presence of diazoxide
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adenosine reduced both the first and second EPSCs, as expected with desensitization

removed.

Thus, desensitization is one determinant of the climbing fibre EPSC amplitude and
duration, and the glutamate transient in the synaptic cleft outlasts the EPSC seen in
normal solution. It is interesting to consider how both desensitization and uptake can
contribute to shaping the EPSC (decay time constant ~7msec at the climbing fibre
synapse), when complete desensitization to a high maintained [glu] occurs with a time
constant of around 4msec (Barbour et al., 1994). The answer may lie in the [glu]-
dependence of desensitization: the fall of [glu] occurring after the EPSC peak may slow
desensitization or make it less complete, so that the current seen late in the EPSC can be
increased either by removing desensitization or by prolonging the [glu] transient (with an
uptake blocker) and thus increasing the number of channels activated at late times.
Alternatively, desensitization may set the EPSC duration at the (possibly saturated)
receptors opposite a presynaptic release site, with uptake determining how far glutamate
diffuses laterally in the synaptic cleft: inhibiting uptake could then allow more lateral
diffusion and later activation of receptors at a distance from the release site (cf. Isaacson

etal., 1993).
4.7.3 Determinants of the EPSC duration at different cerebellar synapses

From the experiments reported here it appears that a number of factors contribute to
determining the EPSC duration at the parallel and climbing fibre synapses: the amount of
glutamate released presynaptically, the rate of glutamate uptake, and the rate of AMPA
receptor desensitization. By contrast the fast decay of the cerebellar mossy fibre to
granule cell synapse is dominated by the speed of receptor deactivation following fast
removal of glutamate from the synaptic cleft (Silver ez al., 1992,1994; Sarantis et al.,
1993). It remains to be determined whether these differences are of functional

importance for the operation of cerebellum.
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Chapter 5

Electrogenic glutamate uptake in Purkinje cells

5.1 Introduction

Experiments in Chapter 4 showed that glutamate uptake plays a role in terminating
synaptic transmission at the climbing and parallel fibre synapses. In this chapter
experiments were carried out to determine whether postsynaptic glutamate uptake may
be important in this regard. Conventionally, uptake is thought of as being in presynaptic
terminals or glial cells. These experiments were carried out because of recent work on
the location of cloned mammalian uptake carriers, in particular the discovery that they

can be expressed in postsynaptic cells.

Of the four cloned glutamate uptake carriers, one (EAAC1) is known to be expressed in
neurones (Kanai and Hediger, 1992). When expressed in oocytes, this carrier generates
a Na'-dependent inward membrane current when transporting glutamate into the cell
(Kanai and Hediger, 1992), like the uptake carrier in salamander retinal glial cells (Brew
and Attwell, 1987). Within the cerebellum, the cloned glutamate uptake carrier subtypes
are differentially localised. An antibody staining study (Rothstein ez al., 1994) showed
that EAACI is expressed in the soma and dendrites of cerebellar Purkinje cells, i.e.
approximately postsynaptic to the climbing fibre and parallel fibre synapses. The glial
transporters GLT-1 and GLAST were found to be expressed in astrocytes and Bergmann
glial cells. The fourth cloned transporter, EAAT4, is also expressed in cerebellum

(Fairman ez al., 1995) but its cellular localization has not yet been published.

The antibody labelling experiments of Rothstein et al. (1994), while showing that
EAAC1 is present in Purkinje cells, did not establish whether it was present and
functioning in the cell’s surface membrane. This chapter describes experiments which
attempted to detect glutamate uptake electrophysiologically in cerebellar Purkinje cells.
The aims were to investigate the properties of an identified cloned mammalian glutamate

transporter in situ in the cell where it is normally expressed (allowing a comparison to be
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made with its properties when expressed in Xenopus oocytes: Kanai and Hediger, 1992;
Kanai et al., 1995), and to test its role in terminating synaptic transmission to Purkinje

cells.
5.2 Methods

These are described in detail in Chapter 2. In brief, glutamate uptake was activated by
applying glutamate analogues like D-aspartate iontophoretically to Purkinje cells in
cerebellar slices from 12 day old rats (Fig. 5.1A). Excitatory synaptic input was
activated by stimulating the climbing fibre or parallel fibres projecting to the Purkinje
cell. All experiments in this chapter were done in the presence of 100uM picrotoxin to

block inhibitory input to the Purkinje cell via GABA, receptors.
5.3 The D-aspartate uptake current and its pharmacology

D-aspartate is transported on glutamate uptake carriers, as shown by radiotracing in
mammalian preparations (Erecinska ef al, 1983), and by electrical recording in
salamander Miiller cells (Barbour et al., 1991) and in Xenopus oocytes expressing, for
example, EAACI transporters (Kanai and Hediger, 1992). However D-aspartate has a
low affinity for non-NMDA receptors (Monaghan et al., 1984). In Purkinje cells from
12 day old rats, the only ionotropic glutamate receptors are non-NMDA receptors
(NMDA receptors are not expressed after postnatal day 10: Konnerth ef al., 1990;
Perkel et al, 1990, Momiyama et al, 1996), so D-aspartate has a suitable
pharmacological profile for selectively activating uptake instead of channels. By contrast
(as shown below) L-glutamate mainly produces a current in the Purkinje cell by activating
non-NMDA receptors. Fig. 5.1B shows the membrane current of a whole-cell clamped
Purkinje cell during iontophoresis of D-aspartate onto its soma. D-aspartate evokes an

inward membrane current.

How does D-aspartate evoke this current? There are three possibilities (Fig. 5.2). First,
D-aspartate might open glutamate-gated channels directly, although D-aspartate is a poor

agonist for non-NMDA receptors (Monaghan et al., 1984). Secondly, D-aspartate may
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Fig. 5.1 Application of D-aspartate iontophoretically, to cerebellar Purkinje cells. A.
Schematic diagram of iontophoresis experiment. Purkinje cells were whole-cell clamped,
and D-aspartate was applied onto the soma by changing the iontophoresis holding current
of +20nA to an ejecting current of -40nA. B. Iontophoresing D-aspartate evoked an
inward current. Pipette solution was solution D, Table 2.2. The holding potential was -
96mV.
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Fig. 5.2 Diagram of three possible causes of D-aspartate-evoked current in Purkinje cells.
Top arrow: D-aspartate might directly open the non-NMDA receptor channels in
Purkinje cells. Bottom arrow: D-aspartate might inhibit the uptake of glutamate in
surrounding cells, and raise the extracellular glutamate concentration which leads to
opening of non-NMDA channels in Purkinje cells. Middle arrow: D-aspartate may be

taken up directly by glutamate uptake carriers in Purkinje cells.
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inhibit uptake in surrounding cells (i.e. glial cells or presynaptic terminals), and thus raise
the extracellular glutamate concentration, leading to opening of non-NMDA channels in
the Purkinje cells. Thirdly, D-aspartate may be directly taken up into the Purkinje cells by
glutamate uptake carriers. To distinguish these possibilities the following experiments

were performed.

Fig. 5.3A and B shows the effect on the current evoked by D-aspartate of superfusing
kynurenate (1mM) which blocks non-NMDA and NMDA receptors (Perkins and Stone,
1985, Stone and Burton, 1988), D-APV (50uM) which blocks NMDA receptors (Davies
and Watkins, 1982, Evans et al., 1982), and TTX (1uM) which blocks voltage-gated
sodium channels (reviewed by Mosher, 1986). This cocktail of blockers had little effect
on the D-aspartate-evoked current: in 19 cells it reduced the current by 19+6 (S.E.M.)
%. Even superimposing S0pM CNQX on top of the cocktail of kynurenate, D-APV and
TTX had little effect on the D-aspartate-evoked current (Fig. 5.3C). In 19 cells the
current was reduced by a further 11+5%. The relatively weak effect of antagonists to
non-NMDA and NMDA receptors suggests that most of the current evoked by D-
aspartate does not result from the opening of glutamate-gated ion channels. Fig. 5.3D
and E show, however, that the glutamate analogue PDC (300uM), which is known to
block glutamate uptake (Bridges ez al., 1994), reversibly reduced the current when
applied on top of the channel blockers mentioned above. In 20 cells the current was
reduced by 71+4%, suggesting that D-aspartate generates a current by binding to the
glutamate uptake carrier. Purkinje cells can also show aspartate-evoked currents caused
by glutamate, released by aspartate-glutamate exchange on uptake carriers, activating
non-NMDA receptors (Renard and Crepel, 1996), or caused by aspartate activating a
Ca’*-permeable channel (Yuzaki ef al., 1996). Both of those currents were abolished by
CNQX and so do not contribute significangly to the D-aspatate-evoked current I
observed (Fig. 5.3C).

By contrast, when L-glutamate was iontophoresed instead of D-aspartate, the blockers
kynurenate, APV and TTX reduced the current by 76+6 (S.E.M.) % (6 cells), and S0pM
CNQX reduced the current remaining in these blockers by 93+3% (2 cells). These
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Fig. 5.3 Pharmacology of the current evoked by iontophoresis of D-aspartate (bar) onto
whole-cell clamped Purkinje cells in cerebellar slices. A-C. Effect of glutamate receptor
blockers. A. Control response with 100uM picrotoxin present to block GABA,
receptors. B. Superfusing 1mM kynurenate, SOuM D-APV and 1uM TTX on top of the
picrotoxin in A. C. Superfusing 50uM CNQX on top of the blockers in B. D, E. Effect
of the glutamate uptake carrier blocker PDC. D. Superfusing 300uM PDC on top of the
blockers in C. E. recovery from D. All traces were taken from the same cell. Pipette

solution was solution D, Table 2.2. The holding potential was -96mV.
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results suggest that the glutamate-evoked current is generated largely by the activation of
non-NMDA channels, and confirm that the doses of blockers used would have greatly

reduced the response to D-aspartate if it had been produced by glutamate-gated channels.

The need for a further set of control experiments was suggested by the work of Linden et
al. (1994), who observed inward currents in cerebellar Purkinje cells when glutamate
analogues activating metabotropic glutamate receptors were applied. They suggested
that the metabotropic agonists raised [Ca]; which activated the Na'/Ca>" exchanger and
thus generated an inward current (since 3 Na* enter the cell on this exchanger for each
Ca’™ that leaves the cell). To investigate the possibility that D-aspartate activates
metabotropic receptors and thus generates a Na'/Ca®" exchange current, the following
experiments were carried out (in the presence of 100uM picrotoxin, 1mM kynurenate,
50pM D-APV and 50uM CNQX). Application of 500uM (+)-o-methyl-4-
carboxyphenylglycine (MCPG), an antagonist to the mGluR; type of metabotropic
receptor (Ito ez al., 1992, Jane et al., 1993, Collingridge and Watkins, 1994) found in
Purkinje cells (Batchelor ef al., 1994), had no effect on the D-aspartate evoked current
(reduced by 7£11% in 3 cells: Fig. 5.4A). Similarly application of 100pM (1S,3R)-1-
aminocyclopentane-1,3-dicarboxylic acid (#ans-ACPD), a metabotropic receptor
agonist, did not alter the current (increased by 4+3% in 4 cells: Fig. 5.4B), although one
might have expected this dose of #rans-ACPD to nearly saturate the metabotropic
receptors (East and Garthwaite, 1992; Palmer et al., 1989) and thus reduce any current
produced by D-aspartate acting on those receptors. To test further the possible
involvement of the Na'/Ca®" exchanger, 100uM dichlorobenzamil and 200uM La’*,
putative exchanger blockers (Andreeva et al., 1991; Plasman et al., 1991; Niggli and
Lederer, 1993), were applied. Neither of them had any effect on the current (reduced by
5+12% in 4 cells in the presence of dichlorobenzamil, and increased by 5+8% in 5 cells in

the presence of La*>": Fig. 5.5).

The D-aspartate evoked current was also unaffected by Ba®>* (Fig. 5.6), ruling out the
possibility that K*, which could be released from glial cells depolarised by D-aspartate

uptake, generates the current by passing through inward rectifier channels (which have a
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Fig. 5.4 Effect of a metabotropic receptor blocker and agonist on the current evoked by
D-aspartate (bar). A. (Left) Response to iontophoretically applied D-aspartate. (Right)
Response to D-aspartate in the presence of the metabotropic glutamate receptor blocker
MCPG (500uM). Pipette solution contained ClO4 (solution F, Table 2.2) to increase the
carrier-generated current as described in section 5.6. B. (Leff) Response to
iontophoretically applied D-aspartate. (Right) Response to D-aspartate in the presence of
the metabotropic glutamate receptor agonist #ans-ACPD (100uM). Pipette solution
was solution D, Table 2.2. The holding potential was -96mV.
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Fig. 5.5 Effect of Na/Ca exchange blockers on the current evoked by D-aspartate (bar).
A. (Left) Response to iontophoretically applied D-aspartate. (Right) Response to D-
aspartate in the presence of 100 uM dichlorobenzamil (DCB). Pipette solution contained
ClOy4 (solution F, Table 2.2) to increase the carrier-generated current (see section 5.6).
B. (Leff) Response to iontophoretically applied D-aspartate. (Right) Response to D-
aspartate in the presence of 200uM lanthanum (La*"). Pipette solution was solution D,

Table 2.2. The holding potential was -96mV.
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Fig. 5.6 Effect of the inward-rectifying potassium channel blocker (Ba®*) on the current
evoked by D-aspartate (bar). (Left) Response to iontophoretically applied D-aspartate.
(Right) Response to D-aspartate in the presence of 6mM barium (Ba®") (solution C,
Table 2.1). Pipette solution was solution D, Table 2.2. The holding potential was
-96mV.
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voltage-dependence similar to that of the current evoked by D-aspartate, see below;,

Newman, 1985).

These pharmacological data suggest that the current is generated by D-aspartate being
taken up into Purkinje cells by glutamate transporters (with the inward current being
generated partly by co-transported Na" ions and partly by CI" movement through an

anion channel in the carrier’s structure, as described below).
5.4 Voltage-dependence of the current

Glutamate uptake carriers are thought to cotransport 2 Na' ions into the cell with each
glutamate anion, and to counter-transport a K* and a OH out of the cell, so that a net
positive charge is carried in with every cycle (Bouvier et al., 1992). The resulting
inward current is smaller at more positive potentials because at a positive potential it is
harder to move positive charge into the cell. Consequently the current generated by
salamander glial glutamate uptake (Brew and Attwell, 1987), and by EAAC1 glutamate
uptake (Kanai et al., 1995), has a strong voltage-dependence, being reduced at positive
potentials. Fig. 5.7 shows the current-voltage relationship of the D-aspartate-evoked
current in Purkinje cells in the presence of 1mM kynurenate and SOuM D-APV. The
current was inward at large negative potentials. As the potential was made less negative
the current got smaller. At positive potentials it was small but could be either inward or
outward.  Overall the current-voltage relationship showed quite strong inward
rectification. This I-V relation is similar to that of the salamander glial and mammalian
EAACI glutamate transporters, which tends towards zero at positive potentials (Barbour
et al., 1991; Kanai ef al., 1995), but may show a small outward current generated by a

CI' channel in the transporter structure (Wadiche et al., 1995a).

By contrast, iontophoresing L-glutamate evoked a membrane current with a different
current-voltage relationship, as shown in Fig. 5.8. The current-voltage relationship is
roughly ohmic or outwardly rectifying, with a clear outward current at positive potentials
and a reversal potential around zero. Like the pharmacological data presented above,

these results suggest that glutamate generates mostly non-NMDA receptor-mediated
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Fig. 5.7 Voltage-dependence of D-aspartate-evoked currents in whole-cell clamped
Purkinje cells in cerebellar slices in the presence of 100uM picrotoxin, 1mM kynurenate
and 50uM D-APV. A. Specimen currents evoked by D-aspartate (applied onto the soma
during bar) in one cell at different voltages. B. I-V relationship for the current evoked
by D-aspartate. Pipette solution was solution D, Table 2.2. Data are mean + S EM,,

and normalised at -96mV for each cell. Data are taken from 17 cells.
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Fig. 5.8 Voltage-dependence of L-glutamate-evoked currents in whole-cell clamped
Purkinje cells in cerebellar slices in the presence of 100uM picrotoxin. A. Specimen
currents evoked by L-glutamate (applied during bar) in one cell at different voltages. B.
I-V relationship for the current evoked by L-glutamate. Pipette solution was solution D,
Table 2.2. Data are mean + S.E.M., and normalised at -96mV for each cell. Data are

taken from 6 cells.
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current, while D-aspartate activates a current generated mainly by glutamate uptake

carriers.

Interestingly, iontophoresing the glutamate uptake blocker PDC onto a Purkinje cell also
generated a membrane current in the presence of kynurenate, APV and CNQX (Fig. 5.9,
current seen in all 3 cells to which PDC was applied). This current is probably generated
by PDC being transported into Purkinje cells by glutamate uptake carriers, since PDC is

a substrate for the uptake carriers in salamander glial cells (Sarantis ez al., 1993).
5.5 Dependence on external sodium

The glutamate-evoked uptake current in salamander glial cells has a strong dependence
on external sodium (Brew and Attwell, 1987), as has the current generated by EAACI1
uptake carriers expressed in Xenopus oocytes (Kanai and Hediger, 1992). Fig. 5.10
shows that replacement of external sodium with choline reversibly abolished the D-
aspartate-evoked current in Purkinje cells (in the presence of 100uM picrotoxin, 1mM

kynurenate and 50uM D-APV), consistent with the current being produced by uptake.
5.6 Dependence on internal perchlorate

Bouvier ef al. (1992) have shown that intracellular perchlorate ions increase the inward
current generated by the salamander glial uptake carrier when glutamate is applied
extracellularly . This is now known to be because perchlorate ions are more permeant
than chloride ions (Billups et al., 1996; Eliasof and Jahr, 1996) through the carrier’s
anion channel (Wadiche et al, 1995a). Replacement of internal chloride ions with
perchlorate ions increased the size of the inward current evoked at -93mV by D-aspartate
in Purkinje cells by 261%, from 115.3+42.4pA (10 cells) to 301.5+85.5pA (4 cells), as
shown in Fig. 5.11A. These values are significantly different with p=0.048 (2 tailed t-
test). The current-voltage relationship for the D-aspartate-evoked current with
perchlorate ions inside is shown in Fig. 5.11B. Including perchlorate ion in the pipette
solution made the current clearly inward at potentials as positive as +30mV (done in 4

cells).
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Fig. 5.9 Voltage-dependence of PDC-evoked current in whole-cell clamped Purkinje
cells in a cerebellar slice in the presence of 100uM picrotoxin, 1mM kynurenate and
50uM D-APV. A. Specimen currents evoked by PDC (applied during bar) in one cell at
different voltages. B. I-V relationship for the current evoked by PDC. Pipette solution

was solution D, Table 2.2. Data are normalised at -96mV.
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Fig 5.10 Na'-dependence of D-aspartate-evoked current in whole-cell clamped Purkinje
cells in a cerebellar slice in the presence of 100uM picrotoxin, ImM kynurenate and
S0uM D-APV. A. D-aspartate (bar) evoked an inward current. Bath solution was
solution B, Table 2.1. B. The D-aspartate-evoked current was abolished when external
sodium ions were completely replaced by choline. Bath solution was (in mM): CholineCl
141; KCl 1.5; CaCl; 2.5; MgCl, 2; HEPES 10; glucose 10; KH,PO, 1, pH 7.4 adjusted
with NMDG. C. On replacing the choline with sodium ions the current was recovered.
Pipette solution was solution D, Table 2.2. Data are typical of 3 cells. The membrane

was held at -96mV.
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Fig S5.11 Anion-dependence of D-aspartate-evoked current in whole-cell clamped
Purkinje cells (in the presence of 1mM kynurenate, 50uM D-APV and 50uM CNQX).
A. Specimen records from different cells showing the current evoked at +27mV and
-93mV by D-aspartate with chloride or perchlorate as the main internal anion (solution E
and F, Table 2.2). Extracellular solution contained Ba®* to block K* conductance
(solution C, Table 2.1). B. Current-voltage relationship of the D-aspartate-evoked
current with perchlorate inside (e, 4 cells) or CI  inside (e, 5 cells). Data for the different
anions were first normalised at -93mV for each cell, and then averaged over the different
cells. The average D-aspartate-evoked currents with Cl inside were then scaled down
using the ratio of the mean current sizes at -93mV with perchlorate or CI inside. Error

bars show S.EM.
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5.7 Dependence on external chloride

All of the four cloned mammalian glutamate transporters have been shown to activate an
anion conductance when they bind external glutamate and Na' ions (Fairman et al., 1995,
Wadiche et al., 1995a). Consistent with this, lowering the extracellular chloride
concentration from 155mM to 45mM resulted in a shift of the reversal potential positive
by 24+5mV in 5 cells (Fig. 5.12), as has been observed previously for the EAATI
transporter (Wadiche et al., 1995a). The Nernst potential for a CI'-specific channel
would be shifted 32mV by this [CI], change.

5.8 Change of EPSC kinetics by inhibiting postsynaptic glutamate uptake

The data described above established the presence of electrogenic glutamate uptake in
Purkinje cells which are postsynaptic to the climbing and parallel fibre synaptic terminals.
Although it is not known how closely uptake carriers may be located in the postsynaptic
membrane to the sites where glutamate is released presynaptically, it would be interesting
to know whether postsynaptic uptake is significant for terminating the synaptic action of
glutamate. As described in Chapter 4, superfusing the glutamate uptake blocker PDC
prolonged the EPSC at the climbing fibre and parallel fibre synapses onto the Purkinje
cells. However, such experiments do not determine whether the EPSC prolongation is
due to a slowing of postsynaptic uptake in Purkinje cells, of uptake into presynaptic
terminals, or of glial uptake in surrounding Bergmann glial cells. Therefore an attempt
was made to block glutamate uptake specifically in the Purkinje cells without changing

glial or presynaptic uptake.

The strategy used to block Purkinje cell uptake alone was to include D-aspartate in the
whole-cell pipette used to clamp the cell. It is known that internal glutamate slows the
uptake of external glutamate (Barbour ef al, 1991), presumably by binding to the
carriers’ glutamate-binding site at the inner surface of the membrane, making it harder
for the carrier to lose glutamate at that surface and re-orient to the outer surface to pick
up more glutamate. Since D-aspartate can also bind to the glutamate transport site, then

internal D-aspartate ought be expected to slow glutamate uptake. The next section
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Fig. 5.12 Effect of external chloride concentration on the D-aspartate-evoked current (in
the presence of 1mM kynurenate, SOuM D-APV and S0uM CNQX). Mean normalised
I-V data for the response with normal [CI], (155mM,; ) or with [CI'], reduced to 45SmM
by replacement with gluconate (o). Bath solution was (in mM): NaCl (131 or 21); Na-
gluconate (0 or 110); BaCl, 6; KCl 2.5; CaCl, 2.5, HEPES 10; MgCl, 2; glucose 10.
Major cation in the pipette solution was K" (solution E, Table 2.2). A 4M NaCl agar
bridge was used to earth the bath, to avoid changes in junction potential when the

external [Cl'] was altered.
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(5.8.1) describes experiments which verify this hypothesis. Having shown that internal
D-aspartate slows uptake, I then went on to test the effect of this manoeuvre on the
EPSC evoked in the Purkinje cell by stimulation of the climbing fibre input (sections
5.8.2 and 5.8.3). The climbing fibre synapses were chosen for this analysis because, in
the 12 day old rats used, they impinge much closer to the soma where D-aspartate is

introduced than do the parallel fibre synapses (Altman, 1972).

5.8.1 Effect of internal D-aspartate on iontophoretically-evoked uptake current

Adding 20mM Na-D-aspartate to the pipette solution (replacing NaCl) to try to slow
uptake, reduced the current produced by iontophoresed D-aspartate (Fig. 5.13). The
reduction was by 53%, from 111+24pA in 14 cells studied with D-aspartate inside to
52+14pA in 11 cells without D-aspartate (p<0.06, 2-tailed t-test).

5.8.2 Comparison of climbing fibre EPSC decay with and without uptake inhibited in
different cells

The effect on the climbing fibre EPSC of blocking uptake with internal D-aspartate was
investigated in two different ways. In the first set of experiments, climbing fibre EPSCs
evoked in different cells clamped with a solution either containing or lacking D-aspartate
were compared (Fig. 5.14). With D-aspartate inside the EPSC decay time constant
(8.89+0.96msec, measured from 90% to 10% of the current amplitude, 16 cells) was
significantly longer (p<0.02, 2-tailed t-test) than that with no D-aspartate inside
(6.33+0.58msec, 24 cells). In addition, the EPSC amplitude was reduced (Fig. 5.14) as
was also seen with an extracellularly applied uptake blocker (Fig. 4.1). Although this
reduction of amplitude was not significant (p=0.195), it may occur because a local rise in

[glu], produced by blocking uptake desensitized postsynaptic receptors (Chapter 4).

Replacing 20mM CI" by D-asp™ is expected to increase the resistivity of the pipette
solution by 5% because of the lower mobility of D-asp’, but the series resistance
remaining uncompensated in the two groups of the cells was similar (1.04+0.46MQ in

control cells, 0.95+0.32MQ with D-aspartate inside), suggesting that the longer EPSC
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Fig. 5.13 Effect of intracellular D-aspartate on the D-aspartate-evoked current (in the
presence of 1mM kynurenate, S0uM D-APV and S0uM CNQX). A. Response to
iontophoresed D-aspartate (bar) in a cell clamped with a pipette lacking D-aspartate
(solution G, Table 2.3). Data typical of 14 cells. B. Response of a different Purkinje
cells clamped with a pipette containing 20mM D-aspartate (Solution H, Table 2.3). Data
typical of 11 cells. The holding potential was -96mV.
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Fig. 5.14 Effect of inhibiting postsynaptic uptake on the climbing fibre EPSC decay. A.
The climbing fibre EPSC decay time constant £ S.E.M. in 24 control cells clamped with
electrodes lacking D-aspartate (open bar; solution G, Table 2.3) and in 16 cells clamped
with electrodes containing 20mM Na-D-aspartate (filled bar; solution H, Table 2.3). B.
Peak amplitude + S.E.M. in the same groups of cells as in A. The holding potential was

-36mV to inactivate voltage gated Na* and Ca®’ currents (see Methods).
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decay with D-aspartate inside was not due to more filtering by the combination of the

series resistance and cell capacitance.

5.8.3 Comparison of climbing fibre EPSC decay with and without uptake inhibited in

the same cells

Next, an attempt was made to measure the time constant without and with uptake
blocked in the same cell (Fig. 5.15). First, the EPSC decay in a cell clamped with a
pipette lacking D-aspartate was measured. Then, a second whole-cell electrode
containing D-aspartate was attached and the EPSC decay was measured again (Fig.
5.15). The time constant just after the second (D-aspartate) electrode was attached was
increased by about 20% from its value before the electrode was attached (p=0.097, 2-
tailed paired t-test, n=4) in cells studied in this way, while in cells to which a second
electrode filled with control internal solution was attached there was no change in time
constant (p=0.93, n=3; Fig. 5.15A). These results are similar to those in Fig. 5.14
obtained by comparing separate cells clamped with and without internal D-aspartate.
However, the amplitude reduction produced by D-aspartate in Fig. 5.14 was not routinely
seen in these experiments. Indeed, on average, both for the cells for which the second
electrode contained control solution, and for those for which it contained D-aspartate
solution, the amplitude increased slightly when the second electrode was attached. The
reason for this is unclear, but conceivably it is a result of leaving the cell not voltage-

clamped briefly while attaching the second electrode (see Methods).

The parallel fibore EPSC decay was also studied by attaching a second electrode
containing D-aspartate. The time constant was not affected by this operation (done in 3
cells, p>0.87, 2-tailed paired t-test: Fig. 5.16). This might well be explained by the fact
that the parallel fibre synapses are much further from the soma, where D-aspartate was
introduced, than are the climbing fibre synapses, so that enough D-aspartate did not reach
the parallel fibre synapses to significantly reduce postsynaptic uptake. Alternatively, for
the parallel fibre synapses, postsynaptic uptake may be less important than uptake into

surrounding glial cells or into the presynaptic terminal.
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Fig. 5.15 Effect of inhibiting postsynaptic uptake on the climbing fibre EPSC. A.
Normalized climbing fibre decay time constant (mean + S.E.M.) for cells clamped with a
pipette containing the control solution (solution G, Table 2.3), and then with an extra
pipette (in current-clamp mode) containing control solution (o, 3 cells) or 20mM D-
aspartate solution (, 4 cells; solution H, Table 2.3). The second pipette was attached at
the time indicated. B. Specimen data from one cell for the experiment of A, showing the
EPSC before (control) and after (D-asp) the D-aspartate electrode was attached (Leff and

Middle), and these traces normalised and superimposed (Right).
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Fig. 5.16 Effect of inhibiting postsynaptic uptake on the parallel fibre EPSC.
Normalized parallel fibre decay time constant for 3 cells clamped to -36mV with a
pipette containing the control solution (solution G, Table 2.3), and then with an extra
pipette (in current-clamp mode) containing 20mM D-aspartate solution (solution H,

Table 2.3) at the time shown. Error bars show S.E.M.
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5.9 Reversed uptake in Purkinje cells

Glutamate uptake carriers have been shown to be able to operate backwards under
certain conditions (Szatkowski ef al., 1990), releasing glutamate into the extracellular
space. As explained in Chapterl, the stoichiometry of this process is thought to involve
one glu” anion and 2 Na" being transported out of the cell, while one K™ and one OH
enter (Szatkowski et al, 1990, Bouvier et al., 1992; Billups and Attwell, 1996).

Consequently reversed uptake generates an outward membrane current.

To test whether the Purkinje cell glutamate transporters can generate significant current
by this reversed operation, the external [K"] was raised around Purkinje cells clamped to
a depolarised potential with electrodes containing 20mM Na-glutamate: conditions which
mimic the ion gradient changes occurring in ischaemia (Szatkowski and Attwell, 1994).
Fig. 5.17 shows that this operation generated an outward current (46t8pA in 9 cells) at
positive potentials, which was suppressed by external D-aspartate. A similar current in
salamander glial cells (Szatkowski et al., 1990) has been shown to be correlated with
glutamate release by reversed uptake (Billups and Attwell, 1996). At more negative
potentials raising the potassium concentration evoked an inward current shift. This
suggests that the outward reversed uptake current which presumably occurs in the
Purkinje cells was obscured by a K*-evoked inward current that may be due to K" entry

through unblocked K channels.

For cells clamped with a pipette solution containing NaCl instead of Na-glutamate,
raising K* evoked no outward current at +40mV in 4 out of 6 cells tried (Fig. 5.18), but
in the remaining cells it gave current changes like those seen in cells with glutamate
inside, possibly indicating a lack of complete dialysis of endogenous glutamate out of the

cell. The mean K'-evoked current in all 6 cells was 19+12pA.
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Fig. 5.17 K'-evoked outward current produced by reversed uptake in Purkinje cells. A.
Raising [K'] from 0 to 30mM (bar) evoked an outward current. B. Superfusing 100uM
D-aspartate suppressed the current. C. The current was recovered after washing out the
D-aspartate. Data typical of 9 cells. Pipette solution contained (in mM): TEACI (to
block K channels; reviewed by Stanfield, 1983) 119; Na-glutamate 20; CaCl, 0.5;
NMDG;-EGTA 5; HEPES 10; malonic acid 0.2 (to block succinate dehydrogenase,
Horn, 1989); aminooxyacetic acid 5 (to block glutamate transaminases, Horn, 1989).
Bath solution contained (in mM): NaCl 103.5; CholineCl (30 or 0); KCI (0 or 30); BaCl,
6, CaCl, 2.5; HEPES 10; MgCl, 2; glucose 10; picrotoxin 0.1; DNQX 0.1; ouabain 0.1
(to block Na" pump; reviewed by Yingst, 1988). The holding potential was +37mV.
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Fig. 5.18 Raising [K'] does not evoke outward current in a Purkinje cell lacking [glu].
A-C. Raising [K'] from 0 to 30mM (bar) did not change the membrane current in the
presence and absence of 100uM D-aspartate. This result was seen in 4 cells, but in 2
other cells an outward K'-evoked current was seen (see text). Pipette solution contained
(in mM): TEACI 119; NaCl 20; CaCl, 0.5; NMDG,-EGTA 5; HEPES 10; malonic acid
0.2; aminooxyacetic acid 5. Bath solution contained (in mM): NaCl 103.5; CholineCl
(30 or 0); KCI (0 or 30); BaCl, 6; CaCl, 2.5; HEPES 10, MgCl, 2; glucose 10;
picrotoxin 0.1; DNQX 0.1; ouabain 0.1. The holding potential was +37mV.
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5.10 Discussion
5.10.1 Identification of the carriers

The experiments described above show that glutamate uptake carrier expression in
Purkinje cells can be detected electrophysiologically. Antibody staining (Rothstein ef al.,
1994) suggested the presence of EAACI transporters in Purkinje cells. Kanai and
Hediger (1992) reported that EAACI transporters, when expressed in Xenopus oocytes,
are electrogenic and their activity is completely Na'-dependent as for the glutamate
transporters in salamander Miiller cells. The data reported here show that the same is
true for the transporters in Purkinje cells. Furthermore the voltage-dependence of the D-
aspartate-evoked current recorded with caesium in the Purkinje cells (Fig. 5.7A) is
similar to that for uptake currents in salamander Miiller cells and for EAAC1 expressed

in oocytes (Brew and Attwell, 1987; Kanai et al., 1995).

In Purkinje cells, non-NMDA receptors mediate synaptic transmission in response to
glutamate released presynaptically (Perkel ez al, 1990; Konnerth et al., 1990). To
explain the small outward current evoked sometimes by D-aspartate at positive potentials
(Fig. 5.7A), there are three possibilities: (1) D-aspartate opened AMPA receptors
directly; (2) D-aspartate inhibits uptake in surrounding cells and raises the extracellular
glutamate concentration which leads to opening of non-NMDA channels in Purkinje
cells; or (3) uptake generates an outward current by opening an anion channel in the
carrier structure (Wadiche et al., 1995a). Arguing against the first two possibilities, Fig.
5.3 showed that there was little effect of glutamate receptor blockers on the D-aspartate-
evoked current. In addition, experiments done by Barbour (1994) showed that
membrane patches ripped off Purkinje cells did not respond to D-aspartate. Therefore,
the third possibility would be the more probable explanation. Consistent with this,
lowering the external Cl' concentration altered the potential at which the D-aspartate-
evoked current became outward (Fig. 5.12). Thus, the current generated when D-
aspartate activates the glutamate transporters is the sum of 2 components: an inward

current produced by the co-transport of sodium into the cell, and a current generated by
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an anion channel activated during uptake, the sign of which depends on the [CI] gradient

and the cell membrane potential.

In contrast to the D-aspartate or PDC-evoked current, the I-V relationship of the
glutamate-evoked current did not show strong inward rectification, and was largely
blocked by kynurenate and CNQX, so the current was presumably generated largely by
non-NMDA receptor-gated channels.

Although the data reviewed above are all consistent with the uptake current I observe
being produced by the EAACI transporters which Purkinje cells have been shown to
express (Rothstein et al, 1994), unpublished work of Rothstein (personal
communication) has also found expression of EAAT4 transporters on the soma and the
dendrites of Purkinje cells. EAAT4 has a larger anion conductance than EAACI in its
structure, which is activated when glutamate binds, and its I-V relation shows a clear
outward current at positive potentials (Fairman et al., 1995). The I-V relation I find
with Cs” as the intracellular cation shows little outward current (Fig. 5.7A) suggesting
little contribution of EAAT4 transporters. However with K* as the intracellular cation, a
significant outward current was produced by D-aspartate (even in the presence of
kynurenate, D-APV and CNQX: see section 5.6), and the I-V relation of the D-aspartate-
evoked current (Figs. 5.11 & 5.12) is more ohmic like that for EAAT4. These results
may indicate a contribution of EAAT4 to the D-aspartate-evoked current when K" is
inside. The lack of a large outward current with Cs" inside might then be due to EAAT4
transporters having an intracellular K'-binding site which is more selective (less able to
accept Cs") than the corresponding site on EAACI transporters (or on the salamander

carrier which does accept Cs': Barbour ez al., 1991).
5.10.2 The strength of postsynaptic uptake

The mean uptake current evoked by D-aspartate at -70mV with Cs" as the internal cation
was [,=64+11 (S.EM.) pA in 12 Purkinje cell somata. An estimate of the strength of
uptake can be made by assuming that the iontophoresed D-aspartate only acts on the

soma at the surface of the slice (and does not diffuse into the slice and act on
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transporters in the dendrites: the rapid flow of solution over the surface of the slice may
make this a reasonable assumption). For a measured soma diameter of 18.6+0.5um
(measured for 10 cells from a TV monitor linked to the microscope), an uptake current
of 64pA implies an uptake current density (0.06pA/um’) similar to that in salamander
glial cells (Barbour ez al., 1991) (=0.03pA/um?® for high [D-asp] at -70mV) and cerebellar
astrocytes (Wyllie et al., 1991) (=0.1pA/um® for 30uM [glu], assuming 1uF/cm’
capacitance). Thus, the strength of Purkinje cell uptake suggests it has a significant role

in lowering the extracellular glutamate concentration.

In vivo the uptake current will be increased by the presence of internal K* instead of Cs”,
but will be reduced by the presence of internal glutamate (Barbour ef al., 1991). The
ability of uptake to lower [glu], near the Purkinje cell can be estimated as follows,
provided uptake is not powerful enough to reach equilibrium (i.e. to lower [glu], to its
equilibrium value of 0.2uM: Attwell ef al., 1993). If the maximum current evoked by a
high [glu] in vivo is similar to the mean D-aspartate-evoked current of I,=64pA (see

above), at low [glu], glutamate will be taken up at a rate

U < Lalglul,
zFK

m

(from the low dose limit of the Michaelis-Menten equation), where F is the Faraday
constant, Km is the Michaelis-Menten constant for uptake being activated by glutamate,
and z~2 positive charges are moved (at -70mV) per glutamate (Wadiche et al., 1995b:
the human EAATS3 for which z=2 is homologous to rat EAAC1): one charge is moved
because of the glutamate transport stoichiometry and one charge passes through the
carrier’s anion channel. At a distance r from the soma centre, the rate (Sarantis et al.,
1993) at which glutamate diffuses (with a coefficient D~7.6x10"°m’s™") towards the
soma through the extracellular space of tortuosity factor f=1.55 and volume fraction

v=0.21 (Sarantis ef al., 1993, Nicholson and Phillips, 1981) is

Dv, dlglu]
f? ar
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and in a steady state this must equal U. Thus

Dv, . dlgh] _ I,[glu],
f? dr zFK

m

Integrating this equation from the soma radius a to =« gives

[glu]¥ — 1+ Imfz
[glu], 4nzDFVK a’

For a=9.3um and Km=12uM (Kanai and Hediger, 1992) this gives [glu]./[glu].=0.2.
Thus, the local [glu] will be reduced to 1/5 of its bulk value, i.e. from ~3uM (Benveniste
et al., 1984, Hagberg et al., 1985, Wahl et al., 1994) to 0.6uM, which may reduce
AMPA receptor desensitization (ICso~5uM, Colquhoun ef al., 1992, and see Chapter 4)
and metabotropic receptor activation (Yuzaki and Mikoshiba, 1992), thus altering

information processing by the Purkinje cell.

It is important to note, however, that if a substantial fraction of the D-aspartate-evoked
current is produced by EAAT4 transporters (with z~20, instead of 2 as assumed above,
because of their large anion conductance: Fairman ef al., 1995), then the local reduction
of [glu] produced by Purkinje cell uptake (calculated as above) would be only from 3uM
to 2.2uM (instead of to 0.6uM).

5.10.3 A role for postsynaptic glutamate uptake in synaptic transmission

Postsynaptic uptake might provide glutamate to the Purkinje cell for formation of its
transmitter GABA, but the transporter distribution in the cell’s dendritic tree (Rothstein
et al., 1994) suggests a role in terminating synaptic transmission. A calculation suggests
that Purkinje cell uptake could in principle contribute to terminating glutamate’s synaptic
action. If the carrier cycling rate (Wadiche et al., 1995b) is 14/sec, and each cycle
moves ~2 unitary charges (at -70mV) into the cell (Wadiche ez al., 1995b), an uptake
current of 1,=64pA at -70mV evoked by D-aspartate in a D=18.6um diameter cell soma

implies a mean density of 13,150 carriers/(um)’. If this density of carriers exists near
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glutamate release sites (antibody labelling shows carriers throughout the dendritic tree;
Rothstein ef al., 1994), the number of carriers within a 1.2um radius circle (the distance
glutamate diffuses in 1msec) is 6x10*. Even if all the uptake current were generated by
EAAT4 carriers, which have z~20 instead of z~2 as assumed above (Fairman et al.,
1995), the number of carriers close to a release site would still be 6x10°. This is far
greater than the number (80) of postsynaptic channels opened per vesicle at the climbing
fibre synapse (Momiyama ef al., 1996) and greater than the number (4700) of transmitter
molecules in a vesicle (Bruns and Jahn, 1995). If glutamate binding to carriers is rapid
(Tong and Jahr, 1994), these carriers could, in principle, bind a significant fraction of the
glutamate released in a single quantum, thus contributing to terminating synaptic

transmission.
5.10.4 A role for postsynaptic glutamate uptake in ischaemia

The Purkinje cell glutamate transporters could also be run backwards at a significant rate
by raising K" at a depolarised potential (Fig. 5.17) with glutamate and sodium present
inside the cell. A similar current in salamander glia (Szatkowski ez al., 1990) has been
shown to reflect glutamate release from the cell by reversed operation of glutamate
transporters (Billups and Attwell, 1996), transporting 2Na* and glu” out of the cell and
K" and OH into the cell. Purkinje cells are particularly prone to be killed by glutamate
release in ischaemia (Cervos-Navarro and Diemer, 1991; Balchen and Diemer, 1992),
despite having no NMDA receptors. Reversed operation (Szatkowski et al., 1990,
Szatkowski and Attwell, 1994) of the uptake carriers in their membrane (Fig. 5.17),
releasing glutamate which will activate the cells’ non-NMDA and metabotropic

receptors, might account for this selective vulnerability.

Another possible cause of cell death in ischaemia is the glutamate transporter’s anion
conductance. Some cell death in ischaemia results from cell swelling following the entry
of Na" and CI into the cell, followed by water (Choi et al., 1987). If the transporter’s
anion conductance is a significant fraction of the cell’s anion conductance, CI” entry via

the transporters’ anion channel could facilitate cell swelling and death.
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Chapter 6

Other factors which might contribute to shaping the EPSC waveform

6.1 Introduction

In this chapter I consider two other factors which might contribute to shaping the EPSC
waveform: glutamate transport by cystine-glutamate exchangers, and glutamate buffering

by NMDA receptor subunits.

Cystine, a disulfide amino acid, is abundant in the extracellular space (~50uM: Bannai,
1986) and plays an important role in the body, being a precursor for the synthesis of
glutathione, an anti-oxidant within cells. Once inside the cell, cystine is soon reduced to
two cysteine molecules, whereby its intracellular level is kept negligibly low. The
intracellular level of glutamate, on the other hand, is quite high (*<10mM) but its
extracellular concentration is maintained very low (=1uM) by diffusion and uptake into
cells (Nicholls and Attwell, 1990). In cell membranes there is a cystine-glutamate
exchanger which may normally use the outwardly directed glutamate concentration
gradient to drive the movement of cystine into the cells. It seems possible therefore that,
in addition to the Na'-dependent glutamate transporters considered so far in this thesis,
the glutamate-cystine exchanger might contribute to buffering glutamate or controlling

the concentration of glutamate in the synaptic cleft.

Cerebellar Purkinje cells do not express functional NMDA receptors after postnatal day
10 in the rat (Konnerth ez al., 1990; Perkel et al, 1990, Momiyama et al., 1996).
However, immunohistochemical data showed that Purkinje cells do express NRI
subunits abundantly after postnatal day 10 (Petralia et al, 1994), and the antibody
staining showed dense expression at the postsynaptic density. Thus NR1 subunits might,

in principle, help to buffer extracellular glutamate.

This chapter describes experiments which investigate whether these two additional
factors contribute to determining the synaptic current waveform at the climbing fibre to

Purkinje cell synapse.
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6.2 Methods

These are described in detail in Chapter 2. Excitatory synaptic input was activated by
stimulating the climbing fibre projecting to the Purkinje cell. Inputs were identified as
described in Chapter 3 (section 3.3). All experiments in this chapter were carried out in
the presence of 100uM picrotoxin to block inhibitory GABA, receptors on the Purkinje

cell.
6.3 Effect of internal and external cystine

To try to detect an effect of glutamate-cystine exchange on buffering or removal of
extracellular glutamate during the EPSC, cystine (ImM) was introduced into the
Purkinje cell via the whole-cell pipette. If the glutamate-cystine exchanger can help to
remove glutamate from the synaptic cleft, and thus shape the climbing fibre EPSC, this
manipulation should increase the rate of glutamate removal, and the decay of the
climbing fibre EPSC would be faster. Concentrations of internal cystine higher than
ImM were not tested since they were insoluble at physiological pH. Of four cells
studied, the decay time constant of the climbing fibre EPSC (6.0+1.8ms) was similar to
that of the control cells (p=0.84; control cells were the cells in fig. 5.14), and so was its
amplitude (2.04+0.57nA; p=0.52), as shown in figs. 6.1 and 6.2A, B. Conceivably a
small difference of time constant would have been detected if a large number of control
and cystine-filled cells were compared, but I did not have time to do such an extensive
study. Instead, for the cells recorded with solutions containing 1mM cystine, I tested the
role of the cystine-glutamate exchanger by superfusing 100uM cystine to block the
release of internal cystine and uptake of external glutamate. This dose of external cystine
blocks the release of cystine and uptake of glutamate in other cell types (Van Winkle et
al.,, 1992). This protocol allowed me to investigate the role of the exchanger in
individual cells, rather than by comparing groups of different cells studied with different
intracellular solutions. In the 4 cells studied, external cystine had no effect on the EPSC
decay time (1.5+1.5% increase) or on the amplitude (1.9+2.1% increase), as shown in

Fig. 6.1 and 6.2C, D.
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Fig. 6.1 Effect of internal and external cystine on the decay of the climbing fibre EPSCs.
A. Climbing fibre EPSCs recorded with 1mM cystine in the whole-cell pipette: EPSCs
from one cell are shown in control solution, with 100uM external (ext.) cystine and again
in control solution (wash). The holding potential was -36mV. B. The climbing fibre
EPSCs in A normalised to the same peak current. Pipette solution contained (in mM):
CsCl 139; L-cystine 1; NaCl 4; CaCl, 0.5; NMDG,-EGTA $5; HEPES 10; pH 7.3
adjusted with NaOH. Bath solution was solution B (Table 2.1).
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Fig. 6.2 Effect of internal (int.) and external (ext.) cystine on the decay time constant and
the amplitude of the climbing fibre EPSC. A. The mean climbing fibre EPSC decay time
constant + S.E.M. in 24 control cells clamped with electrodes lacking cystine (open bar;
solution G, Table 2.3) and in 4 cells clamped with an electrode containing 1mM cystine
(filled bar). B. Peak amplitude + S.E.M. in the same groups of cells as in A. C. The
mean climbing fibre EPSC decay time constant + S.E.M. of cells clamped with electrodes
containing 1mM cystine (solution as in Fig. 6.1) in control solution (filled bar) and in the
presence of 100uM external cystine (hatched bar); data normalized to the value in
control solution. The holding potential was -36mV. D. The mean peak amplitude +

S.E.M. in the same groups of cells as in C; normalized to the value in control solution.
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6.4 Effect of internal glutamate and external cystine

To test further for a possible effect of the cystine-glutamate exchanger, I carried out
experiments with glutamate (20mM) added to the whole-cell pipette. Climbing fibre
EPSCs were then evoked, first in control solution and then in solution to which 100uM
cystine was added (Fig. 6.3A, B). The rationale was that cystine-glutamate exchange
would operate, when the external cystine was added, releasing glutamate into the
synaptic cleft, and thus decreasing the EPSC amplitude by desensitizing non-NMDA
receptors and possibly slowing the decay of the EPSC. In fact, superfusing 100uM
cystine changed neither the amplitude of the climbing fibre EPSC nor its decay rate, as
shown in Fig. 6.3. Of three cells studied, the change of amplitude was -4.2+9.1 (mean +
S.E.M.) % and that of the decay time constant was -7.8+6.7% (Fig. 6.3C, D).

In 3 cells, the effect of external cystine (in the presence of internal glutamate) on the
parallel fibre EPSC was also tested. The results were similar to those for the climbing
fibre EPSCs: the change of amplitude when adding external cystine was -8.0+9.7% and

that of the decay time constant was -6.4+6.7%.
6.5 Effect of NMDA

To test whether NMDA receptor subunits buffer glutamate in the synaptic cleft of the
climbing fibre synapse, the following experiments were carried out. Superfused NMDA
should compete with glutamate for binding to NMDA receptor subunits, and so should
prevent buffering by these subunits and prolong the climbing fibre EPSC decay.
Experimentally, superfusing 100uM NMDA did not alter the EPSC decay time constant
(slowed by 2.242.8% in 4 cells), as shown in figs. 6.4A, B. The amplitude of the
climbing fibre EPSC was reduced slightly, by 12.3 +1.6% (p < 0.05 in 4 cells; fig. 6.4C).
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Fig. 6.3 Effect of internal glutamate and external cystine on the decay of the climbing
fibre EPSCs. A. Climbing fibre EPSCs recorded with 20mM glutamate in the whole-cell
solution. EPSCs are shown in control solution, in 100uM cystine and again in control
solution (wash). The holding potential was -36mV. B. The climbing fibre EPSCs in A
normalised to the same peak current. C. Mean climbing fibre EPSC decay time constant
+ S.EM. in control solution (open bar) and in the presence of 100uM external cystine
(hatched bar; normalized to the value in control solution), in 4 cells. D. EPSC peak
amplitude + S.E.M. in the same group of cells as in C. Pipette solution contained (in
mM): CsCl 120; Na-glutamate 20; NaCl 4; CaCl, 0.5; NMDG,-EGTA 5; HEPES 10, pH
7.3 adjusted with NaOH. Bath solution was solution B (Table 2.1).
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Fig. 6.4 Effect of NMDA on the decay of the climbing fibre EPSC. A. Climbing fibre
EPSCs recorded in control solution, in 100uM NMDA and again in control solution
(wash). B. The climbing fibre EPSCs in A normalised to the same peak current. The
holding potential was -63mV. C. EPSC amplitude for the cell shown in A as a function
of time during application of NMDA. The pipette solution was solution D (Table 2.2)
and the bath solution was solution A (Table 2.1).
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6.6 Discussion

The experiments described above showed that the waveform of climbing fibre EPSC was
not affected by activating or inhibiting cystine-glutamate exchange, nor by occupying

putative glutamate binding sites on NMDA receptor subunits with NMDA.

Although autoradiographical studies have shown expression of the glutamate-cystine
exchanger in the cerebellum (Anderson et al., 1990), shaping of the EPSC decay time
course by this exchanger was not detected. This could be interpreted in two ways. First,
cystine-glutamate exchange may not be expressed, or may be insignificant compared to
Na'-dependent glutamate uptake, at the climbing fibre to Purkinje cell synapses.
Alternatively the cystine concentrations used in my experiments may not have been
sufficient to change the rate of the exchanger’s operation. For example 1mM cystine
added to the cell might be immediately reduced to cysteine. Furthermore, even with a
high level of internal cystine, synaptically released glutamate might not be able to enter
the cell in exchange for internal cystine if the dialysis of endogenous glutamate out of the
cell was not complete, because this internal glutamate could greatly slow the carrier-
mediated influx of glutamate by preventing the carrier from losing glutamate at the inner

membrane surface.

NMDA receptor subunits do not seem to contribute to buffering glutamate at the
climbing fibre to Purkinje cell synapses at postnatal day 12 (P12). In younger animals
(PS5 and P6), superfusion of D-APV (100uM) or 7-chlorokynurenate (30uM) reduces the
climbing fibre EPSC peak amplitude by 10 to 15%, because these animals have
functional NMDA receptors which contribute to generating the EPSC (Momiyama, A,
personal communication). The results obtained here were quite surprising, since
expression of the NR1 subunit on the Purkinje cell body and dendrites is particularly high
(the highest of all areas in the cerebellum: Petralia ez al., 1994).
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Chapter 7

Discussion

This thesis described experiments carried out to determine what factors contribute to
shaping the EPSC decay time course at cerebellar climbing fibre and parallel fibre to
Purkinje cell synapses. For the convenience of the reader, a detailed discussion was
given at the end of each chapter. This final Discussion summarizes the main results

obtained, and suggests work for the future based on the experiments I have carried out.
7.1 Summary

In Chapter 3, I showed that presynaptic adenosine A; and GABAg receptors have a far
stronger suppressive effect on the EPSC at the parallel fibre synapse than at the climbing
fibre synapse. Reducing glutamate release with adenosine or baclofen also speeded the
decay of the EPSCs. This effect was not an artefact due to a poor voltage control,
because: (1) this speeding also occurred at positive potentials; (2) reducing the EPSC
amplitude postsynaptically by blocking postsynaptic non-NMDA receptors with CNQX
did not change the decay time constant; and (3) the speeding of the decay was not
correlated with the voltage error produced by the series resistance. The speeding of the
EPSC decay time could be a pure presynaptic effect, but it could also be a result of non-
presynaptic mechanisms such as a greater concentration gradient between the synaptic
cleft and the extrasynaptic space (which would cause faster diffusion of glutamate away
from the synaptic cleft), less saturation of glutamate uptake carriers or a lower peak
glutamate concentration produced in the synaptic cleft (which, when transformed
through the non-NMDA receptor dose-response curve, results in a faster decay of the
EPSC: Sarantis ef al., 1993). The first two of these possibilities suggest that the role of
glutamate uptake in clearing glutamate from the synaptic cleft could be important in
determining the decay of the EPSC at these synapses, so, in Chapter 4 I investigated the
role of glutamate uptake and the rate of postsynaptic receptor desensitization in shaping

the EPSC time course.
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Blocking glutamate uptake prolonged the decay of the EPSC at both the climbing and
parallel fibre synapses and reduced its amplitude, presumably because of postsynaptic
receptor desensitization produced by a rise in the background glutamate level. This
result suggested the presence of a prolonged glutamate transient in the synaptic cleft,
which might lead to receptor desensitization, which might also contribute to shaping the
EPSC decay time course. To test the role of desensitization, first, paired-pulse
experiments were carried out on the climbing fibre EPSC. The EPSC evoked by the 2nd
of two closely spaced stimuli has a smaller amplitude, possibly due to desensitization
caused by glutamate release in response to the first stimulus. Adenosine reduced the
EPSC produced by the first stimulus, but had little effect on the 2nd EPSC. This could
be because reducing the amount of glutamate released from the 1st stimulus leads to less
desensitization at the time of the 2nd EPSC. Next, blocking postsynaptic non-NMDA
receptor desensitization with diazoxide increased the amplitude of the EPSC and
prolonged its decay. Furthermore, application of adenosine in the presence of diazoxide
reduced the amplitude of the 1st and 2nd EPSC similarly at the climbing fibre synapse.
These results support the idea that the rate of receptor desensitization is one of the
factors which set the decay time course of the EPSC. To summarise, the experiments in
Chapter 3 and Chapter 4 showed that the EPSC decay time course at the climbing fibre
and the parallel fibre synapse is determined by the amount of glutamate released, by the
rate of glutamate removal by uptake, and by the rate of postsynaptic receptor

desensitization.

In Chapter 5, further studies of glutamate uptake were carried out based on
immunohistochemical data of Rothstein and his colleagues (1994), whose showed that
Purkinje cells, which are postsynaptic to the climbing and parallel fibre inputs, express
the glutamate transporter EAAC1. Glutamate uptake has generally been believed to be
located in glial cells and in the presynaptic terminals of neurons, therefore it was of great
interest to know whether Purkinje cells express functional glutamate transporters in their
cell surface membrane. By iontophoresing a glutamate analogue, D-aspartate, onto the
Purkinje cell somata, I detected a current with the pharmacology, voltage- and ion-

dependence of a glutamate uptake current. Part of this current was generated by an
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anion channel associated with the transporter. Furthermore, by raising the external
potassium concentration to mimic an ischaemic insult, an outward current attributable to
reversed operation of glutamate uptake carriers was observed when sodium and
glutamate were included inside the cell, as observed previously in salamander glial cells.
Next, the role of this postsynaptic glutamate uptake in shaping the EPSC decay time
course was examined, since the experiments in Chapter 3 only showed the effect of
blocking glutamate uptake everyWhere in the slice (i.e. of blocking presynaptic,
postsynaptic and glial uptake). Blocking glutamate uptake specifically in the Purkinje
cell, by introducing D-aspartate into the cell via the patch pipette, prolonged the climbing
fibre EPSC. Thus, modulation of this postsynaptic glutamate uptake in Purkinje cells,
like modulation of presynaptic receptors, could alter the strength of synaptic

transmission.

In Chapter 6, two other additional factors which might shape the climbing fibre EPSC
decay time course were studied. First, I tested the possible role in shaping the EPSC of
the cystine-glutamate exchanger, another type of glutamate transporter which transports
cystine into and glutamate out of the cell in normal conditions. Altering the rate of this
exchange did not affect the EPSC decay. Second, the possible role of NMDA receptor
subunits, which are expressed abundantly in Purkinje cells, was also examined. There are
no functional NMDA receptors reported after postnatal 10 day electrophysiologically,
yet the presence of these subunits might help to buffer glutamate in the synaptic cleft.

However, application of NMDA did not alter the EPSC decay.
7.2 Suggestions for further work
In this section, I will suggest experiments which could build on the data I obtained.

7.2.1 Quantal analysis of the climbing fibre and parallel fibre to Purkinje cell

synapses

In Chapter 3, the effect of adenosine and baclofen on the climbing fibre and the parallel
fibre to the Purkinje cell synapses was described. Adenosine and baclofen were assumed

to act presynaptically, based on data in the literature (see section 3.1) and on the fact that
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neither of them modulate an iontophoretically-generated non-NMDA receptor current.
However, by quantal analysis, a reduction of glutamate release from the presynaptic

terminal might be demonstrated directly.
7.2.2 Detection of a synaptically-evoked uptake current

In Chapter 5, I have demonstrated an iontophoretically-generated current in the Purkinje
cell attributed to uptake. The size of the current was 6411 (S.E.M.) pA (see section
5.10.2) at -70mV when iontophoresing D-aspartate. Iontophoresing glutamate in the
same way generated about 4nA of current, which is comparable to the amplitude of the
climbing fibre EPSC. Therefore, it might be reasonable to suppose that an uptake
component of the EPSC could be detected. By inhibiting non-NMDA receptors and by
including ClO, in the patch pipette to increase the current (see section 5.6), it might be

possible to detect an uptake component of the EPSC at the Purkinje cell synapses.

7.2.3 Detection of glutamate release from the Purkinje cell by reversed uptake using a

granule cell as a biosensor

In section 5.9, a current attributed to the reversed operation of the glutamate transporter
in the Purkinje cell was shown. As in salamander glial cells, this current was evoked by
raising [K'], while including glutamate in the patch pipette. To detect directly the
release of glutamate by reversed uptake in the salamander glial cell, non-NMDA receptor
channels in a Purkinje cell have been used (Billups and Attwell, 1996). Similar
experiments for Purkinje cell reversed uptake could reinforce the notion of glutamate
release occurring in this way, and perhaps, thereby, give an explanation for the

vulnerability of Purkinje cells during ischaemia.
7.2.4 Identification of the transporter

When 1 was carrying out the experiments described in Chapter S5, the available
immunohistochemical data (Rothstein et al., 1994) indicated only the presence of the
EAACI transporter in the Purkinje cells. However, more recent work suggests that the

Purkinje cell also expresses EAAT4 transporters in the soma and in the dendrites
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(Rothstein, personal communication). The I-V relation for the current generated by D-
aspartate is similar to that of cloned EAACI transporters, however the small outward
current at positive potentials suggests a contribution from an anion conductance. The
EAAT4 transporter has a larger anion conductance (Fairman et al., 1995) than that of
EAACI1 (Wadiche et al., 1995a). To distinguish the current generated by the different
carriers, it might be possible to use antibodies raised against the transporters to block

specifically each transporter in turn.
7.2.5 Effect of D-aspartate on the non-NMDA receptor

In section 5.8, I showed that inhibiting glutamate uptake in the Purkinje cell by adding D-
aspartate inside the cell prolonged the decay of the EPSC at the climbing fibre synapse.
Since the same manipulation reduced the current evoked by D-aspartate iontophoresis, I
assumed that the effect of D-aspartate on the EPSC was via the glutamate transporter.
However, it is possible that, in addition to blocking glutamate uptake, internal D-
aspartate might affect the deactivation or desensitization kinetics of non-NMDA
receptors (D-aspartate does not activate non-NMDA receptors when applied
extracellularly: Monaghan et al., 1984, Barbour, 1993). This could be tested by applying
fast glutamate concentration jumps to an outside-out patch clamped with a pipette

containing or lacking D-aspartate.

7.2.6 Contribution of the cystine-glutamate exchanger to shaping the synaptic

current in other cells

Changing the rate of cystine-glutamate exchange did not alter the climbing and parallel
fibre EPSC decay, as described in Chapter 6. Although cerebellar cells are known to
express this exchanger (Anderson et al., 1990), their expression of it is not the highest in
the brain. Thus, it would be interesting to examine the effect of this exchanger on the
EPSC decay in a region where it is expressed more, such as cerebral frontal cortex

(Anderson et al., 1990).
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7.2.7 Effect of NMDA on the parallel fibre to Purkinje cell synapses

In Chapter 6, I showed that application of NMDA did not alter the EPSC decay time
course at the climbing fibre to Purkinje cell synapse: a surprising result considering the
high expression of NR1 in Purkinje cells (Petralia ez al. 1994). However, it is possible
that NMDA receptor subunits contribute to shaping the EPSC at the parallel fibre
synapses. Therefore, experiments similar to those in section 6.5 should be carried out on

the parallel fibre EPSC.
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