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Abstract

The aim o f this project was to examine the exocytotic release of glutamate, newly 

synthesised from [^H]-glutamine, from^^ltureâ rat cerebellar granule neurones, upon 
K'*’-induced depolarisation. Primarily the study examined the involvement o f voltage- 
dependent calcium channels both in the release o f glutamate and in its modulation by 
the GABAg receptor agonist (-)-baclofen.

Various methods of depolarising neurones in order to stimulate neurotransmitter release 

have been examined and discussed. 50mM K'*"-induced depolarisation stimulated 

cerebellar granule neurones to release [^H]-glutamate in a Ca^'^-dependent manner. 
The mechanisms involved in this K“*“-stimulated release process were examined in detail 
and discussed. Release o f glutamate was not supported by non-specific increase in 
cytosolic Câ "*", as induced by the presence of the Ca^+ ionophore, ionomycin. K"*”- 
stimulated release could, however, be supported by either Câ "*" or Ba2+. Release was 
also completely abolished by the presence o f the non-specific, high voltage Câ '*' 
channel blocker, Cd^”*"- These results suggested that K"*“-stimulated release o f glutamate 
from cerebellar granule neurones was normally dependent on the entry o f Ca2 + through 
high voltage activated calcium channels.

The study investigated the role of individual subtypes o f voltage dependent calcium 
channels in the K'^-stimulated release o f [^H]-glutamate and found multiple subtypes of 
Ca^+ channels, including the L, N, and P/Q-types, to be involved in transmitter release 
under various conditions o f stimulus. The study indicated that L- and non-L-type 
channels mediate separate components of release, and that subtypes o f non-L-type 
channels coexist in the pre-synaptic terminals o f cerebellar granule neurones and 

contribute to glutamate release with some degree o f co-operativity.

K"'"-stimulated release o f -glutamate was inhibited by the GABAg receptor agonist 
(-)-baclofen, and this inhibition was partially antagonised by the GABAg receptor 

antagonist phaclofen, but not 2-hydroxy-saclofen. This modulation o f release by 

(-)-baclofen was mediated via a pertussis toxin sensitive GTP-binding protein which 

appeared to modulate exocytotic release via inhibition of voltage dependent calcium 

channels. The subtypes o f calcium channels involved in this modulatory mechanism 
were investigated. Blockade o f the dihydropyridine-sensitive calcium channel had no 
effect on modulation o f release, but block o f the coCgTx GVIA- and coAga IVA- 
sensitive calcium channels together or block o f coCTx MVIIC-sensitive Ca^^ channels 

effectively abolished inhibition of release by (-)-baclofen.



Table of Contents

P a g es

A b s tr a c t ......................................................................................................................................................  2

T a b le  o f  c o n te n t s ........................................................................................................   3

L is t  o f  F ig u res  a n d  T a b le s ...............................................................................................................  11

A b b r e v ia t io n s .............................................................................................................................................. 15

Chapter 1. Introduction..............................................................................  17

L I  homeostasis in neurones....................................................................................  18

1.2 An introduction to voltage dependent Ca^'^ channels ............................................. 20

1.2.1 Activation of voltage dependent calcium channels.................................................................... 20

1.2.2 Classification of voltage dependent calcium channels.............................................................  22

1.2.3 The biochemical purifîcation and structure of voltage dependent calcium channels  25

1.2.3.1. L-type calcium channels...................................................................................  25

1.2.3.2 N-type calcium channels................................................................................  27

1.2.4 Cloning of calcium channels........................................................................................................... 27

1.2.5 Pharmacology of the calcium channel: the interaction of Ca^^channel ................................. 30
ligands and toxins with the Câ ~̂  channel
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It is generally accepted that voltage dependent calcium channels play a major role in the 
regulation o f neuronal activity, and that calcium (Ca^+j influx through these channel 
types acts a trigger for excitation-secretion coupling in nerve terminals (Augustine et al, 
1987). Although various calcium channel subtypes have been identified in neuronal 
somata, the subtypes involved in the exocytotic release process remain unclear. With 

the increased development of specific Câ "*" channel ligands and peptide toxins, it has 

become possible to selectively inhibit channel subtypes at the pre-synaptic termini of 
neuronal preparations. With the increased ability to study these channel types and their 
interaction with the exocytotic release machinery much progress has been made, which 

is reflected in the plethora o f available literature. Glutamate is the major, fast, 
excitatory transmitter in the mammalian brain, however elevated levels o f this 

neurotransmitter play a role in a number o f pathological conditions. The elucidation of 
the Câ "'" channel subtypes contributing to the influx of Câ "*" responsible for the 

release o f glutamate are therefore o f great interest. The aim o f the studies 
presented in this thesis was to identify the Ca2 + channels involved in the release of 
glutamate from the presynaptic terminals o f cerebellar granule neurones and its 
modulation by y-aminobutyric acids (GABAg) receptor activation. This first 
introductory chapter examines the current hypotheses concerning the mechanisms of 

release from the pre-synaptic nerve terminal. The heterogeneity o f the voltage 
dependent Câ "̂  channels present in the mammalian central nervous system (CNS) is 
examined, and current information as to the biophysical, structural and pharmacological 
properties o f these Câ "*" channels is discussed. The complex processes which link the 
influx o f Ca2+ to the eventual release o f glutamate are then considered. The uptake, 
storage, and release o f glutamate within the nerve terminal is examined and the 

specialised proteins present within the synaptic terminal, thought to control the 
exocytotic release process, are discussed in some detail. Although these synaptic 
proteins are not examined in the studies presented in this thesis it is important that the 
processes linking the actual influx of Câ "*" to the eventual fusion o f the synaptic 
vesicles to the plasma membrane are considered. This chapter is intended as a general 
overview and a more detailed background to the subjects investigated in this thesis will 
be presented in the relevant chapters.

1.1 Ca ~̂̂  homeostasis in neurones.

The free cytoplasmic concentration o f Câ """ in the nerve cell is extremely low, about 
lOOnM. In contrast, the extracellular concentration o f Câ "̂ , as well as the 

concentration o f bound Câ "̂  in the cell, i.e. that Câ "̂  sequestered by organelles such as
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the endoplasmic reticulum (E.R.) and mitochondria, is in the millimolar range (see Scott 
et al, 1991). This high concentration gradient is maintained by the combined actions of 

an adenosine triphosphate (ATP)-dependent pump and a Na'̂ '-Câ "'" exchange system on 
the plasma membrane, and ATP-dependent pumps on intracellular organelles. Also 

important in the control of intracellular calcium levels is buffering by Câ ~*" binding 
proteins, e.g. calmodulin, parvalbumin, calbindin, calcineurin and calsequestrin. The 

maintenance of the low calcium concentration in the cell is crucial, as transient elevation 

of Ca2+ plays a pivotal role in the control of neuronal activity. The biological processes 

influenced by changes in intracellular Câ "*" concentration are diverse; ranging from 

neuronal survival, the extension o f growth cones, synaptic development and 

organisation, gene expression, synaptic plasticity, and neuronal death (see Ghosh and 

Greenberg, 1995). Probably the most extensively studied and best known example o f a 
second messenger action o f Câ "*" is the triggering o f the exocytotic release of 
neurotransmitter (see Smith and Augustine, 1988). Transient rises in intracellular Ca '̂  ̂
concentration can be achieved by one of two mechanisms. Firstly, the plasma 
membrane, which is normally impermeable to Câ "̂, is made permeable by virtue o f the 

opening o f voltage dependent calcium channels (VDCCs) (see below), ligand gated, e.g. 
N-methyl-D-aspartate (NMDA) receptor channels (see Section 1 .3 .3 .3 ) or second- 
messenger operated channels (e.g. see Section 1.3.3.4). Secondly, intracellular calcium 
levels may be raised by the release o f Câ "*" from intracellular stores, e.g. E.R., or 
mitochondria (Berridge and Irvine, 1984; Baukal et al, 1985; Spat et al, 1986). There 
are at least two internal Câ "̂  pools, whose activation is mediated via distinct 
mechanisms. The first of these two pools can be activated by the binding o f inositol 
triphosphate (IP3 ) to its receptor on the E.R. following exposure of cells to a variety of 
stimuli, including growth factors and neurotransmitters acting through guanosine 

triphosphate (GTP)-binding proteins (G-proteins, see Section 1.5.1). The second 
intracellular store o f Câ "*" is a Ca^"'"-induced Câ "*" release store. The regulation o f this 
pool of Câ "*" is mediated via the activation o f a ryanodine receptor; this receptor has 
been extensively studied in muscle cells where it also plays an important role in 
excitation-contraction coupling (Lai et al, 1988). Intracellular Câ "'" concentrations 
have to be controlled very carefully, as excessive mobilisation or entry o f Câ '*' can 

damage the cell. Uncontrolled increases in intracellular Ca2+ have been implicated in 

several neurodegenerative diseases and neuronal damage by neurotoxins, including 

epilepsy, ageing and ischaemia. The intracellular levels of Câ *̂  are therefore 

controlled very tightly by the Câ "*" buffers, pumps and the Na"*"-Câ '̂  exchanger.
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1.2 An introduction to voltage dependent channels.

L2A  Activation o f  voltage dependent calcium channels

The resting membrane potential:- Across the resting neuronal membrane an electrical 
potential difference of between -50 and -80mV is maintained by virtue o f various 

intrinsic channels and pumps causing an unequal distribution of ions across the 

membrane (see Hille, 1992a). Ions enter and leave the cell by two main mechanisms. 
The first o f these mechanisms is a facilitative diffusion o f ions through ion channels and 

this is driven by the concentration gradient o f the ion and the potential difference across 

the membrane, the intracellular concentration of K“̂  being far greater than the 
extracellular concentration, and the converse being true for Na"̂  and Cl' ions. The 

imbalance between and Na"̂  arises from the relative impermeability o f the 
membrane to Na~̂ . The second process is the active transport o f ions against the 
concentration gradient via the Na'̂ '/K"'" ATPase pump. This pump is comprised o f large 

intrinsic carrier proteins which transport 3 Na""" ions from the cell and 2 K"*" ions into the 
cell by virtue o f an intrinsic ATPase. Although Na"*", K"*", and Cl' ions all contribute to 
the neuronal resting membrane potential, permeability tends to dominate because of 
the high intracellular K"*" concentration and the presence of leakage channels which 
are open at a resting membrane potential. Thus the Nemst equation is often used to 
approximate the membrane potential o f the cell. This is defined as:-

^ [^^Jo {Nernst equation)
F " W ] -

where E is the membrane potential, R the Gas Constant, F the Faraday Constant, and T 
the temperature in ®K. [K'*']Q/[K'*']i is the concentration gradient o f K'*’ across the cell 
membrane.

This equation predicts that, at 37®C, the relationship between an increase in the external 
concentration and the corresponding decrease in the potential difference across the 

membrane should be linear, with a slope o f 61mV per unit increase in Log%o [K'*']o. 
This hypothesis was examined by Hodgkin and Horowicz (1959), in isolated frog 
muscle fibre. These authors found that above an external concentration o f lOmM K"*" 
the membrane potential varied as predicted by the Nemst equation. However, at 
concentrations o f K"*" below lOmM the membrane potential was rather less than would 

be expected. Work by Goldman (1943) and Hodgkin and Katz (1949) suggested that
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this reduction in the membrane potential at low [K~ ]̂o was due to the slight permeability 
of the resting membrane to Na"*". Chloride has little effect on the resting membrane 

potential as its equilibrium potential is similar to that o f K"̂ . Thus the resting membrane 
potential was defined as a function of:-

RT Ln Pk CK+Io + PNa[Na+]o
PKÏKTi + PNa[Na+]i

where and are the permeability coefficients o f K"*" and Na"̂ , respectively.

This equation was shown to correlate well with experimental data. As the permeability 

o f the resting membrane is largely selective for K"*", the resting membrane potential may 
be viewed as a function of the movement of ions across the membrane, with a small 
influence from the movement o f Na""" ions.

Generation o f  the action potential:- Rapid signalling in nerve cells is achieved by brief 
changes in the ionic gradients and membrane potential. The action potential is triggered 
when the membrane is subjected to a depolarising event causing the membrane potential 
to reach the threshold for the opening o f voltage sensitive Na"̂  channels, typically -50 to 
-60mV. The basic changes in membrane ionic permeability underlying the action 

potential were first described by Hodgkin and Huxley, in the 1950's (see Hille, 1992a) 
using the squid giant axon preparation. This preparation allowed the membrane 
potential o f the axon to be "voltage clamped", and, because o f the in vitro nature o f the 
experiments, the extracellular ionic concentration to be manipulated. These experiments 
revealed that the action potential is mediated via a regenerative increase in transient Na"*" 
current. The ensuing depolarisation causes more Na“*“ channels to open thus increasing 

the depolarising effect. The rate of inactivation o f Na"*" channels is, however, only 

slightly slower than their kinetics of activation. Even during the rising phase o f the 

action potential, therefore, the available Na"̂  current is reduced as a result of 
inactivation. Simultaneously, but with a slower time course, a delayed current is 
activated, allowing K"*" to leave the cell, and thus causing repolarisation o f the cell 
membrane. An action potential is an "all-or-nothing" event. If the threshold for 
activation is reached then an action potential is generated and propagated along the axon 

resulting in the opening of voltage dependent calcium channels and synaptic 
transmission. If the firing threshold is not reached by a depolarising event then no 

action potential is generated and information is not relayed to other cells.
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Shortly after the description of the mediation of action potentials along the axon, via 
voltage-sensitive Na"*" and K”*' conductances (see Hille, 1992a), the importance of Câ "*” 
in neuronal excitability was described (Fatt and Katz, 1953; Fatt and Ginsborg, 1958). 
The VDCCs responsible for this Câ "*" influx, are now recognised as ubiquitous 
components of all excitable tissue (Hagiwara and Byerly, 1981). These channels have 

steeply voltage dependent gates that open with delay in response to membrane 
depolarisation and shut rapidly again after a repolarisation and show some degree of 

inactivation during maintained depolarisation. Hagiwara also reported the coexistence 
of two types o f Ca2 + channels in starfish eggs that differed in their voltage range of 

activation and ionic selectivity (Hagiwara et al, 1975). That VDCCs are heterogeneous 
in nature is not surprising considering the wide range of actions o f Ca^+ in the 

regulation o f cellular processes. Conventional voltage clamp techniques in the 1970's 
lacked the ability to characterise Ca2+ channels in any great detail. With the advent of  

patch-clamp techniques in the late 1970's (Neher and Sakmann, 1976), however, it 
became possible to identify single Câ "*" channels and therefore to describe the 

biophysical properties o f multiple calcium channel subtypes.

1.2.2 Classification o f  voltage dependent calcium channels

Carbone and Lux (1984), showed that VDCCs in sensory neurones could be 
differentiated into two classes, by virtue of their distinct sensitivities to depolarisation. 
Low-voltage activated (LVA) Ca^+ channels, have a low threshold for activation and a 
rapid, voltage dependent inactivation. High voltage activated (HVA) Ca^+ channels 
often lack rapid inactivation and can therefore be examined in isolation from LVA 
channels. In 1985, Nowycky et al, reported the co-existence o f three types o f Câ "*" 
channels in chick dorsal root ganglion cells. These authors introduced a new 
nomenclature for the classification of these Ca^+ channels, based both on their 
biophysical properties and their sensitivity to a number o f Câ *̂  channel ligands and 

toxins. The LVA Ca^’*’ channel was termed T-type pertaining to the transient nature of 

the macroscopic current and its riny single channel conductance o f 9-1 IpS. The HVA 
channel was reported to be further divided into two subtypes, the 1,4-dihydropyridine 

(DHP) sensitive L-type channel (Nowycky et al, 1985) and the N-type channel, 
subsequently found to be sensitive to co-conotoxin GVIA (coCgTx GVIA) (Kasai et al, 
1987; Plummer et al, 1989), a peptide toxin isolated from the cone snail, Conus 
geographus. The L-type Câ "*" channel was reported to be /ong-lasting, with a /arge 
single channel conductance of 20-24pS. This channel was reported to display little 
voltage-dependent inactivation but was suggested to display Ca^^-dependent 
inactivation (see Scott et al, 1991). The component of whole cell current carried by the 
«euronal or N-type Ca^+ channel (Fox et al, 1987a,b) was shown to display greater
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voltage-dependent inactivation than the L-type current. The single channel conductance 
of the N-type Câ "*" channel was reported to be 13pS, although later work suggested a 
higher conductance o f 18pS (Plummer et al, 1989). It became apparent with the 
publication of studies investigating increasing numbers o f neuronal systems, that this 
classification of three Câ "̂  channel sub-types, did not completely describe the Ca2 + 

channel currents seen in all neurones. More recently, with the advent o f 'toxityping' 
(Adams et al, 1993), the isolation of peptide toxins from various predator venoms has 

greatly enhanced the identification and purification o f Câ "*" channel subtypes (see Table
1.1 for summary). Ca2+ entry through one such HVA Câ "*" channel sub-type was 

shown to contribute to the majority of the Câ "̂  current observed in cerebellar Purkinje 
cells, and is thus named the P-type channel current (Llinas et al, 1989). P-type 
Ca2+ channel current is insensitive to both DHPs and coCgTx GVIA, but is reported to 

be selectively blocked, in Purkinje cells, as well as other mammalian neuronal cell 
bodies, by co-agatoxin IVA (coAga IVA), a toxin isolated from the venom o f the funnel 
web spider, Agelenopsis aperta (Mintz et al, 1992a,b). Macroscopic P-type Ca^”*" 
currents show little voltage dependent inactivation and when the partially purified 
channel was reconstituted into planar lipid bilayers, several single channel conductance 
levels (from 10-20pS) were observed (Llinas et al, 1989) making the characterisation of  
this channel type difficult without the use o f coAga IVA. Even accounting for all four of 
the above described Câ "̂  channel subtypes there still remains, in a number o f neurones, 
a substantial proportion o f current that cannot be classified as L-, N-, or P-type (Zhang 
et al, 1993; Pearson et al, 1995). A recently described Ca^+ channel current in 
cerebellar granule neurones, reported to be pharmacologically and biophysically distinct 
from the P-type Câ '*’ current (Randall et al, 1993), has been termed 'Q'-type (Zhang et 
al, 1993). It has been suggested that current carried by this putative channel sub-type 
contributes, at least in part, to the remaining, as yet uncharacterised, Câ "*" current seen 
in a number o f cell types (Zhang et al, 1993; Randall et al, 1993; Wheeler et al, 1994). 
A novel peptide toxin, co-conotoxin MVIIC (coCTx MVIIC), isolated from the cone 
snail, Conus magus, (Hillyard et al, 1992) has been reported to block this 'Q'-type Câ "*” 
current as well as current carried via N- and P- type Ca2+ channels (Zhang et al, 1993). 
The 'Q'-type Câ "*" channel current has also, however, been reported to be blocked by 

concentrations o f coAga IVA greater than lOOnM (Wheeler et al, 1994). Also, in rat 
brain, a high affinity binding site for oCTx MVIIC has been described (Hillyard et al, 
1992; Adams et al, 1993; Kristipati et al, 1994), with a much higher affinity than the 
binding affinity of coCTx MVIIC for the N- or P- type Câ "̂  channels (Hillyard et al, 
1992). This high affinity binding target has been proposed to represent an 'O'-type 

channel. This putative 'O'-type Câ "̂  channel is thought to be closely related to both the 

putative 'Q'-type channel in cerebellar granule neurones and the P-type channel o f  
cerebellar Purkinje cells as they are all blocked by (oAga IVA and coCTx MVIIC, 
although with different affinities (Clivera et al, 1994). This observation has led to the
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suggestion that P-type Ca^+ channels, along with the putative 'Q'-type and 'O'-type 

channels (Adams et al, 1993) may form a "OPQ" subfamily similar to that o f the L-type 

Ca2+ channels (i.e. which is composed o f o ^ c ,  #1D - see Table 1.2). It is
proposed that this channel subfamily may be characterised by sensitivity to the toxins 

coAga IVA and caCTx MVIIC, and insensitivity to coCgTx GVIA and DHP agonist and 

antagonists (Olivera et al, 1994). It has also been suggested that all these channel types 

(i.e. 'O', 'P' and 'Q') may have a \  subunits identical or very closely related to 

(Olivera et al, 1994), and that differences in the relative inhibitory potency of block by 

(oCTx MVIIC are due to molecular heterogeneity in the subunit (Olivera et al, 
1994).

Even in the presence o f all o f the above Ca^”*" channel blockers, in many neurones, there 

still remains a component o f Ca^^ current; this channel current has been named by 

Zhang et al (1993) residual or R-current. As yet no selective antagonists have been 

found for the R-type C a-^  current.

Table 1.1 Biophysical and pharmacological properties o f voltage dependent Ca^^ 
channels. (Adapted from Dolphin, 1995)

N

HVA None (Ca2+ -20

dependent)

HVA Intermediate -50

P HVA None

R H/LVA Fast

T LVA Fast

-5

Q HVA Intermediate -45

-15

-70

24

13-20

10-18

Cd2+, 1,4-DHPs

Cd2+, (oCgTx GVIA, 

o)CTx MVIIC

Cd2+, (ûAga IVA,

(oCTx MVIIC

Cd^+, coAga IVA 

(>100nM), mCTx MVIIC

None known

Nî "*", octanol, amiloride, 

carbamazepine, phenytoin.
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1,2.3 The biochemical purification and structure o f  voltage dependent calcium  
channels.

1.2.3.1. L-type calcium channels.

As voltage dependent ion channels are usually found only in low density on the 
membranes of excitable cells, their purification has been limited to tissues where high 

density or localised expression of the channels prevail. Skeletal muscle L-type Câ *̂  
channels were the first subtype of Câ "*" channel to be purified, due to the high density 

of DHP-binding receptors in the transverse (T)-tubules (Catterall et al, 1988). Studies 
utilising radiolabelled DHPs, which bind to the receptor with high affinity, revealed the 

co-purification of a number of proteins. Two forms o f the DHP-binding subunit, or 

a  IS, have been reported, a full-length form and a more common short form which has a 
truncated carboxy-terminus (De Jongh et al, 1991). These subunits were reported to 

have a molecular weight of about 214kDa (De Jongh et al, 1989, 1991) and 190kDa 
(Catterall et al, 1988), respectively, and both have been reported to function as a 
calcium channel and a voltage-sensor for excitation-contraction coupling (Beam et al,
1992). Co-purified with this subunit are three other proteins a 2 -ô (160kDa), p (52kDa) 
and Y (32kDa) (Fig 1.1 and Fig 1.2; for reviews see Campbell et al, 1988; Perez-Reyes 
and Schneider, 1994; Dolphin, 1995). Both the a j  and y-subunits traverse the 
membrane, the P-subunit is thought to be linked to the a j  subunit via the intracellular 
loop between transmembrane spanning domains I and II (see Fig. 1.2, De Waard et al, 
1994a) and it has been suggested that this subunit may connect a j  to the cytoskeleton. 
Studies suggest that the «2 subunit is situated extracellularly being anchored to the 
membrane via the ô subunit (Dolphin, 1995). An important feature of the L-type 

calcium channel is its activation by cy d ie  adenosine monophosphate (cAMP)- 
dependent protein kinase (PKA) phosphorylation. PKA phosphorylation has been 
shown to activate the purified receptor/channel complex (Flockerzi et al, 1986), and 
phosphorylation o f both the a% (Rohrkasten et al, 1988; Rotman et al, 1992) and P- 
subunits (Jahn et al, 1988; Nunoki et al, 1989) has been shown. Purification o f a 

cardiac tissue DHP-binding receptor channel complex has also been achieved in various 
species although it is present in much lower concentrations than the skeletal L-type 

Câ "*" channel (Hosey et al, 1989). These studies have revealed at least three subunits of 

the L-type Câ "*" channel, similar to the skeletal L-type calcium channel with the 

exception o f the y-subunit which is missing in the cardiac channel (Hosey et al, 1989).
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1.2.3.2 N-type calcium channels.

The N-type channel has been purified from brain using coCgTx GVIA, despite the 

low density o f the receptor (McEnery et al, 1991a; Witcher et al, 1993a,b). The N-type 

calcium channel is somewhat homologous to the L-type channel in that the a  %-subunit 
(apB) co-purifies with several other proteins, i.e. « 2 - 6  and p subunits. An as yet 
unidentified 95kDa protein has also been reported to co-purify with this channel type 
(Witcher et «/,1993b), possibly with several proteins involved with the secretory 

process, i.e. syntaxin and synaptotagmin (see Section 1.3.6.3), and the a-subunit o f Go 
(McEnery et al, 1991b).

1.2.4 Cloning o f  calcium channels

Following the biochemical purification o f the skeletal muscle DHP-binding Câ "̂  
channel, cyclic deoxyribonucleic acid (cDNA) coding for the subunits o f this channel 
were cloned and expressed (Tanabe et al, 1987). This subsequently led to the 
determination o f sequences for homologous proteins from other tissue, including brain; 
and has revealed substantial molecular diversity in the Câ "*" channel (Hui et al, 1991; 
Mori et al, 1991; Starr et al, 1991; Dubel et al, 1992; Collin et al, 1993; Soong et al,
1993). The greatest heterogeneity has been found in the a j  and p-subunits. Six 
separate genes encoding the a j subunit and four genes encoding the P-subunit have 
been identified. The a  j-subunits have been named A-E and S by Snutch et al (1990), 
this is the nomenclature used throughout this thesis, although other classifications have 
also been suggested. Several sites have been identified on these a j  and p subunits at 
which alternative splicing could take place (Snutch et al, 1992; Bimbaumer et al, 1994, 
Perez-Reyes and Schneider, 1994). Thus the potential for combinational structural 
heterogeneity in Ca2+ channels is great. It would appear to be the a  %-subunit that 
forms the ion-conducting pore-forming region of the channel; when expressed in 
Xenopus oocytes or cultured cells, this subunit forms a functional Ca^+ channel. The 
biophysical and pharmacological properties of the expressed, cloned a  j-subunits have 
been examined to attempt to match these channels to their mammalian CNS 
counterparts (see Perez-Reyes and Schneider, 1994; Dolphin, 1995). These properties 

are summarised in Table 1.2 and are further discussed in Chapter 4. The cDNA 

sequence for the skeletal a  %-subunit shows some homology to the voltage dependent 
Na"*" channel. The model of the channel structure predicts that the subunit is 
composed o f four similar domains (domains 1-lV) which each consists o f six membrane 

spanning a-helices (S1-S6) (see Fig 1.2). It has been suggested that it is the S4 region 
of each domain that acts as the voltage sensor (see Catterall, 1993), and the extracellular
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loop SS1-SS2 (or P-loop), between S5 and S6 of each domain, is predicted to fold into 

the membrane to form part of the pore lining (Guy and Conti, 1990; Heinemann et al,

1992). Although the a \  subunit expressed alone in Xenapus oocytes or cell lines, forms 

a functional channel, its co-expression with the other subunits, particularly p-subunits, 

has profound effects on the final functional phenotype with reports of increase in the 

number of high affinity DHP-binding sites, increase in peak current, and shift the 

voltage dependent activation and steady state inactivation o f the current (see Perez- 

Reyes and Schneider, 1994; Dolphin, 1995).

Table 1.2 Properties o f cloned calcium channels (adapted from Olivera et al, 1994; Perez-Reyes 

and Schneider, 1994; Dolphin, 1995)

(Snutch
mUcUtSS:..

'

Antagoni^fs >

s L S k ele ta l m u scle DH Ps

c L C a rd ia c  m u scle , brain, 
aorta, trachea and lung

DH Ps

D L B rain , pancreas, 
K idney, ovary, with  
traces found in cardiac  
and skeletal m uscle

DH Ps,

(oCgTx G V IA  (partial 
and reversib le)

B N B rain (oCgTx G V IA  
(irreversib le) 
o)CTX M VIIC  
(reversib le)

A 0/P/Q (?) B rain  (esp ecia lly  in 
cerebellum ), heart, 
kidney cortex.

coCTx M V IIC ,

coAga IV A

Crude fun nel-w eb b  
spider venom

E R/T (?) B rain N i2 +
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Figure 1.2 The putative structure o f the cloned calcium channel subunits.
The green transm em brane spanning regions are the S4 segm ents thought to constitute the voltage sensors. The shaded area on the intracellular loop betw een dom ains 1 and II

represents the binding site for the (3-subunit. (Taken from Dolphin, 1995)



1.2.5 Pharmacology o f  the calcium channel: the interaction o f  Ca '̂  ̂channel ligands 
and toxins with the Ca^'^ channel.

VDCCs have a complex pharmacology with a great diversity o f ions and compounds 

altering the properties of the channels. There are a number of ways in which 
pharmacological agents may interact with VDCCs, and these include:

• Binding to an intra- or extracellular regulatory site of the channel complex, not 
directly associated with the channel pore.

• Binding to sites within the channel pore, or obstruction o f the channel pore. 
Compounds may gain access to the pore region via the intra- or extracellular 

environment or may enter the deep regions of the pore via the lipid phase o f the cell 
membrane.

• Interaction with the cell membrane at sites that, when occupied, indirectly effect 
membrane associated proteins, e.g. channel proteins, by changing their lipid 
environment.

• Indirect action either to modify the Ca2+ buffering mechanisms and therefore to 
alter homeostatic regulation o f the cell resulting in the apparent modulation o f Ca^+ 
channels; or, interaction with the production o f second messengers and channel 
phosphorylation mechanisms normally involved in the modulation o f the Ca2 + 
channel.

The following sections outline the interactions o f common pharmacological agents used 
in the study of Câ "̂  channels with the Câ '*' channels themselves. This section focuses 
mainly on the actions o f the pharmacological agents utilised in the studies presented in 
this thesis.

1.2.5.1 Inorganic calcium channel blockers.

Many divalent cations such as Nî "*", Cd̂ "*”, and Mn̂ "*" can block Câ "*" channels
(Hagiwara and Takahashi, 1967). It has been suggested that at least one Câ ~̂  ion is 

bound to an internal site on the channel at all times, following studies showing that the 

ability of Na~̂  to permeate Câ "̂  channels is abolished in the presence o f îM 
concentrations o f Ca^^. Permeant and blocking ions compete for these common 
binding sites in the channel pore and, following the tight binding of the blocking ions, 
Ca^^ can no longer pass through the channel (Hagiwara and Takahashi, 1967; Hagiwara 

et al, 1974). The relative sensitivity o f channels to block by divalent cations can 
differentiate between HVA and LVA Câ "*" channels, presumably because o f structural 
differences in the pores of the channels. HVA Câ "̂  channels are more sensitive to
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block by Cd̂ "̂  ions than are LVA Câ "̂  channels, whereas the converse is true for Ni2+ 

(Tsien et al, 1988).

1.2.5.2 Calcium channel ligands.

Although the importance of Ca^^ for the maintenance of myocardial contractability was 
observed as early as the 1880's by Ringer, it was the pioneering work of Fleckenstein 

and colleagues in the 1960's that discovered the 'calcium antagonistic' actions of 

verapamil and its derivatives, and their interference with Ca^^-dependent excitation- 
contraction coupling in the myocardium (for review see Fleckenstein, 1983). This 
action was shown to be independent o f inhibition o f Na"*'-dependent parameters o f the 

action potential, and drugs such as nifedipine and diltiazem were later added to this 
group (see Fleckenstein, 1983). Because of the therapeutic potentials o f these Ca2+ 
channel antagonists, many have been developed, and it is now recognised that these 
drugs act at L-type Câ "*" channels, with varying degrees o f specificity. These Ca^+ 

channel ligands can be divided into a number o f classes based on their chemical 
structures, these include: Type I antagonists or phenylalkylamines (e.g. verapamil and 
D-600), Type II antagonists or 1,4-dihydropyridines (DHPs) (e.g. nitrendipine, 
nicardipine, nimodipine, and Sandoz 202-791), and Type III antagonists or 
benzothiazepines (e.g. diltiazem) (Vanhoute and Paoletti, 1987). Sensitivity o f Câ "̂  
channels to the 1,4-DHP class o f Câ "*" channel ligands is one o f the criteria for the 
definition o f L-type Câ "*" channels (Bean, 1985; Nilius et al, 1985; Nowycky et al, 
1985; Fox et al, 1987a,b).

The binding sites for the three classes o f Câ '*' channel ligands are distinct (Striessnig et 
al, 1986). The binding site for the DHPs is on the a j  subunit o fa p c , apD a^g, at 
a putative extracellular domain on the SS1-SS2 hairpin loop between S5 and S6  of 
domain III (see Figs 1.1 and 1.2). It has been suggested that part of the transmembrane 
spanning 8 6  region of domain III and to a lesser extent the same region o f domain IV 

are also involved (Streissnig et al, 1991). This is in contrast to the binding-site of 

phenylalkylamines. This class o f Câ "*" channel ligands is knovm to block from the 

inside of the cell and the binding site is thought to be located on the 8 6  region of 
domain IV and an adjacent intracellular region o f the C-terminal tail (8 treissnig et al,
1990).

8 ome o f the 1,4-DHPs have different enantiomers displaying opposite effects, with one 

acting as an antagonist and one acting as an agonist. Examples o f this phenomenon are 

the observation that (+)-202 791 and (-)Bay K8644 act as Ca^+ channel agonists whilst 
(-)-202 791 and (+)Bay K8644 act as antagonists (Hof et al, 1985; Kokubun et al, 1986;
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Wei et al, 1986, Kass, 1987). Whether these antagonists and agonists interact with the 
Câ "*" channel at the same site or at discrete binding sites has not been unequivocally 

proven, although the structural similarity o f the DHP activators and blockers and the 
competitive interactions seen in pharmacological and radioligand binding data would 

suggest a common site of action (Triggle and Rampe, 1989, but see Kokubun et al, 
1986). The ability of DHP antagonists to block L-type Câ "*" channels is voltage 

dependent, whereby an antagonist is able to block the channel with much greater affinity 
at depolarised potentials. Bean, 1984 postulated that this effect was due to the DHP 

antagonist binding more tightly to the inactive rather than the resting state o f the 

channel. Long depolarisations would promote the channels to inactivate and therefore 
promote the binding o f DHPs. Hyperpolarisations, conversely, cause the channel to 

return to the resting state and would, therefore favour the unbinding o f the DHP. This 

phenomenon of voltage-dependent DHP-binding is therapeutically relevant and could 
explain the increased response o f smooth muscle cells to DHPs as compared with the 

response o f cardiac or neuronal tissue. Smooth muscle cells typically have a less 
negative resting membrane potential and are often depolarised by stimuli for prolonged 

periods, which would favour the binding o f DHP antagonists (see Janis and Triggle,
1991). It has been reported that the actions o f DHP agonists are, however, voltage 
independent (Kokubun et al, 1986; Triggle and Rampe, 1989; Bechem and Hofmann, 
1993). It has also been proposed that the actions of DHPs are dependent on the state of 
the channel. Hess et al (1984) suggested that DHP-sensitive Câ "̂  channels can exist in 
three, interchangeable, modes, these are: i) mode 1- whereby the channel state is
characterised by brief openings and rapid bursts of activity; this is the mode which is 
thought to predominate in the absence of ligand, ii) mode 2  - in which the channel 
opening is prolonged, and iii) mode 0  - in which the channel is unavailable for opening. 
It is proposed that DHP antagonists bind preferably to mode 0, thus stabilising this 
mode and reducing channel activity, and that agonists bind more readily to channels in 
mode 2  thus stabilising this mode and promoting long channel openings.

1,2,53 Neurotoxins,

In recent years the characterisation of ion and ligand-gated channels by virtue o f their 

sensitivity to toxins isolated from various terrestrial and marine organisms has become 
widely utilised; this technique has been recently named 'toxityping' (Adams et al, 1993). 
One of the first uses o f this strategy was in the confirmation o f Hodgkin and Huxley's 
prediction that separate Na"*" and K"^-selective ion channels contributed to the action 

potential, by the selective actions of tetrodotoxin and tetraethylammonium acetate 
(Narahashi et al, 1969). Subsequent to these experiments, toxin ligands have helped in 

the characterisation o f Na"̂  channels and the identification o f functional domains within
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the a-subunit (Catterall, 1992; Catterall, 1993). In the characterisation of Ca^^ 

channels two polypeptide ligands, collectively referred to as co-toxins, have proven 

useful (see Section 1.2.2).

(û-Conotoxins:- co-Conotoxins, typically 24-29 amino acids long, were originally 

isolated from various predatory marine snails o f the genus Conus ("cone snails"). The 

first co-conotoxins were purified from the venom o f  several fish-hunting Conus species - 

Conus geographus\ Conus Striatus; and Conus magus. The co-conotoxins were 

identified by their ability to induce fish paralysis and, in the case o f co-conotoxins 

targeted to the N-type C a^^ channel, e.g. coCgTx GVIA, by the induction o f a 

characteristic "shaking" syndrome after intracranial injection into mice. Later, co- 

conotoxin sequences, such as that for coCTx MVIIC, were elucidated indirectly via a 

molecular genetic strategy (Hillyard et al, 1992). The sequences for coCgTx GVIA and 

coCTx MVIIC show little sequence homology (see Figure 1.3) and yet both, along with 

a number o f  other co-conotoxins, are able to block N -type Ca^+ channels, albeit with 

different blocking characteristics (for extensive review see Olivera et al, 1994). coCgTx 

GVIA has been shown, by W itcher et al (1993a), to irreversibly and completely inhibit 

purified N-type Ca "̂*" channel activity. The same authors have shown high divalent 

cation concentration to interfere with the block o f  the N-type Ca2+ channel by coCgTx 

GVIA and have suggested that this is indicative o f a coCgTx GVIA binding site distinct 

from the pore o f the Ca^"^ channel. Others however have suggested that the action of

Cû-Agatoxin IVA

KKKCIAKDYGRCKWGGTPCCRGRGCICSIMGTNCECKPRLIMEGLGLA

CD -Conotoxm GVIA

I
CKSOGSSCSOTSYNCCRSCNOYTKRCY

CD -Conotoxin MVIIC

CKGKGAPCRKTMYDCCSGSCGRRGKC

Figure 1,3 Structures o f  three Cù-toxins. The disulphide linkages are illustrated by 

lines connecting cysteine residues
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coCgTx GVIA is due to block of the N-type Ca^”*" channel pore (Ellinor et al, 1994; 
Olivera et al, 1994).

tû-Agatoxins:- As in the case of Conus snails, spider toxin contains a mixture o f toxins 

directed toward multiple molecular targets for prey capture. The co-agatoxins are one of 

the neurotoxin groups present in the venom of the American funnel web spider, 
Agelenopsis aperta. These co-agatoxins are a heterogeneous group of polypeptides 
varying in molecular mass from 5 to lOkDa. coAga IVA (see Figure 1.3), one o f this 
group o f toxins was identified by its potent block o f K"*"-stimulated uptake into
chick and rat brain synaptosomes (Mintz et al, 1992b) and later studies showed the 
ability o f this toxin to block mammalian P-type Câ '*' channel (Mintz et al, 1992a,b). 
The location o f the coAga IVA-binding site on the channel complex is an unsettled one. 

Although both co-agatoxin III A (coAga III A) and coAga IVA reportedly bind to the 
P-type Câ "*" channel in cerebellar Purkinje cells, coAga IIIA, which is thought to bind to 

the channel pore, does not inhibit the high affinity binding o f coAga IVA (Adams et al,
1993). Similarly, the interactions between coAga IVA and coCTx MVIIC, which both 
bind to 0/P/Q-type channels, are not reciprocal. Although coAga IVA does not displace 
the high affinity binding o f coCTx MVIIC, pre-incubation o f cells with high 
concentrations of coCTx MVIIC will prevent the binding o f coAga IVA to its high 
affinity binding sites (Adams et al, 1993). These results have been suggested to imply 

that the binding site o f coAga IVA is distinct from the binding site of coCTx MVIIC and 
coAga IIIA, which are both thought to bind to sites within the channel pore (see below - 
macrosite theory, Olivera et al, 1994), but that the binding o f coCTx MVIIC to the 
P type Ca^+ channel causes a conformational change in the binding site o f coAga IVA. 
However another explanation has been suggested in terms of the macrosite theory (see 
below) in which all o f the above mentioned co-toxins bind to a macrosite within the 
channel pore and that, although the binding site o f the two spider toxins do not overlap, 
the binding sites of coAga IVA and coCTx MVIIC do.

Although an extremely useful technique the effects o f these neurotoxins can be complex 

and consequently in the interpretation of results several factors must be considered:-

1. Channel specificity - It must be remembered that natural toxins were evolved to 
fimction in a specific biological context, this can have a bearing on the specificity of a 

toxin for different Câ "̂  channel types. Some co-toxins are specific for one mammalian 

Ca^+ channel, e.g. coCgTx GVIA is a specific, irreversible and complete blocker of 
mammalian N-type Câ "*" channels (see Table 1.3), although recently this toxin, when 
applied in high concentrations, has been shown to reversibly inhibit a human a j j )  clone 

expressed in oocytes (Williams et al, 1992a,b). Other co-toxins, however, target several
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channel subtypes, but with a different efficacy in each case, e.g. coCTx MVIIC has 
been reported to bind to, and block, several Câ "*” channel subtypes including the 

N-type, P-type and putative O and Q-type channels (see Table 1.3 and Olivera et al,
1994). The specificity and affinity of toxins for certain channel subtypes may also vary 
between species. For example coCgTx GVIA although largely selective for the N-type 

Câ "*" channel in mammalian systems (Regan et al, 1991) might be much less selective 

in its specificity in avian and amphibian systems (McClewsky et al, 1987; Aokasi and 
Kasai, 1989). Illustrating the complications that such ambiguities can cause in the 
interpretation of results, coCgTx GVIA has been reported to block Ca2+ entry into chick 

brain synaptosomes (Rivier et al, 1987; Suszkiw et al, 1987; Venema et al, 1992) and to 
abolish neurotransmitter release at the neuromuscular junction o f the frog (Kerr and 

Yoshikami, 1984). However, in mammalian systems this toxin has no effect on 

synaptosomal calcium entry (Suszkiw et al, 1987) or neuromuscular transmission (Sano 

et al, 1987; Wessler et al, 1990). Although these contrasting results could indicate that 
the Câ "̂  channels present in the distinct systems are different, an alternative 

explanation could be that the toxin has a broader specificity in lower vertebrates than in 
higher vertebrates. In the interpretation o f results using these neurotoxins it is o f value 
to, whenever possible, corroborate the pharmacological characterisation o f Ca^+ 
channel subtypes by electrophysiological or molecular characterisation in a similar 
tissue type.

2. Blocking efficacy -  The intrinsic antagonist activity o f a peptide when bound to a 
particular Câ "*" channel target may vary independently o f the binding efficacy. Thus, 
although a toxin binds to a channel complex, the block of channel function may be 
complete, partial or the toxin-binding may even cause no functional block. This effect 
is illustrated by the actions of coAga IIIA which binds to L, N and P-type channels, but 
blocks only the L-type Câ '*' channel completely (see Olivera et al, 1994). Also coCTx 

MVIIC exhibits broad subtype specificity with variable efficacy o f functional block 
(Swartz et al, 1993). To explain this phenomenon, Olivera et al (1991) have suggested 

that CO-conotoxins and various spider toxins are directed to homologous binding sites 
within the channel pore, and these authors have named this putative binding site a 
"macrosite", this hypothesis is discussed by Olivera et al, in a recent review article 

(Olivera et al, 1994). Briefly, each macrosite is reputed to be composed o f a number of 
"microsites" which are the potential focal targets o f the toxins. Each toxin, binding to 

the particular channel complex, would be expected to interact with different subsets of 
microsites, the binding of one toxin would prevent the binding o f another. This theory 

would explain the ability o f toxins to bind to multiple channel subtypes with varying 
efficacy and affinities. A number microsites may be conserved between different 
macrosites, thus allowing one toxin to bind to a number of macrosites. An exception to 
this mode o f action may be the spider toxin coAga IVA, as has been discussed above.
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Table 1.3 Interactions o f (û-toxins with actual and proposed Ca^^ channel subtypes.
(A dapted  from Olivera e / a / ,  1994).

"'"Antagonist activity

coCgTx G V IA L
+ - but on ly  a |Q

reversib le
containing co m p lex es)

N +++ total, irreversible

0 - -

P - -

Q - -

R - -

(oC T x M V IIC L - .

N ++ block alm ost com plete ,
except at high [Ba^'^]
w here sm all
conductance rem ains

O ++ + total

P total

Q ++b total

R - -

coAga IV A L - -

N - -

0 ++ not determ ined

P ++-t- total

Q ++ b not determ ined

R - -

^ + + + <  10nM; + > IpM

 ̂ Binding affinity inferred from electrophysiological or calcium flux experiments.

i. Affinity - The affinity of a toxin for different Ca^+ channel subtypes, and the affinity 

o f different toxins for the same channel complex may vary. For example, although the 

majority o f the co-conotoxins are able to inhibit the N-type Ca^+ channel, the binding 

affinities vary considerably (GVIA>MVIIA>SVIA). Also coCTx MVIIC binds to both
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the N- and P-type Ca^+ channels, although its affinity for the N-type channel is 
reversible and has a faster on-time than that for the P-type Ca2+ channel.

1,2,6 Voltage dependent calcium channels, their role in the exocvtotic release o f  
neurotransmitter.

As was mentioned in Section 1.1, one o f the most prominent roles o f increased 
intracellular Câ "*", in excitable cells, is its involvement in the triggering of 
neurotransmitter release. The work of Katz and colleagues in the 1960's (Katz, 1969) 
provided the groundwork for the molecular analysis of neurotransmitter release 

following the discovery that "quanta" of transmitters such as acetylcholine, are released 

from synaptic vesicles located in the 'active zones' o f the nerve terminal in response to 
the influx o f Câ "*" through VDCCs. Although studies on the frog neuromuscular 

junction (Yoshikami et al, 1989) and chick ciliary ganglion (Stanley, 1993) have aptly 
shown the involvement of only a single Câ """ channel subtype in exocytosis at an 
individual active zone, the story for release o f neurotransmitter from the mammalian 
CNS does not appear to be so straight-forward. As conventional electrophysiological 
recording techniques are unable to directly examine the Câ "*" channels contributing to 
neurotransmitter release at most nerve terminals, the majority o f the information on 
these channel types is based on the phamiacological sensitivity o f the release and 
electrophysiological investigation of synaptic transmission. In the interpretation of 
these results, the relationship of the Câ "̂  channels (or increase in Câ "*" concentration 
within the active zone) to the Câ "*" acceptor must be considered, as this will have a 
major effect in the determination of the potency of a Câ "*" channel antagonist in the 
blocking of neurotransmission. Following the observation that end-plate potentials at 
the neuromuscular junction were steeply graded with respect to Câ "**, Dodge and 

Rahamimoff (1967), suggested that there was a power relationship between the 
extracellular concentration of Câ '*" and neurotransmission. Studies in the squid giant 
synapse, where Câ "̂  entry can be measured concurrently with measurement of 

transmitter release manifest in excitatory postsynaptic potentials (Llinas and Nicholson, 
1975; Llinas et al, 1981; Charlton et al, 1982; Augustine and Charlton, 1986), suggested 
that the Hill coefficient o f this relationship is between 2.5 and 4. This data has been 

interpreted as indicating the need for three or more Câ "*" ions to bind to the intracellular 
"calcium receptor", e.g. synaptotagmin (see below), in order to trigger release. Recent 

evidence has implicated the involvement o f a number of Câ "*" channel subtypes in the 
release o f neurotransmitter from the pre-synaptic terminal, this is discussed in detail in 
Chapter 4 (Section 4.1.3). In brief, most evidence from terminals within the mammalian 
CNS suggest the involvement of the N- (Woodward et al, 1988; Dutar et al, 1989; 
Herdon and Nahorski, 1989; Wessler et al, 1990; Home and Kemp, 1991; Burke et al.
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1993; Luebke et al, 1993; Potier et al, 1993; Takahashi and Momiyama, 1993; Turner et 
al, 1993; Castillo et al, 1994; Wu and Saggau, 1994b) and P/Q- (Turner et al, 
1992,1993; Luebke et al, 1993; Takahashi and Momiyama, 1993; Castillo et al, 1994; 
Wheeler et al, 1994) type calcium channels in the release o f neurotransmitter, although 

other channels resistant to existing, known pharmacological agents, also appear to be 

involved (Luebke et al, 1993; Takahashi and Momiyama, 1993; Turner et al, 1993; 
Wheeler et al, 1994). It is widely believed that multiple channel types co-exist at pre- 
synaptic terminals and are able to support neurotransmission. If this is indeed the case 
then activation o f multiple calcium channels would produce a synergistic increase in the 

probability o f release resulting from the power relationship between the entry of calcium 

and exocytosis. In the examination o f the effects o f Câ "*" channel antagonists on 

neurotransmission, this would cause an overestimation of the effect o f the antagonist as 

block of a small proportion of channels would have a large effect on release. It has also 

been suggested by Dunlap et al (1995), that an additional phenomenon may occur in 
cases where the intracellular concentration of Câ "*" is saturating for the ’Câ "̂  receptor', 
e.g. under conditions of relatively strong stimulus intensity, such as high frequency 

trains o f action potentials, or prolonged depolarisations using increased extracellular 

concentrations o f K"*". These authors hypothesise, that, under these extreme conditions 
'spare channels' exist, and that these 'spare Ca^+ channels' would in effect cause 
underestimation of the effect o f Câ '*’ channel antagonists on neurotransmission since 
block o f one subset o f Ca^+ channels would have little effect on the release of 
neurotransmitter. It remains to be determined just how diverse the Câ "̂  channel 
subtypes controlling the release of neurotransmitter are. The greater the diversity of 
these exocytotic channels, the greater the potential o f the synapse for the modulation of 
synaptic transmission. Also in the development of therapeutic agents for a range of 
neurodegenaritve diseases, the greater the molecular diversity o f the Câ "̂  channels the 
greater the range of therapeutic possibilities.

1.3 Glutamatergic Neurotransmission.

The defining of glutamate as a neurotransmitter in the mammalian brain was at first 
complicated. That glutamate is ubiquitously distributed in brain tissue and a common 

metabolite, rendered its specific transmitter role hard to accept, especially as 

transmitters were perceived as specific in their role as messengers. As early as 1935, 
however, Krebs had suggested that glutamate played a central metabolic role in brain, 
and this, along with the observation of the complex compartmentalisation o f glutamate 

metabolism, led to numerous claims as to the beneficial effects o f glutamate in various 
neurological disorders (see Fonnum, 1984). In 1961, however, with the 

electrophysiological demonstration of the powerful and excitatory effect o f glutamate on
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spinal cord neurones (Curtis and Watkins, 1961), the precedent was set for experimental 
evidence supporting the concept that glutamate is a transmitter in the brain. Although 

further problems were later encountered in the analysis o f the nature of the releasable 

pool, these were resolved with the demonstration that glutamate released on 

depolarisation originates from a non-cytosolic pool (Nicholls and Sihra 1986; Nicholls
1989) as well as the immunolocalisation of glutamate to small synaptic vesicles 

(Otterson, 1989; Bramham et al, 1990). Further studies showing the release of 
glutamate, following physiological stimuli, in concentrations high enough to stimulate 

post-synaptic responses, the existence o f high affinity uptake mechanisms which are 

capable o f rapid termination of transmitter action, and the development o f agonists and 

antagonists mimicking or blocking the post-synaptic response, have led to the 
realisation that glutamate constitutes the major excitatory transmitter in the mammalian 

brain (for reviews see Fonnum, 1984; Mayer and Westbrook, 1987).

1.3.1 An introduction to pathways involved in the storage, release and reuptake o f  
synaptic glutamate.

Following the propagation o f an action potential down the axon o f a glutamatergic 
neurone, and entry o f Câ "*" into the pre-synaptic terminal, a sequence o f events occurs 
initiated by fusion of transmitter-rich synaptic vesicles with the plasma membrane, 
causing the release o f glutamate by exocytosis. The events that follow the release of 
glutamate into the synaptic cleft are essential to the fulfilment of its defined role as a 
CNS neurotransmitter and are outlined in Figure 1.4 and discussed further in this 

introduction.

1.3.2 Storage and release o f  synaptic glutamate.

The vesicle hypothesis describing quantal release o f neurotransmitter at the cholinergic 
nerve terminal was first introduced in 1956 by Del Castillo and Katz. Despite some 

opposition to the role of synaptic vesicles in the release o f neurotransmitter, with 
suggestions o f plasma membrane carriers operating in a reverse direction during 

depolarisation, to cause a transient pulse of transmitter release from the cytosol 
(Erecinska, 1987), the concept of vesicular release is generally accepted. The nerve 
terminal contains two classes of regulated secretory vesicles. The small synaptic vesicle 
(SSVs) are homogenous in diameter (~50nm), and contain amino acid and amine 

neurotransmitters e.g. glutamate, GAB A (Otterson, 1989; Bramham et al, 1990), glycine 
(Christiansen et al, 1990), acetylcholine (Whittaker et al, 1972), dopamine, 
noradrenaline, 5-hydroxytryptamine and histamine (Thureson-Klein, 1983; Njus et al, 
1986; De Camilli and Jahn, 1990). These vesicles are located at or close to specific
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Figure 1 .4  Pathways in v o lv e d  in  the  s to r a g e ,  r e l e a s e  and re u p ta k e  o f  s y n a p t i c  g lu tam ate
Only PLC-mediated metabotropic glutamate receptor pathways have been depicted in the above diagram because of space limitation (see  section 1.3.3.4 for further detail)

(Adapted from Nicholls and Attwell, 1990; Kanai et al, 1993)



regions of the nerve terminal, called active zones (Smith and Augustine, 1988) 
(Fig 1.4-a). Large dense core vesicles (LDCVs) are larger and more heterogeneous in 
diameter (-lOOnm), these vesicles contain soluble protein (Zhu et al, 1986; Pow and 

Morris, 1989; Thureson-Klein and Klein, 1990) e.g. cholecystokinin, substance P and 

somatostatin, and amines (Thureson-Klein, 1983; Njus et al, 1986; De Camili and Jahn, 
1990). In contrast to the release of transmitter from SSVs, release o f peptides from 

these LDCVs requires high frequency stimulation (Lundberg and Hockfelt, 1983; 
Bartfai et al, 1988; Lundberg et al, 1989), also this LDCV-mediated release has been 
shovm to occur at sites ectopic to the active zones (Buma and Roubos, 1986; Zhu et al, 
1986; Pow and Morris, 1989). Although both types o f vesicle release their contents by 
exocytosis, the localisation o f this release along with the repackaging and recycling of 

the vesicle contents is different. The studies presented in this thesis are mainly 

concerned with the exocytotic release of the fast excitatory amino acid neurotransmitter, 
glutamate, which is known to reside in small synaptic vesicles (Nicholls and Sihra, 
1986; Nicholls, 1989; Otterson, 1989; Bramham et al, 1990), the topics covered in this 
introduction will therefore concentrate on these vesicles.

The energy dependent uptake of neuro transmitters into SSVs has been demonstrated in 
vesicular preparations from the mammalian CNS. Data are available for the
uptake o f glutamate (Disbrow et al, 1982; Naito and Ueda, 1983, 1985; Maycox et al, 
1988), GAB A (Fykse and Fonnum, 1988; Hell et al, 1988; Kish et al, 1989) and glycine 

(Kish et al, 1989); the glutamate uptake mechanism has been characterised in some detail. 
(Disbrow et al, 1982; Naito and Ueda, 1983, 1985)

The packaging of glutamate into synaptic vesicles is 
achieved by the action of a low-affmity (K ^ = 1.6 mM), highly specific glutamate 
uptake carrier located in the vesicle membrane (Fig 1.4-b) (Naito and Ueda, 1985). This 
vesicular carrier exists as an electrogenic proton pump generating a positively charged 
inner membrane potential by pumping protons into the vesicle and thus taking up 

negatively charged glutamate ions (Maycox et al, 1990). A chloride channel also exists 

on these carriers serving to dissipate membrane potential and build up a pH difference 
across the membrane. The uptake of glutamate into synaptic vesicles, however, appears 
to be solely dependent on the membrane potential (Maycox et al, 1988).

Small synaptic vesicles appear to be held in two distinct pools; those synaptic vesicles 
that release their contents in response to stimulation of the nerve terminal appear to be 

docked close to the site of release; other, reserve vesicles are clustered in the vicinity of  

the release site (Kelly, 1993). Following the entry of Ca '̂  ̂ into the nerve terminal, 
Kelly (1993) has suggests that the release of neurotransmitter can be broken down into 
three steps: the mobilisation of vesicles from the reserve pool; the docking o f vesicles at
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the active zone; and the fusion of the synaptic vesicle with the plasma membrane 
thereby allowing the release of neurotransmitter. Current understanding o f these 
processes, and the involvement of specialised synaptic vesicle proteins, are discussed in 

Section 1.3.6.. Once the contents o f the small synaptic vesicle have been released from 
the terminal then the synaptic vesicles undergo a recycling process, possibly along some 

cytoskeletal structure (Jahn and Siidhof, 1993), culminating in the refilling o f the 

vesicle with transmitter and localisation either in the cytoskeletal bound reserve pool of 

vesicles or docked to the pre-synaptic plasma membrane.

L3,3 Involvement o f  glutamate receptors in response to synaptic glutamate.

Following its release from the pre-synaptic nerve terminal glutamate activates both 

ionotropic (Fig 1.4-c,d) and metabotropic glutamate receptors (Fig 1.4-e) (Watkins et al, 
1990; Monaghan et aL 1989; Schoepp et al, 1990). Ionotropic glutamate receptors are 
ligand-gated channels which have been divided into three main sub-types according to 
their selective agonists, these are the a-amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid (AMPA), Kainate, and N-methyl-D-aspartate (NMDA) receptors.

1.3.3.1 AMPA receptors

The AMPA receptor mediates fast excitatory neurotransmission (see Mayer and Miller, 
1990; Nakanishi, 1992; Seeburg, 1993). The binding of glutamate causes activation of 
AMPA receptor channels, which are mainly permeable to monovalent cations (liono et 
al, 1990), although a small proportion of channels appear to be permeable to Ca2+ 
(Nakanishi, 1992 and see below), and induction of an excitatory post-synaptic potential 
(EPSP). Because of the general low Cd?'  ̂ permeability o f these channels, AMPA- 
receptor mediated currents do not generally initiate those biochemical or cell biological 
processes triggered by increased intracellular Câ "*" levels. Both AMPA and NMDA 

receptors show fundamental similarities to other ligand gated ion channels, i.e. nicotinic 
acetylcholine (nAChR), y-amino-butyric acid A (GABA^), and glycine receptor 
channels. AMPA receptor channels are thought to consist o f four subunits, named 
glutamate receptors (GluR)-A to GluR-D, or GluRl to GluR4. Each of these subunits 
can occur in two forms that are determined by an alternatively spliced exonic sequence 
between TM-111 and TM-IV (see below). The 'flip' form is expressed pre-natally and 

persists throughout life. The 'flop' form, however is expressed only post-natally. It 
would seem that the 'flip' form of the subimits constitutes a channel that has slower 
desensitisation kinetics than corresponding 'flop' forms, with important consequences 
for the steady-state component o f glutamate-activated AMPA receptor channel currents. 
Although not yet unambiguously proven, it is proposed that each o f the AMPA receptor
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channel subunits is composed of four transmembrane spanning regions (TM-I - TM-IV) 
(Seeburg, 1993). It would appear to be the expression of a single amino acid residue in 
the TM-II region of the subunits, the putative channel forming region of the AMPA 

receptor channel (see Nakanishi, 1992; Seeburg, 1993), that determines whether the 

channel is permeable to Câ "*" or not (Hume et al, 1991). Various combinations of 

different subunits alter the current-voltage (I-V) relationship and Câ "*" permeability of 

expressed channels in Xenopus oocytes and mammalian cells. It is reported to be the 
GIuR-B subunit that has the dominant role in determining the channel conductance and 
Câ "̂  permeation (Jonas and Sakmann, 1992). This subunit has an arginine residue at 
the so-called Q/R site o f the TM-II segment, in contrast to the glutamine residue present 
in the other AMPA-receptor subunits (see Nakanishi, 1992 and Seeburg, 1993). This 

differential amino acid expression appears to be generated by RNA editing and it has 

been suggested that cells may have an option o f expressing Ca^"^-permeable AMPA 
receptors during brain development (Seeburg, 1993). In heteromeric assemblies o f the 
AMPA receptor channel subunits, the expression o f GluR-B causes the channel to have 
a low permeability to Câ "*". Thus, in cells expressing the GluR-B subunit, e.g. 
cerebellar granule neurones (Seeburg, 1993) AMPA receptor channels are likely to show 
low permeability to Ca2 +.

1.3.3.2 Kainate receptors

Kainate and AMPA receptors are often combined to form a class of ionotropic 
glutamate receptors that have been described as non-NMDA receptors. This is partially 
due to the fact that kainate activates a persistent current through AMPA receptors in 
addition to activating a high affinity kainate receptor. The significance o f high-affmity 
kainate receptor sites is not known; and although, from ligand binding and 

autoradiographical studies, they have been shown to exist throughout the central 
nervous system (Monaghan et al, 1989), their associated ionic currents have not been 

detected in central neurones. It has been postulated that this could be due to the kainate- 
activation of large non-desensitising currents, via AMPA receptors, thereby masking the 
rapidly desensitising currents mediated by the high affinity kainate receptors. Another 
possibility for the lack of observed current is that the high affinity kainate receptors are 

located only in the dendrites and synapses of neurones and not on the soma where most 
patch-clamp recordings have been performed. Finally, it has been proposed that kainate 
receptors may be located pre-synaptically, functioning as 'autoreceptors' (Seeburg, 
1993).

Kainate receptors can be generated from five subunits in vitro: GluR5, GluR6 , GluRT 
and KAl and KA2. The GluR6  subunit has been shown to be expressed in a number of
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cells in the CNS (see Seeburg, 1993) including cerebellar granule cells, which co
express the KA2 subunit (Lambolez et al, 1992; Monyer et al, 1992; Meguro et al, 
1992; Ishii et al, 1993). Similar to the GluR-B AMPA receptor subunit (see above), this 

GluR6  subunit, along with GluR5, can occur in two forms with respect to the Q/R site 

of its TM-II domain (Sommer et al, 1991). However GluR6  has two additional sites on 

the TM-I region that are subject to RNA-editing, with profound effects on the 
permeability o f the channel to Ca2+ (Kohler et al, 1993). The fully edited version of 

GluR6 , i.e. when the two sites on TM-I are occupied by valine and cysteine in place of 
the unedited isoleucine and tyrosine, respectively, and the Q/R site on TM-II is occupied 

by arginine, is thought to account for 65% of all GIuR6  in rat brain; with the unedited 

version accounting for only 10% (see Seeburg, 1993). In contrast to AMPA receptors, 
when GIuR6  is fully edited it exhibits higher Câ '*' permeability than GluR6  receptor 
channels edited only on the TM-I region. It appears, in the case o f kainate receptor 
channels that it is editing on the TM-I domain that is the determinant o f Câ "*" 
permeability In the absence of TM-I editing, editing of the TM-II Q/R site has little 
effect (Seeburg, 1993).

1.3,3.3 NMDA receptors

The NMDA receptor channel has several important features. Its high permeability to 
Câ "*" in addition to Na"*" and K"*”, and the resultant increase in intracellular Ca^”*' 
concentrations is thought to trigger processes ranging from trophic developmental 
actions e.g. movement o f neuronal growth cones (Komuro and Rakic 1993), to the 
neuronal plasticity underlying some forms o f learning and memory (Collingridge and 
Singer, 1991). Excessive NMDA receptor activation can result in neurotoxicity. This 

channel has several unique features including a voltage-dependent Mg '̂*' block, which
j  , , 1 . . .  f . . .  1 ( NowakeM/ ,  1984; M ayere/a/,  1984.,

IS removed only on depolarisation o f the post-synaptic membranej 1990)
This channel type has also been shown to be modulated by glycine and is subject to 

modulation by polyamines and zinc (Monaghan et al, 1989; Watkins et al, 1990). The 
gating o f the NMDA-receptor channel has much slower kinetics than the non-NMDA 

receptor channel (Stem et al, 1992; Lester et al, 1990) and the dissociation o f glutamate 
from the agonist binding site is also relatively slow (Stem et al, 1992). The common 
NR I subunit o f the NMDA receptor channel, which forms a heteromeric configuration 

with one o f the four subunits, NR2A to NR2D, appears to control the characteristic 

features of the NMDA receptor channel. When expressed as a homomeric stmcture in 
Xenopus oocytes, the resultant channel requires both glycine and glutamate or NMDA 

for activation and displays voltage-dependent sensitivity to M^"^, and Câ "̂  
permeability (Moriyoshi et al, 1991; Sommer and Seeburg, 1992). The co-expression of 
an NR2 subunit acts to enhance the glutamate or NMDA activated whole cell current
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(Som m er and Seeburg, 1992) and modulates the functional properties o f the channel 

(Seeburg, 1993). Both the N R l and NR2 subunits, although having very different 

primary sequences, contain an a ine residue in their putative channel forming TM-II 

region that is comparative to the Q/R site o f TM-II region o f the AM PA and kainate 

receptors (Seeburg, 1993). Replacement o f this asparagine residue in the N R l subunit 

with a glutam ine residue has been shown to decrease the high C a^^ permeability o f  the 

channel but has no effect on the low M g^^ permeability. The same substitution in the 

NR2 subunit causes an increase in the M g2+ permeability but does not affect the C a^^ 

perm eability o f  the channel (Bumashev et al, 1992; Mori et al, 1992; Sakurada et al,

1993).

1.3.3.4 Metabotropic glutamate receptors.

M etabotropic glutamate receptors (mGluR), which have been divided into several sub

classes (Schoepp et al, 1990), have been localised on both the pre- and post-synaptic 

m em branes o f  central neurones (Récasens et al, 1987). These mGluR are coupled to 

intracellular effector proteins (phospholipase C, adenylate cyclase, or ^.GMP 

phosphodiesterase) or to ionic channels (K ^ or Câ "*" channels) via GTP binding- 

proteins.

Post-synaptic responses are terminated by a number o f  mechanisms including both the 

desensitisation o f AM PA/Kainate receptors (Tang et al, 1989; Trussell and Fischbach 

1989, Trussell et al, 1993) and the dissociation o f glutamate from them (Clements et al 

1992). D iffusion o f  glutamate from the synaptic cleft has also been im plicated in the 

decay o f  EPSPs, although in central synapses this effect is thought to be limited, due to 

the obstruction from neighbouring structures (Clements et al, 1992). This suggests that 

removal o f  glutamate from the synaptic cleft by the high-affmity glutamate transporters 

discussed in Section 1.3.4 plays an important role in the term ination o f post synaptic 

responses in central neurones.

1.3.4 The high affinity glutamate transporters.

As can be seen from Figure 1.4, the concentration o f glutamate in the nerve term inals is 

much greater than that in the extracellular regions. The m aintenance o f  this 

concentration gradient is achievef^at least in part, by the N a“*"- and K'*"-dependent, high 

affinity glutamate transporters (Fig 1.4-f,g). Another im portant function o f  these 

glutam ate transporters, which are found on the plasm a membrane o f  both neuronal and 

glial cells (N icholls and Attwell, 1990), is to remove glutamate from the synaptic cleft
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following its release from synaptic vesicles. It has also been suggested that the direction 

of these glutamate transporter may be reversed under experimental conditions where the 
transmembrane ionic gradient is altered and non-Câ "*" dependent release o f glutamate is 

observed, and during pathological conditions (e.g. anoxia/ischaemia) where there is a 

fall in intracellular ATP levels causing rundown of transmembrane ion concentrations 
and massive release o f glutamate into the extracellular space (Adam-Vizi, 1992; Attwell 
et al, 1993). Unlike the lower affinity synaptic vesicle glutamate transporters, described 

above, the plasma membrane transporters are relatively non-specific, transporting 

L- and D-aspartate as well as L-glutamate (Nicholls and Attwell 1990).

Up to date cDNAs for three glutamate transporter sub-types have been cloned. A 73kDa 

glutamate transporter glycoprotein, GLT-1 (Pines et al, 1992) has been shown to be 

expressed only in brain and its localisation appears to be restricted to astrocytes 
(Danbolt et al 1992). As the of GLT-1 for L-glutamate has been calculated to be 
approximately 2pM, it has been suggested that its function is to maintain the low 
extracellular glutamate concentration of ~  1 pM, and to respond rapidly to fluctuations in 
extracellular glutamate (Kanai et al, 1993a,b). The 6 6 kDa L-glutamate/L-aspartate 
transporter (GLAST) (Storck et al, 1992) is expressed throughout the cerebrum and is 
particularly prolific in the Purkinje cell layer of the cerebellum which has been 
suggested to correspond to its localisation on Bergmann glia, which are cerebellum 
specific glial cells (Storck et al, 1992). The functional role o f GLAST is not clear 
although it has been suggested that, due to its high K ^ value (77pM), it may function as 
a reserve transporter to protect neurones from glutamate reaching cytotoxic levels. 
Excitatory amino acid carrier 1 (EAACl) was originally isolated from rabbit jejunum by 
Kanai and Hediger (1992). Unlike GLT-1 and GLAST, this glutamate transporter has 

been shown to exist in both the brain and peripheral tissue. In the brain, EAACl mRNA 
has been shown to be expressed in the pyramidal layer of the hippocampus, the granule 
layer o f the dentate gyrus, the granule layer of the cerebellum and layers II-IV o f the 

cerebral cortex (Kanai and Hediger, 1992). The similarity in the EC5 0  o f AMPA 
receptors (19pM) (Patneau and Mayer, 1990) to the K ^ for L-glutamate o f EAACl 
(12pM) (Kanai and Hediger, 1992) along with the cellular distribution o f EAACl has 

led to the suggestion that this glutamate transporter may function as a presynaptic 

glutamate uptake carrier (Kanai et al, 1993a,b).

Stoichiometry- Although the stoichiometry o f these high affinity glutamate transporters 
has not been confirmed, it has been suggested that for each glutamate anion transported 

I  into the cell two Na"*" ions are co-transported and one K"*" ion and one OH" ion are 
counter-transported (Nicholls and Attwell, 1990; Bouvier et al, 1992). Based on this 

stoichiometry Bouvier et al (1992) predicted the concentration o f extracellular
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glutamate, at equilibrium, to be 0.6|iM. Attwell et al (1993), calculated that during 
anoxic conditions where extracellular K'̂  levels can rise to 60mM, the reversal o f these 

glutamate transporters could lead to neurotoxic concentrations o f extracellular glutamate 
(>100pM) within seconds.

1.3.5 The'glutamine cycle'

As described in Section 1.3.4, glial cells have been implicated in the removal o f excess 

glutamate from the synaptic cleft following exocytosis. It has been suggested that this 
glutamate is then converted to glutamine in the glia by the high concentration of  

glutamine synthetase in these cells (Fig 1.4-h), and a-ketoglutarate by glutamate 
oxaloacetate transaminase (Shank et al, 1989). Glia are then thought to supply the nerve 

terminal with glutamine and a-ketoglutarate which can then serve as precursors for 
glutamate. Glutamine is known to be taken up into the nerve terminal by a low affinity, 
Na"*"-independent glutamine transporter and is then thought to be converted into 
glutamate, via glutaminase, in the mitochondria (Fig 1.4-i; Shank et al, 1989). It has 

been proposed that this newly synthesised glutamate is then preferentially packaged into 
the synaptic vesicles, in preparation for release by exocytosis (Bradford et al, 1978; 
Hamberger et al, 1979; Thanki et al, 1983; Ward et al, 1983) although other evidence 
would suggest the homogenous distribution o f this newly synthesised glutamate 
throughout the intraterminal pool (Gallo et al, 1982).

1.3.6 Involvement o f  synaptic vesicle    . proteins in exocvtosis and the recycling
o f  synaptic vesicles.

Although it has been understood for many years that Ca^+ entry through VDCCs is 
intrinsically linked to the release o f neurotransmitter, it is only recently that an in depth 
understanding o f the complex network o f events linking these two processes has begun 

to surface. Smith and Augustine (1988) described active zones as regions on the pre- 

synaptic terminals of many cells, about 0.5pm in size, containing a specialised 
presynaptic membrane area, a nearby cytoplasmic array o f synaptic vesicles and 

cytoskeletal elements, and structures responsible for local recycling o f vesicular 
membrane. When an action potential invades a terminal, VDCCs clustered within the 
active zone open and transmitter located in docked vesicles is released within a very fast 
time scale, usually 0.1-1 millisecond. Controlling the intermediate steps between these 
two events are a number o f highly specific proteins located on the synaptic vesicle 
membrane, the cytoskeleton and the plasma membrane o f the cell. Several o f these 

unique protein families have been identified and characterised over the past few years. 
These include, as well as the glutamate uptake vesicular proton pump discussed above,
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Figure 1,5 Current hypotheses o f  the interaction o f  synaptic proteins with voltage dependent calcium channels.

A) All figures in turquoise show the vesicle proteins thought to be involved in the targeting o f the vesicle to the plasma membrane and the initiation o f exocytosis. This is 
discussed in detail in section 1.3.6.2. Briefly, syntaxin, neurexin and synaptotagmin exist in a complex with the N-type calcium channel. Synaptotagmin has been 
implicated as the calcium sensor and also to be involved in endocytosis. This protein has two C2 domains, which are also found PKC, GAP protiens, PLA, and PLC and are 
able to bind phospholipids at physiologically attainable calcium concentrations. Syntaxin (plasma membrane bound) and VAMP (vesicle membrane associated) are soluble 
NSF attachment protein receptors, and are thought to direct the vesicle to its target membrane. It has been suggested that fusion o f the two membranes during exocytosis is 
initiated or catalysed by the dissociation o f the NSF protein from the SNARE complex.

B) The complex shown in grey indicates the suggested mechanism for the binding o f the reserve pool o f vesicles to the cytoskeleton, and their release on phosphorylation. 
Again this is described in detail in the text (section 1.3.6.1). Briefly synapsin I is phosphorylated at the N- and C- terminals by CaM kinase I and II, respectively, following 
entry o f Ca^^ into the nerve terminal during depolarisation-induced stimulation. This phosphorylation has been proposed to reduce the association o f synapsin I with the 
synaptic vesicles and to decrease its ability to cross-link synaptic vesicles and actin filaments thereby increasing the number o f vesicles available at the active zone for 
exocytosis.

C) Shows the proposed fusion mechanism described in section 1.3.6.2. Although the mechanisms involved in this process are largely unknown it has been suggested that a 
fusion channel may form between the vesicle interior and the extracellular space allowing neurotransmitters to be released before (or even without) fusion o f the vesicle with 
the plasma membrane. Synaptophysin has been implicated in this pore formation due to its ability to form channels in artificial membranes.

Rab 3 A along with a number o f other GTP-binding proteins has been implicated in the process o f endocytosis (see section 1.3.6.4).

D) Shows the vesicle transporter which acts as an electrogenic proton pump generating a positively charged inner membrane potential by pumping protons into the vesicle 
and thus taking up negatively charged glutamate ions.
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the synaptophysins, synaptotagmins, synaptobrevins, syntaxins, neurexins, synapsins, 
rab proteins and dynamin. A summary of the current hypothesis o f the interactions of 
these proteins is outlined in Figure 1.5. In order to regulate neurotransmitter release two 
requirements must be met. Firstly a molecular mechanism must exist which is able to 
activate release within a millisecond of stimulation, inactivate it within an equally fast 
time scale and is able to be reset so as to allow the nerve terminal to respond to 

additional stimuli within tens of milliseconds. Secondly a molecular mechanism must 
exist whereby stimuli can change the long-term activity of the synapse. Such an effect 
is seen in the hippocampus and cerebellum where the number of quanta released per 

stimulus during a train of stimuli can be potentiated or depressed, respectively (see 
Zucker, 1989). The quanta released depends on the exocytotic machinery and the 

number of filled vesicles available for release at the synaptic terminal. This in turn is 

regulated by the mobilisation of vesicles from the reserve pool and this is thought to be 

controlled, at least partially by phosphorylation of a number of the synaptic vesicle 

proteins and by dissociation o f the actin-based cytoskeleton. Because much o f the data 
available pertaining to the characteristics and function o f these synaptic vesicles has 
been obtained by the study of cell-free systems the following four sections discuss the 
release o f neurotransmitters generally rather than concentrating specifically on the 
release o f glutamate

1,3.6.1 Synapsinsf interaction with the reserve pool o f  synaptic vesicles.

The reserve pool o f synaptic vesicles is not uniformly distributed throughout the 
synaptic terminal, but is clustered in the vicinity of the active zone. These vesicles 
along with a family o f neural-specific, vesicle-associated proteins, the synapsins (see De 
Camilli et al, 1990; Valtorta et al, 1992a; Sihra and Nichols, 1993), are linked to the 
filamentous proteins o f the cytoskeleton (Landis et al, 1988; Smith, 1988; Hirokawa et 
al, 1989; Gotow et al, 1991). The synapsins are a family o f phosphoproteins, consisting 

of synapsin la, lb, 11a and 11b, of which la and lb are located almost exclusively in 

regions o f nerve terminals occupied by synaptic vesicles (Landis et al, 1988; De Camilli 
et al, 1990) and which contribute approximately 7% of vesicle protein (see Jahn and 

Siidhof, 1993). Synapsin 1 is phosphorylated at the N- and C-terminals by Câ "*"- 
calmodulin-dependent protein kinase 1 and 11 (CaM kinase 1 and 11), respectively, 
following entry o f Ca2 + into the nerve terminal during depolarisation-induced 

stimulation (Huttner, et al, 1981; Aubert-Foucher and Font, 1990; Thiel et al, 1990). 
This phosphorylation has been proposed to reduce the association of synapsin 1 with 

synaptic vesicles (Huttner et al, 1983; Schiebler et al, 1986) and to decrease its ability to 
cross-link synaptic vesicles and actin filaments thereby increasing the number of 
vesicles available at the active zone for exocytosis (De Camilli and Greengard, 1986;
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Bâhler et al, 1990; Greengard et al, 1993). A number of studies have been carried out to 
investigate the effect of this Ca^^-dependent phosphorylation on the release of 
neurotransmitter. It was discovered, on microinjection of dephosphorylated synapsin I 
into the squid giant synapse and goldfish neurones, that release o f neurotransmitter was 

inhibited by reducing the number of occupied release sites and not by decreasing the 

probability o f release (Llinas et al, 1985; 1991; Hackett et al, 1990). Injection of CaM 

kinase II, conversely, led to enhanced release. Introduction o f preactivated CaM 
kinase II into mammalian synaptosomes enhanced K'^-stimuIated, Ca^"""-dependent 
release o f glutamate and noradrenaline (Nichols et al, 1990). More recently, Nichols et 
al (1992) have shovm that introduction of dephosphorylated synapsin I into rat brain 

synaptosomes inhibits K"*’-stimulated release of glutamate, whereas introduction of 
phosphorylated synapsin I is without effect. These results were interpreted as showing 

dephosphorylated synapsin I to act as a constraint on the release o f neurotransmitter that 
is overcome by the Ca^+-dependent phosphorylation o f synapsin I. It has been 

suggested, following work by Greengard and colleagues, that synapsin I and II may 
have an additional role to play in synaptic maturation and the recruitment o f vesicles 

and vesicle proteins to the synapses (Siidhof et al, 1989; Han et al, 1991; Lu et al, 
1992; see also Sihra and Nichols, 1993).

Other phosphoproteins, apart from CaM kinase II substrates such as the synapsins have 
been implicated in the regulation of synaptic transmission. Protein kinase C (PKC) 
dependent phosphorylation of myristoylated alanine rich C kinase substrate (MARCKS) 
(Wu et al, 1982; Wang et al, 1988; Stumpo et al, 1989; Blackshear, 1993) has been 
shown to be enhanced by depolarisation-induced Ca^+ entry (Nichols et al, 1987). The 
MARCKS protein has been shown to change both its location and function on 
phosphorylation, translocating from a membranous bound state to a cytosolic state 
(Wang et al, 1989; Hartwig et al, 1992). Dephosphorylated MARCKS has been 

suggested to mediate interactions between the cytoskeleton and the plasma membrane 

(Stumpo et al, 1989), it has been speculated that phosphorylation therefore could cause 

disruption of these interactions and, in turn, facilitate mobilisation of reserve synaptic 
vesicles (see Sihra and Nichols, 1993). Another PKC substrate, GAP-43, has been 
shown to interact with the synaptic membrane and with calmodulin (Alexander et al, 
1988; Skene, 1989). GAP-43 has been implicated in the regulation of transmitter 
release following a study showing GAP-43 antibodies to disrupt neurotransmitter 

release (Dekker et al, 1991).
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1.3.6.2 A complex o f  synaptic vesicle associated proteins controls fusion o f  synaptic 
vesicle to the plasma membrane and exocytosis.

At the active zones of nerve terminals, where fast exocytotic release of 

neurotransmitters takes place in response to entry of calcium through VDCCs, a highly 

complex network of vesicle-associated, cytosolic, and plasma membrane-associated 
proteins are thought to exist in close association with specific calcium channels, in order 
to provide a fast, efficient exocytotic release mechanism (see Fig 1.5) (Smith and 
Augustine, 1988). In order for the entry of calcium to trigger the release of 
neurotransmitter an effective calcium sensor is required within the fusion network. As 

the concentration of calcium at these active zones following stimulation is as high as 
200pM (Llinas et al, 1992b), this calcium sensor would not require a particularly high 

affinity for calcium. The synaptic vesicle associated protein, synaptotagmin I (Perin et 
al, 1990), has been suggested to fulfil this role of calcium sensor for the fast component 
o f release (Geppert et al, 1994). It has been suggested that it may be an additional 
isoform of this protein, synaptotagmin III, which tends to be coexpressed with 
synaptotagmin I, that is responsible for the slow asynchronous component of Ca^^- 
dependent neurotransmitter release (Ullrich et al, 1994). All the isoforms o f this protein 
have two C2 domains located cytosolically. These C2 domains are also found in protein 
kinase C, GTP-ase activating protein, phospholipase A, and phospholipase C and are 

able to bind phospholipids at physiologically attainable calcium concentrations 
(~ 300nM). The function o f synaptotagmin is not thought to be limited to calcium 
sensor, but it is also thought to play an important role in endocytosis. The second C2 
domain, on all known isoforms o f synaptotagmin, has been shown to bind, with high 
affinity (EC5 0  ~ lO'^^ M), to AP-2, a protein complex involved in clathrin binding to 
coated pits (see below and Ullrich et al, 1994; Zhang et al, 1994). Thirdly it has been 

suggested that synaptotagmin is linked directly to the fusion apparatus. This hypothesis 
is based on the reported interaction of synaptotagmin with both the neuronal cell surface 

proteins, the neurexins, which include the receptor for the excitatory neurotoxin, a- 
latrotoxin (Petrenko et al, 1991; Hata et al, 1993; Perin, 1994), and also its interaction 
with syntaxin I, part o f the 20S fusion complex (Sollner et al, 1993).

The 2 0 s  fusion particle is a complex of a number of membrane proteins that is stable in 

the absence o f hydrolysable ATP (i.e. in the presence o f ATPyS or in the absence of 
Mg^" )̂. This complex o f proteins is thought to be in some way responsible for both the 
targeting of the synaptic vesicle to specific areas o f the plasma membrane and for the 
fusion o f the vesicle and plasma membranes in order to release neurotransmitter (see 

Sollner and Rothman, 1994). The N-ethy 1-maleimide (NEM)-sensitive fusion (NSF) 
protein (Fries and Rothman, 1980), which forms part o f this complex, is a 76kDa
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polypeptide chain (Block et al, 1988) with two distinct ATP-binding sites. This protein 
is found both membrane bound and in the cytosol and is thought to be released from the 

membrane on ATP hydrolysis via intrinsic ATPase activity (Tagaya et al, 1993). It has 

been suggested that the rebinding of this fusion protein to the membrane requires the 

binding of soluble NSF attachment protein (SNAP) to specific receptors (SNAREs) 
located on both the plasma membrane and the vesicular membrane (see Sollner and 
Rothman, 1994). A number of these SNAP receptors (SNAREs) have recently been 

identified and purified from the synapse (Sollner et al, 1993). These immunoaffmity 

purified SNAREs were found to correspond to previously cloned proteins that had 
already been implicated in the docking and fusion o f synaptic vesicles to the plasma 

membrane. The vesicle associated SNARE was found to correspond to vesicle 

associated membrane protein (VAMP or synaptobrevin) (Baumert et al, 1989; Trimble 

et al, 1990), and the plasma membrane associated SNAREs were found to correspond to 
syntaxin (or HPCl) (Bennett et al, 1992; Inoue et al, 1992) and the synaptosome- 
associated protein 25 (SNAP-25) (Oyler et al, 1989). Both VAMP and the syntaxins are 
intregal membrane proteins with short interluminal and extracellular C-terminal 
domains, respectively and extensive cytoplasmic domains. It has been postulated that 
the specificity o f vesicles for their target membrane is achieved by the pairing of a 

vesicle associated SNARE with a cognate plasma membrane associated SNARE (see 
Sollner and Rothman, 1994). This hypothesis was originally based on the finding that 
SNAREs are the selective targets o f the neurotoxins, tetanus toxin and botulinum toxin, 
both o f which block neurotransmitter release via proteolytic cleavage o f SNAREs 
(Niemann et al, 1994). More recently the hypothesis has been supported by more 
specific evidence reporting the isolation of stable complexes o f VAMP, syntaxin and 
SNAP-25 in various cell-free systems (Sollner et al, 1993; Calakos et al, 1994). It has 
suggested that fusion o f the two membranes during exocytosis is initiated or catalysed 

by the dissociation o f the NSF protein from the SNARE complex following ATP- 
hydrolysis (Sollner et al, 1993).

The mechanisms involved in the actual pore formation are largely unknown. It has been 
suggested that a fusion channel may form between the vesicle interior and the 
extracellular space allowing neurotransmitters to be released before (or even without) 
fusion of the vesicle with the plasma membrane (see Aimers and Tse, 1990; Betz, 
1990). Synaptophysin has been implicated in this pore formation due to its ability to 

form channels in artificial membranes (Thomas et al, 1988). More recently, capacitance 
measurements have shown currents to flow through a conductance channel o f about 
2nm diameter (Spruce et al, 1990). This has been paralleled with the formation of 
conductance channels when the influenza virus fuses with the cell surface, and it has 
been suggested that this may be indicative o f a basic mechanism of membrane fusion 
(see Kelly, 1993). These findings are supported by the 'capacitance flickering' that has
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been reported to occur during the fusion process, prior to exocytosis (Oberhauser et al,
1992). This phenomenon has been interpreted as an opening and closing of a high 

energy intermediate pore formed and maintained during the fusion events. Chow et al 
(1992), have shown that discharge of chromaffin granule cell contents occurs in 2 

phases: a fast release of about 5% of the vesicle contents, followed after about 10msec 

by the release o f the remaining contents. The observed fast phase o f this release has 

been attributed to release through the small fusion pore formed prior to exocytosis.

1.3.6,3 Fast exocytotic release o f  neurotransmitter is dependent on the coupling o f  

voltage dependent calcium channels to the release machinery.

In view of the close coupling between the entry o f calcium, at the active zone, through 
VDCCs, and the initiation o f exocytosis, it would seem likely that the proteins involved 
in vesicle docking and fusion events o f transmitter release associate directly with 
calcium channels. As will be discussed in Chapter 4 of this thesis, much evidence is 

available that would indicate that coCgTx GVIA sensitive N-type calcium channels are 
responsible, at least in part, for the calcium influx triggering the release of 
neurotransmitter. Much of the work examining the relationship between VDCCs and 
the release machinery has concentrated on this particular channel type with few studies 
investigating a connection between other subtypes o f calcium channel and the release 
machinery, despite the evidence for Câ "*" entry through multiple calcium channels 
contributing to transmitter release (see Chapter 4). The evidence for the direct 
relationship between N-type calcium channels and the triggering o f neurotransmitter 

release does not, therefore, necessarily exclude the interaction of other subtypes o f  
calcium channels with this highly complex exocytotic process. Indeed, given the 

involvement of multiple calcium channels in fast exocytotic release at various synapses, 
it would seem unlikely that it is only the N-type calcium channel that interacts with the 
release machinery.

Evidence for the close coupling o f calcium channels and synaptic vesicles was 
suggested by freeze-fracture studies demonstrating the existence of patches o f large 

intramembrane particles at active zone regions in association with the clustering of 

synaptic vesicles (Pfenninger et al, 1971, 1972; Heuser et al, 1974; Pumplin et al, 1981) 
These intramembrane particles were suggested to be calcium channels (Pumplin et al, 
1981). Later, spaced narrow bands of staining were found in the frog neuromuscular 

junction, when fluorescently tagged coCgTx GVIA was used to stain N-type calcium 
channels; this staining was found to corresponded to postsynaptic acetylcholine receptor 
clusters, as shown by fluorescent a-bungarotoxin (Cohen et al, 1991). More recently 

the connection between N-type calcium channels and fast exocytotic release has gained
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fresh evidence. From studies showing immunoprécipitation of coCgTx GVIA receptors 

with an anti-synaptotagmin antibody, it was suggested that synaptotagmin was 

associated directly with the Ca^^ channel (Takahashi et al, 1991; Lévêque et al, 1992). 
Synaptotagmin was also shown to interact with neurexins (Hata et al, 1993), and 

antibodies directed against this protein have also been reported to immunoprecipitate the 
N-type calcium channel in solubilised brain membrane (O'Connor et al, 1993). Further 
evidence has indicated, however, that it is the SNAP receptor, syntaxin, that forms a 
direct, tightly bound complex with the N-type calcium channel, and it has been 

postulated that syntaxin provides the link between synaptotagmin and the channel 
protein (Yoshida et al, 1992; Lévêque et al, 1994). More recently the binding of 

syntaxin 1 to a specific region o f the N-type calcium channel a j g  subunit, located 
within the cytoplasmic loop between domains 11 and 111, has been identified (Sheng et 
al, 1994).

Sollner et al, (1993) reported that synaptotagmin and SNAP compete for binding to the 

SNARE complex, thus suggesting the role o f synaptotagmin as a negative regulatory 
protein acting as a form of fusion 'clamp'. That synaptotagmin is less essential in some 
systems than others would suggest the presence o f additional fusion 'clamps' (DeBello et 
al, 1993). It has been suggested that synaptotagmin may initiate exocytosis by its 
dissociation from syntaxin. However the interaction between syntaxin and 
synaptotagmin has been reported to be Ca^"'"-independent thus failing to account for the 
Ca^+-dependent function o f synaptotagmin in exocytosis (see Ullrich et al, 1994). 
Although understanding of the exocytotic release machinery has advanced greatly in 
recent years our understanding of this complex process is far from complete.

As well as its role in the initiation o f the fusion o f docked synaptic vesicles with the 
plasma membrane at the active zone, Ca2 + also has an important role to play in the 
regulation o f the reserve pool of vesicles as discussed above (Section 1.3.6.1). Whether 

it is the entry o f calcium through specific VDCCs that initiates the phosphorylation of 
the synapsins, MARCKS and GAP-43, and therefore the release o f the cytoskeletally 

bound reserve vesicles, is not clear. It has been reported that Câ "*" influx through L- 
and N-type Câ "*" channels fails to influence the phosphorylation o f MARCKS in 
hippocampal slices (Hoffman and Janis, 1993). However, Coffey et al (1994) have 
suggested the involvement o f Câ "̂  influx through a putative calcium channel sensitive 
only to the, as yet uncharacterised, neurotoxin CD-agatoxin G1 (coAga Gl).
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1.3.6,4 Endocytosis and the recycling o f  synaptic vesicles

Once synaptic vesicles have emptied their contents into the synaptic cleft, the 

membranes are thought to undergo a recycling procedure, priming them for further 
exocytotic release. It is currently postulated that this endocytotic mechanism involves a 

specialised form of receptor mediated endocytosis and takes place within the nerve 

terminal (Jahn and Siidhof, 1993). It is thought that a protein coat forms around the 

empty vesicle at clathrin-coated pits, the vesicle is then thought to be detached from the 

plasma membrane, shedding the clathrin coat, thereby becoming available for recycling 

(Smythe and Warren, 1991; Trowbridge et al, 1993; Pley and Parham, 1993). It has 
been suggested that recycling of the synaptic vesicles within the nerve terminal recurs at 
least twenty, and possibly hundreds, o f times before their removal from the synapse and 
transport, via fast axonal transport, to the cell body (see Jahn and Siidhof, 1993). For 
this process o f endocytosis to occur it is hypothesised that proteins must exist on 

vesicles and at the plasma membrane that have precise roles to play in the initiation of  

endocytosis and also in the trafficking and sorting o f the vesicles. The initiation of 
endocytosis, like exocytosis, is dependent on the influx o f Câ "*" (see Robinson et al,
1994). Unlike exocytosis, however, where removal o f calcium acts as rapid stop signal 
(Kelly, 1993), endocytosis does not appear to require the continued presence of Câ "̂  to 
proceed (see Robinson et al, 1994). The formation o f clathrin coating at specific 
intracellular sites is thought to occur via assembly protein complexes (APs). One of 
these protein complexes, AP-2, consisting o f four proteins called adaptins, along with 
another complex, A PI80, which is thought to initiate the clathrin binding process, are 

present as specific isoforms in neurones and may be phosphoproteins (see Robinson et 
al, 1994). AP-1 and AP-2 are thought to bind to the membrane o f vesicles thus 
allowing the formation of the clathrin coat. As mentioned in Section 1.3.6.2, it is 
thought that synaptotagmin may play a part in this initiation o f endocytosis, as the 
second C2 domain on each o f the synaptotagmin isoforms is an AP-2 receptor (Ullrich 
et al, 1994; Zhang et al, 1994). After the formation of the clathrin coat, the vesicle is 

detached. Multiple GTP-binding proteins have been implicated in this process, 
including rab3A which appears to dissociate from synaptic vesicles after exocytosis 

(Fischer von Mollard et al, 1991), probably after its incorporation into the plasma 
membrane (Matteoli et al, 1991). Another GTP-binding protein implicated in the 

endocytotic pathway is dynamin. The exact role of dynamin in endocytosis is not yet 
known, however its GTPase activity would appear to be required for coated-pit 
invagination and the detachment process (Van de Bliek et al, 1993). Dynamin is a 
member o f a G-protein family, distinguishable from small G-proteins (e.g. ras, rab and 

arf) and from heterotrimeric G-proteins (e.g. Gj, Go, Gg), by their large size (lOOkDa) 
and fast rate o f GTP-hydrolysis (Shepner and Vallee, 1992). Dynamin I is a 
phosphoprotein, present in high concentrations in the brain, specifically in synaptic
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terminals o f the hippocampus and cerebellum (Noda et al, 1993). Interest in this protein 
was initiated by the discovery of its dephosphorylation in response to depolarisation, its 

onset correlating with the influx of Câ "*" through VDCCs (Robinson and Dunkley, 
1983; Sihra et al, 1992). It has been suggested that calcineurin may be the phosphatase 

of dynamin I (Sims et al, 1991; Sihra et al, 1992) and that this dephosphorylation may 
initiate endocytosis (Robinson et al, 1994). Thus it is postulated that entry of calcium 

through VDCCs activates calcineurin which dephosphorylates dynamin 1 and causes 

low GTPase activity to predominate, endocytosis is thus initiated. The entry o f Câ "̂  

also activates PKC, but with a slower time scale, by mechanisms which are not yet 
understood, this causes the rephosphorylation of dynamin 1 after the Câ '*' signal has 
been removed and thus the end of endocytosis (Liu et al, 1994; Robinson et al, 1994). 
Dynamin 1 has been found to posses two domains for protein-protein interaction on its 

carboxy-terminus, which may provide some insight into its actions. The first is similar 

to the SH2 domains that mediate binding to specific phosphorylated tyrosine residues on 

other signalling proteins or receptors (see Robinson et al, 1994). However, the cellular 
protein target or targets o f dynamin are not yet known (Robinson et al, 1994). The 
second is a domain akin to an SH3-receptor domain (McPherson et al, 1994), these 
domains mediate intracellular signalling by binding to proteins possessing proline-rich 
binding domains. In dynamin 1 this domain binds a number o f proteins required to 
activate its GTPase activity in vitro (Gout et al, 1993, also see Robinson, 1994). This 
region of the protein also allows the binding of dynamin to microtubules (Herskovits et 
al, 1993) and probably contains its PKC phosphorylation site (Robinson et al, 1993).

Thus it would appear that the processes o f both endo- and exocytosis are regulated by a 
vast array o f specific proteins that are in turn controlled largely by the entry o f calcium 
through VDCCs. Whether this regulation is due to entry through specific channel types 
will be o f great interest. As molecular biology techniques advance, and as more studies 
examine the effect o f this calcium influx on the proteins involved in this exocytotic 

event, it will be intriguing to see how the Câ "*" influx through the multiple VDCCs 

implicated in the release o f neurotransmitter thus far (see Chapter 4) corresponds to 

control o f the endo/exocytotic machinery by these synaptic proteins.

1.4 Glutamate in neurological disorder.

That glutamate is potentially toxic to central neurones was suggested as early as 1957 by 

experiments showing the systematic degeneration o f retinal neurones following high 
doses o f glutamate (see Meldrum and Garthwaite, 1990). Glutamate has since been 

implicated in a number of neurodegenerative processes including neuronal death during 
and following hypoxia and ischaemia, status epilepticus, hypoglycaemia and trauma as
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well as some neurodegenerative diseases. During ischaemia and hypoxia it has been 
suggested that neuronal death is caused by two distinct phases o f glutamate release (for 
review see Szatkowski and Attwell, 1994). During the ischaemia/hypoxia release is 

thought to be mediated via reversed operation o f the plasma membrane glutamate 

uptake transporters. This increased release of glutamate activates NMDA receptors 
causing increased [Ca^+Jp ' It is suggested
that, following ischaemia/hypoxia Ca^"*"-dependent exocytotic release o f glutamate 
causes further potentiation of NMDA receptors and subsequent neuronal death 

(Szatkowski and Attwell, 1994). In brain slices and cultured neurones glutamate 

antagonists have been shown to delay neuronal death following glutamate excitotoxicity 
and NMDA receptor antagonists have been shown to be protective against neuronal loss 

following status epilepticus, hypoglycaemia and cerebral ischaemia (for review see 

Meldrum, 1988, Meldrum and Garthwaite, 1990). Exocytotic mechanisms have also 
been proposed to play a role in the pathogenesis o f various neurodegenerative disorders 

including Alzheimer's disease and Huntington's chorea (Meldrum, 1988; Cowbum et al,
1990).

1.5 Presynaptic inhibition of neurotransmission.

The concept o f pre-synaptic inhibition was first recognised in the crab neuromuscular 
junction and the vertebrate spinal cord (for review see Nicoll et al, 1990). In these two 
cases the inhibitory transmitter involved was y-aminobutyric acid (GABA) (Kandel and 
Schwartz, 1982) which reduced the amplitude o f glutamate-mediated excitatory 
postsynaptic potentials (EPSPs) (Eccles et al, 1963; Curtis and Lodge, 1982) by 
reducing the probability o f transmitter release from the presynaptic terminal (Clements 
et al, 1987). It is now known, however, that receptors for many neurotransmitters are 

present near or at the pre-synaptic terminals o f many synapses in both the peripheral and 
central nervous system and that their activation can alter the ability o f an action 

potential to cause the release of neurotransmitter. Inhibition o f neurotransmission may 

be initiated by the activation of a pre-synaptic receptor for the endogenous transmitter of 
the synapse (autoreceptor) or for another transmitter (heteroreceptor) (Starke, 1981). 
Probably the best characterised o f these presynaptic receptors are the adenosine A \,  
p-opioid and GABAg receptors. In Chapter 5 o f this thesis the modulation o f glutamate 
release from cerebellar granule neurones by GABAg receptor activation is investigated. 
Modulation o f synaptic transmission by activation o f this receptor type is therefore 

discussed in some detail within Chapter 5. In the present section a brief, general 
overview is given o f the possible mechanisms o f pre-synaptic inhibition.
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Much evidence exists for the activation of K"*" currents (Adams et al, 1982, 1983; 
Andrade et al, 1986; Nicoll et al, 1990) and inhibition of Ca^^ currents (for reviews see 
Nicoll et al, 1990; Dolphin, 1995) by the pre-synaptic agonists known to modulate 
neurotransmitter release and synaptic transmission. This evidence has led lo the 

suggestion that presynaptic inhibition of neurotransmission may be mediated via 
reduction in Ca^+ influx either by directly inhibiting Câ "*" channels or activating K"*" 

channels, thereby causing hyperpolarisation and a decreased probability o f an action 
potential invading a nerve terminal. Further evidence for this hypothesis has been 

provided recently by Toth et al (1993), who, using Câ "*" imaging techniques, have 
shown neuropeptide Y to inhibit synaptic transmission via the inhibition o f Câ "*" influx. 
Also Wu and Saggau (1994a) have shown activation o f presynaptic adenosine A% 
receptors to inhibit excitatory synaptic transmission primarily by the reduction of 

presynaptic Câ "*" influx. These hypotheses and their relevance to GABAg receptor 

inhibition o f glutamate release are discussed in more detail in Chapter 5.

A number o f other studies, however have suggested that presynaptic inhibition of 
neurotransmission may take place at a stage distal to the entry o f Ca2+. At the 
neuromuscular junction, adenosine was found to inhibit spontaneous transmitter release 
at a point subsequent to Ca2+ influx (Silinsky, 1984). Also, presynaptic inhibition of 

spontaneous miniature excitatory postsynaptic potentials (mEPSPs) by adenosine and 
baclofen in the hippocampus is suggested to be independent o f the inhibition o f  
influx, as the Câ "*” channel blocker Cd̂ """ was found to have no effect on these mEPSPs 
(Scanziani et al, 1992; Scholz and Miller, 1992). Man-Son Hing et al (1989) studied 

the actions o f the modulatory neuropeptide Phe-Met-Arg-Phe-NH2  (FNRFa) on the 
release o f acetylcholine at somatic synapses between invertebrate neurones. These 
authors concluded that the presynaptic inhibition of acetylcholine release was mediated 
via multiple routes, suggesting that both inhibition of voltage dependent Ca^^ current 
and regulation o f the secretory apparatus had important roles to play. In the case of 

p-opioid receptor inhibition of GABA release in the hippocampus, Copagna et al (1992) 
have also suggested that modulation o f the secretory apparatus is responsible for the 
inhibitory action, possibly by the modulation of neurotransmitter containing vesicles 

available for release at the active zone of the nerve terminal (see Section 1.3.6).

, GTP-binding proteins are generally accepted to be involved in the modulation of 

i  neurotransmission. All o f the pre
synaptic receptors cloned to date (adenosine A \,  a-adrenergic, muscarinic 
acetylcholine, and the metabotropic glutamate receptor) are members o f the seven 
transmembrane-spanning G-protein coupled receptor superfamily. Also in many studies 
examining both pre-synaptic inhibition o f Câ """ channel conductance and

58



neurotransmitter release, pre-incubation o f the tissue or cells with pertussis toxin (PTX), 
which is known to inactivate some G-proteins (see below), blocks pre-synaptic 

inhibition (Allgaier et al, 1985; Dolphin and Prestwich, 1985; Fredholm and Lindgren, 
1987; Scholz and Miller, 1992). It has been suggested by Thompson et al (1993) that 
those receptors whose actions are not blocked by pertussis toxin in the hippocampus 

exert their effect via a PTX-insensitive G-protein.

1.5.1 Heterotrimeric Guanosine Triphosphate (GTP)-binding proteins.

As mentioned in the previous section, agonists which modulate presynaptic 

neurotransmission are thought to be o f a class o f receptors which are linked to 

heterotrimeric GTP-binding proteins (G-proteins). These heterotrimeric G-proteins 

were first reported to be linked to receptor-mediated signal transduction in 1971 by 
Rodbell et al. This finding ultimately led to the discovery o f a family o f heterotrimeric 

G-proteins, which share the function o f transducing an extracellular stimuli to an 
intracellular effector. These intracellular effectors can assume many guises including 
cytosolic enzymes (e.g., adenylyl cyclase, or phospholipase C) or ion channels (e.g. 
voltage dependent Ca2+ or channels). Although another superfamily o f G-proteins, 
small, monomeric G-proteins, of the ras superfamily, also exist and are o f functional 
significance in signal transducion, their function is less well defined and a discussion of 
these monomeric G-proteins is outside the scope o f this thesis. Heterotrimeric G- 
proteins consist o f three different subunits, a , P and y, o f molecular mass 36-52, 35-36 
and 6 -lOkDa, respectively. At present, molecular cloning techniques have revealed 21 
different a-subunits, four p-subunits and 6  different y-subunits, this variability is due 
both to multiple different genes and alternative RNA splicing (Simon et al, 1991; 
Hepler and Gilman, 1992). Based on the predicted amino acid primary sequences G- 
protein a-subunits have been subdivided into four main classes, termed Gag, Gaj, Gag 

and Ga%2 , (Simon et al, 1991) some o f which are substrates for ADP-ribosylating 
bacterial exotoxins, such as cholera and pertussis toxin (see below).

1.5.1.1 The G-protein cycle.

The inactive G-protein exists as a heterotrimer with GDP bound to its a-subunit. The 

binding o f an agonist to a G-protein coupled receptor, in the presence of Mg '̂*’, causes 
dissociation o f GDP from the a-subunit and binding o f GTP (Stryer and Bourne, 1986; 
Gilman, 1987; Neer and Clapham, 1988; Bourne et a l , 1991; Simon et al, 1991). The 
resultant, active G-protein then dissociates into free, active a-GTP and the Py dimer, 
which are then able to modulate their target effectors. Initially it was thought that it was 
the a  subunit that directly controlled the activity o f all effectors and that it was the Py
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dimer which reversed the action of the a-subunit by reforming the inactive heterotrimer 
and guiding the a-subunit back to the receptor for reactivation. However, Logothetis et 
al (1987), reported that exogenous py subunits purified from bovine brain greatly 

increased the channel opening frequency in atrial cells. Since this discovery many 
effects have been attributed to the Py-subunit (Bimbaumer, 1992; Hepler and Gilman, 
1992; Clapham and Neer, 1993; Müller and Lohse, 1995). Following G-protein 
activation, hydrolysis o f bound GTP by a GTPase, intrinsic to the a-subunit o f the 
G-protein, terminates its ability to regulate the effector activity and leads to 
reassociation o f a-GDP with py.

L 5,L 2  ADP-ribosylation o f  G-proteins by Pertussis Toxin (PTX).

Heterotrimeric G-proteins have a massive potential for covalent modification which 
may result in the alteration o f the ability of the protein to interact with its receptor or 
effector (for review see Yamane and Fung, 1993). The first o f these modifications to be 

identified was ADP-ribosylation, which is considered to be a posttranslational 
modification, as under normal physiological conditions, G-proteins are not thought to be 
ADP-ribosylated (Yamane and Fung, 1993). ADP-ribosylation involves the transfer of  
an ADP-ribose moiety from NAD"*" to an acceptor residue, resulting in the formation of 
the ADP-ribosylated protein and nicotinamide. The two best known 
ADP-ribosyltransferases are toxins from the bacteria. Vibrio cholera, (cholera toxin - 
CTX) and Bordetella pertussis, (pertussis toxin - PTX), each o f which ADP-ribosylates 
a particular family o f G-proteins and are therefore widely used in studies examining 
G-protein linked signal transduction pathways. ADP-ribosylation o f Gg by cholera 
toxin was first shown in turkey erythrocytes when Cassel and Selinger (1978) showed 
CTX stimulation o f adenylyl cyclase to mimic the effect o f a non-hydrolysable analogue 

of GTP, and concluded that its action was due to inhibition o f the intrinsic GTPase 
activity o f Gag thus causing the locking o f the G-protein in the active GTP-bound state. 
CTX was subsequently shown to transfer the ADP-ribose moiety from NAD to a 

conserved arginine residue within Gag (Cassel and Pfeuffer, 1978; Gill and Meren, 
1978; Johnson et al, 1978). This modification also requires the presence o f an 

additional protein, the ADP-ribosylation factor (ARF) (Kahn and Gilman, 1986). Under 

certain conditions, e.g. agonist stimulation, other a-subunits such as Gaj and Gao 
also undergo cholera-toxin dependent ADP-ribosylation (Gierschik et al, 1989; Klinz 

and Costa, 1989; Milligan, 1988; Roerig et al, 1992). In neurones, the most widespread 
modulatory signalling pathway is characterised by sensitivity to PTX (Wanke et al, 
1987; Kluess et al, 1993), which indicates that the receptors couple to G-proteins o f the 

Gj family (i.e. Gq or Ĝ ) (Ui et al, 1985). Pertussis toxin is a mixture o f toxins secreted
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by the bacterium, Bordetella pertussis. The clinical manifestation o f the toxin is 

whooping cough (Spiegel et al, 1985). At the cellular level, a factor o f the toxin, later 
identified as islet-activating protein (Yajima et al, 1978b), was shown to increase insulin 

secretion, when injected into animals, in response to elevated blood glucose levels 

(Yajima et al, 1978a). It was reported that this effect was due to the inhibition of 
adenylyl cyclase activity (Ui, 1984). Later studies identified the 41kDa Gaj and 39kDa 

Gtto as the substrates for this toxin (Ui, 1984, Bokoch et al, 1983). As in ADP- 
ribosylation o f Gg by CTX, ADP-ribosylation o f Gj and Gq by PTX is dependent on the 
presence o f NAD and ATP and catalyses the transfer of ADP-ribose from NAD to an 

acceptor residue, this time a cysteine residue, on the a-subunit o f Gj and Gq. However, 
unlike CTX, the actions of this toxin are most efficient when the G-protein is in the 

heterotrimeric form (Moss and Vaughan, 1988). PTX has been shown to block the 
interaction o f the a-subunit of the G-protein so as to prevent the receptor mediated 

exchange o f GDP for GTP thus effectively inactivating the modified protein (Murayama 

and Ui, 1983; Cote et al, 1984).

L 5,L 3 G-protein linked effectors and second messengers.

Once activated Gĝ  and Gpy can interact with a number o f effectors such as retinol

cyclic GMP phosphodiestemses (GMP-PDE), ion channels (e.g. K"*", Câ "*"), as well as 
several phospholipases and adenylyl cyclase (Hepler and Gilman, 1992; Bimbaumer, 
1992). These effectors in turn control various cellular processes such as membrane 
potential, cytosolic Câ "*" levels and the activities of numerous kinases. The diversity of 
G-proteins provides the basis for a complex signalling network and allows amplification 
o f the primary signal. One receptor may activate numerous G-protein which may, in 
turn regulate thousands of second messenger molecules via the effector enzymes. 
G-proteins may converge signals from a group of receptors or may diverge signals to 
several effectors, in addition, many studies suggest that more than one G-protein may be 
involved in the coupling o f a receptor to an effector (Rosenthal and Schultz, 1987; 
Simon et al, 1991; Hepler and Gilman, 1992; Bimbaumer, 1992). Gag and Gaj mediate 
the stimulation and inhibition of adenylyl cyclase, respectively (Gilman, 1989), however 

with the realisation that the Py subunit can also activate certain isoforms o f adenylate 

cyclase (Tang and Gilman, 1991; Iyengar, 1993) it is possible that other G-protein sub
families are also involved in the regulation o f this enzyme. These two families of 
G-proteins, along with the CTX-sensitive Gg, are also thought to directly modulate ion 
channels (see Chapter 5 for further details). It is thought to be the PTX-insensitive Gq 
family o f G-proteins that activate phosphoinositide-sensitive phospholipase C (PLC) 
(Clapham and Neer, 1993; Müller and Lohse, 1995), which plays an important role in 

the mediation o f cellular actions of many neurotransmitters, hormones and growth
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factors. Again, however, Py subunits have been shown to activate certain subtypes of 

PLC (Camps et al, 1992; Katz et al, 1992), and it has been suggested that Gq may 

activate the phosphoinositide cycle in the brain (Moriarty et al, 1990; Ross et al, 1990). 
In addition to these examples of G-protein-effector modulation, Ga^ (transducin) 
regulates retinal 3',5’-cGMP-phophodiesterase (Stryer et al, 1981) which plays a critical 
role in visual signal transduction and a number of as yet unspecified G-proteins are 

thought to be involved in the activation of phospholipase A.2̂  and in particular an 
interaction between the py-subunit and phospholipase À2  is thought to occur (Axelrod 

eta l, 1988).

1.6 The investigation of neuretransmitter release: choice of
preparation.

The examination o f exocytosis in the central nervous system and the calcium channels 

that control this process has relied mainly on the action o f the pharmacological agents 

described above (see Section 1.2.3 and 1.2.5) whose specificity for sub-types of calcium 
channels has relied on their action on the Câ "*” channels present on nerve-cell bodies. 
This method assumes that the pharmacological specificity o f channels is conserved 
between the cell somata and the nerve terminal. The direct, simultaneous measurement 
o f electrical and release events in the nerve terminal would obviously be the best 
method to characterise the channel types involved in exocytosis; to date, however, due 
to the small size o f most nerve terminals, this has been achieved in very few 
preparations (but see Chow et al, 1992). The three main preparations that are used in 

the study o f the Câ "*” channels involved in exocytosis are:

i) synaptosomes - these are isolated nerve terminals, sheared off from their axons by 
homogenisation, and purified by density-gradient centrifugation (Whittaker et al, 1972; 
for other references see Nicholls, 1989; McMahon and Nicholls, 1991a). These 
structures are useful in the investigation o f neurotransmitter release as they constitute a 

simple model o f transmitter release in which only the pre-synaptic apparatus is present 
thus removing the complication of post-synaptic effects and indirect responses. Also 

these structures are reported to possess bioenergetic integrity (McMahon and Nicholls, 
1991a). However the study o f exocytosis in synaptosomes is prone to a number of 

inherent difficulties. One o f the primary problems with synaptosomes is their 
transmitter heterogeneity, as, even in very closely defined anatomical regions, a wide 

variety o f synapses exist (see McMahon and Nicholls, 1991a). Due to spatial 
constraints in the nerve terminal, the neuromodulation o f neurotransmitter release from 

one terminal by transmitter release from another terminal is likely to take place distal to 

the active zone, and so, in synaptosomal preparations, where the axon is no longer
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present, receptors for neuromodulation may not exist. Indeed the extent to which pre
synaptic modulation of transmitter release occurs in synaptosomal preparations is a 
matter o f contention (Wang, 1991; Wang et al, 1992). Also, because o f the small size of 
these structures (~ 1 pm in diameter), it is not possible to investigate the Ca^+ channels 

present on the terminal via electrophysiological techniques and there is therefore little 
electrophysiological data on which Câ "̂  channels present in these preparations.

ii) Tissue slices - Tissue slices are o f great value in the study o f synaptic transmission. 
By electrically stimulating an identified neuronal population or axon tract, the post
synaptic response can be simultaneously recorded. However, this method of 

investigating neurotransmission is indirect, as the post-synaptic effect, as well as being 
dependent on the pre-synaptic release of neurotransmitter, is also the product of the rate 
o f transmitter clearance and the properties o f the post-synaptic receptors. Also the 
heterogeneity o f the cells present in the preparation complicates the interpretation of 

results. Biochemical measurements of neurotransmitter release cannot easily be made 
from tissue slice preparations, as it is not possible to isolate the transmitter released 
from the terminal o f interest from other nerve terminals present, as well as 
complications from the presence o f non-neuronal cells. Also, when examining Câ "*" 
channel involvement in the exocytotic release process, a further complication is the 
difficulty in estimating the concentration of antagonist present at the synaptic site of 
interest. Despite these difficulties, information obtained from the recording o f post
synaptic responses o f tissue slices is o f great value, as they give an indication of 
responses in a preparation with minimal cytoarchitectural disruption.

iii) Neuronal cultures - Specific populations o f neurones can be dissected from brain 
regions, and mechanically and/or enzymatically dissociated to give a suspension of 
single cells, which can be adhered, in a monolayer, to a substrate-covered receptacle. 
Depending on the cell-type to be examined, differing degrees of homogeneity in cultures 
can be achieved. Cerebellar granule neurones, for example, can be grown in almost 
complete homogeneity (-95%) (Thangnipon et al, 1983; Burgoyne and Cambray- 
Deakin, 1988). Pure cultures of neurones are extremely useful in biochemical analysis 
o f synaptic neurotransmission as they greatly simplify the interpretation o f results, 
avoiding the problems described in the above two preparations associated with their 

heterogeneity. Also in the investigation o f the Câ "*" channels involved in exocytosis, in 
dissociated cultures, biochemical data can be compared to electrophysiological data 
from the same cell type and culture conditions, thus giving an indication o f the channel 

types present in the neurones and their pharmacological profiles.
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Figure 1.6 Cerebellar granule neurones in primary culture at 10 days.
(scale bar 20pm)
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Dissociated cell cultures have been used successfully to examine neurotransmitter 
synthesis, uptake and release, and the development o f receptor subtypes in cultures from 

both normal and mutant animals (Trenkner, 1991). This thesis focuses on the release of  
glutamate from one class of cerebellar neurone, the granule cell.

1.6.1 Release o f  glutamate from  primary cultures o f  cerebellar granule neurones

Glutamate is the major excitatory neurotransmitter in the mammalian brain (Fonnum, 
1984; Mayer and Westbrook, 1987) and is therefore of great interest. Although often ; 
used in the investigation of glutamate release, hippocampal pyramidal cells are not ideal 
due to their low density in culture and trophic requirement for glial cells (Banker, 1980), ; 
the alternative, cerebellar granule neurones constitute a unique neuronal preparation in ; 

which to study the mechanisms of this release. ;

In vivo, excitatory information reaching the cerebellum from the mossy fibres, is 
thought to be conveyed to the inhibitory neurones o f the cerebellar cortex (mainly 
Purkinje cells) by excitatory intemeurones - the granule cells (Llinas, 1975). These 
granule cells are thought to release glutamate from their parallel fibres (Otterson, 1989)

m o l f c C s j \ a r  \ ô y t r  o f  H ie .
which extend into the/cerebellar cortex and synapse onto inhibitory Purkinje cells 
(Llinas, 1975). Cerebellar granule neurones developed in primary cell culture, in the 
presence o f agents to elevate their intracellular Câ "*" concentration (Burgoyne et al, 
1988; Holopainen et al, 1989; Pearson et al, 1992a,b), appear to constitute a suitable 
model to study excitatory amino acid release mechanisms from central neurones. Due 
to their abundance in the cerebellum and their late development in vivo (Gallo et al, 
1982; Levi et al, 1984; Kingsbury et al, 1985), granule neurones can be isolated easily 
and a relatively pure culture of cells can be achieved, thus allowing easier interpretation 

o f biochemical data. In culture it is well established that, in order to survive and 

differentiate, these cells have a requirement for either high K"̂  (25mM) or NMDA 
(Burgoyne and Cambray-Deakin, 1988) which is thought to mimic the in vivo 
innervation o f granule neurones by glutamatergic mossy fibre (Garthwaite and 
Broadbelt, 1989). This requirement of cerebellar granule neurones for high [Ca '̂*']i is 

reported to exist from the second to fourth day in culture, coinciding with the 
commencement o f the aggregation of cells into characteristic clumps o f neurones 

connected by a network o f fibres (see Figure 1.6), and has been suggested to be essential 
to neurite outgrowth and synaptic maturation (Van Vliet et al, 1989; Burgoyne and 

Cambray-Deakin, 1988). When developed in culture under these conditions, granule 
neurones have been shown to be glutamatergic (Gallo et al, 1982; Levi et al, 1984; 
Burgoyne and Cambray-Deakin, 1988) and to express a diverse range o f receptors and
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Câ "̂  channel currents (Gallo and Levi, 1982; Courtney et al, 1990; Holopainen et al, 
1990, Courtney and Nicholls, 1991; De Waard et al, 1991; Marchetti et al, 1991; 
Slesinger and Lansman, 1991; Pearson et al, 1993; Pearson et al, 1995). Câ "*"-
dependent release of glutamate from cerebellar granule neurones grown in culture has 

been shown to be small and Ca^"*"-independent at 2 days in culture, but to be greatly 

increased and Ca^“*" dependent by 8 days in culture (Gallo et al, 1982, Van Vliet et al, 
1989). Also the development o f calcium channels in these cells (prepared from 8 day 

old rats) has been suggested to be complete by about 8  days in culture (Marchetti et al,
1991), a recent study has suggested that cerebellar granule neurones in situ express 

different populations of Ca '̂  ̂channels in cells taken from 14 day old rats as compared 
to those cells taken from 19 day old rats and above, suggesting that maturation is not 
complete until day 17-20 (Rossi et al, 1994). It has been shown by Holopainen et al 
(1988) that inhibition o f glutamate release by GABA antagonists is maximal by 7 days 
in culture.
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Chapter 2 

Materials and Methods
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2.1 Tissue Culture

Cells were prepared essentially as described by White et al (1979), with some 

modifications.

The cerebella from a maximum of four, 6 day old Sprague Dawley rats were removed 

and placed in enriched phosphate buffered saline (PBS) solution (Table 2.1). Meninges 

and excess connective tissue were carefully removed before the remaining cerebella 

were mechanically dissociated using a Mcllwain tissue chopper, into blocks 

approximately 250 pm^. Enzymatic dissociation o f tissue was then carried out by 

incubation at 37°C in 10 mis of enriched PBS solution (Table 2.1) supplemented with 

0.25 mg ml" ̂  trypsin. After 20 min the trypsin was inactivated by the addition of 

10 mis o f enriched PBS solution containing additional M gS04.7H 20 (0.25mM),

9.5 pgm l'^  soybean trypsin inhibitor (SBTI) and 12 Kunitz ml" ̂  deoxyribonuclease I 

(DNAase). The resultant suspension was centrifuged, in a bench-top centrifuge, at 

2500 rpm (-300 x g) for 30 sec.

T a b le  2.1 E n r ich ed  P h o sp h a te  b u ffered  sa lin e  (P B S ) so lu tio n .

Sodium  C hloride (N aC l) 136

Potassium  C hloride (K C l) 2.68

D i-sod iu m  H ydrogen  
O rthophosphate

(N a2HP0 4 ) 3 .2

P otassium  dihydrogen  
orthophosphate

(K H 2PO4) 1.46

G lu cose 14

B o v in e  Serum  A lbum in (B S A ) 0 .045

M agnesium  Sulphate  
heptahydrate

(M g S 0 4 .7 H 2 0 ) 1.55
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The supernatant, which contains primarily cell debris and dead cells, was then removed 

and 2 mis o f enriched PBS solution containing 5 0 p g ml ' ^  SBTI, 64 Kunitz DNAase 

and an additional 1.55mM M gS04.7H 20, was added to the pellet. The tissue was then 

gently triturated using a flame-polished Pasteur pipette with a bore size of 0.25-0.5 mm. 

In order to remove any undissociated cells, the resultant homogeneous suspension was 

centrifuged for 5 min through 2 mis of 4% BSA in Earles balanced salt solution (see 

Table 2.2) at 1200 rpm (-300 x g), in a Mistral 30001 centrifuge. Treatment with 

DNAase is essential since DNA released from ruptured cells sticks to the surface of 

intact cells and promotes irreversible clumping (Steinberg, 1964). The cell pellet was 

then resuspended in 1 ml foetal calf serum (PCS) medium (Table 2.3) and the resultant 

cell suspension diluted with PCS medium to a concentration o f 17 x 10^ cells ml ^.

Table 2.2 4% BSA in Earles buffered salt solution (EBSS).

Constituent

B o v in e  Serum  Album in (B S A ) 4 0  g  r '

M agnesium  Sulphate  

heptahydrate

(M g S 0 4 .7 H 2 0 ) 1.24m M

Sodium  Chloride (N aC l) 1 16m M

Sodium  Bicarbonate (N a H C O s) 2.6m M

Earles 

B uffered  

Saline (E B S S )

Sodium  dihydrogen  

orthophosphate dihydrate

(N aH 2 P0 4 .2H 2 0 ) Im M

Potassium  Chloride (K C l) 5 .36m M

G lu cose 5 .5m M

Phenol Red 0 .0 2 6 m M
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Cells were plated out, at a density of 5 x 10 cells per coverslip, on 22mm coverslips 

(Chance Propper - No 1, i.e. 1mm, thickness) housed in 35mm diameter petri dishes. 
Coverslips had previously been soaked in 70% ethanol and oven sterilised before being 
incubated for 30 min at 37°C in sterile water containing 15 pg ml"  ̂ poly-L-lysine (MW
150,000 - 300,000). After 24 h, 2 mis o f PCS medium (Table 2.3) was added to each 

plate o f cells. Approximately 72 h later this medium was replaced by 1.5 mis o f HS 
medium (Table 2.3) containing 80 pM fluorodeoxyuridine (FUDR). The cultures were 

maintained in humidified incubators at 37°C and 5% CO2  / 95% air. Medium was 

replaced on the 7th day in culture (DIC) and cells were used for experiments between 8 

and 13 DIC.

2.2 Glutamate release

2.2.1 Labelling cells with ^ HJ ĝlutamine,

Cerebellar granule cells ( 8 - 1 3  DIC) were transferred on coverslips to 35mm diameter 
petri dishes which had been coated with a thin layer o f Dow Coming High Vacuum 
grease. After the addition o f 200pl of basal maintaining Krebs medium (see Fig 2.1), 
cells were incubated at 37°C / 5% CO2  in a humidified incubator. After 20 min this 
medium was replaced by 200 pi basal maintaining Krebs medium containing 5 pCi 
[^H]-glutamine (0.122 nM glutamine) per coverslip. Cells were incubated for a further 
hour in order to label their releasable pool o f glutamate.

2.2.2 Incubation with (ù-Conotoxin GVIA

24-In experiments in which the N-type Ca channel was to be blocked the 1 h incubation 
o f cells with [^H]-glutamine, described in section 2.2.1, took place in Ca^^ fi*ee 
medium containing either IpM co-conotoxin GVIA (coCgTx GVIA) or vehicle (sterile 

water, I pi / ml).

2.2.3 Pertussis toxin pre-treatment o f  cells

In experiments examining the involvement of pertussis toxin (PTX)-sensitive GTP 
binding proteins (G-proteins) in release mechanisms, cells were incubated for 3, 16, or 
48 h prior to the outset o f the experiment in HS medium containing either 115 ng ml  ̂

PTX or in HS medium containing vehicle (50% glycerol / 50% PBS, Ipl / ml) only.
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Table 2.3 Foetal Calf Serum or Horse Serum medium.

Storage .Concen-s

Foetal C a lf Serum (P C S) Stored in 5 0  ml H eat-inactivated 10 m is per

O R sterile aliquots at -20 M ycop lasm a 100 m is

H orse Serum (H S) °C screened

G ib co

m edium

C hick  Em bryo (C E E ) stored in 2 .5  ml 50%  in Earles - 2 .5  m is per

Extract sterile aliquots at -20 

°C .

Im p eria l 100 m is  

m edium

D -g lu co se Stored in 2 .5  ml 

sterile aliquots o f  

1 .3 3 M a t-2 0 ° C

S ig m a 33m M

G lutam ine fresh ly prepared for 

each batch o f  

m edium

Sig m a  - pow der 200m M

Potassium  C hloride (K C n Stored in 1 ml sterile  

aliquots o f  1.87 M at 

-2 0 °C

B D H  ch em ica ls 18.7m M

P en ic illin /

Streptom ycin

(Pen/Strep) Stored in 1 ml strerile 

aliquots at -2 0 °C  

(p en -5 0 0 0 IU  Strep- 

5 0 0 0  f l g m l - l )

IC N  F low p en ic illin -

501U

Strepto

m ycin
-1

50|J,g m l

M in im al E ssential 

m edium

(M E M ) M ade up to  11 and 

stored at 4 °C

W ith Earles Salt; 

w ithout glutam ine; 

w ithout N a  

bicarbonate  

G ib co
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2.2.4 -stimulated glutamate release

All experiments were carried out at 37°C in a floor heated incubator (MIDI 2 / SS/ VIS). 
The protocol and solutions used for the release experiments are shown in Figure 2.1. 
Throughout the thesis Krebs solution is named according to its KCl-concentration, thus, 
high potassium Krebs medium containing a final concentration of 31.2, 41.2 and 51.2mM 

K""" is described as 30, 40 and 50mM K‘*'-containing Krebs medium, respectively (see 

Figure 2.1). Medium was applied and removed from cells using a Gilson 0-200 pi pipette,
'Ï

in volumes o f 200 pi, by carefully pipetting onto a comer of the coverslip. Excess [ H]- 
glutamine was washed from cells by 3 x 2 min incubations with basal maintaining Krebs

3
medium. As is shown in Figure 2.1, basal [ H]-glutamate release was determined by

2+sequential incubations for 3 x 2 min with basal maintaining Krebs medium (1.8mM Ca , 
4mM K ); this was followed by a 2 min stimulation period (S i) with high K^-Krebs

_l_ _|_ 2 +
medium (typically 40 or 50 mM K - replacing Na , 1.8mM Ca ). Five further basal 
incubation periods were then followed by a second stimulation period (S2 ), and three more 
basal incubation periods. In experiments where a third stimulation period (S3 ) was used, 
S2  was followed by five basal incubation periods; a third stimulation period (S3 ) was then 
followed by three further basal incubation periods. After each o f these 2 min incubations, 
exactly 200pl o f Krebs medium was pipetted off the cover-slip and retained in testubes, at 
4 0 c . Immediately following the experiment 1 ml o f solution 2 (Table 2.4) was added to 
each collected sample. In a number o f experiments utilising the 3 stimulation protocol, the 

Krebs medium used during the S2  period of stimulation was replaced by Krebs medium 
containing 1.8mM Ca^^, 4mM K^ and, the Ca^^ ionophore, ionomycin (4pM). In

24-
experiments to examine the effect o f Ba on glutamate release, either corresponding

2 +  2+  24-concentrations o f Ba replaced Ca throughout, or 1.8mM Ba and ImM EOT A
2 - 1-

replaced Ca in each o f the stimulation periods.

24-In experiments examining cells in which P/Q-type Ca channels had been blocked and in 
all corresponding experiments, the three basal incubations preceding each stimulation 

period were replaced by one 5 min basal incubation period. This period, together with the 

following 2  min stimulation period, took place in the presence o f either co-conotoxin 

MVIIC (coCTx MVIIC), co-agatoxin IVA (coAga IVA) or the corresponding vehicle, this 

revised protocol served to minimise the volume o f toxins used in these experiments.

The [^H]-glutamate content o f cells was determined by placing the petri dishes on ice and 
scraping cells off the coverslips, using a rubber policeman, into 1 ml o f ice-cold solution 2  

(see Table 2.4). These samples were centrifuged in a bench-top centrifuge (Hawksley 
microcentrifuge E) at 300 x g. and the supematent, which contained the [^H]-glutamate, 
was preserved.
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Figure 2.1 Protocol and solutions used fo r  HJ-glutamate release experiments.

C ells  w ere incubated for 2 m in (x  3 ) in 200 pil basal m aintain ing K rebs m edium : this w a s fo llo w ed  by a 

2 m in stim ulation  period  (S I )  w ith  200  pi h igh  K"*" K rebs m edium . F iv e  further basal incubation periods 

(2 m in. 200 p i) w ere  then fo llo w ed  by a secon d  stim ulation  period  ( S ] ) ,  and three m ore basal incubation  

periods. In experim en ts w here a third stim ulation  period w a s used . S 2 w as fo llo w e d  by f iv e  basal 

incubation periods and a third stim ulation  period (S 3 ) w a s  then fo llo w ed  by three further basal incubation  

periods. D rugs and/or tox in s w ere added as m arked, in the seco n d  and/or third period o f  stim ulation  and in  

the tw o basal incubation periods preced ing  and the 2 basal incubation p eriod s fo llo w in g  it.
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To each of the experimental samples, and a reference vial, 1ml of solution 2 (Table 2.4) 
was added containing 40pl of CAA and 0.004pCi / ml of [l^C]-glutamate. CAA (40pl) 
and 0.004pCi / ml were also added to the supematent of the ruptured cells. Each 

experimental sample and the cell supematent was then passed through ion exchange 

columns (see Section 2.2.7). The reference vial was retained and counted for 

radioactive content with all other samples on a Beckmann LS6000SC scintillation 
counter, this was used in order to calculate the efficiency of columns by comparison 
with the [^^C] glutamate content o f the samples eluting off the columns (see Section 
2.2.7).

2.2.5 Ca '̂^-stimulated release o f  glutamate from  continuously depolarised neurones.

In order to examine release o f glutamate from cerebellar granule neurones after blocking 
sub-groups o f voltage dependent calcium channels, by virtue o f their biophysical 
properties (see Section 4.2.2 and 4.3.2 for further details), cells were continuously 
depolarised during the basal incubation periods described above. Experiments were 
carried out essentially as described in Section 2.2.4 and as shown in Figure 2.1. Basal 
incubation periods took place, however, in Câ """-ffee, high Krebs medium (40 or 
50mM K"*") and cells were stimulated to release glutamate by the addition, during S 1, S2 
and S3, o f 5mM Ca^+ containing, high K'^-Krebs medium.

2J.6. Drug/Toxin application.

Typically drugs or toxins were applied as in the profile shovm in Figure 2.1. Drugs or 
toxins, and their corresponding vehicles (see Table 2.5), were added in either the second 
and/or third stimulation periods and in the two basal incubation periods preceding, and 
the two basal incubation periods following it. Exceptions to this protocol have been 
covered above (Sections 2.2.1 - 2.2.4). All experiments utilising dihydropyridine 

agonists and antagonists (i.e. (+)- and (-) 202 791 and nicardipine) were carried out in 
dimmed Na"*" lighting.

2.2.7. Ion exchange chromatography.

Ion exchange chromatography was used to separate glutamine and G ABA from 
glutamate. Columns (Bio-Rad, poly-prep columns) were packed with a strongly basic 

analytical grade exchange resin, with 8 % divinylbenzene crosslinkage o f styrene 
divenylbenzene copolymer and bead size range o f 200-400 (Bio-Rad AGI X 8 , 200-400 
mesh, chloride form). Because Cl’ ions have a high affinity for the functional group in 
the resin and would not be displaced from the columns by glutamate, 2 0  x their ovm
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volume (vol) of IM NaOH was passed through the columns in order to convert the 
mobile phase (C f ions) to the hydroxide form (OH ) as this should be readily displaced 
by glutamate. The columns were then rinsed with 4 x vol of double distilled water until 
the pH of the eluate was < 9. In order to ensure reproducible results the columns were 
equilibrated to the initial buffer conditions of the samples by washing with 3 x vol of 
solution 2 (Table 2.4).

T a b le  2 .4  S o lu tio n s  used  fo r  se p a ra tio n  o f  a m in o  a c id s  on ion  e x c h a n g e  co lu m n s.

S o lu tio n  1 Tris[hydroxy (Tris 7 -9 ) 400m M

m ethyl]- D isso lv e  in double  d istilled

am inom ethane water and pH to 4 .0  w ith acetic

Sigm a 7-9 acid

Store at room  tem perature

Triton X I 00 1 p i  m f*

S o lu tio n  2 T ris[hydroxy (Tris 7 -9 ) 2m M

m ethyl]- D isso lv e  in double d istilled

am inom ethane water and pH to 4 .0  w ith acetic

S igm a 7-9 acid

Store at room  tem perature

Triton X I 00 1 p i  m l '

S o lu tio n  3 A cetic  acid 500m M D isso lv e  in double d istilled

water (sh ou ld  be ~  pH  2 -3 )

Triton X I 00 1 p i  m f ’ Store at room  tem perature

C a r r ie r  A m in o G lutam ine lOmM D isso lv e  in 1M acetic  acid ,

A c id  (C A A ) aliquot into 3.5 m l a liq uots

y-am inobutyric (G A B A ) lOmM and store at -2 0 °C . T his

acid solution  w as d ilu ted  1:2 w ith

double d istilled  w ater

G lutam ic acid (glutam ate) 1 Im M before use.
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In order to procure maximum efficiency in separation and elution of [ H]-glutamate, a 
profile of the amino acids eluting off the columns was obtained after repacking and after 
long periods of disuse. For each column tested, approximately 4000 DPMs (0.002 pCi) of 
[■^Hj-glutamine, [^^C]-GABA, and [^^C]-glutamate were added to 1 ml of solution 2 and 
40pl CAA (see Table 2.4), this solution was passed through the column and the eluate 
collected, 1 ml of the solution being retained as a reference solution. Aliquots ( 1ml) of 
solution 2 were passed through the columns and collected until all glutamine and GABA 
had been eluted off the columns. Solution 3 was then added to the columns and again 
collected in 1ml samples. A typical profile of these columns is shown in Figure 2.2. As 
can be seen, glutamine and GABA by virtue of their predominantly positive charged form 
at pH 4, wash through the columns with solution 2. Glutamate however binds to the 
functional group in the columns, displacing the mobile OH"-group and is not eluted off the 
columns until the presence of the acetate rich solution 3.

9
15

H  r^-GAEA 
H H  l^-glutanine 

^q-glutamate

1 6 11

rrls ofsolution2 
added

rrls of solution 3 
added

Figure 2.2 A typical profile showing elution o f GABA, glutamine and glutamate from ion exchange 

columns.

0 .0 0 2  pC i ( -4 0 0 0  D P M ) [^H ]-glu tam ine and 0 .0 0 2 5  pC i ( -4 0 0 0  D P M ) [^"^C]-glutamate and  

G A B A  w ere added to co lu m ns in  1 m l o f  so lu tion  2 contain ing 4 0  p i C A A  (T able 2 .4 ), 1 m l o f  th is 

so lu tion  w a s retained as a reference va lue. 2 x  5 m l so lution  2 w a s then added to the co lu m ns, fo llo w ed  

b \  7 X 1 m l o f  so lu tion  3. A ll e lu tion s w ere  c o llec ted  and an equal v o lu m e  o f  sc in tilla tion  liquid  added, 

b efore  counting on  a sc in tilla tion  counter. A ll v a lu es  w ere expressed  as a percentage o f  the reference  

value.

76



After each release experiment, samples containing 1 ml solution 2, CAA and a known 

quantity of -glutamate (see Section 2,2.4) were allowed to run through the 

columns. A further 10 mis solution 2 was added to each column and allowed to run 
through. Solution 3 (~5 mis depending on the profile of the column) was then put 
through the column and the eluate collected and counted on a Beckman LS6000 SC 
scintillation counter.

After each experiment columns were washed through with 5 x vol o f solution 1 in order 
to elute off any amino acids still bound to the columns, the columns were then 

thoroughly washed with double distilled water and re-equilibrated with solution 2 .

2.2.8 Calculations,

After the addition o f scintillant (Optiphase Safe, LKB), the amount o f [ C]-glutamate, 
and [ H]-glutamate present in each 2 min incubation sample was qualified in 
disintegrations per minute (dpm) using a dual label program on a Beckman LS6000 
scintillation counter. The efficiency of each column was calculated by comparing the 
[^H]-glutamate count of each sample against the [^^C]-glutamate content o f a reference 
solution. Each [ H]-glutamate value was normalised against the percentage efficiency 
of the column.

(a) Total H]-glutamate content o f cells:

3 3
Total [ H]-glutamate content of cells was defined by the sum o f all [ H]-glutamate in

3
experimental samples added to the amount of [ H]-glutamate remaining in the cells at 
the end o f the experiment (see Section 2.2.4)

3
(b) Release o f  [  H]-glutamate as a percentage o f  total cell glutamate:

3
The [ H]-glutamate content o f each sample was expressed as a percentage o f total cell 

glutamate (a).

(c) Basal release o f  H]-glutamate:

3
For each plate o f cells used, basal release of [ H]-glutamate was calculated for each

3
stimulation period. Where B represents the [ H]-glutamate content o f solution collected
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from a 2 min basal incubation period and S represents the [^H]-glutamate content o f a 2 
min stimulation period, a typical experimental profile may be represented thus:-

B1 B2 B3 SI B4 B5 B6

3Basal release o f [ H]-glutamate for the Si stimulation period is defined as:

B2 + B3 + B5 + B6 ..........................................................................................(c)
4

(d) Stimulated release o f  [  H]-glutamate:

Using the same experimental profile as for basal release calculations, stimulated release 

o f glutamate is defined as:

S 1 + B 4  ........................................................................................
(basal release (c) x 2 )

(e) Ratios o f  stimulated [3 H]-glutamate release:

For experiments in which drugs and/or toxins had been added in and around the second 
and/or third stimulation periods, S2 /S 1, S3 /S 1 and/or S3 /S2  ratios were calculated.

2+2.3 Immunocvtochemical localisation of Ca -channel subtypes.

2.3.1. Anti-peptide antibodies,

Ca^^-channel subtypes - Antipeptide antibodies were raised against non-consensus 

sequences on the subunit o f the calcium channel A-, B-, C- and D-clones, (N. 
Berrow, K. Brickley and A.C. Dolphin, unpublished data), essentially as described in 

Brickley et al, 1995.
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Figure 2.3 Sites o f interaction of Ca '̂  ̂channel a j  subunit antipeptide antibodies
(diagram  prepared by A .C. D olphin and J. Mendy)



As shown in Figure 2.3, antibodies against the A- and D-clones were raised against 
peptide sequences on the extracellular domain between S5 and S6  o f transmembrane 

domain III and IV, respectively. Antibodies against the B- and C- clones were raised 
against peptide sequences located on the intracellular loop between transmembrane 

segments II and III, respectively. These peptide sequences bore significant homology 

only to their respective clones in all tissues/species so far reported in the joint 
Genbank/EMBL database. Preliminary characterisation and descriptions of these 
antibodies have been published (Campbell et al, 1994; Campbell et al, submitted). All 
antibodies were used at a concentration o f 1 .TOGO.

2.3.2 Immunocytochemistrv.

Cells were prepared as described in Section 2.1 and used for experiments between 8 and 
10 D ie . All solutions were made up in 20 mM Tris 7-9 containing 150 mM NaCl, 
pH7.4 (Tris buffered saline - TBS). Cell-covered coverslips were washed with TBS, 
they were then fixed with 4% paraformaldehyde for 30 min and permeabilised with 
0.02% Triton X-100. In order to block any non-specific protein binding, cells were 
washed 3 times (5 min each) with 20% goat serum, containing 4% BSA and 0.1% D-L- 
lysine. Cells were incubated overnight at 4°C with primary antibodies (see Section
2.3.1) diluted in 10% goat serum solution containing 2% BSA and 0.05% D-L-lysine. 
After a further 4 x 5  min incubations with 20% goat serum solution, cells were 
incubated for 2 h at 4°C with goat anti-rabbit IgG, conjugated to fluorescein 
isothiocyanate (FITC, diluted 1:40). Cells were washed 5 times with TBS, pH 7.4 
(5 min) and mounted onto glass slides in antifade mountant (Citifluor, City University, 
London).

2.3.3. Confocal Imaging.

Cells prepared as in section 2.3.2 were viewed on a confocal scanning laser microscope 
(Biorad, Hemel Hempsted - MRC600). The light source consisted o f an air cooled 
Argon Ion laser (15 Mwatt). An excitator filter set to a wavelength o f 450 nm was used 
and emitted light detected after passing through a filter selective for the fluorchem, 
fluoroscein isothiocyanate (FITC). 2pm vertical sections through the cells were 
examined under conditions o f constant illumination, with only one exposure to the laser. 
Cells on the periphery o f the coverslips were usually examined as these are sparser and 

therefore easier to inspect individually. All images were taken on the same aperture 
settings to allow comparability between the coverslips. Contrasting phase pictures were 
also examined in order that staining could be localised to the soma or dendrites, and to
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the plasma membrane of the cells. Images were collected on a Panasonic Optical disk 
(Matsushita Electrical Industrial Co. Ltd.).

2.4 Materials.

Sodium bicarbonate, bovine serum albumin, Phenol red. Goat serum, and D-L-lysine 
were all obtained from Sigma Chemicals Ltd. All other chemicals, except where 

already covered in previous text and tables, were obtained from BDH Chemicals Ltd 
(analytical grade). The place of origin and preparation protocol for drugs/toxins used in 

this study are described in Table 2.5.
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Table 2.5 Drugs and toxins used in experiments.

'dbbrevtèĥ f̂ .Concentration and 
method of preparation

Sandoz (-) / (+)-202 791 r-;/N202-
79/

Dr. U. 
R uegg

Sandoz, Basal lOmM  stock in 70%  
ethanol.

(oAgatoxin IVA {àAga IVA Bachem . 
B iosci. Inc

lOOpM stock in sterile  
water.

3-Aminopropyl-phosphinic
acid

3-APA Dr. H. 
Bittiger

Ciba G eig y lOmM  stock in sterile  
water

4-Aminopyridine 4-A P Sigm a lOOmM stock in sterile  
water and pH ed to 7 .4

5-aminophosphono-valeric
acid

A P V Tocris
N euram in

lOmM  stock in sterile  
water and pH ed to 8 .0

(-)-Baclofen Prof. N . 
B ow ery

from Ciba- 
G eigy

lOmM  stock in sterile  
water.

8-Bromo cyclic adenosine 
monophosphate

8-B r-cA M P Sigm a 25m M  stock in sterile  
water

mConotoxin G VIA (dCgTx G  VIA Peninsula labs lOOpM stock in sterile  
water

(oConotoxin MVIIC (ûCTx M V IIC Peptide Ins. lOOpM stock in sterile  
water

6-Cyano-7-notroquinoxaline-
2,3-dione

C N Q X Tocris
Neuram in

lOOmM stock in D M SO

Dihydrokainate D H K Sigm a lOOmM stock in sterile  
water

Forskolin Sigm a 5m M  stock  in g lycero l.

2-Hydroxy-saclofen 2-O H -
sa clo fen

Tocris
Neuram in

lOmM  stock  in sterile  
water.

Isobutylmethyl xanthine IB M X Sigm a 25 pM  stock  in sterile  
water.

lonomycin Sigm a Im M  stock  in D M SO

Nicardipine Syntax labs. lOmM  stock  in sterile  
water.

Pertussis toxin P T X Dr. L. 
Irons.

P H L S-C A M R , 
Porton D ow n.

2 3 0 p g /m l stock  in 50%  
g ly cero l/ 50%  PBS.

Phaclofen T ocris
N euram in

lOm M  stock  in sterile  
water.

tetrodotoxin TTx Sigm a 50 0 p M  in acetate buffer, 
pH 4 - 5 .
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Chapter 3

Mechanisms involved in the 
release of newly synthesised 

[3H]-glutamate from cerebellar 
granule neurones, stimulated by 

K+-evoked depolarisation
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3.1 Introduction.

In vivo, fast amino acid neurotransmitters, such as glutamate, are thought to be released 
following depolarisation o f a nerve terminal. This depolarisation is induced by an 

action potential propagating along the axon o f the neurone, opening Na"*"-channels, and 
allowing the influx o f Na"*". This depolarisation opens pre-synaptic voltage dependent 
Ca^'^-channels (VDCCs). The entry o f Câ "*" through these channels into the synaptic 

terminal is thought to trigger the release of transmitter. The Na'^-channels inactivate 

and the membrane potential is restored with the involvement of Ca^^-activated and 
delayed-rectifying K"^-channels.

Although a number o f chemical and electrical paradigms are used in order to depolarise 
cells, slices and synaptosomes and to thus cause release o f neurotransmitters, not all o f  

these methods are strictly physiologically relevant. By far the most common method o f  
depolarising cells and synaptosomes is to raise the extracellular concentration o f K”*", 
thus causing a continuous, 'clamped' depolarisation which leads to the entry of calcium 
through VDCCs, and is therefore a useful method o f investigating transmitter release in 
vitro. However, this method is often criticised because the trigger for the release o f  
transmitter is no longer dependent on Na"̂  channel activity, and other methods o f  
simulating depolarisation in vitro have been suggested (Ulbricht, 1969; Tibbs et al, 
1989a,b; McMahon and Nicholls, 1991a). Specific K"*” channels (K^ channels) have 
been reported to activate in response to a slight membrane depolarisation thus reversing 
the drop in potential and ensuring the maintenance of a stable resting membrane 
potential (Cook, 1988). By the inhibition of these channels by 4-aminopyridine, it 
has been suggested that, in brain slices and synaptosomes, spontaneous action potentials 
may be evoked and in vivo depolarisation mimicked (McMahon and Nicholls, 1991a).

3,1,1 entry into the nerve terminal, implications fo r  release o f  glutamate.

Since the pioneering work o f Del Castillo and Katz in 1956, Câ "̂  has been recognised 
as having a pivotal role in neurotransmitter release mechanisms. Exocytosis is generally 
dependent on the presence o f extracellular Câ "̂  and, in the case o f fast amino acid 
neurotransmitters such as glutamate, GABA and glycine, it is generally accepted that 
release is dependent upon specific entry o f Câ '*' through voltage dependent Câ "*" 
channels (VDCCs) (Smith and Augustine, 1988). Because glutamate, as well as being a 

specific neurotransmitter in the mammalian brain, exists as a general metabolite and is
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therefore present in cells at very high concentrations, analysis o f the nature o f the 

releasable pool was at first complicated. Now, however, with evidence from studies on 
synaptosomes showing that glutamate released on depolarisation originates from a non- 
cytosolic pool (Nicholls and Sihra, 1986; Nicholls, 1989), as well as the 
immunolocalisation of glutamate to small synaptic vesicles (Otterson, 1989; Bramham 

et al, 1990), there would seem little doubt that glutamate released by exocytosis resides 
in synaptic vesicles. Following the entry of Ca2+ into the nerve terminal a complex 

sequence of events occurs, culminating in the fusion of synaptic vesicles with the 

plasma membrane or the formation o f a fusion pore (Jahn and Siidhof, 1993) allowing 

the release o f glutamate into the synaptic cleft. Current understanding o f these 
processes, and the involvement of specialised synaptic vesicle proteins, have been 

described in Section 1.3. The events which follow the release o f glutamate into the 

synaptic cleft are essential to the fulfilment of its defined role as a CNS neurotransmitter 
and some may be implicated in the modulation o f the pre-synaptic release o f glutamate.

3,1,2 Aims o f  this study.

This thesis examines the release of neosynthesised [^H]-glutamate from cerebellar 
granule neurones upon K“̂ -evoked depolarisation. The present chapter discusses the 
merits and limitations o f the particular methods chosen and explores other methods of 
examining the release o f neurotransmitter from neurones. Some of the processes 
involved in the initiation and auto-modulation o f release o f [^H]-glutamate following 

K'*"-evoked depolarisation will then be examined.
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3.2 Results

3,2.1 [^H]-Glutamate release from  cerebellar granule neurones following stimulation 
bv 4-Aminopyridine.

4-Aminopyridine (4-AP) is a K'*’-channel blocker which has been shown in a number of 
studies to stimulate release o f neurotransmitters (Tapia and Sitges, 1982; Tapia et al, 
1985, Tibbs et al, 1989a,b) and has been suggested to be a quasi-physiological stimulus 
(McMahon and Nicholls, 1991a). Experiments were carried out in which the 50mM K"*" 
Krebs solution used in control conditions to stimulate glutamate release (see Section
3.2.2) was replaced by 1 or 2mM 4-AP containing Krebs medium. No significant 
stimulation o f [^H]-glutamate release by either concentration o f 4-AP was observed in 

cerebellar granule neurones (Table 3.1). ImM or 2mM 4-AP, respectively, stimulated 

the release o f only 0.04% of total cell [^H]-glutamate in addition to the 0.08 and 0.05% 
o f total cell glutamate released under basal conditions (Table 3.1). In control 
experiments, however, basal release o f [^H]-glutamate was 0.08 ± 0.02 and an 
additional 2.01 ± 0.23% of total cell [^H]-glutamate was released following the addition 
o f 50mM K"*" Krebs solution . The continued presence of ImM or 2mM 4-AP following 
the SI period o f stimulation was also ineffective at stimulating the release of 
[^H]-glutamate (Fig 3.1).

3.2,2. [^H]-Glutamate release from  cerebellar granule neurones following K^- 

induced depolarisation

In order to examine [^H]-glutamate release in response to K"""-evoked depolarisation, 
cerebellar granule cells were bathed in basal maintaining Krebs medium containing 

3.2mM K"*” and 1.8mM Ca2+ as described in Section 2.2.4. Two periods o f 2 min 
incubations in stimulating Krebs medium (50mM K"̂ ), were separated by further 

incubation o f cells for 5 x 2  min in basal maintaining medium. Stimulating Krebs 

medium contained concentrations o f K"*” ranging from 30 to 50mM, which substituted 
for Na"*” such that the osmolarity o f the media was constant ( -3 1 0  mosM). As shown in 

Fig 3.2A release o f glutamate was only slightly raised by the addition of 30mM 
K'*"-containing Krebs medium, from 0.219 ± 0.02 % of total cell glutamate during 

basal release periods (Fig 3.2A, n=14) to 0.67 ±0.12%  of total cell glutamate on 
addition o f 30mM K"*" Krebs solution (Fig 3.2A, n=14, p<0.05 ). Stimulation of
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Control - '

Basal release o f

[^H ]-glutam ate as %
0 .0 8  ±  0 .02  (n= 4) 0 .08  (n =2) 0 .05  (n = 2)

total cell

[^H ]-glutam ate

Stim ulated release o f

[^H ]-glutam ate as % 2.01 ± 0 .2 3  (n= 4) 0 .0 4  (n= 2) 0 .0 4  (n= 2)

total cell

[^H ]-glutam ate

Table 3.1 4-Aminopyridine does not stimulate release o f [^H]-glutamate from  
cerebellar granule neurones.

C ells werv stim ulated to release [^H ]-glutam ate by  the addition o f  the K “''-channel b locker 4 -A P  either at 

a concentration o f  1, or 2m M , or in control cells , by 50m M  K"*"-depolarisation. Very little stim ulated  

release w as observed  in the presence o f  4 -A P  w hen  added during the first or secon d  stim ulation periods.
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Figure 3,1 4-Aminopyridine^ added continuously to cerebellar granule neuronesf does not 
stimulate release o f  [^H]-glutamate.

Cells were stimulated to release [^H]-glutamate by the addition o f the K‘*'-channel blocker 4-AP either at a 

concentration o f 1 (O , n=2), or 2 mM (■, n=2) in place o f the 50mM K"*'-evoked depolarisation used to 

stimulate control cells. 4-AP was added to cells in each incubation period for 20 minutes after basal release o f  

glutamate had been observed for 6 minutes. Very little stimulated release was observed as compared to K'*’- 

stimulated controls ( • ,  n=2).
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glutamate release by Krebs medium containing 40mM K“̂ was increased by 87% as 
compared to that stimulated by 30mM (n=12, p<0.001), in this case release of 
glutamate was increased from 0.249 ± 0.045% o f total cell glutamate, under basal 
maintaining conditions (Fig 3.2A, n=12), to 1.25 ± 0.06% of total cell glutamate when 

stimulated by addition o f 40mM K"*" (Fig 3.2A, n=12, p<0.001). The addition o f 50mM 

K"*" Krebs solution increased release of glutamate to 1.77 ±0.19%  (Fig 3.2A, n=12) 
from a basal release o f 0.18 ± 0.041% of total cell glutamate (Fig 3.2A, n=12, p<0.001). 
No significant difference in the ratios o f release in the two stimulation periods (S2/S1 
ratio) was observed between the different stimulation paradigms. S2/S1 ratios were 
1.42 ±0 .64  (n=4), 1.19 ±0 .19  (n=3) and 0.9 ± 0 .14  (n=3), in the case o f 30, 40 and 
50mM K"^-induced stimulation, respectively. At the conclusion o f experiments, 96 % of 

the [3H]-glutamate content o f cells remained unreleased, this was not significantly 

different under any o f the stimulation regimes.

As can be seen from Fig 3.2B the substitution o f Na"*" for K"*" in the Krebs medium had 
no effect on glutamate release. In these experiments a constant concentration of Na"*" 
was present in all solutions and K"̂  replaced Tris[hydroxymethy 1]-aminomethane 
(Tris-7’9') in the medium so as to maintain constant osmolarity. In this case the 
stimulated release of [^H]-glutamate was 2.80 ±0.41%  of total cell glutamate under 
control conditions (Fig 3.2B, n=IO) and 3.39 ±0.28%  of total cell glutamate where 
constant Na"̂  concentration was maintained (Fig 3.2B, n=IO, N.S.).

3,2,3 [^H]-Glutamate release from  cerebellar granule neurones following  

ionomycin-induced Ca '̂  ̂influx,

lonomycin is a Ca2 + ionophore, which has been shown to elevate intracellular calcium, 
in synaptosomes, to at least the extent observed upon 30mM K"*"-induced depolarisation 

(McMahon and Nicholls, I99Ib; Verhage et al, 1991; Sihra et al, 1992). Fig 3.3A 
shows the experimental protocol for studies in which cells were stimulated to release 

glutamate, during the first and third stimulatory periods, by the addition o f 50mM K"*", 
and, during the second (S2) stimulation period, by 2 min incubation with 2pM  

ionomycin, or vehicle (25pM DMSO) (Fig 3.3A, n=5). As can be seen, stimulation of 

release in response to ionomycin is increased only slightly as compared to control 
DMSO-treated cells, 0.31 ± 0.09% of total cell [^H]-glutamate was released in response 

to DMSO and 0.37 ± 0.06% of total cell glutamate was released during incubation with 

2pM ionomycin. Basal release of glutamate remained slightly elevated for 16 min after 
the removal o f ionomycin probably because o f its incomplete washout and the 
subsequent raised intracellular Câ "*" concentration. Because o f this raised basal release 
o f glutamate, all stimulated release results presented in this Section (3.2.3)
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Figure 3,2 K^-induced depolarisation evoked [^H]-glutamate release from  cerebellar 

granule neurones,

A.. [^H]-glutamate release was evoked from cerebellar granule neurones by substituting Na"*" for various 

concentrations o f  K"*" in stimulating Krebs medium. Increasing concentrations o f linearly increased 

the release o f [^H]-glutamate (■). Average basal release in the respective experiments is shown by the 

dotted line (O ).

B. When constant Na"̂  was maintained in both the basal maintaining and 50mM K^-containing Krebs 

medium ( • ,  n=5), [^H]-glutamate release was similar to cells stimulated to release glutamate by 

substitution o f Na'*’ for 50mM K^ (O , n=5).
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correspond to glutamate released during the 2  min stimulatory periods only and are not 
corrected for basal release.

Release of [^H]-glutamate was reduced from 1.46 ±0.23%  o f total cell glutamate 

during the 50mM K"*"-stimulated SI period, to 0.37 ± 0.06% of total cell glutamate in 

response to 2pM ionomycin (Fig 3.3A, n=5, p<0.001). A third period o f 50mM 
stimulation (S3) produced comparable release o f [^H]-glutamate to that observed during 
SI; with a S3/S1 ratio in ionomycin-treated cells o f 1 .192±0.19, as compared to the 

S3/S1 ratio o f 1.07 ± 0.16 seen in DMSO treated cells (Fig 3.3A, n=5, N.S).

Figure 3.3B shows stimulation of [^H]-glutamate release in response to 4pM 

ionomycin. In these experiments release was slightly increased as compared to that 
stimulated by 2pM ionomycin. In these experiments release o f glutamate was reduced 
from 4.44 ± 0.51% of total cell glutamate during the 50mM K"""-stimulated SI period to 
1.85 ± 0.19% of total cell glutamate during incubation with 4pM ionomycin (Fig 3.3B, 
n=7, p<0.001). The increase in glutamate release seen in response to 4pM ionomycin, 
although greater than that seen in response to 2pM ionomycin, was still much less than 

that seen during the K'^'-stimulated SI period. After 4pM ionomycin stimulation of 

cells, a third period o f K'*"-induced stimulation (S3) yielded very little glutamate release 
as compared to cells in which all 3 periods o f stimulation were initiated by K"*"-induced 
depolarisation (Fig.3.3B-inset). As basal levels o f glutamate release were still elevated, 
prior to the third period o f stimulation, as compared to those observed before the 
addition o f ionomycin, it is possible that the low stimulation of release seen in S3 was 
due to continual elevation of intracellular Câ *̂  levels by residual ionomycin, and 
subsequent inhibition o f Ca^“̂  entry following K'*"-induced depolarisation, possibly via 
the activation o f Câ '*' activated K"*" channels. These channels have been reported to be 

localised in association with VDCCs at the pre-synaptic terminal (Robitaille et al, 
1993), and have been implicated in the regulation of calcium entry at the neurosecretory 
terminals o f the frog pituitary (Obaid et al, 1989) and in the regulation o f both Câ '*' 
entry and transmitter release at the frog neuromuscular junction (Robitaille and 

Charlton, 1992).

3.2.4 Is 50mM  K ^-stimulated release o f  [^HJ-glutamate from  cerebellar granule 

neurones calcium dependent?

In order to examine the component of 50mM K'*'-stimulated glutamate release that is 

Ca^^-dependent, experiments were performed in which cells were depolarised by 
exposure to 50mM K'*' either in the presence o f 1.8mM Câ "̂  or in its absence with the 
presence o f ImM EGTA. Control cells were stimulated by the addition o f 50mM
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Figure 3.3 The release o f Hfglutamate from cerebellar granule neurones.in 
response to the Ca^^-ionophore, ionomycin is much less than that released in 

response to 50mM K^.

Cells were stimulated by the addition of 50mM K’*'-containing Krebs medium during the first and third 

stimulation periods and either ionomycin or the corresponding vehicle (DMSO), during the second 

stimulation period.

A The addition o f 2pM ionomycin (O , n=5) produced very little [^H]-glutamate release as compared to 

prior and subsequent stimulation of release by 50mM K"*"; DMSO ( • ,  n=3) was completely ineffective at 

stimulating the release o f [^H]-glutamate.

B. The addition o f 4pM ionomycin was barely more effective at stimulating [^H]-glutamate release than 

2pM ionomycin (n=7). Prior and subsequent K'*'-induced depolarisation was effective at stimulating the 

release of [^H]-glutamate. The inset graph shows an example of control cells stimulated three times with 

50mM K’̂ '-Krebs solution, release in all three stimulation periods is constant (n=5).
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Figure 3.4 SOmM K^-stimulated release o f  [^H]-glutamate from  cerebellar granule 
neurones is dependent on the presence o f extracellular Ca '̂ .̂

A. K""'-stimulated [^H]-glutamate release was measured from cerebellar granule neurons either in the 

presence of 1.8mM Câ "̂  or in its absence with the presence of ImM EGTA. In control cells (O , n=5) 

1.8mM Câ "*" was present throughout the experiment, in other cells ImM EGTA replaced Câ '*" in either 

the S2 period only (# , n=5) or during both the SI and S2 stimulation periods (A, n=5).

B. Cells were stimulated with 50mM either in the presence o f l,8mM Ca^^ (control cells, O, n=6), in 

the presence o f 200pM Cd^^ during S2 period (# , n=6), or 200pM Cd̂ '*’ during the SI and S2 

stimulation periods (A, n=6). (* p<0.001)
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K"*"/L8 mM Ca2"*'-containing Krebs medium during both the first and second stimulation 

periods (S1,S2). Under these conditions approximately 2% of total cell glutamate was 

released in each period of stimulation. However, where cells were stimulated, during 
the second stimulation period (S2), in the absence o f Ca2+ and the presence o f ImM 

EGTA the ratio o f release (S2/S1 ratio) was reduced from 1.02 ±0.11 under control 
conditions (Fig.3.4A, n=5) to a ratio of 0.19 ±0 .07  (Fig 3.4A, n=5, p<0.001). The 
absence of Ca2+ and addition o f ImM EGTA during both stimulation periods 

completely abolished K"*"-stimulated release of glutamate (Fig 3.4A, n=5). Inclusion of 

200pM Cd̂ "*" also abolished the K"*'-stimulated release o f glutamate, when present 
during the S 1 period o f stimulation, or, during both the S1 and S2 periods o f stimulation 

(Fig 3.4B, n=6 ). These results provide evidence that 50mM K"^-stimulated release of 

[^H]-glutamate from cerebellar granule neurones is completely dependent on the 
presence o f extracellular Câ "̂ .

3.2.5 Is any o f  the K^-stimulated release o f  [^H]-glutamate observed due to reversal 
o f  the glutamate uptake transporter?

Results in Section 3.2.4 showing that K''"-stimulated release o f [^H]-glutamate release is 
almost completely Ca^"*"-dependent suggest that very little, if  any, o f the stimulated 
release observed is due to reversal o f the glutamate transporters. This possibility, 
however, was further investigated by examining the effect o f the inhibitor o f high 
affinity glutamate uptake, dihydrokainate (DHK) on glutamate release. This glutamate 
uptake inhibitor is reported to inhibit all known glutamate transporters at a 

concentration o f ImM (Kanai et al, 1993b).
Inclusion of ImM DHK throughout the experimental protocol did not effect K+- 
stimulated glutamate release during the SI period of stimulation. However during the, 

second stimulation period release was potentiated , 29 ± 12% (Fig 3.5A, n=7), from a 

release o f 2 .1 2  ± 0.16% of total cell glutamate under control conditions to 2 .6  ± 0.16% 
o f total cell glutamate in the presence of DHK (Fig 3.5A, n=7, p=0.002). Basal release 

o f glutamate was also potentiated, although not significantly, in the presence o f DHK; 
from release o f 0 .2 2  ± 0.028 % of total cell glutamate in release periods preceding and 
following the first stimulatory period in control cells to 0.28 ± 0.038% o f total cell 
glutamate in a corresponding period in DHK-treated cells (Fig 3.5B, n=7, NS). In
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Figure 3.5 Effect o f  the glutamate uptake inhibitor^ dihydrokainate (ImM), on 

SOmM -stimulated glutamate release.

A) K'*'-stimulated glutamate release was measured from cerebellar granule neurons, during the SI and S2 

stimulation periods, for both control cells (□ , n=7) and cells stimulated in the presence o f ImM DHK (■ , 

n=7). Results are expressed as mean ± S.E.M., statistical significance o f  release in the presence o f DHK 

as compared to control release was calculated using Students t-test (* p<0.05, n=7).

B) Basal glutamate release was not affected by the presence o f ImM DHK (■ , n=7) as compared to 

control cells (□ , n=7).
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release periods preceding and following the S2 period of stimulation release was 
increased from 0.122 ± 0.017% of total cell glutamate in control cells to 0.163 ± 0.02% 
of total cell glutamate in DHK-treated cells (Fig 3.5B, n=7, NS). These results indicate 
that reversal of the glutamate transporter does not contribute to efflux of glutamate in 

this system.

3.2.6 Are non-NMDA glutamate receptor channels involved in the release o f  [^HJ- 
glutamate in response to K -̂depolarisation?

It is possible that released glutamate may modulate its own release by acting on pre- 
synaptic receptors. This was examined in the following series o f experiments.

CNQX preferentially antagonises AMPA/Kainate sub-types o f glutamate receptors 

(Honoré et al, 1988; Yamada et al, 1989). However, CNQX has also been shown to 
suppress a non-inactivating HVA calcium current at a concentration o f 2pM (Dixon and 
Copenhagen, 1992). In experiments carried out in the presence of 3pM CNQX, 50mM 
K^-stimulated release o f [^H]-glutamate was inhibited during both the SI and S2 
periods o f stimulation (Fig 3.6 A, n=6 ); the presence o f CNQX had no effect on basal 
release of glutamate (Fig 3.6A, n=6 ). Stimulated release o f glutamate was inhibited 
32% by the presence of 3|iM CNQX, from 2.22 ±0.14%  of total cell glutamate in 

control cells, to release of 1.51 ± 0.1% of total cell glutamate in the presence o f CNQX 
(Fig 3.6B, n=12, p<0.005).

3.2.7 Are NMDA glutamate receptor channels involved in the release o f  

[^H]-glutamate in response to K^-depolarisation?

D-2-Amino-5-phosphonovalerate (APV) is a specific NMDA receptor antagonist. 
Experiments were carried out in which lOOpM APV was included in the second 

stimulatory incubation period (S2) and in the two basal incubation periods prior to, and 
following it. As can be seen from Figure 3.7A inclusion of APV had no effect on either 

stimulated or basal release o f glutamate (control-n=3, APV treated-n=6 ). S2/S1 ratios 
were calculated for each experiment and are shown in Figure 3.7B, as can be seen ratios 
in both control and APV-treated cells are similar (1.34 ±0.262 - control cells; 
1.198 ±0.103 - APV-treated cells), indicating that no component o f K'*‘-stimulated 

glutamate was due to elevation of intracellular Câ "*" via activation of NMDA receptors.
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Figure 3.6 Effect o f the non-NMDA^ glutamate receptor channel blocker, CNQX 
(3pM) on SOmM K^-stimulated [^HJ-glutamate release from cerebellar granule 
neurones.

A. CNQX, present throughout the experimental protocol, had no effect on basal release of [^H]- 

glutamate but inhibited K^-stimulated release during both the SI and 82 periods of stimulation (# , n=6) 

as compared to control cells (O , n=6).

B. The presence of CNQX inhibited K"*"-stimulated release of [^H]-glutamate from 2.22 ±0.14%  (□ , 

n=12) of total cell glutamate in control cells, to 1.51 ±0.10% (Hi, n=12) in cells in the presence of 

CNQX.
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Figure 3.7 Effect o f the NMDA channel blocker  ̂ APV (100juM), on SOmM K^- 
stimulated [^HJ-glutamate release from cerebellar granule neurones.

A. Cells were stimulated to release [^H]-glutamate by the addition of 50mM K"*"-Krebs solution during 

both SI and 82 stimulation periods. Experimental profiles are shown for both control cells ( • ,  n=3) for 

cells which were stimulated in the presence of lOOpM APV during the second stimulation period (O , 

n=3).

B. Shows S2/S1 ratios for control (M ) and APV-treated cells (Bi). Addition of APV during the S2 

period of stimulation had no effect on the release of [^H]-glutamate.
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3.2.8 Does 50mM K -̂evoked release o f  f^HJ-glutamate require the influx o f  N a  ̂
through tetrodotoxin-sensitiveNa  ̂channels?

Cells were stimulated to release glutamate by 50mM K"*"-evoked depolarisation during 

the first period o f stimulation (SI), and during the second period o f stimulation (S2), by 
incubation with 50mM K“̂ , either in the presence or absence o f IpM tetrodotoxin 

(TTX), a Na"*" channel blocker. Where present TTX was included in the S2 stimulation 
period and in the two basal incubation periods preceding and following it. The presence 

of TTX had no effect on basal or stimulated glutamate release (Fig 3.8 A, control-n=3, 
TTX-treated, n=6 ) or on S2/S1 ratios which were 1.47 ±0.085 in control cells 

(Fig 3.8B, n=3) and 1.35 ± 0.05 in cells stimulated in the presence of TTX during S2 

(Fig 3.8B, n=6 , N.S). These results provide evidence that K'^-stimulated glutamate 

release is independent o f propagated action potentials.

3.2.9 Is SOmMK^-stimulated glutamate release supported by as well as Ca^'̂ ?

Experiments were carried out in which 1.8mM Bâ "̂  replaced 1.8mM Câ "̂  in both 

basal and stimulating Krebs medium. The presence o f Bâ "*" in the medium greatly 
enhanced glutamate release during both stimulated and basal periods o f release 
(Fig 3.9A, n=7). Stimulated release of glutamate, calculated from the amount o f  
glutamate released during the 2  min stimulation period only, because of the high basal 
release, was increased from 1.175 ±0.11%  o f total cell glutamate where release was 
supported by the presence o f Câ "*” (Fig 3.9B, n=14), to 1.964 ±0.26%  of total cell 
glutamate when release was supported by Ba^+ (Fig 3.9B, n=14, p<0.05). Basal release 
o f glutamate was increased in these experiments from 0.196 ±0.02%  o f total cell 
glutamate in the presence of Câ "*" (n=14) to 0.53 ±0.1%  of total cell glutamate in the 

presence o f Ba^+ (n=14, p<0.05). These results suggest that, as has been reported 
elsewhere, Bâ "*" is able to block K"^-channels (Cook, 1988) and thus causes 
depolarisation o f neurones and release of transmitter, even in the absence of 

(McMahon and Nicholls, 1993; Sihra gr a/, 1993).

Further experiments were carried out in which Bâ "̂  substituted for Câ "*" in the SI and 

S2 incubation periods only; in order to prevent depolarisation o f neurones in the basal 
release periods. ImM EOTA, which has been reported to chelate Câ """ 300 times more 

effectively than Bâ "̂  (Portzhel et al, 1964, Martell and Smith, 1974), was also included 
in the medium during SI and S2, in order to chelate any residual Câ "*" present. Under 
these conditions basal release o f glutamate was unaffected (Fig 3.9C, n=5).

99



A.
2.5  -

8

1  ̂D) 2
0.5  -

0.0CO

2 4 6  8  10 12 14 16 18 20 22 24 26

B

1.4-

1.2-

o I.Oh

2 0.8-

0.6-
CN
CO 0.4-

0.2-

0.0-

Time (min)
I mMTTX

Control TTX

Figure 3.8 SOmM -depolarisation evoked release o f [^H]-glutamate does not 
require the influx o f Na'  ̂through tetrodotoxin-sensitive Na'  ̂channels.

A. Cells were stimulated by addition of 50mM K'*' during the first stimulatory period, and during the 

second stimulatory periods again in the presence of 50mM K^, either in the absence (# , n=3) or presence 

(O , n=6) of IpMTTX.

B. S2/S1 ratios were calculated for both control (# 0 , n=3), and TTX-treated cells (Hi, n=6). No effect 

of TTX on K^-stimulated [^H]-glutamate release was observed.

100



4 6 8 10 12 14 16 18 2D 22 24 25 28
Time (mins)

0)
3.5

3.0

0)

0.0

Time (min)

0)
% 3.0̂

jS  25 -  

O) 20-

B.

1

1
0)

■§

To

1.5-

1.0 -

0.5-

0.0 -

Q
3.0

2.5

2.0

E  

1
1.5

1.0

0.5

0.0
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Figure 3.9 SOmM K^-stimulated release o f [^H]-glutamate from  cerebellar granule 
neurones is supported by Ba^^ as well as Ca^^.

A. Replacement of 1.8mM ( • ,  n=7) by I.8mM Bâ "̂  (O , n=7) in the medium, enhanced K"̂ - 

stimulated glutamate release, but also increased basal release of [^H]-glutamate.

B. K'^-stimulated release of [^Hjglutamate was increased from 1.175 ±0.11% of total cell 

[^H]-glutamate in the presence of 1.8mM Ca^^ (Bi, n=14), to 1.964 ±0.26% of total cell [^H]- 

glutamate in the presence of 1.8mM Ba^^ ( H ,  n=14, p<0.05).

C. Experiments were performed with 1.8mM Ba^+ (O , n=5) replacing 1.8mM ( • ,  n=5) in the SI 

and S2 periods only, ImM EGTA was also present in these stimulation periods where cells were 

stimulated in the presence of Bâ ""̂ .

D. K^-stimulated release of [^H]glutamate was reduced from 2.7 ± 0.25% of total cell glutamate in cells 

stimulated in the presence of 1.8mM Ca^^ ( H ,  n=15), to 2.21 ± 0.13% of total cell glutamate in cells 

stimulated in the presence of 1.8mM Ba^^ and ImM EGTA (M , n=15, p<0.05).
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Stimulated release of [^H]-glutamate was, however, reduced from 2.7 ± 0.25% of total 
cell glutamate in control conditions (Fig 3.9D, n=15) to 2.21 ±0.13%  of total cell 
glutamate in cells stimulated with 1.8mM Bâ "*" in the presence o f ImM EGTA (Fig 

3.9D, n=15, p<0.05). These results indicate that although Ba^^ blocks a number o f  

channels, stimulated release is able to be supported by this ion to a similar extent as 

when Câ '*" is supporting stimulated release.
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3.3  D iscu ssion

3.3.1 In Vitro Depolarisation o f  Neurones.

Generation o f an action potential occurs as a consequence o f the sequential activation of 

Na"*" and K"*" channels. Initial opening o f voltage dependent Na"*" channels causes influx 

o f Na"*" into the cell which in turn reduces the negative charge on the intracellular 
membrane and causes further depolarisation, reversing the resting potential (see Section

1.2.1) until the equilibrium potential for Na"*" is reached. This sudden reversal in the 

membrane potential is transient and self-limiting due to the increase in membrane 
potential causing inactivation o f voltage-dependent Na"*" channels, and, after a short 
delay, opening o f channels and repolarisation o f the membrane. Once initiated, the 

action potential causes local current flow sufficient to depolarise the adjacent axonal 
membrane, thus propagating the action potential. As described earlier, the 
depolarisation caused by propagation o f this action potential causes opening of VDCCs 
and release o f neurotransmitter at the pre-synaptic nerve terminal.

There are a number o f commonly employed ways o f simulating this physiological 
depolarisation chemically, in cultured neurones and synaptosomes. This study has 
examined the effect o f a number o f these methods on the release o f newly synthesised 
glutamate from cerebellar granule neurones. The results are discussed below.

3.3.2 Depolarisation o f  neurones by K ^channel inhibition.

The (K"'")-channel, because of its rapid activation in response to membrane 
depolarisation, has been reported to be important in stabilising the resting membrane 
potential o f cells and synaptosomes (Segal and Barker, 1984; Carignani et al, 1991; 
McMahon and Nicholls, 1991a). Blockade o f this channel by 4-aminopyridine (4-AP) 
has been reported to evoke spontaneous action potentials in synaptosomes and other 

excitable preparations (Llinas et al, 1976, Yeh et al, 1976; Marshall et al, 1979; Galvin 

et al, 1982; Tibbs et al, 1989a,b). This has been suggested to be a useful method of 
stimulating nerve terminal depolarisation in order to evoke transmitter release, as it is 
reported to cause repetitive firing o f action potentials similar to the transient action 
potentials reported in vivo (McMahon and Nicholls, 1991a).
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There have been mixed reports as to the effectiveness o f 4-AP in stimulating 
uptake into synaptosomes and neurones (Tapia et al, 1985; Suszkiw et al, 1986). Tibbs 
et al (1989a), reported an increase in uptake o f in cerebral cortical
synaptosomes, in response to ImM 4-AP, that was equivalent to that seen following 
depolarisation by 30mM K"*". This increase in Câ '*’ uptake was accompanied by release 

of glutamate that was similar to that observed in response to 30mM K"*'-depolarisation, 
however, it has also been reported that the membrane potential is only depolarised by 
10-15m.V at this concentration o f 4-AP (McMahon et al, 1989; Tibbs et al, 1989b). In 

experiments shown in Figure 3.1 A, neither 1 nor 2mM 4-AP was successful in 

stimulating the release o f glutamate from cerebellar granule neurones. It has been 
reported that the kinetics o f 4-AP-stimulated release o f glutamate are much slower than 
that stimulated by increasing extracellular [K"*"] (Tibbs et al, 1989a). The same study 

demonstrated however, that, after a 10 min exposure to 4-AP, similar release o f  

glutamate was observed to that seen following 3 min exposure to high K"*" (Tibbs et al, 
1989a). In experiments shown in Figure 3.IB, exposure of cells to 4-AP for up to 
20 min did not cause significant release o f -glutamate from these cells. Cerebellar 

granule neurones maintained in culture for 7 days maintain a resting membrane potential 
o f about -80mV (Watkins and Mathie, 1994a). As Na"̂  channels require a membrane 
potential, depolarised to at least -50mV, is possible that the change in membrane 
potential after addition o f 4-AP in these cells did not reach the threshold for initiation o f  
an action potential and therefore did not induce entry of Câ "*" into the cells. 
Synaptosomes, however, have a more depolarised resting membrane potential which 
may explain the ability o f 4-AP to initiate an action potential in these preparations. 
Alternatively, it is possible that 4-AP sensitive K‘*"-channels are not active at potentials 
close to the resting membrane potential in cerebellar granule neurones (Watkins and 
Mathie, 1994a). It has been reported that, in cerebellar granule neurones, although 
channels exist, 4-AP is not selective for these channels and only partially inhibits them 
(Cull-Candy et al, 1989; Watkins and Mathie, 1994; but see also Carignani et al, 1991) 
which could explain the inability o f 4-AP to initiate release of glutamate in these cells.

3,3,3 Depolarisation o f  neurones by opening o f  Na^channels,

At rest, if  the membrane potential is sufficiently hyperpolarised, Na"̂  channels are all in 

a closed state. Opening voltage dependent Na"*" channels and/or prevention o f their 

inactivation causes a large increase in Na'*' conductance and depolarisation. Despite the 
widespread use o f the alkaloid Na"̂  channel opener, veratridine, as a means o f initiating 

release o f transmitter (McMahon and Nicholls, 1991a), this technique has a number of 
limitations. Veratridine produces a sustained depolarisation by blocking Na"*" channels 

in the open state, unlike the transient action potentials seen in vivo. Also, continuous
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entry o f Na“̂ into the terminals causes a severe decrease in ATP levels due to increased 
activity o f the Na'*'/K'''-ATFase. Finally, the collapse o f the Na"*"-electrochemical 
gradient across the plasma membrane causes reversal of Na"^-dependent high affinity 

plasma membrane neurotransmitter transporters and non-vesicular, Ca^'^-independent 
release of transmitter (Levi et al, 1980; McMahon et al, 1990). This high degree of 
Ca^"*"-independent release of glutamate has been previously reported in cerebellar 

granule neurones (Van Vliet et al, 1989). Because o f the limitations of this method and 
the lack o f ability to differentiate between Ca^'^-dependent and independent 
components o f release in the assay used, the ability o f veratridine-induced 

depolarisation to stimulated release of glutamate was not investigated in this study.

3.3,4 K ^evoked  depolarisation o f  neurones.

Because o f the predominant K“*" conductance o f the resting membrane, it is possible to 
depolarise neurones by incubating in an extracellular medium which has a high 
concentration o f K"*“. This depolarisation causes rapid influx o f Ca^+ (Blaustein, 1975; 
Drapeau and Blaustein, 1983; Nachsen, 1985; Suszkiw et al, 1986), a rapid, partially 
transient rise in intracellular Câ "*" concentration (Adam-Vizi and Ashley, 1987; 
Courtney et al, 1990), and subsequent release o f various transmitters. This is a very 
commonly employed experimental tool for evoking depolarisation of nerve terminals 
and is very effective in stimulating release of neurotransmitter. One o f the main 
criticisms o f this methodology is that a high extracellular concentration o f K"*" causes a 
continuous, 'clamped' depolarisation which does not reflect the physiological activation 
o f transient Na"*" and K"*" channels. It has also been suggested that prolonged exposure 
o f neurones to elevated K"*" may reduce the Na"*”-electrochemical gradient, thus causing 

non-vesicular release of transmitter. Despite its limitations, however, this method for 
stimulating release o f neurotransmitters remains popular, and provides a simple and 
useful model for the investigation of mechanisms involved in the release o f transmitter 
from neurones.

As can be seen from the control experiments described in Section 3.2.2 and shown in 

Figure 3.2, when stimulated by 50mM K"""-depolarisation cells, released a measurable 
quantity o f newly synthesised glutamate that was approximately 10-15 fold greater than 

that seen in polarised cells, similar to previous studies examining the release o f  

endogenous glutamate from these cells (Van Vliet et al, 1989). The amount o f  
glutamate released increased steeply with concentration of extracellular between 30 
and 50mM, agreeing with other reports examining release of glutamate from this cell 
type (Pocock et al, 1993). It has also been reported by Pocock et al, 1993, that release 
o f glutamate is maximal at 50mM K"*". The substitution o f 2.5mM K'*"-containing basal
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release medium, for stimulating medium containing 50mM K"*" should cause a shift in 

membrane potential of ~ 70mV from a membrane potential of ~ -80mV at rest (Watkins 
and Mathie, 1994a), to a membrane potential of ~ -lOmV under depolarising conditions 

(assuming an internal K"*” concentration of 120mM, see Nemst equation. Section
1.2.1.1). This shift in membrane potential should be sufficient to evoke near maximal 
influx o f Ca2+ through VDCCs in these cells (Pearson et al, 1993) and, assuming 
complete dependence o f glutamate release on entry o f Câ "*" through voltage dependent 
Ca^+ channels (see below), would account for maximal release of glutamate. The 

release o f glutamate in both stimulation periods (SI and S2) was constant, reproducible 

and the basal levels o f release returned to pre-stimuli levels almost immediately 
following removal o f the stimulus, indicating that the cells were not damaged during the 
stimulation periods. Stimulation of [^H]-glutamate release by 50mM K"*'-evoked 

depolarisation typically resulted in the release o f 2-5% of total cell [^H]-glutamate, 
correlating well with the Ca^^-dependent endogenous release o f glutamate from 
cerebellar granule neurones reported by Pocock et al (1993). Also, release o f both 

endogenous and newly synthesised glutamate separated by HPLC from the cells used in 
this study were very similar (T.S. Sihra, personal communication) suggesting that 
release o f glutamate newly synthesised from -glutamine originates from the same 
exocytotic pool as endogenous glutamate.

It would appear from the lack of sensitivity of release to TTX that K"*"-evoked release of 
[^H]-glutamate, despite the presence o f a complex network o f neurones in cerebellar 
granule cells, does not require Na"*" influx. This is in agreement with the suggestion that 
high extracellular K"*" causes a continuous, 'clamped' depolarisation o f cells. Tibbs et al 
(1989a), suggested that release o f glutamate from synaptosomes in response to elevated 
K'*' was caused by a synchronous activation of VDCCs followed by a residual Câ "*" 
influx through non-inactivating channels. After initial activation o f Na"*" channels they 
rapidly inactivate and remain inactivated for the remainder o f the depolarising 'pulse'.

Because stimulated release of newly synthesised [^H]-glutamate was observed from 

these cells on depolarisation by 50mM K"*", the mechanisms initiating release were 

further evaluated.

3.3.4.1 K^-stimulated release o f  f^HJ-glutamate is dependent on Ca^'^ entry through 

voltage dependent Ca^~  ̂channels.

As was discussed in Sections 1.2.6 and 1.3.6.3, much evidence exists that links release 

o f neurotransmitter to the entry o f Câ "'’ into the cell through VDCCs at active zones 

(for review see Smith and Augustine, 1988). It is generally accepted that
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Ca2+-dependent and Ca2"*"-independent release of transmitter differentiates between 
vesicular and non-vesicular release. However, under experimental conditions including 

K'*'-induced depolarisation both components of Ca"*"-dependent and independent release 
are commonly observed (Adam-Vizi, 1992). That the present experiments are 

examining Ca '̂*"-dependent release o f glutamate from cerebellar granule neurones is 

clearly shown by lack of K'*"-stimulated release of [^H]-glutamate observed in the 
absence o f extracellular Câ "*" (Fig 3.4). This exclusively Ca^"'"-dependent release of 

neurotransmitter has been previously reported for endogenous release of glutamate from 
this cell type (Gallo and Levi, 1982; Van Vliet et al, 1989) and suggests that glutamate 

newly synthesised from glutamine and converted to glutamate via mitochondrial 
glutaminase, is taken up into synaptic vesicles and released on exocytosis.

The non-specific HVA Câ "̂  channel blocker, Cd̂ "̂ , was also observed to block the 

K'*'-stimulated release o f [^H]-glutamate from these cells, suggesting that release of 

glutamate was initiated by entry of Câ "*" specifically through VDCCs rather than 

indiscriminate entry of Câ "̂  into the cell cytosol. This would also suggest that 
stimulated release o f glutamate is not dependent on membrane depolarisation as under 
these conditions membrane depolarisation would still occur. The Câ "̂ /2H"'" ionophore, 
ionomycin, causes a bulk increase in cytosolic Ca '̂  ̂rather than a specific entry o f Ca^+ 
through VDCCs and is therefore a useful tool in examining the nature o f the Câ "̂  
trigger in neurotransmitter release. As can be seen from Figure 3.3, when either 2 or 
4pM ionomycin was present only limited release o f glutamate was observed. 
Ionomycin has been reported to transport about 1 ion of Câ "̂  per ms and to induce 
uniform elevation o f intracellular Ca^+ (Pressman, 1976). Intracellular Câ "*" 
concentration is reported to increase to a similar extent on addition o f 1 pM ionomycin 
as compared to 30mM K"̂  (McMahon and Nicholls, 1991b; Verhage et al, 1991; Sihra 
et al, 1992), this increase is reported to be concentration dependent (Verhage et al, 
1991). If glutamate were released in response to bulk increase in intracellular Câ "̂  a 
comparable amount o f glutamate would be expected to be released in response to either 

the ionophore or K'*'-induced depolarisation. This is not so in these experiments and 

suggests that K"*'-evoked depolarisation of cerebellar granule neurones causes the 

opening o f VDCCs which are intrinsically linked to the molecular processes which 
initiate the release mechanism. This is in agreement with work examining release of 
glutamate from synaptosomes, where for the same increase in intracellular Câ "̂ , entry 
o f Ca^+ through VDCCs was eight-times more effective than ionomycin at releasing 

glutamate (McMahon and Nicholls, 1991b; Verhage et al, 1991).
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3.3.4.2 Reversal o f  the high affinity glutamate uptake transporter does not contribute 

to K^-stimulated release o f  [^HJ-glutamate from  cerebellar granule neurones.

Although entry of Câ "*" through VDCCs is accepted to be important in stimulating 

vesicular release of glutamate, cytosolic release of glutamate and other 

neurotransmitters has also been reported, both when release has been stimulated by 

K'*'-evoked depolarisation and especially after prevention of Na"*" channel inactivation 

by veratridine (reviewed by Adam-Vizi, 1992, Erecinska, 1987). In general this release 

is believed to be Ca^"^-independent and is thought to be caused by reversal o f the high 

affinity transporters of neurotransmitters located on the plasma membrane o f neuronal 
and glial cells (Nicholls and Attwell, 1990 - and see Section 1.3.4). It has been 
suggested that in the case of GAB A, this non-vesicular release could be o f physiological 
significance as glutamate-induced depolarisation o f both retinal horizontal cells 

(Schwartz, 1982; Yazulla and Kleinschmidt, 1983; Ayoub and Lam, 1984) and type 2 

astrocytes (Pin and Bockaert, 1989; Gallo et al, 1991) initiates GAB A release by 
reversed uptake. The concentration o f G ABA released in this way is theoretically 
substantial enough to activate GABA-gated chloride channels on nearby cells (Attwell 
et al, 1993). It was suggested by Attwell et al (1993), that this phenomenon could 
provide an explanation for the expression of glutamate-gated ion channels on glial cells 
and that the observed glutamate-evoked release of G ABA may be o f value as a 
protective mechanism against excessive extracellular glutamate concentration. In the 
case o f non-vesicular release of glutamate, it would seem likely that reversal of the 
glutamate transporter may have a pathological role to play in conditions o f ichaemia and 
brain anoxia, where a fall in the intracellular ATP levels causes a rundown in 
transmembrane ion concentrations and massive release o f glutamate into the 
extracellular space. This glutamate release is believed to be responsible for the death of 
neurones, as studies have shown that antagonists of glutamate receptors reduce the 
number o f neurones killed (Sheardown et al, 1990). Differing reports have claimed this 

excessive glutamate release to be both Câ '*‘-dependent (Drejer et al, 1985) and 
independent (Ikeda et al, 1989). However reversal of the glutamate transporter is 

thought to be at least partly involved; Attwell et al (1993), calculated that the rise in 
extracellular [K"*"] associated with anoxia/ischaemia, would cause reversal of the 
glutamate transporter such that, within a matter o f seconds the extracellular glutamate 
concentration would rise to cytotoxic levels. In experiments carried out in this study, 
50mM K"'" initiates release of glutamate that is almost completely dependent on 
extracellular Câ "̂ . This would suggest that reversal o f the glutamate transporter is not 
involved in the observed, stimulated release o f glutamate, as this would be expected to 
be independent o f extracellular Câ "*" but would be raised by elevated external K”*" 
(Attwell et al, 1993). To further verify the lack o f involvement o f reversal of the 
glutamate transporter in K'*"-stimulated release, the effect o f DHK (ImM), an inhibitor
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of plasma membrane glutamate transporters, was examined. Release of glutamate was 
actually increased rather than decreased in the presence o f this uptake inhibitor, 
suggesting that, in this system, glutamate transporters are acting in the forward 
direction. The glutamate transporters present in the cultured cerebellar granule neurones 

would presumably be those localised on the pre-synaptic membrane, and not those 

localised on glial cells due to the low number of contaminating cells found in the culture 

conditions described (Section 1.6). This transporter, presumably the EAACl type, has a 

Kjn for glutamate of about 12pM and is thought to be involved in the pre-synaptic 
uptake o f glutamate following its release (see Section 1.3.4). Although in many assays 
reuptake carriers would not be expected to function, due to the lack o f extracellular 
neurotransmitter, the static nature of the assay described in this study presumably would 

cause the exposure of cells to extracellular glutamate and it is therefore explicable that 
an apparent increase in release is seen in response to this uptake inhibitor.

3,3,4,3 The contribution o f  glutamate receptors to K^-stimulated release o f  
[^H]-glutamate from  cerebellar granule neurones.

Cerebellar granule neurones have been shown to express a number o f ionotropic 
glutamate receptors including AMP A/quisqualate, kainate and NMDA receptors 
(Holopainen and Kontro, 1988; Holopainen et al\ 1989, 1990, 1994; Courtney et al, 
1990). It has been reported that the non-NMDA receptor agonist, kainate, acts pre- 
synaptically to cause an increase in glutamate release (Pocock et al, 1988). This 
increase in release o f glutamate was explained by the ability o f kainate to inhibit the 
high-affinity glutamate transporter located on the plasma membrane (Johnston et al, 
1979). More recently, however, increases in cytosolic calcium concentrations have been 
reported in response to kainate in cerebellar granule neurones (Courtney et al, 1990) and 
AMP A, kainate and quisqualate in dopaminergic neurones (De Erausquin et al, 1994). 
It has been suggested that these increases in intracellular Câ "̂  concentrations are due, at 
least in part, to depolarisation of cells by entry o f Na"̂  through AMPA/kainate receptor 

channels and subsequent activation of VDCCs, specifically the L-type calcium channel 
(Courtney et al, 1990). Several studies have reported that CNQX is a potent and 
selective non-NMDA receptor antagonist (Honoré et al, 1988; Blake et al, 1988; 
Yamada et al, 1989). Although having a much higher affinity for AMP A receptors than 

kainate receptors, at concentrations above 2pM both types o f receptors should be 

antagonised (Honoré et al, 1988). In experiments described in this study, 3pM CNQX 

inhibited glutamate release significantly. These results could indicate the presence of 
presynaptic AMPA/kainate receptors producing a positive feedback mechanism due to 
Ca^+ entry through these ionotropic receptor channels, or associated Ca2+ channels. It 
is unlikely that Ca^" -̂entry through AMP A receptor channels would be the cause of
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increased release in these cells due to the high expression o f the GluRB subunit in 
cerebellar granule neurones, which has been suggested to be the receptor subunit 
responsible for the characteristic low Câ "*" permeability o f these receptor channels (see 
Section 1.3.3.1, and Seeburg, 1993). It is conceivable, however, that activation of 

AMP A receptors may increase intracellular Câ "*" concentration indirectly by 

subsequent activation o f HVA Ca^^ channels. Another possibility is that the kainate 

channel complex, depending on its RNA editing (see Section 1.3.3.2), could account for 
Ca^+ entry and subsequent glutamate release (see Seeburg, 1993). Such a positive 

feedback mechanism is not a popular concept, as its existence, for a fast 
neurotransmitter like glutamate, could, in pathological conditions or in the case o f a 

malfunction, lead to excessive neuronal excitation. The inhibition o f glutamate release 
observed in these experiments could also be due to direct suppression o f a HVA Câ "*" 

channel as reported by Dixon and Copenhagan (1992). This has been further 

investigated in our laboratory by examining the effect of CNQX on HVA Câ "*" 
channels using the whole cell patch clamp technique. Application o f CNQX to 
cerebellar granule neurones caused an incompletely reversible reduction in the HVA 
current amplitude with no change in the holding current (Huston et al, 1995). This 
suggests that the action o f CNQX on glutamate release is, at least in part, due to 
inhibition o f VDCCs.

It has been shown in many preparations, including cerebellar granule neurones, that 
NMDA receptor activation increases cytosolic Câ "̂  concentrations (e.g. MacDermott et 
al, 1986; Burgoyne et al, 1988). It would appear from the result shown in Figure 3.7 
that although non-NMDA receptor channels may be implicated in the potentiation of 
K’*'-stimulated release o f glutamate from cerebellar granule neurones, under these 
conditions, NMDA receptor channels play no part in this process. It is possible that this 
lack o f involvement of NMDA receptor channels in activation o f synaptic transmission 

is due to the presence o f extracellular Mĝ "*" (ImM), which provides a voltage- 
dependent block o f these receptor channels (MacDonald and Nowak, 1990). 
Alternatively, it is possible that the results reported here reflect the absence of NMDA 
receptors on the pre-synaptic terminals in these cells. Under the conditions described 
here, NMDA receptor channels are not active or able to support the release o f glutamate.
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3,3.5 can support the release o f  glutamate in the absence and presence o f
K^-evoked depolarisation.

Ba^+ ions have been shown to enter the nerve terminal largely through VDCCs 

(Nachshen and Blaustein, 1982; Augustine and Eckert, 1984) and are used frequently in 

electrophysiological studies as a substitute for Ca^+ ions, due to their high permeability 
across the plasma membrane and ability to increase the amplitude o f Câ "*" channel 
currents recorded. Bâ "̂  ions have also been shown to substitute for Ca^+ ions in 

stimulating release o f neurotransmitters from various mammalian nerve terminals (Levy 
et al, 1974;; McLachlan, 1977; Silinsky, 1978; McMahon and Nicholls, 1993; Sihra et 
al, 1993). As can be seen from the present studies, Ba^^ is able to support release o f  

glutamate from cerebellar granule neurones, even in the absence o f elevated K"*" 
(Fig 3.9A). This result agrees with previous studies examining release o f glutamate 
from synaptosomes (McMahon and Nicholls, 1993; Sihra et al, 1993) and is 
presumably due to the ability o f Ba2+ to block K"*" chaimels (Cook, 1988), which will 
cause depolarisation of the cells. Bâ "*" is a less specific blocker o f K"*" channels than 
4-AP, which in these cells did not evoke glutamate release, lending support to the 
hypothesis that 4-AP sensitive K"*" channels are not active in these cells at rest (see 
Section 3.3.2). Ba^’*' has been reported to be more effective at evoking release o f 
glutamate than Ca2+ (McMahon and Nicholls, 1993). This phenomenon has been 
suggested to be due to the lower sequestration o f Bâ "*" as compared to Câ "*" by 
intraterminal buffering systems (Rasgado-Flores et al, 1985); thus, even a small amount 
of Ba2 + entering the nerve terminal during basal periods would accumulate and induce 
release. This together with the depolarisation produced would also explain the gradual 
increase in release seen during sequential basal periods during this study. Experiments 
were carried out in which Bâ "̂  substituted for Câ '*' during the stimulation periods (SI 

and S2) only, in order to prevent depolarisation o f the neurones during basal release 

periods. In these studies ImM EGTA, which has been reported to chelate Câ "*" 
300 times more effectively than Bâ "*" (Portzhel et al, 1964; Martell and Smith, 1974), 
was also present during the stimulatory periods in order to chelate any Câ '*' present 
(Fig 3.9C and D). Under these conditions release o f glutamate was slightly reduced in 
the presence o f Bâ "*". It is possible that this inhibition could be due to the inability o f  
Ba^+ to interact with calmodulin (Klee, 1988) and its subsequent inability to activate 

calmodulin dependent enzymes such as Ca^+Zcalmodulin-dependent protein kinase II 
(CAM/Kinasell; Robinson and Dunkley, 1983). This result is in contrast to those of 
McMahon and Nicholls (1993), who observed no difference in release o f glutamate 
from cerebrocortical synaptosomes stimulated by K"""-induced depolarisation either in 
the presence o f Câ "*" or Bâ "*", and who thus hypothesised that calmodulin-mediated 
phosphorylation does not play an essential role in depolarisation-evoked glutamate 
exocytosis. Others have reported, however, that a higher intraterminal concentration o f
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as compared to Ca2+ is required for a given release of glutamate (Sihra et al, 
1993) and that this could reflect the necessity o f a Ca^'^'/CAMkinasell interaction for 

efficient release of glutamate. Alternatively, the decreased ability o f Bâ "*" to support 
K"*"-evoked glutamate release could reflect a lower affinity of Bâ "*”, as compared with 
Câ "*", for some or all o f the molecular components involved in triggering 

neurotransmitter release.

3.4 Summary

Release of glutamate from cerebellar granule neurones following K"*"-evoked 
depolarisation is dependent upon the entry of Ca2 + through voltage dependent calcium 
channels.

As was discussed in Chapter 1 (Section 1.6.1) cerebellar granule neurones, grown in 

primary cell culture, constitute a suitable model to study the release o f glutamate from 
central neurones. That these cells express a wide range o f receptor types and voltage 
dependent calcium channel currents (Gallo and Levi, 1982; Courtney et al, 1990; 
Holopainen et al, 1990, Courtney and Nicholls, 1991; De Waard et al, 1991; Marchetti 
et al, 1991; Slesinger and Lansman, 1991; Pearson et al, 1993; Pearson et al, 1995), 
allows the examination o f both the channel subtypes involved in the release of 
glutamate and also its pre-synaptic modulation. One limitation o f evoking 
depolarisation o f  neurones by elevation o f extracellular K”̂ , in order to initiate the 
release o f neurotransmitter, is the sustained depolarisation produced. This must, 
therefore be taken into consideration when interpreting results from such studies. 
However, in the present study K"*'-stimulated release o f neosynthesised [^H]-glutamate 
from cerebellar granule neurones, has been shown to be Câ "*" dependent and exocytotic 
in nature. This is, therefore, a relevant and practical method o f examining the 

mechanisms involved in release of neurotransmitter.
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Chapter 4

The involvement of multiple 
calcium channel sub-types in the 

release of glutamate from 
cerebellar granule neurones
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4.1 Introduction

The entry of through voltage dependent Câ "*" channels (VDCCs) has been
implicated in the control of many neuronal functions, such as neurotransmitter release, 
neuronal migration, neurosecretion, synaptic plasticity, gene expression and cell death. 
Multiple subtypes o f VDCCs have been reported to exist and have been classified into 

T, L, N, and P-type according to their biophysical and pharmacological properties (see 

Section 1.2.2). More recently an attempt has been made to classify further classify the 

remaining Ca^“*" current, into putative 'Q' and ’R' type currents. The properties o f these 
channel and current types has been discussed in detail in Section 1.2.

4. L I  Cloning o f  voltage dependent calcium channels.

In recent years biochemical and molecular biological studies have established that 
voltage dependent Câ "̂  channels are multisubunit structures which are composed of 

a%, tt2 , Ô, P, and, in L-type Ca2+ channels from skeletal muscle, y subunits (see Section
1.2.3) (Catterall et al, 1989; McEnery et al, 1991,1994; Witcher et al, 1993b; De Waard 
et al, 1994b). Much attention has been focused on the a j  subunit which is reported to 
include the voltage sensor, the pore forming region and the receptor sites responsible for 
pharmacological sensitivity (Perez-Reyes and Schneider, 1994; Dolphin, 1995). 
Cloning studies have shown that in brain these a j  subunits are encoded by at least five 

different genes ( « 1 ^IB» ^IC» ^ 1D> a  je ), and that further diversity is created by
the existence o f multiple isoforms for each a j  subunit (Snutch et al, 1990, 1991; Hui et 
al, 1991 : Mori et al, 1991 ; Starr et al, 1991; Dubel et al, 1992; Williams et al, 1992a,b). 
Expression studies have provided evidence that the a j c  and ajp), cloned from cardiac 
and brain tissue respectively, encode 1,4-dihydropyridine (DHP)-sensitive Câ "*" 
channels (L-type) (Mikami et al, 1989; Wei et al, 1991; Singer et al, 1991; Schultz et 
al, 1993; Williams et al, 1992b). a j g ,  has been expressed in a number o f different cell 
types; in all o f these studies the resulting currents resembled N-type Câ "*" currents and 

were sensitive to co-conotoxin GVIA (coCgTx GVIA) (Williams et al, 1992b; Fujita et 
al, 1993; Stea et al, 1993). Expression of a%A oocytes produced a current that was 
insensitive to DHPs and coCgTx GVIA, but that was sensitive to co-agatoxin IVA (coAga 

IVA) (Mori et al, 1991). This evidence, along with the high expression o f a%A 
cerebellar Purkinje neurones (Llinas et al, 1992a) led to the suggestion that a%A 

represented a P-type channel. However the channels produced by a j  a» when expressed 
in oocytes, have different functional properties and are far less sensitive to block by co 
Aga IVA than those reported for the P-type Câ '*' channels o f Purkinje cells (Mori et al, 
1991; Sather et al, 1993). More recently, studies have shown the a%A-i^d^ced current
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in oocytes to be sensitive to co-conotoxin MVIIC (coCTx MVIIC), and it has been 
suggested that represents the putative 'Q'-type Ca2+ channel (Eliinor et al, 1993; 
Randall et al, 1993; Zhang et al, 1993). The expression of ajp; in oocytes produces a 
robust current that is not sensitive to any existing pharmacological channel blockers 
except Ni '̂*'; this current has been suggested to represent the R-current described by 
Zhang et al, 1993.

4.L2 Voltage dependent calcium channels in cerebellar granule neurones.

Cerebellar granule neurones have been shown in a number o f studies to possess a 

number o f subtypes o f Câ "*" channel current including the N-, L- and P-type (Huston et 
al, 1990; De Waard et al, 1991; Marchetti et al, 1991; Slesinger and Lansman, 1991; 
Pearson et al, 1993,1995). The existence of a T-type Câ "*" channel has not been 
observed in these cells but recently the existence of an additional Ca^+ current, 

apparently biophysically and pharmacologically distinct from the P-type channel 
current, has been reported and designated 'Q'-type (Randall et al, 1993). Finally, there 
is a residual current present in these cells with distinct electrical properties, which is 
resistant to existing Câ "*" channel blockers. This current and the channel giving rise to 
it have been termed 'R'-type (Eliinor et al, 1993; Randall et al, 1993; Zhang et al, 1993). 
In addition to the above current components, a recent study has described the 
biophysical properties of three novel channels in cerebellar granule neurones, 
which have been suggested to pertain to currents seen after expressing ccja or into 
Xenapus oocytes (Forti et al, 1994). The existence o f these multiple, diverse Câ "*“ 
channel types, make cerebellar granule neurones an attractive cell type in which to 
examine the involvement of VDCCs in the pre-synaptic release o f neurotransmitter.

4.L3 Exocytotic voltage dependent calcium channels.

The link between Câ "*" influx through VDCCs and release o f fast amino acid 

neurotransmitters is unequivocal and has been examined in many different systems. 
However the subtypes of Câ "*" channels that are involved in the release process appear 
to vary widely between different systems. The L-type Câ "*" channel, sensitive to block 

by the 1,4-dihydropyridines (DHPs), has been implicated in the release o f neuropeptides 
(Pemey et al, 1986), but its involvement in release o f fast amino acid neurotransmission 
in the central nervous system is not clear. L-type channels have been shown to 
contribute to 45ca2+ influx at central synapses (Turner and Goldin, 1985; Carboni and 

Wojcik, 1988) and block of the channels have been shown to reduce bulk increase in 
intracellular Câ "̂  concentration following depolarisation (Pocock et al, 1993). High 
affinity DHP-binding has been demonstrated on central nerves (Gould et al, 1984;
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Thayer et al, 1986; Carboni and Wojcik, 1988), however, the presence of these channel 
types at the presynaptic terminals has been disputed along with their involvement in the 

release o f neurotransmitters (Miller, 1987; Westenbroek et al, 1990, 1992; Hell et al, 
1993) which has been suggested to occur only under exceptional conditions. Evidence 

for the involvement o f non-L type HVA Câ "*" channels in the release of 
neurotransmitters from central synapses is somewhat clearer. The N-type Ca^”*” 

channel, blocked by coCgTx GVIA, was initially thought to be the dominant channel 
type linked to the release of neurotransmitters at pre-synaptic terminals (Himing et al, 
1988; Tsien et al, 1988). However, in many systems it was found that block o f this 

channel by coCgTx GVIA caused only partial inhibition o f release indicating that more 
than one type o f Ca2+ channel sub-type can support exocytosis. Examples o f this 

potent (50%-inhibition dose (IC5 0 ) 1-1 OnM) but partial inhibition o f neurotransmitter 
release has been observed when examining glutamate (Burke et al, 1993; Luebke et al, 
1993), noradrenaline (Dooley et al, 1988) and GAB A (Burke et al, 1993) release from 
the hippocampus , acetylcholine release from the neocortex (Wessler et al, 1990) and 

dopamine release from the striatum (Woodward et al, 1988; Herdon and Nahorski, 
1989; Turner et al, 1993). In all o f these examples Ca^^-dependent release was 
inhibited only 20-30% by saturating concentrations o f oCgTx GVIA. Similarly, 
inhibition o f glutamatergic synaptic transmission by coCgTx GVIA in tissue slices has 
been reported to be less than complete, ranging from 30-70% (Luebke et a/,1993; 
Takahashi et al, 1993; Castillo et al, 1994; Wu and Saggau, 1994b). In hippocampal 
slices, excitatory post-synaptic potentials were inhibited only 65-70% by the addition of 
saturating concentrations o f coCgTx GVIA; however in the same preparation inhibitory 
post-synaptic potentials were reduced by 85-90% by the same concentration o f toxin 
(Home and Kemp, 1991) leading to the suggestion that N-type Ca2+ channels may play 
a more prominent role in inhibitory transmission. P-type Câ "̂  channels, blocked by 
co-agatoxin GVIA (coAga IVA) (Mintz et al, 1992a), have been implicated in 
neurotransmitter release because of the potent block of uptake in rat brain
synaptosomes (Mintz et al, 1992b). Recent studies have shown K'^-stimulated 

glutamate release to be partially inhibited by coAga IVA in superfused rat cortical 
synaptosomes (Turner et al, 1992) and rat hippocampal slices (Burke et al, 1993). 
However, no significant inhibition of endogenous glutamate release was observed from 

cerebellar granule cells (Pocock et al, 1993). Whether these variations in the potency of  

coAga IVA for neurotransmission at different synapses indicates the existence o f distinct 
channel types at these synapses or whether it is a reflection o f different experimental 
conditions (see Dunlap et al, 1995) remains to be elucidated. More recently the putative 

’Q'-type Câ '*' channel has been implicated in control of synaptic transmission in the 
hippocampus (Wheeler et al, 1994). This has been suggested by others, however, to 
indicate, not the involvement of a novel Ca '̂  ̂ channel subtype in neurotransmission, 
but to indicate the involvement of an coAga IVA-sensitive channel related to the P-type
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channel, perhaps of the putative OPQ-subfamily (see Section 1.2.2). It has been 
suggested that the variation of the sensitivity o f this channel to coAga IVA and coCTx 
MVIIC as compared to the P-type channel could be due to variation in either its subunit 
composition or in tissue specific patterns of post-translational modification (Olivera et 
al, 199; Dunlap et al, 1995). Although the channel types involved in the release of 

neurotransmitters at the pre-synaptic terminal are far from resolved it would appear to 
be the common consensus that multiple Ca2 + channel subtypes coexist in nerve 

terminals and that neurotransmitter release in the mammalian terminal is regulated by a 
number o f types o f Câ "*" channel. The proportions o f these channel types appear to 

vary between terminals depending on the either the region o f the brain and/or the 
transmitter packaged in the terminal.

4.1,4 Aim s o f  this study.

Evidence was presented in Chapter 3 for the involvement of voltage dependent calcium 
channels in the K"*"-stimulated release o f glutamate from cultured rat cerebellar granule 
neurones. The present study investigates the involvement o f multiple subtypes o f Ca^+ 
channels in the K"*"-stimulated release o f newly synthesised glutamate from cerebellar 
granule neurones.
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4.2 R esu lts.

4.2,1 Immunocytochemical localisation o f  the a j  subunits o f  voltage dependent 
calcium channels in cerebellar granule neurones.

Various a j  subunits have been cloned from rat brain including a j a  (Starr et al, 1991), 
a i 3  (Dubel et al, 1992), a i e  (Snutch et al, 1991) , and a iQ  (Hui et al, 1991). When 

expressed in various cell types these cloned a i  subunits show pharmacological and 

biophysical properties similar to those o f characterised Câ "*" channel subtypes 

implicated in neurotransmitter release (Mori et al, 1991; Ma et al, 1992; Williams et al, 
1992b; Brust et al, 1993; Fujita et al, 1993; Sather et al, 1993; Stea et al, 1993; 
Tomlinson et al, 1993). Anti-peptide antibodies were raised, in our laboratory, against 
non-consensus sequences on intracellular (a 1 3  and a%(]) or extracellular (a j^  
a%%)) domains o f the four rat a% subunits (K. Brickley, N. Berrow and A.C. Dolphin, 
unpublished data) (see Figure 2.3).

Figure 4.1 shows fixed (4% paraformaldehyde), cerebellar granule neurones after 

fluorescent staining (FITC) with these antibodies. Adjacent to these fluorescence 
photographs are the corresponding phase pictures to show localisation o f the staining to 
the cell bodies and neurites. Prolific staining o f both cell bodies and neurites was 
observed after incubation o f the cells with antibodies directed against a %3 and a  1 3  

(Fig 4 .IB and D, respectively). Less general staining o f cell bodies and neurites was 
observed after incubation with an antibody directed against a j^ . Although in some 
instances faint staining of neurites was observed, the lack o f neurite staining shown in 

Fig 4.1 A, was a more typical example. This pattern of staining was similar to that seen 
in dorsal root ganglion cells (V, Campbell and A.C. Dolphin, personal communication). 
No neurite staining and very little staining of cell bodies was detected after incubation 
o f cells with the antibody against a%c (Fig 4.1C). Due to the small size o f these cells, 
and their tendency to clump together with extensive neurite outgrowth, it is not possible 
to quantify the extent o f the staining. Furthermore, since the affinity o f these antibodies 

for their respective a j  subunits has not yet been determined a comparison o f staining 

intensity between antibodies may not be justified. For each antipeptide antibody used, 
corresponding staining with the pre-immune serum was carried out and in each case no 

staining was observed. A representative example o f staining with pre-immune serum 
(in this case for the to a j 3  antibody) is shown in Figure 4 .IE.
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E. Non-immune serum

Figure 4.1 Immunolocalisaüon o f voltage dependent calcium channels in cerebellar 
granule neurones.

A. Shows a typical example of the localisation of in cells. Faint immunostaining is observed 

at the soma but no neurite staining was seen. B. A typical example of the localisation of a j g  in 

cerebellar granule neurones. Immunostaining was seen both at the cell soma and in the neurites.

C. Very little immunostaining was seen with the a|(^ antibody at the cell soma and none was seen in 

neurites. D. Immunostaining with a  |p) was prolific at both the cell soma and the neurites. E. Shows a 

representative slide of immunostaining with pre-immune staining, in this example for the antibody. 

No immunostaining was observed with corresponding pre-immune serum for each antibody.

The scale bar is 10pm.
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4.2.2 Release o f  glutamate from  constantly depolarised neurones evoked hv the 
addition o f  calcium.

Electrophysiological studies have shown that the N-type Ca^“̂  channel current exhibits 

almost steady state inactivation at a membrane potential o f -30mV (Fox et al, 1987a). 
By incubating neurones in depolarising conditions in the presence o f 50mM K"*”, such 

that their membrane potential would be depolarised by about 70mV (assuming an 
internal K"*"-concentration of about 120mM), the involvement o f non-voltage inactivated 

calcium channels can presumably be observed in the absence o f the inactivating N-type 
Ca2+ channels. Figure 4.2 shows experimental profiles o f glutamate release for 
cerebellar granule neurones, incubated in basal maintaining Krebs medium containing 

2.5mM K"*" and l.SmM Câ ~*", stimulated to release glutamate by 2 x 2min incubations 
in Krebs medium containing 50mM K"*" and l.SmM Câ "*" (SI and S2), and cells 

maintained in a depolarising medium containing SOmM K"*" in the absence o f Câ '*' and 
stimulated to release glutamate during SI and 82 by the addition o f either l.SmM or 

SmM Câ "*" (continuously depolarised neurones). 2.74 ± 0.36% o f total cell glutamate 

was released upon stimulation of control cells with SOmM K"*" (Fig 4.2B, n=6 ), whereas 
only 1.3S ± 0.082% of total cell glutamate was released from continuously depolarised 
cells, stimulated by the addition o f l.SmM Ca2+ (Fig 4.2B, n=6 , p<0.01). On addition 
of SmM Câ "*" to continuously depolarised cells, release of glutamate was similar to 
that seen in SOmM K"*'-stimulated cells (Fig 4.2B, n=6 , NS). Basal release of glutamate 
was potentiated in continuously depolarised neurones, to 0.4 ± 0.08% of total cell 
glutamate (Fig. 4.2C, n=12), as compared to that in K"*"-stimulated cells which was 

0.188 ± 0.018% of total cell glutamate (Fig. 4.2C, n=6 , p<O.OS).

4.2.3 Effect o f  L-type Ca^'̂  channel blockers on the release o f  !^H ] glutamate from  

cerebellar granule neurones.

4.2.3.1 Effect o f  the dihydropyridine antagonist, (-) 202-791, on and Ca^
stimulated release o f  glutamate.

Incubation o f cerebellar granule neurones for 2 mins with SOmM K"'"/l.SmM Câ '*' 

containing Krebs medium, resulted in 1.8S±0.13%  of the total cell -glutamate 
being released (n=47). Sandoz (-) 202-791 ((-) 202-791) is a DHP antagonist, reported 

to specifically block L-type Câ "̂  channels (Hoff et al, 198S). When SpM (-) 202-791 
was added to the cells, for 4 min prior to, and during the 82 period o f stimulation, the 
82/81 ratio was decreased by 27% (Fig 4.3A) from an 82/81 ratio in control cells of
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Figure 4,2 Release o f glutamate is 

stimulated from  depolarised neurones by 

addition o f  Ca^^ in a dose-dependent 
manner,

A. Cells were either held in basal maintaining 

medium (2.5mM K^/l.SmM Ca^^) and stimulated, 

during SI and S2, by the addition o f medium 

containing 50mM K^/l.SmM Câ '*' (O , n=3); or 

continuously depolarised in 50mM Ca^"'"-free 

medium and stimulated by the addition o f l.SmM 

Ca2+ (# , n=3) or 5mM Ca^+ (A, n=3).

B. Release o f glutamate was reduced in continuously 

depolarised cells when stimulated by the addition of

1 SmM Câ "*" (□ ), as compared to K"*"-stimulated cells 

( ^ ) ,  but was not significantly different on addition 

ofSm M  Ca2+ ( ■ ) .

C. Basal release was increased in continuously 

depolarised cells as compared to K^-stimulated cells.

Results are shown as mean ± S.E.M., and statistical 

analysis was carried out using the t-test (* p<0.01, as 

compared to corresponding control cells). Numbers 

o f experiments are shown in parentheses.



0.89 ± 0.05 (n=6 ) to an S2/S1 ratio of 0.64 ± 0.07% in (-) 202-791 treated cells (n=6 , 
p<0.001). Although lowering the concentration of (-) 202-791 to IpM did not 
significantly reduce inhibition of glutamate release as compared to 5pM (-) 202-791, in 

the presence of InM of the DHP-antagonist no significant inhibition o f release was 

observed. Here the S2/S1 ratio was 0.86 ± 0.07 in control cells (n=3) and 0.77 ± 0.06 in 
DHP-treated cells (n=5, NS). Increasing the concentration of Ca?'^ in the stimulating 

medium from 1.8mM to 5mM did not markedly increase the ability of IpM (-) 202-791 

to inhibit release (Fig 4.3B). Under these conditions, release o f glutamate was inhibited 
30 ± 7% by IpM (-) 202-791 (Fig 4.3B, n=4).

When continuously depolarised cells were stimulated by incubation for 2 x 2 mins in 
Krebs medium containing 5mM Câ "*" and SOmM (SI and S2), 1.41 ± 0.11% o f the 
total cell [^H]-glutamate was released (Fig 4.3A, n=33). Under these conditions, the 

efficacy o f (-) 202-791 to inhibit stimulated glutamate release, was markedly increased 
(Fig 4.3A and B). Concentrations o f (-) 202-791 between 0.01 pM and 5pM caused 

inhibition of Câ '*' stimulated glutamate release that was almost complete (Fig 4.3A), 
with an average inhibition of 91%; from an S2/S1 ratio of 0.76 ± 0.03 (n=15) in control 
cells to an S2/S1 ratio o f 0.076 ± 0.02 (n=5, p<0.001) in DHP-treated cells. The EC5 0  

for inhibition o f glutamate release by (-) 202-791, under these conditions, was about 
O.lnM (Fig 4.3A). No correlation was seen between the amount o f [^H]-glutamate 

released during the control SI period of stimulation and the percentage inhibition in 
release by (-) 202-791 (Fig 4.3C, n=9, correlation coefficient =0.57, NS).

4,2,3,2 Effect o f  the dihydropvridine agonist (+) 202-791. on and  
stimulated release o f  glutamate.

(+) 202-791 is reported to be a pure agonist of the 1,4-dihydropyridine sensitive L-type 
calcium channel (Hoff et al, 1985). Where 5pM (+) 202-791 was present for 4 mins 

prior to, and during the S2 stimulation period, release o f [^H]-glutamate was potentiated 

by 63% (Fig 4.4Ab) from an S2/S1 ratio of 0.88 ± 0.03 in control cells ( n=10) to an 
S2/S1 ratio o f 1.44 ±0.11 in (+) 202-791-treated cells (n=10, p<0.001). This 
potentiation o f stimulated glutamate release was not significantly altered following 
reduction of the concentration of (+) 202-791 to IpM (Fig 4.4A) and was not changed 
when the Câ "*” concentration in the stimulating medium was increased to 5mM (Fig 
4.4A). The ability of (+) 202-791 to increase glutamate release did not appear to be 

limited by the capacity of the neurones to release transmitter, since there was no 

negative correlation between the control amount of [^H]-glutamate released in SI and 

the percentage increase in release produced by the addition of (+) 202-791 (Fig 4.4A - 
inset graph, n=10, correlation coefficient = 0.02, NS).
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Figure 4.3 Effect o f  (-) 202-791 on glutamate release 

stimulated by iT*" depolarisation or in continuously 
depolarised cells by addition o f  Ca^^.

A. Concentration-response curves for the inhibition o f [^H]glutamate 

release by (-) 202-791 (logistic fit). Cells were stimulated to release 

glutamate, during SI and 82, by the addition of 50mM K'*' (O ) or, in 

continuously depolarised cells (maintained in Ca^'^-free medium) by the 

addition o f 5mM Câ '*' (■). (-) 202-791 was present during the second 

period o f stimulation (82) and 82/81 ratios calculated and expressed as a 

% of corresponding control experiments.

B. a, b) The lack o f effect o f increasing Câ '*" concentration on 

inhibition o f K'^-stimulated glutamate release by (-) 202-791. c, d) The 

effect o f (-) 202-791 on Ca^'^-stimulated glutamate from continuously 

depolarised neurones.

C. The extent o f the inhibition o f release o f glutamate by 1 pM (-) 202- 

791 showed no correlation with the amount o f glutamate released during 

the 81 control stimulation periods.

The results are presented as mean ±  8EM (where appropriate) and the 

number o f experiments are given in parentheses.
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Figure 4.4 Effect o f  (+) 202-791 on stimulated glutamate 

release from  continuously depolarised and K^-stimulated 
cells.

A. Cells were stimulated to release glutamate by the addition o f 50mM 

K"*" and either 1.8mM (a and b) or 5mM Câ "*" (c) during both periods of 

stimulation (SI and 82). IpM (+) 202-791 potentiated release stimulated 

in the presence o f either 1.8mM Câ '*' (a) or 5mM Câ "̂  (c) to a similar 

extent and addition o f 5pM (+) 202-791 (b) did not increase the 

potentiation as compared to IpM (+) 202-791 (a). The inset graph 

shows that the amount o f glutamate released during the 81 control 

stimulation periods bore no relation to the size o f the potentiation by 

5pM (+) 202-791.

B. When cells were continuously depolarised in 50mM K”*" containing, 

Ca^"'"-ffee medium, and stimulated to release glutamate by addition of 

5mM Ca^^, potentiation o f glutamate by 1 pM (+) 202-791 was 

increased from 63 ± 12% in cells stimulated by 50mM K”*" (Aa) to

172 ± 38% (Ba, p<0.01). This potentiation was not increased in the 

presence of 5pM (+) 202-791.

Results are given as mean ± 8EM (where appropriate) and numbers of 

experiments are given in parentheses.



j The potentiation of Ca^^-stimulated glutamate release in continuously depolarised 
neurones by l-5pM Sandoz (+) 202-791 ((+) 202-791) was significantly greater than 

'thatforK+-stimulatedrelease(P<0.01). i^M  (+)202-791 increased Ca2+-

Stimulated release o f glutamate by 172% (Fig 4.4Ba) from an S2/S1 ratio of 0.79 ± 0.03 
in control cells (n=3) to 2.12 ±0.22 in DHP-treated cells (n=3, p<0.001). No further 

increase in release was seen on addition o f 5pM (+) 202-791 (Fig 4.4Bb).

4.2.3.3 A comparison o f  the effects o f two lA-dihydropyridine antagonists^ 
(-) 202-791 and nicardipine.

Nicardipine is a 1,4-dihydropyridine, which is reported to be a specific L-type Ca2+ 
channel blocker with a less voltage dependent action than other dihydropyridines (De 

Waard et al, 1991). When applied to the cells for 4 mins prior to and for 2 mins during 
the S2 period of stimulation, both IpM (-) 202-791 and IpM nicardipine inhibited 
release o f glutamate to a similar extent, inhibiting release by 29 ± 6 % and 24 ± 9%, 
respectively (Fig 4.5). The S2/S1 ratio was reduced from 0.66 ± 0.06 in control cells, to 
0.47 ±0.05 in (-) 202-791 treated cells (n=4, p<0.05) and 0.49 ±0 .04  in nicardipine 
treated cells (n=4, p<0.05), and no change in basal release o f glutamate was observed. 
Both drugs were removed from the cells 4 mins after the second period o f stimulation, a 

further 6  mins of incubation in basal maintaining Krebs medium was then followed by a 
third period of stimulation (S3), the amount o f glutamate released during this 
stimulation period was similar in control, (-) 202-791-treated cells and nicardipine- 
treated cells, indicating that the effect o f these DBFs on glutamate release is entirely 
reversible.

4,2,4 Effect o f  the N-type Ca^'̂  channel blocker, IpM  caCgTjc GVIA, on stimulated 

glutamate release from  K ^stim ulated and continuously depolarised neurones,

cùCgTx GVIA is a peptide toxin, which was isolated from the venom of the cone shell, 
Conus geographus (Olivera et al, 1985). It has been reported that coCgTx GVIA 
specifically and irreversibly inhibits N-type calcium channels in a number o f neuronal 
systems (McClewsky et al, 1987; Aosaki and Kasai, 1989; Plummer et al, 1989; Regan 

et al, 1991; Tsien et al, 1991). Because the binding o f coCgTx GVIA to the N-type 

calcium channel has been reported to be slow and to be inhibited by the presence of  

either Câ "*" or Bâ "̂  (Witcher et al, 1993a), experiments were carried out in which cells
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Figure 4.5 l^ M  (-) 202-791 and l^M  nicardipine inhibit glutamate release 
reversibly, to a similar extent.

Cells were stimulated to release glutamate by incubation for 3 x 2 min, at 37®C, in Krebs medium 

containing 50mM K^/1.8mM Each stimulation period (SI, S2 and S3) were separated from the

next by 5 X 2 min incubations in basal maintaining Krebs medium (2.5mM K^/l.SmM Ca^^). During 

the second stimulation period (S2), and the two basal incubation periods preceding and following it, 

either I pM nicardipine or IpM (-) 202-791 was also present. S2/S1 and S3/S1 ratios were calculated and 

expressed as a % of corresponding controls. Results are shown as mean ± S.E.M and numbers of 

experiments are shown in parentheses. 50mM K"""-stimulated release of glutamate was inhibited to a 

similar extent in the presence of either nicardipine or (-) 202-791 and on removal of the drugs stimulated 

release returned to control levels.
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were incubated for 1 hour prior to experiments in Ca '̂*"-ffee medium in the presence or 
absence IpM coCgTx GVIA. Control and coCgTx GVIA-treated cells were then 
incubated in basal maintaining Krebs medium and stimulated to release glutamate by 
incubation for 2 x 2 mins in Krebs medium containing 50mM K‘̂ /1.8mM Ca2+ (SI and 

S2) (Fig 4.6A). Release of K"""-stimulated glutamate was inhibited 19% by pre
incubation o f cells with œCgTx GVIA, 1.6 ± 0.2% of total cell glutamate was released 
in control cells (Fig 4.6 A, n=12) and 1.3 ±0.1%  in coCgTx GVIA treated cells (Fig 

4.6A, n =12, p<0.05). In other experiments cells were incubated in depolarising basal 
medium (50mM K"""/OmM Ca '̂ )̂ and stimulated to release glutamate by incubation of 

cells for 2 X 2 mins with 50mM K" /̂5mM Câ """ containing Krebs medium (SI and S2). 

Under these conditions, stimulated release o f glutamate was not significantly inhibited 
by prior incubation o f cells with Ca^^-free medium containing IpM coCgTx GVIA (Fig 

4.6B). Here, stimulated release of glutamate was attenuated only 14% from 2.5 ± 0.3% 

of total cell glutamate in control cells (Fig 4.6B, n=12) to 2.1 ±0.2%  o f total cell 
glutamate being released after treatment with coCgTx GVIA (Fig 4.6B, n=12, N.S).

4,2.5 Effect o f  the P/Q-type Ca^^-channel blocker, (oAga IVA. on stimulated 
glutamate release from  K^stim ulated and continuously depolarised neurones.

The coAga IVA-sensitive P-type Ca^+ channel current, which is reported to make up a 
small proportion o f the whole cell current in cerebellar granule neurones (Zhang et al, 
1993; Pearson et al, 1995), has been implicated in neurotransmitter release at various 
synapses (Burke et al, 1993; Momiyama and Takahashi, 1994; Turner et al, 1993). To 
investigate the involvement o f this P-type Ca2+ current in glutamate release from 
cerebellar granule neurones, the effects o f a j maximal concentration o f coAga IVA 

(200nM, Pearson et al, 1995) on release of glutamate was examined. Because 200nM 
coAga IVA has been used in this study, it is not possible to differentiate between 
glutamate release induced by entry of Ca2+ through P-type Câ "*" channels from that 
induced from entry o f Câ "*" through putative Q-type Ca2+ channels (Randall et al, 
1993; Wheeler et al, 1994). The channel-type mediating block of glutamate release by 

200nM coAga IVA will therefore be referred to as the P/Q-type component in the 

remainder o f this study. The effect of coAga IVA has been reported to be voltage- 
dependent (Mintz et al, 1992a; Turner et al, 1992), release of glutamate was therefore 
stimulated by the addition o f 40mM rather than 50mM K^ as in earlier experiments. 
Although Turner et al, 1992, reported little effect o f coAga IVA on neurotransmitter
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Figure 4,6 Effect o f  IjnM (ùCgTx GVIA on stimulated glutamate release from  K^- 
stimulated and continuously depolarised neurones.

A. 50mM K‘*"-stimulated release o f glutamate was inhibited 19.2% by incubation o f cells for 1 hour prior 

to experiments with IpM coCgTx GVIA from 1,6 ± 0.2% o f total cell glutamate being released in control 

cells (□ )  to 1.3 ± 0.1% o f total cell glutamate in ©CgTx-treated cells (■).

B. Cells were continuously depolarised by incubating in Ca^""'-free medium containing 50mM and 

stimulated to release glutamate by the addition o f 5mM Câ "̂ . Under these conditions release of  

glutamate was not significantly inhibited by incubation o f cells for 1 hour prior to experiments ( ■ )  as 

compared to control cells (□ ).

Results are given as mean ± SEM and numbers o f experiments are given in parentheses. Statistical 

analysis was carried out using the t-test (*p<0.05 - as compared with corresponding control experiments).
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release evoked by concentrations of K"*" above 30mM K"*”, in synaptosomes; in 
cerebellar granule neuroness, however, 30mM K"*” was insufficient evoked insufficient 
depolarisation to stimulate glutamate release reproducibly (see Section 3.2.2) probably 
because o f their more negative resting membrane potential.

Cells were either incubated in basal maintaining Krebs medium and stimulated to 

release glutamate by 2 x 2 min incubations with 40mM K"*" containing Krebs medium 
(SI and S2) (Fig 4.7A), or cells were incubated in continuously depolarising medium 

(40mM K'*'/OmM Câ "̂ ) and stimulated during SI and S2 by incubation with 40mM 
K"*"/5mM Câ "̂  containing Krebs medium (Fig 4.7B). 200nM coAga IVA was included 

in the medium for 5 mins prior to and during the S2 period of stimulation, and the S2/S1 
ratios were calculated and compared to corresponding control ratios. Under the former 

conditions, coAga IVA did not significantly inhibit K"^-stimulated release o f glutamate 
and the S2/S1 ratios were 0.95 ± 0.055 (Fig 4.7A, n=8 ) in control cells and 0.89 ± 0.054 

(Fig 4.7A, n=8 , N.S). 5mM Ca2+-stimulated release of glutamate from continuously 

depolarised cells, however, was significantly inhibited by 22% (Fig 4.7B) when coAga 
IVA was present during the second period o f stimulation (S2); from an S2/S1 ratio of 
0.51 ± 0.05 in control cells (Fig 4.7B, n=8 ) to 0.38 ± 0.049 in coAga IVA treated cells 
(Fig 4.7B, n=8 , p<0.05-paired t-test).

4.2.6 Effect o f  multiple calcium channel blockers on K ^-stimulated release o f  

glutamate.

Multiple Câ "*” channels have been implicated in neurotransmitter release from a number 
of systems (e.g. Pemey et al, 1986; Burke et al, 1993; Luebke et al, 1993; Takahashi 
and Momiyama, 1993; Turner et al, 1993; Momiyama and Takahashi, 1994; Regehr and 
Mintz, 1994). To further examine the sub-types of Ca^^ channel involved in the release 
of glutamate from cerebellar granule neurones, the effect o f several Câ "̂  channel 
blockers on this release have been examined, both separately and in conjunction with 

one another.
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Figure 4.7 Effect of200nM  (nAga IVA on stimulated glutamate release from  
K^-stimulated and continuously depolarised neurones.

A. Cells incubated in basal maintaining Krebs medium and stimulated to release glutamate by the 

addition o f 40mM K"̂  for 2 mins. When 200nM coAga IVA was present for 5 mins prior to, and during 

the 2 min S2 stimulation period (■ )  no effect on the S2/S1 ratio was observed as compared to control 

cells (□ ).

B. Cells were continuously depolarised by incubation in medium containing 40mM K'*' and stimulated to 

release glutamate by the addition o f 5mM Ca^'*'. The S2/S1 was inhibited by 22 ± 8% after addition of 

200nM (oAga IVA during the second stimulation period (S2) (■ ) as compared to control cells (□ ).

Results are given as mean ± SEM and the numbers of experiments are given in parentheses. Statistical 

analysis was carried out using the paired t-test (# p<0.05 - as compared with corresponding control 

experiments).
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As previously described, cells were incubated for Ih prior to experiments in the 
presence or absence of IpM coCgTx GVIA. In the presence o f coCgTx GVIA, 40mM 
K'*'-stimulated glutamate release was inhibited by 22% from 3.90 ± 0.31% of total cell 
glutamate in control cells (Fig 4.8 A, n=22) to 3.02 ± 0.28% of total cell glutamate in ® 

CgTx GVIA treated cells (Fig 4.8A, n=22, p<0.05). Where the effect o f blocking the 

P/Q- and/or the L-type Câ '*' channels on glutamate release was to be examined, 200nM 

COAga IVA and/or 1 pM nicardipine were added to the cells for 5 mins prior to, and for 2 

mins during, the S2 period of stimulation; S2/S1 ratios were then expressed as a 

percentage o f corresponding control S2/S1 ratios. 40mM K'*’-stimulated glutamate 
release was not significantly inhibited by coAga IVA (Fig 4.8Ba) and, in this group o f  

experiments, was inhibited by 42 ± 4% by 1 pM of the L-type Ca2+ channel blocker, 
nicardipine (Fig 4.8Ba, n = ll, p<0.001). When both nicardipine and coAga IVA were 

applied together, [^H]-glutamate release was inhibited by 47 ± 5% (Fig 4.8Ba, n=18, 
p<0.001). After pre-incubation o f cells with IpM coCgTx GVIA, coAga IVA inhibited 

K"""-stimulated glutamate release by a further 25 ± 5% (Fig 4.8Bb, n=18, p<0.05), and 
nicardipine by 40 ±9%  (Fig 4.8Bb, n=10, p<0.001). Applied together, after pre
incubation of the cells with coCgTx GVIA, coAga IVA and nicardipine inhibited the 
remaining glutamate release by 6 6  ± 6 % (Fig 4.8Bb, n=17, p<0.001). Since there was a 
large residual proportion o f K"""-stimulated [^H]-glutamate release that still occurred in 
the presence o f coCgTx GVIA, coAga IVA and nicardipine, this suggests the 

involvement o f other Câ "*" channel sub-types in -glutamate release from cerebellar 
granule neurones.

4,2.6.1 Effect o f  (ùCTx  M VIIC on -stimulated release o f  glutamate.

coCTx MVIIC, a 26 amino acid peptide from the piscivorous marine snail, Conus 
magus, was recently described by Hillyard et al, 1992. This study reported block o f N 
and P type-calcium channel currents at higher concentrations of this toxin (1-lOpM) but 
suggested a different pharmacological profile as compared to coAga IVA or coCgTx 
GVIA. More recently it has been suggested that an additional component o f Câ "*" 
current, which is insensitive to the other co-toxins, is blocked by coCTx MVIIC (Sather 
et al, 1993; Zhang et al, 1993). This component o f current has been suggested to be 

carried through 'Q'-type calcium channels, the existence of which have been claimed on 
cerebellar granule neurones (Zhang et al, 1993). When applied to cerebellar granule 

neurones for 5 mins prior to, and during the S2 period of stimulation, coCTx MVIIC
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Figure 4.8 Effect o f multiple calcium channel blockers on -stimulated release o f  [^HJ-
glutamate.

A. Cells were incubated for 1 hour prior to the experiment, in the presence or absence of IpM coCgTx GVIA and in 

the absence of Câ "*". K^-stimulated release of [^H]-glutamate was inhibited 22% from 3.90 ± 0.31% (□ ,n=22) in 

control cells to 3.02 ± 0.28% in cells pre-treated with œCgTx GVIA (H , n=22). (* p<0.05 (t-test) - as compared with 

corresponding control experiments).

B. Ca^’*' channel blockers, either individually or combined together, were added to the cells for 5 mins prior to, and 

for 2 min during, the S2 stimulation period, S2/S1 ratios were then expressed as a % of the corresponding control 

S2/S1. a) K'^'-stimulated glutamate release was non-significantly inhibited 11 ± 8% by the P/Q-type Câ "̂  channel 

blocker coAga IVA ( H ,  200nM, n=l 1) and was significantly inhibited 42 ± 4% by 1 pM of the L-type Ca^“̂ channel 

blocker, nicardipine (%%!, n=l 1); when both Câ '*' channel blockers were applied together, [^H]-glutamate release was 

inhibited 47 ± 5% (H , n=18). b) After pre-incubation of the cells with IpM coCgTx GVIA, coAga IVA significantly 

inhibited K“̂ -stimulated release by a further 25 ± 5% (M , n=I8), and nicardipine by 40 ± 9% (K33, n=IO). Applied 

together, after pre-incubation of the cells with (oCgTx GVIA, (oAga IVA and nicardipine inhibited the release of 

glutamate by a further 66 ± 6% ( H ,  n=17). (*p<0.05, **p<0.001 (t-test) as compared with corresponding control (a), 

or oCgTx GVIA (b)-treated cells). Results are given as mean ± SEM.
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inhibited K'*'-stimulated glutamate release in a concentration dependent manner (1 to 
lOOOOnM - Fig 4.9). Maximal inhibition of glutamate release of 55 ±10%  was 

achieved after application o f 5pM coCTx MVIIC (Fig 4.9, n=4, p<0.001) and this 

attenuation was not increased further in the presence of lOpM coCTx MVIIC (Fig 4.9, 
n=l). The EC5 0  for the inhibition o f glutamate release from cerebellar granule 
neurones by coCTx MVIIC was approximately 0.9pM (Fig 4.9).

4.2,6,2 Effect o f  IjuM nicardipine and 5pM  (ùCTx  MVIIC on glutamate release from  

K f’-stimulated and continuously depolarised neurones.

In order to examine if there is an additional component of glutamate release from these 

neurones that can be evoked by entry o f Câ "̂  through voltage-dependent channels, 
glutamate release was stimulated by the addition of 50mM K"*" during the SI and S2 
periods o f stimulation with the addition o f IpM nicardipine, 5pM coCTx MVIIC and/or 
the non-specific Câ '*' channel blocker, Cd̂ "*” (200pM) during the S2 period (Fig 
4.10A). Under control conditions the S2/S1 ratio in these cells was 0.91 ± 0.07. When 

nicardipine was added to cells for 5 mins prior to, and during the S2 period of 
stimulation the S2/S1 ratio was inhibited by 34% to 0.59 ± 0.03. On addition o f coCTx 
MVIIC during the same period the S2/S1 ratio was attenuated by 54% to an S2/S1 ratio 
o f 0.42 ± 0.02. Addition of both nicardipine and coCTx MVIIC to the cells inhibited 
release 8 6 % to an S2/S1 ratio of 0.11 ± 0.02. After application o f both these channel 
blockers, however, there still remained a significant proportion o f release that was 
sensitive to the non-specific HVA channel blocker, Cd̂ "*". This Câ "*" channel blocker 
further attenuated release o f glutamate to an S2/S1 ratio o f 0.02 ± 0.006, a further 82% 
inhibition o f release after nicardipine- and coCTx MVIIC-sensitive channels had been 

blocked (Fig 4.10A, n=7, p<0.001).

Experiments were carried out in which cells were incubated in depolarising basal 
medium (50mM K' /̂OmM Câ "*") and stimulated during SI and S2 by the addition of 
5mM Câ "*". For the 5 mins preceding and the 2 mins during the S2 stimulation period 
IpM nicardipine and/or 5pM coCTx MVIIC were added to the incubating media (Fig
4.1 OB). Under these conditions coCTx MVIIC inhibited release o f glutamate during S2 

by 19 ±7%  and nicardipine inhibited release by 70 ±3%. On addition o f both 

nicardipine and coCTx MVIIC to the cells release o f glutamate was inhibited by 
85 ± 6 %. This indicates that a small proportion of glutamate release is evoked 
following entry o f calcium through a nicardipine insensitive, coCTx MVIIC insensitive 

Câ "*" channel that is not inactivated at depolarising potentials.
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Figure 4.9 Effect o f  (ûCTx  MVIIC on K ^stim ulated release o f  glutamate is dose 

dependent.

coCTx MVIIC was added, at various concentrations, to basal incubation periods for 5 mins prior to the 

second stimulation period (S2) and for 2 min during S2. For each experiment the ratio o f release during 

the two stimulation periods (S2/S1 ratio) was calculated and percentage inhibition o f release calculated 

by comparison with corresponding control S2/S1 ratios. Inhibition o f 50mM K‘*’-stimulated release of  

glutamate was concentration dependent with maximal inhibition occurring in the presence o f 5pM mCTx 

MVIIC with an ECgg o f about 0.9pM (logistic fit).
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Figure 4.10 Effect o f IfiM nicardipine and SpM (ûCTx MVIIC on glutamate release in 
both continuously depolarised and K^-stimulated cells.

A . C e lls  w ere incubated in basal m aintaining Krebs m edium  (2 .5m M  K ^ /l.8 m M  Ca^^) and stim ulated to 

release  glutam ate by 2 x 2 m in incubations in stim ulating Krebs m edium  (50m M  K~^/1.8mM Ca^’*' ). For 5 m ins  

prior to, and during the S2 stim ulation period IpM  nicardipine and/or 5p M  coCTx M VIIC and/or 2 0 0 p M  Cd̂ "*" 

w ere  added to the incubation m edia. S 2 /S I ratios w ere calculated and expressed  as a percentage o f  

correspon d ing  control S2/S1 ratios, results are show n as m ean ±  S .E .M  and experim ental num bers show n in 

parentheses.

B. C e lls  w ere incubated in continuou sly  depolarising m edium  (50m M  K"^/OmM Ca^"^) and stim ulated  to release  

glutam ate by 2 x 2m in  incubations in m edia containing 50m M  K ^ and 5m M  Ca '̂*". For 5 m ins prior to, and 

during the 82  stim ulation  period Ip M  nicardipine and/or 5pM  coCTx M V IIC  w ere added to the incubation  

m edia. S 2 /S I  ratios w ere calculated and expressed as a percentage o f  corresponding control S2/S1 ratios, results 

are sh ow n as m ean ±  S .E .M  and experim ental num bers show n in parentheses. (* p < 0 .0 5 , ** p< 0 .001  (t-test)).
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4.3 D iscussion

4.3.1 Immunolocalisation o f  multiple voltage-dependent calcium channels in 

cerebellar granule neurones.

It is generally accepted that neurotransmitter release is dependent upon the entry of 

Câ "̂  through VDCCs. The Câ '*' channels responsible for neurotransmitter release are 
thought to be co-localised with the release machinery in concentrated areas known as 

'active zones' (see Section 1.2.6) (Smith and Augustine, 1988). Localisation o f Ca2+ 
channel subtypes to the active zones on the pre-synaptic terminals is important in the 
elucidation o f the Ca2+ channels involved in the release o f neurotransmitter. The 
presence o f multiple calcium channel subtypes have been identified on cerebellar 

granule cell bodies by electrophysiological studies (see Section 4.1.2). With increasing 
molecular data for cloned calcium channel subtypes, localisation o f channel types 
relating to these is o f great interest. Antibodies raised to sequences o f peptides in the 
cloned a j  subunits of Ca2+ channels:- a j^ , a^g, a j c ,  and aip) (K. Brickley, N. 
Berrow and A.C. Dolphin, unpublished data), were used to examine the existence of 
subtypes o f Ca2+ channels in cerebellar granule neurones. As yet the antibodies are 
uncharacterised in brain, but, immunocytochemical studies in dorsal root ganglion cells 
(V. Campbell and A.C. Dolphin, unpublished observation) have shown them to be 
peptide specific, and the peptide sequences show no homology to other known protein 

sequences.

4.3.1.1 localisation.

Previous studies have suggested that is predominantly expressed in brain (Mori et 
al, 1991). Northern blot analysis o f different brain regions show high expression in the 
cerebellum; some expression was also found in the hippocampus, olfactory bulb and 

spinal cord (Starr et al, 1991). It has been suggested that, in the cerebellum, is 
primarily localised in Purkinje cells since studies have shown its expression to be 
missing in mice with Purkinje cell degeneration (Mori et al, 1991). 
Immunocytochemical studies have suggested that is localised along the length of 
Purkinje cell dendrites (Westenbroek et al, 1993). This, along vdth the characteristics o f 

the current produced by its expression in Xenopus oocytes, which is insensitive to both 
coCgTx GVIA and DHPs but is partially sensitive to coAga IVA (Sather et al, 1993), has 

led to the suggestion that this a j  subunit represents the P-type Câ '*' channel. The
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ability of coAga IVA to inhibit this Câ "*" current, however, is 100-fold less than 
inhibition of the native P-type current, and was reported to be 10 times more 
sensitive to the novel peptide toxin coCTx MVIIC, although this has since been refuted 
(Zhang et al, 1993). These anomalies with the pharmacological characteristics of the P- 
type channel have led to the suggestion that represents the aj-subunit o f the 

putative Q-type Ca '̂  ̂ channel (Sather et al, 1993). Others, however, have suggested 

that these pharmacological anomalies may result from different isotypes o f or, 
alternatively that they may arise from differences in post-translational processing or 

subunit co-expression in the two preparations (Olivera et al, 1994; Dunlap et al, 1995). 
Figure 4.1 suggests that localisation of is limited in cerebellar granule neurones. 
The amount o f neurite staining was hard to quantify because o f the faint overall 
staining. In some neurones, however, faint neurite staining was detectable. This is 

similar to results obtained in dorsal root ganglion cells using the same antibody (V.A. 
Campbell and A.C. Dolphin, unpublished observation).

4.3,1,2, a l ÿ  localisation.

It is reported that a j g  is expressed exclusively in brain since both Northern blot and 
PCR analysis revealed no signal in skeletal muscle, heart, stomach or peripheral tissue 
(Dubel et al, 1992; Fujita et al, 1993). In situ hybridisation studies in mouse brain 
slices have shown this a \  subunit to have widespread, but non-uniform, distribution; 
(Coppola et al, 1994) different distributions between species have also been noted 
(Dubel et a/,1992; Fujita et al, 1993). Westenbroek et al, 1992, have shown 
immunoreactivity to a reportedly ajQ-specific monoclonal antibody (CNB-1) in rat 
brain, with localisation lying predominantly in dendritic shafts and punctate staining in 
synaptic structures on the dendrites. Mossy fibre terminals o f the dentate gyrus granule 
neurones were shown to be heavily labelled. In the cerebellum staining was observed in 

the Purkinje cell bodies and proximal dendrites, along with golgi cell bodies and low 

level staining in granule cells. In contrast to these results Figure 4 .IB shows prolific 

staining o f cerebellar granule neurone cell bodies and neurites with an a%g anti-peptide 
antibody raised against a sequence on the intracellular loop between transmembrane 
domains 11 and 111 o f the a ]  subunit, ccjg is thought to represent the neuronal N-type 
Ca^^ channel as coCgTx GVIA receptors are precipitated by antipeptide antibodies 
raised to part o f the deduced amino acid sequence (Sakamoto and Ceimpbell, 1991; 
Westenbroek et al, 1992). Also a%g when expressed in HEK 293 cells (Williams et al, 
1992a), dysgenic myotubes (Fujita et al, 1993) or oocytes (Stea et al, 1993) had an 

associated Câ '*' current that was sensitive to coCgTx GVIA. Much evidence exists for 

the localisation o f N-type channels on presynaptic terminals (see Section 4.3.4) and if
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a jB  does represent the mammalian N-type channel then the staining o f neurites and cell 
bodies seen in Figure 4 .IB corresponds well with previous data.

4.3.1,3 a 2C  a j j )  localisation.

The a  1C gene is expressed primarily in the heart (Mikami et al, 1989), but has also 

been detected in brain, trachea and lung (Mikami et al, 1989; Schultz et al, 1993) and is 

thought to pertain to the cardiac L-type Câ "*" channel. Because of the close homology 

between sequences for « i c  and aip) as well as the skeletal muscle DHP-sensitive 
subunit, localisation of this subunit has been complicated, aip), is thought to represent 
the predominant neuronal L-type calcium channel (Hui et al, 1991; Williams et al, 
1992b). Previous studies have examined localisation of the L-type calcium channel 
using antibodies raised against the a j c  and subunits; these studies have suggested 
primary localisation of ajQ  and a%Q in neuronal cell bodies and proximal dendrites o f 

central neurones (Hell et al, 1993). From Fig 4.1C and D it can be seen that, using an 
antibody directed to peptide sequences to intra- and extracellular loops of a j c  and ajp), 
respectively, staining can be seen in cerebellar granule neurones with both antibodies. 
This may suggest the expression o f two L-type a j  subunits in these cells, however 
further characterisation of the antibodies is required before firm conclusions can be 
made. Staining with the antibody for a j ç  is much fainter than for a jj). a j  jy but not 
a j c  staining can be seen in the neurites of the cells.

These results suggest that ^IB» ^IC a n y  are all expressed in cerebellar 
granule neurones in agreement with electrophysiological studies examining somatic 
Ca2 + currents in these cells, a j g  and jy would appear to be highly expressed in the 

neurites o f these cells supporting the possibility that these Câ '*' channel subunits are 
involved in transmitter release.

4.3.2 Separation o f  voltage dependent calcium channels by virtue o f  their inactivation 
kinetics.

Distinctions between VDCC subtypes are based on several criteria, including gating, 
single channel conductance and pharmacology (see Section 1.2.2). Although block of 

Câ "*" channels by pharmacological agents is a useful method of isolating particular 

calcium channels, and the one most commonly used in biochemical studies, this relies 
entirely on the specificity o f the Câ '*' channel blockers used, and is only one method of 
dissecting Ca2+ channels. Electrophysiological studies frequently utilise the different 
steady state inactivation properties o f VDCC subtypes to examine subsets o f channels.
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The present study employs a similar biophysical protocol combined with a 
pharmacological approach to study VDCC subtypes in comparative isolation.

In cardiac and smooth muscle it was apparent from several studies that dihydropyridines 

blocked Câ "*" currents much more potently when channels were partially inactivated by 

depolarised holding potentials (Sanguinetti and Kass, 1984; Bean, 1984). This increase 
in potency of DHP action was due, partially to the voltage-and state-dependence of DHP 

binding (Bean, 1984; Kokubun et al, 1986; Triggle and Rampe, 1989; Zheng et al,
1992). However, single channel recordings in sensory neurones suggested that 
changing the holding potential from -80mV to -30mV essentially inactivated N-type 

Câ "*" channels and therefore isolated L-type channels (Tsien et al, 1988). These authors 

do point out that a small proportion o f N-type channels are still active from a holding 

potential o f -40mV, however, these channels inactivate rapidly, and contribute only 
slightly to the whole cell current. Similar results were obtained in peripheral and central 
neurones (Regan et al, 1991). In these cells, however, a substantial portion of the 
remaining current from a holding potential o f -40mV, as well as current elicited from 
-80mV, was DHP- and coCgTx GVIA resistant. It was suggested by Plummer et al, 
1989, that N-type channels contribute both an inactivating component and a sustained, 
non-inactivating component to the whole cell current in PC 12 cells and sympathetic 
neurones. Later, it was proposed that single N-type channels can exist in both activating 
and non-inactivating modes (Plummer and Hess, 1991). More recently, with the 
realisation o f multiple Ca^+ channel subtypes, the story has become more complicated. 
The protocol o f Ca^^ channel separation on the basis of steady state inactivation, 
however, remains useful. The P-type Câ "̂  channel, first described in cerebellar 
Purkinje cells, has been shown to have relatively non-inactivating properties (Llinas et 
al, 1992a; Mintz et al, 1992a,b; Usowicz et al, 1992) and may therefore contribute to 
the current at depolarising holding potentials. The more recently described ’Q' and 'R'- 
type Câ "̂  currents on the other hand are thought to have rapidly inactivating properties 

and are largely absent at depolarised holding potentials (i.e. -40mV) (Randall et al, 

1993; Sather et al, 1993).

Cerebellar granule neurones have a resting membrane potential o f about -80mV. 
Assuming an internal K"*" concentration of 120mM, it would be expected that incubating 

these neurones in Ca^“̂ -free medium containing 50mM K"*” would depolarise the 
membrane potential o f the cells by approximately 70mV, without stimulating 

neurotransmitter release. Glutamate release from cells incubated in such medium and 
stimulated to release glutamate by the addition o f Câ '*' was greatly reduced as 
compared to neurones incubated in medium containing 2.5mM K"*"/1.8mM Câ '*' and 
stimulated by the addition o f 50mM (Fig 4.2). This would suggest that some o f the
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Ca"*" channels which usually contribute to the Ca2+ influx causing transmitter release in 

these cells, are inactivated at depolarised holding potentials, and are therefore rendered 
unavailable using this protocol. This inactivating component of Câ "̂  influx 

presumably consists o f Ca^+ carried through N-type channels but possibly includes 

Câ "*" influx through other inactivating channel types described in these neurones, e.g., 
the recently described 'Q'-type channel. The results shown in Fig 4.2 would suggest that 
non-inactivating channels are also involved in the release process. These channels 
presumably consist o f L-type channels, and perhaps other non-inactivating subtypes, for 
instance, a P-type component. Increasing the concentration of Câ "*" in the stimulating 

medium to 5mM increased the glutamate released from continuously depolarised 

neurones to levels similar to release from non-depolarised cells stimulated by the 
addition o f 50mM K"*" and 1.8mM Câ "*". Basal release o f glutamate was slightly 

increased in continuously depolarised cells as compared to K"*"-stimulated cells, 
presumably due to residual Câ "*" from the stimulatory periods present during the basal 
incubation periods.

4 J J  The involvement o f  L-type calcium channels in the release o f  glutamate.

That Câ "*" influx through L-type channels is able to support the release o f 
neurotransmitter is a subject o f conjecture. Because of the disparity between results 
obtained from different preparations and regions o f the nervous system, the general 
hypothesis that L-type channels are intrinsic in the release of neuropeptides but are not 
usually involved in the release of fast amino acid transmitters has been suggested 
(Pemey et al, 1986; for review see Miller, 1987).

43,3 .1  Dihydropyridine sensitive L-type Ca^'^ channels in cerebellar granule 

neurones.

In cerebellar granule neurones, a large proportion o f the somatic Câ "*" channel current 
has been shown to be sensitive to dihydropyridines (De Waard et al, 1991; Marchetti et 
al, 1991; Forti and Pietrobon, 1993; Pearson et al, 1993, 1995; Forti et al, 1994). Also 
high affinity [^HJnitrendipine binding sites have been located on these cells (Carboni 
and Wojcik, 1988). These authors have also shown uptake to be inhibited by
DHP-antagonists in other neuronal preparations . However others have found no of 
DHPs on depolarisation-induced Câ "̂  influx (Nachshen and Blaustein, 1979; Daniell et 
al, 1983; Rampe et al, 1984; Shalaby et al, 1984; but see Turner and Goldin, 1985). 
The discrepancy in the actions o f DHPs in different areas of the brain has led to the 
suggestion that DHP-sensitive channels might be associated with specific types of 
neurones e.g. cerebellar granule neurones (Carboni and Wojcik, 1988). Others have
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suggested, however, that DHP-sensitive channels exist throughout the brain but with 
different levels o f expression (Thayer et al, 1986). More recently, Pocock et al, 1993, 
have reported that K'*'-induced increase in cytosolic Ca2+, in cerebellar granule 
neurones, is made up of a number of components. A transient spike increase in 
intracellular Ca^+ concentration was followed by a non-inactivating plateau which, in 

cells over 6  days in culture, consisted of a nifedipine sensitive component followed by a 
component which was insensitive to coCgTx GVIA, coAga IVA or nifedipine but which 

was blocked by an as yet uncharacterised toxin, coAga GI. These same authors have 
investigated intracellular Câ "*" concentration elevations in single cerebellar granule 

neurones following K""" depolarisation and suggest that the majority o f Câ '*’ influx 

through L-type channels occurs in the cell soma and not in the neurites. This 

localisation o f L-type Câ "*" channels outside the pre-synaptic terminals has also been 
reported by others (Miller, 1987; Westenbroek et al, 1990; Westenbroek et al, 1992, 
Hell et al, 1993), however autoradiographic data described a high density o f [^H] 
nitrendipine binding sites in the molecular layer o f the cerebellum where parallel fibres 

from the cerebellar granule neurones synapse onto the P-channel rich Purkinje neurones 
(Gould et al, 1984). Also L-type Câ """ channels have been observed in pre-synaptic 
synapses large enough to be investigated in isolation, e.g. the squid giant synapse 
(Smith and Augustine, 1988; Charleton and Augustine, 1990), chick ciliary ganglion 
(Yawo, 1990), neurohypophysis (Lemos and Nowycky, 1989) and retinal bipolar cells 
from goldfish (Heidelberg and Matthews, 1992).

4 ,33 .2  The contribution o f  influx through L-type channels to glutamate 
release is increased in continuously depolarised neurones.

The present studies, shown in Sections 4.2.3 to 4.2.6, have utilised the Câ "*" channel 
agonist and antagonist enantiomers of 202-791 to define the functional presence o f L- 
type channels in cerebellar granule neurones. In agreement with previous studies 

(Kingsbury and Balasz, 1987; Philibert and Dutton, 1989; Pocock et al, 1993), 
depolarisation o f cells for 2 min with 50mM K’̂  produced [^H] glutamate release 
which was only modestly inhibited or potentiated by (-) or (+) 202-791, respectively. In 

contrast, in continuously depolarised neurones, (-) 202-791 was able completely to 

inhibit Ca2+-stimulated release at concentrations between 0.01 and 5pM (Fig 4.3); the 

stimulation o f glutamate release by (+) 202-791 was also greatly potentiated (Fig 4.4). 
These results are similar to previous studies examining glutamate release from 

cerebellar granule neurones, which showed sensitivity o f release to DHP antagonists 
either when a dihydropyridine antagonist was used to potentiate K"*"-stimulated Ca^+ 
entry (Kingsbury and Balazs, 1987) or when extensive pre-depolarisation o f cells with 
K"̂  in the absence o f Ca^+ was used (Philibert and Dutton, 1989). It has been discussed
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in Section 4.3.2, that under the continuously depolarised conditions described it would 

be expected that only non-inactivating channels, i.e. L-type, a small proportion of non
inactivating N-channels and possibly P-type channels, would be available to contribute 
to transmitter release. Assuming the specificity of (-) 202-791 for L-type channels, it 
would seem from the present study that, under depolarising conditions, release of 
glutamate is dependent entirely upon the entry o f Câ "*" through L-type channels. Later 
experiments, however suggest that this is not so, as nicardipine, a less voltage dependent 
DHP antagonist (De Waard et al, 1991), which inhibits glutamate elease to a similar 

extent as (-) 202-791 when cells were stimulated (Fig 4.5), blocks only 70% of 
release in these cells, under continuously depolarising conditions (Fig 4.10). Also, 
although under these continuously depolarising conditions, coCgTx GVIA does not 
significantly inhibit release of glutamate (Fig 4.6), suggesting that the majority o f N- 
type Ca2+ channels are inactivated by this protocol, both coAga IVA and oCTx MVIIC 

partially inhibit release of glutamate (Fig 4.7 and 4.10, respectively). These results 

suggest that (-) 202-791 is not entirely specific for L-type channels under the conditions 
described. The overlapping o f L-type and P-type somatic calcium channel block by 

(-) 202-791 and coAga IVA has also been described (Pearson et al, 1995).

4.3,3.3 The state and voltage dependence o f  the actions o f  dihydropyridines: 
implications fo r  the interpretation o f  results.

That some glutamate release in continuously depolarised neurones is DHP-insensitive 
would agree with previous reports suggesting that some coCgTx GVIA sensitive N-type 
Ca^^ channels may still be available to conduct Ca^^ at depolarised holding potentials 
(Tsien et al 1988, Plummer et al, 1989). These results also agree with reports 
suggesting that P-type Câ "̂  channels are not inactivated at depolarised membrane 
potentials (Sather et al, 1993). Despite this however, a large increase in the ability of 
DHPs to inhibit and potentiate release of glutamate is observed under depolarising 

conditions where non-inactivating Câ "*" channels dominate. This suggests the 
involvement o f L-type Ca2+ channels in the release of glutamate from these cells. 
Binding o f dihydropyridine antagonists to calcium channels is reported to be voltage 

and state dependent. Electrophysiological evidence has shown that partial 
depolarisation o f the membrane potential enhances the potency o f DHPs to block 
cardiac Câ "̂  channels by up to 3 orders o f magnitude, and the antagonist has been 
suggested to bind preferentially to the inactive or open state o f the channel (Bean, 1984; 
Hess et al, 1984; Sanguinetti and Kass, 1984; Kokubun et al, 1986). It is reported 

however, that the DHP agonists, (+) 202-791 and (-)Bay K8644, are state and voltage- 
independent (Kokubun et al, 1986; Triggle and Rampe, 1989; Bechem and Hoffmann,
1993). Because o f the voltage dependence o f the antagonist, it is unclear whether
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release induced by 2 min stimulation with 50mM K"*", is due largely to entry o f Ca^”*" 
through non-L-type channels which are insensitive to dihydropyridines, or if the limited 

ability of the dihydropyridine antagonists to produce inhibition is a reflection o f the 
lower ability o f dihydropyridines to inhibit L-type channels at hyperpolarised potentials. 
This has been discussed previously by Rane et al, 1987, who suggest that the lack of 
inhibition by dihydropyridines of electrically evoked substance P release from chick 
DRGs does not indicate a lack of involvement o f L-type channels, but rather that 
dihydropyridines require prolonged depolarisation to exert their blocking action. The 

inability o f DHP antagonists to inhibit release of neurotransmitters, in studies which 

show potentiation o f release by DHP agonists (Miller et al, 1987; Middlemiss and 

Spedding, 1985; Middlemiss, 1985; Kingsbury and Balazs, 1987) may also be explained 
by the voltage-dependence of antagonists as compared to the voltage-independence o f  
agonists. It has also been suggested, however, that these results may be explained by 

the localisation o f L-type Ca^^ channels distant to the active zones in the pre-synaptic 
terminals. Studies by Momiyama and Takahashi show differential contribution o f L- 
type Câ "*" channels to inhibitory synaptic transmission at pre-synaptic terminals in the 

cerebellum depending on the type o f stimulus used. K"""-induced increase in mIPSC 
frequency was inhibited approximately 50% by nicardipine (Takahashi and Momiyama,
1993) whereas electrically evoked inhibitory post synaptic currents (IPSCs) were not 
inhibited by nicardipine (Momiyama and Takahashi, 1994). These authors suggested 
that the differential inhibition of synaptic transmission by nicardipine in the case o f the 
two stimuli is due to N-type channels being inactivated in the rising phase o f K"*"- 
induced depolarisation and entry o f Ca2+ through L-type channels, although remote 

from the release site, being able to accumulate at this site. In the study presented in this 
chapter, both (-) (Fig 4.3) and (+) (Fig 4.4) 202-791 have a limited effect on the release 
of glutamate from cerebellar granule neurones when stimulated by 2  min incubation in 
50mM -containing medium. In both cases the effect is greatly potentiated by 
continuously depolarising neurones and then evoking release by the addition o f Câ "̂ . 
Although inhibition o f K"^-stimulated glutamate release by (-) 202-791 could be 
underestimated by the voltage dependence of this ligand, the results presented would 

suggest that, when inactivating Câ '*' channels are unable to contribute to Câ "*" influx 
and therefore the triggering of neurotransmitter release, L-type channels are able to play 

an increased role in the release process.

It is clear from these studies that L-type Câ "*" channels are present at the pre-synaptic 
terminal o f cerebellar granule neurones and are able to play a role in the control of 
neurotransmitter. In some circumstances L channels may supply the Ca^+ for 

transmitter release depending on the pre-synaptic membrane potential and the duration 
and frequency o f the pre-synaptic action potentials. It is possible that L-type channels 
also have an indirect role in neurotransmitter release exerting their control outside the
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active zone possibly on Ca2+ induced modification of the secretory apparatus. This is 
likely to involve modulation of the state o f phosphorylation o f phosphoproteins such as 
synapsin 1, and thus the availability of synaptic vesicles for release at the active zone 
(see Section 1.3.6) (Sihra et al, 1989).

4.3.4 The involvement o f  N-type calcium channels in the release o f  glutamate.

coCgTx GVIA, a 27 amino acid peptide toxin from the marine cone snail mollusc, 
Conus geographus (Olivera et al, 1984,1985), was originally identified as an 
irreversible blocker o f pre-synaptic release at the frog neuromuscular junction (Kerr and 

Yoshikami, 1984). It was later shown that this toxin was a highly selective, irreversible 

blocker o f N-type calcium channels in mammalian neurones both at the 

electrophysiological (McClewsky et al, 1987; Aosaki and Kasai, 1989; Plummer et 
a/,1989; Tsien et al, 1991) and molecular level (Dubel et al, 1992; Williams et al, 
1992a). Neurotransmitter release from various mammalian neuronal preparations was 
reported to be partially blocked by coCgTx GVIA but not 1,4-dihydropyridine 
antagonists (Pemey et al, 1986; Lipscome et al, 1989; Reynolds et al, 1986; Dooley et 
al, 1988; Himing et a/, 1988; Herdon and Nahorski, 1989; Suszkiw et a/, 1989). These 
results led to the widely accepted notion that neurosecretion, particularly in peripheral 
neurones, is regulated primarily if  not exclusively by N-type Câ "*" channels (Miller, 
1987). The localisation of N-type channels to the active zones on pre-synaptic terminals 
by fluorescent labelling with rhodamine-labelled coCgTx GVIA (Robitaille et a/,1990; 
Cohen et al, 1991) in addition to electrophysiological studies showing clusters o f N- 
type channels in neurones (Fox et al, 1985) further added to reports suggesting a major 
role for N-type Ca^+ channels in excitation-secretion coupling. More recently 
Westenbroek et al, 1992, have reported calcium channels, recognised by an anti-peptide 
antibody raised to the a j g  subunit of rat brain, to be localised in the dendritic shafts 

throughout central neurones. Evidence has also been presented in this study for the 
expression o f a j g  in the neurites o f cerebellar granule neurones (Fig 4 .IB and Section 

4.2.1). Further information on the role of N-type channels in synaptic transmission has 
emerged with the identification of a tight association between syntaxin (a protein found 
in the 20S fusion complex -see Section 1.3.6.2) and the N-type Câ "'" channel (Bennett 
et al, 1992; Lévêque et al, 1992,1994; Yoshida et al, 1992; O'Conner et al, 1993; Sheng 

et al, 1994).

Varying reports as to the effect o f coCgTx GVIA on somatic Câ "*" channel currents in 
cerebellar granule neurones have been published. Slesinger and Lansman, in 1991,
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reported no coCgTx GVIA sensitive component in mouse cerebellar granule cells. De 
Waard et al, 1991, however reported that, using an internal medium composed of 
mainly caesium and HEPES (Cs-HEPES solution) rather than the tetraethylammonium- 
acetate solution used in the study of Slesinger and Lansman, 3pM coCgTx GVIA 

inhibited Câ "*" current in rat cerebellar cells by 74%. Pearson et al, 1993, have 

suggested that this difference is due to the inhibitory action o f high internal magnesium 
on CO CgTx GVIA-sensitive Câ "*" currents and in their study, coCgTx GVIA was shown 
to inhibit Câ "*" currents by 40% when Cs-HEPEs internal medium was present in the 

patch pipette. The study presented in Section 4.2.4 shows a slight but significant 
inhibition o f K"*'-stimulated glutamate release from cerebellar granule neurones by pre
incubation with coCgTx GVIA. This result is in agreement to the study o f Dickie and 
Davies, 1992, in which coCgTx GVIA inhibited K"*'-stimuIated glutamate release from 

cerebellar slices by 30%, but is in contrast to studies by Pocock et al, 1993, and Grignon 

et al, 1993, examining K'*'-stimulated release o f glutamate from rat cerebellar granule 

neurones. Pocock et al, (1993) also found no inhibition o f K'*'-induced increase in 
cytosolic Ca2+ levels in the presence of this toxin. Grignon et al, did however find the 

presence o f l^^I-co CgTx binding sites on these cells. Localisation studies discussed 
above would suggest that where present in neurones, coCgTx GVIA sensitive calcium 
channels would be localised mainly on the neurites rather than on the cell bodies. It 
would therefore be expected that electrophysiological results recorded from the somata 

of cells would show an underestimation of the N-type Câ "*" contribution to total Câ "*" 
channel current. It is perhaps suprising therefore, that so little or no inhibition of 
glutamate release was observed by Grignon et al (1993) and Pocock et al (1993) in 
these cells, in the presence o f coCgTx GVIA. It is possible that the contribution of N- 
type Câ "*" channel in release o f glutamate has been diminished by the high intensity 
stimuli used in the study o f Grignon et al (i.e. lOOmM K"̂ ) which is likely to cause 

inactivation o f the N-type channels. This has also been suggested by studies by 
Momiyama and Takahashi who showed no effect o f coCgTx GVIA on the frequency of 

K"'‘-induced mIPSCs recorded from deep cerebellar nuclei neurones (Momiyama and 
Takahashi, 1994), but in the same neurones saw a 50% inhibition o f electrically evoked 
IPSCs (Takahashi and Momiyama, 1993). This would also suggest that evidence for the 

involvement of N-type channels in glutamate release presented in this chapter is 
underestimated because of the K"*'-stimulation protocol.

The binding of coCgTx GVIA to Câ "*" channels has been reported to be slow (Grignon 

et al, 1993) and also to be inhibited by the presence o f physiological concentrations of 

divalent cations such as Ba^“̂  or Câ "*" (Barhanin et al, 1988; Wagner et al, 1988; 
Sakamoto and Campbell, 1991; Witcher e/ al, 1993a). In the present study cells were 
incubated with coCgTx GVIA for 1 hour in the absence o f Câ "̂  to allow optimal
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binding of the toxin to the receptor. In the study of Pocock et al, 1993, however, cells 
were incubated with coCgTx GVIA for only 2 min prior to K"*" stimulation and in the 

presence o f Câ "*", this difference in experimental protocol could explain the different 
results obtained. The exact binding domain o f coCgTx GVIA on the N-type Câ "*" 

channel is not yet known but it has been suggested recently that it lies on an 

extracellular domain o f the a% subunit (Ellinor et al, 1994) and possibly occludes the 
channel pore (McClewsky et al, 1987; Aokasi and Kanai, 1989; Ellinor et al, 1994). 
Witcher et al, 1993a, have suggested, however that the toxin changes the gating of the 
channel and that the binding site is distinct from the pore of the Câ "̂  channel, thus 
explaining incomplete block of channel seen in the presence o f high concentrations of 
divalent cations.

4.3,5 The involvement o f  P/Q-type calcium channels in release o f  glutamate.

It would appear from the previous sections that, although N and L-type calcium 
channels do have a role to play in the release o f glutamate from cerebellar granule 
neurones, there is still a significant component o f release that is insensitive to either 1,4- 
dihydropyridine antagonists or to coCgTx GVIA. A DHP/œCgTx GVlA-insensitive 

component o f Ca2 + current has been described in a number o f central and peripheral 
neurones (Regan et al, 1991) and it has been suggested that Câ '*' carried through this 
channel or these channels could correspond to that mediating synaptic transmission. In 
cerebellar Purkinje neurones this component is particularly prevalent with very little of 
the macroscopic Ca^+ current being inhibited by either DHP antagonists or coCgTx 

GVIA. FTX, a polyamine toxin fraction from the venom of the funnel web spider, 
Agelenopsis aperta, however, has been reported to completely block the Câ "*' 
conductance in these cells (Llinas et al, 1989). In squid giant synapses this toxin was 
found, by these authors, to block synaptic transmission without affecting pre-synaptic 

action potentials. It was proposed that the channel blocked by this toxin, which was 
shown to have distinct biophysical properties from the L- and N-type calcium channels 
previously described (Fox et al, 1987a,b), should be referred to as the 'P'-type Câ "*" 
channel due to its original description in Purkinje neurones (Llinas et al, 1989). The 

selectivity o f funnel webb spider toxin (FTX) was later disputed (Scott et al, 1992). In 

1992b, Mintz et al, described a 48 amino acid component o f Agelenopsis aperta venom, 
coAga IVA, which was reported to potently block both K"*"-stimulated Câ "*" flux into rat 
brain synaptosomes and Câ '*’ channels in cerebellar Purkinje neurones. It was later 

reported that this peptide toxin was a highly potent, specific blocker o f P-type calcium 
channels, having no effect on identified T-type, L-type or N-type currents in a variety o f  
central and peripheral neurones (Mintz et al, 1992a). However more recently, the
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selectivity o f this toxin has been questioned (Brown et a/,1994; Pearson et al, 1995). 
The action of this oAga IVA on P-type calcium channels has been reported to be 

voltage-dependent (Mintz et al, 1992a; Mintz and Bean, 1993b) but this has been 
disputed in cerebellar granule neurones (Pearson et al, 1995).

When the cloned a ] a  Câ "*" channel subunit (Mori et al, 1991) was expressed in 
Xenopus oocytes, and the resultant Câ "̂  channel was shown to be blocked by coAga 
IVA, it was suggested that (Starr et al, 1991), might be a subunit of the P-type 

Ca2+ channel. However, the lower affinity block o f currents in oocytes (IC5 0  ~ 
200nM) as compared to the high affinity block o f P-type current in Purkinje cells (IC5 0  

~ 2nM) by coAga IVA, suggested that the current elicited by the cloned subunits 

may not be identical to native P-type calcium channels on Purkinje cells (Sather et al, 
1993; Randall et al, 1993). A novel peptide toxin, co-Conotoxin MVllC (coCTx 
MVIIC), has also been shown to block P-type Ca^+ channels in cerebellar Purkinje 
neurones (Hillyard et al, 1992). This toxin, however, has been shown to bind to a class 
of sites in rat brain with affinities considerably higher than the binding affinities o f co 
CTx MVIIC for either N- or P-type calcium channels (for review see Olivera et al, 
1994). This high affinity binding site has been proposed to represent a novel Ca^+ 

channel sub-type named 'O'-type (Adams et al, 1993). Biophysical evidence for a 
channel corresponding to this 'O'-site has still to be elucidated, but it has been suggested 
that it could be closely related to the coCTx MVIIC-sensitive Câ "̂  current observed in 
cerebellar granule neurones (Randall et al, 1993), and to P-type channels in Purkinje 
cells (Olivera et al, 1994). The coCTx MVIIC-sensitive Ca2+ channel current in 
cerebellar granule neurones has been reported to be biophysically distinct from P-type 
channels but to be very similar to the current elicited from oocytes expressing and 
has been named 'Q'-type (Randall et al, 1993). It has been reported that coAga I VA and 

(oCTx MVIIC are equipotent at blocking a 'Q'-like current in oocytes expressing the 
rabbit subunit (Sather et al, 1993), and the 'Q'-type current in cerebellar granule 
cells. Because, in the study presented in this chapter a maximal concentration o f œAga 
IVA was used (Pearson et al, 1995), it is not possible to differentiate between P and 'Q'- 
type calcium channels and therefore these channels and the component o f release that 
may be affected by them are designated the title 'P/Q'-type.

coAga IVA potently blocked '̂ Ĉâ '*' influx into rat brain synaptosomes (Mintz et al, 
1992b). This led to the hypothesis that P-type calcium channels are involved in synaptic 

transmission. Later reports showed inhibition o f glutamate release and synaptic 
transmission from the synaptosomes, slices and neurones (Turner et al, 1992, 1993; 
Burke et al, 1993; Luebke et al, 1993; Yamamoto et al, 1994) was at least partially
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blocked by coAga I VA. Also coCTx MVIIC has been shown to inhibit K“*'-stimulated 
release of glutamate from the hippocampus (Valentino et al, 1993; Wheeler et a/,1994). 
However the study presented in this chapter suggests a lack o f involvement of coAga 

IVA-sensitive calcium channels in the K'*'-stimulated release of glutamate from 

cerebellar granule neurones. In these studies release of glutamate has been stimulated 
by addition o f 40mM K"*" rather than the 50mM K"*" used in other studies, to simulate 
conditions used in the studies of Turner et al (1992,1993) where release o f glutamate 
was inhibited by coAga IVA only when stimulated by submaximal depolarisation (see 

Section 4.2.5). Pocock et al, 1993, also found no affect of coAga IVA on release of 

glutamate, or on increase of intracellular Câ "*" concentration from cerebellar granule 
neurones following 50mM K'*’-induced depolarisation, suggesting a lack of involvement 
of o)Aga IVA channels in the release process in these cells. When cells were 
continuously depolarised and then release of glutamate stimulated by the addition of 
Ca^+, however, coAga IVA significantly inhibited release o f glutamate. As discussed in 
Section 4.3.2 P-type calcium channels have been reported to be unaffected by 
depolarised holding potentials. It is possible that once other Câ "*” channels are 
inactivated by this protocol, e.g. N-type Ca2+ channels, then influx o f Ca2+ through 

P/Q-type channels is able to contribute to glutamate release. A possible co-operation 
between N and P/Q-type channels has been suggested by a number o f studies, this will 
be further discussed below. Somatic Câ "*" channels blocked by coAga IVA in cerebellar 
granule neurones have been reported to differ from those seen in cerebellar Purkinje 
neurones in that they can also be inhibited by coCgTx GVIA and DHP antagonists 
(Pearson et al, 1995), suggesting that the pharmacology o f the calcium channel in these 
neurones may not be completely distinct. That Câ '*' stimulated release blocked by co 
Aga IVA is a dihydropyridine and/or coCgTx GVIA sensitive component o f release 
cannot be ruled out. The results would suggest that the component of release blocked 
by both CO Aga IVA and coCTx MVIIC is in fact also blocked by (-)202 791 (see Section
4.2.3 and Fig 4.3). Nicardipine, however, blocks only 70% of release under these 
conditions, it is possible that the residual release could encompass the coCTx MVIIC 
and/or coAga IVA sensitive components, although this can not be established from these 

experiments.

4,3,6 Multiple calcium channels regulate the release o f  glutamate from  cerebellar 

granule neurones.

Many studies have examined the effect o f individual calcium channel blockers on 
synaptic transmission, however few have examined the effect o f multiple channel 
blockers. Results presented so far in this chapter suggest that under certain condition
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L-, N-, and P/Q-type calcium channels can contribute to influx mediating the
release of glutamate from cerebellar granule neurones, suggesting the existence of 

multiple calcium channels on the pre-synaptic terminals o f these cells. The experiments 
shown in Section 4.2.6 and Figs 4.8 - 4.10 examine the effect o f blocking multiple 

calcium channel types on the release o f glutamate from cerebellar granule neurones.

Figure 4.8 recapitulates the studies shown previously examining the effect of Ca^+ 

channel blockers on K"*"-stimulated release of glutamate. It can be seen that coCgTx 
GVIA attenuates release by about 20%, coAga IVA does not significantly inhibit release 

o f glutamate, and nicardipine inhibits release by approximately 40%.

4,3,6.1 Distinct components o f  release are mediated by L- and non-L-type high 

voltage activated calcium channels.

1 pM nicardipine inhibits somatic Câ "*" channel currents in cerebellar granule neurones 
by about 40% (A. Mathie and A.C. Dolphin, unpublished observations). The present 
study shows 40mM K"*'-stimulated release of glutamate from these cells to be inhibited 
by both the L-type Ca2+ channel blocker, nicardipine, and by coCgTx GVIA. When 
applied after inhibition o f coCgTx GVIA-sensitive channels, nicardipine still inhibits the 
residual glutamate release to the same extent as in control cells. This indicates that 
although a slight overlap in the actions o f these two channel blockers to inhibit 
glutamate release may occur, two distinct components of release are mediated by entry 
o f Câ '*’ through coCgTx GVIA-sensitive N-type Câ "*" channels and nicardipine- 
sensitive L-type Ca2+ channels. It is possible in the light of experiments showing 
distinct differences in L-channel involvement in synaptic transmission depending on the 
strength o f the stimulus (Takahasi and Momiyama, 1993; Momiyama and Takahashi, 
1994), that the main role o f L-type channels in synaptic transmission is a modulatory 

one and may be in some way linked to the secretory apparatus controlling the liberation 

o f the reserve pool o f synaptic vesicles localised outside the active zone (see 

Section 1.3.6.1).

Recently Reuter, 1995, examined the effect of various calcium channel blockers at the 
level o f single presynaptic terminals in rat hippocampal cell culture and found that 
heterogeneity in the various channel densities existed between boutons. In the light of 
these findings it is possible that this is also the case in cerebellar granule neurones 
although it would seem, due to the co-operative activity of N and P/Q-type channels 
seen in the present study (see section 4.3.6.2), that these channels co-exist on nerve 
terminals.
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4.3.Ô.2 Does co-operativity between N- and P/Q-type channels exist at the pre
synaptic synapse o f  cerebellar granule neurones?

CO Aga IVA is reported to block P-type channels and at least a proportion o f the 

recently described 'Q'-type channels. When applied to cerebellar granule neurones, at a 

maximal concentration of 200nM, this toxin is shown to have no effect on the 
K'^-stimulated release of glutamate (Fig 4,8Ba). However, after coCgTx GVIA-sensitive 
Câ "*" channels had been blocked, coAga IVA inhibited residual release o f K'*'-stimulated 
glutamate a further 25% (and residual release was further inhibited following additional 
application o f nicardipine). These results are similar to those observed for 

[^H]-dopamine release from the striatum (Turner et al, 1993) and glutamatergic 

transmission in the hippocampus (Luebke et al, 1993). In these systems, when strong 

depolarising stimuli were applied, although limited inhibition o f release was observed in 

the presence o f either coCgTx GVIA or coAga IVA alone, when applied together a 
synergistic block o f release of up to 60% was seen. This apparent co-operation between 
channels has been observed by other authors, Regehr and Mintz, 1994, reported 
synergism between coCgTx GVIA and coAga IVA-sensitive channels controlling 
synaptic transmission at the climbing fibre synapse between neurones from the inferior 
olive and cerebellar Purkinje cells. Also Wheeler et al, 1994, have suggested 

synergistic control o f glutamatergic transmission between the hippocampal CAl and 
CA3 neurones, by N- and 'Q'-type channels. Another explanation for the increased 
inhibition o f glutamate release by coAga IVA after block of coCgTx GVIA sensitive 
calcium channels is that N-type channels are only partially blocked by coCgTx GVIA 
and that coAga IVA acts on the same channel to further inhibit release. This macrosite 
hypothesis has been discussed recently by Olivera et al, 1994 and is outlined in Section
1.2.5.3. Another recent study examining a possible overlap between the actions o f co 
CgTx GVIA and coAga IVA in cerebellar granule neurones has suggested that a class of 

channels exist which are blocked by both toxins (Pearson et al, 1995). In the present 
study the action o f these two toxins is not additive. However, the finding that coAga 
IVA alone does not block release, suggests that a block of coCgTx GVIA-sensitive 
N-type channels by coAga IVA is not occurring to inhibit glutamate release. It is 
possible that the channels at the pre-synaptic terminals are not identical to channels at 
the cell soma. From these results there would appear to be a class o f coCgTx GVIA- 
insensitive, coAga IVA-sensitive channels present at the pre-synaptic terminal which are 

able to react synergistically with coCgTx-sensitive channels to control synaptic 

transmission and can supply Ca^“̂  for transmitter release when N-type channels are 

blocked. Other evidence in favour o f this hypothesis is that block o f release by coAga 
IVA is apparent in continuously depolarised cells stimulated to release glutamate by 
addition o f Câ "'" but not in K“*"-depolarised cells (see Section 4.2.5).
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The present result indicates that when N-type Ca^“̂  channels are blocked, P/Q-type 
Ca2 + channels can provide an alternative route for this Ca2 + entry, and thus support 
glutamate release. It would appear, however, that L-type Câ '*' channels support a 

component o f release that is distinct from that supported by the N- and P/Q channels. 
These results suggest that multiple calcium channels are present in cerebellar granule 

neurones at the presynaptic terminals and that they are all able to support the release of 
neurotransmitter. This would ensure that regulation of transmitter release is highly 
flexible and can be adapted to varying physiological stimuli and modulation.

4,3,6.3 The involvement o f  other calcium channel subtypes in release o f  glutamate.

Although this present study implicates P/Q, N, and L-type channels in the exocytotic 

release mechanism in cerebellar granule neurones, there would appear to be a proportion 
of Ca^+-dependent release which is mediated through other Câ "̂  channel sub-types. 
Studies have shown Câ "*" channel currents in cerebellar granule neurones to be 
incompletely blocked by N, P, and L-type Câ "*" channel blockers (Pearson et al, 1993, 
1995; Zhang et al, 1993). Pearson et al, 1995, reported 30% o f Câ "̂  channel currents 
to remain after additive application o f saturating concentrations o f the DHP antagonist 
(-)-202 791, coCgTx GVIA, and ©Aga IVA. It has been postulated that part o f this 
residual current could be carried through the putative Q-type Câ "*" channel described by 
Zhang et al, 1993, which is reported to be blocked half maximally by ©Aga IVA at 
concentrations o f between 100 and 200nM (Randall et al, 1993; Wheeler et al, 1994).

The novel peptide toxin ©CTx MVIIC has been reported to selectively block putative 
Q-type Ca2+ channels at nM concentrations (Zhang et al, 1993). ©CTx MVIIC has also 

been reported to inhibit ^̂ Câ "*" influx into rat brain synaptosomes (Hillyard et al, 1992) 
implicating the involvement of this Câ "*" channel sub-type in neurotransmitter release. 
It is possible that the residual glutamate release observed in these experiments could be 
mediated, at least in part, by an ©Aga IVA-insensitive, ©CTx MVIIC-sensitive channel. 
In order to examine the action o f this toxin on the release o f glutamate from cerebellar 
granule neurones, the concentration dependence o f toxin action was investigated. 
Recent studies have shown that ©CTx MVIIC inhibits over 50% of P-type current in 

Purkinje cells at submicromolar concentrations, similar to the block o f expressed 

in oocytes (IC5 0  <150nM) (Zhang et al, 1993). It can be seen from Fig 4.9 that in the 
present study ©CTx MVIIC inhibits release o f glutamate in a concentration dependent 
manner, with an IC5 0  o f about 0.9pM. Inhibition was maximal at a concentration of 
toxin o f 5|iM with inhibition o f glutamate release o f about 55%, and minimal at lOOnM 
with no further reduction at InM. It has been suggested that 'Q'-type calcium channel 
currents are completely inhibited at a concentration o f 1.5pM of ©CTx MVIIC (Sather
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et al, 1993; Randall et al, 1994) and that at concentrations of toxin above 5|iM N-, P- 
and 'Q'-type Câ "'" channels are blocked, with no inhibition of L-type calcium channels 

(Hillyard et al, 1992). In the present study the toxin has been used as a non specific 
inhibitor o f these N-, P- and Q-type Câ "*" channels. Figure 4.10 shows that the effect of 

the toxin on glutamate release appears to be additive with the effect of nicardipine. 

Applied together these two channel blockers inhibited about 85% of K'*'-stimulated 

glutamate release in these cells. The same was true in Câ '*' stimulated neurones, in 
which CO CTx MVIIC inhibited about 20% release as compared to 55% inhibition of K"*" 
stimulated release. Presumably this coCTx MVIIC-sensitive component o f Câ "*"- 
stimulated release was supported by a non-inactivating channel type, possibly the P-type 

calcium channel.

The remaining K'*”-stimulated glutamate release appeared to be mediated by calcium 
influx through a coCTx MVIIC-, nicardipine-insensitive calcium channel as the non
specific HVA calcium channel blocker cadmium inhibited the remaining release. That 
the remaining component o f release is the same using both K"*" and Ca^^-stimulated 
paradigms suggests that the channel-type supporting this resistant component is not 
affected by depolarised holding potentials. A calcium channel sub-type resistant to all 
known specific Ca^+ channel blockers has been described in these cells, and has been 
designated the name 'R'-type (Ellinor et al, 1993; Zhang et al, 1993; Randall et al,
1994). Also Forti et a/, 1994, have described three novel types of calcium channels in 
cerebellar granule neurones, at least one o f which is thought to correspond to the 
expressed rat brain clone rbE-II (Soong et al, 1993). These channel types, along with 
the described 'R'-type channel, however, are similar to the N-type calcium channel in 
their properties o f inactivation and would not be expected to be active in continuously 
depolarised neurones. In the absence of specific antagonists for the proposed 'R'-type 

channel, and other emerging channel types it is not possible to further investigate its 
involvement in synaptic transmission.
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4.4  Sum m ary.

A number of groups have examined cerebellar granule neurones to elucidate the channel 
types involved in the release of glutamate. Slight variations in the results of^hese 

studies are probably a consequence of different experimental condition utilised. The 

present study has examined the role of individual calcium channels in the release of 
glutamate, and has shown that N and P/Q subtypes o f Câ *̂  channels are involved in 
synaptic transmission under the conditions employed. That L-type Ca2+ channels are 

also involved in the release process under the described conditions seems clear. It 
would seem likely that this channel type has an indirect effect on the release process 

under conditions o f increased stimulus strength and duration. Whether this is its sole 
role or whether it has a part to play in more physiological conditions remains to be 

elucidated. As discussed, other studies have reported no involvement of the L-type 
channel when release of transmitter is stimulated electrically, it is not clear whether this 
is due to lack o f involvement of the L-type channel in the release process or if  it reflects 

the voltage dependent nature o f DHP antagonists.

From the present study, it would seem that L- and non-L-type Câ "*" chaimels mediate 
separate components of release. It has been suggested that N-type calcium channels 
play a more prominent role in inhibitory synaptic transmission, but that P-type channel 
are more prominent in the control o f excitatory transmission (Home and Kemp, 1991). 
The present study indicates that non-L-type Câ '*' channels would appear to coexist in 
the pre-synaptic terminals o f cerebellar granule neurones and contribute to glutamate 
release with some degree o f co-operativity. Regulation of transmitter release at 
individual synapses by multiple calcium channel subtypes suggests that modulation of 
transmitter release is complex. This would provide the synapse a highly sensitive 

mechanism with which to fine tune synaptic strength. The development of toxins which 
block the 'resistant' Câ "̂  entry pathways will lead to the ability to selectively target and 
manipulate diverse transmitter systems. This leads to exciting possibilities for the 
development o f therapeutic agents and also may help to increase our understanding of  

the regulation of synaptic transmission in the brain.

Specifically the work o f Pocock et al, 1993 and the work presented in this thesis conflict 
in experimental evidence presented for the exocytotic channels present in cultured 
cerebellar granule neurones. In the work o f Pocock et al 1993, toxins were applied to 
cells for only 2 min prior to stimulation and, in the case o f coCgTx GVIA, applied in the 
presence o f Câ '*', these differences in protocol are likely to account for the different 
results observed.
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Chapter 5

The involvement of calcium 
channels in the modulation of 

glutamate release from 
cerebellar granule neurones, by 

GABAb  receptor activation
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5.1 Introduction

5.1.1 Pre-synaptic modulation o f  glutamate release.

As has been discussed in the previous chapter, release o f glutamate is dependent on the 

entry o f Câ "*" through multiple subtypes o f voltage-dependent calcium channels on the 

pre-synaptic terminals of neurones. Transmitter release at any given synapse is not 
constant but is subject to a variety of modulatory influences that can either increase or 

decrease the probability of release. Neurotransmitters regulate their own release or the 
release o f other neurotransmitters by virtue o f autoreceptors and heteroreceptors, 
respectively, located on pre-synaptic nerve terminals. It has been suggested that 
modulation o f various VDCC sub-types via pre-synaptic neurotransmitter receptors is 
an important regulatory step in controlling the efficacy o f transmitter release (Dolphin, 
1990; Miller, 1990; Lopez and Brown, 1992; Thompson et al, 1993). In the case of 
glutamate, a number of neuromodulators and neurotransmitters, including dopamine 
(Rowlands and Roberts, 1980), noradrenaline (Dolphin, 1982), 5-hydroxytrypamine 
(Maura et al, 1986), y-aminobutyric acid (GABA) (Levi and Gallo, 1981, Holopainen 
and Kontro, 1988), acetylcholine (Valentino and Dingledine, 1981), and adenosine 
(Dolphin and Archer, 1983; Dolphin and Prestwich, 1985), have been suggested to 
modulate its release in various brain regions.

5.1.2 GABAÿ receptors.

5.1.2.1 GABA in the cerebellum, receptor heterogeneity and localisation.

G ABA is the major inhibitory neurotransmitter in the mammalian brain (Roberts, 1986; 
Sivilotti and Nistri, 1991; Biggio et al, 1992). It is estimated that approximately 17% of 

the synapses in the mammalian cerebellar cortex are GABAergic (see Mody et al,
1994). GABA-containing neurones in the cerebellum include Purkinje cells, whose 

axons project to the brain stem and deep cerebellar nuclei; and which constitute the sole 
output o f the cerebellum. Other GABA-containing cells in the cerebellum are the three 
major intemeurones - the basket, stallate and Golgi type 11 cells.

Once released from the pre-synaptic terminal, GABA is known to act at least two 

distinct receptor types. The GABA^ receptor, which belongs to the family o f ligand- 
gated ion-channels (Schofield, et al, 1987) and is involved in fast inhibitory signal
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transduction, has been well characterised in comparison to the more recently discovered 

GABAg receptor. Many sub-types of the GABA^ receptor have been identified, all of 
which are thought to be composed of pentameric structures forming a functional Cl" 
channel (Nayeem et al, 1994). Pharmacologically these GABA^ receptors can be 

characterised by their activation by muscimol and their sensitivity to the convulsant 
agent, bicuculline. The presence of a novel GABA receptor was first described in 1980 

(Bowery et al, 1980). This GABAg receptor was defined by Hill and Bowery (1981) 
on the basis of its insensitivity to the classical GABA^ receptor antagonist bicuculline 
and its sensitivity to the GABA analogue, p-p-chlorophenyl-GABA ((-)-baclofen) 
(Bowery, 1989). Although (-)-baclofen had been designed as a GABA-mimetic, and 
introduced in 1972, as an antispastic agent, this compound had been consistently shown 

to be ineffective at bicuculline-sensitive GABA receptors (for review see Bowery,
1993). With the discovery of the novel GABAg receptor, however, and its 

stereospecific sensitivity to (-)-baclofen (Bowery et al, 1980) a place was found for this 

compound in GABA receptor pharmacology. GABAg receptor antagonists were slow 
to be developed, and it was not until 1987 that Kerr et al introduced phaclofen, the 
phosphonic acid analogue o f baclofen. Both this antagonist and the later described 2- 
hydroxy-saclofen (Kerr et al, 1988), although showing some activity in vitro, are 
ineffective in vivo. More recently a number o f compounds have been reported as being 
selective antagonists o f GABAg receptors (for reviews see Bittiger et al, 1993; 
Bonanno and Raiteri, 1993), including the 3-aminopropyl-phosphinic acid derivative, 
CGP35348, which was introduced as the first GABAg receptor antagonist to penetrate 
the blood brain barrier (Bittiger et al, 1990). Although the GABAg receptor has yet to 
be cloned, it is believed that it belongs to the same seven-transmembrane spanning, G- 
protein-coupled receptor superfamily as the metabotropic glutamate receptors and many 
other receptors (Bowery, 1993). Due to the known diversity o f other G-protein-coupled 
receptors, e.g. the metabotropic glutamate receptor (Tanabe et al, 1992), and also 

because o f the observed disparity between the actions o f known GABAg receptor 
antagonists, it has been suggested that several subtypes of GABAg receptor are likely to 

exist (Bowery, 1993).

5.1.2,2 Pre-synaptic modulation o f  synaptic transmission by GABAg receptors.

Activation o f pre-synaptic GABAg receptors has been shown to inhibit excitatory 

synaptic transmission between various neurones in the CNS (Howe et a l , 1987; Dutar 
and Nicoll, 1988b; Forsythe and Clements, 1990; Seabrook et al, 1990; Alford and 
Grillner, 1991; Thompson and Gahwiler, 1992). Although postsynaptically, inhibition 

by GABAg receptor activation is generally accepted to be mediated by a potassium- 
dependent slow inhibitory postsynaptic potential (Nicoll et al, 1990; Crunelli and
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Leresche, 1991; Sivilotti and Nistri, 1991), the presynaptic mechanisms of its inhibitory 
actions are still debated (Miller, 1990; Gage, 1992; Thompson et al, 1993). On 
activation^GABAg receptors are thought to couple to G-proteins and thus to activate a 
number o f effectors including ion channels and cytoplasmic enzymes (Bowery, 1993; 
Nicoll et al, 1990; Sivilotti and Nistri, 1991). Each of these effectors could contribute 
to pre-synaptic inhibition, as has been suggested from previous studies (Holz et al, 
1989; Travagli et al, 1991; Thompson and Gahwiler, 1992; Dolphin et al, 1994). One 

set o f effectors reported to be influenced by GABAg receptor activation are pre
synaptic voltage dependent calcium channels (e.g. Dimlap and Fischbach, 1981; 
Dolphin and Scott, 1987; Scholz and Miller, 1991). As was discussed in Chapter 4 and 
Section 1.2.2, these Ca2+ channels can be classified into a number o f sub-types, 
including T-, N-, L-, and P/Q-types. Identification o f specific calcium channel subtypes 

modulated by neurotransmitters has been, in recent years, a subject o f intense 

investigation. Regulation o f ©CgTx GVIA-sensitive N-type calcium channels by 
neurotransmitters has been extensively documented. Although it was originally thought 
that this channel subtype was exclusively modulated by neurotransmitters (Tsien et al, 
1986; Plummer et al, 1989); with the development of specific Câ "*" channel 
antagonists, and with the discovery o f novel currents and channels this is no longer the 
common consensus. Neuromodulation o f N-type calcium channels is thought to occur 
via a fast G-protein coupled pathway (Holz et al, 1986; Dolphin and Scott, 1987; 
Anwyl, 1991; Beech et al, 1992; Hille, 1992b), which is membrane delimited (Forsher 
et al, 1986; Green and Cottrell, 1988; Lipscombe et al, 1989; Bemheim et al, 1991; 
Penington et al, 1991; Swartz and Bean, 1992; Shapiro and Hille, 1993) and involves 
changes in the voltage-dependence and kinetics o f Câ "*" channel currents (Marchetti et 
al, 1986; Dolphin and Scott, 1987; Kasai and Aokasi, 1989; Lipscombe et al, 1989). 
Although modulation of L-type calcium channels has been documented in a number of 
systems (Maguire et al, 1989; Heidelberger and Matthews, 1991, 1992; Scholz and 
Miller, 1991), it would appear that the mechanisms o f action are not identical to those 
involved in modulation of N-type channels. Modulation o f L-type Câ "*" channels by 

neurotransmitters has been reported to be mediated via a slower pathway, perhaps 
involving diffusible second messengers (Plummer et al, 1991; Cox and Dunlap, 1992; 
Mathie et al, 1992; Swartz and Bean, 1992; Boland and Bean, 1993). More recently, 
the ability o f the GABAg receptor agonist (-)-baclofen to modulate P-type calcium 
channels has been investigated by Mintz and Bean (1993a). These authors suggest that 
stimulation o f these receptors in central neurones leads to the modulation o f P-type 
calcium channels, along with other calcium channel subtypes, in a manner similar to 

that o f previously described N-type channel modulation.

GABAg receptor activation, has been reported to cause modulation o f a number o f  
VDCC subtypes in various brain regions, these Câ "*" channel subtypes include the T-
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type (Deisz and Lux, 1985; Scott et al, 1990), L-type (Maguire et al, 1989; Heidelberger 
and Matthews, 1991, 1992), N-type (Scholz and Miller, 1991; Cox and Dunlap, 1992) 
and, as described above, P-type (Mintz and Bean, 1993a).

5,1.3 Aims o f  this study.

As was discussed in Chapter 4 it would appear that, in cerebellar granule neurones, 
glutamate release is mediated by the influx of calcium througn multiple calcium 
channels, including the L-, N-, and P/Q-types channels. Modulation o f any o f these 

channel types would therefore effectively modulate the release o f glutamate, and would 

subsequently be important in the control o f synaptic efficacy. In the study presented in 

this Chapter the involvement of Câ "*" channels in the modulation o f K"*'-stimulated 

release o f [^H]-glutamate from cerebellar granule neurones, by GABAg receptor 

activation is investigated. The possibility that specific calcium channel subtypes are 
involved in the modulatory action is also explored.
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5.2 R esu lts

5.2.1 Release o f  [^H]-glutamate from  cerebellar granule neurones is modulated by 
the GABAÿ  agonist (-)-baclofen but not 3-aminopropylphophininc acid.

The present study examines the effect o f (-)-baclofen on glutamate release from 
cerebellar granule neurones. As can be seen from Figure 5.1 A, lOOpM baclofen 

inhibited the K"^-stimulated release o f glutamate when present in the second stimulatory 

period. This inhibition typically varied between 20 and 30% over a series o f 80 

experiments. (-)-Baclofen did not, on the other hand, affect the basal release of 
glutamate.

3-AminopropyIphosphinic acid (3-APA) has been reported to exhibit high affinity for 
GAB A3  binding sites (Dingwall et al, 1987; Bittiger et al, 1988; Hills et al, 1989; Pratt 
et al, 1989). However, in the case o f K"*"-stimulated glutamate release from cerebellar 
granule neurones 3-APA, (50pM) present in the second stimulation period (Fig 5 .IB) 
produced a stimulation o f [^H]-glutamate release as compared to control experiments 
(in 2  experiments augmentation of release was 13 and 16%).

5,2,2. The effect o f  GABAg receptor antagonists on (-)~baclofen-mediated inhibition 
o f  K^-stimulated release o f  glutamate.

The effect o f the GAB A3  receptor antagonists phaclofen (Kerr et al, 1987) and 2-OH- 
saclofen (Kerr et al, 1988) on K’*"-stimulated [^H]-glutamate release and its inhibition 
by (-)-baclofen were examined (Fig 5.2). Phaclofen (500pM) reduced (-)-baclofen- 
mediated inhibition o f K"""-stimulated glutamate release by about 60% (Fig 5.2A, n=3, 
p<0.05), and had no effect on [^H]-glutamate release alone. In contrast 500pM 2-OH- 
saclofen had no effect on the (-)-baclofen-mediated inhibition o f glutamate release (Fig 
5.2B). In these experiments (-)-baclofen inhibited release by 21 ± 2.6% (Fig 5.2B, n=3, 

p<0.05) alone, and 25 ± 5.2% in the presence of 2-OH-saclofen (Fig 5.2B, n=3, p<0.05). 
Alone 2-OH-saclofen had no effect on the release o f glutamate from cerebellar granule 

neurones.
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Figure 5,1 The effect o f  GABAg receptor agonists in Kf'-stimulated release o f  [^H]- 
glutamate from  cerebellar granule neurones.

Cells were stimulated to release glutamate by incubation for 2 x 2 mins in stimulating Krebs medium containing 

50mM K'*’ and 1.8mM Ca^^ (SI and 82). The two stimulation period were separated by 5 x 2 min incubations in 

basal maintaining Krebs medium containing 2.5mM K"*" and 1.8mM Ca '̂*'.

A. Shows an example o f the effect o f lOOpM (-)-baclofen on K‘*'-stimulated release o f glutamate. Where cells 

were to be stimulated in the presence o f (-)-baclofen this was added during the second stimulation period (S2) and 

the two basal incubation periods preceding and following it, as indicated by the filled line.

B. Shows an example o f the effect o f 50pM 3-aminopropylphosphinic acid (3-APA) on K‘*‘-stimulated release of 

glutamate. Where cells were stimulated in the presence of 3-APA, this was added during the second stimulation 

period and in the two basal incubation periods preceding and following it, as indicated by the filled line.
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Figure 5.2 The effect o f GABA g  receptor antagonists on the (-)-baclofen-mediated inhibition 
o f -stimulated release o f [^H]-glutamate from cerebellar granule neurones.

Drugs were added to cells during the second stimulation period (S2) and the two basal incubation periods preceding 

and following it

A. Shows the effect o f the GABAg receptor antagonist, phaclofen (500|iM), on lOOpM (-)-baclofen-mediated 

inhibition of glutamate release. Phaclofen alone had no effect on the K^-stimulated release of glutamate. It did 

however partially antagonise the (-)-baclofen-mediated inhibition of glutamate release, reducing inhibition of 

release from 24.9 ± 5.4% in the presence of (-)-baclofen alone to 10.5 ± 6.2%, in the presence of (-)-baclofen and 

phaclofen.

B. Shows the effect o f the GABAg antagonist, 2-hydroxy-saclofen (2-OH-saclofen - 500pM), on lOOpM 

(-)-baclofen-mediated inhibition of glutamate release. 2-OH-saclofen had no effect on either the control release of 

glutamate or on inhibition of glutamate release by (-)-baclofen, in this case inhibition of the release of glutamate by 

(-)-baclofen was 20.7 ± 2.6% and 25.4 ± 5.2%, in the absence and presence of 2-OH-saclofen, respectively.

Results are presented as mean S2/S1 ratios ± S.E.M., and numbers of experiments carried out are shown in 

parentheses. (* p<0.05 as compared to corresponding control experiments).
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5.2.3 The effect o f  (-)-baclofen on ionomycin-stimulated f^HJ-glutamate release.

As was discussed in Section 5.1.2,2, one hypothesis as to the mechanism of GABAg 

receptor-mediated inhibition of neurotransmitter release is that activation o f the receptor 

inhibits the entry of Câ "*" through voltage-gated channels (for review see Dolphin et al,
1994). However, others have suggested that this modulation occurs at a step distal to 
Ca2+ entry (Man-Son-Hing et al, 1989; Scanziani et al, 1992). In this study, the ability 
o f (-)-baclofen to inhibit release of glutamate stimulated by ionomycin Was therefore 
examined. Experiments were performed as in Section 3.2.3, with release o f glutamate 

being stimulated by either 50mM (SI and S3) or by 4pM ionomycin (S2). lOOpM 

(-)-Baclofen was included during the S2 and S3 stimulation periods and the two basal 
incubation periods preceding and following them (Fig. 5.3A); because of the slightly 

elevated release o f glutamate following the removal o f ionomycin (see Section 3.2.3), 
the amount o f glutamate released during the stimulatory periods was calculated, in these 

experiments, using only the two basal incubation periods preceding the stimulation 
(compare to Section 2.2.8). In these experiments, K'*“-stimulated release o f glutamate 
was inhibited 31% by lOOpM (-)-baclofen (Fig 5.3B). Ionomycin-stimulated glutamate 
release, however, was not inhibited by (-)-baclofen (Fig 5.3B). This experiment would 
suggest that (-)-baclofen does not inhibit calcium-dependent secretion downstream from 
Câ "*" entry, because ionomycin-stimulated glutamate release was low, however, the 

results are somewhat inconclusive.

5.2.4 The effect o f  (-)-baclofen on K^-stimulated glutamate release in the presence o f  
barium.

Experiments were performed, as in Section 3.2.9, in which cells were stimulated during 
the SI and S2 periods by incubation in medium containing 50mM K"*" and 1.8mM Ba^^ 

in place of the usual 1.8mM Ca^“̂ . Also present in the stimulation periods was ImM 
EOT A in order to chelate any residual Câ "̂  present. Where the effect o f GABAg 
receptor activation was examined, lOOpM (-)-baclofen was added during the second 
stimulation period and the two basal incubation periods preceding and following it. As 

reported in Section 3.2.9, release of glutamate stimulated in the presence o f Bâ "*" was 
decreased as compared to that stimulated in the presence o f Câ "*" (Fig. 5.4A). 
(-)-Baclofen, however, inhibited release o f glutamate to a similar extent under both 

conditions o f release (Fig 5.4B). These results show that although Bâ "*" blocks a 
number o f K'*' channels, (-)-baclofen is still able to inhibit transmitter release stimulated 
by this ion. This provides further evidence that the site o f action o f (-)-baclofen is 

inhibition o f Câ "*" channel currents.
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Figure 5.3 Ionomycin-stimulated release o f f^HJ-glutamate is not modulated by (-)-baclofen.

A ) S h o w s an exam ple  o f  experim ents w here cells  w ere stim ulated to release glutam ate during the 81 and S3 periods by 

incubation in K rebs m edium  containing 50m M  K"*", and during the S2 stim ulation period by incubation in Krebs m edium  

conta in ing  the Ca^^ ionophore, ionom ycin  (4p M ). W here included, lOOpM (-)-b a c lo fen  w as present in the S2 and S3 

p eriod s o f  stim ulation , and in the tw o  basal incubation periods preced ing and fo llo w in g  them . Control experim ents are 

sh o w n  by the em pty c ircles (O )  and (-)-b aclo fen  treated ce lls  by the filled  c ircles ( • ) .  S3/S1 and S2/S1 ratios w ere  

ca lcu la ted  for each experim ent.

B ) W hen c e lls  w ere stim ulated by 50m M  K" -̂ ( ^ 8 ,  S3/S1 ratios, n= 7), the addition o f  lOOpM (-)-b a c lo fen  during the S3, 

inh ib ited  release o f  glutam ate by 31±7.5%  ( H ,  S3/S1 ratio o f  control cells , n=7); control S3/S1 ratios are low  in these  

experim en ts probably due to the continued high intracellular Ca^'*' lev e ls  after incubation w ith  io n om ycin  (see  Chapter 4, 

Sectio n  3 .2 .3 ) . Ionom ycin-stim ulated  release o f  glutam ate ( ^ 0 ,  S2/S1 ratio, n = 7), w as not inhibited by  the addition o f  

lOOpM (-)-b a c lo fen  ( B ,  S2/S1 ratio, n=7). R esults are show n as m ean ±  S .E .M ., (* p < 0 .0 5 , paired t-test).
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Figure 5.4 Effect o f  (-)-baclofen on K^-stimulated glutamate release in the presence o f 
barium.

Cells were stimulated to release glutamate by incubation for 2 x 2 min in Krebs medium containing 50mM K^ and 

1.8mM Câ "*" (SI and S2) or by incubation in Krebs medium containing 50mM K“̂ , 1.8mM Ba^^ and ImM EGTA. 

Where the effect o f IGOgM (-)-baclofen was to be tested, this was present during the second stimulation period and 

in the two basal incubation periods preceding and following it.

A) Release of [^H]-glutamate was reduced from 2.7 ± 0.25% of total cell glutamate in cells stimulated to release 

glutamate in the presence of 1.8mM Câ """ ( Cl, n=15), to 2.21 ± 0.13% of total cell glutamate in cells stimulated in 

the presence of 1.8mM Bâ '*' and ImM EGTA (E3, n=15).

B) Cells stimulated to release glutamate in the presence of 1.8mM Câ "*" ( ■ ,  n=5) were inhibited 20 ± 3% by 

lOOpM (-)-baclofen ( ■ ,  n=5), cells stimulated with barium in the presence of EGTA (BEB, n=5) were inhibited 22 ± 

10% by lOOpM (-)-baclofen ( ■ ,  n=5).

Results are presented as mean ± S.E.M. (* p<0.05, ** p<0.01, *** p<0.001, as compared to corresponding control 

experiments).
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5.2.5 The effect o f  Pertussis toxin on glutamate release and its modulation hy 
GABAÿ  receptor activation.

5.2.5.1 Are GTP-binding proteins involved in (-)-baclofen-mediated inhibition o f  
glutamate release?

Pertussis toxin (PTX) is a biological toxin, which ADP-ribosylates the Gj and Gq 

species o f GTP-binding proteins (G-proteins) (Ui et al, 1985, and see Section 1.5.1). 
Pretreatment of cells with PTX (115ng/ml), for 16h prior to experiments at 37®C 

completely prevented the inhibition of K"*"-stimulated glutamate release by lOOpM 
(-)-baclofen (Fig 5.5B). This would suggest the involvement o f PTX-sensitive GTP- 
binding proteins (Gj or G q )  in the modulation o f glutamate release by GABAg receptor 
activation. In control cells S2/S1 ratios were inhibited 30 ±3%  by the addition of 
(-)-baclofen during the second stimulation period (Fig 5.5A).

5.2.5.2 The effect o f  pertussis toxin on [^H]-glutamate release.

During the course o f these experiments it was noted that, in control cells, pertussis toxin 
pre-treatment enhanced the K"^-stimulated release of glutamate by about 40%. K"*”- 
stimulated release o f [^H]-glutamate, expressed as a percentage o f total cell [^H]- 
glutamate, was increased from 1.74 ±0.1%  in vehicle-treated cells (n=71) to 
2.42 ±0.17%  in PTX-treated cells (Fig, 5.6A, n=47, p<0.001). The total amount of 
[^H]-glutamate in the cells was not affected, however, this was 466,887 ± 50,851 d.p.m. 
(n=17) in vehicle-treated cells and 482,700 ± 5609 d.p.m (n=13, NS) in PTX treated 
cells.

Pertussis toxin treated, continuously-depolarised, cells also released more o f their total 
content o f [^H]-glutamate than vehicle-treated cells. Under these conditions, where 

release was stimulated by the addition o f 5mM Câ "̂ , an 84% increase in release was 
observed. Stimulated release o f glutamate, expressed as a percentage o f total cell 
glutamate, was increased from 1.2 ±0.18%  in vehicle-treated cells (n=12) to 2.17 
± 0.28% in PTX-treated cells (Fig 5.6B, n=12, p<0.001). Basal release was also 
increased by 68.5%, from 0.107 ± 0.024% to 0.208 ± 0.028% of total glutamate release 
per 2-min period (n=12, p<0.001). The total glutamate release o f cells was again 

unchanged by pertussis toxin treatment, being 471,685 ± 87,075 d.p.m. per coverslip in 

vehicle-treated cells and 376,278 ± 72,182 d.p.m. in pertussis toxin treated cells 

(P=0.309).
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Figure 5.5 Inhibition o f K^-stimulated release o f  [^HJ-glutamate by GABA g  
receptor activation is reversed by pre-incubation o f cerebellar granule neurones with 
Pertussis toxin.

Cells were incubated for 16h prior to experiments, at 37°C, in medium containing either 115ng/ml 

Pertussis toxin (B) or its vehicle (50% glycerol/50% PBS) (A).

Glutamate release was stimulated by the addition of 50mM K' '̂-containing Krebs medium during two 

periods of stimulation (SI and S2), which were separated by a number of incubations in basal 

maintaining Krebs medium. Where the effect of (-)-baclofen was to be tested this was added during the 

second stimulation period and the two basal incubation periods preceding and following it. Results are 

shown as mean S2/S1 ratios ± S.E.M, and numbers of experiments are shown in parentheses. (* p< 0.05 

as compared to corresponding control experiments).
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5,6 Pre-treatment o f  cerebellar granule neurones fo r  16h with pertussis toxin increases K^-stimulated and stimulated glutamate release,

A. Cells which had been pre-treated for 16h with either PTX (1 15ng/ml) or its vehicle (50% glycerol/50% PBS), at 37®C, were stimulated to release [^H]-glutamate during 81 and 

82 by incubation for 2 min in Krebs medium containing 50mM K"*" and 1.8mM Câ "*". Each stimulation period was preceded and followed by a number o f 2 min incubation periods 

in basal maintaining medium containing 2.5mM and 1.8mM Câ '*'.

B. As in A, but cells were stimulated to release glutamate by 2 min incubation in Krebs medium containing 50mM K^ and 5mM Ca^^, and the basal maintaining medium contained 

50mM K+ in the absence o f Ca^^. The increase in stimulated glutamate release by pre-incubation o f neurones with PTX was far greater under these conditions than in K+- 

stimulated cells.



This increase in exocytosis following PTX-treatment of cells had been seen previously 
during experiments examining the effect of adenosine on glutamate release from 
cerebellar granule neurones (Dolphin and Prestwich, 1985). Also in chromaffin cells 

treatment with PTX has been shown to increase Ca^"'"-dependent exocytosis 
(Brocklehurst and Pollard, 1988; Ohara-Imaizumi et al, 1990; Sontag et al, 1991) as 
well as to alter the biophysical properties of the calcium channels (Cena et al, 1991). 
The ability of pertussis toxin to enhance stimulated glutamate release was therefore 
further investigated in a separate series o f studies. Reprints of these studies (Huston et 
al, 1993; Cullen et al, 1994) are included in the back o f this thesis.

S.2.5.3 Effect o f  increased cAMP levels on (-)-baclofen-mediated inhibition o f  Ca^'  ̂

stimulated glutamate release.

It has been suggested that inhibition o f glutamate release by (-)-baclofen is mediated via 
inhibition o f adenylyl cyclase resulting in a reduction in cAMP levels, in cerebellar 

granule neurones (Travagli et al, 1991). Here the effect o f agents increasing cAMP 

formation on (-)-baclofen-mediated inhibition o f glutamate release was examined. The 
phosphodiesterase inhibitor, IBMX (ImM), was added to basal and stimulating 
incubation media throughout experiments in order to raise intracellular cAMP levels, 
the membrane permeable, non-hydrolysable analogue o f cAMP, 8 -Bromo-cAMP 
(ImM), was also added. Cells were stimulated during SI and S2 by the addition of 
5mM Ca^+ to depolarising basal maintaining medium. As can be seen from Table 5.1, 
glutamate release was inhibited by the presence of raised intracellular cAMP, but 
inhibition of Câ "*" stimulated glutamate release by (-)-baclofen was similar under both 
control conditions and where cAMP levels were raised. These results suggest that 
cAMP, under these conditions, is not involved in the mediation of GABAg receptor- 
mediated inhibition of glutamate release from cerebellar granule neurones.

5.2.6 (-)-Baclofen inhibits Ca'̂ -stimulated and K^-stimulated release o f  glutamate to 

a similar extent.

The involvement of non-inactivating Câ "*" channels in the release o f glutamate can be 

examined in relative isolation by incubating cells in continuously depolarising Krebs 
medium (50mM K'*"/OmM Câ "*") and stimulating the cells to release glutamate by 
incubation in Krebs medium containing 50mM K"'"/5mM Câ "̂  (see Chapter 4). The 
effect o f (-)-baclofen was examined on both K'*‘-stimulated release o f glutamate and 

Ca2‘*"-stimulated release o f glutamate. In these experiments the control S2/S1 ratio was 
0.88 ± 0.06 (For example see Fig 5.7A, n=9). lOOpM (-)-Baclofen inhibited K"*"- 
stimulated release o f glutamate by 26 ± 2% (Fig 5.7C, n=9, p<0.01). (-)-Baclofen was
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toy baclofen

l#vel o f f

Control

IBMX/8Br

cAMP

1.7± 0 .17(10) 

0.8 ±0.15 (10)

0.97 ±0.1 (4) 

0.75 ± 0.23 (3)

0.68 ± 0.08 (4) 

0.47 ±0.08 (3)

32 ±7%

31 ±11%

p < 0.05 

p < 0 .0 5

Table 5.1 effect of increased cAMP levels on inhibition of glutamate release by 
(-)-baclofen.

Continuously depolarised cells were stimulated to release glutamate by incubation for 

2 x 2  min in Krebs medium containing 50mM K'^/SmM Ca2+ (SI, S2). Intracellular 

cAMP was artificially raised in cells by the addition of ImM IBMX throughout the 

experiment and in addition the membrane permeable analogue 8-Br cAMP was added. 

Glutamate release was significantly inhibited by the presence o f these cAMP-enhancing 

agents (p<0.001), however inhibition o f release by (-)-baclofen (lOOpM) was not 

affected. Results are showTi as mean ± S.E.M. and numbers of experiments are shown 
in parentheses.
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Figure 5.7 The effect o f 100ftM (-)-baclofen on 
stimulated release o f glutamate from control and 
continuously depolarised cerebellar granule neurones.

A. Cells, described as K'*'-stimulated, were stimulated to release 

glutamate by incubating for 2 x 2 mins in Krebs medium containing 

50mM K"*" and 1.8mM Câ '*' (SI and S2). Each stimulation period 

was preceded and followed by a number of 2 min basal incubation 

periods in Krebs medium containing 2.5mM K^ and I.SmM Ca-^. 

Where cells were to be stimulated in the presence of (-)-baclofen, 

this was present during 82 and the two incubation periods preceding 

and following it.

B. Basal incubations for cells described as Ca^-stimulated or 

continuously depolarised, took place in the presence of Krebs 

medium containing 50mM K^ but in the absence of Ca“"̂. Cells 

were stimulated to release glutamate during the 81 and 82 

stimulation periods by 2 min incubations in Krebs medium 

containing 50mM K"*" and 5mM Ca^^. Where cells were to be 

stimulated in the presence of (-)-baclofen, as in K'*'-stimulated cells, 

this was present during 82 and the two incubation periods preceding 

and following it.

C. 8hows the percentage inhibition of glutamate release by (-)- 

baclofen in K^-stimulated and Ca^"""-stimulated cells, as compared 

to corresponding control experiments. (-)-Baclofen inhibited release 

of glutamate to a similar extent under both conditions.



■D

I
3
E
%
+

C N
03

O

co

-Cc

0)
(/}
03
0)
1
s
03
E
S
3
D)

6 0 -,

50-

40-

30-

2 0 -

1 0 -

Oi i

f
(4)

(5)

(4)

(3)
-r-i-Ty

1
-I------ 1— I— r - i  !■ I—

10
I  I----------- 1— “ T -----1----- 1 I I I

100

C oncentration  o f (-)-b aclo fen  (|iM )

Figure 5,8 Concentration-response curve fo r  the inhibition o f  [^H]~glutamate 
release by (-)-baclofen in continuously depolarised cerebellar granule neurones.

The effect o f (-)-baclofen was examined on 5mM Ca^'*'-stimulated glutamate release when neurones 

were maintained in depolarising, Ca^‘*'-ffee medium, (-)-baclofen, where present, was added during the 

second stimulation period and in the two stimulation periods preceding and following it. The percentage 

inhibition of the S2/S1 ratio was determined and compared to corresponding control experiments. The 

results are presented as mean ± S.E.M., and the numbers o f experiments performed are given in 

parentheses.
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still able to inhibit the Ca^^-stimulated release of glutamate from depolarised neurones. 
In these experiments the control S2/S1 ratio was 0.85 ± 0.1 (For example see Fig 5.7B, 
n=4). A concentration of lOOpM (-)-baclofen produced 29 ± 2% inhibition o f Ca^+- 
stimulated release (Fig 5.7C, n=4, p<0.01).

As can be seen from Figure 5.8, inhibition o f Ca^"'"-stimulated glutamate release by 

(-)-baclofen was concentration-dependent, with no significant difference in the 

inhibition of release by 50 or lOOpM (-)-baclofen. The IC5 0  for inhibition by 
(-)-baclofen in depolarised neurones was approximately 5pM (Fig 5.8).

5.2.7 The effect o f  (oCgTx GVIA on (-)-baclofen-mediated inhibition o f  glutamate 

release.

In order to examine the role of N-type Câ "̂  channels in the inhibition o f glutamate 
release by (-)-baclofen, cells were incubated with the N-type channel blocker, coCgTx 
GVIA, for Ih prior to experiments in Câ "*"-ffee medium. Similar to results previously 
shown in Section 4.2.4, release o f glutamate was inhibited by about 26% by 
pre-incubation with coCgTx GVIA (IpM) (Fig 5.9A and compare Fig 5.10a and d). 
(-)-Baclofen inhibition o f 40mM K“'~-stimulated [^H]-glutamate release in the absence 
of coCgTx GVIA was 30 ± 3% (Fig 5.9B). Glutamate release from cells pre-incubated 
with coCgTx GVIA, however, was inhibited only 21 ± 3% by (-)-baclofen (Fig 5.9B); 
this is significantly lower (p<0.05) than inhibition of release by (-)-baclofen in 
the absence o f coCgTx GVIA. Thus, following inhibition o f N-type Câ '*' channels by 
coCgTx GVIA, (-)-baclofen showed a reduced ability to inhibit the residual release of 

glutamate.

5.2.8 The effect o f  nicardipine on the (-)-baclofen-mediated inhibition o f  glutamate 

release.

In the absence o f coCgTx GVIA, the L-type Câ "*" channel blocker, nicardipine (IpM) 
inhibited glutamate release by 28 ± 3% (Fig 5.10c) and (-)-baclofen inhibited release by 
30 ±3%  (Fig 5.10b). The S3/S2 ratio in nicardipine-treated cells, however, was 
reduced a further 26 ± 9% on addition of (-)-baclofen during S3 (Fig 5.10c), indicating 

the additive effect of nicardipine and baclofen on the K"''-stimulated release of 

glutamate. When nicardipine was added during both the S2 and S3 periods, the S3/S2 

ratio was not significantly different from control cells (results not shown), indicating no 

additional inhibition of release by nicardipine during S3.
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Figure 5.9 Pre-incubation o f cerebellar granule neurones with oCgTx GVIA 
reduces the ability o f (-)-baclofen to inhibit [^HJ-glutamate release,

A. Cells were incubated for Ih prior to experiments in Ca^^-ffee medium and in the absence or presence 

of 1 pM (oCgTx GVIA. Cells were stimulated to release glutamate by 2 x 2 min incubations in Krebs 

medium containing 40mM K^/1.8mM Câ "*". Stimulated release of glutamate was reduced by 26 ± 3.7% 

in coCgTx GVIA-treated cells as compared to control cells.

B. Inclusion of lOOpM (-)-baclofen in the 82 period of simulation and in the two basal incubation 

periods preceding and following it, inhibited release of glutamate by 30 ± 3.17% in cells pre-incubated in 

the absence of coCgTx GVIA, but by only 21 ± 2.9% in cells pre-incubated in the presence of coCgTx 

GVIA.

Results are presented as mean ± S.E.M., and numbers of experiments performed are shown in 

parentheses. (* p<0.05, ** p<0.001, as compared to corresponding control experiments).
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effect (-)-baclofen-mediated inhibition o f  glutamate release 
from  cerebellar granule neurones.

Cells were incubated for 1 hour prior to the experiment, in the absence or 

presence o f 1 pM œCgTx GVIA and in the absence o f Câ '*'. Similar to 

previous results, K^-stimulated release of [^H]-glutamate was inhibited 

about 25% after pre-treatment with coCgTx GVIA (compare stimulatory 

peaks o f a and d).

a-c) Cells were stimulated to release glutamate three times by 40mM K"*"- 

induced depolarisation. Release o f [^H]-glutamate was constant in all 

three stimulation periods (a) (n=10). The presence o f baclofen during the 

second stimulation period inhibited glutamate release by 30 ± 3% (b) 

(n=16, p<0.001), and addition o f nicardipine inhibited glutamate release by 

28 ± 3% (c) (n=5, p<0.001). When both nicardipine and baclofen were 

present during the third stimulation period release o f glutamate was 

inhibited by 52 ± 3% (b and c) (n=10, p<0.001).

e-g) Cells, pre-treated with coCgTx GVIA, were stimulated to release 

glutamate by 40mM K"*'-induced depolarisation. Again release of 

glutamate was constant in all three stimulation periods (d). The presence 

o f baclofen during the second stimulation period o f coCgTx GVIA treated 

cells (e) inhibited glutamate release significantly less than in control cells 

(b), in this case release was inhibited only 21 ± 3% (e) (n=16, p=0.05). Inhibition o f glutamate release by nicardipine was similar in coCgTx GVIA-treated cells (f) (n=5) and untreated cells (c). 

The addition o f both nicardipine and (-)-baclofen during the third stimulation period, inhibited glutamate release in mCgTx GVIA-treated cells by 54 ± 4% (f) (n-10, p<0.001).

Results are expressed as mean ± S.E.M. and statistical significance calculated by comparing S2/S1 or S3/S1 ratios to their corresponding control experiments (i.e. a and d) (unpaired t-test)



After pre-incubation of cells with coCgTx GVIA, nicardipine inhibited glutamate release 
by a further 26 ± 6 % (Fig 5.1 Of). On addition of (-)-baclofen during S3, the S3/S2 ratio 
was further reduced with the ability o f (-)-baclofen to inhibit residual release of 
glutamate in coCgTx GVIA-treated cells being restored by further block of nicardipine 

sensitive channels (Fig 5.10 e and f).

5.2.9 The effect o f  (S)Aga IVA on (-i-baciofen-mediated inhibition o f  glutamate 
release.

When the P/Q-type Câ "*" channel blocker, coAga IVA (200nM), was added to cerebellar 

granule neurones, release of glutamate was again not significantly inhibited (Fig 5.11A 

and Section 4.2.5); (-)-baclofen alone inhibited release of glutamate, in these 

experiments, by 25 ± 8 % (Fig 5.11 A). After the addition of coAga IVA, (-)-baclofen 

inhibited release of glutamate by 29 ± 9% (Fig 5.11). Thus, coAga IVA alone does not 
affect the ability o f (-)-baclofen to inhibit glutamate release. After pre-incubation of 
cells with coCgTx GVIA, ©Aga IVA inhibited glutamate release to a much greater 
extent, by 35 ± 6 % (Fig 5.11 A). Addition o f ©Aga IVA during both S2 and S3 periods 
did not significantly affect the S3/S2 ratio as compared to control cells (Fig 5.1 IB). 
After pre-incubation o f cells with ©CgTx GVIA and addition o f ©Aga IVA, 
(-)-baclofen no longer significantly inhibited 40mM K'*"-stimulated glutamate release 
(Fig 5.1 IB).

These results indicate that the activation of GABAg receptors causes modulation of 
[^H]-glutamate release via inhibition o f N-type, as well as other Câ "*" channels; when 
these N-type channels are blocked then the P/Q-type Câ "̂  channel can provide an 

alternative modulatory target.

5.2.10 The effect o f  (oCTx MVIIC on (-)-baclofen mediated inhibition o f  glutamate

©CTx MVllC is a novel peptide toxin that has been reported to block a number o f non- 
L-type voltage dependent calcium channels including the N-, P- and Q-type Ca^+ 
channels (Hillyard et al, 1992 and see Section 4.3.5 and 4.3.6.3). Figure 5.12A shows 

the profile o f experiments examining the effect of this toxin on 50mM K"''-stimulated 

glutamate release and its inhibition by (-)-baclofen. As can be seen ©CTx MVllC 
(5pM) inhibited glutamate release by 60% in these experiments and (-)-baclofen by 24% 
(Fig 5.12B). When applied to cells in the presence o f ©CTx MVIIC, (-)-baclofen no 
longer inhibited glutamate release. This result correlates well with those shown in the 
previous three sections which suggest that (-)-baclofen-mediated inhibition o f [^H]-
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glutamate release in polarised cerebellar granule neurones occurs as a result o f 

inhibition o f Ca^+ influx through non-L type-Ca^"*" channels.
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Figure 5.11 Treatment o f cerebellar granule neurones with (nCgTx GVIA and (nAga IVA 
abolishes inhibition o f -stimulated [^H]-glutamate release by (-)-baclofen.

A . The addition o f  lOO^iM (-)-b aclo fen  during the S2 period o f  stim ulation inhibited release o f  glutam ate by 25%  

from  a S2/S1 ratio in control ce lls  o f  0 .8 9 ± 0 .0 6  ( f f l ,  n = l 1) to a S2/S1 ratio o f  0 .6 4 ± 0 .0 4  in baclofen  treated ce lls  

( H ,  n = l l )  200nM  coAga IV A  did not sign ifican tly  inhibit release o f  glutam ate ( H ,  n= 8). A fter the addition o f  

(ûA ga IV A , (-)-b a c lo fen  further inhibited release o f  glutam ate 29%  to an S2/S1 ratio o f  0 .6 5 ± 0 .0 6  (Hi, n=8).

B. W hen (oA ga IV A  w as added during both the S2 and S3 periods o f  stim ulation in w C gT x G V IA  pre-treated  

ce lls , no further inhibition o f  glutam ate release w as seen and the S3 /S 2  ratio (0 .4 8  ±  0 .1 2 , ^ , n = 4) w as sim ilar to 

the control S 3 /S 2  ratio (0 .4 9  ±  0 .0 5 , H ,  n= 3). After pre-incubation o f  cells  w ith cüCgTx G V IA  and addition o f  œ 

A g a  IV A , (-)-b a c lo fen  no longer sign ifican tly  inhibited 40m M  K'^'-stimulated glutam ate release (0 .3 9  ±  0 .1 , Hi, 
n= 4).

R esu lts are sh ow n as m ean ±  S.E .M . and sign ifican ce  lev e ls w ere calculated using the unpaired t-test (* p<  0 .0 5 , as 

com pared to corresponding control experim ents.
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Figure 5.12 (-)-Baclofen-mediated inhibition o f  K^-stimulated [^H]-glutamate release from  
cerebellar granule neurones is abolished by the presence o f (nCTx MVIIC.

A. Shows the experimental protocol for experiments examining the effect of coCTx MVIIC and (-)-baclofen on K. -̂ 

stimulated glutamate release. Cells were stimulated to release glutamate by 2 x 2 min incubations in Krebs medium 

containing 50mM K^ (SI and S2). Where 5pM coCTx MVIIC and/or lOOpM (-)-baclofen were added to the cells 

they were added during the second stimulation period (S2) and during the 5 min basal incubation periods preceding 

it.

B. (-)-Baclofen inhibited K"""-stimulated release of glutamate by 24 ± 4% (n=5) and mCTx MVIIC inhibited release 

by 60 ± 5.7% (n=5). In the presence of coCTx MVIIC, (-)-baclofen could no longer inhibited the release of 

glutamate from cerebellar granule neurones (n=5).

Results are presented as mean ± S.E.M. (* p<0.05, ** p< 0.001, as compared to control S2/S1 ratio).
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5.3 D iscussion .

5.3.1 GABAg receptors in cerebellar granule neurones.

This study has investigated the involvement of pre-synaptic GABAg receptors in the 
modulation o f [^H]-glutamate release from cerebellar granule neurones. The (-) isomer 

of the GABAg-receptor agonist, P-p-chlorophenyl-GABA ((-)-baclofen)), but not the 

phosphono derivative of GABA, 3-aminopropyIphosphinic acid (3-APA), was found to 
inhibit glutamate release by 20-30°/^^in these neurones. This modulatory effect of 

(-)-baclofen was found to be k antagonised by 3 -amino-2-(4-chlorophenyl)- 
propylphophonic acid, (phosphono-baclofen, phaclofen) but not by the reportedly more 
potent GABAg receptor antagonist, 3-amino-2-(4-chlorophenyl)-2-
hydroxypropylsulphonic acid (2-hydroxy-saclofen, 2-OH-saclofen) (Kerr et al, 1988; 
Curtis et al, 1988) (see Fig 5.13).

5.3.1.1 Functional significance o f  GABAg receptors on cerebellar granule neurones.

Cerebellar granule neurones lie in a region o f the brain that is rich in GABAergic 
neurones. GABA receptors have previously been shown to be highly concentrated in 
the cerebellum, with GABA^ receptors reported to be particularly prolific in the granule 

cell layer, and GABAg receptors to lie mainly in the molecular layer where the parallel 
fibres o f the granule cells synapse onto the Purkinje neurones (Wilken et al, 1981; 
Bowery, 1989; Sieghart, 1989). In agreement with the present study, Batchelor and 
Garthwaite (1992) have reported the existence o f functional GABAg receptors on the 
pre-synaptic terminals o f granule neurones, as well as the Existence of post-synaptic 

receptors localised on the dendrites of Purkinje cells. Also, studies by Wojcik and 
colleagues suggest a pre-synaptic localisation of GABAg receptors on the parallel fibres 
o f cerebellar granule cells (Wojcik and Neff, 1984; Wojcik et al, 1990; Travagli et al, 
1991) which, as in the present study, are able to modulate the release o f glutamate. 
GABAg heteroreceptors and their ability, when activated, to modulate release of 

excitatory neurotransmitters and to attenuate excitatory post-synaptic potentials (EPSPs) 
have been described in many systems. The first implication that GABA receptors, other 
than the classical GABA^ receptors, existed, came from neurochemical data showing 
bicuculline-insensitive inhibition of [^H]-noradrenaline release by GABA acting at, 
what is now known as, GABAg receptors (Bowery and Hudson, 1979; Bowery et al, 

1980).
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Figure 5.13 The structure o f  selected GABA ÿ  agonists and antagonists.

GABA - 7-aminobutyric acid, Phaclofen - 3-amino-2-(4-chlorophenyl)-propylphosphonic
acid.

3-APA - 3-aminophosphinic acid, 2-hydroxy-saclofen - 3-amino-2-(4-chlorophenyl)-2-hydroxypropyl
sulphonic acid

Since this early finding, evidence has been presented for inhibition of excitatory 

synaptic transmission by GABAg receptor activation in many different neuronal 

pathways, including the hippocampus (for review see Nicoll et al, 1990, also see Scholtz 

and Miller, 1991; Yoon and Rothman, 1991; Solis and Nicoll, 1992; Thompson and 

Gahwiler, 1992), the neurones o f the nucleus accumbens (Uchimura and North, 1991), 
the rat neostratum (Calabresi et al, 1990), the neocortex (Connors et al, 1988; Howe
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al, 1987) and dorsal raphe neurones (Colmers and Williams, 1988). Although it is clear 
that pre-synaptic GABAg receptors are able to influence synaptic efficacy, the 
physiological significance of these pre-synaptic GABAg receptors remains elusive. The 
main problem in defining a physiological role for these heteroreceptors in the control of 

excitatory transmission, is that it is hard to envisage from where the modulatory GABA 

could original^ Although GABAergic terminals are in existence in the molecular layer 

of the cerebellum, the uptake mechanisms are highly effective and therefore the distance 
that the neurotransmitter is able to diffuse is limited. It is possible that pre-synaptic 

GABAg receptors could play a neuroprotective role in situations where the uptake 

mechanisms are compromised e.g. in ischaemic or hypoxic conditions. It has been 

suggested by Attwell et al (1993) that glutamate receptors found on glial cells in vivo 

could, on activation by glutamate released from nearby neurones, lead to a rise in the 
extracellular GABA concentration, via reversed uptake, large enough to activate GABA 

receptors and thereby modulate synaptic events.
I

^  (but see Isaacson et al, 1993)

5,3.1,2 The actions o f  GABAg receptor agonists on glutamate release from
cerebellar granule neurones.

In the present study the GABAg receptor agonist, (-)-baclofen (lOOpM), inhibited 
release o f [^H]-glutamate by 20-30%. Although, in its therapeutic role, baclofen is 
effective in alleviating spasticity (Young and Delwaide, 1981) at nanomolar 
concentrations (Knutsson et al, 1974; Penn et al, 1989), GABAg-mediated responses, in 
vitro, are reported to have a half-maximal concentration (EC5 0 ) in the micromolar range 

(Wojcik, 1989). This has led to the suggestion of the existence o f high and low affinity 
GABAg receptors, however the putative high affinity GABAg receptors do not appear 
to be implicated in the mechanisms involved in inhibition of glutamate release from 

cerebellar granule neurones (Travagli et al, 1991). In the case o f endogenous glutamate 
release from these neurones, Wojcik et al (1990), have reported an EC5 0  for inhibition 
by (i)-baclofen o f 7pM, similar to that seen in the present study for inhibition o f [^H]- 
glutamate release by (-)-baclofen in continuously depolarised neurones (Fig 5.8). 
(-)-Baclofen is a highly specific GABAg receptor agonist which has been shown to be 

virtually inactive at GABA^ receptors. This (-) isomer of baclofen has been shown to 
be equipotent with GABA at the GABAg receptor. Relatively few active GABAg 
receptor agonists have been described, and of those which have, most have exhibited no 
greater potency than GABA or (-)-baclofen for the GABAg receptor. One agonist 
reported, in binding studies on rat brain membrane, to have an affinity for the GABAg 
receptor some 1 0 - 1 0 0  times greater than that of baclofen is 3-aminopropyIphosphinic 

acid (3-APA) (Dingwall et al, 1987; Pratt et al, 1989). In the present study, however,
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3-APA, rather than inhibiting release of glutamate, potentiated the release. In a parallel 
study (-)-baclofen was found to inhibit Bâ "'" currents in cultured dorsal root ganglion 

cells 30% whereas 3-APA had no effect (Huston et a l , 1990). Although reported to be 
more potent than baclofen in some functional studies, especially in the periphery (Hills 

et al, 1989; Kerr et al, 1990), other studies have reported only comparable or partial 
agonist effects (Pratt et al, 1989; Seabrook et al, 1990; Kerr et al, 1990, Thompson and 
Gâhwiler, 1992). In rat neocortical slices, the hyperpolarising action of baclofen is not 
mimicked by 3-APA (Ong et al, 1990). As in the present study 3-APA did not mimic 
the inhibitory actions o f GABA and baclofen on the K"""-evoked release o f endogenous 

glutamate from hippocampal synaptosomes and slices (Maguire et al, 1990). These 

apparent discrepancies between the activities o f this ligand, in binding and functional 
studies may indicate the presence of heterogeneous GABAg receptors.

5.3.1.3 The actions o f  GABAq  receptor antagonists on glutamate release from  
cerebellar granule neurones.

Understanding o f the physiological role o f GABAg receptors has been somewhat 
hampered by the lack o f potent, selective antagonists. Until recently few GABAg 
receptor antagonists existed, with phaclofen the first to be developed in 1987 (Kerr et al,
1987) followed closely in 1988 by the reportedly more potent 2-OH-saclofen (Kerr et al,
1988). In the present study inhibition of glutamate release by (-)-baclofen was 
antagonised by the GABAg receptor antagonist phaclofen (500pM) but not 2-OH- 
saclofen (500pM). Parallel studies examining inhibition of Bâ "*" currents by 

(-)-baclofen found complete abolition o f the inhibition by phaclofen but only modest 
and variable inhibition o f the effect by 2-OH-saclofen (Huston et al, 1990). This batch 
of 2-OH-saclofen was shown to block the late GABAg-mediated synaptic current in 
thalamocortical cells evoked by stimulation of the optic tract (Lightowler et al, personal 
communication). These results are somewhat surprising as 2-OH-saclofen has been 

reported as exhibiting 10-fold higher potency at GABAg receptors than phaclofen 

(Curtis et al, 1988; Kerr et al, 1988). However more recently a number o f studies have 
suggested that this compound can act as a partial agonist at pre-synaptic GABAg 

receptors (Caddick and Chad, 1994; Wilcox and Dichter, 1994). The affinity of 
phaclofen for GABAg binding sites in rat brain synaptic membranes is in excess of 
lOOpM, Bonnano and Raiteri (1992) report phaclofen as an effective autoreceptor 

antagonist, with an EC5 0  o f 79.2pM. Dutar and Nicoll (1988) suggested that pre- and 
post-synaptic GABAg receptors may be of differing subtypes due to the observed 
phaclofen reversal o f the post-, but not pre-synaptic response to baclofen, in 

hippocampal neurones. The present study would, however, suggest that this lack of
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phaclofen-sensitivity at the pre-synaptic terminal is not universally the case. Also 
others have suggested that the low potency of phaclofen may explain the differential 
effect observed by Dutar and Nicoll, and more recent work has shown a similar response 
of pre- and post-synaptic receptors in hippocampal cells to 2-OH-saclofen (Harrison,
1990). Differing results have been obtained in rat neocortical neurones where studies 

have shown depression o f synaptic response by baclofen to be both sensitive 
(Nisenbaum et al, 1993), and insensitive, (Calabresi et al, 1991) to saclofen.

That GABAg receptors are present on the pre-synaptic terminals o f cerebellar granule 

neurones and that activation of these receptors modulates the release of glutamate is 
shown clearly by the inhibition o f glutamate release by (-)-baclofen and its antagonism 

by phaclofen. It would appear from this study, however, that this GABAg receptor 

differs in its pharmacology to previously described receptors, being 3-APA and 2-OH- 
saclofen-insensitive. Whether this is indicative o f the heterogeneity o f GABAg 
receptors or merely differing affinities o f the receptors for the ligands under different 
experimental conditions and in different preparations remains to be determined.

5,3.2. The involvement o f  voltage dependent Ca '̂  ̂ channels in pre-synaptic 

modulation by GABA g  receptors.

Although activation of neurotransmitter heteroreceptors is known to cause the 
modulation o f synaptic events via modulation o f the release o f distinct 
neurotransmitters, the steps leading to this eventual change in neuronal firing is still a 
matter o f some conjecture. It is generally accepted that this neuronal modulation is 
dependent on coupling between receptors for neurotransmitters and ion channels 
although it has been suggested that inhibition of neurotransmitter release and post- 
synaptic potentials by a number of neurotransmitters and neuromodulators could take 

place at a step distal to Câ "*" entry (Man-Son-Hing et al, 1989; Scanziani et al, 1992; 
Copagna et al, 1993). That regulation of pre-synaptic Câ "*" influx during nerve 

terminal depolarisation must play an essential part in modulation of synaptic efficacy is 
beyond doubt. Whether this influx o f Ca^^ is reduced by inhibiting Câ "̂  channels or 

by activating K"*” channels or both is more contested. In the case o f post-synaptic 
GABAg receptors it is well established that GABAg receptor activation causes a 
hyperpolarisation of neurones due to an increase in K"*" conductance (Misgeld et al, 
1984; Newberry and Nicoll, 1984, 1985; Howe et al, 1987; Dutar and Nicoll, 1988a, b; 
Connors et al, 1988; Thalmann, 1988; Deisz and Prince, 1989). However, a number of 
cell types exhibit Câ "*" spikes, or show a substantial calcium-dependent plateau-phase
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of their action potential, and these have been shown to be inhibited in the presence of 

various neurotransmitters and neuromodulators, including noradrenaline, adenosine, 
opiates and GABA (Dunlap and Fischbach, 1981). This information has led to the 

suggestion that these neuromodulators could exert their effect directly on voltage 
dependent Câ "*" channels and thus modulate pre-synaptic transmission. More recently, 
inhibition of Ca^+ influx by neurotransmitters has been reported in a number of 

systems, including inhibition by neuropeptide Y in sympathetic nerve terminals (Toth et 
al, 1993) and the dependence of field EPSPs on Ca^"*"-influx, in the guinea-pig 

hippocampus (Wu and Saggau, 1994b). In peripheral neurones, Câ "*" currents from a 

number o f species have been shown to be reduced by baclofen (Deisz and Lux, 1985; 
Dolphin and Scott, 1986; Robertson and Taylor, 1986; Scott and Dolphin, 1986). 
However evidence for the direct involvement of Câ "*" currents in GABAg pre-synaptic 
modulation in the central nervous system has been somewhat slower in being derived. 
The lack o f involvement of Câ "̂  channels in response to GABAg receptor activation in 

hippocampal slices seen by Gahwiler and Brown (1985) led to the suggestion that, in the 

CNS, any changes in Câ "*" conductance are an indirect result from an initial potentiation 

of K"*" conductance. However, more recent evidence would suggest the direct 
involvement o f Ca^+ channels in neuromodulation in the CNS. Scholtz and Miller 
(1991) demonstrated that the receptors and intracellular signals mediating inhibition of 
calcium currents were indistinguishable from those mediating the inhibition o f evoked 
excitatory postsynaptic potentials (EPSPs) in hippocampal neurones. This has been 
further investigated recently by Pfrieger et al (1994) who report that the kinetics of these 
two events correlate closely suggesting that GABAg receptor-mediated inhibition of 
excitatory synaptic transmission in hippocampal neurones is directly dependent on 
reduction o f Ca^^ influx through VDCCs. Also in isolated hippocampal nerve 
terminals, Tareilus et al (1994) have shown baclofen to reduce the elevation of 
intracellular Câ '*’, induced by increased extracellular and have suggested this to 
implicate the direct action of modulation of Câ "*" influx by GABAg receptor activation. 
It has been suggested by some authors, after investigation o f pharmacological sensitivity 
of GABAg mediated reactions, that GABAg receptor-induced potassium currents cause 

presynaptic inhibition of inhibitory (Thompson and Gahwiler, 1992) rather than 

excitatory synaptic transmission (Thompson and Gahwiler, 1992; Lambert and Wilson, 

1993).

A number o f studies have shown GABAg receptor activation in cerebellar granule 
neurones to inhibit both Câ "*" influx (Wojcik et al, 1990; Travagli et al, 1991) and the 

whole cell calcium current (Huston et al, 1990; Wojcik et al, 1990; Marchetti et al, 
1991; Pearson et al, 1993). In the present study, (-)-baclofen has been shown to inhibit 
the K‘*'-stimulated release o f [^H]-glutamate from these cells. Experiments were also
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carried out in which glutamate release was induced by the addition of Câ "̂  in the 
presence o f the Ca^+ ionophore, ionomycin, thus bypassing Câ "̂  entry through 

VDCCs. Under these conditions stimulated release was not affected by (-)-baclofen 
(Fig. 5.3), indicating that GABAg-ergic inhibition depends not on mechanisms 
subsequent to a general rise in intracellular Ca2 +, but is likely to involve the modulation 

of Câ "̂  entry through voltage dependent calcium channels. A number of factors in 

these experiments indicate that modulation o f the release o f glutamate is directly 

dependent on modulation of VDCCs. It would be expected with the experimental 
conditions employed that K"'"-channel gating would be negligible in the release 
mechanism. This is due to the "clamped" depolarisation caused by raised extracellular 

K"*" concentrations (see Chapter 3, Section 3.3.4, and McMahon and Nichols, 1991), 
causing the membrane potential to remain near the equilibrium potential for K"*". Also 
Figure 5.7, shows that inhibition o f glutamate release by baclofen was similar in both 

K'^-stimulated and continuously depolarised neurones. If GABAg-mediated K"*”- 
channel activation and hyperpolarisation of the pre-synaptic terminal were a major 
mechanism in the pre-synaptic inhibition o f glutamate release, it would be expected that 
the response would be attenuated in depolarised neurones where the driving force for 
K"*" would be markedly reduced. Figure 5.4 shows that inhibition o f K"""-stimulated 
release o f glutamate was no different when Ba^^ was present in place o f Ca2+. As 
Ba^+ is known to block channels non-specifically (see Section 3.3.5 and Cook,
1988), this suggests that the main mechanism underlying the GABAg mediated 
inhibition o f [^H]-glutamate release is modulation by GABAg-receptor activation of 
voltage dependent calcium channels.

5.3.3 The role o f  GTP-binding proteins in pre-synaptic modulation by GABA g  
receptor activation.

The term GTP-binding proteins (G-proteins) is used in this thesis to describe 

heterotrimeric, signal transducing G-proteins which consist o f a , p and y sub-units. The 

a-subunits of these G-proteins can be divided into four main families depending on their 
predicted primary amino acid structure and whether they are substrates for cholera toxin 

(Gs), pertussis toxin (PTX) (Gj/o), both (G{), or neither (Gq) (See Section 1.5.1 for 
further details and for review see Hepler and Gilman, 1992). That G-proteins are 
involved in the coupling of GABAg receptors to Câ "̂  channels was first suggested by 

experiments showing the non-hydrolysable GTP analogue, GTPyS, to enhance 

inhibition of Câ '*' channel currents by baclofen (Scott and Dolphin, 1986). Also GDPp 

S was shown to reduce the response by competing with endogenous GTP (Holz et al,
1986). Further investigation suggested that the G-proteins involved in this interaction 
were o f the PTX-sensitive or Gj family o f G-proteins (i.e. Gq, Gjl, Gj2 and/or Gj3), as
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PTX blocked the baclofen-mediated inhibition (Holz et al, 1986; Dolphin and Scott,
1987). The question of which specific G-protein or G-proteins is/are involved in the 
modulation of glutamate release by (-)-baclofen has not been addressed in the present 
study. However, similar to results o f Dolphin and Prestwich (1985) examining 

modulation of glutamate release in these cells by adenosine, inhibition o f glutamate 
release by GABAg receptor activation would appear to be mediated by G-proteins of 

the PTX-sensitive, or Gj-type, family as can be concluded from the complete block of 

inhibition by pre-treatment with PTX (Figure 5.5). This is in agreement with previous 
studies showing inhibition of both Ca2 + channel currents and synaptic conductance by 

GABAg receptor activation, in central neurones, to be mediated via PTX-sensitive G- 
proteins (Scholz and Miller, 1991; Travagli et al, 1991; Yoon and Rothman, 1991; 
Huston et al, 1993 - enclosed; Pfrieger et al, 1994). However other studies have 
suggested that the pre-synaptic actions o f baclofen are insensitive to PTX (Dutar and 

Nicoll, 1988b; Colmers and Pittman, 1989; Thompson and Gahwiler, 1992). This 
discrepancy could, however be explained by cell-specific differences in the activated G- 
proteins or by a less effective PTX penetration in slices (Nicoll et al, 1990; Scott et al,
1991). It has been shown previously, both by ourselves and others, that ADP- 
ribosylation o f Gj and Gq by PTX, in these cells, is linear with time and is complete by 
48h with approximately 50% of the G-proteins ADP-ribosylated by 16h (Xu and 
Wojcik, 1986; Huston et al, 1993 - enclosed). We have shown, in the enclosed related 
study (Huston et al, 1993), that inhibition of PTX-sensitive events at the pre-synaptic 
terminals occurs more slowly than those at the cell body, thus suggesting either a slower 
uptake o f PTX into the synaptic terminals or axonal transport of the toxin from its 
uptake site on the cell body to the terminals. The PTX-sensitive family o f G-proteins 
are the most widespread mediators of modulatory signalling pathway in neurones 
(Wanke et al, 1987; Holz et al, 1986), and they have been shown to mediate modulation 
o f Câ "̂  channels by neurotransmitters and neuromodulators (For reviews see 
Rosenthal, 1993; Dolphin, 1995). The characteristic slowing o f the activation kinetics 

o f the calcium channels on modulation by neurotransmitters (Scott and Dolphin 1986; 
Dolphin et al, 1988, Grassi and Lux, 1989; Menon-Johansson et al, 1993) is thought to 
be due to the voltage dependence of the G-protein-Ca^^ channel interaction. Activated 

G-protein associates with the Câ """ channel at hyperpolarised potentials and stabilises 
the closed gating state (Boland and Bean, 1993). A depolarising pre-pulse has been 
shown to attenuate the inhibition o f channels by G-protein linked neurotransmitter 

receptors by dissociation of the calcium channels from their associated activated G- 
protein (Dolphin, 1991). Recent experiments have implicated Gq, the most abundant 
neuronal G-protein (Hepler and Gilman, 1992), rather than Gj, in the modulation o f the 

calcium channel currents by various neurotransmitters (Harris-Warrick et al, 1988; 
McFadzean et al, 1989; Lledo et al, 1992; Menon-Johansson et al, 1993). Studies have 
shown neuropeptide Y modulation o f these channels in rat dorsal root ganglion cells to
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be restored after PTX treatment by injection of Goa-subunits into the cell (Ewald,
1989). Also Campbell et al (1993) have shown that injection of anti sense DNA
oligonucleotide complementary to Gq mRNA, but not that complementary to Gj
mRNA, reduces GABAg-induced modulation of Câ "*" currents in DRG neurones.

More recently, Caulfield et al (1994) have injected antibodies to Gq into rat sympathetic
neurones and have shown a reduction in the inhibition o f Câ "̂  channels by
noradrenaline. It has previously been shown that GABAg receptors can couple to both
Gj and Gq (Morishita et al, 1990; Sweeney and Dolphin, 1992) and it has been shown in
some systems that Gj has some ability to restore neurotransmitter responses (Ewald et
ûf/,1989; Toselli et al, 1989; Surprenant et al, 1990). It has been suggested by Heschler
and Schulz (1993) that, in the case o f hormonal modulation of Câ "̂  channels, inhibitory
modulation is mediated via the Gq family o f G-proteins and stimulation by the Gj
family and PKC. Although some caution is required in interpreting the present study
examining the effect of increased intracellular cAMP, due to the decrease in release of
glutamate seen under these conditions, the observation that raised intracellular cAMP
had no effect on (-)-baclofen-mediated inhibition of Câ '*’-stimulated glutamate release

pot
(Table 5.1) indicates that, under these conditions, GaQ, which is/coupled to adenylyl 
cyclase inhibition, rather than Gaj, is more likely to be mediating this response. Similar 
results have previously been shown where intracellular injection o f cAMP and/or bath 
application o f 8 -Br-cAMP had no effect on the baclofen-mediated activation o f K"*" 
channels (Andrade et al 1986) and on baclofen-mediated decrease in action potential 
duration (Holz et al, 1986). Also Dolphin et al (1989) showed no effect o f cAMP or 
forskolin on the inhibition o f Câ "̂  channels by baclofen. However Wojcik and 
colleagues (Travagli et al, 1991) have presented evidence that GABAg-mediated 
inhibition o f K^-stimuIated glutamate release in cerebellar granule neurones can be 
mediated through inhibition of cAMP levels. Other studies indicate that forskolin- 
stimulated adenylyl cyclase levels are attenuated by GABAg receptor activation 
(Wojcik and Neff, 1984; Karbon and Enna, 1985; Hill et al, 1984; Hill, 1985; Xu and 
Wojcik, 1986, Huston et al, 1993). It has been suggested that, in various systems, 
neuromodulation o f synaptic transmission may be mediated via a number o f different 
pathways including those which are PTX-sensitive and insensitive/ membrane delimited 
and 2nd messenger-mediated. These pathways are speculated to converge in order to 
depress ionic currents through a population of channels, co-jointly, with greater efficacy 
than any one o f them could alone (Beech et al, 1992; Taussig et al, 1992; Diversé- 
Pierlussi and Dunlap, 1993). The results presented in this study suggesting a direct 
effect o f G-proteins in the modulation o f transmitter release as opposed to an adenylyl 
cyclase mediated pathway are far from conclusive and it was outside the scope o f this 
thesis to further investigate second messenger involvement in neurotransmitter mediated 

inhibition o f synaptic efficacy. However, the suggestion that a direct G-protein-Ca^"^ 
channel coupling is responsible for inhibition o f glutamate release is in line with studies
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examining the inhibition of Câ "̂  channels by various neurotransmitters which indicate 
that the G-protein channel interaction is membrane delimited (Forscher et al, 1986; 
Lipscombe et al, 1989; Bemheim et al, 1991; Shen and Surprenant, 1991; Brown, 1993; 
Delcour and Tsien, 1993). Also Pfrieger et al (1994) have suggested that the observed 

rapid time course of inhibition of EPSPs and Câ "*" spikes in hippocampal neurones by 

(-)-baclofen indicates a direct coupling between PTX-sensitive G-proteins and 

modulation of the Câ '*' channels. This direct coupling mechanism has been suggested 
to be particularly true for modulation o f the N-type channel by G-proteins where the 
general consensus is that a component o f activated G-protein interacts directly with the 

N-type Ca2+ channel to decrease the probability of its opening (see below for further 
discussion). Evidence indicates that the a-subunit of the G-protein complex is the 

important component in the modulation of the Câ "*" channel, however, recent evidence 

shows a clear role for py interaction with inward rectifying channels and other 

effectors (Clapham and Neer, 1993; Müller and Lohse, 1995), thus implicating the need 

for research into a role for the Py-subunit in Ca^^ channel modulation.

Dolphin and Prestwich (1985) had formerly noted that PTX treatment o f cerebellar 
granule neurones increased the exocytotic release o f glutamate as well as abolishing the 
inhibition of release by adenosine. During the course of the present study this 
phenomenon was also observed, with the effect being greatly potentiated in 
continuously depolarised neurones. This may indicate that under normal conditions 
there is partial tonic inhibition of pre-synaptic Câ "*" currents by G-proteins activated by 
GTP, and that it is prevented by pertussis toxin. This was also suggested as the 
mechanism for the increase in in dorsal root ganglion cells treated with pertussis 
toxin or internal application o f the guanosine diphosphate (GDP) analogue guanosine-5'- 
O-2-thiodiphosphate (Dolphin and Scott, 1987). However in cerebellar granule 
neurones PTX did not increase somatic Câ "*" currents (Huston et al, 1993). It is also 

possible that pertussis toxin increases the number of functional Câ "*" channels in the 

membrane. Although not discussed in this thesis, this effect of PTX was further 
investigated in two related enclosed papers (Huston et al, 1993; Cullen et al, 1994).

5.3.4 The involvement o f  multiple sub-types o f  calcium channel in the modulation o f  

glutamate release from  cerebellar granule neurones.

That Ca^"^-dependent glutamate release from cerebellar granule neurones is inhibited by 
GABAg receptor activation in a PTX-sensitive manner, and that modulation o f VDCCs 
plays an important part in this process, has been discussed above. In the previous
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chapter it was shown that glutamate release from these cells is dependent on Câ '*' 
influx through N, P/Q and under certain conditions L-type calcium channels, as well as 
an as yet unidentified Ca^”*" channel or channels. It seems likely, therefore, that 
inhibition of any of these Câ "*" channel subtypes by (-)-baclofen would result in the 

modulation o f glutamate release. Câ "*" channels were therefore selectively blocked by 

pharmacological agents and toxins in order to ascertain whether modulation o f a specific 

subtype, or subtypes, was responsible for the inhibition of release by (-)-baclofen.

Overwhelming evidence exists for the modulation of N-type Câ "*” channels by 
neurotransmitters and modulators with multiple modulatory pathways seeming to 
converge on this channel type (for reviews see Anwyl, 1991; Hille, 1992b, 1994; 
Dolphin, 1995). More recently evidence has been presented for the modulation of P- 
type calcium channels, in cerebellar Purkinje neurones and spinal cord neurones, by 

GABAg receptor activation (Mintz and Bean, 1993a). Modulation o f the putative Q- 
type channel by various neuromodulators, including GABAg, at the CA1-CA3 synapse 
of the hippocampus has also been implicated (Wheeler et al, 1994). In a number of 
studies modulation o f the L-type calcium channel by GABAg receptor activation has 
also been demonstrated (Maguire et al, 1989; Scholz and Miller, 1991), however in 

other studies examining the effect of baclofen on Câ "*" influx, the ensuing inhibition 
was found to be additive with that of nifedipine suggesting that baclofen was acting 
through non-L-type Ca2+ channels (Bowery et al, 1989; Wojcik et al, 1990). Despite 
this plethora o f information on modulation o f Câ "̂  channel subtypes by 
neurotransmitters and neuromodulators, very little direct evidence has been produced as 
to the significance o f this calcium channel modulation on pre-synaptic transmitter 
release. However, Wu and Saggau (1994a) in a recent study examined the effect of 
adenosine on presynaptic calcium transients and the corresponding postsynaptic 

response at CA3-CA1 synapses in the hippocampus, and have shown the involvement of 

both (oCgTx GVlA-sensitive N-type calcium channels and an as yet unidentified 
channel which they suggest may be the putative Q-type channel.

5.3,4.1 The involvement o f  N-type calcium channels in the modulation o f
neurotransmitter release by GABA g  receptor activation.

Because the modulation of calcium channel subtypes is presumably o f importance in 
synaptic transmission it is of interest to investigate the effect of calcium channel 
blockers on the inhibition of transmitter release by GABAg receptor activation. 
Although early evidence indicated the selective modulation o f N-type calcium channels
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by neurotransmitters, more recent evidence would suggest that modulation of this 
calcium channel subtype only partially corresponds to pre-synaptic modulation 
(Umemiya and Berger, 1994; Wheeler et al, 1994; Wu and Saggau, 1994a). Single 
channel studies have shown that modulation o f N-type calcium channels by 

noradrenaline reduces their probability of opening (Lipscombe et al, 1989; Delcour and 

Tsien, 1994) and alters the gating of the channels so as to increase the time a channel 
exhibited low probability opening behaviour (Delcour and Tsien, 1994). In many 
mammalian brain areas it would appear that influx o f Câ "*" through N-type channels 

plays only a limited role in the regulation of synaptic transmission; presumably 

modulation o f this channel will therefore have only a minor effect on synaptic efficacy. 
In cerebellar granule neurones, block of coCgTx GVIA-sensitive Câ "*” channels results 

in a 20% inhibition of glutamate release (Fig 5.9), although studies have shown 40-80% 

o f the whole cell Câ "*" current in these cells to be coCgTx GVIA-sensitive (De Waard et 
al, 1991; Pearson et al, 1993). In the present study, (-)-baclofen-mediated inhibition of 

glutamate release was partially occluded by prior treatment of cells with coCgTx GVIA 
(Fig 5.9) suggesting that modulation of the N-type calcium channel is at least in part 
responsible for inhibition of release. This finding corresponds with previous studies 
indicating that modulation o f N-type calcium channels by neurotransmitters is only 
partially responsible for the inhibition of synaptic transmission (Umemiya and Berger, 
1994; Wheeler et al, 1994; Wu and Saggau, 1994a).

5.3,4.2 The involvement o f  L-type calcium channels in the modulation o f  

neurotransmitter release by GABA g  receptor activation.

Wojcik et al, (1990) have reported that, in cerebellar granule neurones, the actions of 

nifedipine and baclofen, although additive in the inhibition o f calcium influx, were non
additive in the inhibition of endogenous glutamate release. These authors therefore 
suggested that GABAg receptor-mediated inhibition of depolarisation-evoked 

glutamate release was mediated via modulation o f Câ "*" entry through L-type calcium 
channels. Leighton et al (1994) have also shown the inhibition o f L-type calcium 

channels by other neuromodulators in these cells. In the present study, results in 
depolarised neurones suggested that modulation of [^H]-glutamate release was at least 
partially mediated via L-type calcium channels. (-)-Baclofen inhibition o f Ca^^ 
stimulated release, where glutamate release is largely dependent on the entry o f Câ "*" 

through L-type calcium channels (see Section 4.3.2), was similar to that seen in K"̂ - 
stimulated cells. However under K'^-stimulated conditions it was discovered that, after 
the block o f L-type calcium channels by nicardipine, (-)-baclofen was still able to inhibit 
the residual K"''-stimulated release o f glutamate to the same extent as control neurones,
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suggesting that these channels were not involved in the modulation o f K"*”-stimulated 
glutamate release. Whether this result is indicative o f (-)-baclofen-modulation of 
nicardipine-insensitive Câ "̂  channel subtypes (see Section 4.2.6.2), i.e. non
inactivating N-type Ca2+ channels, P-type channels and/or as yet uncharacterised 

channel subtypes (see Section 4.3.2), or whether, under continuously depolarising 

conditions, GABAg receptor activation is able to modulate the increased component of 
release mediated by Ca^+ influx through the L-type Câ "*" channel (see Section 4.3.2) 
remains unclear. It would appear, however, that, under non-depolarising conditions, the 

L-type channel is not involved in the modulation of K"*"-stimulated transmitter release 
by GABAg receptor activation.

5,3 .43 The involvement o f  P/Q-type calcium channels in the modulation o f  

neurotransmitter release by GABAg receptor activation.

In order to investigate which other Câ "̂  channels may be involved in pre-synaptic 
modulation the ability o f (-)-baclofen to inhibit glutamate release was investigated in the 
presence o f the P/Q type Câ "̂  channel blocker, coAga IVA (Mintz et al̂  1992a,b). This 
calcium channel blocker has been shown in various synaptosomes, slices and neurons to 
inhibit synaptic transmission (Turner et al, 1992, 1993; Burke et al, 1993; Luebke et al, 
1993; Yamamoto et al, 1994). In cerebellar Purkinje cells (-)-baclofen has been shown 
to modulate the coAga IVA sensitive component o f whole cell calcium channel current 
(Mintz and Bean, 1993a), and in spinal cord neurons, the same authors found baclofen 
to inhibit both P, and N-type calcium channels, but not L-type channels. In Chapter 4 it 
was shown that, in cerebellar granule neurones, coAga IVA inhibited about 25% of  
glutamate release after prior block of ©CgTx GVIA-sensitive channels, although having 

no effect on release when applied alone. In the present study ©Aga IVA alone had no 
effect on the inhibition of glutamate release by (-)-baclofen. However, (-)-baclofen 

exhibited no modulatory effect on glutamate release in the presence of ©Aga IVA after 

cells had been pre-incubated with ©CgTx GVIA

Thus it would appear that modulation of K"*'-stimulated [^H]-glutamate release by 

GABAg receptor activation is primarily mediated via inhibition of ©CgTx GVIA- 
sensitive N-type calcium channels. Following blockade of ©CgTx GVIA-sensitive 
channels, however, a component of release mediated via influx o f Ca^^ through ©Aga 
IVA-sensitive P/Q-type Câ "*" channels is revealed (see also Section 4.3.6.2), 
modulation o f release by GABAg receptor activation can occur, under these conditions, 

via inhibition o f this component.
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S.3.4.4 GABAg receptor activation inhibits the release o f  glutamate from  cerebellar 
granule neurones via modulation o f  non-L-type calcium channels.

In order to investigate further the involvement of the non-L and L-type Ca^+ channels 

in the modulation of the release o f glutamate by GABAg receptor activation, the effect 
of the novel peptide toxin coCTx MVllC on the modulation of release was investigated. 
This toxin has been reported, at pM concentrations, to block non-L type calcium 

channels including the N, P and putative Q-type calcium channels (see Section 4.3.6 .3) 
(Hillyard et al, 1992). Wheeler et al (1994) have suggested that synaptic transmission 

mediated via Câ "*" influx through the putative Q-type calcium channel, as defined by 

the coCgTx GVlA-insensitive EPSPs seen in the CA3-CA1 synapse o f the hippocampus, 

can be modulated by various neuromodulators including 2 -chloroadenosine and 
(-)-baclofen. Wu and Saggau (1994a) have shown coCTx MVllC to inhibit the residual 
presynaptic Câ "*" transient after block o f coAga IVA-, coCgTx GVIA-sensitive and L- 
type calcium channels. They hypothesise that as adenosine was shown to inhibit a large 
proportion o f this unidentified calcium transient then this coAga IVA-insensitive, coCTx 
MVllC-sensitive channel can be inhibited by adenosine. After incubation o f cerebellar 
granule neurones with coCTx MVllC, inhibition o f glutamate release by (-)-baclofen 
was completely abolished indicating as above that inhibition o f glutamate release by 
GABAg receptor activation is entirely dependent on the modulation o f non-L-type 
calcium channels. These results would also suggest that the residual component o f  
release observed in the presence of coCTx MVllC and nicardipine (Chapter 4, Section 
4.2.6.1) is not involved in the modulation o f glutamate release by GABAg receptor 
activation.

5.4. Summary,

(-)-Baclofen-sensitive GABAg receptors, which can be blocked by the GABAg 

receptor antagonist, phaclofen, have been shown, in this study, to be present on the pre
synaptic terminals o f cerebellar granule neurones. Activation o f these GABAg 

receptors causes inhibitory modulation of the stimulated release o f glutamate from these 
cells via activation of a pertussis toxin-sensitive GTP-binding protein. This study 
indicates that the direct inhibition of voltage dependent calcium channels has a major 
role to play in the modulation o f pre-synaptic neurotransmitter release by GABAg
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receptor activation. It would appear that inhibition of glutamate release is dependent on 
the modulation of non-L-type calcium channels and that, where N-type calcium 

channels are available for activation, a small degree o f inhibition of release is mediated 
via modulation of these channels. It would appear, however, that coAga IVA-sensitive 
Ca2+ channels are also modulated by GABAg receptor activation, and that, when the 

component of release mediated via Câ "*" influx through this channel type is revealed by 

blockade o f coCgTx GVIA-sensitive chaimels (see Chapter 4), then inhibition o f release 
is mediated via modulation of these P/Q-type channels. The functional significance of 
these pre-synaptic GABAg heteroreceptors is not clear as GABAergic synapses are not 
likely to be formed on the pre-synaptic terminals o f cerebellar granule neurones, and 

even if  they did GABA would need to diffuse some distance to the active zones. 
However it is possible that in cases where the extracellular GABA concentration is 
excessively raised near these sites e.g., in cases o f hypoxia or ischaemia where GABA 

could be released by reversed transport from, e.g. glial cells, that these GABAg 
receptors have a neuroprotective role to play.
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Chapter 6

Overview
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6.1 Conclusions and discussion o f further possible work

The aim of the studies presented in this thesis was to examine the role of various 

subt>(es o f voltage dependent Câ "̂  channel in the exocytotic release of glutamate in the 

mammalian CNS. In the course of these studies a number o f questions have been 
addressed:

• Which Ca2+ channel subtypes are involved in neurosecretion from the 

pre-synaptic nerve terminal of ! cultured rat cerebellar granule neurones?

• Do multiple subtypes of Câ "*" channel co-operate in the control o f  

neurotransmitter release from the same nerve terminalj in theses cells?

• Is the modulation of neurotransmitter release by receptor-activated 

pathways mediated via differential modulation o f these Câ "*" channel 
subtypes, in cultured rat cerebellar granule neurones

Cerebellar granule neurones constitute a suitable neuronal model in which to address 
these questions. The abundance of these cells in the cerebellum and the fact that they 
can be cultured independently of glial cells simplifies the interpretation o f biochemical 
data. The synaptic maturation of these cells in culture has been extensively studied and 
shown to be maximal, in cells isolated from 8 day old rats, by 8 days in culture. These 
neurones are glutamatergic and have diverse potential for modulation through their 
expression o f a wide range of receptors and Câ "*" channel subtypes. The studies 
presented in this thesis show that [^H]-glutamate, newly synthesised from [^H]- 
glutamine, is released from cerebellar granule neurones upon K'^-evoked depolarisation, 
in a Ca2+ dependent and exocytotic manner. This stimulated release o f glutamate is 

entirely dependent on the entry of Câ "*" through voltage dependent calcium channels, 
being independent o f Ca2 + influx through Câ "̂  permeable, ligand-gated channels and 
greatly reduced when cytosolic Câ "̂  levels are raised by the presence o f a Ca '̂  ̂

ionophore. Thus, the methods utilised constitute a functional model in which to 

examine the subtypes of Ca^“̂ channel contributing to exocytotic Câ "*" influx in central 
neurones.

Influx o f Ca2+ through VDCCs causes an increase in the concentration o f Câ "*" local to 
the calcium channel. It is thought that transmitter filled vesicles primed for exocytotic 

release are localised close to Ca^^-channels in the active zone, and that the influx o f  
Ca^+ initiates the fusion o f the vesicle with the plasma membrane by binding to a Câ "*” 
trigger. A second pool o f vesicles is thought to exist ectopic to the active zone which
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are bound to the cytoskeleton by phosphoproteins, and released upon Ca^"'"-dependent 
changes in their phosphorylation states. In the last decade great progress has been made 
in the characterisation of voltage dependent Câ "*" channels. The development o f novel 
pharmacological agents, specific for subtypes of these Câ "*" channel has greatly aided 

this progress and has allowed the identification of the subtypes o f channels at exocytotic 
nerve terminals. VDCCs as well as displaying characteristic pharmacological 
sensitivity, also have distinct gating characteristics and kinetics of inactivation. These 

distinct biophysical characteristics suggest that VDCCs are likely to be highly sensitive 
to the strength and duration of synaptic stimuli. Also the differential subcellular 
localisation o f VDCCs is likely to be o f consequence in their activation, and their 
functional significance. Immunolocalisation studies presented here show cerebellar 
granule neurones to express a  %-subunits of the A, B, C and D clones. To varying 
extents, the A,B, and D clones are expressed on both the somata and neurites o f these 

cells, implicating their possible involvement in synaptic transmission. It has been 
suggested that, due to their localisation distant to the active zone, L-type Câ "*" channels 
are not involved in the fast exocytotic release o f neurotransmitter. This thesis shows L, 
N and P/Q-type Câ "*" channels to be present on the neurites of cerebellar granule 
neurones, and Ca2+ influx through these channels to support the K“*"-stimulated, 
exocytotic release o f glutamate.

By continuously depolarising neurones and stimulating the release o f glutamate by the 
addition o f extracellular Câ "̂ , it is possible to examine the role o f non-inactivating 
Câ "*" channels in the release of neurotransmitter. Under these conditions glutamate 
release from cerebellar granule neurones relies primarily on the influx o f Ca2 + through 
1,4-dihydropyridine-sensitive L-type Ca2+ channels. Under conditions o f K“*"-evoked 
depolarisation, release o f glutamate from cerebellar granule neurones, is also partially 
reliant on the entry of Ca^^ through L-type Ca^+ channels. With little evidence for the 

involvement o f L-type Ca '̂  ̂ channels in fast exocytotic release of neurotransmitter in 

response to shorter and less intense stimuli in most neuronal systems, i.e. in electrically 

evoked transmitter release, it seems likely that influx o f Câ "̂  through the L-type Ca^“̂  
channel has some modulatory role in the release o f neurotransmitter in response to 
stronger stimuli. One possibility for this differential involvement o f L-type Câ "*" 
channels on differing stimulus intensities is that, because o f the remote localisation of 
L-type calcium channels with respect to the active zone, Câ "̂  entering the terminal in 
response to the opening of this channel type may not reach the release sites in sufficient 
amounts to trigger the release o f neurotransmitter. On continued depolarisation of the 

nerve terminal, e.g. by K"'"-depolarisation or tetanic stimulation, however, Ca^“̂  may be 
able to accumulate at release sites. Another intriguing possibility is that this channel 
type is localised closely to the reserve pool o f vesicles and that entry o f Câ "*" through 
this Ca2 + channel is responsible, at least in part for the Ca^"^-dependent changes in
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phosphorylation o f the proteins binding these vesicles to the cytoskeleton, thus allowing 
their release and availability at the active zone for exocytotic release.

N and P/Q-type Câ "̂  channels are present on the presynaptic nerve terminal of 

cerebellar granule neurones and are able to support the K'*'-depolarisation evoked 

release of glutamate. These channel types appear to influence the release o f glutamate 
co-operatively, with the influx of Câ '*' through the P/Q-type Ca^+ channel contributing 

to release only under conditions where the coCgTx GVIA-sensitive N-type Câ "*" 
channel is unable to allow influx o f Câ "*". To date, only the N-type Câ '*' channel has 
been implicated in physical association with the exocytotic fusion protein complex, it 
will be interesting to see if and how the P/Q-type Câ "*" channel is associated with this 
fusion complex.

As well as the above Câ "*" channel subtypes, there appears to be the existence o f other, 
as yet, uncharacterised exocytotic Ca^+ channels, that are resistant to coCgTx GVIA, co 
Aga IVA, coCTx MVIIC and dihydropyridine antagonists. It has been suggested by 
others that this 'resistant' component of release may involve Câ '*' influx through the 
putative R-type Ca^+ channel, which has been proposed to pertain to the doe I or 
E-class cloned a j subunit. From the present studies, however, it would appear that the 
'resistant' component of neurotransmitter release in cerebellar granule neurones is 
induced by Câ "*” influx through a non-inactivating Câ "̂  channel, as it is present both 
on K"''-evoked depolarisation and in continuously depolarised neurones stimulated to 
release glutamate by the addition o f Câ "*". The 'R'-type Ca^+ channel current and the 

current carried by the doe-1 channel when expressed in Xenopus oocytes, however, have 
been reported to have very fast steady-state inactivation kinetics, and may be expected 
to be inactivated when cells are continuously depolarised. Further cloning and 

expression studies, combined with the purification of additional toxins specific for Câ "*" 
channel subtypes, will hopefully provide the tools necessary for the elucidation of the 

Câ "̂  channels responsible for this 'resistant' component of release.

The control o f exocytotic neurotransmitter release by multiple channel types, increases 
the likelihood that various channel types may be targeted differentially by modulatory 

pathways in order that synaptic transmission may be fine tuned with maximum 

flexibility. Here, the modulation of K'^-stimulated glutamate release by GABAg 
receptor activation has been examined. The activation of (-)-baclofen-sensitive GABAg 

receptors on the pre-synaptic terminals of cerebellar granule neurones has been shown 
to inhibit the K'^-stimulated release o f glutamate in these cells. This inhibitory 
modulation was mediated via a PTX-sensitive G-protein pathway and was partially 
antagonised by the GABAg receptor antagonist, phaclofen.
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Studies presented in Chapter 5 of this thesis show the modulation of K'*'-stimulated 
[^H]-glutamate release by GABAg receptor activation to result from the modulation of 
voltage dependent calcium channels. No inhibition o f Câ "*" ionophore-induced release 

was observed, and modulation of release was similar when induced by influx of Câ '*', 
or the K~*'-channel blocker, Bâ "*", suggesting that modulation was independent of K'*'- 

channel inhibition. It would appear that modulation of K'^-induced neurotransmitter 

release from these cells is due to the differential modulation of N and P/Q type Câ "*" 

channels. No inhibition of release by (-)-baclofen was observed in the presence of the 
non-L-type Câ "*" channel blocker, coCTx MVIIC, or in the combined presence of the N- 
type Ca2+ channel blocker œCgTx GVIA and the P/Q-type Câ "*" channel blocker, co 
Aga IVA. These results suggest that L-type Ca^^ channels are not involved in the 

modulation o f K"*"-stimulated glutamate release by GABAg receptor activation, 
however, in conditions of continued depolarisation the modulation o f L-type Ca^+ 

channel may be involved in the inhibition of glutamate release.

The existence of multiple exocytotic Câ "*" channel subtypes on pre-synaptic nerve 
terminals and their distinct response to stimuli intensity as well as their differential 
targeting by modulatory pathways would allow the neurone to exert great control on 
synaptic efficacy. Also, the greater the diversity in the Câ "*" chaimels involved in 
synaptic transmission, the greater the potential for the development of specific 
therapeutic agents with which to control malfunctions in the exocytotic release 
mechanism. With the further molecular characterisation o f Câ "'" channels and the 
identification o f their sites o f interaction with other proteins, it will be of interest to 
explicate the relationship of individual Câ "*" channel subtypes with the molecular 

events leading to the fusion of synaptic vesicles with the plasma membrane.
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MARCKS in nerve terminals is mediated by Câ "*" entry via an Aga-GI sensitive Ca^^ channel which is 
coupled to glutamate exocytosis. FEBS Letters., 353, 264-268.[1]

Cohen, M.W., Jones, O.T. and Angelides, K.J. (1991) Distribution o f Câ '*' channels on frog motor 
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sensory neurons. Neuroscience Letters, 56, 205-210.[5]

Deisz, R.A. and Prince, D.A. (1989) Frequency dependent depression o f inhibition in guinea-pig 
neocortex in vitro by GABAg receptor feedback on GABA release. Journal o f  Physiology , 412, 513- 
541.[5]

Dekker, L.V., De Graan, P.N.E., Pijinappel, P., Oestreicher, A.B. and Gispen, W.H. (1991) 
Noradrenaline release from streptolysin 0-permeated rat cortical synaptosomes: effects o f calcium, 
phorbol esters, protein kinase inhibitors and antibodies to the neuron-specific protein kinase C substrate 
B-50 (GAP-43). Journal o f  Neurochemistry, 56, 1146-1153.[1]

Del Castillo, J. and Katz, B. (1956) Biophysical aspects o f neuromuscular transmission. Progress in 
Biophysics, 6, 121-170.[3]

Delcour, A.H. and Tsien, R.W. (1993) Altered prevalence o f  gating modes in neurotransmitter inhibition 
o f N-type calcium channels. Science, 259, 980-984.[5]

Dickie, G.M. and Davies, J.A. (1992) Calcium channel blocking agents and potassium-stimulated release 
o f glutamate from cerebellar slices. European Journal o f  Pharmacology, 229, 97-99.[4]

Dingwall, J.G., Ehrenfreund, J., Hall, R.G. and Jack, J. (1987) Synthesis o f y-aminopropylphosphonous 
acids using hypophosphorous acid synthons. Phosphate Sulf, 30, 571-574.[5]

Disbrow, J.K., Gershten, M.J. and Ruth, J.A. (1982) Uptake o f L-[3H] glutamic acid by crude and 
purified synaptic vesicles from rat brain. Biochemical and Biophysical Research Communications, 
108(3), 1221-1227.[1]

Diversé-Pierlussi, M. and Dunlap, K. (1993) Distinct, convergent second messenger pathways modulate 
neuronal calcium currents. Neuron, 10, 753-760.[5]

Dixon, D.B. and Copenhagen, D.R. (1992) Suppression o f a calcium current by CNQX and kynurenate. 
Neuroscience Letters 147, 147-150.[3]

Dodge, F.A. and Rahamimoff, R. (1967) Cooperative action o f calcium ions in transmitter release at the 
neuromuscular junction. Journal o f  Physiology , 193, 419-432.[1]

Dolphin, A.C. (1982) Noradrenergic modulation o f glutamate release in the cerebellum. Brain 
Research, 252, 111-116.[5]

207



Dolphin, A.C. (1990) G-protein modulation of calcium currents in neurons. Annual Review o f  
Physiology, 52, 243-255.[5]

Dolphin, A.C. (1991) Regulation of calcium channel activity by GTP-binding proteins and second 
messengers. Biochimica and Biophysica Acta, 1091, 68-80.[4,5]

Dolphin, A.C. (1995) Voltage-dependent calcium channels and their modulation by neurotransmitters 
and G proteins. Experimental Physiology, 1-36.[1,4,5]

Dolphin, A.C. and Archer, E.R. (1983) An adenosine agonist inhibits and a cyclic AMP analogue 
enhances the release o f glutamate but not GABA from slices o f rat dentate gyrus. Neuroscience Letters, 
3 9 ,49-54.[5]

Dolphin, A.C. and Prestwich, S. A. (1985) Pertussis toxin reverses adenosine inhibition o f neuronal 
glutamate release. Nature,316, 148-150.[1,5]

Dolphin, A.C. and Scott, R.H. (1986) Inhibition o f calcium currents in cultured rat dorsal root ganglion 
neurones by baclofen. British Journal o f Pharmacology, 88, 213-220.[5]
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Hirning, D., Fox, A.P., McClewsky, E.W., Olivera, B.M., Thayer, S.A., Miller, R.J. and Tsien, R.W.
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action o f  the enantiomers o f a 1,4-dihydropyridine. Journal o f  Cardiovascular Pharmacology, 7, 689- 
693.[1,4]

Hoffman, P.J. and Janis, R.A. (1993) Effects o f calcium channel antagonists on the phosphorylation of 
major protein kinase C substrates in the rat hippocampus. Biochemistry Pharmacology, 46, 677-681.[1]

Holopainen, 1. and Kontro, P. (1988) Glutamate release from cerebellar granule cells differentiating in 
culture: modulation o f the K’*'-stimulated release by inhibitory amino acids. Neurochemistry 
International, 12(2), 155-161.[1,3,5]

Holopainen, 1., Enkvist, M.O.K. and Akerman, K.E.O. (1989) Glutamate receptor agonists increase 
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related and relevant to the work presented in this thesis.
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A COMPARISON OF THE EFFECT OF CALCIUM  
CHANNEL LIGANDS A N D  GABAg AGONISTS 

A N D  ANTAGONISTS ON TRANSMITTER RELEASE 
A N D  SOMATIC CALCIUM CHANNEL CURRENTS 

IN CULTURED NEURO NS

E. H u s t o n , *  R. H. Scorrt and A. C. D o l p h i n * î  

Department of Pharmacology, St George’s Hospital Medical School, London SW17 ORE, U.K.

Abstract—Glutamate release has been examined from cultured cerebellar granule neurons in the rat using 
the technique of prelabelling the releasable pool of glutamate with pHJglutamine. Glutamate release was 
stimulated in control neurons by 2-min incubation with 50 mM K + , or in neurons continuously 
depolarized in Ca  ̂+ -free 50 mM K+ medium, by 2-min incubation with medium containing 5 mM Ca  ̂+ . 
The ability of the Ca  ̂+-channel agonist (-1->-202-791 to increase the stimulated release o f pHJglutamate 
was approximately doubled in the depolarized condition. The antagonist enantiomer (->-202-791 
produced a small inhibition of K +-stimulated release, whereas (->-202-791 completely inhibited 
Ca’ ^-stimulated release from depolarized neurons at concentrations greater than 10nM. (->-Baclofen  
(100/iM> inhibited transmitter release similarly (25-30%> under the two conditions.

Calcium-channel currents were recorded from cultured dorsal root ganglion neurons under control 
conditions at a holding potential o f —8 0 mV, or in neurons depolarized to —3 0 mV. (->-202-791 
produced a greater effect at —30 than at —80 mV although even at —30 mV the inhibition was slow in 
onset and incomplete. (->-Baclofen (100/xM> inhibited the amplitude o f the calcium-channel current at 
both holding potentials by 30-50%, although it did not clearly slow activation o f the current at the 
depolarized holding potential. The GABAg receptors associated with inhibition o f glutamate release and 
of calcium-channel currents were both markedly blocked by phaclofen but not by 2-OH-saclofen.

These findings suggest that the GABAg receptor associated with inhibitory modulation o f transmitter 
release, and that associated with inhibition of calcium-channel currents show pharmacological similarities, 
and are able to exert their action even at levels of steady depolarization at which most N-type channels 
should be inactivated.

It has been suggested that there are two types of 
calcium-channel contributing to the high threshold 
Câ + current in neurons.D ihydropyridine-sensi
tive L-type Câ + channels were first defined in cardiac 
myocytes, and characteristically remain available 
to open at quite depolarized potentials."'^ The 
dihydropyridine antagonist sensitivity of neuronal 
Câ  ̂ currents is generally observed to be much lower, 
both in terms of potency of the antagonists, and in 
terms of their efficacy, in that only a fraction of the 
current is inhibited. In general, the enhancement 
produced by dihydropyridine agonists in neurons 
also represents a small proportion of the current, 
whereas in cardiac cells the Câ + current amplitude 
may be increased severalfold by Bay K 8644.'*

High threshold Câ '̂  channels termed N channels,

* Present address; Department of Pharmacology, Royal Free 
Hospital School of Medicine, London NW3 2PF, U.K. 

tPresent address: Department of Physiology, St George’s 
Hospital Medical School, London SW17 ORE, U.K. 

+To whom correspondence should be addressed. 
Abbreviations: Bay K 8644, methyl-2,4-dihydro-2,6-

dimethyl-3-nitro-4(2-trifluoromethylphenyl>-pyridine-5- 
carboxylate; DRG, dorsal root ganglion; EGTA, 
ethyleneglycol-bis (j3 -aminoethylether>tetra-acetate; 
GTP-y-S, guanosine 5'-0-3-thiotriphosphate; HEPES, 
A-2-hydroxyethylpiperazine-/V'-2-ethanesulphonic acid.

with characteristics different from L channels have 
also been observed in neurons."’̂ * This Câ  ̂ channel 
subtype has a smaller single channel conductance that 
the L-channel, and the probability of the channel 
being open is not affected by Ca^^-channel agonists. 
It opens transiently upon depolarization, and shows 
steady state inactivation at potentials more hyper
polarized than for L channels. N-channel activation 
should give rise to a transient whole cell current, 
although the reported kinetics of voltage-dependent 
inactivation vary with cell type.̂ *-̂ * Indeed the exist
ence of two types of high threshold current has 
recently been questioned.”

The peptide toxin cu-conotoxin inhibits neuronal 
but not muscle Câ  ̂ channels although it remains 
controversial whether cu-conotoxin inhibits L as well 
as N current in neurons.” -̂ *

Several neurotransmitters inhibit neuronal cal
cium-channel currents by activating receptors associ
ated with pertussis toxin-sensitive (Gi/G„-type> 
GTP-binding proteins.'* * ”  These G proteins can also 
be activated by non-hydrolysable GTP analogues 
such as guanosine 5'-0 -3-thiotriphosphate (GTP-y- 
S> introduced into the cell. GTP-y-S, and, to a lesser 
extent, relevant receptor agonists, slow the rate of 
activation of calcium-channel currents, and reduce 
their maximum amplitude.^ '̂ -̂ * It has been suggested
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that neurotransmitters selectivity inhibit N current, 
because they inhibit the transient component of 
the calcium-channel current.̂ *'̂  ̂ This has also been 
interpreted as resulting from a voltage-dependent 
interaction of activated G protein with the channel, 
which is reduced by depolarization of the membrane 
potential.

It has been suggested, both that transmitter release 
relies on the entry of Câ  ̂ through N-type calcium 
channels, and that neurotransmitter-mediated inhi
bition of transmitter release is due to inhibition of 
N-type calcium-channel currents at the presynaptic 
terminal.'*’̂ * The aim of the present work was to 
elucidate which type of calcium-channel is associated 
with glutamate release from cerebellar granule 
neurons in culture, and its modulation by ( —)- 
baclofen. We have made a comparison between these 
findings, and the properties of the somatic whole cell 
Ca'+-channel currents recorded from.cultured rat 
dorsal root ganglion (DRG) neurons and cerebellar 
granule cell neurons, in terms of the components of 
/ga that are sensitive to (-)-baclofen in these cells.

Preliminary reports of this work have been 
published.’’̂®

EX PER IM EN TA L PRO CED U RES

Tissue culture
Granule cells were dispersed from cerebella from seven- 

day-old rats, as previously described.* Cells were plated on 
2 cm* coverslips at 5 x 10* cells/coverslip, and grown in 
modified Eagle’s medium containing 10% heat-inactivated 
horse serum, penicillin (50 lU/m l), streptomycin (50 fig/ml), 
25 /il/ml chick embryo extract (Flow) 39 mM glucose, 2 mM 
glutamine and 23 mM KCl. The cells were incubated at 37°C 
in humidified air containing 5% COj. After 48 h, 
tluorodeoxyuridine (8 0 /iM) was added to the culture 
medium to reduce the proliferation o f non-neuronal cells. 
The culture medium was renewed every three to four days, 
and cells were used between eight and 13 days in culture.

Dissociated cultures o f DRG neurons were dissected from 
two-day-old rats and incubated at 37°C in Hamm’s F14 
medium (Imperial) with collagcnase (1.25 /ig/ml) for 15 min 
and then for 5 min with trypsin (2.5/ig/m l). The ganglia 
were then mechanically dissociated with a fire polished 
Pasteur pipette in the presence of DNAase (40 /ig/ml). Cells 
were preplated according to Winter”  and then plated 
on polyornithine-laminin in F14 containing 10% heat- 
inactivated horse serum at a density o f 1-3 x 10̂  cells/cm^ 
coverslip and maintained. After 12 h defined F14 medium 
containing 2 mM glutamine, penicillin (50IU/m l) and 
streptomycin (50/ig/m l), nerve growth factor (7.5 ng/ml), 
insulin (5/rg/ml), transferrin (5/rg/ml), putrescine 
(0.1 mM), progesterone (0.2 /iM ) and selenium (30 nM) was 
added, this changed every three to four days.^ If cells were 
to be kept for more than one week, cytosine arabinoside 
(10"^ M) was added after 36 h in culture, for 48 h, to reduce 
non-neuronal cell proliferation, although this was slow in 
the defined medium used.

Glutamate release
Cerebellar neurons were preincubated for 20 min with 

HEPES-buflTered Krebs medium equilibrated with O ,̂ and 
then incubated with 200 /il Krebs medium containing 5 /iCi 
o f pHjglutamine (Amersham\ for 1 h at 37°C, to label the 
releasable pool o f glutamate. In this system, release of 
pH]GABA was not detectable, probably because of the lack 
o f GABA-utilizing neurons. Basal glutamate release was

determined by sequential incubations for 2 min with 
3 X 100/il o f Krebs medium (1.8 mM Ca^‘*^,4mM K+); this 
was followed by a 2-min stimulation period (5 ,) with Krebs 
medium containing 50 mM K+ (replacing N a+) and either
1.8 or 5 mM Ca^+. Five further basal incubation periods 
were then followed by a second stimulation period {Sj),  and 
three more basal release periods. In some experiments the 
basal release medium was depolarizing, and contained 
50 mM K+ in the absence o f Ca^+. Release was then 
stimulated with medium containing 50 mM K+ and 5 mm 
Ca^+. The pH]glutamate released was determined by separ
ating it from [^Hjglutamine on ion exchange columns, as 
previously described.* The amount o f stimulated release o f  
i^Hlglutamate was calculated by subtraction o f prior and 
subsequent basal release, and the ratio o f release in the two 
stimulation periods, (52/5 ,) was determined for each exper
iment. Drugs were included before, during and after S2 to 
determine their effect on release, and paired experiments were 
performed on a single day to minimize variation in release 
arising from differences in age or between batches o f neurons.

Electrophysiological studies
Cells were used following culture for between two and 10 

days; and experiments were performed at room temperature. 
The patch-damp technique'^ was used to study whole cell 
Ca^^-channel currents in DRGs and cerebellar granule 
neurons. Low resistance (2-4 MQ) patch pipettes were used 
for DRG neurons, and pipettes o f 5-7 MD for cerebellar 
granule neurons. Cells were voltage-clamped with an Axo- 
clamp-2 switching voltage-clamp amplifier, operated at a 
sampling rate o f 20-30 kHz. Drugs were applied by low 
pressure ejection (less than 1 p.s.i.) from a micropipette (tip 
diameter of 10 pm ) placed about 3 0 /im  from the cell.

The standard recording medium contained (in mM); 
NaCl 130, KCl 3, MgClj 0.6, NaHCOj 1.0, HEPES 10, 
glucose 4, BaCh 2.5, tetrodotoxin 0.0025, tetraethylammo- 
nium 25. This solution was adjusted to pH 7.4 with NaOH  
and to 320 mOsM by addition o f sucrose. Patch electrodes 
were filled with a solution containing (in mM): Cs acetate 
140, CaCl; 0.1, EGTA 1.1 or 10, MgClj, 2, ATP 2, and 
HEPES 10. The pH was adjusted to 7,2 with Tris and the 
osmolarity to 310 mOsM with sucrose. The use o f Ba^+ 
rather than Ca^+ as the charge carrier o f the Ca^+-channel 
currents has a number o f advantages. Ba^+ contributes to 
the inhibition of K+ channels and, unlike Ca^+, does not 
directly activate a wide variety of enzymes, ion channels and 
intracellular processes. Data was stored on an FM tape 
recorder and digitized at 2 kHz.

All mean data are given ±S.E .M . o f the number of 
experiments given in parentheses. The significance of the 
results was determined using Student’s /-test, or where 
applicable paired /-test.

Materials
(-)-B aclofen  (Ciby-Geigy) was kindly provided by Prof. 

N. Bowery, 3-aminophosphinic acid by Dr H. Bittiger 
(Ciba-Geigy), the enantiomers o f 202-791” by Dr U. Ruegg 
(Sandoz) and pertussis toxin by Dr L. Irons, PHLS-CAMR, 
Porton Down. Phaclofen and 2-OH-saclofen were obtained 
from Tocris-Neuramin. All drugs were dissolved in water 
except 202-791 enantiomers which were dissolved at 10 mM 
in 70% ethanol and diluted in medium immediately before 
the experiment. All experiments in the presence of 202-791 
were performed in dimmed or Na"  ̂ lighting.

RESULTS

The effect o f the enantiomers of the calcium-channel 
ligand 202-791 on glutamate release from cerebellar 
neurons

The release of pHjglutamate from cultured cerebel
lar neurons by 2-min stimulation with 1.8 mM Ca^ ,̂
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50 mM K+ containing Krebs medium resulted in a 
peak in S, of 7392 ±  545 d.p.m. (« =  39). The control 
S2/5 , ratio was 0.82 ±  0.03 (n =  19). The presence of 
5 /rM ( +  )-202-791 for 4 min prior to, and during, S2  

increased the 5'2/5', ratio by 63 ±  12% (n =  10) 
{P < 0.001). Increasing the concentration of Câ "̂  in 
the stimulating medium to 5 mM did not markedly 
increase the ability of 1 -5 /iM ( +  )-202-791 to en
hance pH]glutamate release. Under these conditions 
1/iM (-f-)-202-791 produced a 72+13%  (« = 4 )  
enhancement of release. The ability of (+)-202-791 to 
increase pHjglutamate release did not appear to be 
limited by the capacity of the neurons to release 
transmitter, since there was no negative correlation 
between the control amount of pHjglutamate re
leased in 5, and the percentage increase in release 
produced by ( +  )-202-791. The antagonist enan
tiomer ( —)-202-791 (5 /iM) decreased 50 mM K+- 
stimulated release by 27 ±7%  (n = 6), and. 1 nM 
(-)-202-791 produced a 13 ±  6% (n =  5) inhibition.

When neurons were continuously depolarized in 
Ca^^-free, 50 mM Krebs medium starting 6 min 
before the beginning of the experiment, and the 
release of [^Hjglutamate was stimulated with 5 mM 
Ca^ ,̂ 50 mM K+ containing Krebs medium, the 
release of pHjglutamate in Sj was 3517 ±  275 d.p.m. 
{n = 3 8 ), and the control 8 2 / 8  ̂ ratio was 
0.76 ± 0.03 d.p.m. {n =  15). Under these conditions, 
the efficacy of 202-791, particularly of the antagonist 
enantiomer to inhibit glutamate release, was 
markedly increased. All concentrations between 0.01 
and 5 /rM ( —)-202-791 produced an almost complete 
inhibition of Ca^^-stimulated release, by 91 +  3% 
(M = 5) (Fig. 1). The concentration-dependence of 
this response appeared to be biphasic, and the con
centration of ( —)-202-791 producing 50% inhibition 
of pHjglutamate release was about 0.1 nM. Under the 
same conditions, ( +  )-202-791 (1 /iM) increased
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Fig. 1. The effect o f ( —)-202-791 on stimulated release 
of pHjglutamate from depolarized cerebellar granule neur
ons. Concentration-response curve for the inhibition o f pHj
glutamate release by ( —)-202-791 in continuously depolar
ized cerebellar granule neurons. The effect o f  ( —)-202-79I 
was examined on 5m M  Ca^+-stimulated release when 
neurons were maintained in continuously depolarized Ca^+- 
free medium. The percentage inhibittpn o f the 52/S , ratio 
was determined and (-r)-202-79I was present during 5j but 
not S | . The results are the mean +  S.E.M. (if applicable) o f 

the numbers o f  experiments given in parentheses.

-stimulated release by 172 ±38%  (« = 3 ). 
This was a significantly greater enhancement 
(P <  0.01), compared with the control stimulation by 
1/iM ( +  )-202-791.

The effect o f the GABAg agonist {-)-baclofen  
on glutamate release from control and depolarized 
cerebellar neurons

In these experiments the control 8 2 / 8 1  ratio 
was 0.88 ±  0.06 (n =  9). A maximal concentration of 
( —)-baclofen (100/iM) inhibited K^-stimulated re
lease of pHjglutamate by 26 ±  2% (« = 4) (P < 0.01) 
(Fig. 2A). Baclofen was still able to inhibit the 
Ca^+-stimulated release of glutamate from depolar
ized neurons. In these experiments the control 8 2 / 8 1  

ratio was 0.85 ±0.1 (ai=4). A concentration of 
100 /rM ( —)-baclofen produced 29 ±2%  inhibition 
(n = 4 )  (P <  0.01) (Fig. 23), and the eCjo for inhi
bition by (-)-baclofen in depolarized cells was 
approximately 5 pM  (Fig. 3).

The effect o f pertussis toxin on glutamate release from  
cerebellar neurons

Pretreatment of cells with pertussis toxin 
(500 ng/ml) for 16 h at 37°C completely prevented the 
inhibition of K^-stimulated glutamate release by 
100/iM ( —)-baclofen (Table 1). Pertussis toxin pre
treatment enhanced the K"^-stimulated release of 
pHjglutamate by 40% (P < 0.01), as determined by 
the amount of release in 5, (10, 319 ±  871 d.p.m., 
n =  32). However, pertussis toxin did not affect the 
total amount of pHjglutamate remaining in the cells 
at the end of the experiment which was 466,887 ±  50, 
851 d.p.m. (n = 17) for control neurons, and 
482,700 ±  5609 d.p.m. (« =  13) for pertussis toxin- 
treated neurons. Pertussis toxin treatment also en
hanced the Ca^+-stimulated release of pHjglutamate 
in 5, from depolarized neurons by 81% from 
4988 ±  798 d.p.m. (n =  8) to 9025 ±  692 d.p.m. 
(« = 4 ) (P < 0 .01).

The ability of 5 /iM ( +  )-202-791 to enhance K^- 
stimulated release was not changed by pertussis toxin, 
being a 63 ±  12% (« =  10) increase in controls, and 
a 57 ±  11 % (« =  9) increase after pertussis toxin. The 
same was true for the inhibition by ( —)-202-791 
which was 27 ±  7% (« = 6) in controls and 33 ±  5% 
{n =  6) after pertussis toxin.

The effect o f GABAg antagonists on { — )-baclofen- 
induced inhibition of glutamate release

The ability of the GABAg antagonists phaclofen 
and 2-OH-saclofen to prevent ( — )-baclofen-mediated 
inhibition of pHjglutamate release, and their effect 
alone on pHjglutamate release was examined (Table 
2). Phaclofen (500/iM) reduced the inhibition by 
(-)-baclofen by 58% (P < 0.05), and had no effect 
alone on pHjglutamate release. In contrast, in a sepa
rate series of experiments 100 /iM (-)-baclofen in the 
presence of 500/iM 2-OH-saclofen inhibited pHj
glutamate release by a similar extent to ( -  )-baclofen
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Fig. 2. The effect o f  baclofen on stimulated release o f [^HJglutamate from control and depolarized 
cerebellar granule neurons. (A) pH]Glutamate release was stimulated with 5 0 mM K+, and 100/iM  
( —)-baclofen was present during Sj but not 5 ,.  A control experiment ( ■ )  and a paired experiment 
performed at the same time, with baclofen in 5  ̂( □ )  are superimposed. (B) As in A, except pHjglutamate 
release was stimulated with 5 mM Ca^+, in neurons depolarized throughout the experiment in Ca^+-free

50 mM containing medium.

alone. 2-OH-saclofen (500/tM) alone had no effect 
release of glutamate.

3-Aminopropylphosphinic acid, has been reported 
to be a GABAg agonist more potent than baclofen at

40

5  20
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1 10 

C O N CEN TRA T I O N O M )
100

Fig. 3. Concentration-response curve for ( —)-baclofen 
of Ca’^-stimulated [^HJglutamate release from depolarized 
cerebellar granule neurons. Experiments were performed as 
in Fig. 28, with concentrations o f ( —)-baclofen between 1 

and 100/iM .

the ileal GABAg receptor.*’ However, in two exper
iments 3-aminopropylphosphinic acid (50 /iM) pro
duced a stimulation of pHjglutamate release (13%, 
16%).

The effect o f  ( —)-202-791 and { — )-baclofen on 
calcium-channel currents recorded from cultured rat 
dorsal root ganglion neurons at holding potentials (W„) 
of — 80 and — 30 mV

The amplitude of the maximum calcium-channel 
current (/g,) activated from - 8 0  mV was 
2.6 ±  0.5 nA (n =  6) and it showed a degree of in
activation during the 100 ms voltage step as previously 
described.’’* ( —)-202-791 (5 /iM) inhibited by 
63 ±  7% {n =  6) over 5 min of its application.* At 
— 30 mV, the maximum /g, had no initial transient 
component, and its amplitude was smaller, being
1.1 ±  0.2nA (n =  17). It was inhibited by 5/iM  ( - ) -  
202-791, by 50 ±  8% {n =  7) in 2 min, to a plateau of 
77 ±3%  inhibition over 10 min (n = 4). This repre
sents a significantly greater inhibition {P <  0.05) than 
that of the current at F„ — 80 mV. An example of the
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Table 1. The effect o f  pertussis toxin on the inhibition o f  
[^H]glutamate release from cerebellar granule neurons by 

( —)-baclofen

Pretreatment Drug in 5^ S j/S , ratio

— — 0.98 ±  0.04 (3)
— Baclofen 0.66 ± 0 .0 1 *  (3)

Pertussis toxin — 0.95 ±  0.05 (3)
Pertussis toxin Baclofen 0.96 ±  0.05 (3)

The S i/S , ratio was determined for [^HJglutamate release 
stimulated by 50 mM K+ in the presence o f  1.8 mM  
Ca^+. The concentration o f  (-)-b a c lo fe n  used was 
l OOf x M.
< 0.01 (paired /-test) compared with the absence o f  
baclofen.

effect of (-)-202-791 on at Vyi - 3 0  mV, is shown 
in Fig. 4, and in this case ( —)-202-791 produced an 
initial transient enhancement of an effect more 
frequently observed at -  80 mV.® In no cells was 
complete inhibition of this current produced by ( —)- 
202-791. The maximum 4^ from —80 mV was 
inhibited by 72 ±  4% (/i =  14) by 1 /tM -conotoxin 
and by 30 ±3%  (// =  10) by lOO^M (-)-baclofen. 
Parallel findings for 4 ,  (V^ - 3 0  mV) showed 
84 ± 8% (« =  6) inhibition by 1 /iM w-conotoxin and 
52 ±4%  (n = 4 )  inhibition by ( —)-baclofen.

The effect o f pertussis toxin on 4^ in dorsal root 
ganglion neurons and the response to { +  )-202-791

In control neurons, the sustained 4a (^h - 8 0  mV) 
measured at the end of the 100-ms depolarizing 
voltage step was increased by 5 p M  (-t-)-202-791 
from 2.5 ±  0.3 nA (« =  10) to 3.4 +  0.6 nA (n =  10) 
{P < 0.05). The time course of the increase is shown 
in Fig. 5. In pertussis toxin pretreated neurons 
(500 ng/ml for 3-5 h) (-t-)-202-791 produced no clear 
agonist effects over the same time period (Fig. 5). The 
sustained 4a in pertussis toxin-treated neurons was 
2.9 ± 1.1 nA, and in the presence of ( -h )-202-791 it 
was 2.1 ±  0.5 nA (n =  6). Although the increase in the 
sustained 4a due to pertussis toxin was small, the

Table 2. The effect o f  phaclofen and 2-OH-saclofen on the 
inhibition o f  [^Hjglutamate release from cerebellar granule 

neurons by ( —)-baclofen

Agonist Antagonist
Percentage inhibition 

o f [^Hjglutamate release

(a) Baclofen — 24.9 ±  5.4* (3)
Baclofen Phaclofen 10.5 ± 6 .2  (3)

— Phaclofen - I  ± 4 ( 3 )

(b) Baclofen — 20.7 ±  2.6* (3)
Baclofen 2-OH-saclofen 25.4 ±  5.2* (3)

— 2-OH-saclofen 2 ± 7 ( 3 )

The S j/S , ratio was determined for [’Hjglutamate release 
stimulated by 50 mM K+ in the presence o f  1.8 mM  
Ca^^. The percentage inhibition by 100//M  ( —)- 
baclofen alone or together with 500 ^M  o f  either 
antagonist was compared with controls determined in 
paired experiments. Statistical significance o f  percentage 
inhibition compared with respective controls *F <  0.05 
(paired /-test).
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time after sta r t of (-)-202-791 .in.

Fig. 4. The effect o f  ( —)-202-79I on the amplitude o f  the 
sustained /g, available at a holding potential o f  —30 mV 
in cultured rat DR G s. activated at a clamp potential 
o f  O m V  was stable for 3 min, before application o f  ( —)- 
202-791 (5 /iM ) by low pressure ejection from a broken 
micropipette placed near to the cell. Application was started 
at time 0 min and continued for the rest o f  the experiment. 
The inset shows examples o f  the control (most slowly 
activating current) an increase after 1 min application o f  
( —)-202-791 and subsequent inhibition at 5, 10 and 15 min.

amplitude of the peak 4 . was markedly increased as 
previously described.’’*

The effect o f GABAg antagonists on the inhibition o f  
Ig, in dorsal root ganglion neurons by {-)-baclofen

The application of 500 pM  phaclofen together with 
( —)-baclofen reduced the inhibition of /g, to 6 ±  9% 
(« =  6) (Fig. 6). In cells which had not responded to 
(-)-baclofen  together with phaclofen, subsequent 
application of ( —)-baclofen alone was able to inhibit 
4a hy 36 ±  3% (n =  6).

When 500 p  M 2-OH-saclofen was applied together 
with (-)-baclofen, 4 a was inhibited to a variable 
extent by 13 ± 7%  (n =  20) (Fig. 6), whereas in

150
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TIME, min '

Fig. 5. The effect o f  (-t-)-202-791 on the amplitude o f  4 ,  in 
control and pertussis toxin-treated D R G  neurons. The 
maximum /g, activated from a holding potential o f  —80 mV 
was measured at the end o f the 100 ms voltage step to obtain 
a measure o f  the sustained component o f  /g ,. (-l-)-202-791 
(5 /iM ) produced a modest enhancement o f  /g, in control 
neurons ( # )  (n =  10), but did not increase /g, in neurons 
pretreated with pertussis toxin (500 ng/ml, 3-5 h) (O )  
{n =  6). Control currents were stable for 3 min before 
application o f (4-)-202-791. The application o f  (4-)-202-791 
was by low pressure ejection from a broken micropipette, 
and was started at the time indicated by the arrow, and 

continued for the rest o f  the experiment.
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OmV

-80mV

20ms 

2nA j bac * sac

Fig. 6. The effect o f GABAg antagonists on the inhibition o f by ( —)-baclofen in DRGs. The maximum
/ga was activated from Ky - 8 0  mV, and was stable for 3 min before application o f  drugs by pressure 
ejection from a broken micropipette. The left hand traces show examples o f  the currents before and after 
application o f (-)-b a c lo fen  (100 /iM ) together with phaclofen (500/iM ) and subsequently baclofen alone. 
The right hand traces show the effect o f  2-OH-saclofen (500/iM ) together with (-)-b a c lo fen  (100/iM )

which was examined on another neuron.

different cells from the same batch the inhibition by 
( — )-baclofen alone was 37 ±  6% (n =  9). 2-OH- 
saclofen applied alone had no effect on /g*, producing 
a 1 ±  9% (n =  4) increase in the current. 3-Amino- 
propylphosphic acid (50 /iM) did not produce a clear 
inhibition of /ga (n =  6).

The effect of ( —)-202-791 and { — )-baclofen on 
calcium-channel currents recorded in cultured rat 
cerebellar neurons at Y if — 80 m V

Preliminary recordings have been made from cer
ebellar granule neurons, those chosen for recording 
were generally isolated from the clumps of cells which

OmV
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-aOmV -20mV -BOmV
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Fig. 7. The effect o f (-)-202-791  and (-)-b a c lo fen  on /g, in 
cerebellar granule neurons, /g  ̂was recorded from cerebellar 
granule neurons, from a holding potential o f  —80 mV. 
(A) An example o f a more commonly recorded sustained 
current activated maximally at OmV, and B shows an 
example o f a current with a marked transient component, 
which was activated maximally at - 2 0  mV. Inhibition of 
by ( —)-202-791 (5 /iM ) is shown in A. No recovery was 
observed. Inhibition o f 1^ by ( —)-baclofen (100 /zM) is 
shown in B. Partial recovery was seen 2 min after removal 
o f the baclofen containing pipette. The calibration bars refer 
to 30 ms and 1 nA (A) and 25 ms and 0.5 nA (B). (C) The 
current-voltage relationship fo'r a neuron with a sustained 
/ĝ  similar to that shown in A. Maximal activation was 

observed between - 5  and 4-5 mV.

form after seven days in culture. The amplitude of 
the maximum /ĝ  recorded from - 8 0  mV was 
0.27 ±  0.05 nA (n =  9). In most cells the current 
showed little inactivation during the 100 ms voltage 
step (Fig. 7A), although in three out of nine cells a 
transient component was observed (Fig. 7B). The 
maximum /ĝ  was generally observed at 0 to 4-5 mV 
(Fig. 7C), except in the cells in which the current was 
largely transient and the maximum /ĝ  was observed 
at - 2 0  mV (e.g. Fig. 7B). (-)-202-791 (5 //M ) inhibi
ted /g, completely over 2 min of its application 
(n =  2) (Fig. 7A). Its effect was not examined on cells 
expressing a transient /g .̂ Baclofen (100 /iM ) inhibi
ted /g, by 44 ±  21% (n = 3) (Fig. 7B).

D ISC U SSIO N

The present studies have utilized the calcium- 
channel agonist and antagonist enantiomers of 
202-791 to define the functional presence of L-type 
channels. We have shown that (-)-202-791 produced 
only a modest inhibition of pHjglutamate release 
when release was stimulated by depolarization for 2 
min with 50 mM K+. In contrast when neurons were 
continuously depolarized in 50 mM K^, Ca^^-free 
medium, and glutamate release was induced by 
the inclusion for 2 min of Ca^  ̂ in the medium, 
( —)-202-791 was able almost completely to inhibit 
release at concentrations between 0.01 and 5/iM . 
Under these conditions, the equilibrium potential 
would be depolarized by about 70 mV. It is likely that 
N- and T-type Ca^+ channels, which show almost 
complete steady-state inactivation by —30 mV, 
would be inactivated by this degree of depolarization 
and not be available to contribute to transmitter 
release. The finding that pHjglutamate release is 
sensitive to low concentrations of dihydropyridine 
antagonists in depolarized neurons reflects the fact 
that dihydropyridine antagonist binding affinity and 
potency in functional assays is markedly increased by 
depolarization. Binding may be to open or inacti
vated channels. It also provides evidence that under 
these conditions glutamate release is supported
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entirely by the entry of through L-type chan
nels, some fraction of which must be constantly open 
under these depolarizing conditions. What remains 
unclear is whether release induced by 2-min stimu
lation with 50 mM K + , is due largely to entry of Ca^  ̂
through non-L-type channels which are insensitive to 
dihydropyridines, or if the inability of the dihydro
pyridine antagonists to produce inhibition is a reflec
tion of the lower ability of dihydropyridines to inhibit 
L-type channels at hyperpolarized membrane poten
tials. ”̂ This has been discussed previously by Rane 
et alr^ who suggest that the lack of inhibition by 
dihydropyridines of electrically evoked substance P 
release from chick DRGs does not indicate a lack 
of involvement of L-type channels, but rather that 
dihydropyridines require prolonged depolarization to 
exert their blocking action.

In the present study, the somatic recorded 
from cerebellar granule neurons at — 80raV was
completely inhibited by (->-202-791, whereas 
recorded from cultured rat DRGs was inhibited by 
63% at Lh —80 mV, and still not completely blocked 
at Lh — 30mV, indicating a difference between the 
two types of neuron, but a similarity between rat and 
chick DRGs.-'' A further difference between the two 
types of neuron is reflected by the finding that the 
agonist response of /ga to ( -I->-202-791 was prevented 
by pertussis toxin, as was previously found for Bay 
K 8644,^' whereas in cerebellar neurons pertussis 
toxin had little effect on the enhancement of 
pH]glutamate release by ( +  >-202-791. This may indi
cate that calcium-channel ligands possess several 
mechanisms of action.

The present study does not provide evidence for 
two distinct types of high threshold calcium-channel 
current, one of which (N-type> has been reported to 
be inactivated by steady depolarization to between 
-4 0  and —30 mV.“-̂ * /ga in DRGs can be inhibited 
by the GABAg agonist ( —>-baclofen, both at 
- 8 0  mV and at — 30mV. Similarly, baclofen 
inhibits transmitter release from cerebellar neurons 
both at normal and at markedly depolarized mem
brane potentials. This suggests that if these depolar
ized potentials do isolate L channels, these channels 
can be inhibited by GABAg-mediated activation of 
pertussis toxin-sensitive G proteins.

It has recently been observed that a large depolar
izing prepulse can reverse agonist or activated G 
protein-mediated slowing of the rate of activation of 
calcium c u r r e n t s . T h i s  has been interpreted as 
indicating that the interaction of activated G protein 
with Ca*  ̂ channels is voltage-dependent.'^ However, 
the kinetic effect of GTP-y-S on the rate of activation 
of /gi, is still observed at L» — 30mV,*-^  ̂ and thus 
depolarization to this extent does not affect the 
interaction between G proteins and channels. The 
results can also be explained if G proteins interact 
with closed but not open Ca^+ channels, and 
the complex of closed Ca^^-channel and G protein 
cannot itself open, and dissociates slowly, being in

equilibrium with free closed channels. Thus 
depolarization, while not directly influencing the G 
protein-closed channel interaction, depletes the num
ber of free closed channels by causing them to open, 
and thus shifts the equilibrium away from the com
plex.'* We have previously suggested that there is also 
a non-voltage-dependent component to GABAg- 
mediated inhibition of the amplitude of /g,,^ which 
might, for example, represent a change in second 
messenger-mediated phosphorylation state of the 
channel, since neuronal calcium channels are sub
stances for cyclic AMP dependent protein kinase'^ 
and GABAg receptors are negatively coupled to 
adenylate cyclase (see Ref. 34 for review>. In pre
liminary experiments we have shown that baclofen is 
able to inhibit forskolin-stimulated cyclic AMP pro
duction in both control and depolarized cerebellar 
neurons. A change in phosphorylation state might 
be an additional mechanisms for GABAg-mediated 
inhibition of /g„.

Pertussis toxin prevents baclofen-mediated inhi
bition of glutamate release, agreeing with our pre
vious finding that it prevents baclofen-mediated 
inhibition of /g, in DRGs.’ In addition, in the present 
study, pertussis toxin treatment enhanced the stimu
lated release of glutamate. This may indicate that 
under normal conditions there is partial tonic inhi
bition of presynaptic Ca’  ̂ currents by G proteins 
activated by GTP, and that this is prevented by 
pertussis toxin. This was also put forward as the 
mechanism for the increase in /g, in DRGs treated 
with pertussis toxin or internal application of the 
GDP analogue guanosine-5'-0-2-thiodiphosphate.’ 
It is also possible that pertussis toxin increases the 
number of functional Ca’  ̂ channels in the mem
brane. The time course of the affect of pertussis toxin 
on transmitter release is presently being studied since 
an increase in calcium currents is observed within 
2-3 h of pertussis toxin application in DRGs.

The GABAg receptors mediating inhibition of 
calcium-channel currents in DRGs and inhibition 
of pHJglutamate release from cerebellar granule 
neurons has been examined by using the available 
antagonists phaclofen and 2-OH-saclofen. Although 
phaclofen was observed to prevent (albeit incom- 
pletely> the inhibition of both glutamate release and 
calcium-channel currents by ( —>-baclofen; 2-OH- 
saclofen, which has been reported to be more effective 
than phaclofen” did not prevent ( —>-baclofen- 
mediated inhibition of pH]glutamate release and 
produced only a modest and variable inhibition of the 
effect of baclofen on /g ,. This batch of 2-OH-saclofen 
blocked the late GABAg-mediated synaptic current in 
thalamocortical cells evoked by stimulation of the 
optic tract (Lightowler et al., personal communi- 
cation>. However, the finding that the presynaptic 
GABAg receptors mediating inhibition of transmitter 
release are phaclofen-sensitive suggests that the 
pharmacological distinction between pre- and post- 
synaptic GABAg receptors made by Dutar and
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NicoIlT who suggested that the former were 
phaclofen-insensitive and the latter phaclofen-sensi
tive may not be universally applicable. In addition, 
the finding that pertussis toxin treatment blocks 
GABAg-mediated inhibition of pH]glutamate release 
indicates that in this case the presynaptic GABAg-G 
protein complex is similar in this respect to the 
postsynaptic complex, in contrast to previous find
ings.'® The pharmacological similarities and pertussis 
toxin sensitivity of the baclofen-mediated inhibition 
of both calcium-channel currents and transmitter 
release, suggests the possibility that presynaptic inhi
bition by GABAg receptor activation may result at 
least in part from inhibition of calcium influx through 
presynaptic voltage-sensitive calcium channels. The 
nature of these channels remains to be determined, 
but the present study indicates that at least a fraction 
of them are dihydropyridine-sensitive. This can be 
inferred from the finding that release from depolar
ized neurons is entirely dihydropyridine-sensitive, 
and can also be inhibited by (-)-baclofen. It is also 
possible that GABAg-mediated channel acti
vation'® and hyperpolarization of the presynaptic 
terminal could bring about presynaptic inhibition by 
baclofen. However, if this were a major mechanism, 
the response should be attenuated in the depolarized 
neurons where the driving force for K+ would be 
markedly reduced.

Although it has been argued that N channels play 
the dominant role in the control of transmitter re
lease,'* there are several studies which show that 
transmitter release can be enhanced by dihydro

pyridine agonists'**^^’ or that it can be inhibited in 
part by dihydropyridine antagonists.^’*̂’ Indeed, lack 
of inhibition by dihydropyridine antagonists is not 
necessarily evidence that L channels are not involved, 
since they are only effective at depolarized poten
tials.”  From these studies and from that of Lemos 
and Nowycky” it is clear that L-type channels are 
present at nerve terminals and are able to play a role 
in the control of transmitter release. In addition, the 
kinetics of L-channel activation are not so slow as 
to preclude their opening by the end of a single 
action potential.’* In some circumstances L channels 
may directly supply the Ca’  ̂ for transmitter release, 
depending on the presynaptic membrane potential, 
and the duration and frequency of the presynaptic 
action potentials. Indirect control may be exerted by 
L channels not at the active zone and thus not 
supplying Ca’+ for vesicular release, by Ca’+-induced 
modification of the secretory apparatus. This is likely 
to involve modulation of the state of phosphorylation 
of phosphoproteins such as synapsin I, and thus the 
availability of synaptic vesicles for release at the 
active zone.’’ Modulation of Ca’  ̂ influx by neuro
transmitters such as GABA acting at GABAg recep
tors on non-GABA terminals is more likely to occur 
on the latter process because of the difficulty of access 
of modulatory transmitters to the active zone in the 
synaptic cleft.
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Release of glutamate from cerebellar granule neurones was stimulated either by adding 50 mM K'" to normal Krebs medium, or by adding 5 mM 
Câ  ̂ to neurones continuously depolarised with 50 mM in the absence of Ca^ .̂ Pre-incubation of neurones for 16 h with pertussis toxin (PTX) 
increased the stimulated glutamate release in both K^-stimulated and continuously depolarised neurones. Under both conditions, the PTX-induced 
increase in release was abolished by cycloheximide. In contrast, in the presence of cycloheximide, PTX still prevented the GABAg agonist (-)-baclofen 
from inhibiting glutamate release. These results suggest that G-protein ADP-ribosylation by PTX in cerebellar granule neurones may increase 
synthesis of a protein associated with the L-type calcium channel.

When grown in primary culture, cerebellar granule 
neurones can be stimulated to release their neurotrans
mitter, glutamate [8]. This release is dependent on the 
influx of calcium through voltage-dependent calcium 
channels which can be divided into several subtypes in
cluding I , N, L and P [18], It has been suggested that, in 
some systems, transmitter release relies on the entry of 
calcium through N-type calcium channels, although P 
type channels have also been implicated in the central 
nervous system [10,19]. Other evidence indicates the ad
ditional involvement of dihydropyridine (DHP)-sensitive 
L-type channels, for example in K^-stimulated release 
from cerebellar granule neurones [11,12], which have a 
large L type component to their somatic calcium current 
[15] (Pearson, Sutton, Scott and Dolphin, submitted).

Electrophysiological studies have shown that the N- 
type calcium channel exhibits almost complete steady- 
state inactivation at a membrane potential o f -3 0  mV [7]. 
By incubating neurones in depolarising conditions in the 
presence of 50 mM such that their K^-equilibrium 
potential would be depolarised by about 70 mV (assum
ing an internal [K ]̂ of 120 mM), the involvement of non
voltage-inactivated L-type calcium channels in neuro- 
transmitter release may be observed in the absence of 
N-type calcium channels [12].

We have previously examined the inhibitory modula
tion of glutamate release from cerebellar granule neu-
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rones by the GABAg agonist (-)-baclofen and have 
shown that pertussis toxin (PTX), a bacterial toxin, that 
ADP-ribosylates the Gj and G  ̂ species of GTP-binding 
proteins [20], prevented this effect [11,12]. During these 
studies we also observed PTX treatment to produce a 
substantial increase in the amount of glutamate released 
upon stimulation. Other studies have shown PTX to in
crease Ca^^-dependent exocytosis in chromaffin cells 
[2,16] and also to affect the biophysical properties of 
Câ  ̂ channels [3].

We have also previously shown PTX treatment to in
crease the number of dihydropyridine binding sites in 
cerebellar granule neurones which may possibly equate 
to an increase in the number of L-type voltage sensitive 
calcium channels [11]. Other studies have implicated L- 
type Câ  ̂ channels in adaptive responses in several sys
tems. Various treatments, including chronic exposure to 
ethanol and morphine have been observed to increase 
neurosecretion and transmitter release in several cell 
types and, in parallel, to increase the number of DHP- 
binding sites [1,13,14]. In contrast chronic depolarisation 
results in a decrease in the number of DHP-binding sites 
[5]. These treatments result acutely in a change in cal
cium influx, and the adaptive change may be seen to be 
in response to this. In the case o f chronic ethanol, the 
response is thought to require protein synthesis since it 
can be blocked by the protein synthesis inhibitor, cyclo
heximide [9].

In this study we have used cycloheximide to investigate
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Fig. 1. Profiles of pHJglutamate release shown for individual experiments utilising control neurones (0 ), neurones pre-treated for 16 h with 230 ng/ml 
PTX (•), 0.25//g/ml cycloheximide (□) or PTX together with cycloheximide (A). pHJglutamate release was stimulated during the SI and S2 bars either 

by the addition of 50 mM K'̂  (A), or by the addition of 5 mM Câ "" to continuously depolarising medium (B).

further the hypothesis that PTX may be increasing gluta
mate release in cerebellar granule neurones by increasing 
the number or activity of voltage dependent calcium 
channels in these neurones, by a mechanism requiring 
protein synthesis. Preliminary results have been reported
[4].

Granule cells were dispersed from 6-day-old Sprague- 
Dawley rats as previously described [8]. Cells were plated 
on 22 X 22 mm coverslips at 5 x 10® cells/coverslip and 
grown in modified Eagle’s medium containing 10% heat- 
inactivated horse serum, penicillin (50 lU/ml), strepto
mycin (50 //g/ml), 25 //1/ml chick embryo extract (ICN 
Flow), 39 mM glucose, 2 mM glutamine and 23 mM 
KCl. The cells were incubated at 37°C in humidified air 
containing 5% CO2 . After 48 h, fluorodeoxyuridine (80 
//M ) was added to the culture medium to reduce the pro
liferation of non-neuronal cells. The culture medium was 
renewed every 3 ^  days, and cells were used between 7 
and 13 days in culture.

Cerebellar neurones were pre-incubated as previously 
described [11] for 20 min with HEPES-buffered Krebs 
medium equilibrated with O2 ; they were then incubated 
with 200 //I medium containing 5 //Ci of [^Hjglutamine 
(Amersham) for 1 h at 37°C to label the releasable pool 
of glutamate. In this system, release of pHjGABA was 
not detectable, probably because of the lack of GABA- 
utilising neurones in the culture. Basal glutamate release.

in K^-stimulated experiments, was determined by se
quential incubations for 2 min with 3 x 100//I of medium 
(1.8 mM Ca^ ,̂ 3.2 mM KCl); this was followed by a 2 
min stimulation (S,) with medium containing 50 mM 
KCl (replacing Na^) and 1.8 mM Ca^ .̂ Five further 
basal incubation periods were then followed by a second 
stimulation (S2 ), and three more basal release periods. In 
experiments examining the effect o f cycloheximide on 
(-)-baclofen modulation of glutamate release, an addi
tional two basal release periods followed S2 and then a 
third stimulation (S3) was followed by a further three 
basal release periods. In these experiments 100 juM ( -)-  
baclofen was added to the neurones during S2, the two 
basal incubation periods preceding S2 and the two subse
quent basal incubation periods. Basal release medium in 
experiments using continuously depolarised neurones 
contained 50 mM K  ̂in the absence of added Câ  ̂(nom
inally Câ "̂  free). Release was then stimulated with me
dium containing 50 mM KCl and 5 mM Ca^ .̂ Neurones 
treated with PTX were incubated for 16 h prior to the 
start of experiments in culture medium containing 230 
ng/ml PTX. In experiments in which protein synthesis 
was blocked, 0.25 //g/ml cycloheximide was included in 
all incubation and release media. The [^Hjglutamate re
leased was determined by its separation from [^Hjglu- 
tamine on ion exchange columns as previously described 
[6j. At the end of all experiments, cells were scraped off



19

-stim u la ted  release

C o n tro l PTX C y c lo h e x im id e  P T X /C y c lo h e x im id e

-stimulated releaseC.

C o n tro l PTX C y c lo h e x im id e  P T X /C y c lo h e x im id e

B: basal release in  K*—stim ulated neurones

i \ \ \ l  r ÿ ' S ? V I
C o n tro l PTX C y c lo h e x im id e  P T X /C y c lo h e x im id e

D: basal release in  continuously depolarised neurones

C o n tro l PTX C y c lo h e x im id e  P T X /C y c lo h e x im id e

Fig. 2. Effect of 0.25 //g/ml cycloheximide on PTX-induced increase in K^-stimulated pHJglutamate release (A) and corresponding basal pH]gluta- 
mate release (B) in cerebellar granule neurones. Fig. 2 also shows the effect of cycloheximide (0.25 //g/ml) on PTX-induced increase in [^HJglutamate 
release stimulated with 5 mM Câ "" (C) and corresponding basal pHJglutmate release in continuously depolarised cerebellar granule neurones (D). 
Results are shown as mean ± S.E.M. Significantly different {*P < 0.05, **P < 0.001, n = 34 in A and B, « = 12 in C and D) from corresponding

control values (unpaired /-test).

the coverslip using a rubber policeman, into 1 ml of 2 
mM Tris, pH 4.0, to determine the amount of [^H]gluta- 
mate remaining in the cells. The amount of stimulated 
[^H]glutamate release was calculated by subtraction of 
prior and subsequent basal release.

Fig. 1 shows profiles of the two paradigms used in this 
study to stimulate [^Hjglutamate release from neurones. 
Fig. lA  shows examples o f [^H]glutamate release from 
neurones incubated in Krebs medium containing 3.2 mM 
K Vl.8 mM Câ "̂ , which were stimulated to release 
[^H]glutamate by inclusion of 50 mM K^ in the medium 
for two periods Si and Sj of 2 min. Under these condi
tions, a 2 min stimulation by 50 mM K^ resulted in the 
release of 2.94 ± 0.4% of the total cell content of [^H]glu- 
tamate {n = 34, Fig. 2A). This release is almost entirely 
Ca^  ̂dependent as, when no Ca^  ̂was added to the stim
ulatory medium and 1 mM EGTA was included only 
7.8% of stimulated release remained (Cullen and Dol

phin, unpublished data). Pre-treatment of the neurones 
for 16 h with 230 ng/ml of PTX resulted in a 23.8 ± 6.2% 
increase in K^-stimulated release to 3.64 ± 0.5% of total 
cell content of [^H]glutamate {P = 0.025, n = 34). The in
clusion of 0.25 //g/ml cycloheximide with PTX in the in
cubation medium prevented the PTX-induced increase in 
stimulated pHjglutamate release (Figs. lA  and 2A). Pre
treatment for 16 h with PTX did not affect basal release 
of glutamate under these conditions. However, pre-treat
ment with cycloheximide alone and cycloheximide to
gether with PTX, inhibited basal release by 30.8 ± 6.3% 
(P = 0.046, n = 34) and 30.8 ± 6.5% {P = 0.025, n = 34), 
respectively (Fig. 2B). N o change in total [^Hjglutamate 
content of cells was seen under these conditions.

The stimulation of glutamate release from neurones 
incubated in Ca^^-free depolarising medium containing 
50 mM K^, by the incusion o f 5 mM Ca^  ̂in the medium 
during S, and S2 , is shown in Fig. IB. After pre-treatment
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Fig. 3. Modulation of K'"-stimulated pH]glutamate release by 100 juM (-)-baclofen (O) and the lack of effect of 0.25 //g/ml cycloheximide on this 
modulation ( V ) .  It also shows the modulation by (-)-baclofen to be blocked by by 230 ng/ml PTX (•)  and the lack of effect of cycloheximide on this 
block (■). These results are shown as profiles of an individual experiment (A) where pH]glutamate release was stimulated during the SI, S2 and S3 
bars by the addition of 50 mM and (-)-baclofen added during the indicated bar. Pooled results are then shown in Fig. 3B as S2/S1 ratios except 
the control results which are expressed as S3/S1 ratios and which are taken from experiments where neurones were treated with (-)-baclofen during 

S2. Results in B are shown as mean ± S.E.M. {n = 8) *P < 0.05 (unpaired t test) compared to corresponding control values.

with PTX, Ca^'^-stimulated glutamate release from depo
larised neurones increased by 84% from 1.2 ± 0.3% to
2.2 ± 0.3% of total glutamate content of cells (P < 0.001, 
n =  12) (Figs. IB and 2C). This increase in release was

not seen when cycloheximide (0.25 //g/ml) was included 
in the pre-incubation medium together with PTX. Pre
incubation for 16 h with cycloheximide alone also had no 
significant effect on stimulated glutamate release (Fig.



21

2C). Fig. 2D shows basal release of [^H]glutamate from 
neurones depolarised in Ca'^-free Krebs medium con
taining 50 mM KCl. It can be seen that 16 h pre-incuba
tion with PTX (230 ng/ml) increased basal release by 
94% from 0.1 ± 0.02% to 0.2 ± 0.03% of total [^H]gluta- 
mate content of cells {P< 0.001, n = 12). Pre-incubation 
with cycloheximide (0.25 //g/ml) or PTX and cyclo
heximide combined did not, however, affect basal re
lease. Under these conditions no change in total [^H]glu- 
tamate content of cells was seen between control neu
rones and neurones pre-incubated with either PTX or 
cycloheximide, or PTX and cycloheximide combined.

As has been shown previously, (-)-baclofen inhibited 
glutamate release stimulated by either paradigm [11,12]. 
PTX prevented the modulation by (-)-baclofen, whereas 
cycloheximide had no effect, either on the inhibition of 
release by (-)-baclofen or on the ability of PTX to pre
vent this inhibition. Representative experiments in which 
three stimulation periods were used, (-)-baclofen being 
included in S2 , are shown in Fig. 3A, and the mean re
sults are given in Fig. 3B.

Our studies on the somatic Câ  ̂ current in cerebellar 
granule neurones show that components of N, L and P 
type current are all present, and there is a proportion of 
current (about 30%), that is not blocked by tu-conotoxin 
GVIA (tu-CTX), DHP antagonists or /y-agatoxin IVA 
[17]. In the present study we have examined glutamate 
release from cerebellar granule neurones stimulated ei
ther by 50 mM K^-containing medium or by adding 5 
mM CaClz to neurones continuously depolarised in the 
absence of Câ "̂ . Under the former conditions, the N 
channel blocker (O-CTX (1 juM) inhibits K^-stimulated 
release by about 20%, and the DHP antagonist (-)-202- 
791 (5 juM) only modestly inhibits the release by about 
27% [11,12] Thus entry of Câ  ̂through channels that are 
insensitive to DHPs and <y-CTX is able to support K^- 
stimulated transmitter release. In preliminary studies we 
have found /y-agatoxin IVA also to produce a partial 
inhibition of K^-stimulated release in this system. It is 
probable that entry of through a number of differ
ent possible Câ  ̂ channel routes is able maximally to 
support K  ̂stimulated release. In contrast, under contin
uously depolarising conditions (-)-202-791 (0.5 juM) 
completely abolishes stimulated release, whereas ty-CTX 
has no significant effect [11,12]. Thus, glutamate released 
from continuously depolarised neurones stimulated by 5 
mM is due entirely to the entry of Ca^+ through 
non-voltage inactivated L-type channels.

Pertussis toxin ADP-ribosylates the Gj and G„ species 
of GTP-binding proteins and prevents them from inter
acting with agonist-bound receptor [20]. In this study we 
have shown PTX significantly to increase [^H]glutamate 
release in both the K^-stimulated and Ca^^-stimulated

paradigms although the increase was much greater in the 
latter case. Under both conditions this increase can be 
abolished by the inclusion of the protein synthesis inhibi
tor, cycloheximide, in the incubation medium. In control 
experiments we have shown cycloheximide not to pre
vent PTX from interfering with the presynaptic inhib
itory modulation by (-)-baclofen. This indicates that G 
protein ADP ribosylation by PTX is not affected by the 
protein synthesis inhibitor. Our previous results have 
shown PTX treatment to increase the number of DHP 
binding sites in cerebellar granule neurones [11]. This is 
in agreement with the finding that PTX treatment pro
duced a greater increase in stimulated glutamate release 
in continuously depolarised neurones where release is de
pendent on Ca^^-entry through L-channels, compared to 
K^-stimulated neurones where only a small proportion 
of release is due to Câ  ̂entry through L-channels. How
ever, we have previously shown that somatic calcium 
channel currents were unaffected by PTX treatment in 
these cells [11], although it is possible that the presynap
tic Câ  ̂ channels were too electrically remote to contrib
ute to the measured current. Thus it is possible that G- 
protein ADP-ribosylation by PTX in cerebellar granule 
neurones may increase the synthesis of either a compo
nent of, or a protein that interacts with, L-type calcium 
channels selectively at presynaptic terminals, and that 
this is responsible for the increased transmitter release.

The alternative possibility that we [11] and others [16] 
have proposed, is that there is a tonic inhibition of trans
mitter release by a heterotrimeric G protein not necessar
ily at the plasma membrane, and that ADP ribosylation 
by PTX relieves this inhibition. If this is the case then the 
role of the heterotrimeric G protein must be different 
from that involved in inhibition by (-)-baclofen, since 
cycloheximide did not prevent PTX from blocking the 
latter response.
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ing dihydropyridine-sensitive Câ "̂  channels in mouse cerebellar 
granule cells, J. Physiol., 439 (1991) 301-323.

16 Sontag, J.-M., Thierse, D. and Rouot, B., A pertussis-toxin-sensi
tive protein controls exocytosis in chromaffin cells at a step distal to 
the generation of second messengers, Biochem. J., 274 (1991) 339- 
347.

17 Sutton, K.G., Pearson, H.A., Scott, R.H. and Dolphin, A C., Inhi
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