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ABSTRACT

Whole-cell and outside-out configurations of the patch-clamp recording technique 

have been used to investigate the properties of non-NMDA glutamate receptor- 

channels present in granule neurones and macroglial cells in rat cerebellar cultures.

Of the various types of glial cell present in such cultures only type-2 astrocytes and 

oligodendrocyte/type-2 astrocyte (0-2A) progenitor cells possessed ‘fast’ glutamate 

non-NMDA receptor-channels, whereas type-1-like astrocytes and oligodendrocytes 

lacked receptor channels. No evidence was found for the presence of NMDA channels 

in any of the glial cell types. In addition, type-1-like astrocytes were unique in 

possessing a detectable electrogenic uptake carrier for glutamate.

Further investigations revealed that "glial" and "neuronal" type non-NMDA 

receptors were similar in many of their pharmacological properties. However, in one 

clear respect they differed; analysis of single channels in outside-out patches isolated 

from type-2 astrocytes and granule cells indicated that in addition to opening to 

conductance levels of between 10 and 30pS, the non-NMDA channels in these cells 

also opened to 40 and 50pS conductance levels ( — 20% of all activations). There was 

no evidence in granule cells that non-NMDA channels could give rise to large 

conductance (40/50pS) openings.

A detailed investigation has been made of non-NMDA receptor-channels present in 

excised membrane patches of cerebellar granule neurones. Application of non-NMDA 

receptor agonists to membrane patches evoked two types of response, which were 

termed ‘high’ and ‘low’ conductance type responses. In high conductance patches 

glutamate, AMPA and kainate each opened resolvable single channels that had 

conductances of approximately 10, 20 and 30pS. Kainate responses in low 

conductance patches were characterized by a small noise increase in the current trace 

and a small DC shift, whereas AMPA opened resolvable channels in such patches, but 

such channels had conductances of mainly 5pS. In addition to investigating the 

conductance levels of non-NMDA receptor-channels, a preliminary kinetic analysis of 

these channels was undertaken.

It is proposed from the experiments on high and low conductance patches that 

cerebellar granule neurones possess more than one type of non-NMDA channel.
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1. Introduction

1.1 Glutamate as an excitatory transmitter in the central nervous system

1.1.1 Early observations

The first studies to indicate that the acidic amino acids L-glutamate and L- 
aspartate could perhaps serve as excitatory neurotransmitters in the central 
nervous system (CNS) were carried out in the 1950s and early 1960s. In 1954 a 
paper was published describing the convulsant actions of sodium glutamate when 
applied to the cerebral cortex of man, monkey or dogs (Hayashi, 1954). Several 
years later the actions of a variety of ionophoretically applied amino acids, 
including glutamate and aspartate, on spinal cord neurones were described 
(Curtis, Phillis & Watkins, 1959,1960; Curtis & Watkins, 1963). Coupled with 
this was the compelling evidence, from ionophoretic experiments, that glutamate 
may be the excitatory neuromuscular transmitter in crayfish (Takeuchi &
Takeuchi, 1963, 1964). Furthermore, following these initial studies, the 
excitant actions of glutamate and related amino acids were demonstrated in a 
variety of CNS tissues (for a review see Watkins & Evans, 1981). These 
observations, some made almost 40 years ago, of the powerful excitant actions 
of these amino acids on central neurones are therefore considered to be the 
basis and catalyst for the vast field of scientific research attempting to 
unravel the mysteries of excitatory amino acid (EAA) pharmacology and 
physiology.

Needless to say, since these pioneering days, tremendous advances in 
understanding glutamate receptor pharmacology/physiology have been made. Such 
advances have been facilitated by the development of selective agonists and 
antagonists for glutamate receptors, the application of radioligand binding 
techniques to map the distribution of glutamate receptors in the CNS and 
perhaps most significantly by the use of voltage- and patch-clamp recording 
techniques.

1.1.2 Preparations used in the study of excitatory amino acid receptors

Although the electrophysiological actions of EAAs can be studied in vivo 
(for references see Mayer & Westbrook, 1987a) the vast majority of today’s 
investigations use a variety of in vitro preparations to study the actions of 
glutamate receptor agonists on CNS neurones and glia.

Despite the long history of the use of brain slices in biochemical studies 
it was not until the mid 1960s that the first electrophysiological recordings
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were made from such preparations (Yamamoto & Mclllwain, 1966), and it was not 
until the mid 1970s that recordings were made from visualized cells in thin 
slices (Takahashi, 1978). However, perhaps one of the most useful advances in 
electrophysiology since the advent of the patch-clamp recording technique is 
the recent finding that it is possible to use the patch-clamp recording 
technique to record from single identifiable neurones in thin slices (100- 
200yum) of CNS tissue (Edwards, Konnerth, Sakmann & Takahashi, 1989). This 
preparation therefore allows one to record from single cells that have many of 
their synaptic inputs intact.

CNS neurones and glia that have been maintained in culture have also been a 
widely used preparation for studying the pharmacology and biophysics of 
glutamate receptors. This type of preparation has the advantage that the soma 
and processes of individual cells can be readily visualized allowing for the 
local and very rapid application of drugs. However in culture synaptic inputs 
to the cells are generally lost and the identification of cells can be 
problematic. Thus it is important to culture cells from tissues in which 
different cell types can either be identified with the aid of immuno- 
histochemical markers or by morphological criteria e.g. cerebellar cells.

The final type of preparation used in the study of glutamate receptors (in 
native cells) is that of acutely isolated cells. This type of preparation 
allows patch-clamp recording from adult cells but has the disadvantage that 
cells isolated with this type of procedure lose many of the processes, 
therefore making staining of these cells with antibodies against say, 
neurofilament, impossible.

In this present study experiments have been carried out on identified 
cerebellar granule neurones in explant culture and various identified types of 
cerebellar glia.

1.13 Classification of glutamate-receptor subtypes

Development and use of selective EAA agonists and antagonists has indicated 
that there are, broadly speaking, at least five different classes of glutamate 
receptor in the mammalian CNS (for recent reviews see Collingridge & Lester, 
1989; Nicoll, Malenka & Kauer, 1990). Three of these receptors are linked 
directly to "fast" ion channels and have been classified according to their 
activation by the selective agonists /V-methyl-D-aspartate (NMDA), quisqualate 
or (S)-a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and 
kainate. Quisqualate also activates a glutamate receptor coupled to 
phosphatidyl inositide (PI) turnover; this receptor can be selectively 
activated by the agonist trans-D,L- 1-amino- 1,3-cyclopentane-dicarboxylic acid

13



Figure 1.1 Structures of some excitatory amino acid receptor agonists. 
Structures of the proposed "fast" excitatory amino acid neurotransmitters, 

L-glutamate and L-aspartate, and of some other excitatory amino acid receptor 
agonists.
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(trans-ACPD). Finally it has been suggested that a glutamate receptor with a 
presynaptic locus also exists. This receptor appears to be selectively 
activated by 2-amino-4-phosphonobutyrate (AP4). The structures of some of the 
agonists that activate the five classes of glutamate receptor subtypes are 
shown in Fig. 1.1. It seems likely that further classes will be identified in 
the future.

1.1.4 NMDA receptors

Although this current investigation has not been concerned in detail with 
the study of NMD A receptors a brief outline of some of the salient features of 
this receptor is given here. NMDA is a synthetic analogue of aspartate 
(Watkins, 1962) and was first shown to be a potent excitant of spinal cord 
neurones in the early 1960s (Curtis & Watkins, 1963). Of the different types 
of glutamate receptors, the most widely studied and characterized is the NMDA 
receptor (for a recent review see Wong & Kemp, 1991). This can, in part, be 
attributed to the fact that the first selective antagonists of glutamate 
receptor subtypes developed were those that blocked NMDA receptors. Such 
antagonists included D-2-amino-5-phosphonovalerate, (APV, AP5), (Davies,
Francis, Jones & Watkins, 1981) and the related antagonists D-2-amino-7- 
phosphonovalerate, (AP7) and 3-((-)-2-carboxypiperazin-4-yl)-propyl-l- 
phosphonic acid (CPP) (Evans, Francis, Jones, Smith & Watkins, 1982; Davies, 
Evans, Herrling, Jones, Olverman, Pook & Watkins, 1986). Along with these 
receptor antagonists NMDA receptors can be modulated by a variety of endogenous 
and exogenous compounds.

The current/voltage relationship (I/V) for NMDA receptors bathed in salt 
solutions that contain concentrations of ions found in vivo exhibits an area of 
negative slope conductance between about -60 and -30mV; indeed NMDA receptors 
pass very little current at hyperpolarized potentials. Such an I/V  
relationship is due to the fact that low concentrations of magnesium ions 
produce an open channel block of NMDA channels (Nowak, Bregestovski, Ascher,
Herbet & Prochiantz, 1984; Mayer, Westbrook & Guthrie, 1984). As the

2  +concentration of Mg in cerebrospinal fluid (CSF) is about ImM, at resting 
membrane potentials the activation of NMDA receptors would produce little
detectable response in most cells. Zinc ions also block NMDA receptors but

2 + 2 + unlike Mg the effect is not voltage dependent. Furthermore, Zn probably
2  "I-binds to a site distinct from the Mg site (Westbrook & Mayer, 1987; Mayer & 

Vyklicky, 1989a; Mayer, Vyklicky & Westbrook, 1989). The voltage independence
2  “I-of this effect means that Zn depresses NMDA receptors regardless of cell 

activity.
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The positively charged, dissociative anaesthetics phencyclidine (PCP), 
ketamine and MK-801 each block NMDA channels in a voltage dependent manner

7 4-similar, but not identical with, that of Mg (for reviews see Lodge &
Johnson, 1990; MacDonald & Nowak, 1990). These drugs block the channel pore 
and are "trapped" when the channel closes and cannot dissociate unless the 
channel reopens (MacDonald, Mikjovik & Pennefather, 1988). The number of 
channels blocked increases under repeated activation by agonists i.e. these 
drugs exhibit use-dependence.

Activation of NMDA receptors is greatly potentiated in the presence of 
nanomolar concentrations of glycine (Johnson & Ascher, 1987); indeed the 
presence of glycine has been shown to be essential for NMDA receptor activation 
(Kleckner & Dingledine, 1988). This action of glycine is not mediated via the 
inhibitory glycine-gated Cl" channel and is insensitive to strychnine. The 
concentration of glycine in CSF is in the micromolar range and therefore NMDA 
receptor activation is unlikely to be limited by the lack of availability of 
glycine.

NMDA receptors have recently been shown to be inhibited by physiological 
concentrations of protons (Traynelis & Cull-Candy, 1990,1991; Tang, Dichter & 
Morad; 1990; Vyklicky, Vlachova & Krusek, 1990). The overall action of 
increased concentrations of H + is to reduce the opening frequency of the NMDA 
receptor and to reduce slightly the mean burst length of individual activations 
of the receptor without decreasing single-channel conductance. Although the 
precise site of this antagonistic action is unclear it is likely that H + act at 
a site on or near the extracellular face of the NMDA receptor, but outside the 
electric field of the membrane. It is probable that protonation of an 
ionizable group in the receptor results in the inactivation of the receptor.

1.1.5 AMPA and kainate receptors

The prototypic agonist for AMPA receptors was quisqualate, a toxin isolated 
from the seed of the plant Quisqualis indica (Takemoto, Takagi, Nakajima, 
Araihara & Koike, 1972). Quisqualate was shown to be a potent excitant of the 
crayfish neuromuscular junction (Shinozaki & Shibuya, 1974), and spinal cord of 
the frog and rat (Biscoe, Evans, Headley, Martin & Watkins, 1975). However, 
because quisqualate also turns out to activate glutamate receptors linked to 
second messenger systems it is now common practice to use the nomenclature 
"AMPA receptor" to describe this ionotropic receptor since AMPA activates the 
channel but does not to stimulate PI turnover. Kainate, an antihelminthic, was 
first demonstrated by Shinozaki and Konishi (1970) to be an excitant of 
cortical neurones. However, it is only comparatively recently that potent and
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selective non-NMDA receptor antagonists have become available. Before the 
synthesis of 6-cyano-7-nitroquinoxaline-2,3,-dione (CNQX) and the related 
analogue 6,7-dinitroquinoxaline-2,3,-dione (DNQX) (Honore, Davies, Drejer, 
Fletcher, Jacobsen, Lodge & Neilsen, 1988) investigators of non-NMDA receptor 
function had only relatively weak and non-selective antagonists at their 
disposal (e.g. glutamate diethyl ester, GDEE, and ̂ -D-glutamyl-aminomethyl 
sulphonate, GAMS)

The classification of non-NMDA receptors has been, in general, much more 
confusing than that of NMDA. Several lines of evidence have suggested that 
AMPA and kainate receptors are distinct entities, although this point of view 
is becoming less favourable to many researchers. Thus, autoradiographic 
studies of mammalian brain have indicated high affinity (nanomolar) binding

' I

sites for H-kainate that are poorly inhibited by AMPA (see Young & Fagg,
3 31990). Moreover different distributions of H-AMPA and H-kainate binding 

have been observed in various regions of mammalian, fish and avian brain (see 
Barnard & Henley, 1990). In mammalian spinal cord, C-fibre afferents have been 
reported to possess a population of "pure" kainate receptors; these receptors 
are insensitive to AMPA (Evans, Evans, Pook & Sunter, 1987; although see 
Huettner, 1990). Weaker evidence but which is taken by some investigators to 
suggest the existence of distinct kainate and AMPA receptors is, (i) the 
relative potency of kainate at non-NMDA receptors differs considerably from 
those for quisqualate and AMPA, and (ii) kainate responses do not desensitize 
whereas AMPA receptor mediated responses undergo rapid desensitization. There 
is however mounting evidence to suggest that AMPA and kainate binding sites may 
coexist on the same receptor proteins. Four pieces of evidence are given 
below.

First, in retinal horizontal cells and spinal cord neurones quisqualate 
reduces the amplitude of kainate responses when the two agonists are co-applied 
(Ishida & Neyton, 1985; O’Brien & Fischbach, 1986). Since these initial 
observations the phenomenon has been observed in many cell types (see Barnard & 
Henley, 1990). This effect could be due to the fact that AMPA acts as a 
desensitizing partial agonist and kainate a full non-desensitizing agonist at 
the same receptor site. Secondly, as yet no antagonists have been synthesized 
that discriminate between AMPA and kainate receptors; all non-NMDA receptor 
antagonists block AMPA and kainate responses equally well. Thirdly cross- 
desensitization of kainate responses by prior exposure of cells to AMPA or 
quisqualate (but not NMDA) has been observed (Kiskin, Krishtal & Tsyndrenko, 
1990), suggesting that both AMPA and kainate act on the same protein. Finally 
and the most conclusive evidence to date for the co-localization of AMPA and 
kainate receptors on the same macromolecule comes from recent cloning studies
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of non-NMDA receptor subunits. Injection of oocytes or mammalian cells with 
messenger (m) RNA or copy (c) DNA for single non-NMDA receptor subunit clones 
results in the expression of homomeric receptors that can be activated by AMPA 
and kainate (Boulter, Hollmann, O’Shea-Greenfield, Hartley, Deneris, Maron & 
Heinemann, 1990; Keinanen, Wisden, Sommer, Werner, Herb, Verdoom, Sakmann & 
Seeburg, 1990)

In contrast to NMDA receptors AMPA and kainate receptors lack allosteric 
modulatory sites with the exception that these receptors can be blocked by 
protons but at higher concentrations than are required for NMDA receptor 
antagonism. Non-NMDA receptor channels are mainly permeable to monovalent
cations (Na+, K + , Cs + ) unlike NMDA receptors which are highly permeable to

2 +Ca (Mayer & Westbrook, 1987). There are however some reports to suggest 
that there exists a sub-population of kainate receptors that are permeable to 
Ca2+ (Murphy & Miller, 1989; lino, Ozawa & Tsuzkui, 1990; Gilbertson, Scobey & 
Wilson, 1991).

As mentioned above, responses that are mediated by AMPA or quisqualate 
rapidly desensitize whereas kainate evokes (in general) a non-desensitizing 
response (Kiskin, Krishtal & Tsyndrenka, 1986; Trussed, Thio, Zorumski &
Fischbach, 1988; see Huettner, 1990 for example of a desensitizing kainate 
response). AMPA receptor desensitization is fast; in outside-out patches with 
fast perfusion the measured time constant is less than 10ms. It has been 
proposed that this rapid desensitization may play a role in terminating the 
fast component of EAA mediated synaptic currents as the time constant of 
desensitization is similar to that of the decay phase of the non-NMDA component 
(Tang, Dichter & Morad, 1989; Trussed & Fischbach, 1989). Desensitization of 
AMPA mediated responses can be blocked by pretreatment of cells with plant 
lectins such as concanavalin A (Mayer & Vyklicky, 1989b).

1.1.6 Metabotropic glutamate receptors

EAAs, perhaps thought of as primarily opening receptor operated cationic 
channels, can also activate second messenger systems. It is important however 
to separate second messenger systems which are activated by secondary changes 
that result from receptor activation and those which are directly coupled to a 
receptor which binds glutamate or related EAA. For example, in cerebellar 
granule cells NMDA and glutamate evoke large increases in intracellular levels
of cGMP (Novelli, Nicoletti, Wroblewski, Alho, Costa & Guidotti, 1987) which

2 +appears to result from a Ca -dependent release of a factor that is similar or 
identical to the nitric oxide radical (Garthwaite & Garthwaite, 1987;
Garthwaite, Charles & Chess-Williams, 1988). This type of second messenger
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2 +activation is therefore most likely to be a consequence of Ca influx through 
NMDA receptors and is not due to the fact that glutamate receptors are directly 
linked to guanylate cyclase. However, a glutamate receptor coupled to a G- 
protein and linked to the enzyme phospholipase C does exist.

Quisqualate and glutamate were first demonstrated to increase levels of 
inositol-1,4,5-trisphosphate (IP3) in striatal neurones, hippocampal slices 
and cerebellar granule cells (Sladezcek, Pin, Recasens, Bockeart & Weiss, 1985; 
Nicoletti, Meek, Iadarola, Chuang, Roth & Costa, 1986; Nicoletti, Wroblewski, 
Novelli, Alho, Guidotti & Costa, 1986). Since these findings glutamate 
mediated stimulation of IP3 production has been observed in many CNS tissues
including glia. The fact that the stimulation of PI turnover was receptor

2 +mediated and not due to Ca influx or membrane depolarization was shown when 
quisqualate or glutamate (but not NMDA or kainate) stimulated an oscillatory 
chloride conductance in voltage-clamped Xenopus oocytes injected with whole 
brain mRNA. This Cl" current was blocked by intracellular injection of EGTA 
and mimicked by injection of IP3 (Sugiyama, Ito & Hirono, 1987; see also 
Gunderson, Miledi & Parker, 1984). This metabotropic glutamate receptor is 
also activated by trans-ACPD but not AMPA. Furthermore this receptor is not 
blocked by antagonists which act at non-NMDA receptor channels such as CNQX, 
GAMS or GDEE.

A glutamate metabotropic receptor has recently been cloned (Masu, Tanabe, 
Tsuchida, Shigemoto & Nakanishi, 1991). The sequence of this receptor predicts 
a very large protein, much bigger than other receptors that are linked to G- 
proteins, with seven transmembrane-spanning domains (in common with other G- 
protein linked receptors). However, there appears to be very little sequence 
homology between this receptor and other G-protein linked receptors.
Interestingly, there is some sequence homology in the large hydrophilic N- 
terminus found in both metabotropic and cloned ionotropic glutamate receptors 
which suggests some similar evolutionary origins and that this region may 
possess ligand recognition sites.

1.1.7 AP4 glutamate receptors

AP4 was first shown to modulate synaptic transmission in locust muscle 
(Cull-Candy, Donnellan, James & Lunt, 1976) and has since been shown to 
modulate synaptic transmission in several pathways in the vertebrate CNS. In 
the retina it mimics the hyperpolarizing action of glutamate on bipolar cells 
and in the brain modulates transmission at various sites including the lateral 
perforant-dentate gyrus synapse and the mossy fibre-CA3 synapse in the 
hippocampus (for other sites and references see Nicoll et al., 1990). It is
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thought that this receptor is located at presynaptic nerve endings but it is 
uncertain by what mechanism this glutamate receptor reduces transmitter
release, although it has been suggested that activation of this receptor

2 +reduces the availability of presynaptic Ca since both AP4 and glutamate 
reduce Ca currents in entorhinal neurones (Forsythe & Clements, 1990; Nicoll 
et al., 1990). In addition, in depolarizing bipolar cells of the retina AP4 
appears to close ion channels by increasing the rate of hydrolysis of cGMP.
The hydrolysis of cGMP appears to be controlled by a G-protein mediated 
process. This action has the effect of hyperpolarizing the cell by decreasing 
membrane conductance to Na+ (Nawy & Jahr, 1990; Shiells & Falk, 1990).

1.1.8 Cloning of glutamate receptors

The recent "explosion" of interest in attempting to understand the molecular 
biology of glutamate receptors has resulted in the cloning of a least five 
distinct non-NMDA receptor subunits. These five subunits can form either 
homomeric or heteromeric glutamate cationic channels.

The first glutamate subunit clone to be isolated formed homomeric receptors 
which could be activated by kainate and was named GluR-Kl (Hollmann, O’Shea- 
Greenfield, Rogers & Heinemann, 1989); subsequent studies have indicated that 
homomeric receptors formed by this subunit can also be activated by AMPA and 
thus it has been renamed GluR-1 (Boulter et al., 1990). At the same time two 
other clones of kainate binding proteins were isolated, one from chick 
cerebellum the other from frog (Gregor, Mano, Maoz, McKeown & Teichberg, 1989; 
Wada, Dechensne, Shimasaki, King, Kusano, Bnonanno, Hampson, Banner, 
Wenthold & Nakatani, 1989). However, these clones did not form functional 
cationic channels. Interestingly, these two latter clones lack a Cys-Cys 
consensus sequence which is thought to be crucial in forming the agonist 
binding site in other proteins in the superfamily of ligand-gated channels (for 
a review see Betz, 1990). After the initial isolation of GluR-1 a further four 
non-NMDA receptor subunits have been isolated from cDNA libraries (Keinanen et 
al, 1990; Boulter et al., 1990; Bettler, Boulter, Hermans-Borgmeyer, O’Shea- 
Greenfield, Deneris, Moll, Borgmeyer, Hollmann & Heinemann, 1990). 
Nomenclature once again has proved to be inconsistent with two terminologies 
being adopted. Thus the subunits GluR-1,2,3,4 (Boulter et a l, 1990) are 
essentially the same as subunits GluR-A,B,C,D (Keinanen et al., 1990). Two 
other non-NMDA receptor subunits have recently been cloned, termed GluR-6 
(Egebjerg, Bettler, Hermans-Borgmeyer & Heinemann, 1991) and KA-1 (Werner, 
Voigt, Keinanen, Wisden & Seeburg, 1991). Of these two clones.only GluR-6 
forms functional receptors when expressed in oocytes. The interesting point
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about these receptors is that they seem only to respond to kainate (in the case 
of KA-1, this protein exhibits high affinity binding for kainate and not AMPA).
This raises the possibility that non-NMDA receptors exist in the mammalian CNS 
that are selective for kainate and not activated by AMPA.

The pharmacology of the different receptor subunits has been performed 
either on Xenopus oocytes injected with the appropriate receptor subunit mRNA 
or on kidney cells transfected with receptor subunits. Although limited, these 
studies have produced some interesting observations. Cells in which homomeric 
receptors formed from subunits GluR-1,2,3,4 have been expressed all respond to 
kainate, quisqualate, AMPA and glutamate; NMDA does not evoke any currents in 
such cells. Of the homomeric receptors composed of the subunits GluR-1,2,3 
expressed in oocytes those formed from the GluR-2 subunit invariably give 
channels that pass little whole-cell current compared with those made up from 
GluR-1/3 subunits (B ou lte rs  al., 1990; Nakanishi, Shneider & Axel, 1990). 
However, oocytes expressing heteromeric channels that possess a GluR-2 subunit 
in combination with either GluR-1 or 3 give larger whole-cell current responses 
than would be predicted from the simple additivity of the whole-cell responses 
to homomeric GluR-2 and GluR-1/3 receptors. Furthermore, GluR-2 appears to 
confer linearity to the whole-cell I/V  relationship of these heteromeric 
receptors. Thus, homomeric GluR-1/3 receptors show profound inward 
rectification; such channels do start to pass outward currents at potentials 
greater than + 60mV whereas the heteromeric receptors GluR-l/GluR-2 or GluR- 
3/GluR-2 have linear whole-cell I/V  relationships (Boulter ef al., 1990;
Nakanishi et al., 1990; Sakimura, Bujo, Kushiya, Araki, Yamazaki, Yamazaki, 
Meguro, Warashina, Numa & Mishina, 1990). This finding has led to the proposal 
that in vivo non-NMDA receptors are heteromeric, possessing GluR-2 subunits 
since the I/V relationships of both whole-cell and single-channel currents in 
native cells are linear (see for example Ascher & Nowak, 1988a,b; Cull-Candy & 
Usowicz, 1987, 1989a,b; Cull-Candy, Howe & Ogden, 1988). The amino acid 
sequences in the putative transmembrane spanning region, TM2, are identical for 
each of the four subunit clones GluR-A-D (1-4) apart from a single amino acid.
An arginine residue is found at position 586 in GluR-B (GluR-2) whereas a 
glutamine residue is found in the equivalent position in the clones GluR-A, C 
and D. Using the technique of single amino acid substitution (Verdoom, 
Bumashev, Monyer, Seeburg & Sakmann, 1991), it has been demonstrated that it 
is indeed this amino acid than confers the linearity to the current-voltage 
relationship.

The various subunits show considerable homology between each other 
(approximately 70% for GluR-1,2,3,4). In contrast GluR-5 is only about 40% 
homologous to the other members in this family. Furthermore, homomeric GluR-5
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receptors appear to be only activated by glutamate. It has also been proposed 
that GluR-5 receptor subunits are involved in CNS development, possibly in 
synaptogenesis (Bettler et a l , 1990).

Pharmacological studies of homomeric and heteromeric receptors have 
indicated that EC5Q values for kainate and AMPA differ between the various 
receptor subunit combinations. Homomeric GluR-1 receptors have EC5Q values of 
35^M and 2/*M for kainate and AMPA respectively, while GluR-3 receptor EC5Q 
values are higher (about 150//M for kainate and 30//M for AMPA) (Nakanishi et al,
1990; Dawson, Nicholas & Dingledine, 1990). EC5Q values for the heteromeric 
receptors GluR-l/GluR-2 and GluR-3/GluR-2 are around llO^M (kainate) and < 20^M 
(AMPA) (Nakanishi et al., 1990). Comparable EC5Q values have been obtained 
for non-NMDA receptors in native cells (see for example Mayer & Patneau, 1990; 
Huettner, 1990; Traynelis & Cull-Candy, 1991; this thesis) and in oocytes 
injected with whole-brain mRNA (Verdoom & Dingledine, 1988; Verdoom, Kleckner 
& Dingledine, 1989).

The receptor subunits GluR-A,B,C,D (1-4) can each exist in two forms which 
are the result of different splicing routines of the gene products. These two 
forms have been given the rather curious names "flip" and "flop" (Sommer,
Keinanen, Verdoorn, Wisden, Bumashev, Herb, Kohler, Takagi, Sakmann & Seeburg, 
1990) and are referred to here as I and II respectively. The different 
splicing paradigms give rise to functional receptor subunits, but these differ 
in their response to glutamate agonists. Thus when kidney cells are 
transfected with mRNA coding for receptor subunits A and B a possible four 
different combinations of heteromeric channels can be formed, A-I/B-I, A-II/B- 
II, A-I/B-II and A-II/B-I. Each combination produces receptors which can be 
activated by kainate (although to differing extents), but responses to 
glutamate are varied. Thus the presence of an A-I subunit generates a channel 
which is rapidly desensitized by glutamate, whereas receptors containing the A- 
II subunit do not show desensitization. Furthermore receptors with the B-II 
subunit produce markedly smaller glutamate-evoked steady-state currents (see 
Sommer et al., 1990). It has been suggested that alternative splicing products 
may be involved in the regulation of glutamate-receptor mediated responses in 
phenomena such as long term potentiation and in neuropathological disease 
states. As yet no detailed single channel studies have been performed on the 
various cloned receptor subunits.

A cDNA clone, encoding a polypeptide that can form a functional protein 
which possesses properties similar to those seen for native NMDA receptor 
channels has recently been cloned (Moriyoshi, Masu, Ishii, Shigemoto, Mizuno, & 
Nakanishi, 1991). Homomeric channels formed by this protein, were activated by 
glutamate, NMDA, were insensitive to non-NMDA agonists; the response could be
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9  4-blocked by selective NMDA receptor antagonists as well as external Mg or
2 +Zn . Furthermore, NMDA responses were reduced, although not completely 

antagonized, by the omission of glycine from the external recording solution.
Thus, it appears that many of the modulatory sites known to exist on native 
NMDA receptor channels are present in a single receptor subunit. At the same 
time as the report of this functional clone appeared, another group reported 
the isolation of a NMDA glutamate binding protein (Kumar, Tilakaratne, Johnson, 
Allen & Michaelis, 1991). This protein however was not capable of forming 
functional ion channels. Nevertheless, this binding protein could still play a 
part in the formation of the channel complex. The predicted amino acid 
sequence of the NMDA receptor clone shows a high degree of homology with the 
various non-NMDA receptor subunits that have been cloned, this is especially 
striking in the region thought to form the putative second transmembrane 
sequence.

Now that a NMDA receptor subunit sequence exists it will not be long until 
the amino acids encoding for the modulatory sites are identified. Furthermore, 
if as has been suggested from electrophysiological studies, NMDA receptors are 
heterogeneous it is probable that this clone is only one of many that will be 
isolated.

1.1.9 Multiple conductance glutamate receptors

Early patch-clamp studies of acetylcholine (Sakmann, Patlak & Neher, 1980; 
Hamill, Marty, Neher, Sakmann & Sigworth, 1981; Fenwick, Marty & Neher, 1982) 
and glutamate (Patlak, Gration & Usherwood, 1979; Cull-Candy, Miledi & Parker, 
1981) receptor channels found at peripheral synapses indicated that these 
receptors were associated with unitary conductance channels (but see Trautmann, 
1982, for an example of multiple conductance channel in rat myotubes).
Therefore, it was perhaps somewhat surprising to find that the inhibitory 
transmitters, GAB A and glycine (Hamill, Bormann & Sakmann, 1983; Bormann, 
Hamill & Sakmann, 1987) and the excitatory transmitter, glutamate (Cull-Candy & 
Usowicz, 1987; Jahr & Stevens, 1987) activated raw/rip/e-conductance channels in 
central neurones. Thus, NMDA, quisqualate and kainate can each open single 
channels that have resolvable transitions to at least five conductance levels 
between 10 and 50pS in steps of approximately lOpS (Cull-Candy & Usowicz, 1987; 
Jahr & Stevens, 1987). Glutamate multiple-conductance channels have been shown 
to exist in all CNS neurones examined thus far and are present in both 
embryonic and adult cells (see Cull-Candy et al., 1988, Ascher & Nowak, 1988; 
Legendre & Westbrook, 1990; Gibb & Colquhoun, 1991). Moreover the conductances 
of the channels activated by different glutamate agonists are all very similar.
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Furthermore, channels with conductances smaller than that which can be resolved 
as discrete transitions also exist (Cull-Candy & Ogden, 1985; Cull-Candy &
Usowicz, 1987; Ascher & Nowak, 1988a).

Many studies have indicated that NMDA opens channels with a main conductance 
level between 40 and 50pS. However, given the diversity of non-NMDA clones it 
would not be surprising if multiple NMDA receptors existed with different 
maximum conductance levels. On the other hand, in neurones, non-NMDA receptor 
agonists predominately open channels with conductances < 30pS with transitions 
to higher levels (40,50pS) being observed at a much lower frequency (Cull- 
Candy & Usowicz, 1987,1989b; Cull-Candy, Howe & Ogden, 1988, Howe, Cull-Candy 
& Colquhoun, 1991).

As mentioned above there is evidence for the existence of channels with much 
smaller conductances than can be resolved as discrete events. In cerebellar 
granule cells isolated from young animals, (2-5 days old), spectral analysis of 
glutamate-evoked whole-cell currents gave estimated single-channel conductances 
of between 150fS and 2pS (Cull-Candy et al., 1988). Spectral analysis of 
kainate activated channels in whole-cell recording and outside-out patches from 
mouse midbrain neurones, large cerebellar neurones, cerebellar granule cells 
and chick motoneurones have all indicated that kainate activates a channel with 
a conductance of about l-2pS (Cull-Candy & Usowicz, 1987; Ascher & Nowak,
1988a; Cull-Candy al., 1988; O’Brien & Fischbach, 1986). Furthermore, the
spectra generated by fluctuation analysis of these currents possess a prominent 
fast component with a time constant of about 0.5-lms, which may be an 
approximation to the mean "burst length" of the channel; this value is similar 
to the time constant of the decay of fast the component of glutamate mediated 
synaptic currents (see below). Although no extensive single-channel studies of 
the various cloned non-NMDA receptors has yet been undertaken preliminary data 
suggests that at least one of the clones has a single-channel conductance of 
about IpS (Keinanen et al., 1990).

One question that has consistently been asked is whether or not it is 
possible to correlate a particular glutamate receptor subtype with a particular 
single-channel conductance. At first sight this would appear to be a 
reasonably simple question, and it has been the stimulus for many studies and 
has generated detailed analysis of glutamate receptor single channels currents 
(see for example Cull-Candy et al., 1988; Cull-Candy & Usowicz, 1989b; Howe et 
al., 1991). Three factors serve to complicate any interpretation of single 
channel data. First, there are many multiple conductance levels; second, the 
prototypic agonists lack specificity (and there is a lack of selective 
antagonists to differentiate between non-NMDA receptor subtypes); and third 
patches of membrane often contain more than one subtype of glutamate receptor.
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Even so, valuable information has been obtained about the properties of 
channels associated with different glutamate receptor subtypes and a partial 
answer has been obtained to this question.

The presence of direct transitions between particular conductance levels, 
during an opening, can be taken as reasonable evidence in support of the idea 
that the levels connected by a transition originate from the same channel. In 
patches excised from large cerebellar neurones studies of the transitions 
between the different conductance levels have revealed that the five 
conductance levels are channel "substates" and not unitary conductance levels 
of five different channels (Cull-Candy & Usowicz, 1987); similar types of 
transitions have been observed in hippocampal neurones (Jahr & Stevens, 1987). 
Thus in large cerebellar neurone patches 10-20% of all openings were followed 
by direct transition to another conductance level (i.e. no apparent inflection 
in the current trace); 50/40pS and 40/20pS transitions were the most common. 
Transitions between lower conductance levels (lOpS) and higher levels, are less 
clearly defined although this type of transition has been reported to occur in 
hippocampal neurones (Jahr & Stevens, 1987). It is, however, clear from the 
experiments on large cerebellar cells that direct transitions can commonly 
occur between events above and below 20pS in these cells.

However, somewhat different results have been obtained from the analysis of 
glutamate single-channels in cerebellar granule neurones. Once again glutamate 
agonists produce multiple conductance openings that have at least five levels 
virtually identical in amplitude to those present in large cerebellar neurones 
(Cull-Candy et al. 1988). The main differences are outlined below. First, 
in granule cells glutamate, aspartate and NMDA open predominantly 50 pS 
levels, with relatively few openings to the lower levels (Howe et al., 1991,
Traynelis & Cull-Candy, 1991). Second and perhaps more important, direct 
transitions have been observed between 50,40 and 30pS levels indicating that 
these are all multiple states of the same channel (the NMDA-channel). However, 
few if any transitions occurred between events of less than 30pS and events of 
more than 30pS (50,40). Thus, in granule cells there is no reason to assume 
that events above and below 30pS can originate from the same channel. 
Furthermore, it seems likely that in these cells the 50 and 40pS levels are 
associated only with NMDA-receptors. Similarly, 50pS conductance levels are 
absent from Purkinje neurones in organotypic cultures which lack NMDA-receptors 
(Llano, Marty, Johnson, Ascher & Gahwiler, 1988) and from Purkinje cells in 
thin slices (Farrant & Cull-Candy, 1991). However, it has proved surprisingly 
difficult to decide how universal this is. One of the reasons that this is an 
important point is the implicit assumption that the 50pS conductance confers 
novel features on the NMDA-receptor, although presumably any 50pS openings
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that may be associated with non-NMDA-receptors need not possess these 
properties.

Transitions to at least five conductance states have been observed for 
channels gated by quisqualate or kainate in large cerebellar neurones and 
cerebellar granule cells, although as stated above these agonists predominately 
open channels with conductances < 30pS. In granule cells the most common 
transitions for quisqualate operated channels are to conductance levels of 10 
and 20pS, although there is as yet no good evidence to indicate direct 
transitions between these two levels. This has led to the proposal that these 
openings represent activations of distinct channels (Cull-Candy et al., 1988;
Howe et al., 1991). Furthermore it is still uncertain whether kainate can gate 
yet other channels with conductances of 10 and 20pS or whether openings to 
these levels are due to non-specific activations of quisqualate/AMPA receptors.

Analysis of glutamate single-channel currents in outside-out patches excised 
from the soma of cerebellar type-2 astrocytes have also indicated that multiple 
conductance channels are also found in glia (Usowicz et al., 1989). The 
maximum conductance level observed is close to 50pS (as in large cerebellar 
neurones and granule cells), although the open channel noise of the single 
channel currents in the astrocytes appears to be slightly greater than that 
observed for neuronal channels. In addition, the amplitudes of lower multiple 
conductance levels present in astrocytes resemble the lower conductances 
previously described in neurones. In all, at least five levels appear to be 
present (see Usowicz et al.. 1989), with conductance levels ranging from 10- 
50pS in steps of approximately lOpS.

The fact that quisqualate/AMPA open channels with a maximum conductance of 
~50pS (although these glial cells lack NMDA receptors) may be of relevance to 
the question raised earlier regarding whether non-NMDA glutamate channels in 
central neurones can give rise to larger conductance levels. In large 
cerebellar neurones, which possess all three receptor subtypes, quisqualate 
also produces 50pS openings. However, the possibility that these events are 
caused by the activation of NMDA receptors cannot easily be excluded. Indeed, 
as mentioned earlier some neurones which lack NMDA receptors possess only the
lower conductance ( <20pS) non-NMDA receptor channels (Llano et al., 1988).

2 +Since the 50pS opening in astrocytes is not blocked by Mg (Usowicz et al..,
1989) it remains of interest to determine whether some of the large conductance
openings produced by quisqualate and AMPA in large cerebellar neurones are

2 +
similarly insensitive to block by Mg .
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1.1.10 Channels involved in synaptic transmission

In several types of central neurones glutamate mediated excitatory 
postsynaptic currents (EPSC) have two components: a fast rising and rapidly 
decaying component and a slower rising, much longer decaying component (see for 
example Forsythe & Westbrook, 1988; Hestrin, Nicoll, Perkel & Sah, 1990;
Silver, Traynelis & Cull-Candy, 1992). The fast component is mediated by non- 
NMDA receptors and the slower component by NMDA receptors. It is clear from 
both pharmacological (Hestrin et al., 1990) and biophysical evidence (Lester, 
Clements, Westbrook & Jahr, 1990; Gibb & Colquhoun, 1991; Robinson, Sahara & 
Kawai, 1990) that the kinetic properties of the NMDA 40 and 50pS conductance 
channels determine the time course of the slow component. As yet, it is 
uncertain which of the non-NMDA receptor-channel subtypes mediate the fast 
component of the synaptic current (although see Traynelis, Silver & Cull-Candy, 
1992). The time constant of desensitization of AMPA channels approaches that 
of the decay of the fast EPSC, which has led to the suggestion that it is the 
desensitization of the AMPA channel which determines the kinetics of the fast 
EPSC (Trussed & Fischbach, 1989).

12  Glial cells in the mammalian central nervous system

Turning now to the various glial cell types that have been examined in this 
thesis - it is apparent from surveying the literature that there are many 
discrepancies in the nomenclature used to describe the various types of glial 
cell found in the CNS. Astrocytes and oligodendrocytes are the two major types 
of central glial cell. Ramon Y Cajal in the early part of this century 
described two distinct morphological populations of astrocytes in the 
vertebrate CNS (Cajal, 1909). In white matter, astrocytes possess many 
filaments and have a stellate, process bearing morphology, thus giving rise to 
the description "fibrous" or "fibrillary" (Weigert, 1895). In grey matter, 
astrocytes possess less glial filaments, have sheet-like processes and are 
associated with neurones. These astrocytes are commonly described as 
"protoplasmic". Oligodendrocytes in white matter are thought to myelinate 
axons and have been described as "interfasicular" (Bunge, 1968), but in grey 
matter many oligodendrocytes do not myelinate; this has led to the term 
"perineuronal". Despite these different terminologies it is as yet unclear 
whether or not astrocytes and oligodendrocytes in grey and white matter are 
different. For example, the differences in astrocytes and oligodendrocytes in 
grey and white matter may be due to the fact that the different environments 
influence the same cell type to adopt different appearances.
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There is, however, some refuge from this nomenclature ‘nightmare’. The work 
of Martin Raff and colleagues over the past decade has extensively 
characterized various types of macroglial cell in the rat optic nerve. This 
preparation is a white matter tract and thus allows the classification and 
description of cell types without the complication of contamination from any 
neuronal cell bodies. The classification and characteristics of the glial cell 
types found in white matter in the mammalian CNS will now be considered, as 
this relates directly to the classification used in Chapters 3 and 4 of the 
thesis.

0 .1  Classification of glial cell types found in the rat optic nerve

Cultures of perinatal rat optic nerve contain three distinct types of 
differentiated glial cells namely oligodendrocytes and two classes of 
astrocytes termed type-1 astrocytes and type-2 astrocytes. In such cultures 
oligodendrocytes possess small cell bodies and a large number of branching 
processes. These cells can be labelled immunohistochemically by antibodies 
directed against the glycoprotein galactocerebroside (Raff, Mirsky, Fields,
Lisak, Dorfman, Silerberg, Gregson, Leibowitz & Kennedy, 1978; Ranscht, 
Clapshaw, Price, Noble & Seifert, 1982). The fact that oligodendrocytes are 
the only cell-type containing galactocerebroside in optic nerve cultures, 
allows an immediate distinction between these cells and the two types of 
astrocytes.

All astrocytes contain a characteristic type of intermediate filament: glial 
filament. The fact that this type of filament is unique to astrocytes in the 
CNS again allows distinction between astrocytes and other cell types in 
cultures of CNS cells. Thus astrocytes can be labelled with antibodies 
directed against glial fibrillary acidic protein (GFAP) (Bignami & Dahl, 1977; 
Raff, Fields, Hakomori, Mirsky, Pruss & Winter, 1979). However, in optic nerve 
cultures, GFAP-positive cells have been further subdivided by a combination of 
morphological and immunohistochemical criteria (Raff, Abney, Cohen, Lindsay & 
Noble, 1983a). Morphologically, type-1 astrocytes possess large cell bodies 
and are flat with few processes, whereas type-2 astrocytes have smaller cell 
bodies and are process bearing. Immunohistochemical markers can also 
distinguish between these two types of astrocyte. The antibody A2B5 
(Eisenbarth, Walsh & Nirenberg, 1979) labels most of the astrocytes with a 
stellate morphology (type-2 astrocytes), while most type-1 astrocytes are A2B5- 
negative. In culture, a subpopulation of type-2 astrocytes are also labelled 
by the antibody 04, whereas this antibody does not recognize type-1 astrocytes 
(Levi, Aloisi & Wilkin, 1987). Similarly, antibodies raised against the
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proteoglycan NG2 label a majority of type-2 astrocytes (Stallcup & Beasley,
1987). However, none of these antibodies is completely specific for type-2 
astrocytes. Apart from labelling neurones, A2B5 also labels the precursor cell 
that gives rise to type-2 astrocytes and oligodendrocytes (see below), the 0-2A 
progenitor cell (Raff, Miller & Noble, 1983b) while 0 4  also labels mature 0-2A 
progenitor cells (Wolswijk & Noble, 1989). Furthermore, 0-2A progenitors and 
oligodendrocytes also contain the NG2 proteoglycan (Stallcup & Beasley, 1987).

1 2 2  Control of differentiation of type-2 astrocytes and oligodendrocytes

In recent years work has concentrated on discovering factors that regulate 
the control and development of type-2 astrocytes and oligodendrocytes in rat 
optic nerve cultures. It was hoped that an understanding of such a model 
system may help to elucidate the nature of the complex interactions that exist 
between cells and their environment during the development of the nervous 
system (for reviews see Raff, 1989; Lillien & Raff 1989b; Miller, ffrench- 
Constant & Raff, 1989). A summary of the main findings is given below.

The 0-2A progenitor cell

In vitro, optic nerve type-2 astrocytes and oligodendrocytes develop from a 
common precursor cell, the oligodendrocyte-type-2 astrocyte (0-2A) progenitor 
cell (Raff et al., 1983b). In vivo, oligodendrocytes first appear at the day 
of birth, whereas cells with an antigenic marker characteristic of type-2 
astrocytes are not seen until post-natal days 7-10 (Abney, Barlett & Raff,
1981; Miller, David, Patel, Abney & Raff, 1985; Williams, Abney & Raff, 1985). 
The timing pattern seen in vivo can be mimicked in vitro by controlling the 
environment in which the glial cells are cultured.

One of the first findings made in studying 0-2A progenitor cell 
differentiation was the observation that, when rat perinatal 0-2A progenitors 
cells were cultured in the absence of serum, they developed into oligo
dendrocytes. On the other hand when the progenitor cells were cultured in the 
presence of 10% fetal calf serum (FCS) they differentiated into type-2 
astrocytes (Raff et al., 1983b). To determine whether these different fates of 
the 0-2A progenitor cell arose from cell-cell interactions or were due to a 
predetermined development pathway of the progenitor cell, the differentiation 
of precursor cells was studied in the absence of other cell types. Single 0-2A 
progenitor cells cultured in microwells in the absence or presence of 10% FCS, 
differentiated into oligodendrocytes, while isolated progenitor cells developed 
into type-2 astrocytes if they were cultured in 20% FCS or "conditioned" medium
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(Temple & Raff, 1985). "Conditioned" medium refers to medium that has 
previously been used to culture optic nerve cells.

0-2A progenitor cells can differentiate into type-2 astrocytes in the 
absence of FCS. In serum-free cultures of optic nerve cells, 0-2A cells 
differentiate into oligodendrocytes starting on the day that would correspond 
to the day of birth. About 7-10 days later type-2 astrocytes begin to appear 
(Lillien, Sendtner, Rohrer, Hughes & Raff, 1988; Lillien & Raff, 1990a). The 
presence of platelet derived growth factor (PDGF) is needed to prevent all the 
progenitor cells differentiating into oligodendrocytes. Therefore, after 7-10 
days in vitro a population of 0-2A cells develops into type-2 astrocytes by 
responding to signals produced by other cells in these cultures. That these 
signals were apparently produced by non-0-2A lineage cells was demonstrated in 
a series of elegant experiments showing that low density cultures of 0-2A 
progenitors only differentiated into oligodendrocytes. Even at 14 days in vitro 
no type-2 astrocytes were present in such low density cultures. However, if 
non-0-2A lineage cells were added, a population of progenitor cells 
differentiated into type-2 astrocytes (Lillien & Raff, 1990a). It is suggested 
that the signal which induces 0-2A progenitor cells to differentiate into type- 
2 astrocytes is composed of two components; one being ciliary neurotrophic 
factor (CNTF) or a closely related protein and the other(s) being associated 
with extracellular matrix (ECM) (see Lillien & Raff, 1990b).

123  Role of ciliary neurotrophic factor in type-2 astrocyte development

Three observations suggest that CNTF (or a related peptide) is involved in 
the development of type-2 astrocytes. First, if CNTF is added to serum-free 
cultures of 0-2A progenitor cells these cells start to express the glial 
filament, GFAP (0-2A progenitor cells are GFAP-negative) (Hughes, Lillien, 
Raff, Rohrer & Sendtner, 1988). Second, high concentrations of CNTF are found 
in extracts of rat optic nerve at the time when type-2 astrocytes are first 
thought to develop (7-10 days postnatal) (Hughes & Raff, 1987; Hughes et al.,
1988). Finally, extracts of optic nerve which can induce 0-2A progenitors to 
differentiate into type-2 astrocytes can have this ability neutralized by the 
addition of antibodies that recognize the carboxy terminus of CNTF. It is 
thought that the source of CNTF in optic nerve cultures is the type-1 astrocyte 
(Lillien et al., 1988).
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1.2.4 Involvement of extracellular matrix in type-2 astrocyte development

As well as CNTF another signal is needed for 0-2A progenitors to 
differentiate into stable type-2 astrocytes. It is thought that this 
additional component is found in ECM. Evidence for this comes from the 
observation that, if 0-2A progenitors are cultured in CNTF or saline extract of 
rat optic nerve they only transiently express GFAP. However, if 0-2A 
progenitors are grown, in the presence of CNTF, on ECM prepared from 2-week old 
optic nerve cultures, then the 0-2A progenitors will differentiate into stable 
type-2 astrocytes (Lillien, Sendtner & Raff, 1990). Both CNTF and ECM have 
been shown to act directly on 0-2A progenitors since single progenitor cells 
grown in microwells differentiate into type-2 astrocytes when these precursor 
cells are grown on ECM in the presence of CNTF. Moreover, ECM also inhibits O- 
2A progenitors from differentiating in oligodendrocytes. Therefore the signal 
associated with the ECM has two roles; it co-operates with CNTF to induce type- 
2 astrocyte development, and in the absence of CNTF it inhibits the development 
of oligodendrocytes. It is thought that the ECM molecules required for type-2 
astrocyte development are made by mesenchymal cells rather than glial cells in 
these cultures (Lillien et al., 1990).

The nature of the ECM component(s) has yet to be identified but it has been 
suggested that the oligodendrocyte inhibiting activities and type-2 astrocyte 
stimulating, activities, are mediated by different ECM-associated molecules.
One line of evidence suggests that the oligodendrocyte inhibiting component of 
the ECM may be similar to fibroblast growth factor (FGF) as basic FGF inhibits 
oligodendrocyte differentiation. However FGF does not ‘collaborate’ with CNTF 
to promote type-2 astrocyte development. Further work is clearly needed to 
elucidate the mechanism by which CNTF and ECM co-operate to induce 0-2A 
progenitor differentiation into type-2 astrocytes.

1.2.5 Type-2 astrocytes - An artifact of tissue culture ?

It is unclear whether type-2 astrocytes occur in vivo, or merely occur in 
tissue culture. Therefore before it is possible to propose functions for these 
cells in the CNS it is essential to consider the work that has been undertaken 
to determine if these cells occur in vivo. Indeed, the search for type-2 
astrocytes in vivo has been problematical (for reviews see Fulton, Bume &
Raff, 1992a; Noble, 1991). Below is a summary of some of the approaches 
techniques that have been employed to try and identify putative type-2 
astrocytes in vivo.
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1.2.6 Suspensions of cells

The first evidence for the existence of type-2 astrocytes in vivo came from 
reports that cells with an antigenic phenotype similar to that of type-2 
astrocytes were present in suspensions of cells from 7-10 day old rat optic 
nerves. These GFAP-positive/A2B5-positive cells were not present in cell 
suspensions taken from < 7-day old animals. Similarly, GFAP-positive/A2B5- 
positive cells were present in suspensions of brain cells taken from > 8-day 
old rats but were absent in cell suspensions prepared from younger animals 
(Miller et al., 1985; Williams et al., 1985). Unfortunately these results are 
far from conclusive when trying to decide whether type-2 astrocytes exist in 
vivo. First, in vitro a small number of type-1 astrocytes are labelled by 
A2B5; therefore this antibody can not be used unambiguously to identify type-2 
astrocytes. Second, in cell suspensions most of the cells have been sheared of 
their processes during the isolation procedure, thus making identification 
based on morphological criteria impossible. Third, only small numbers of these 
GFAP-positive/A2B5-positive cells are present in cell suspensions. Finally, as 
mentioned above, under certain culture conditions, 0-2A progenitor cells can 
transiently express GFAP before differentiating into oligodendrocytes.

1.2.7 Immunohistochemistry of rat optic nerve sections

Immunohistochemical staining of cells in rat optic nerve slices has also 
been used to try and identify type-2 astrocytes in vivo. Initial studies 
indicated that when the antibody A2B5 was used to label cells in semi-thin 
frozen sections of optic nerve many astrocytes that were located in the 
interior of the nerve were A2B5-positive. Those astrocytes that formed the 
glia limitans were A2B5-negative. In developmental studies the A2B5-positive 
astrocytes were not present until the beginning of the second postnatal week, 
the time at which type-2 astrocytes are thought to start developing in vivo.
Despite the fact A2B5 labelled cells in the sections intracellularly (A2B5 is a 
surface antigen for type-2 astrocytes in vitro), it was thought that the 
existence of GFAP-positive/A2B5-positive cells in sections of optic nerve was 
evidence that type-2 astrocytes occurred in vivo (see Fulton et al„ 1992a).

However, subsequent immunohistochemical studies have raised doubts about 
whether the GFAP-positive/A2B5-positive cells observed in the interior of optic 
nerve sections were type-2 astrocytes. The monoclonal antibodies HNK-1 (Abo & 
Balch, 1981), L2 (Kruse, Mailhammer, Wemecke, Faissner, Sommer, Goridis & 
Schachner, 1984) and anti-NSP-4 (Rougon, Hirsch, Him, Guenet & Goridis, 1983) 
have been used to label cells in sections of adult optic nerve. In optic nerve
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sections these antibodies label astrocyte processes associated with nodes of 
Ranvier as well as astrocyte processes which run longitudinally in the nerve 
(ffrench-Constant & Raff, 1986; ffrench-Constant et al., 1986). In vitro, 
these antibodies label type-2 astrocytes but not type-1 astrocytes (ffrench- 
Constant & Raff, 1986). These findings have led to the proposal that in vivo 
type-2 astrocytes may correspond to the so called "perinodal" astrocyte seen in 
electron-microscopy studies (Hildebrand, 1971; Hildebrand & Waxman, 1984; Black 
& Waxman, 1988). If this is indeed the case then 0-2A lineage cells would be 
intimately associated with nerve axons: thus, oligodendrocytes are involved in 
myelination while type-2 astrocytes extend processes to the nodes of Ranvier.

1.2.8 Dye injection of cells in the rat optic nerve

In the intact optic nerve, Golgi impregnation and intracellular dye 
injection of horseradish peroxidase revealed two distinct astrocyte 
morphologies (Miller, Fulton & Raff, 1989). One cell type possessed radially 
orientated processes while the other possessed mainly longitudinally orientated 
processes. Cells with a longitudinal process morphology were not as common as 
those with radially orientated processes. In developmental studies horseradish 
peroxidase filled cells with a radial process morphology were present at the 
earliest stages studied, while those cells with a longitudinal process 
structure did not appear until the beginning of the second postnatal week. 
Furthermore, when these two cell types were visualized under the electron 
microscope, cells that had a radial process morphology sent processes to the 
pial surface or to blood vessels. Cells with a longitudinal process morphology 
sent processes which appeared to terminate at nodes of Ranvier. It was 
suggested that astrocytes with radially orientated processes corresponded to 
type-1 astrocytes, while those with a longitudinal process morphology 
corresponded to type-2 astrocytes.

However, subsequent studies have indicated that astrocytes which send 
processes to the pial surface or blood vessels can also extend processes which 
terminate on the nodes of Ranvier (Suarez & Raff, 1989). This therefore casts 
doubt on whether all the perinodal astrocyte processes arise from astrocytes 
bearing a longitudinal process morphology (putative type-2 astrocytes).

1.2.9 Cobalt staining of intact optic nerve

It has recently been demonstrated that cells expressing non-NMDA glutamate 
receptor channels have the ability to take up cobalt (Pruss, Akeson, Racke & 
Wilburn, 1991). It is thought that cobalt enters via non-NMDA receptor
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channels and not via voltage-dependent calcium channels that may open following 
depolarization. Cells which have taken up cobalt can be visualized following 
the precipitation and subsequent silver enhancement of the intracellular 
cobalt. This technique has been applied to intact optic nerves of developing 
and adult rats in an attempt to visualize cells in these nerves that express 
glutamate receptor channels (Fulton, Bume & Raff, 1992b). The results of such 
investigations indicated that some of the cells that took up cobalt possessed 
processes that were associated with nodes of Ranvier. However, these cells had 
a morphology that was unlike either that of oligodendrocytes or astrocytes and 
it was proposed that the stained cells were 0-2A progenitor cells. In this 
study no evidence indicated that any of the stained cells were cells that may 
correspond to in vivo type-2 astrocytes.

1.2.10 Conclusions

What therefore is the current state of play? Despite of the extensive 
research, there is still considerable doubt as to whether a cell corresponding 
to the type-2 astrocyte exists in vivo. Furthermore, it is perhaps somewhat 
worrying that two recent reports have failed to provide evidence for the 
existence of type-2 astrocytes in vivo. In an electrophysiological and 
immunohistochemical study of cells from the optic nerve, dissociated using the 
tissue print technique, astrocytes with an antigenic phenotype similar to that 
of type-2 astrocytes in vitro (A2B5-positive/GFAP-positive) were absent or 
rare. Moreover, cells with electrophysiological properties similar to those of 
type-2 astrocytes in vitro were almost non-existent. Only one cell expressing 
a neuronal type sodium channel was observed (Barres, Koroshetz, Chun & Corey,
1990). Three explanations to account for the lack of evidence for type-2 
astrocytes in vivo were proposed. First, type-2 astrocytes in vivo, may differ 
in their electrophysiological and immunohistochemical properties from cells in 
vitro. Second, the tissue print technique may not favour the isolation of 
type-2 astrocytes. Third, type-2 astrocytes exist in very small numbers in 
vivo. In another study using auto-radiographic, immunohistochemical and 
electron microscopic techniques only a very few astrocytes were observed to 
result from the differentiation of 0-2A progenitor cells after the second 
postnatal week (Skoff, 1990; Skoff & Knapp, 1991). Moreover, these reports 
suggested that all astrocytes differentiate from a single population of 
precursor cells, termed "astroblasts", while "oligodendroblasts" are precursor 
cells of oligo-dendrocytes. These workers suggest that in vivo their studies 
provide no evidence for the existence of a precursor cell which can give rise 
to both astrocytes and oligodendrocytes.
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In conclusion, it would appear that the central question - do type-2 
astrocytes exist in vivo? - remains unanswered. Signals that are required for 
0-2A differentiation into type-2 astrocytes in vitro are present at various 
stages in the optic nerve, however, there is still no conclusive evidence that 
0-2A progenitor cells differentiate into type-2 astrocytes in vivo.

1J2.11 Astrocytes in other regions of the CNS

This section has concentrated on reviewing literature which has been 
primarily concerned with the study of glial cells found in the rat optic nerve.
As mentioned at the start of this section the optic nerve has been used as a 
model for CNS white matter tracts.

Cells with an antigenic phenotype similar to that of optic nerve type-2 
astrocytes in culture have been observed in cultures of cerebellum (Wilkin,
Levi, Johnstone & Riddle, 1983; Levine & Stallcup, 1987) and cerebrum (Williams 
et al., 1985). These cells appear to develop prematurely from a precursor cell 
in the presence of FCS (Levi, Gallo & Ciotti, 1986). These progenitor cells 
are very similar to optic nerve 0-2A progenitor cells found in the optic nerve 
since they also give rise to oligodendrocytes in such cultures. It has been 
suggested that these GFAP-positive/A2B5-positive astrocytes, with properties 
similar to optic nerve type-2 astrocytes, can reasonably be classified as type- 
2 astrocytes no matter from which part of the CNS they are isolated (Raff,
1989b). However, the case for the general use of the term "type-1 astrocyte" 
to describe astrocytes that are GFAP-positive but A2B5 negative is not so 
clearly established. Although GFAP-positive/A2B5-negative cells are ubiquitous 
in cultures of any region of the CNS (cortex or white matter) it is not yet 
certain whether these cells are indeed identical to optic nerve type-1 
astrocytes. The terminology type-l-like astrocyte (Raff, 1989) has therefore 
been adopted in the present study to describe astrocytes with an antigenic 
phenotype similar to that of optic nerve type-1 astrocytes, but which originate 
from other regions of the CNS.

13 Ion channels expressed in glia

Classical studies of ion channels in invertebrate glia were carried out 
using microelectrode voltage recording (for a review see Kuffler, 1967). Later 
microelectrode recordings were made from vertebrate glia in situ or in vitro 
(reviewed by Kuffler, Nicholls & Martin, 1984). More recently the patch-clamp 
recording technique has provided detailed information about the ion channels 
expressed by CNS glia (for a review see Barres, Chun & Corey, 1990).
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13.1 Transmitter-operated "fast" ion channels

A brief summary of glutamate and GABA gated fast ion channels is given 
below. The pharmacology and single-channel properties of glutamate receptors 
found in astrocytes, and the possible roles of these channels in the CNS, are 
discussed in more detail in later chapters of this thesis.

1 3 3  Glutamate channels

The first suggestion that glial cells may possess glutamate receptors came 
from the studies of Bowman and Kimelberg in the early eighties. By recording 
from glial cells using conventional microelectrode techniques they showed that 
L-glutamate, D or L-aspartate and also kainate depolarized astrocytes cultured 
from neonatal rat brain (Bowman & Kimelberg 1984). However, the fact that 
these astrocytes were insensitive to NMDA, quisqualate and a variety of other 
amino acids left doubts about the existence of receptor-linked glutamate 
channels in astrocytes. Thus, the existence of glutamate receptors in 
astrocytes remained uncertain in view of the fact that it was later shown that 
L-glutamate depolarized Muller glial cells from salamander retina (Brew & 
Attwell, 1987) and type-1-like astrocytes from rat cerebellum (Cull-Candy, Howe 
& Ogden, 1988) by activating an electrogenic uptake mechanism. However, recent 
electrophysiological experiments have indicated that glutamate-receptors can 
occur in cortical astrocytes (Sontheimer, Kettenmann, Backus & Schachner, 1988) 
and the presence of glutamate-receptors in cerebellar type-2 astrocytes has 
been proposed from neurochemical studies (Gallo, Giovannini, Suergui & Levi,
1989). Furthermore, patch-clamp recording has demonstrated directly that, in 
cerebellar type-2 astrocytes, glutamate and related amino acids can evoke 
whole-cell and single-channel currents (Usowicz, Gallo & Cull-Candy, 1989). 
Glutamate receptor channels are also found in retinal glial cells in situ 
(Clark & Mobbs, 1992).

1 3 3  GABA channels

GABAA-receptor channels have been shown to exist in glia. In cultures of 
astrocytes isolated from rat cerebral hemispheres, GABA has been shown to evoke 
noisy whole-cell currents and activate multiple conductance chloride channels 
in excised outside-out membrane patches (Bormann & Kettenmann, 1988). These 
"astrocytic" GABA channels resembled "neuronal-type" in their conductance 
levels and in the fact that whole-cell current were potentiated by 
benzodiazepine agonists. Of particular interest was the observation that the

36



inverse agonist B-carboline also increased the amplitude of GABA whole-cell 
currents in astrocytes whereas in neurones and chromaffin cells it decreased 
current amplitudes. The benzodiazapine receptor is thought to be located on 
the a-subunit of the GABA receptor complex (Casalotti, Stephenson & Barnard,
1987). The different actions of 6-carbolines on neuronal and glial GABA 
responses has prompted the suggestion that there may be differences in the 
pharmacological properties of the a-subunit found in neurones and astrocytes 
(Backus, Kettenmann & Schachner, 1988).

13.4 Voltage activated channels present in mammalian glial cells

Although the present experiments have not been directly concerned with the 
study of voltage-gated channels in glia, a brief mention of some of the 
voltage-sensitive channels in glia is given below as these channels are 
relevant to several aspects considered in the discussion.

1 3 3  Cortical type-1-like astrocytes

Most electrophysiological studies have been performed on cortical type-1- 
like astrocytes, probably because these cells are relatively easy to culture 
and it is possible to obtain highly purified cultures (McCarthy & deVellis,
1980). A variety of voltage-gated ion channels exist in cultured cortical 
type-1-like astrocytes, these include sodium channels sensitive to tetrodotoxin 
and saxitoxin, tetraethylammonium/Cs + sensitive potassium channels, chloride 
and calcium channels (Bevan & Raff, 1985; Be van, Chiu, Gray & Ritchie, 1985; 
Gray & Ritchie, 1986; MacVicar, 1984).

13.6 Type-1 astrocytes

Voltage-gated channels present in type-1 astrocytes have been studied in 
cells in culture and freshly isolated with the tissue print technique (Barres, 
Koroshetz, Chun & Corey, 1990). In cultured cells two types of potassium 
current are present, namely, a delayed rectifying potassium current and an 
inwardly rectifying potassium current. A "glial-type" sodium current and a 
transient calcium current have also been observed in cultured type-1 astrocytes 
(Barres et al., 1990). However, it has been shown that type-1 astrocytes in 
tissue prints do not possess "fast-sodium" or inwardly rectifying potassium 
currents. Moreover, the delayed rectifer potassium current was present at a 
much higher density in these cells that in cultured type-1 astrocytes.
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13.7 Type-2 astrocytes

The first studies of voltage-gated ion channels in cultured type-2 
astrocytes indicated that these cells possessed sodium, potassium and chloride 
channels (Bevan & Raff, 1985; Bevan, Lindsay, Perkins & Raff, 1988).
Subsequent research has shown that there are five components to inward currents 
in type-2 astrocytes. These consist of two varieties of sodium current, a 
glial type with slow activation kinetics and a faster activating current 
similar but not identical in kinetic properties to that found in neurones 
(Barres, Chun & Corey, 1989). There are two forms of calcium current present 
in type-2 astrocytes, a transient current which activates around -60mV (Ca^,) 
and an other slowly inactivating current which is activated at potentials 
positive to -30mV (CaL), (Barres, Chun & Corey, 1988). In addition, type-2 
astrocytes possess an inwardly rectifying potassium current (Barres, Koroshetz, 
Swartz, Chun & Corey, 1990). Whole-cell chloride currents are only activated 
after cells have been dialysed (Bevan et a l , 1988). Similarly, chloride 
single channel currents can only be resolved when patches of membrane have been 
excised from the cell soma (Barres et al., 1988). It was originally proposed 
that there were two components to the outward potassium current in type-2 
astrocytes (Bevan & Raff, 1985; Bevan et al., 1988). It has been suggested 
that the two components are made up of a calcium-insensitive delayed potassium 
current which activates at potentials positive to OmV and a rapidly 
inactivating calcium-dependent conductance activating positive to -30mV (Barres 
et al., 1988).

13.8 0-2A progenitor cells

0 -2A progenitor cells possess a neuronal type sodium conductance as well as 
several types of potassium conductances. 0-2A progenitor cells lack voltage 
dependent calcium channels (Barres et a l, 1990). Outward potassium currents 
are of two types; a sustained one, and one which decays more rapidly, K^.
It has been observed that KD is the predominant potassium current in cultured 
0-2A progenitor cells whereas in acutely isolated 0-2A progenitors KA is the 
more predominant current. KD is a calcium dependent current which is blocked 
by the specific blocker of calcium-activated potassium channels, charybdotoxin 
(Miller, Moczydlowski, Latorre & Phillips, 1985). 0 -2A progenitors also 
possess an inwardly rectifying potassium current.
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13.9 Oligodendrocytes

Oligodendrocytes were the first CNS glial cell to be studied using the 
patch-clamp recording technique (Kettenmann, Orkand, Lux & Schachner, 1982; 
Kettenmann, Orkand & Lux, 1984). These cells appear to possess both potassium 
and chloride voltage-gated channels. Again, chloride currents can only be 
observed in dialysed cells or in excised patches of membrane (Barres et al.,
1988). The nature of the potassium channels present in oligodendrocytes varies 
depending on which part of the CNS the cells are isolated from (see Kettenmann 
et al., 1982; Kettenmann et a l , 1984; Bevan & Raff, 1985; Barres et al.,
1988).

1.4 Aims of the current study

A primary aim of this thesis was to characterize further the properties of 
non-NMDA channels expressed in CNS glial cells and cerebellar granule neurones. 
Chapter 3 describes experiments that were performed to determine which types of 
glial cells possessed glutamate receptors and which had an electrogenic uptake 
carrier for glutamate. In this part of the study glial cells were isolated 
from two regions of the rat CNS - the cerebellum and optic nerve. The results 
presented in Chapter 3 have been published (Cull-Candy, Mathie, Symonds & 
Wyllie, 1989; Wyllie, Mathie, Symonds & Cull-Candy, 1991). Following the 
description of the types of glutamate response in the various macroglial cells 
further characterization of the properties of non-NMDA receptors present in 
type-2 astrocytes was sought to allow a comparison of the "astrocytic" and 
"neuronal" type AMPA and kainate receptors. In this section the 
pharmacological properties of non-NMDA receptors in cerebellar type-2 
astrocytes and cerebellar granule cells were compared. The findings of this 
study are described in Chapter 4; some of the results have been published in 
abstract form (Wyllie & Cull-Candy, 1990,1992). Finally, a detailed study of 
non-NMDA receptors present in excised membrane patches of type-2 astrocytes and 
granule cells was undertaken. One of the aims of this section of the project 
was to study the pharmacology of non-NMDA receptor subtypes by analyzing the 
different conductance levels of receptor channels activated by each of the 
three prototypic agonists. It was hoped that this approach would have the 
advantage that it would allow identification of patches that contained 
different sets of channels on the basis of the amplitude histograms that 
described the different levels activated by each agonist. Some of the results 
from these experiments have appeared (Wyllie, Traynelis & Cull-Candy, 1992) and 
are discussed in detail in Chapter 5.
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2. Methods

2.1 Preparation and culturing of cerebellar astrocytes and granule cells

Cultures of cerebellar type-2 astrocytes were obtained as previously 
described (Gallo et al., 1989), with some modifications. Seven or eight-day 
old Sprague-Dawley rat pups were killed by cervical dislocation and 
decapitated. Cerebella were aseptically dissected and meninges removed. The 
tissue was chopped finely in two directions at right angles to each other on a 
Mclllwain tissue chopper (micrometer 0.45mm). The chopped tissue was then 
placed in a modified Krebs’ solution (composition (mM), NaCl, 120: KC1, 4.8; 
KH2P 0 4, 1.2; N aH C 03, 25; glucose, 15; M gS04, 1.2;Abovine serum aloumin (BSA), 
3mg/ml) and spun in a centrifuge (1 minute, 1500rpm, 25°C). The supernatant 
was subsequently aspirated off and further Krebs’ solution containing 0.025% 
trypsin added to the pellet. This solution was then placed in a conical flask, 
the neck sealed with "Parafilm" and the flask placed in a shaking waterbath at 
37°C for 15 minutes. In order to terminate the trypsin digestion of the 
tissue, Kreb’s solution containing 12.5/zg/ml DNase and 80^g/ml solubilized bean 
trypsin inhibitor (SBTI) was added. This solution was then centrifuged (1 
minute, 1500rpm, 25°C) and the resulting supernatant aspirated. The pellet was 
then resuspended in Kreb’s solution containing 80^g/ml DNase and 520/ig/ml SBTI. 
This solution was triturated against the wall of the test-tube and left to 
stand for 10 minutes. The supernatant was removed and added to the Kreb’s 
solution which contained ImM CaCl2. Finally, this solution was centrifuged 
( 1800rpm, 5 minutes, 25°C) and the pellet resuspended in culture medium. Cells 
were counted with the aid of a haemocytometer and plated on poly-L-lysine 
coated coverslips (lO^g/ml, MW 53,000) at a cell density of 1.5xl06 cells per 
dish. The cells were cultured in Eagle’s basal medium (Gibco) supplemented 
with 10% fetal calf serum, 2mM glutamine and 100//g/ml gentamycin. This culture 
medium was changed after two days. Astrocytes with an antigenic phenotype 
similar to that of type-1 astrocytes isolated from rat optic nerve (Raff,
Abney, Cohen, Lindsay & Noble, 1983a) were also present in cultures of 
cerebellar type-2 astrocytes. These cells are referred to as ’type-1-like’ 
astrocytes, as it is not yet clear whether these cells are developmentally 
similar to type-1 astrocytes isolated from rat optic nerve. Because type-2 
astrocytes divided infrequently in culture, while type-1-like astrocytes 
proliferated to form a confluent monolayer, electrophysiological recordings 
were made from cells after 3-5 days in vitro, (except where otherwise stated), 
when individual cells could still be readily discerned. Some neurones were 
present in these cultures and could be easily identified from their morphology
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and by indirect immunofluoresence with the neurofilament antibody RT97 (Wood & 
Anderton, 1981).

Recordings were also made from astrocytes obtained from explant cultures of 
cerebellar cells as previously described (Cull-Candy et al. 1988). This was 
also the preparation used to obtain cerebellar granule neurones. Cerebella, 
aseptically removed from seven/eight-day old rat pups, were chopped with fine 
scissors in Dulbecco’s minimum essential medium (Gibco), containing 10% fetal 
calf serum, penicillin ( lOOunits/ml) and streptomycin (lOOunits/ml). The 
tissue was then passed through a 200/*m nylon mesh to produce a suspension of 
cell clumps. This was then plated on coverslips previously coated with poly-D- 
lysine. The explant culture technique used no enzymes and therefore allowed 
the examination of non-enzyme treated cells. Such cultures contained clumps of 
neurones (mainly granule cells) as well as astrocytes.

Cerebellar 0-2A progenitor cells were obtained from one day old rat pups.
These cells were isolated as described for type-2 astrocytes but were cultured 
in a conditioned serum-free medium obtained from cultures of confluent type-1- 
like astrocytes. Type-1 astrocytes release platelet derived growth factor, 
which is necessary for 0-2A progenitor cell division, which in turn controls 
the timing of oligodendrocyte differentiation (Lillien & Raff, 1990).
Recordings were made from cerebellar 0-2A progenitor cells within 3-5 days of 
plating. Recordings were also made from rat optic nerve progenitor cells 
(Lillien & Raff, 1990) that were kindly supplied by Dr. Laura Lillien 
(Biology Dept., UCL.). These were obtained from 17 day old rat embryos and 
were used 5-6 days after plating.

Oligodendrocytes were obtained from one day old rat pups and isolated as 
described for type-2 astrocytes; however these cells were plated on top of a 
confluent layer of type-1-like astrocytes and grown in a culture medium that 
did not contain any fetal calf serum. Oligodendrocytes were used 3-4 days 
after plating. Occasionally, recordings were made from oligodendrocytes that 
were present in the same cultures as type-2 astrocytes or 0-2A progenitors.

22. Identification of cells

For electrophysiological experiments individual coverslips were placed in a 
small recording chamber (volume 1ml), and cells were identified morphologically 
under phase contrast optics (total magnification x640, water immersion). Type- 
2 astrocytes were process-bearing, phase-bright cells with a stellate 
morphology; type-1-like astrocytes were phase-dark and had a flattened 
polygonal, epithelioid morphology. 0-2A progenitor cells were identified by 
their characteristic small size and bipolar (or occasionally multipolar)
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morphology and also by the fact that they tended to occur in clusters 
reflecting the fact that they continued to divide in such cultures.
Oligodendrocytes had a characteristic appearance and possessed networks of 
radial processes (Raff et al., 1978).

Identification of cells was confirmed by labelling coverslips from the same 
cultures with rabbit antibodies to cow glial fibrillary acidic protein (GFAP,
Dako Ltd.) which is characteristic of astrocytes (Bignami & Dahl, 1977; Raff 
et al., 1979), mouse monoclonal antibodies to galactocerebroside (Gal-C) which 
is characteristic of oligodendrocytes (Raff et al. 1978), and the mouse 
monoclonal antibody LB1 (Levi et al., 1986) which binds to the GD3 glycolipid 
expressed by type-2 astrocytes and 0-2A progenitors (Curtis, Cohen, Fok-Seang, 
Hanley, Gregson, Reynolds & Wilkin, 1988). The antibodies were detected by 
immunofluorescent labelling (GFAP with fluorescein conjugated swine anti-rabbit 
immunoglobulins, (Dako Ltd.) Gal-C with fluorescein conjugated goat anti-mouse 
immunoglobulins, (Dako Ltd.) and LB1 with a rhodamine conjugated goat anti
mouse immunoglobulin (Dako Ltd.). Cells were viewed with a Zeiss Universal 
Incidence Fluorescence microscope both under phase contrast and fluorescence 
optics. Cells were identified as follows: type-2 astrocytes were GFAP 
positive/LBl positive; type-l-like astrocytes were GFAP positive/LBl negative;
0-2A progenitors were GFAP negative/LBl positive; and oligodendrocytes were 
Gal-C positive (see Raff, Abney & Fok-Seang, 1985; Raff et al. 1978). Gal-C 
and LB1 were kindly supplied by Dr. Barbara Ranscht and by Dr. Jim Cohen 
respectively.

2 3  Solutions

For whole-cell and single-channel recording from type-2 astrocytes and 
granule cells in culture, patch-pipettes were backfilled with an ’internal’ 
solution of the following composition (mM); CsF, 110; CsCl, 30; (or CsCl,
140;), NaCl, 4; EGTA, 5; K-HEPES, 10; and CaCl2, 0.5; pH 7.3. In some 
experiments on type-l-like astrocytes the ’internal’ solution contained (mM);
KC1, 140; MgCl2, 2; EGTA, 0.5; K-HEPES, 5; and ATP(Mg), 0.5; pH 7.3. When 
filled with these solutions the pipettes had resistances in the range 5-10MQ.
The cells, and the extracellular faces of outside-out patches, were bathed in 
an ’external’ solution of composition (mM); NaCl 150, KC12.8, Na-HEPES 10 and 
CaCl2 1.0; pH 7.3. In some experiments on electrogenic uptake of glutamate in 
type-l-like astrocytes the external NaCl was replaced by LiCl. In experiments 
which investigated the permeability of calcium through glutamate receptor- 
channels the external solution was composed of lOOmM CaCl2 and lOmM HEPES (pH
7.3 with Ca(OH)2). This solution was isotonic with the normal external
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solution.
For bath application of drugs, solutions were perfused through a fine 

plastic tube placed beneath the water immersion objective (flow rate 
1.5ml/min). Solutions were switched manually by means of a two way Hamilton 
tap, ensuring the bath was completely exchanged with control solution between 
applications. The following drugs were used: L-glutamate (Cambrian Chemicals 
Ltd.), quisqualate (Tocris Neuramin), AMPA (Tocris), kainate (Sigma or Tocris), 
trans-ACPD (Tocris), NMDA (Cambridge Research Biochemicals), L-aspartate 
(Tocris), glycine (Tocris), CNQX (Tocris), 6,7-dichloro-3-hydroxy-2-quinoxaline 
carboxylic acid (diCl-HQC; Tocris), APV (Tocris), 7-Cl-kynurenate (Tocris).
All solutions were passed through a 0.22/un filter before use.

2.4 Patch pipettes

Patch pipettes were made from hard (borosilicate), thick-walled (outside 
diameter 1.50mm, inside diameter 0.86mm), or occasionally thin-walled (outside 
diameter 1.50mm, inside diameter 1.17mm), glass capillary tubing containing a 
filament (Clark Electromedical). Pipettes were pulled in two stages using a 
List L/M 3-PA puller. In order to reduce their electrical capacitance, the 
tips of patch pipettes were coated with Sylgard 184 resin (Dow Corning) which 
was cured by passing the tip into a heated coil. The Sylgard resin increased 
the thickness of the pipette wall and formed a hydrophobic coating which 
reduced the pipette capacitance (see Hamill et al., 1981). Pipette tips were 
fire polished with a heated platinum wire. When filled with intracellular 
solutions the pipettes had resistances of 5-10 MQ. Ionophoretic pipettes were 
made from hard (borosilicate) glass using a Campden moving coil microelectrode 
puller; they had resistances of -200M Q, when filled with either lOOmM kainate 
or lOOmM quisqualate solutions.

2.5 Recording of whole-cell and single-channel currents

Whole-cell recordings and single-channel current recordings from outside-out 
patches were made either with a List L/M-EPC 7 or Axopatch 1A patch clamp 
amplifier (Hamill et al., 1981). For whole-cell recording the feedback 
resistor on the headstage was set to 500MQ, while during single-channel 
recording it was set to 50GQ. Currents were displayed on an oscilloscope and 
stored on FM tape (Racal Store 4). Whole-cell currents were generally recorded 
at IVi inches per second (ips) (DC - 2.5kHz, -3dB) and single-channels currents 
at 15ips (DC - 5kHz, -3dB). It was common practice to record whole-cell and 
single-channel currents at the highest tape gain possible. For illustration in
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the figures presented in Chapters 3,4 and 5 whole-cell and single-channel 
currents have been filtered at 1-2 kHz, -3dB.

2.6 Junction potential and series resistance measurements

Junction potentials resulting from the different ionic compositions of the 
intracellular and extracellular recording solutions were measured. A patch 
pipette filled with intracellular solution was placed in the recording chamber 
which itself contained an identical salt solution. The bath was then exchanged 
for extracellular recording solution. This resulted in a current flowing into 
the pipette that was monitored on the oscilloscope. The junction potential was 
determined by dialing the appropriated command voltage on the Axopatch to 
balance the current offset generated. The measured junction potentials for the 
different combinations of extra- and intracellular solutions used in this study 
were less than 3mV. Therefore, the membrane potentials presented in the 
results have not been corrected.

When recording from type-l-like astrocytes it was necessary to correct 
membrane potentials for the voltage errors arising from the currents flowing 
across the series resistance of the pipette. Thus, for a series resistance,
R., and a clamp current, ic, a potential of amplitude i£Rs was subtracted from 
the command potential, Vcom, to give the correct value of membrane potential, 
Vm, thus, Vm = Vcom - icRs. By plotting clamp current against membrane 
potential (corrected for series resistance) in the presence and absence of 
glutamate and subtracting the control current-voltage (I/V) curve from the 
glutamate I/V  curve, the net glutamate-evoked I/V  curve was obtained. Series 
resistances were typically in the range 12-22MQ and cell capacitances were 
between 15-30pF for type-2 astrocytes and generally 50pF or greater for type-1 
astrocytes.

2.7 Ionophoretic applications of glutamate agonists

In experiments designed to map the distribution of non-NMDA receptors in 
cerebellar type-2 astrocytes local application of agonists was achieved by 
pulsing solutions of kainate or quisqualate from ionophoretic microelectrodes. 
Microelectrodes were filled with lOOmM kainate or quisqualate solutions (pH 
7.5-8.5) and had resistances of -200MQ. Agonists were expelled as anions by 
the injection of negative current pulses into the ionophoretic pipette. It was 
generally necessary to apply a constant braking current (positive) in order to 
avoid leakage of the drugs from the tip of the pipette. The amount of current 
injected into the pipette (usually about lOOnA, 100ms), and thus the amount of
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agonist expelled was monitored via a current to voltage convertor and displayed 
on the oscilloscope. Such monitoring made it possible to determine whether the 
agonist was indeed being successfully ejected or whether the tip of the 
electrode was blocked and that a constant amount of agonist was being expelled.

2.8 Desensitizing quisqualate/AMPA whole-cell currents

In order to investigate the phenomenon of desensitization of quisqualate or 
AMPA mediated whole-cell currents in type-2 astrocytes a method was devised to 
achieve reasonably fast agonist application. This involved positioning two 
perfusion pipettes under the microscope objective. One perfusion line 
contained control solution and the other the drug under investigation.
Positioning of the pipettes was such that when both solutions were flowing the 
control solution deflected the drug solution away from the cell. Rapid 
application of agonists could therefore be achieved by switching on and off the 
control solution. Furthermore, by switching the drug solution on and off and 
monitoring any change in the membrane current, it was possible to check that no 
agonist was diffusing to the cell. Measurements of the change in junction 
potential occurring at the tip of an open patch pipette (resistance 10MQ) were 
made to determine the 10-90% rise time of the solution change. The bath and 
patch pipette were filled with a solution containing 150mM NaCl and the change 
in junction potential was measured by switching from this solution to a 
solution containing 30mM NaCl. Using this method, changes in junction 
potential occurred with a mean 10-90% risetime of 942 ± 93/zs (mean of 4 
experiments, on average 24 measurements were made during each experiment).

Desensitizing quisqualate and AMPA responses were analyzed with the aid of a 
computer program (kindly written by Stephen F. Traynelis). The analysis 
involved determination of the 10-90% rise time of the agonist evoked current.
The decay of the peak current to a steady-state level was well fitted by a 
single exponential component. Fitted exponentials gave estimates of the peak 
current that were in good agreement of the actual current recorded. In all 
cases the value of the peak current was taken to be the value estimated from 
extrapolation of the fitted exponential. Ratios of steady-state to peak 
currents, were calculated to determine the EC50 value for
desensitization, i.e. the concentration of quisqualate for which the peak 
current was twice the value of the steady-state current. Plots of steady-state 
to peak current versus quisqualate concentration were fitted to the equation,

^ V p e a k - ^ s s / p e a k )7*1 + ( [quisqualate]/E C 50) ) > + m inss/pcak’
where max . . and min . . were the values of / / /  . obtained forss/peak ss/pcak ss peak

concentrations of lOOnM and lOO/iM quisqualate respectively.
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2.9 Pres sure-pulse application of agonists to outside-out patches

Rapid application of agonists on to outside-out patches was achieved using 
pressure pulse applications. Patch pipettes (resistance ~ 10 MQ) were filled 
with solutions of 50//M glutamate/ 10/^M 7-Cl-kynurenate and connected to the 
pressure pulse apparatus by an oil-filled flexible tube. Ejection of drugs 
could either be controlled manually or via a Digitimer. Measurements of the 
changes in junction potential occurring at the tip of an open patch pipette 
when a solution of 15()mM NaCl was pulsed onto a pipette that contained 15mM 
NaCl, 270mM mannitol indicated that the mean 10-90% risetime of the solution 
change was 1.37 ± 0.28ms (n = 3 experiments).

2.10 Analysis o f agonist dose response curves, antagonist inhibition curves 
and Schild analysis of antagonists

Pooled whole-cell dose response data were normalized to the maximum, and 
fitted to the equation:

{(maximum - minimum)/[l + (ECS0/[agonist])n]} + minimum, 
where n is the Hill slope coefficient and EC is the concentration of 

agonist that produced a half-maximal whole-cell current response. Kainate and 
AMPA whole-cell currents, recorded at different concentrations of antagonist, 
were expressed as a percentage of the agonist-evoked current obtained in the 
absence of antagonist and fitted to the equation:

{(maximum - minimum)/(l + ([antagonist]/IC5()))} + minimum, 
where IC is the concentration of antagonist that produced half-inhibition 

of the agonist evoked current.
Schild analysis of antagonist potency (e.g. Schild, 1947, 1949; Jenkinson, 

I960, 1991) was carried out by applying two concentrations of agonist to a 
single cell (on the linear part of the dose-response curve) in the absence, and 
in the presence, of three different antagonist concentrations; the dose-ratio 
(DR) (the rightward shift of each of the two concentration point curves) was
then calculated. Data from severaJ experiments were pooled and the plot of the

UcplUoVtW .
logarithm ot (DR - 1) versus theAantagomst concentration yielded a straight 
line with a slope not significantly different from 1 (linear regression, least 
squares fit). Therefore, in order to satisfy the Schild hypothesis, data were 
refitted with lines constrained to have a slope equal to 1 (see Jenkinson,
1991). The x-intercept of this line is equal to the negative logarithm of the 
dissociation constant (Kg ) for the antagonist.
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2.11 Measurement of "large" agonist evoked currents in outside-out patches

Concentrations of kainate, > 30//M, evoked current responses in outside-out 
patches in which single channel transitions could not be readily discerned.
When constructing dose-response curves and I/V  plots it was necessary to 
measure accurately these relatively large agonist-evoked currents. These 
currents were replayed from tape, filtered (1kHz, -3dB) and digitized (10kHz) 
(TL-125 interface, Axon Instruments; pClamp software). Current amplitudes were 
measured using a computer program (written by S.F. Traynelis). The analysis 
involved marking stretches of baseline with two vertical cursors; the amplitude 
and variance of such sections was calculated. Agonist evoked currents were 
then measured in an identical manner and the values for baseline amplitude and 
variance subtracted.

2.12 Estimation of the permeability of NMDA and non-NMDA receptor-channels to 
calcium

An estimate of the relative permeabilities of glutamate receptor-channels to
2 + +Ca to Cs was determined using the following equation, derived from the 

Goldman-Hodgkin-Katz (GHK) equation:
PCa/P c  = [Cs+]i/4[Ca2+]o {exp(VrF/R T)(l + exp(VrF/RT))}; 

where [Cs ]• and [Ca ] are the intracellular and extracellular 
concentrations of Cs and Ca respectively, Vf is the reversal potential of the 
agonist-evoked current, F is Faraday’s constant, R is the Gas constant and T  is 
the absolute temperature (see Lewis, 1979; AstW+Novw^ TO&ly l\ftocW

2.13 Calculation of "free" amino-acids in isotonic calcium external solutions

Acidic amino acids form complexes with Ca (Lumb & Martell, 1953; Sillen & 
Martel 1, 1964; Ascher & Nowak, 1988b), this was therefore taken into account
and compensated for when making up drug solutions. Published data indicates

2 +that the dissociation constant for the kainate-Ca complex is 144mM (Gu &
2 i

Mae-Huang, 1991) and that of the aspartate-Ca complex to be 25mM (Lumb & 
Martell, 1953). The concentrations of agonist added to obtain "free"
concentrations of 100//M kainate and 10//M aspartate in an external solution of

2 +lOOmM Ca were calculated from the equation:

lag ° n is ,]total =  [aSo n is t]|-ree +  [a g o n ist]rrce.[C a2 + ]o /K diss;
where [agonist]tQtal and [agonist]free are the total and final

concentrations of agonists respectively, [Ca2+] is the external Ca2+
O 2 +concentration and Kdiss is the dissociation constant of the agonist-Ca
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2 +complex. Thus, 169^M kainate and 50^M aspartate were added to the lOOmM Ca 
external to obtain the required "free" concentrations of each agonist (i.e. 
lOO^M kainate and 10//M aspartate).

2.14 Noise analysis of whole-cell and outside-out patch currents

Estimates of single-channel conductance and kinetic parameters were obtained 
from noise analysis of agonist evoked currents (Katz & Miledi 1972, Anderson & 
Stevens 1973). Several assumptions are made during noise analysis; (1) that 
current noise results from variation in the number of channels open at a given 
time, (2) that the opening and closing of channels results in rectangular 
current pulses, (3) only a few channels from the total channel population are 
open at any one time, (4) that all the channels open to a similar conductance 
level, and (5) channel life-times are exponentially distributed. Clearly 
assumption (4) is not satisfied when analyzing current noise due to the 
activation of glutamate receptor channels which have multiple conductance 
levels (Cull-Candy & Usowicz, 1987; Jahr & Stevens, 1987). Thus the estimate 
of the single-channel conductance obtained from noise analysis will be a 
weighted mean of the different channel conductances opened by a receptor 
agonist. At low agonist concentrations a plot of the membrane current 
variance, a , versus the mean whole-cell current, u., is a straight line with 
slope equal to the single channel current, During the analysis of
agonist-evoked current noise this relationship was generally checked.

For whole-cell current noise, signals from magnetic tape were high pass 
filtered at 0.2Hz and low pass filtered at 510Hz or 1020Hz (Barr & Stroud 
filter, normal setting, Butterworth-type) and subsequently digitized at 1024 Hz 
or 2048Hz respectively (CED 502 Cambridge Electronic Design). Noise analysis 
was also carried out on kainate evoked current in outside-out patches isolated 
from cerebellar type-2 astrocytes or granule neurones. Such currents were 
high-pass filtered at 0.2Hz and low-pass filtered at either 1kHz or 2kHz and 
digitized at 2kHz or 4kHz respectively.

These digitized records were split into sections, length 1/f seconds,1 C j

where f was the desired resolution, (usually 2Hz). After being edited1 v u

visually to remove any artifacts contained in the current trace records were 
analyzed as previously described (Colquhoun, Dreyer & Sheridan, 1979; Cull- 
Candy et al., 1988). Spectral densities for each section of data were 
calculated and averaged to give a mean power spectrum. The net one-sided 
spectrum for agonist induced current noise was obtained by subtracting the mean 
control noise spectrum (i.e. baseline noise in the absence of drug) from the 
mean spectrum of agonist induced noise. This ’net’ spectrum was fitted with a
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single, or the sum of two Lorentzian curves; where the Lorentzian curve is
described by the equation:

G(f) = G (0)/{l + (f/f  )2},
where G(f) is the single sided spectral density (A sec), at any given

frequency, f (Hz); G(0) is the spectral density at the zero frequency
asymptote, and f is the cut-off (i.e. half-power) frequency where G(f) equals
half G(0). The total area under the fitted curve(s) is equal to the total
current variance (a  ) evoked by the receptor agonist. This area can be
calculated from the integral of the equation describing the fitted Lorentzian
curve(s) (see Colquhoun et a l, 1979). Thus,

a2 = integral G(f) = integral [G(0)/{ 1+(f/fc)2}] = G(0)jrfc/2.
The single channel current i • was calculated from the relationship:

i = G(0)jrf /2 u., or n o i s e  c  ™ y

\noise = + G2(°)fc2> /^i
for one and two component spectra respectively; where G^O), f and G2(0),

f 2 are the zero frequency asymptote and the cut-off frequencies of the fast
and slow components respectively and is the whole-cell current induced by
agonist application. From the cut-off frequencies of the fitted Lorentzian
curves values for r . (-m ean  lifetime of the event caused by a single
channel activation) were obtained according to the equation (Katz & Miledi,
1972):

r noise = ' H )
Data points in the noise spectra illustrated have been averaged above 60Hz so 

that the fit of the data to the Lorentzian components is more clearly defined 
for illustration.

2.15 Time-course fitting of single channel currents

Single channel currents recorded in outside-out patches were analyzed off
line. Data records, replayed from magnetic tape, were low pass filtered at 6,
4,3 or 2kHz, (Barr & Stroud filter, damped mode, 8 pole Bessel), corresponding 
to 3, 2, 1.5 or 1kHz, -3dB. Records were then digitized continuously at 10 
times the -3dB filter setting. The digitized records were displayed on a 
screen and the amplitude and duration of the single channel openings measured 
by the ’time course’ fitting method (Colquhoun & Sigworth, 1983) using the step 
response function of the recording system (patch clamp, tape recorder and 
filters). This procedure involved measuring every opening, transition to 
different conductance level and closing occurring in the data record. Openings 
of channels that were too brief to be fully resolved were usually fitted to the 
mean full current amplitude for openings in a particular data record. If,
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however, this did not give a good fit, the fit was adjusted. It is difficult 
to be certain about the true full amplitude of such brief events in data 
records where there are transitions to different conductance levels (see Howe 
et al., 1988,1991; Cull-Candy & Usowicz, 1989, for a critical description of 
the problems) but it is important that they are measured, to avoid biasing the 
distribution of channel shut times.

2.16 Minimum resolvable durations

Once all the transitions in a single-channel data record had been fitted it 
was necessary to impose a resolution on the data set so that incompletely 
resolved transitions were clearly distinguished from baseline noise, but, at 
the same time, it was important that as few as possible real transitions were 
missed. The presence of multiple conductance levels in current recordings from 
outside-out patches further complicates the assignment of minimal resolvable 
open and shut times since incompletely resolved current amplitudes were not 
always transitions to the same conductance sublevel (see Cull-Candy, 1989; Howe 
et al., 1991).

The Bessel-type filter that was used to filter the data record closely 
approximates to a Gaussian filter in its response characteristics. Such 
filters have rise times of, Tr = 0.3321/f  , where f is -3dB frequency of the 
filter (see for example Howe et al., 1991). The single-channel currents are 
filtered through a series of filters (e.g. patch-clamp amplifier, tape 
recorder, B & S filter) and the effective cut off frequency, f , is 
approximated by the equation:

i /( fc2) = i /( f c l2) + i /( f c22) + -  + i / ( f cn2),
where f ,, f 0...f are the -3dB values of all the filters in the cascade, cl c2 cn

Thus in the best patches prefiltered at 10kHz taped at 15ips (5kHz, -3dB) and 
filtered at 3kHz (-3dB) the effective overall filtering was 2.49kHz (-3dB) 
corresponding to a Tf of 133^s. Furthermore, the maximum amplitude, A max, 
of a low-pass filtered square pulse of duration d is given by the equation (see 
Colquhoun & Sigworth, 1983):

A = A erf(0.886d/T ), max o v r ’
where Aq is the amplitude of the original unfiltered pulse and erf is the 

error function, erf(x) = integral [2exp(-x2)/\Or] dx. The error function can 
be approximated thus

erf(x) = integral (2exp(-x ) H j z ) < \ x  

. .  erf(x) = 1 - erfc(x), (omflirn&tffe'U M r b f f a x k
(Jtt _  , .  (a t̂ + a t̂2 + a t̂3)exp(-x2),

where t = 1/(1 + px) and p = 0.47047, = 0.3480242, a2 = -0.0958798, a3 =



0.7478556. With ratios of d /T  of 1.0, 1.5,2.0 and 2.5 this gives values of 
^ m a x ^ o  0-^90’ 0.940, 0.988 and 0.998. Thus a low-pass filtered pulse of 
duration 2 . 5 reaches 99.8% of it’s original amplitude. The probability that 
an event with amplitude Amax could arise from random baseline noise is given by 
the false event rate (see Colquhoun & Sigworth, 1983): 

false event rate «  fcexP["0-5(Amax/ a n)2]’ 
where was the root mean square noise of the current recording. Typically, 

minimum resolvable open and shut times were chosen to give false event rate of 
less than 10‘6 per second. As a further check of the suitability of a chosen 
resolution, open and shut time histograms were initially constructed with a 
resolution of 10/ ŝ (giving an extremely high false event rate) and bin width of 
10//s. Such histograms were displayed on a linear scale. The value at which 
events started to be missed in such histograms gives an indication of the upper 
limit of the resolution that could be used in a particular experiment.

2.17 Cursor fitted single-channel amplitude distributions

Distributions of amplitudes of single-channel events were constructed. Due 
to the nature of the channel openings produced by non-NMDA receptor agonists 
the strict criteria that have been used in the past for including channel 
amplitudes in such distributions proved unrealistic (see Cull-Candy et al.,
1988; Cull-Candy & Usowicz, 1989; Howe et al., 1991). Although it would have 
been preferable to only include events of duration greater than 2 . 5 (i.e. 
those which had reached at least 99.8% of their original amplitude) such a 
resolution excluded too many amplitude events from the amplitude distributions. 
Therefore events with durations greater than 2.0Tr or 1.5Tr were included in 
these distributions (i.e. events that had reached either 98.8% or 94.0% of 
their original amplitude). Such distributions were fitted with the sum of 
several Gaussian components.

2.18 Open-point and mean low variance amplitude distributions

Once a single channel data record had been analyzed open-point and mean low 
variance amplitude histograms were constructed. This procedure involved 
examining sample points of channel openings in the record. Data points 
occurring during a period up to 1.3Tr, (where Tr is the rise time of the filter 
that had been used to filter the data) after the onset of a transition were not 
included. Therefore, openings of less than 2.5Tr were not included in these 
open point histograms. Two vertical cursors indicated the digitized data 
points in an opening and a horizontal cursor indicated the baseline of the
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current trace. All three cursors could be moved independently thus making it 
possible to edit artifacts or double openings or alter the level of the current 
baseline. In such distributions, openings of longer duration contribute more 
points to the distribution than transitions that are brief i.e. such 
distributions reflect both the number and duration of openings to a particular 
conductance level.

Mean-low variance amplitude histograms (Patlak, 1988) were also examined to 
aid the detection of multiple conductance levels that may have been obscured in 
the open point histograms. Histograms of this type were constructed from 
segments (usually 10 data points at a time) of openings in which the variance 
was equal to or less than background, thus only relatively flat stretches of 
openings were included in the histogram.

Both open-point and low-variance histograms were fitted with single or the 
sum of several Gaussian components. Although the criteria for accepting points 
were sufficient to exclude data points that occurred on the rising and falling 
phases of transitions the sample points that occurred during transitions to 
different sublevels were not necessarily excluded. This has the effect of 
skewing the distribution such that it is not described as a simple Gaussian 
distribution, however sample points near, and at, the peaks of such 
distributions are reasonably well fitted by a Gaussian function.

Shut-point amplitude histograms were constructed from sample points that 
occurred between transitions; such histograms were fitted by a single Gaussian 
component.

2.19 Distributions of single-channel apparent open-lifetimes

Distributions of apparent open-channel lifetimes were constructed after a 
consistent time resolution had been imposed on the data. The resolution was 
set such that single channels had attained 94% of their full amplitude. Thus, 
for channels filtered at 2kHz, -3dB a resolution of 250/^s was imposed on the 
data. Channels whose amplitudes had been marked "dubious" during the time- 
course fitting procedure were also omitted from such histograms. Such open 
times are referred to as apparent since they may contain brief closings (gaps) 
that are unable to be resolved by the recording system. Channel open lifetimes 
can be described by an exponential probability density function (pdf)
(Colquhoun & Hawkes, 1983),

f(t) = r _1exp(-t/r) (= aexp(-at)) 
where r  is the mean channel lifetime, the time constant of the exponential, (a  

is the rate constant for the channel closing reaction). If more than one 
component is required to fit the distribution such that,
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k
f(t) = Z a  i^exp(-t/r ) 

n= 1

then the mean of such a distribution is simply,
a .r. + a . T .  +...+ a t 

1 1  2 2 n n
where a and r are the area and time-constant of the nth component of then n r

distribution. The probability that a channel lifetime is less than some 
specified time, t, is the area under the pdf from t = 0 to t which is simply
the integral of f(t) and is denoted,

F(t) = 1 - e x p ( - t / T j )  

w h ile  th e  p r o b a b i l i ty  o f  a  c h a n n e l  h a v in g  a  l i f e t im e  g r e a t e r  t h a n  t ,  is,

1 - F(t) = exp(-t/r1).
Open-time distributions are displayed with the ordinate axis on a square 

root scale (Sigworth & Sine, 1987) and the abscissa on a logarithmic scale 
(Blatz & Magleby, 1986). Such distributions were fitted with either single or 
double exponential components. Such displays of an exponential function are 
peaked with each peak corresponding to the time-constant of an exponential 
component.

2.20 Distributions of single-channel shut-time durations

Shut-time distribution were analyzed after a consistent shut time resolution 
had been decided (see above). When analyzing shut-times, the open-time 
resolution was set to give a false event rate of < 1 O’6 per second. Shut-time 
distributions were generally fitted with the sum of either three or four 
exponential components. Shut time distributions are again displayed on a 
logarithmic versus square root scale.

2.21 Analysis of "bursts"

Bursts of single channel openings were also analyzed. Bursts were defined 
as groups of single channel openings that were separated by closings that were 
less than some defined gap length, T ., (see Colquhoun & Sakmann, 1985). 
'7’crit was calculated from parameters obtained from the analysis of shut-times 
such that,

1 - ex p (-T rii/T2) = exp(-Trit/ z 1) 
where t  and r are the time constants of the first and second exponential 

components fitted to the shut time distribution. The value for T  was such 
that the percentage of gaps between bursts that were misclassified as within 
bursts were equal to the percentage of gaps within bursts that were
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misclassified as between bursts (Colquhoun & Sakmann, 1985). Distributions of 
burst lengths, number of openings per burst and total open time per burst were 
commonly constructed and were fitted with the sum of exponential or geometric 
components.

222 Fitting the distributions

All distributions were fitted by the method of maximum likelihood (Colquhoun 
& Sigworth, 1983). This procedure alters the parameters of the fitted curve 
(areas and time constants of exponentials, means and standard deviations of 
Gaussian components) to maximize the probability of getting the observed data. 
This method fits the actual data values obtained in an experiment, not bins, 
and is therefore independent of bin width. For example, the distribution of 
observed channel open times can be written, 

f(t) = x_1exp(-t/x) 
therefore the probability of making the first observation t |  is 

f(t,) = r 'expC-tj /r)  
so the probability of making all the observations is the product of all the 

individual probabilities f(t )f(t2)...f(t ) which is called the likelihood of 
r and is denoted Lik(z). The logarithm of this value, L(x) is at a maximum 
when the parameter, x, is at a value that makes the data most probable. The 
fitting procedure therefore maximized the value of L(x).

223 Statistical analysis

Data were compared statistically either by single factor analysis of 
variance tests (ANOVA) or by Student’s t-test. Statistical significance was 
taken to be at the 5% level.
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3. Activation of glutamate-receptors and glutamate-uptake in identified 
macroglial cells in rat cerebellar cultures.

3.1 SUMMARY

1. In this chapter, experiments are described which were designed to 
examine the action of excitatory amino acids on three types of glial cell in 
cultures of rat cerebellum, namely type-1-like astrocytes, type-2 astrocytes 
and oligodendrocytes. In addition the glutamate-sensitivity of the precursor 
cell, (the 0-2A progenitor) that gives rise to type-2 astrocytes and 
oligodendrocytes is also discussed.

2. Glutamate (30//M), quisqualate (3-100^M), AMPA (10-30^M) and kainate (10- 
500/^M) were applied to cerebellar type-2 astrocytes examined under whole-cell 
voltage-clamp. Each of these agonists induced inward currents in cells held at 
negative membrane potentials. The currents reversed direction near zero mV 
holding potential. NMD A, (3()-100/*M), or aspartate (30//M) in the presence of 
glycine (l^M) did not evoke any whole-cell current changes in type-2
astrocytes.

3. The distribution of glutamate receptors in type-2 astrocytes was mapped 
with single or double barrelled ionophoretic pipettes containing quisqualate or 
kainate. Application of these agonists (current pulses 100ms; 50-100nA) to 
cells held at -60mV, evoked inward currents of 20-120pA in the cell soma and 
10-80pA in the processes. Responses could also be obtained at the extremities 
of processes, (~60/un from the soma).

4. Quisqualate or kainate (at 30/jM) applied to 0-2A progenitor cells from 
rat cerebellum or optic nerve, induced whole-cell currents (quisqualate 20- 
30pA; kainate 20-50pA, holding potential, = -60mV) that reversed near zero 
mV. In common with type-2 astrocytes, the progenitor cells did not respond to 
NMDA (30//M).

5. Type-1-like astrocytes produced large inward currents to glutamate 
(30/dVl). These currents remained inward going at holding potentials as positive 
as + 80mV and were not accompanied by any apparent noise increase. This result 
can be explained by the presence of an electrogenic glutamate uptake carrier.
In cells kept up to 4 days in vitro, quisqualate, kainate and NMDA each failed 
to produce any whole-cell current changes, indicating the absence of receptors 
in type-1-like astrocytes at this stage in culture. Furthermore the glutamate 
uptake currents in type-1-like astrocytes were inhibited when external N a+ was 
replaced by Li + , although L i+ was found to pass through the glutamate-channel 
in type-2 astrocytes.

6. Oligodendrocytes in cerebellar cultures did not respond to glutamate,
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quisqualate or kainate indicating a lack both of an electrogenic glutamate- 
uptake mechanism and of glutamate receptor ion channels in these cells.

7. It is concluded that, of the various macroglial cells, only the type-2 
astrocyte and its progenitor cell possess ’fast’ glutamate-receptor channels in 
short-term (< 4 day) cultures. Detectable uptake currents were confined to 
type-l-like astrocytes. However, in older cultures (>7 day) type-l-like 
astrocytes also developed glutamate-receptor channels, in addition to their 
uptake currents. The possible involvement of glial glutamate-receptors and 
glutamate uptake in neuronal-glial interaction is considered.

3 2  INTRODUCnON

As discussed in Chapter 1 glutamate can evoke two types of current in glial 
cells, one which is due to the activation of an electrogenic uptake carrier for 
glutamate and the other which is due to the activation of glutamate gated ion 
channels. The finding that cerebellar type-2 astrocytes express AMPA and 
kainate receptor subtypes, prompts the question whether other cerebellar glial 
cells also possess glutamate gated "fast" ion channels and if they do, what 
receptor subtypes are expressed in these other glial cell types.

In this chapter the effects of glutamate receptor agonists have been 
examined on three types of glial cell from the mammalian CNS: type-l-like 
astrocytes and type-2 astrocytes and oligodendrocytes. The effects of 
glutamate agonists on the precursor cell known to give rise to both 
oligodendrocytes and type-2 astrocytes, the so-called 0-2A progenitor (Raff et 
al., 1983b) have also been studied. As considered in Chapter 1 two types of 
astrocyte-like cells have been described in the intact optic nerve of the adult 
rat; one has predominantly radially oriented processes while the other has 
predominantly longitudinally orientated processes (Miller et al., 1989). 
Immunohistochemical studies of rat optic nerve with the monoclonal antibodies, 
HNK-1, L2 and anti-NSP-4, have led to the suggestion that, in vivo, type-2 
astrocytes may have longitudinal processes associated with nodes of Ranvier 
(ffrench-Constant & Raff, 1986). In vivo oligodendrocytes myelinate axons. It 
is thus thought that oligodendrocytes and type-2 astrocytes, which share a 
common lineage, may both be intimately associated with the axons.

33  RESULTS
33.1 Glutamate receptors in cerebellar type-2 astrocytes.

Astrocytes (type-2 and type-l-like) were identified on the basis of their 
morphology, and by labelling the cells with the antibody to GFAP. Figure 3.1 A
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Figure 3.1 Photomicrographs of cerebellar type-2 astrocytes.

A, photomicrograph of three cerebellar type-2 astrocytes seen under phase 
contrast optics. Note the phase bright cell bodies and the stellate 
morphology. B, a field of astrocytes labelled with the antibody to GFAP and 
visualized with indirect immunofluoresence with fluorescein-labelled 
immunoglobulin. Note the fine extensive processes of the type-2 astrocyte 
(centre of field). The flat cells in the micrograph are type-l-like 
astrocytes. Cells were isolated from a 7 day old rat pup and kept for 3 days 
in vitro. Calibration bar 25/un.
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is a photomicrograph of a group of three type-2 astrocytes under phase contrast 
optics. These cells usually occurred in groups and had a characteristic 
morphology in culture; their cell bodies were phase bright (~  15^m in diameter) 
and gave rise to many fine processes of up to lOO^m in length. Figure 3.IB 
shows a field containing one type-2 astrocyte (centre of the field) and several 
type-l-like astrocytes stained with the antibody to GFAP and viewed with 
fluorescence optics. To confirm the reliability of the morphological criteria 
for identification of type-2 astrocytes, cells were double labelled with 
antibody to GFAP and with LB1. In all cases cells identified morphologically 
as type-2 astrocytes were GFAP positive/LBl positive while those identified as 
type-1 astrocytes were GFAP positive/LBl negative.

Glutamate (30//M), quisqualate (3-100^M), AMPA (10-3(fy*M) and kainate (10- 
500/iM) each evoked large inward currents in type-2 astrocytes held at negative 
membrane potentials. Typical whole-cell currents evoked by these agonists in 
cells held at -60mV were in the range 40-80pA (glutamate, quisqualate 30/^M), 
40-100pA (AMPA 30/^M) and 200-400pA (kainate lOO^M). Figure 3.2A shows I/V  
plots for whole-cell responses to quisqualate (30/*M) and glutamate (30//M); 
both curves show rectification. All agonists produced similar reversal 
potentials; pooling data gave a mean value of 0.4 ± 0.5mV (mean±SEM, n = 25 
cells). Figure 3.2B,C shows examples of whole-cell currents produced by 30//M- 
glutamate and 30/rM-quisqualate applied to two different cells over a range of 
membrane potentials. The currents reversed near zero mV membrane potential and 
were accompanied by a clear noise increase.

The application of NMDA (30 and lOO/^M) in the presence of glycine (1/*M), 
which is known to potentiate the NMDA response in neurones (Johnson & Ascher, 
1987), failed to evoke whole-cell current changes in type-2 astrocytes at 
either negative or positive membrane potentials (n = 6 cells). These experiments 
were all carried out in nominally Mg^+ free solutions to eliminate the 
possibility of Mg^+ block of the channel, of the sort described for NMDA- 
channels in neurones (Nowak et al. 1984; Mayer, Westbrook & Guthrie, 1984). In 
neurones, NMDA responses can be potentiated by reducing proton concentration 
below normal physiological levels (Traynelis & Cull-Candy, 1990). However, 
when the pH of the extracellular medium was changed from 7.2 to 8.6, NMDA 
(30^M) still failed to produce any whole-cell current changes in type-2 
astrocytes (n = 5 cells). Similarly, type-2 astrocytes in explant cultures (i.e. 
prepared without the use of enzymes) did not respond to NMDA, confirming the 
previous observation (Usowicz et al. 1989) that the lack of sensitivity to 
NMDA was not due to the normal enzyme treatment used in the cell dissociation 
(see Allen, Brady, Swann, Hori & Carpenter, 1988; Akaike, Kaneda, Hori &
Krishtal, 1988). NMDA-receptors were present in granule cells both in the
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Figure 3.2 Whole-cell current-voltage plots in cerebellar type-astrocytes.

A, current-voltage relationship for whole-cell currents evoked by 30^M- 
glutamate (open circles) or 30//M-quisqualate (filled circles) in a type-2 
astrocyte. Currents reversed near zero mV holding potential and showed some 
outward rectification. B, whole-cell currents induced by 30^M glutamate in a 
type-2 astrocyte voltage-clamped at +40,0, -20, -40 and -80mV. C, Whole-cell 
currents evoked by 30/*M quisqualate in a type-2 astrocyte at V^s of +10, 0, -10 
and -60mV. Note the increase in noise during the application of glutamate and 
quisqualate. Calibration for B, 25pA and 10s; calibration for C, 50pA and 5s.
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enzyme treated and explant cultures.
The effect of GABA was also examined on type-2 astrocytes. Application of 

GABA to cells evoked whole-cell inward currents at holding potentials negative 
to -40mV. GABA evoked currents reversed direction between -30 and -40mV. The 
predicted reversal potential for a Cl" current recorded with the internal and 
external solutions used in this study is approximately -35mV (Bormann, Hamill & 
Sakmann, 1987). Therefore, the reversal potentials obtained in this study are 
consistent with the fact that GABA was opening channels in type-2 astrocytes 
that were permeable to Cl”. No further study of GABA responses of type-2 
astrocytes was made.

The effects of glutamate receptor agonists on optic nerve type-2 astrocytes 
were also investigated. Similar to cerebellar type-2 astrocytes these cells 
possessed non-NMDA receptors, activated by both kainate and AMPA and lacked 
NMDA receptor-channels (data not shown). Non-NMDA receptor mediated currents 
were accompanied by increases in current noise and reversed direction near zero 
mV holding potential. No further investigations of non-NMDA in these cells was 
made.

3 3 J2 Distribution of quisqualate and kainate receptors in type-2 astrocytes

There is indirect evidence to suggest that type-2 astrocytes may be one of 
the cells which send processes to the nodes of Ranvier in vivo (ffrench- 
Constant & Raff, 1986), raising the possibility that receptors in these cells 
may be activated by glutamate released from axons. It was therefore of 
interest to investigate whether type-2 astrocytes possessed glutamate receptors 
in their processes and at their extremities. From earlier work, it was clear 
that receptors were present in patches removed from the cell soma (Usowicz et 
al. 1989). In the present experiments the distribution of glutamate receptors 
in type-2 astrocytes was mapped with ionophoretic pipettes containing 
quisqualate or kainate. In some experiments kainate and quisqualate were 
applied from adjacent barrels of double-barrelled pipettes. The cells were 
continuously perfused with control solution to reduce the background level of 
agonist and the diffusion of ionophoretically applied drug to other regions of 
the cell. Application of these agonists (current pulses 20- 100ms; 50-100nA) 
evoked currents both in the cell soma (20-120pA; = -60mV, n = 22 cells) and in
the processes (10-80pA; n= 15 cells).

Figure 3.3A shows a drawing of the cell soma and one of the main processes 
of a type-2 astrocyte in which receptor distribution was mapped with a kainate 
filled micropipette positioned at various sites (labelled a-f). Responses to 
brief ionophoretic pulses of kainate could be obtained along the entire length
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of the process (positions b,c,e and /), as well as in the soma (position a).
As expected, the responses rapidly disappeared when the ionophoretic pipette 
was either moved laterally away from the process (position d ) or raised 5-10/nn 
above the process (not shown). This indicates that the responses in the 
processes did not result from diffusion of kainate onto the cell soma. No 
attempt was made to estimate the density of the receptors at the ends of the 
processes. However, the responses at positions e and f  are similar to those 
obtained in the soma. As these sites are electrically remote from the soma, 
and the surface area of the process which the ionophoretically applied kainate 
can reach is small, it seems likely that the receptor density in the processes 
is greater than in the cell body.

Figure 3.3B shows an example of a similar experiment in which the 
quisqualate sensitivity of a type-2 astrocyte has been mapped. In this 
experiment quisqualate responses could be obtained on the soma (position c) and 
at the tip of a main process (position d, about 60/mi from the soma). Again no 
current was recorded when the ionophoretic pipette was moved away to a region 
free of processes (position a). Current-voltage relationships were obtained 
for responses to ionophoretically applied quisqualate and kainate, both in the 
cell soma and in the extremities of processes (in 8 cells). In both situations 
the agonist evoked currents reversed direction near to zero mV, implying 
reasonable voltage control in the cell processes, at least for low frequency 
events. Figure 3.4 shows the result of a typical experiment. The whole-cell 
kainate currents illustrated in the figure were recorded from the same cell as 
in Fig. 3.3A, either at the soma (position a in the sketch) or at the extremity 
of a process (position e in the sketch). The currents were recorded at a 
variety of holding potentials between -80 and + 60mV. In addition, experiments 
with double barrelled ionophoretic micropipettes indicated that there was no 
clear differential distribution of quisqualate and kainate receptors within 
individual cells. Hence, areas of low or high sensitivity affected quisqualate 
and kainate responses to similar extents.
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Figure 33  Mapping the distribution of kainate and quisqualate receptors in
type-2 astrocytes.

A, drawing of part of a type-2 astrocyte examined under whole-cell clamp. 
Receptor distribution was mapped with a kainate-filled ionophoretic 
micropipette positioned near the cell soma (a), or along the length of the main

"To *' jaHr
process (at b, c, e and f). ^  ionophoretic application of kainate (pulse 
width 100ms, amplitude lOOnA) evoked responses on the cell soma and along the 
entire length of the process. Note the large response obtained at e\ the 
response at f (approximately 60/mi from the soma) was similar to the response at 
the tip of the process (not shown). No response was obtained at d, an area 
free of processes. V^= -60mV. drawing of part of a type-2 astrocyte mapped 
with a quisqualate-filled micropipette positioned near to the cell soma (c) and 
close to the tips of two processes (b,d). ionophoretic application of
quisqualate (pulse width 80ms, current amplitude lOOnA) evoked responses in all 
cell regions examined. The response was lost when the pipette was positioned 
away from the cell (a). V^= -60mV. Calibration for B, 25pA and 250ms and for 
D, 50pA and 250ms.
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Figure 3.4 Current-voltage plots for kainate-evoked currents at the soma and 
process of a type-2 astrocyte.

A, whole-cell current responses of a type-2 astrocyte to ionophoretic 
applications (lOOnA, 100ms) of kainate (lOOmM) applied to the soma (position a 
in sketch of cell illustrated in Fig.3.3A) and voltage-clamped at potentials 
between -80 and + 60mV. B, whole-cell kainate currents generated at a process 
(position e in the sketch in Fig. 3.3A) and recorded at potentials between -80 
and + 60mV. C, current-voltage plot for the whole-cell currents illustrated in 
A, B. Currents evoked at the soma or process each reverse direction near zero 
mV holding potential, implying reasonable voltage control of the cell (for low 
frequency events). Straight lines in the I/V  plot are linear regression fits 
of data points between -80 and ~0mV and between ~0mV and +60mV.
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3 3 3  Glutamate receptors in 0-2A  progenitor cells

If glutamate receptors are involved in neurone-glia interactions before the 
second postnatal week in the rat, which is the time when type-2 astrocytes 
first appear (Miller et a l 1985), then glutamate receptors might also be 
expected to occur in the precursor cell that gives rise to type-2 astrocytes.
This possibility was therefore investigated.

0-2A progenitor cells in culture had a bipolar or multipolar morphology and 
usually occurred in groups, probably because they continued to divide in the 
culture conditions used in the present study. Figure 3.5A,B shows a single 
field of cells in which 0-2A progenitor cells have been identified 
immunohistochemically. Cells were labelled with the antibody to GFAP (Fig. 
3.5A) and with the surface antibody LB1 (Fig. 3.5B), which binds to 0-2A 
progenitors and type-2 astrocytes (Levi et al. 1986); type-2 astrocytes were 
not present in culture conditions used. The 0-2A progenitor cells (arrowed) 
were identified as cells that were LB1 positive but lacked glial fibrillary 
acid protein. The remaining cells in the field (which are GFAP positive and 
LB1 negative) are type-l-like astrocytes. Although the morphology of 0-2A 
progenitor cells was similar to that of neurones the majority of bipolar or 
multipolar cells in cultures of progenitors were indeed LB1 positive.
Moreover, 0-2A progenitor cells occurred in groups and occasionally could be 
seen dividing.

In addition to studying the effects of glutamate agonists on cerebellar 
progenitor cells, the effects of such agonists were investigated on rat optic 
nerve 0-2A progenitors. Cultures made from rat optic nerve are particularly 
convenient for studying 0-2A progenitors since the optic nerve contains no 
neuronal cell bodies; this avoids any possible ambiguities in distinguishing 
between neurones and 0-2A progenitors. Furthermore, differentiation of glial 
cells isolated from the rat optic nerve has been widely studied (for a review 
see Raff, 1989), and it was of interest to know if the expression of glutamate 
receptors by 0-2A lineage cells was peculiar to the cerebellum.

Quisqualate or kainate applied to 0-2A progenitor cells from rat cerebellum 
(n= 12 cells) or optic nerve (n=8 cells) induced whole-cell currents in the 
range 20-30pA for quisqualate (30^M) and 20-50pA for kainate (30^M) ( =  - 
60mV). Figure 3.6A shows typical whole-cell current-voltage plots for 
responses to 30^M kainate in an optic nerve progenitor cell and to 30ywM 
quisqualate in a cerebellar 0-2A progenitor cell. Examples of whole-cell 
currents recorded over a range of potentials are shown in Fig. 3.6B (kainate, 
optic nerve progenitor) and C (quisqualate, cerebellar progenitor). As 
expected, the currents reversed near zero mV and were accompanied by a noise
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Figure 3.5 Photomicrographs of cerebellar Q-2A progenitor cells.

A, photomicrograph of cells isolated from a 1 day old rat cerebellum after 3 
days in vitro, labelled with antibody to GFAP, and reacted with fluorescein 
conjugated immunoglobulin. The labelled cells have a flattened epithelioid 
morphology and are type-l-like astrocytes. 0 -2A progenitor cells (arrowed), 
which are faintly visible are GFAP negative. Under the culture conditions used 
no type-2 astrocytes developed. B, same field of cells as in A, labelled with 
the antibody LB1 and reacted with rhodamine conjugated immunoglobulin. 0-2A 
progenitor cells are LB1 positive while type-l-like astrocytes remained 
unlabelled. Calibration bar 25^m.
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Figure 3.6 Responses of Q-2A progenitor cells to glutamate agonists.

A, current-voltage relationship for whole-cell currents evoked by 30/jM- 
kainate (filled circles) in an optic nerve 0-2A progenitor cell (same cell as 
in B) and by 30^M-quisqualate (open circles) in a cerebellar 0-2A progenitor 
cell (same cell as in C). B, whole-cell currents evoked by 30^M-kainate 
(applied between arrows) in an optic nerve 0-2A progenitor cell voltage-clamped 
at + 40, 0, -20 and -60mV. Currents reversed direction at about zero mV. Note 
the noise increase during kainate application. C, whole-cell currents evoked 
by 30//M-quisqualate in a cerebellar 0-2A progenitor cell voltage-clamped at 
+40, 0 and -60mV. Currents reversed direction near zero mV. D, whole-cell 
current recordings from a single cerebellar progenitor cell voltage clamped at 
-60mV and exposed to 30//M-NMDA or 30^M-kainate; NMDA failed to produce a 
response while kainate produced a large inward current and noise increase. 
Calibration 40pA and 10s.
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increase, indicating the opening of ion channels. Figure 3.6D shows whole-cell 
current recordings from a cerebellar progenitor cell exposed to 30^M-NMDA or 
30/^M-kainate. Kainate produced a large inward current (at -60mV) with 
accompanying noise increase, while NMDA produced no detectable response. The 
lack of response to NMDA (observed in 5 other 0-2A cells), resembled the 
situation in the type-2 astrocytes.

33.4 Oligodendrocytes lack responses to glutamate

Oligodendrocytes in cerebellar cultures also develop from the 0-2A 
progenitor cell (Levi et al. 1986; Levine & Stallcup, 1987). In these 
cultures, a majority of 0-2A progenitors differentiated into oligodendrocytes 
rather than type-2 astrocytes, when grown in low serum medium (as previously 
described by Raff et a l  1983b). However, to be certain that the cells were 
oligodendrocytes and not type-2 astrocytes it was essential to use markers to 
identify the oligodendrocytes immunohistologically. Figure 3.7 shows a 
photomicrograph of an oligodendrocyte identified with the antibody to 
galactocerebroside, which specifically labels oligodendrocytes (Gal-C, Raff et 
al. 1978). In such cultures oligodendrocytes tended to have larger cell bodies 
than the type-2 astrocytes, and possessed less extensive, but more intricate 
networks of radial processes.

Oligodendrocytes that were either cultured in low fetal calf serum (see 
above) or were present in cultures containing 10% fetal calf serum (which also 
contained type-l-like and type-2 astrocytes) produced no detectable response to 
glutamate, quisqualate or kainate (all at 30//M) (n=7 cells). Furthermore no 
evidence was found for a glutamate uptake current in these cells. Similarly, 
oligodendrocytes acutely isolated from rat optic nerve do not express glutamate 
receptor channels (Barres, Koroshetz, Swartz, Chun & Corey 1990).
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Figure 3.7 Photomicrograph of a cerebellar oligodendrocyte.

Photomicrograph of an oligodendrocyte labelled with antibody to the 
glycolipid, galactocerebroside, which is characteristic of oligodendrocytes.
Note the difference in process morphology between the oligodendrocyte and type- 
2 astrocytes (see Fig. 3.1). Oligodendrocytes possess intricate networks of 
radial processes whereas type-2 astrocytes possess long thin processes 
extending up to ~ 100/un in length. Calibration bar 25/«n.
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33.5 Type-l-like astrocytes possess glutamate uptake currents

Astrocytes antigenically and morphologically similar to type-1 astrocytes 
found in cultures of rat optic nerve (Raff et al. 1983a) can be identified in 
cultures of rat cerebellar cells . These cells develop from their own 
precursor cell and, in culture, have a flattened epithelioid, polygonal 
appearance and are phase dark. Type-l-like astrocytes were identified 
immunohistochemically by labelling with antibody to GFAP, and by the fact that 
the cells were negative for the surface antibody label LB1 (see Fig. 3.4A,B); a 
further distinctive characteristic of these cells was their large capacitance 
(>50pF) and low input resistance ( <200MQ). The presence of an uptake current 
to glutamate has been observed in type-l-like cerebellar astrocytes (Cull-Candy 
et al. 1988). However, the possibility that part of this current may originate 
from the activation of glutamate-receptors has not previously been examined.

During most of the present whole-cell recordings from type-l-like astrocytes 
the internal solution contained KC1 (see Chapter 2) rather than CsCl (unlike 
previous studies, see Cull-Candy et al. 1988), which was found to reduce the 
magnitude of the uptake current (data not shown). This may be expected if Cs + 
substitutes poorly for intracellular K + which has been shown to be involved in 
the glial uptake current in salamander glial cells (Barbour, Brew & Attwell,
1987; although see Schwartz & Tachibana, 1990). Application of glutamate 
(30^M) to cells at negative holding potentials evoked large inward currents 
(>500pA at -60mV, n = 8 cells). Furthermore, large clamp currents were required 
to hold the membrane potential away from the zero current potential of the 
cell. It was therefore necessary to select for smaller cells to avoid using 
large holding currents to clamp the potential of the cell.

Figure 3.8A shows typical records of whole-cell uptake currents to glutamate 
in a cell held at -70, -41 and +28mV (values corrected for pipette series 
resistance). The currents at -70mV were roughly five times larger than those 
obtained in type-2 astrocytes in response to a comparable concentration of 
glutamate. As expected for an electrogenic glutamate uptake current (Brew & 
Attwell, 1987), the responses in Fig. 3.8A are accompanied by little apparent 
noise increase and remain inward going at positive potentials (see also Cull- 
Candy et al. 1988). Figure 3.8B shows a current-voltage relationship for a 
type-l-like astrocyte in the presence of 30/*M glutamate. From the I/V  plot it 
is apparent that the currents remained inward going at potentials as positive 
as +80mV. However, as shown in Fig. 3.8C, quisqualate, kainate and NMDA (all 
at 30//M) each failed to evoke a detectable current change when applied to this 
same cell (observed in 7 other cells). It has previously been shown that these 
agonists are not taken up by the glutamate uptake carrier mechanism (see Balcar
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Figure 3.8 Electrogenic glutamate uptake currents in cerebellar type-l-like 
astrocytes.

A, whole-cell currents evoked by 3(ty/M-glutamate in a type-l-like astrocyte 
at holding potentials of -70, -41 and +28mV (membrane potentials corrected for 
series resistance). The largest currents are subject to clamp errors of 
approximately 4mV. Note the lack of noise increase during the application of 
glutamate. B, 1/V relationship for whole cell currents evoked by 30^/M- 
glutamate in a type-l-like astrocyte. The amplitude of the current decreased 
as the cell was held at more positive potentials, however the current was still 
inward at a holding potential of + 80mV. C, quisqualate, kainate and NMDA (at 
30/*M) each failed to evoke any current changes in a type-l-like astrocyte 
voltage clamped at -60mV. Calibration for A, 400pA and 10s and for C, 50pA and 
5s.
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Figure 3.9 Effect of external Li+ on glutamate-evoked currents in cerebellar
type-l-like and type-2 astrocytes.

A, 1/V relationship for whole-cell currents induced by 30^M-glutamate in a 
type-l-like astrocyte in N a+ containing external solution (open squares) and 
after the cell had been perfused with L i+ containing external solution for 10 
minutes (filled squares). Substitution of N a+ by Li+ reduces the uptake 
current although the current is still inwards at positive potentials.B,
examples of whole cell currents evoked by 30/*M-glutamate (-60mV same cell as

+ +A), in Na external (upper trace) and Li external (lower trace) bathing
solutions. Exchange of external N a+ by L i+ reduced the uptake current from
400pA to 80pA. Calibration 200pA and 5s. C, I/V  relationship for whole-cell
currents in a cerebellar type-2 astrocyte bathed in L i+ external. 30//M
glutamate (filled circles), kainate (open triangles) and quisqualate (open
circles), each evoked whole-cell currents which reversed at zero mV, indicating
that L i+ is able to pass through glutamate-receptor channels in these cells.
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& Johnston, 1972,1975; Brew & Attwell 1987). Therefore, no evidence was found 
for glutamate receptors in type-l-like astrocytes maintained in culture for 
less than 4 days, although these cells produced large uptake-currents to 
glutamate.

From neurochemical and electrophysiological studies it is known that several 
N a+ ions are co-transported with each glutamate molecule in the carrier 
mechanism in glial cells (Balcar & Johnston, 1972; Brew & Attwell, 1987; for a 
review see Erecinska, 1987) and it was therefore of interest to determine 
whether the uptake carrier in type-l-like astrocytes showed selectivity for the 
ion which it co-transported. In particular L i+ has previously been shown to be 
a poor substitute for N a+ in amino acid transport systems (Peterson & 
Raghupathy, 1974). As shown in Fig. 3.9A,B, when L i+ was substituted for 
external N a+ the glutamate uptake current was reduced by about 80% (n=4 cells). 
Figure 3.9A shows an I/V  plot for the glutamate uptake current in a cell bathed 
initially in external N a+ , and after the cell had been bathed for 10 min in 
Li+ external solution (zero N a+ ). Although the size of the current was reduced 
in Li+ medium, the I/V  relationship of the small residual current was 
apparently unchanged.

Li+ was, however, able to substitute well for N a+ and pass through 
glutamate-receptor channels in type-2 astrocytes. Figure 3.9C shows a whole
cell I/V  plot for a cerebellar type-2 astrocyte exposed to glutamate, 
quisqualate and kainate in L i+ external solution. Currents reversed at zero mV 
and the amplitudes of the whole-cell currents were similar to those recorded in 
the normal N a+ containing external solutions. Substitution of external Na + 
with L i+ therefore proved a convenient method of discriminating between uptake 
currents and receptor-mediated currents in astrocytes.

33.6 Do type-2 astrocytes possess an electrogenic glutamate uptake carrier?

Since type-l-like astrocytes can produce a large uptake current to 
glutamate, it was necessary for us to determine what fraction, if any, of the 
glutamate response in type-2 astrocytes may also have resulted from the 
activation of an electrogenic uptake. If the glutamate current in type-2 
astrocytes possesses a significant electrogenic component the whole-cell I/V  
relationship may be expected to reverse at potentials more positive than zero 
mV. To examine this possibility the size of the receptor-mediated current was 
reduced with CNQX to increase the likelihood of identifying any uptake 
component. As shown in Fig. 3.9A, B, CNQX (30//M), which is a non-NMDA 
antagonist in neurones (Honore et a l , 1988) and also inhibits quisqualate and 
kainate whole-cell currents in type-2 astrocytes (Cull-Candy et a l 1989),
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greatly reduced glutamate-evoked currents in type-2 astrocytes (Fig. 3.10A).
From the whole-cell current-voltage plot (Fig. 3.10B) the reversal potential 
for the residual glutamate-activated current remained near zero mV ( +4mV in the 
example shown) in the presence of CNQX, suggesting that there was little, if 
any, contribution from an uptake current. Furthermore, although the residual 
glutamate-current in the presence of CNQX shows a much reduced noise level at - 
60mV, it is clearly outward-going at +40mV (Fig. 3.10A).

In further support of the idea that type-2 astrocytes lacked a detectable 
electrogenic glutamate uptake carrier no DC shift was detected in the baseline 
current on a high recording gain when glutamate was applied to outside-out 
membrane patches removed from the soma of type-2 astrocytes. Figure 3.10D 
shows a typical example of such an experiment. Glutamate produced clear 
single-channel current openings exhibiting multiple conductance levels.
However, the baseline current level (dotted line) remained unchanged throughout 
glutamate application.

Aspartate is an effective substrate for the glutamate carrier in the CNS 
(Balcar & Johnston, 1972), but is unlikely to activate receptor-mediated 
currents in cells lacking NMDA-receptors. It was decided to examine the effect 
of L-aspartate (30//M) on type-2 astrocytes, on a high recording gain, As shown 
in Fig. 3.9C, 30//M aspartate failed to evoke a detectable whole-cell current 
change (n=6 cells) in type-2 astrocytes, while in type-l-like astrocytes in the 
same culture it gave large inward currents with no apparent noise increase 
(Fig. 3.10C, lower trace).

33.7 Glutamate responses in type-l-like astrocytes in longer term culture

Glutamate responses in astrocytes maintained in culture for at least 7 days 
were also examined. After this period of time type-2 astrocytes seem to 
withdraw their processes and adopt a more flattened appearance and type-l-like 
astrocytes have formed a confluent monolayer as a result of rapid cell 
division. It was thus no longer possible to distinguish, unambiguously, 
between type-l-like and type-2 astrocytes on morphological grounds.
Furthermore, since type-2 astrocytes only transiently express the LB1 antigen 
in culture (Lillien & Raff, 1990), by 7 days it was no longer possible to 
distinguish between type-l-like and type-2 astrocytes on the basis of antigenic 
phenotype. Nevertheless, it is likely that the rapidly dividing type-l-like 
astrocytes constitute the overwhelming proportion of cells in such cultures.

Data from such experiments indicated that the majority of cells in these 
cultures responded to glutamate, quisqualate and kainate, generating inward 
currents at negative holding potentials. Glutamate evoked currents in these
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Figure 3.10 Experiments to determine whether type-2 astrocytes have a 
detectable uptake current.

A, whole-cell current traces at +40 and -60mV. Glutamate, (30/zM) and CNQX, 
(30^M) applications are indicated by bar. Note the rapid block of the 
glutamate-current when CNQX and glutamate are present. The current at +40mV 
during the application of CNQX is still outward (rather than the inward current 
expected for glutamate-uptake) and in both traces currents in the presence of 
CNQX remain noisier than the baseline current. B, I/V  plot for whole-cell 
currents (same cell as A) activated by 30/*M glutamate (open circles) or 30/*M 
glutamate and 30//M CNQX (filled circles). CNQX inhibited glutamate currents by 
about 80% but did not completely block them. Both glutamate and glutamate + 
CNQX currents reversed direction near zero mV holding potential, indicating 
that the residual current in the presence of CNQX did not contain a large 
electrogenic uptake component. C, application of aspartate (30//M) to a type-2 
astrocyte (-60mV) did not produce any current changes, however perfusion of 
aspartate on to a type-l-like astrocyte on the same coverslip (-60mV) resulted 
in a large inward current with no accompanying noise increase, as expected if 
the aspartate current was generated by an electrogenic uptake carrier. D, 
current traces from an outside-out patch of membrane (-60mV) excised from the 
cell soma of a type-2 astrocyte. Application of glutamate (30juM) (at arrow) 
evoked single channel currents which displayed multiple-conductance levels, but 
there was no DC shift in the baseline current (indicated by the dotted line). 
Returning to the control solution (wash) resulted in a disappearance of the 
single channel events with no change in DC level. Calibration for A, 40pA and 
10s; C, 25pA and 5s; D, 3pA and 60ms.
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cells were only partly blocked by CNQX suggesting that much of the glutamate 
current is due to electrogenic uptake. However, kainate currents are inhibited 
by the non-NMDA antagonist, CNQX, and are likely to result from activation of 
receptor channels. Therefore, at this stage in culture, these cells possess an 
electrogenic uptake carrier and express glutamate receptors. Time limitations 
prevented further investigation of these agonist-evoked currents in type-l-like 
astrocytes.

3.4 DISCUSSION

From the experiments discussed in this chapter, it appears that glutamate 
receptors are present both in cerebellar type-2 astrocytes (Usowicz et al.
1989), and in the 0-2A progenitor cells (from cerebellum and optic nerve) that 
give rise to type-2 astrocytes, although they are absent from oligodendrocytes 
which are also derived from the same lineage (see also Cull-Candy et al.
1989). It therefore seems that these glutamate receptors cease to be expressed 
if the 0-2A progenitor differentiates into an oligodendrocyte rather than a 
type-2 astrocyte. Both type-2 astrocytes and 0-2A progenitor cells lacked 
NMDA-receptors and in this respect differed from the neurones (mainly granule 
cells) present in some of the cerebellar cultures. A lack of response to NMD A 
has also been described in rat cerebral astrocytes (Sontheimer et al., 1988). 
Interestingly, these experiments indicate that in type-l-like astrocytes (which 
do not derive from the 0-2A lineage) the glutamate response is generated solely 
by the activation of an electrogenic uptake mechanism in cells maintained in 
short term (< 4 day) cultures. Thus it appears that in central glial cells in 
short term culture the glutamate receptors are confined to 0-2A lineage cells 
as previously proposed from neurochemical studies (Gallo et al. 1989) and 
electrophysiological experiments (Cull-Candy et al. 1989).

In some hippocampal (Comell-Bell, Finkbeiner, Cooper & Smith, 1990) and 
cortical astrocytes (McNaughton, Lagnado, Socolovsky, Hunt & McNaughton, 1990) 
there is good evidence, from Ca^ + imaging experiments, that glutamate-receptors 
may be linked to a second messenger system; such receptors may resemble the so- 
called glutamate ’metabotropic’ receptor, which causes production of inositol- 
1,4,5-trisphosphate and diacylglycerol through activation of phospholipase C 
(Sugiyama, Ito & Hirono, 1987). This has been proposed following the

2 4 -

observations of oscillations in intracellular Ca in cultured hippocampal and 
cortical astrocytes exposed to glutamate, quisqualate and kainate. These 
oscillations may result from inositol phosphate production as the glutamate 
agonists produced an increase in inositol phospholipid breakdown in these 
cells. However, there are various reasons for assuming that the glutamate

85



responses that were observed, in type-2 astrocytes and in the 0-2A progenitors, 
were produced exclusively by the activation of ’fast’ ion channels. First, 
single channel currents evoked by glutamate, quisqualate and kainate were 
present in excised outside-out membrane patches (see also Usowicz et al. 1989) 
where most of the cytoplasmic components are expected to be lost. Responses 
linked to a second messenger system may be expected to undergo a gradual ’wash 
out’ during whole-cell recording. The responses in the present study were well 
maintained throughout the recording period (up to one hour). Furthermore, 
experiments were not successful that were designed to detect resolvable single
channel currents under the patch pipette in cell attached patches (not exposed 
to agonist) when the rest of the cell is exposed to either glutamate, 
quisqualate or trans-ACPD, a selective agonist for the quisqualate 
’metabotropic’ receptor (Desai & Conn, 1990).

Interestingly, inhibitory GABA-receptor channels are also present in type-2 
astrocytes as well as mammalian astrocytes from cerebral cortex (Backus, 
Kettenmann & Schachner, 1988), and retinal glial cells (Clark & Mobbs, 1992) as 
are a variety of other neurotransmitter receptors (reviewed by Murphy & Pearce,
1987). In several respects the responses of cerebral astrocytes to GABA 
parallel the glutamate responses observed in the present experiments. Thus, 
two types of GABA evoked whole-cell currents have been observed (Bormann & 
Kettenmann, 1988): at negative holding potentials GABA produces inward currents 
in both small round astrocytes and flat astrocytes. However, the currents 
recorded in the round astrocytes were accompanied by a noise increase whilst 
the currents in the flat cells showed no detectable increase in noise level.
Although the distinction between type-l-like and type-2 astrocytes was not 
made, by analogy with the experiments described here it seems possible that the 
two types of GABA response may have been due to the activation of GABA receptor 
operated channels in type-2 astrocytes (round cells) and the activation of an 
electrogenic GABA uptake mechanism in type-l-like astrocytes (flat cells) 
although this remains to be seen.

The functional significance of the glutamate receptors that occur in type-2 
astrocytes and 0-2A progenitor cells is unclear, although several interesting 
possibilities arise from the present and previous studies. Ultrastructure 
studies of CNS tissue have shown that astrocytic processes encircle nodes of 
Ranvier (Hildebrand, 1971) and there is indirect evidence that at least some of 
the these perinodal astrocyte processes may belong to type-2 astrocytes 
(ffrench-Constant & Raff, 1986). The ionophoretic mapping experiments indicate 
that glutamate receptors occur not only in the soma but also along the entire 
length of processes, including their extremities in type-2 astrocytes (eg.
Fig. 3.3). In vivo these astrocytic glutamate receptors would, therefore, be
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2 +well placed to detect any axonal release or ’leakage’ of glutamate. A Ca 
insensitive non-quantal ’leakage’ of transmitter --acetylcholine in 
vertebrates, and glutamate in invertebrates — is known to occur at motor nerve 
terminals (see Katz & Miledi, 1977; Vyskocil, Nikolsky & Edwards, 1983; Antonov 
& Magazanik, 1988). Glutamate leakage has also been shown to occur from axons 
in regions distant from sites of synaptic contact such as in the giant axon of 
the squid (Lieberman, Abbott & Hassan, 1989), where glutamate is thought to 
mediate axon to Schwann cell signalling, and also in the peripheral and central 
nerve trunks of vertebrates (Wheeler, Boyarski & Brooks, 1966; Weinreich & 
Hammerschlag, 1975) and invertebrates (Evans, 1974). This has led to the 
suggestion (Usowicz et al. 1989) that such receptors may be involved in 
neuronal glial signalling in white matter. If glutamate receptors are present 
in the processes of type-2 astrocytes in vivo, then activation of such 
receptors would result in ion movement across the glial cell membrane which may 
alter the concentrations of N a+ and K + at the node of Ranvier, and hence the 
electrical excitability of the axon in the nodal region. Indeed, in kainic 
acid Iesioned rat hippocampus, kainate caused K + efflux from astrocytes and it 
has been suggested that this could be responsible for the late slow potential 
recorded in some neurons (MacVicar, Baker & Crichton, 1988). Conversely it has 
also been proposed that neuronal activity can influence glial cell function.
In frog optic nerve the I/V  relationship of glial cell sodium currents is 
shifted in a hyperpolarizing direction during axonal stimulation (Marrero,
Astion, Coles & Orkand, 1989), possibly due to the axonal release of a 
mediator, or mediators, influencing the properties of the glial ion channels. 
However, the possibility that these changes in the electrical properties were 
caused by a change in the ionic environment around the glial cell could not be 
ruled out.

In addition to any neuronal-glial signalling interactions at the node of 
Ranvier, type-2 astrocytes may also play a role in the development and 
formation of the node. 0-2A progenitor cells are thought to migrate within the 
CNS (Small, Riddle & Noble, 1987). It is possible that the glutamate receptors 
may allow the migratory 0-2A progenitor cell to ’detect’ the axon and establish 
a contact which could be crucial in determining the site of node formation. It 
also seems feasible that activation of glutamate receptors in the astrocytes or 
progenitor cells, may act as a trigger for cell growth since activation of 
glutamate receptors in neurones may serve a trophic function resulting in 
greatly enhanced neurite outgrowth (Pearce, Cambray-Deakin & Burgoyne, 1987; 
Patterson, 1988; Balazs, Jorgenson & Hack, 1988). In this respect it would 
clearly be of interest to determine whether calcium influx occurs in the type-2 
astrocytes, either directly as a result of calcium-permeation of glutamate
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channels, or indirectly from the activation of voltage-gated calcium channels, 
two types of which are known to be present in type-2 astrocytes (Barres, Chun & 
Corey, 1988). The recent finding that non-NMDA glutamate analogues can also 
activate ion channels in acutely dissociated 0-2A progenitor cells (Barres et 
al. 1990) lends further support to the idea that such receptors may be of 
functional importance in vivo.

Unlike the glutamate currents in type-2 astrocytes or 0-2A progenitor cells, 
those recorded in type-l-like astrocytes (up to 4 days in vitro) resulted from 
the activation of an electrogenic glutamate uptake carrier. The evidence for 
this is threefold: application of glutamate produced large inward currents with 
no detectable noise increase, the currents did not reverse direction at 
potentials as positive as +80mV and these currents were not activated by the 
glutamate analogues, quisqualate, kainate or NMDA, which are not considered to 
be taken up by the high affinity glutamate uptake mechanism (Balcar & Johnston, 
1972,1975; Brew & Attwell, 1987). Glutamate (and aspartate) uptake in the CNS 
is known to be dependent on extracellular N a+ (Balcar & Johnston, 1972, for a 
review see Erecinska, 1987) and inhibited by extracellular Li+ (Peterson & 
Raghupathy, 1974), which has also been shown to inhibit the uptake of 
radiolabelled GABA into type-2 astrocytes (Gallo, Levi & Patrizio, 1990).
Thus, the finding that replacement of external N a+ with L i+ greatly reduced the 
glutamate evoked currents in type-l-like astrocytes is in agreement with the
idea that the glutamate currents were predominantly or solely caused by

+ + electrogenic uptake of glutamate. The inability of Li to substitute for Na
in the glutamate uptake carrier in type-l-like astrocytes suggests that the
carrier is selective for the cation it co-transports along with glutamate and
that the glutamate carrier present in type-l-like astrocytes may be somewhat
similar to that characterized in salamander retinal glial cells (Schwartz &
Tachibana, 1990). It has been proposed that electrogenic uptake carriers can
operate in the reverse direction in some cells, allowing Ca^ + -insensitive
release of neurotransmitter following depolarization (see Schwartz, 1987).
Release of GABA from type-2 astrocytes has been suggested to occur via the
activation of such a ’reverse uptake’ mechanism following depolarization of
cells by the glutamate agonists (Gallo et al. 1990). This suggestion for type-
2 astrocytes is based on the fact that replacement of external N a+ with Li +
will inhibit kainate and quisqualate induced release of preaccumulated H-GABA
(Gallo et al. 1990). Such results would be consistent with this suggestion
since L i+ permeates well through glutamate channels in type-2 astrocytes
causing sufficient glutamate induced depolarization of the cells to permit
’conventional’ transmitter release. Since it was found that Li+ inhibits
uptake currents in other astrocytes, it seems possible that ’reverse uptake’
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would be similarly inhibited. However, the presence of such a ’reversed’ 
uptake in astrocytes was not directly investigated.

In older cultures, (>7  days), where the majority of cells are type-l-like 
astrocytes, most cells responded to the non-NMDA agonists, kainate and 
quisqualate. The kainate-evoked currents were antagonized by CNQX suggesting 
that the agonist-induced current resulted from receptor activation. Therefore, 
it appears that type-l-like astrocytes maintained in longer term cultures 
express glutamate receptor channels.

Finally, how similar are astrocytic and neuronal glutamate receptors? This 
is of some importance since some studies of glutamate receptors expressed in 
oocytes, following injection of messenger (m) RNA have used whole brain message 
which will be derived from both neurones and glia. Furthermore, a recently 
cloned putative kainate receptor (Gregor et al., 1989) appears to be of glial 
(cerebellar Bergmann glia) rather than neuronal origin (Somogyi, Eshhar,
Teichberg & Roberts, 1990). Although molecular studies will be needed to 
determine similarities precisely, channel characteristics and pharmacology 
should give some clear insight into to this question at a functional level. In 
this respect the non-NMDA receptor channels found in type-2 astrocytes have 
marked similarities to those found in neurones in terms of their multiple 
conductance levels (Usowicz et al. 1989) and the fact that they are blocked by 
the non-NMDA antagonist, CNQX (Cull-Candy et al. 1989). The next chapter 
examines in more detail the pharmacology and single-channels properties of AMPA 
and kainate receptors in cerebellar type-2 astrocytes and compares them with 
known properties of non-NMDA receptors found in cerebellar granule neurones.
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4. Comparison of glutamate-receptor channels in cerebellar type-2 astrocytes 
and cerebellar granule neurones of the rat.

4.1 SUMMARY

1. Patch-clamp recording has been used to compare non-NMDA receptor channels 
in cerebellar type-2 astrocytes with the non-NMDA channels present in 
cerebellar granule neurones.

2. In type-2 astrocytes, whole-cell concentration response curves were 
constructed for the agonists glutamate, quisqualate, AMPA and kainate. These 
gave EC50 (concentration producing half-maximal effect) values of 5.8^M, 
(glutamate); 3.8^M, (quisqualate); 7.6^M, (AMPA) and 160^M, (kainate) and Hill 
slopes of 1.65, (glutamate); 1.18, (quisqualate); 1.64, (AMPA) and 1.65,
(kainate).

3. The actions of the non-NMDA receptor antagonists CNQX and diCl-HQC have 
been studied on kainate and AMPA evoked whole-cell currents in type-2 
astrocytes and granule cells. IC5Q (concentration that produced half maximal 
inhibition) values for the antagonism of kainate-evoked currents by CNQX were 
536nM (type-2 astrocytes) and 500nM (granule cells).

4. Kainate-evoked whole-cell currents in type-2 astrocytes were reduced by 
the simultaneous application of kainate with either quisqualate or AMPA.

5. Quisqualate and AMPA responses showed rapid desensitization in type-2 
astrocytes. Quisqualate desensitization could be reduced by prior treatment of 
cells with the lectin, concanavalin A.

6. Spectral analysis of agonist evoked whole-cell current noise in the 
astrocytes gave estimates of single-channel conductance of 11.9pS (glutamate),
18.9pS (quisqualate/AMPA) and 11.6pS (kainate) for ‘high conductance’ responses 
and 1.9pS (glutamate), 4.8pS (quisqualate/AMPA) and 1.7pS (kainate) for ‘low 
conductance’ responses.

7. Fluctuation analysis of kainate responses in outside-out membrane patches 
from astrocytes gave estimates of single-channel conductance for high 
conductance responses of 9.4pS and 1.4pS for low conductance responses. 
Single-channel currents were recorded in outside-out patches excised from the 
soma of type-2 astrocytes. Resolvable single-channel currents exhibited 
multiple-conductance levels ranging between about 10-50pS. A limited kinetic 
analysis of quisqualate/AMPA activated single-channels has also been made.

2 4-8. Ca permeability of non-NMDA receptors in type-2 astrocytes and granule
cells was investigated. Channels in both cell types showed only low

2 + 2 + +  permeabilities to Ca . The estimated permeability ratios for Ca to Cs
(the main internal cation) were 0.18 (type-2 astrocytes) and 0.07 (granule
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cells).
2 +9. The Ca permeability of NMDA receptors in granule cells was also

examined. This indicated that NMDA receptors in granule cells were permeable
2 +to Ca and that resolvable aspartate-activated NMDA single-channel currents

7 4-could be recorded in isotonic external Ca .

4 2  INTRODUCTION

As described in the previous chapter, recent experiments have indicated that 
’fast’ glutamate receptor channels are not only expressed by central neurones 
but also by glial cells isolated from both white and grey matter in the 
mammalian CNS. This chapter describes experiments in which the properties of 
AMPA and kainate receptors found in cerebellar type-2 astrocytes have been 
further investigated. Apart from the intrinsic interest of central glutamate 
receptors from a non-neuronal source, an understanding of their properties is 
likely to be useful when comparing the properties of astrocytic channels with 
those of recently sequenced non-NMDA receptor clones (Hollmann et al., 1989; 
Boulter et al., 1990; Keinanen et al., 1990). Indeed, one of the recently 
isolated putative kainate receptors appears to be of glial rather than neuronal 
origin (Gregor et al., 1990)

The properties of glutamate receptor channels in cerebellar type-2 have been 
compared with those in cerebellar granule cells. To answer the question of how 
similar astrocytic and neuronal glutamate receptors really are, one would need 
to compare amino acid sequences, subunit composition and stoichiometry of each 
receptor. However, a study of various biophysical and pharmacological 
properties of glutamate receptors from both astrocytes and neurones provides an 
approach to addressing this question at a functional level and has the 
advantage of allowing examination of the properties of the receptor-channels in 
their "native" cells, and therefore with their normal in situ receptor subunit 
stoichiometry (which is at present unknown).

43  RESULTS 

PART 1: PHARMACOLOGICAL PROPERTIES

43.1 Whole-cell dose response curves in cerebellar type-2 astrocytes.

All cells examined gave inward currents to glutamate, quisqualate, AMPA and 
kainate but failed to respond to NMDA or aspartate (in the presence of glycine, 
3^M). From the results described in the previous chapter these responses
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appear to be exclusively mediated by ’fast’ glutamate-receptors in type-2 
astrocytes under the present recording conditions. Figure 4.1 A shows typical 
whole-cell current recordings obtained from a cerebellar type-2 astrocyte 
(voltage-clamped at -60mV) in response to increasing concentrations (1-100^M) 
of quisqualate. Bath application of quisqualate was not sufficiently fast to 
allow resolution of the fast desensitizing component of the response (see 
below). Therefore equilibrium whole-cell dose-response curves were constructed 
for each glutamate receptor agonist, in order to compare astrocytic and 
neuronal dose-response data.

Concentration-response curves for each of the agonists were well fitted by 
the logistic equation. Figure 4.IB shows normalized whole-cell dose response 
curves to glutamate, quisqualate, AMPA (300nM-100^M) and kainate (10^M-3mM). 
Dose-response curves were obtained in a total of 41 type-2 astrocytes at 
holding potentials of between -50 and -80mV. As can be seen in Fig. 4.IB, 
glutamate, quisqualate and AMPA are approximately 30 times more potent than 
kainate in type-2 astrocytes. However, kainate always evoked considerably 
larger maximum whole-cell currents. Normalizing the whole-cell currents to the 
maximum response for each agonist (see Methods) gave EC5Q values of 5.8 ± 
0.23//M, for glutamate (n=5); 3.8 ± 0.32^M, for quisqualate (n = 8); 7.6 ± 0.27yuM, 
for AMPA (n = 18) and 160 ± 18.8^M, for kainate (n = 10). The Hill coefficients 
obtained the fitted curves were: 1.65 ± 0.18, for glutamate; 1.18 ± 0.14, for 
quisqualate; 1.64 ± 0.13, for AMPA and 1.65 ± 0.18, for kainate. The maximum 
currents recorded were 117 ± 15pA for glutamate (100^M); 101 ± 4pA for 
quisqualate (100^M); 139 ± llpA  for AMPA (100/^M) and 780 ± 58pA for kainate 
(3mM) (Fig. 4.1C). The EC50 values and Hill-slope coefficients obtained from 
type-2 astrocytes for each agonist are very similar to those previously 
described for rat cerebellar granule neurones (Traynelis & Cull-Candy, 1991), 
oocytes injected with messenger RNA (Verdoorn & Dingledine, 1989) and mouse 
hippocampal neurons (Patneau & Mayer, 1990) (see Discussion). The results are 
consistent with the idea that two agonist molecules bind to the receptor for 
the channel to open, and in this respect the non-NMDA glutamate receptors 
appear similar to the nicotinic acetylcholine receptor and GABAa receptor.

92



Figure 4.1 Whole-cell concentration response data recorded in type-2 
astrocytes.

A, whole-cell currents evoked by increasing concentrations of quisqualate 
(1-100^M) in a cerebellar type-2 astrocyte voltage-clamped at -60mV. Note the 
increase in current noise during the application of the agonist. B, normalized 
dose-response curves obtained from cerebellar type-2 astrocytes in response to 
quisqualate (open triangles, n=8), glutamate (filled circles, n=5), (S)-AMPA 
(open squares, n = 18), (each 300nM-100^M) and kainate (filled diamonds, n = 10) 
(10^M-lmM). Data are fitted to the logistic equation and SEMs are indicated 
when they are larger than symbol size. C, histograms show the mean maximal 
steady-state current for each of the four agonists. Maximum currents recorded 
were 117 ± 15pA for glutamate (IOO/jM); 101 ± 4pA for quisqualate (100//M); 139 ± 
llpA  for AMPA (lOO^M) and 780 ± 58pA for kainate (ImM).
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43.2 Inhibition of kainate currents by quisqualate and AMPA.

A  characteristic property of non-NMDA receptors in neurones is the ability 
of quisqualate to apparently ’antagonise’ the kainate response (Ishida & Neyton 
1985; O’Brien & Fischbach, 1986). Although the precise underlying mechanism is 
uncertain it clearly implies that quisqualate/AMPA ‘interacts’ with the kainate 
binding site. It was therefore of interest to find out whether astrocytic 
glutamate receptors also demonstrated this interaction. Figure 4.2A shows an 
example of a typical experiment in which the application of 100/jM kainate to a 
type-2 astrocyte voltage-clamped at -60mV (lower trace) produced a large non
desensitizing inward current (approximately 500pA). The addition of 30/iM 
quisqualate produced a fast transient increase in the inward current, followed 
by a marked reduction which was maintained in the presence of quisqualate and 
rapidly reversed when quisqualate was removed. Fig. 4.2A (upper trace) shows a 
similar ’interaction’ when the cell was held at +50mV indicating that the 
effect was unlikely to be due to a voltage-dependent block of the channel by 
quisqualate. This was confirmed from the steady-state current-voltage 
relationship for the current evoked by kainate and quisqualate applied together 
and alone (Fig. 4.2B). The steady-state current recorded during the 
application of both kainate (100,uM) and quisqualate (30//M) was greater than 
that recorded in the presence of quisqualate (30^M) alone, but again less than 
the kainate (100/^M) current. Although the current evoked by kainate and 
quisqualate together was reduced there was no indication of any additional 
voltage-dependent block at negative potentials. During the simultaneous 
application of kainate and quisqualate the noise level of the current trace 
increased compared with that in the presence of kainate alone.

In addition to the interaction between quisqualate and kainate responses in 
type-2 astrocytes, we have also examined the interaction between AMPA and 
kainate. Pooled data from these two sets of experiments are illustrated in the 
histograms in Fig. 4.3, which shows the kainate response alone, the quisqualate 
(or AMPA) responses alone, and the combined response. Fig. 4.3A shows the 
influence of increasing concentrations of quisqualate on the response to lOO^M 
kainate (n=5-8 cells at each concentration). The amplitude of the current 
obtained with lOO^M kainate was taken as the control (100%), and the steady- 
state currents recorded during simultaneous perfusion of the two agonists 
expressed as a percentage of this current. Thus, the currents evoked by 100/iM 
kainate were reduced by 10.3 ± 3.8%, (1//M quisqualate); 27.4 ± 3.8%, (3^M 
quisqualate); 42.6 ± 4.5%, (10^M quisqualate) and 55.3 ± 7.4%, (30^M 
quisqualate). Similarly, the effect of simultaneous perfusion of AMPA with 
100//M kainate is shown in Fig. 4.3B (n=4-5 cells). Again the AMPA evoked
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Figure 4.2 Experiments showing the inhibition of whole-cell kainate
currents by quisqualate.

A, application of 100//M kainate evoked a whole-cell of approximately 500pA 
in a cerebellar type-2 astrocyte voltage clamped at -60mV (lower trace).
Addition of 30/*M quisqualate produced a transient increase in the inward 
current (of 80pA) followed by a reduction of 290pA. The reduction in the 
inward current was sustained as long as the quisqualate was present. During 
the simultaneous perfusion of the two agonists there was an increase in the 
noise level of the current recorded compared with that during the kainate 
current alone. The effect of quisqualate was rapidly reversed when the 
perfusion was returned to kainate alone. The upper trace shows a similar 
effect of quisqualate on a kainate evoked outward currents recorded in the same 
cell voltage-clamped at +50mV. B, current-voltage relationship (from same cell 
as in A) for whole-cell steady-state currents evoked by lOÔ uM kainate (filled 
circles), 30//M quisqualate (filled squares) and the simultaneous perfusion of 
lOO/^M kainate and 30//M quisqualate (filled triangles).
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Figure 43  Histograms showing the effect of quisqualate and AMPA on kainate 
currents.

Histograms showing the effect of increasing concentrations of quisqualate 
(A, n = 5-8 cells), and (S)-AMPA (B, n=4-5 cells), on whole-cell currents evoked 
by 100/^M kainate in cerebellar type-2 astrocytes. In both panels responses are 
normalized to the 100//M kainate evoked currents (cross-hatched bars). The 
whole-cell current evoked by quisqualate (1-30//M) or (S)-AMPA (10-60//M) is 
indicated by the open bars and the current evoked by the simultaneous perfusion 
of lOO^M kainate and quisqualate (or (S)-AMPA) is indicated by the left- 
diagonal bars.
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whole-cell currents are plotted as a percentage of the kainate response. As is 
apparent from the data, higher concentrations of AMPA were needed before 
kainate currents were reduced by the simultaneous perfusion of this agonist.
Thus, the addition of 10//M AMPA increased the current recorded (mean +23.8 ± 
3.6%) while the addition of 60/uM AMPA reduced the kainate current by only 28.3 
± 3.6%.

An increase in the size of the inward current could also be obtained with 
the combined application of kainate and quisqualate if low concentrations of 
kainate were applied to the type-2 astrocytes. Thus, the current obtained in 
response to 30^M kainate was increased to 145.5 ± 7.4% of control (30/zM 
kainate), when 10/*M quisqualate was applied simultaneously (n = 8 cells).
However, even in this situation the current amplitude did not result simply 
from the combined response of the individual currents evoked by the two 
agonists alone, since the total current would have been 186.6 ± 11.8% that of 
the kainate current alone. In other words, the net current recorded in the 
presence of the two agonists was only about 75% of that predicted from the sum 
of the individual agonist evoked currents. The mechanism by which quisqualate 
inhibits the kainate responses in astrocytes was not examined in detail.
Nevertheless, the presence of this interaction in these cells further supports 
the idea that glutamate receptors in astrocytes show similarities in their 
pharmacological properties to those found in neurones.

4 3 3  Antagonism of kainate and AM PA currents in cerebellar type-2 astrocytes 
and cerebellar granule cells by CNQX and diCl-HQC.

It was of interested to determine whether CNQX, which acts as a competitive 
antagonist of non-NMDA receptor mediated responses in neurones (Honore et al.,
1988), also inhibited kainate, quisqualate and AMPA responses in type-2 
astrocytes. The whole-cell current responses (at either positive or negative 
holding potentials) to these agonists was rapidly and reversibly antagonized by 
low concentrations of CNQX. Figure 4.4A shows whole-cell currents evoked by 
10/^M AMPA (in a cell held at +40 and -60mV). The application of 10^M CNQX 
rapidly and reversibly antagonized the AMPA current; the effect appeared to be 
voltage independent.

Since kainate responses do not appreciably desensitize it was possible to 
construct accurate inhibition curves and calculate the concentration at which 
antagonists produce 50% inhibition of the response to lOO^M kainate (IC5Q), in 
order to compare quantitatively their action on astrocytic and neuronal kainate 
receptors. Fig. 4.4B shows the effect of increasing concentrations of CNQX 
(lOOnM-6/^M) on a lOO^M kainate response, which produced a stepwise decrease in
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Figure 4.4 Inhibition of AMPA and kainate whole-cell currents by CNQX.

A, whole-cell current traces recorded from a type-2 astrocyte voltage- 
clamped at +40 (upper trace) and -60mV (lower trace). Applications of (S)-AMPA 
(10/^M) and CNQX (10^M) are indicated by the horizontal bars. The (S)-AMPA 
evoked current was not completely blocked by CNQX (10^M). B, whole-cell 
current trace recorded from a type-2 astrocyte held at -60mV. A steady 
concentration of 100/^M kainate (start of application indicated by the arrow) 
evoked a large inward current; 100/iM kainate was present in the bath for the 
remainder of the record. Arrow heads indicate the addition of increasing 
concentrations of CNQX (lOOnM, 300nM, 1//M, 3//M and 6/iM) which resulted in a 
stepwise decrease in the size of the kainate evoked inward current.
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the whole-cell current. This is qualitatively similar to the effect of CNQX on 
neuronal kainate responses. Fig. 4.5A,B are composite inhibition curves for 
the effect of the selective non-NMDA receptor antagonists CNQX and diCl-HQC, on 
whole-cell responses to lOO/^M kainate recorded from cerebellar type-2 
astrocytes (n = 12, Fig. 4.5A) and granule neurones (n = 12, Fig. 4.5B). DiCl-HQC 
has been reported to be a more selective kainate receptor antagonist than CNQX 
(Frey, Berney, Herrling, Werner & Urwyler, 1988). The IC5Q values for the 
antagonism by CNQX of kainate responses in type-2 astrocytes and granule cells 
obtained from a number of cells (Fig. 4.5A, B), were 536nM and 500nM 
respectively. These values were not significantly different (P > 0.5).
Furthermore, the IC5Q values for diCl-HQC obtained from the inhibition curves 
in Fig. 4.5, were also similar for kainate receptors in the two cell types;
3.5/^M in type-2 astrocytes (n = l l )  and 3.7/aM in granule neurones (n = 9).

The effect of CNQX and diClHQC on AMPA evoked whole-cell currents was also 
examined in cerebellar type-2 astrocytes (n = 6) and granule cells (n = 6). As is 
apparent from the inhibition curves in Fig. 4.6A, B the IC5() values obtained 
with CNQX were similar in the two cell types: 633nM in type-2 astrocytes and 
600nM in granule cells. These values were not significantly different (P >
0.5). DiCl-HQC was a much weaker antagonist of AMPA evoked responses in type-2 
astrocytes and granule cells. Indeed complete block of lO^M AMPA responses 
could not be achieved with concentrations of diCl-HQC as high as 30^M: the AMPA 
response was reduced by only 35.0 ± 4.7% in type-2 astrocytes (n = 5 cells), and 
by 33.8 ± 2.5% was in granule cells (n = 5) (Fig. 4.6C)

To compare the interaction of CNQX with astrocytic and neuronal kainate 
receptors in a more quantitative fashion, Schild analysis was performed to give 
the dissociation constant (Kg) of CNQX for kainate receptors expressed in 
type-2 astrocytes and granule cells. Such analysis also allowed the 
verification of the fact that the antagonist was acting competitively at the 
kainate receptor in both cell types. Figure 4.7A illustrates the effect of 
increasing CNQX concentrations on four, two-point kainate dose-response curves 
obtained from a single type-2 astrocyte. Kainate concentrations were chosen 
which fell on the linear portion of the dose response curve. Hence, increasing 
the CNQX concentration produced parallel shifts of the kainate dose-response 
curves to the right. From the data of the sort illustrated in Fig. 4.7A, the 
value of the ’dose-ratio’ was estimated, i.e. the ratio of kainate 
concentrations that give identical inward currents in the absence and presence 
of CNQX. Pooling data from five cells gave dose ratios for kainate of 1.6 ±
0.08 (300nM CNQX), 3.1 ± 0.2 (1//M CNQX), 5.9 ± 0.4 (3//M CNQX) and 18.7 ± 1.9 
(10^M CNQX). Since the slope of the fitted line was constpineji tojh^equal to
1, the absyssal intercept of the plot of log (dose-ratio - 1) verSus^NQX
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Figure 4.5 Inhibition of kainate responses by CNQX and diCl-HQC in type-2 
astrocytes and granule cells.

Inhibition curves showing the effect of CNQX (filled circles) and diCl-HQC 
(open circles) on whole-cell currents evoked by 100,aM kainate. A, in 
cerebellar type-2 astrocytes and B, in cerebellar granule neurones. Data 
points represent the mean percentage (and SEM) of control responses (lOO^M 
kainate) remaining in the presence of increasing concentrations of antagonist.
The continuous lines represent the fit of the pooled data (n=9-12 cells) to the 
equation, {(maximum - minimum)/(l + ([antagonist]/IC5Q))} + minimum. The 
dotted lines indicate the IC5Q concentrations for each antagonist and were for 
type-2 astrocytes 536nM (CNQX) and 3.4//M (diCl-HQC), and for granule cells were 
500nM (CNQX) and 3.7^M (diCl-HQC). The IC5Q values for CNQX and diCl-HQC 
obtained from type-2 astrocytes and granule cells were not significantly 
different.
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Figure 4.6 Effect of CNQX and DiCl-HQC on AMPA whole-cell current responses
in cerebellar type-2 astrocytes and granule cells.

Inhibition curve for effect of CNQX on steady-state 10//M AMPA evoked 
currents A, in type-2 astrocytes and B, in granule cells. Data points are 
means ( ± SEM, shown when larger than symbol size) of six such experiments and 
show the percentage of the control current remaining at a given antagonist 
concentration. Calculated IC5Q values (indicated by dotted lines) were 633nM 
(type-2 astrocytes) and 600nM (granule cells). C, the effect of increasing 
DiCl-HQC concentrations on lOyuM AMPA responses in type-2 astrocytes (filled 
circles) or granule cells (open circles). Data points are means of five 
experiments and indicate that even at concentrations of 30^M less than 40% of 
the agonist evoked currents could be blocked.
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Figure 4.7 Schild analysis of antagonism of kainate responses by CNQX in
type-2 astrocytes and granule cells.

Schild analysis to calculate the KR of CNQX at the kainate receptor in 
cerebellar type-2 astrocytes and granule neurones. A, four, two-point kainate 
dose response curves recorded from a cerebellar type-2 astrocyte in the absence 
of CNQX (open circles) and presence of 300nM (filled circles), 1/iM (open 
triangles) and 3^M (filled triangles) CNQX. In the presence of the antagonist 
the kainate dose-response curves are shifted to the right but are still 
parallel to each other. B, Schild plot to calculate the Kg of CNQX at the 
kainate receptor in cerebellar type-2 astrocytes. Pooled data was obtained 
from five experiments similar to the one illustrated in A. The fitted line has 
a gradient constrained to be equal to 1 (see Chapter 2) and gives a Kg for 
CNQX of 524nM. C, Schild plot to calculate the Kg for CNQX at the kainate 
receptor in cerebellar granule neurones. Fitted line has an absyssal intercept 
which gives an estimate Kg of 489nM (n=5 cells).
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concentration (Fig. 4.7B) gave the pKg (see Jenkinson, 1991). The pKg for 
CNQX on kainate receptors obtained from this analysis was 6.28 (hence, KB = 
524nM). Similar experiments carried out on granule cells gave dose ratios for 
kainate of 1.7 ± 0.1 (300nM CNQX), 3.1 ± 0.2 (l f iM CNQX), 6.6 ± 0.4 (3//M CNQX) 
and 23.9 ± 0.2 (10^M CNQX). The Schild plot from this analysis is shown in 
Fig. 4.7C; the pKB value is 6.31 corresponding to a KB of 489nM which is not 
significantly different from the Kg for CNQX on kainate receptors in 
astrocytes.

43.4 Desensitization of quisqualate and AM PA evoked whole-cell currents in 
cerebellar type-2 astrocytes.

It is well documented that AMPA mediated responses in neurones undergo 
dramatic desensitization (see for example, Trussed et al., 1988; Mayer &
Vyklicky, 1989b) while responses evoked by kainate show little or no apparent 
desensitization (although see Huettner, 1990 for an example of a desensitizing 
kainate response). The desensitization of quisqualate/AMPA mediated responses 
in type-2 astrocytes was therefore investigated.

In order to record "peak" currents relatively fast perfusion of the cell was 
necessary. Figure 4.8A shows the average current trace from one of the 
experiments aimed at determining the 10-90% risetime of the junction potential 
change occurring at the open tip of a patch electrode (mean of 29 junction 
potential jumps) using the perfusion system developed for the study of 
desensitization of whole-cell quisqualate responses (see Chapter 2). The patch 
pipette solution and bath solution both contained 150mM NaCl, while the 
solution applied rapidly to the tip of the patch electrode contained 30mM NaCl 
and 270mM. The 10-90% rise time for this current trace was 705/zs (mean of 4 
experiments was 942 ± 93^s). Figure 4.8B shows three superimposed whole-cell 
current traces recorded from a single type-2 astrocyte (voltage-clamped at - 
60mV), in response to rapid application of kainate (100^M), quisqualate (30/*M) 
or AMPA (30//M). Both the quisqualate and AMPA responses exhibit 
desensitization, whereas the kainate response was characterized by a non
desensitizing whole-cell current. Current-voltage plots (Fig. 4.8C) for peak 
and steady-state responses to quisqualate, AMPA and the kainate-evoked currents 
in type-2 astrocytes indicated that, as expected, both peak and steady-state 
currents reversed direction near zero mV holding potential.
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Figure 4.8 Desensitization of quisqualate and AMPA mediated responses in 
type-2 astrocytes.

A, average current trace from an experiment to determine the junction 
potential risetime. Upper trace shows a stepwise decrease in NaCl 
concentration (from 150mM to 30mM). The lower trace (current trace) is the 
average of 29 junction potential jumps. Current trace filtered at 2.5kHz, - 
3dB, digitized at 10kHz, 10-90% risetime is 705^s. B, whole-cell current 
responses to kainate, quisqualate and AMPA (each 30//M) recorded in a single 
type-2 astrocyte voltage-clamped at -60mV. Both the quisqualate and AMPA 
responses show desensitization while the kainate trace exhibits no 
desensitization. C, current-voltage traces for peak (triangles) and steady- 
state (circles) quisqualate (lOO^M) currents recorded in a type-2 astrocyte. 
Notice that the steady-state current shows more marked outward rectification 
than does the peak current. The values for Gpk+gQ/G pk gQ and Gss+gQ/Gss gQ 
recorded in this cells were 1.38 and 2.96 respectively. Calibration for A,
20pA and 1ms, and B, lOOpA and 200ms
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The ratio of the chord conductances for peak and steady-state quisqualate
(100//M) evoked whole-cell currents at + 80mV and -80mV (G +gQ/G  ) was
calculated. This ratio is a measure of the voltage dependence of the
quisqualate currents (Fig. 4.8C). Thus, a ratio G +8Q/G  8Q less than 1
indicates inward rectification whereas a ratio for G aJ G Q_ greater than 1+80 - 8 0 ®

indicates outward rectification. It was found that the ratio for the peak 
conductances, Gpk /Gpk was 1.67 ± 0.27 (n = 3 cells) and for steady state+ o(J "OlJ
conductances, Gss+8Q/Gss 8Q was 3.36 ± 0.35. Such differences between the 
ratios Gpk+8Q/G pk and Gss+8Q/Gss gQ have been observed for glutamate 
evoked currents in kidney cells transfected with different combinations of 
cloned receptor subunits (Verdoorn et al., 1991). This type of result has been 
taken to indicate that the peak current is mediated by a channel conformation 
that differs from that carrying the steady-state current.

The falling phase of the desensitizing current was generally well fitted by 
a single exponential component. The time constant of decay of such exponential 
functions decreased with increasing quisqualate concentrations (as expected,
Katz & Thesleff, 1957); *decay = 45.2 ± 5.8ms (quisqualate 10/iM, n=4 cells,
Vh = -60mV), and *decay = 22.8 ± 1.8ms for current mediated by 100/iM 
quisqualate (n=4 cells, Vh = -60mV). The rapid kinetics of non-NMDA receptor 
desensitization make the value of the peak current recorded extremely sensitive 
to the speed of agonist application and good perfusion of the entire cell.
Thus despite the reasonably fast agonist applications that could be achieved 
with the perfusion system used (10-90% rise times for these currents were 10.3 
± 1.0ms, n=4 cells, 100^M quisqualate) the limited resolution of this recording 
technique makes it unlikely that the true peak current was actually recorded.

The concentration dependence of desensitization of quisqualate currents is 
shown in Fig. 4.9 which depicts whole-cell currents evoked by increasing 
concentrations of quisqualate (3-100/jM), in a single type-2 astrocyte. As can 
be seen increasing the concentration of quisqualate decreased the value of the
steady-state to peak current ratio (/ / /  ,)  (Fig. 4.9B). Pooling datass pcsk
gave values for I / I  of 0.60 ± 0.05, (3/*M quisqualate); 0.28 ± 0.04, ss peak
(10^M); 0.17 ± 0.02, (30^M) and 0.09 ± 0.02, (100/iM) (n=4 cells). The 
concentration of quisqualate at which there was 50% desensitization (EC5Q) was 
calculated to be 4.3^M.

Concanavalin A (Con A) has been shown to reduce the desensitization of 
quisqualate/AMPA mediated responses in various types of central neurones (Mayer 
& Vyklicky, 1989b; O’Dell & Christensen, 1989; Huettner, 1990). The effect of 
this lectin was also tested on quisqualate mediated currents in type-2 
astrocytes; time did not permit studies of Con A action on AMPA, glutamate or 
kainate mediated responses in type-2 astrocytes, or of its effect on non-NMDA
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Figure 4.9 Dependence of desensitization on quisqualate concentration.

A, current traces of whole-cell currents evoked by 3,10,30 and 100,mM 
quisqualate in a cerebellar type-2 astrocyte. The values of 
obtained in these current traces were, 0.55, 0.26,0.15 and 0.10, for 3,10,30 
and 100/*M quisqualate respectively. B, Dose response curve for the 
desensitization of quisqualate whole-cell currents. The ratio of the steady- 
state current response to the peak current (ordinate axis) is plotted against 
quisqualate concentration. Pooled data from four cells was fitted to the 
equation,/ / /  , = {(max- m in)/(l + ([quisqualate]/EC50))} + min, andSS pCdK
gave an EC5Q for desensitization of quisqualate currents of 4.3/uM (indicated 
by the dotted line). Calibration 75pA and 300ms.
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Figure 4.10 Effect of concanavalin A on quisqualate mediated whole-cell
currents in type-2 astrocytes.

A, whole-cell current response to 100/iM quisqualate in a cerebellar type-2
astrocytes. The four superimposed current traces show typical responses from a
type-2 astrocyte before the application of Con A and 3,7, and 10 minutes after
the cell had been exposed to the lectin. Ratios for 7^ . / I  . for ther CoaA control
whole-cell current traces illustrated are 2.52, (3 minutes); 3.08, (7 minutes); 
and 3.11, (10 minutes). B, data from four cells, (individual experiments 
represented by different symbols: inverted triangles, triangles, circles and 
squares) showing the dependence of the ratio of ^ConA/^controi versus 
incubation time with Con A. Data from each of the four experiments were well 
described by a single exponential function of the form, y = a[l - exp(-x/t)]
+1, where a is the estimate of the potentiation of the steady-state whole-cell 
current and r is the time constant of the exponential. Curves show the 
individual exponential fits of the data points from each of the experiments. 
Individual time constants are, 194s, (inverted triangles); 149s, (squares);
177s, (triangles) and 154s, (circles). Inset in B, is the exponential fit of 
all data points; r = 188s. Calibration for A, 20pA and 100ms.
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receptor mediated responses in cerebellar granule cells. Since the effect of 
Con A is irreversible it could only be tested on one cell per coverslip. 
Figure.4.10A shows typical current traces illustrating the effect of Con A 
(0.55mg/ml; ~5^M  of tetramer species) on whole-cell quisqualate (lOO^uM) 
responses recorded in a type-2 astrocyte. From the trace shown in Fig. 4.10A, 
it is apparent that the application of Con A resulted in a potentiation of the 
steady-state whole-cell current recorded with little effect on the peak 
current. Although Con A markedly potentiated the amplitude of the steady-state 
response, in none of the cells examined did this lectin completely abolish 
desensitization.

The time-course of the action of Con A was investigated by measuring the 
amplitude of the steady-state current at various times after Con A application 
(^ConA)> comPared with control steady-state whole-cell current amplitudes

(/con^oi)’ rat^° ^ConA^control was ca ĉu âte^- comparing only the 
steady-state values of the quisqualate mediated current before and after
application of Con A this type of analysis avoids possible mis-interpretation
of the data that could arise from comparing I / I  , before and after Con Ar °  ss peak
treatment if, for example, the amplitude of the peak current varied during the 
test applications of agonist. As illustrated in Fig. 4.10B (results from 4 
astrocytes) the onset of Con A action was relatively slow. Data from 
individual experiments were well fitted with a single exponential component 
(dashed and dotted lines in Fig. 4.10B). Pooling data from the four cells gave 
a mean time constant for the onset of Con A action of 168 ± 20s. The inset in 
Fig. 4.1 OB shows the data points fitted with a single exponential function; the 
time constant is 188s. The effect of agonist or of Con A concentration on the 
time constant of the onset of Con A action was not examined, nor was the effect 
of Con A on the t . of the quisqualate mediated responses.decay r

PART 2: BIOPHYSICAL PROPERTIES

43.5 Noise analysis of agonist evoked currents in type-2 astrocytes.

Spectral analysis of the whole-cell current noise evoked by glutamate, 
quisqualate, AMPA (each 10-30^M), and kainate (10-100^M) was performed to 
obtain information about the glutamate receptor-channel characteristics in 
type-2 astrocytes. It was apparent from examination of the data that the 
estimates of single-channel conductance from the spectra gave two types of 
conductance estimate. Thus, spectra gave high and low conductance values for 
each of the four agonists, and therefore the conductance estimates for such 
high and low conductance noise spectra have been presented separately (the
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Figure 4.11 Non-NMDA receptor agonist whole-cell current noise in type-2
astrocytes.

Control and agonist evoked noise recorded in A, high conductance cells and 
B, low conductance cells; in both sets of records responses are shown with 
glutamate (10/^M, top traces), AMPA (15^M, middle traces) and kainate (10//M,
bottom traces). The table below gives the values for the holding potential,

2 2(Vm), control baseline variance, (Con o , pA ), agonist evoked current 
variance, (Agonist a2, pA2), the overall variance, (Net a2, pA2), the mean 
current induced by the agonist, (Mean I, pA), the ratio of net variance to mean 
current, an estimate of the single-channel current amplitude, (a  /I, pA) and 
the estimated single-channel conductance assuming a reversal potential of zero 
mV, (s-c cond., pS). Note that even though the mean glutamate-evoked whole
cell current in the low conductance response is only about half that of the 
glutamate high conductance response this difference does not account for the 
difference in the variance recorded for the two types of response.

Hieh cond. Vm Con a2 Aeonist o2 Net a2 Mean I a2/1 s-c cond
GLUT -60 3.05 37.5 34.4 56.0 0.615 10.3pS
AMPA -60 2.11 51.4 49.3 45.9 1.07 17.9pS
KA1N -70 1.97 14.7 12.7 20.4 0.624 8.9pS

Low cond.
GLUT -70 2.14 4.79 2.6 24.9 0.106 1.5pS
AMPA -70 2.37 17.7 15.3 54.3 0.282 4.0pS
KA1N -70 1.29 4.72 3.4 22.9 0.150 2.1pS

119



HIGH CONDUCTANCE RESPONSES 

con tro l n o ise

g lu ta m a te  n o ise

con tro l n o ise

AMPA n o ise

con tro l n o ise  

k a in ate  n o ise

15pA

7 5 m s

120



B LOW CONDUCTANCE RESPONSES

con tro l n o ise  

g lu tam ate  n o ise

con tro l n o ise

Vf

AMPA n o ise

con tro l n o ise  

k a in ate  n o ise

15pA

7 5 m s

121



evidence for high and low conductance type responses is discussed in more 
detail in Chapter 5).

Figure 4.11 shows current traces for control (background) noise, and 
glutamate noise, AMPA noise and kainate noise, for the high conductance type 
responses (Fig. 4.11 A) and low conductance type responses (Fig. 4.1 IB). The 
current traces are from whole-cell current responses that had approximately 
similar mean current amplitudes to illustrate the differences in the noise 
levels of high and low conductance type responses.

Noise spectra for all agonists were best fitted with the sum of two 
Lorentzian components. Typical spectra for high conductance glutamate noise, 
quisqualate/AMPA noise and kainate noise in type-2 astrocytes are shown in Fig.
4.12. For comparison, Fig. 4.13 shows noise spectra for low conductance 
responses with the same agonists. Data from whole-cell noise spectra of 
quisqualate and AMPA evoked whole-cell currents has been pooled, since no 
differences were found in the noise spectra for these two agonists.

Spectral analysis of agonist evoked whole-cell currents was carried out on 
currents recorded between -60 and -80mV. The ranges and means for the currents 
recorded from high conductance-type cells were: 2.1-46.3pA, 18.4 ± 4.8pA 
(glutamate, 10-30/iM); 20.8-64.4pA, 37.6 ± 4.4pA (quisqualate/AMPA, 10-30//M) and 
2.7-13.5pA, 8.1 ± 3.4pA (kainate, 10-30^M). For low conductance-type cells the 
ranges and means of the currents recorded were: 13.1-24.8pA, 18.4 ± 4.2pA 
(glutamate, 10^M); 44.4-54.4pA, 47.8 ± 4.0pA (AMPA, 10^M) and 25.3-96.9pA, 61.2 
± 12.4pA (kainate, 10-100/dVl).

The mean values for the cut-off frequencies and associated time constants 
for the two components for high conductance type responses were: f = 8.7 ±
2.8Hz, fc2 = 82.5 ± 5.2Hz, (hence, r  ̂ = 23.9 ± 2.9ms, r2 = 2.2 ± 0.6ms),
(glutamate, n = 5 spectra); f = 5.5 ± 2.6Hz, f = 39.5 ± 6.1Hz, (hence, r =Cl CZ 1
31.4 ± 3.6ms, t2 = 4.7 ± 0.7ms), (quisqualate/AMPA, n = 10 spectra) and f =
18.5 ± 4.9Hz, f = 152.2 ± 19.0Hz, (hence, r  = 10.3 ± 2.8ms, r2 = 1.1 ±
0.4ms), (kainate, n=4 spectra). For low conductance type responses the mean 
values were: f . = 36.7 ± 28.0Hz, f = 227.7 ± 45.5Hz, (r. = 8.5 ± 4.1ms, r

c l  c2 v l  2
= 0.8 ± 0.2ms), (glutamate, n=4 spectra); fcl = 47.6 ± 7.7Hz, fc2 = 244.4 ±
45.2Hz, ( t  = 5.9 ± 4.1ms, %2 -  0.7 ± 0.2ms), (quisqualate/AMPA, n=4 spectra) 
and f = 37.0 ± 9.7Hz, f .  = 165.9 ± 40.3Hz, (r, = 6.8 ± 1.8ms, = 1.6 ±c l c2 v 1 2
0.4ms), (kainate, n = 10 spectra). The dependence of these parameters on 
membrane potential was not examined.
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Figure 4.12 Noise spectra of non-NMDA receptor mediated whole-cell current
responses in type-2 astrocytes. 1. High conductance responses.

Power spectra of whole-cell current noise evoked by glutamate, AMPA, or 
kainate evoked whole-cell current noise. A, glutamate (10/zM) noise spectrum (- 
70mV), fitted with the sum of two Lorentzian components (continuous line), with 
cut-off frequencies (indicated by the arrows) of 4.7Hz and 29.9Hz, 
corresponding to t  = 34ms, r2 = 5.3ms. Net spectrum is the average of 117 
control and 136 drug spectra. The mean aspartate evoked current is -31.8pA and 
the fitted variance is 26.6pA , giving an estimated weighted mean of the 
single channel conductance of 12pS. B, AMPA (15/zM) noise spectra (-60mV). The 
cut-off frequencies are 5.3Hz and 27.3Hz, = 30ms, r2 = 5.8ms). Net
spectrum is the average of 112 control and 142 drug spectra. AMPA evoked 
whole-cell current is -48.0pA and the fitted variance is 46.6pA ; estimated 
single channel conductance is 16pS. C, kainate (10//M) noise spectra (-70mV). 
Half-power frequencies are 11.2Hz and 125.4Hz, hence, = 14ms, r2 = 1.3ms.
Net spectrum is the average of 104 control and 116 drug spectra. Net kainate 
current is -4.3pA and the fitted curves give an estimate of total variance of

9
3.2pA , and an estimate of the single-channel conductance of llpS. Points 
above 60Hz have been averaged in all spectra.
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Figure 4.13 Noise spectra of non-NMDA receptor mediated whole-cell current
responses in type-2 astrocytes. 2. Low conductance responses.

Power spectra of whole-cell current noise evoked by glutamate, AMP A, or 
kainate evoked whole-cell current noise. A, glutamate (10^M) noise spectrum (- 
70mV), fitted with the sum of two Lorentzian components (continuous line), with 
cut-off frequencies (indicated by the arrows) of 12.9Hz and 149.4Hz, 
corresponding to r = 12ms, r2 = 1.1ms. Net spectrum is the average of 95 
control and 120 drug spectra. The mean aspartate evoked current is -24.9pA and 
the fitted variance is 2.8pA , giving an estimated weighted mean of the single 
channel conductance of 1.6pS. B, AMPA (15//M) noise spectra (-60mV). The cut
off frequencies are 10.3Hz and 61.1Hz, (z^ = 15ms, r2 = 2.6ms). Net spectrum 
is the average of 193 control and 236 drug spectra. AMPA evoked whole-cell 
current is -41.2pA and the fitted variance is 10.7pA ; estimated single 
channel conductance is 4.3pS. C, kainate (10/zM) noise spectra (-70mV). Half
power frequencies are 18.8Hz and 60.64Hz, hence, rl = 8.5ms, r2 = 2.6ms. Net 
spectrum is the average of 105 control and 210 drug spectra. Net kainate 
current is -30.3pA and the fitted curves give an estimate of total variance of 
3.3pA , and an estimate of the single-channel conductance of 1.6pS. Points 
above 60Hz have been averaged in all spectra.
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Estimates of the single-channel conductance underlying the responses (for a 
reversal potential of OmV) to the various glutamate agonists were 11.9 ± 2.8pS 
(glutamate, n=5), 18.9 ± 2.2pS (quisqualate/AMP A, n=10) and 11.6 ± 1.3pS 
(kainate, n=4) for high conductance type cells, and 1.9 ± 0.2pS (glutamate, 
n=4), 4.8 ± 0.5pS (quisqualate/AMPA, n=4) and 1.7 ± 0.3pS (kainate, n= 10) for 
low conductance type cells.

The ratios of the variance (G2(0)f2/G 1(0)f1) for the individual Lorentzian 
components fitted to each power spectrum were calculated, so that the relative 
contributions to the total fitted area for each of the two components could be 
determined for the different agonists. Such analysis gave values of 
G2(0)f2/G 1(0)f1 for high conductance type responses of 2.2 ± 1.1 (glutamate),
1.8 ± 0.4 (quisqualate/AMPA) and 1.8 ± 0.4 (kainate) and for low conductance 
type cells of 2.3 ±1.3 (glutamate), 3.1 ± 0.7 (quisqualate/AMPA) and 2.5 ± 0.8 
(kainate). The data obtained from spectral analysis of non-NMDA whole-cell 
currents in type-2 astrocytes is summarized in Table 4.1.

43.6 Spectral analysis of kainate-evoked currents in outside-out patches

Spectral analysis was also carried out on kainate evoked currents in 
outside-out patches isolated from type-2 astrocytes since the frequency 
resolution is expected to be much better than in whole-cell recordings. Again 
the conductance estimates for the single-channels activated by kainate 
indicated the presence of both high (n= 12 spectra) and low (n = 5 spectra) 
conductance type responses. The mean values for the cut-off frequencies and 
associated time constants for the two components for high conductance kainate 
type responses were: f x = 27.1 ± 7.7Hz, f = 303.3 ± 21.4Hz (x  ̂ = 11.3 ±
2.5ms, r2 = 0.6 ± 0.1ms); and for low conductance type responses were: f =
13.6 ± 3.2Hz, fc2 = 329.0 ± 26.4Hz (rl = 15.3 ± 5.1ms, r2 = 0.5 ± 0.1ms). The 
estimates of the weighted mean single-channel conductance for these high and 
low conductance type responses were 9.4 ± 0.5pS (high) and 1.9 ± 0.3pS (low). 
The ratios of G2(0)f2/G 1(0)f1 for high and low conductance responses were 5.7 
± 0.2 and 4.6 ± 0.5, respectively.
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43.7 Multiple-conductance non-NMDA single-channels in type-2 astrocytes

The properties of single-channel currents underlying the whole-cell current 
response were examined in outside-out membrane patches. Previous studies have 
indicated that type-2 astrocytes possess multiple-conductance glutamate 
receptor channels ranging from 10-50pS (Usowicz et al., 1989, Wyllie & Cull- 
Candy, 1990). This section gives a more detailed account of the different 
conductances exhibited by "astrocytic” channels opened by quisqualate and AMPA 
(data pooled for the two agonists).

Openings of astrocytic glutamate receptor channels were to a variety of 
different conductance levels. Furthermore, during channel open periods there 
was a general increase in the noise level of the current trace (although no 
attempt has been made to examine the increase in open channel noise 
quantitatively). Open-point amplitude histograms (see Chapter 2) were 
constructed for each patch analyzed and multiple Gaussian components fitted to 
these distributions. Pooling data from sixteen outside-out patches (-60 to - 
lOOmV holding potential) indicated that non-NMDA channels in type-2 astrocytes 
were capable of opening to least five different conductance levels, although 
not all patches exhibited each of the different levels. The mean chord 
conductances for a reversal potential of -1.9mV (see below) and the areas for 
each of the components, obtained from the analysis of open-point amplitude 
distributions were 11.2 ± 0.6pS, (33.1 ± 6.0%); 20.8 ± l.lpS, (14.6 ± 3.3%);
29.9 ± 0.8pS, (25.3 ± 5.7%); 41.0 ± 0.6pS, (21.9 ± 6.1%); and 50.8 ± 1.4pS,
(5.6 ± 1.7%). As mentioned above, channel openings were often noisy which at 
times hampered the detection of peaks in open point amplitude histograms. 
Because of this, and to obtain an independent verification of the conductance 
levels, "mean low variance" amplitude histograms (Patlak, 1988) were used to 
help aid the detection of the multiple conductance levels. Values for the 
conductances (and areas) obtained from this type analysis were 10.9 ± 0.6pS,
(49.0 ± 9.0%); 20.8 ± 1.2pS, (8.2 ± 2.8%); 29.6 ± l.lpS, (23.4 ± 6.2%); 41.2 ± 
0.7pS, (9.4 ± 3.0%) and 49.6 ± l.lpS, (9.6 ± 4.0%). Examples of open point and 
their corresponding mean-low variance amplitude histograms are shown in Fig. 
4.14.

Amplitude distributions of the cursor fitted events were also constructed. 
Events that had durations equal to, or greater than, 2 times the filter rise 
time were included in such distributions. The fitted Gaussian components gave 
estimates of the chord conductances (and areas) of the single-channels of 11.1 
± 0.5pS, (27.5 ± 4.8%); 20.2 ± 0.6pS, (24.7 ± 2.5%); 30.4 ± 0.7pS, (23.7 ±
3.0%); 40.0 ± 0.6pS, (18.0 ± 2.7%) and 48.7 ± 0.5pS, (10.6 ± 1.6%). Fig. 4.15A 
shows selected examples of AMPA activated single-channels, (at -lOOmV), to each
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Figure 4.14 Open point and mean low variance amplitude histograms of single
channel currents.

A, upper histogram: open point amplitude distribution for AMPA activated 
single-channels in an outside-out patch, held at -80mV, from a type-2 
astrocyte. The distribution is fitted with the sum of three Gaussian 
components with means (and relative areas) of 1.20pA, (46.8%); 2.25pA, (46.7%) 
and 3.16pA (6.5%). The standard deviations of each component were constrained 
to be equal (0.36pA). The estimated values for the single-channel conductances 
are indicated above each Gaussian peak (assuming a reversal potential of - 
1.9mV). Lower histogram: the corresponding mean-low variance amplitude 
histogram for the distribution shown in the upper trace. This is again fitted 
by the sum of three Gaussian components with means (and relative areas) of 
1.02pA, (30.7%); 2.21pA, (64.4%) and 3.14pA, (4.9%); standard deviations for 
each component are 0.20pA. B, upper histogram: open point amplitude histogram 
for AMPA activated channels in another patch (-80mV). The means (and relative 
areas) for the four fitted Gaussian components are 0.64pA, (4.9%); 1.45pA, 
(28.6%); 2.35pA, (52.4%) and 4.07pA, (14.1%). H ie standard deviations for each 
component are 0.40pA. Lower histogram: corresponding mean low variance 
distribution; the four fitted components have means (and relative areas) of 
0.64pA, (5.2%); 1.43pA, (25.8%); 2.37pA, (55.0%) and 4.07pA, (14.0%); standard 
deviation, 0.33pA.
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Figure 4.15 Selected AMPA-activated single-channel currents and amplitude 
histogram for currents in an outside-out patch from a type-2 astrocyte.

A, selected examples of single-channel currents activated by AMPA that have 
conductances of approximately 10, 20,30,40 and 50pS. B, amplitude histogram 
of cursor fitted channel openings, activated by AMPA (lOyuM) in an outside-out 
patch held at -lOOmV. Events included had durations > 2 filter rise times 
(0.331/js). The distribution is fitted with the sum of five Gaussian components 
with amplitudes 1.28pA (56.4%), 2.17pA (18.6%), 3.16pA (7.7%), 4.10pA (9.4%), 
5.05pA (7.9%). The standard deviations of each component were constrained to 
be equal (0.3 IpA). Calibration for A, 3pA and 30ms.
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of the five conductance levels. An amplitude histogram of AMPA activated 
single channels, (-lOOmV), with durations greater than 331/^s, is shown in Fig. 
4.15B. The distribution is fitted with the sum of five Gaussian components. 
Conductance estimates for each of the five fitted Gaussian different 
conductance levels were not significantly different when obtained from either 
open-point, mean-low variance or cursor fitted amplitudes (P > 0.05, one way 
ANOVA).

An accurate estimate of the various conductance levels for single channels 
opened by AMPA or quisqualate was obtained from recording single channel 
currents over a range of holding potentials. The values for the single-channel 
current amplitudes at the different membrane potentials were obtained either 
from Gaussian fits of the data or from direct measurement from a digital 
oscilloscope. Single-channel I/V  curves were obtained in 6 outside-out 
membrane patches. Figure 4.16A depicts single-channel current traces recorded 
at holding potentials between -80mV to +60mV. The I/V  plot of the pooled data 
is illustrated in Fig. 4.16B. From the graph the channel currents reverse 
direction at near zero mV. Pooling data from the 6 patches gave an estimated 
mean reversal potential of -1.9 ± 0.3mV. The slope conductances for the five 
different conductance levels were 11.2 ± 0.4pS, 21.0 ± 1.2pS, 32.1 ± 0.4pS,
42.4 ± 1.2pS and 51.7 ± 0.8pS. From Fig. 4.16B there is little apparent 
rectification of the single-channel current amplitudes over the range of patch 
potentials studied, although some slight outward rectification has previously 
been observed in channels in outside-out patches from type-2 astrocytes 
(Usowicz et al., 1989). The present lack of rectification contrasts with the 
situation found in cerebellar granule cells (see Chapter 5). The fact that 
the I/V for single-channel currents appeared reasonably linear suggests that 
the outward rectification seen in whole-cell current recording from these cells 
may not be accounted for by non-ohmic behaviour of the single-channels.

As previously reported, (Usowicz et a l , 1989; Wyllie & Cull-Candy, 1990),
single-channel openings to the 40 and 50pS conductance levels in astrocytes

2were insensitive to block by Mg . Although no quantitative analysis was 
made, in three patches that were perfused with an external solution containing

2  i #
500yuM Mg , transitions to the 40 and 50pS conductance levels were still

2 +observed and did not show "flickery" block. This concentration of Mg was 
sufficient to block all openings of 40-50pS channels, activated by glutamate 
(10^M) in outside-out isolated from cerebellar granule cells in the same 
cultures.

Transitions between different conductance levels were sometimes apparent, 
although, as has been previously reported, such transitions were infrequent 
(Usowicz et al., 1989). Direct transitions between different conductance
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Figure 4.16 Current-voltage plot of single-channel currents in outside-out
patches from type-2 astrocytes.

A, examples of single-channel currents recorded from an outside-out patch of 
a cerebellar type-2 astrocyte. Holding potentials -80, -40,0, +40 and +60mV.
B, single-channel I/V  plot for the five different conductance levels (data 
pooled from 6 outside-out patches). Linear regression fit of the data gave 
estimates of the single-channel slope conductances of 52, (squares); 42, 
(triangles); 32, (circles); 21 (inverted triangles) and llpS  (diamonds). The 
mean reversal potential of the single-channel currents is -1.9 ± 0.3mV Current 
amplitudes were linearly dependent on patch potential, indicating that the 
outward rectification seen in whole-cell I/V  curves was probably not due to an 
increase in single-channel conductance at positive holding potentials.
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levels were, however, not systematically studied. Detailed analysis of 
transitions between various conductance levels have been examined in large 
cerebellar neurones (Cull-Candy & Usowicz, 1987,1989) and cerebellar granule 
cells (Howe et al., 1991) and has revealed that the most common transitions are 
48/38 and 38/18pS transitions in large cerebellar neurones and 50/40 and 
50/30pS in granule cells. Transitions between 50 and 40pS, 40 and 30pS, and 40 
and 20pS occurred in patches excised from type-2 astrocytes.

43.8 Apparent open-times of astrocytic non-NMDA receptor channels

A limited kinetic analysis was made of the single-channel currents activated 
by quisqualate and AMPA in type-2 astrocytes (n = 12 patches). In all of the 
histograms of open time, shut time and burst length distributions illustrated 
in the figures, the fitted exponentials appear as a peaked function the maximum 
of which corresponds to the time constant of the exponential (see Chapter 2).

The resolution for openings was set so that channels reached 94% of their 
full amplitude (1.5 filter rise times). This meant that the open time 
resolution was generally set to 250/^s. No attempt was made to correct open
time distributions for missed events. Initially, all openings were included in 
distributions of apparent open times; such distributions were generally fitted 
with the sum of two exponential components. The mean time constants for the 
two components (and relative areas) were x^ = 0.55 ± 0.09ms, areax = 0.72 ± 
0.03, and r = 3.32 ± 0.37ms, area2 = 0.28 ± 0.03. '

To determine if there were marked differences in the apparent open times of 
the different conductance levels, the open times of conductances < 30pS were 
compared with those of conductances of 40-50pS. Distributions of these open 
times were again best fitted with the sum of two exponential components. The 
values for open times of 10-30pS events were x -  0.538 ± 0.10ms, area1 =
0.779 ± 0.03; x -  3.36 ± 0.28ms, area2 = 0.221 ± 0.03 and for 40-50pS events 
were x = 0.623 ± 0.15ms, areax = 0.541 ± 0.08; x2 = 3.58 ± 0.54ms, area2 = 
0.459 ± 0.08. Although these results indicate little apparent difference in 
the values of the time constants of 10-30pS events compared with 40-50pS 
events, the areas for the two components differed (P < 0.02, paired t-test).
Thus, 36.6% of the single-channel current is carried by the slow component, and 
63.4% by the fast component for 10-30pS events; while 16.9% of the current is 
carried by the j'frsf component and 83.1% by the longer component for 40-50pS 
events. Figure 4.17 shows typical examples of open-time histograms for AMPA 
activated channels in an outside-out patch held at -80mV, with the open-time 
resolution set to 250^s. 10-30pS events (Fig. 4.17A) were fitted with two 
exponentials: x = 0.355ms, area^  ̂ = 0.778; x2 = 2.31ms, area2 = 0.222; 40-50pS
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Figure 4.17 Open-time histograms for non-NMDA receptor channels in outside- 
out patches isolated from type-2 astrocytes.

A, distribution of open times for AMPA activated channels with conductances 
in the range 10-30pS (an outside-side out patch held at -80mV; open time 
resolution set to 250^s). The distribution is fitted by the sum of two 
exponential components r  = 0.355ms, (area = 0.778); r = 2.31ms, (area =I 1 Zt Z
0.222). The distribution contains 418 events; the predicted number of events 
fitted is 699. B, apparent open time distribution of AMPA activated channels 
in an outside-out patch (-80mV) with conductances of 40-50pS. The fitted 
exponentials have time constants and areas of t = 0.267ms, (areat = 0.622); 
r2 = 3.47ms, (area2 = 0.378). 609 events are included in the distribution;
1023 are predicted from the fit.
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events (Fig. 4.17B) were fitted the sum of two exponential components, r  = 
0.267ms, areax = 0.622; r 2 = 3.47ms, area2 = 0.378.

43.9 Shut-times and burst-lengths of astrocytic non-NMDA receptor channels

Openings of astrocytic non-NMDA receptor channels often contained brief 
interruptions or "gaps". The presence of such gaps indicates that openings 
occur in bursts, as previously described for other types of receptor channels 
(Colquhoun & Sakmann, 1981,1985; Cull-Candy & Parker, 1982).

Distributions of shut times were generally best fitted by the sum of four 
exponential components. Pooling data from twelve patches gave mean time 
constants and areas of r = 0.169 ± 0.02ms, a1 = 0.284 ± 0.03; r2 = 0.667 ± 
0.18ms, a2 = 0.09 ± 0.01; r3 = 43.1 ± 14.3ms, a3 = 0.20 ± 0.05; r4 = 526.1 ± 
110.9ms, a4 = 0.431 ± 0.04. The values for the two briefest components were 
usually fairly constant between patches and probably represent gaps within 
single receptor activations. However, the values for r3 and r4 varied 
considerably and probably represent gaps between channel activations and are 
difficult to interpret mechanistically since they will be dependent on factors 
such as the number of channels in the patch (which is unknown), agonist 
concentration and receptor desensitization. A typical shut time distribution, 
fitted by four exponential components, for AMPA activated single-channels in an 
outside-out is shown in Fig. 4.18A. All data shown in Fig. 4.18 are from a 
single patch.

As mentioned above the two briefest components and r2 were considered to 
be gaps within bursts while t 3 and r4 were considered to represent gaps 
between bursts. A critical gap length was calculated (see Chapter 2) and on 
average was 1.19 ± 0.22ms (n= 12). Distributions of burst-lengths were best 
fitted by the sum of two exponential components. The mean values for the two 
components were, r = 1.01 ± 0.12ms, a = 0.678 ± 0.04; r = T77 ± 0.97ms, a1 1 Zj z
= 0.322 ± 0.04. Figure 4.18B shows a typical burst-length distribution and is 
fitted by the sum of two exponential components. The first component has a 
time-constant of 0.524ms (56.3%) while the second component has a time constant 
of 4.67ms (43.7%).

As for apparent open times, the burst lengths were calculated for channels 
with conductances < 30pS and were compared with the burst lengths of channels 
with conductances of 40-50pS. Distributions of these burst lengths were 
usually best fitted with the sum of two exponential components, although in 
some cases only one component could be resolved in 40/50pS burst length 
distributions. In all cases the burst amplitude was defined as the mean of the 
amplitudes fitted to each of the openings occurring during a burst. The mean
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Figure 4.18 Shut-times and burst lengths of non-NMDA receptor channels in
type-2 astrocytes.

A, shut-time distribution of AMPA activated single-channels in an outside- 
out patch. The distribution is fitted with the sum of four exponential 
components, = 108^s, (34.9%); r2 = 496^s, (8.2%); = 118ms, (31.3%) and
t 4 = 480ms, (25.7%). The resolution for shuttings was lOO^s and for openings 
was 250^s. B, distribution of burst-lengths, T ^  = 2.02ms, fitted by the 
sum of two exponentials t  = 0.524ms, (56.3%) and r2 = 3.67ms, (43.7%). C, 
distribution of total open-time per burst fitted by two exponential components 
t  = 0.501ms (59.6%) and r2 = 3.65ms (40.4%). D, distribution of number of 
openings per burst for the same patch, the two fitted geometric components had 
means of 1.33 (81.4%) and 3.03 (18.6%).

141



oH

a )

•3o
CO

CO

a

► i

► i

o o
o

o
o
CM(apeos }ooj a.renbs) X o u an b a jj

Q>
o  o 1-1 w

CO

B
(D
B

O  o  o  o  o  o  o
o  o  m  o o  c m  i - i

( t l B o s  } o o j  a j B n b s )  . C o u s n b a j j  l O O J  8 -r e n b s )  ^ u s n b a - y

< o

142

1 
10 

10
0 

0 
2 

4 
6 

Op
en

 
tim

e 
pe

r 
bu

rs
t 

(m
s)

 
(lo

g 
sc

al
e)

 
O

pe
ni

ng
s 

pe
r 

b
u

rs
t



values (and areas) for the burst length components contained in these 
distributions were: 0.683 ± 0.18ms (61.8 ± 6.2%) and 5.21 ± 0.91ms (38.2%) for 
10-30pS, and 1.40 ± 0.10ms (18.1 ± 3.2%) and 7.41 ± 1.87ms (81.9%). Thus, as 
for the apparent open times the values for the time constants describing the 
burst components of 10-30pS and 40/50pS events are similar, but the relative 
areas for each of the components differ.

Two other parameters were studied: the number of openings per burst, and the 
total open time per burst. Distributions of number of openings per burst were 
fit with the sum of two geometric components with means 1.42 ± 0.12 (67.7 ±
0.08%) and 3.13 ± 0.53 (33.3 ± 0.08%). The histogram illustrated in Fig. 4.18C 
is fit with two geometric components with means 1.33 (81.4%) and 3.03 (18.6%).
The distributions of total open time per burst were fitted with two exponential 
components and the values obtained from this analysis were slightly shorter 
than the values for the exponential fits of burst lengths. This, of course, is 
to be expected since gaps during single activations were very brief. The mean 
values obtained were = 0.98 ± 0.13ms, a1 = 0.68 ± 0.04; r2 = 6.81 ± 0.98ms, 
a2 = 0.32 ± 0.04. The fit of the histogram shown in Fig. 4.18D has time 
constants r = 0.501ms, a1 = 0.596; r2 = 3.98ms, a2 = 0.404.

43.10 Calcium permeation of glutamate receptor-channels in type-2 astrocytes 
and granule cells

2 4"NMDA receptors are freely permeable to Ca (MacDermott, Mayer, Westbrook, 
Smith & Barker, 1986; Ascher & Nowak, 1986,1988b; Mayer, MacDermott, 
Westbrook, Smith & Barker, 1987; Mayer & Westbrook, 1987b). Indeed such entry 
of Ca2 + through these channels is considered to play an important role in 
phenomena such as long term potentiation (LTP) and the glutamate mediated cell 
toxicity during ischaemia (for review, see Madison, Malenka & Nicoll, 1991).
In contrast non-NMDA receptors have generally been thought of as being 
permeable only to monovalent cations. However it has recently been reported
that a subpopulation of hippocampal neurones possess kainate channels with

2 +permeability to Ca (lino, Ozawa & Tsuzkui, 1990). Moreover, non-NMDA
mediated responses in retinal bipolar cells also show some permeability to

2 +Ca (Gilbertson, Scobey & Wilson, 1991). A possible explanation as to why 
only certain cells show this type of response is that such cells do not express 
receptors containing the GluR-2 subunit. It has recently been demonstrated

2 4*that the permeability of non-NMDA channels to Ca appears to depend on the 
subunits that make up the functional receptor. Thus homomeric GluR-1 or GluR-3

9  4-and heteromeric GluR-1/GluR-3 all show permeability to Ca , whereas the 
heteromeric receptor-channels GluR-l/GluR-2 or GluR-3/GluR-2 are Ca2+
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Figure 4.19 Whole-cell kainate currents recorded from type-2 astrocytes and
2 +granule cells bathed isotonic Ca external.

A, whole-cell current traces of kainate evoked currents in a type-2
astrocyte voltage-clamped at -60, -40, -30, -20, 0 and + 20mV, bathed in

2 +isotonic Ca . Currents from this particular recording reversed direction
around -25mV. B, kainate evoked whole-cell currents in a granule cell held at

2 +-60, -50, -40, -20, 0 and +20mV in isotonic Ca ; reversal potential during 
this recording was approximately -38mV. C, current-voltage plot of pooled 
data for type-2 astrocytes (circles, 5 experiments) and granule cells 
(triangles, 7 experiments). Data points have been normalized to the whole-cell 
current amplitude recorded at -60mV (type-2 astrocytes) or OmV (granule cells).
SEMs are indicated where greater than symbol size. Reversal potentials of the

2 +kainate currents recorded in isotonic external Ca were -25.8 ± 2.9mV (type-2 
astrocytes) and -44.9 ± 2.8mV (granule cells).
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impermeable (Hollmann, Hartley & Heinemann, 1991). It was of interest to find 
out whether non-NMDA receptors in cerebellar type-2 astrocytes and granule

7 4*cells were also permeable to Ca . Furthermore, it has been suggested that 
NMD A receptor channels present in the cerebellum may differ in their 
physiological properties from those found in other regions of the CNS (e.g.
hippocampus, cerebral cortex) (see Monaghan & Anderson, 1991). Thus, since it

2 +seemed unclear whether the NMDA-channel in granule cells exhibited the Ca
2 +permeable typical of NMD A receptor-channels in other neurones a study of Ca

permeability of the receptor-channels in granule cells was also made.
2 +The simplest way to determine whether Ca could pass through receptor

2 +gated channels is to replace all the external cations with an isotonic Ca 
solution (see for example, Katz & Miledi, 1969; Ascher, Marty & Neild, 1978; 
Bregestovski, Miledi & Parker, 1979). Therefore, the standard external 
solution containing 140mM NaCl, 2.8mM KC1 was replaced with one which contained
lOOmM CaCL. Thus, any inward currents generated by the activation of non-

2 +NMD A would be carried entirely by Ca ions.
2 "I"Both type-2 astrocytes and granule cells, (-60mV) bathed in isotonic Ca 

solution, gave inward currents in response to kainate (lOO/^M, "free"
2 "I”concentration, see Chapter 2), indicating that Ca is able to permeate non- 

NMDA channels in these cells, at least in the absence of external Na+.
2 _ l

Currents recorded over a range of potentials in isotonic Ca are shown in
2 +Fig. 4.19A. The reversal potential for I/V  plots in isotonic Ca was more 

negative than in normal N a+ external; -25.8 ± 2.9mV (type-2 astrocytes, n=5) 
and -44.9 ± 2.8mV (granule cells, n=7) (Fig. 4.19B). Such a negative shift in

7 4-reversal potential suggests that the Ca permeability of non-NMDA channels is 
much less than that of the NMDA channel (see below).

2 4-AMPA responses in isotonic Ca were considerably smaller than kainate 
responses. Typically, AMPA mediated whole-cell currents were less than ~3pA 
(at -60mV) and appeared to "run down". Such whole-cell currents, therefore, 
proved difficult to measure accurately and no detailed study of AMPA evoked

2  “I-whole-cell currents was made in isotonic Ca . As AMPA responses normally 
rapidly desensitize (see above) while kainate responses do not, it is

2 "I-interesting to speculate that high concentrations of external Ca ions may in 
some way potentiate this desensitization thus accounting for the inability to 
record any substantial AMPA mediated steady-state whole-cell current.

In cerebellar granule cells, the activation of NMDA channels by the
selective NMDA-agonist, aspartate (10^M) produced whole-cell currents in

2 +isotonic Ca . Their mean reversal potential was +34.4 ± 2.4mV (n=4), while
whole-cell aspartate currents in Na+ external had a mean reversal potential of

2 ++ 1.1 ± 0.8mV (n = 8 ), indicating a high Ca permeability of the NMDA-channels
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in granule cells.
2 +The properties of the NMDA channels in isotonic Ca were determined from 

spectral analysis of whole-cell aspartate currents and from measurements of 
single-channel currents in outside-out patches isolated from the soma of 
granule cells. Aspartate (10^M) evoked whole-cell currents in granule cells 
clamped at -80mV, in the range 8.0 to 32.2pA, mean 17.4 ± 2.5pA when cells were
bathed in external N a+ and between 2.3 and 8 .8pA, mean 4.4 ± 0.6pA in external

2 +Ca . Figures 4.20,4.21 show typical whole-cell current traces and noise
I Q j

spectra for aspartate evoked currents recorded in Na (Fig. 4.20) and Ca 
external (Fig. 4.21). A difference in the size of the inward current and in 
the size of the accompanying noise increase is immediately apparent. Noise 
spectra were best fitted by the sum of two Lorentzian components, both for

' 2 Inoise obtained in Na and in isotonic Ca . Pooling data gave estimated 
weighted means of the single-channel conductances underlying the responses of
50.0 ± 2.0pS (Na+ external, n = 10, for a reversal potential of OmV) and 11.6 ±

2 +0.8pS (Ca external, n = 7, for a reversal potential of + 35mV).
Previous experiments have indicated that in granule cells the two components 

present in the spectra of aspartate noise give reasonably good estimates of the 
time constants of the longest components detected in the distributions of 
single NMDA channel burst lengths (Cull-Candy & Ogden, 1985; Cull-Candy et al, 
1988; Howe, Colquhoun & Cull-Candy, 1988, Traynelis & Cull-Candy, 1991). The 
associated cut-off frequencies of the Lorentzian curves for aspartate evoked

• "f* 2 ~t~currents in either Na or Ca external solutions were not significantly 
different and were 25.6 ± 3.5Hz, 96.6 ± 11.8Hz (Na+ external) and 20.7 ±
3.7Hz, 113.2 ± 15.1Hz (Ca2 + external) giving time constants of r = 7.5 ±
1.3ms, r = 1.8 ± 0.2ms (Na+ external) and t 1 = 9.1 ± 1.7ms, r  = 1.5 ± 0.2ms

2 +(Ca external). These estimates of the time constants are in good agreement 
with values previously obtained from the spectral analysis of aspartate evoked 
currents in granule cells (Cull-Candy et a l , 1988; Traynelis & Cull-Candy,
1991). Furthermore, the areas for each of the fitted Lorentzians contained in

2 “i- "I-the noise spectra were not altered when Ca replaced Na in the external 
solution and were on average ax = 0.56 ± 0.06, a2 = 0.44 ± 0.06 (Na+ external)
and a = 0.63 ± 0.12, a = 0.37 ± 0.12 (Ca2+ external). In view of the effect

2 +of isotonic Ca on other types of receptor gated channels, such as 
acetylcholine channels in frog muscle (Bregestovski et al., 1979; Magleby & 
Weinstock, 1980; Gage & Van Helden, 1979) and Aplysia neurones (Ascher et a l , 
1978), and glutamate channels in locust muscle (Cull-Candy & Miledi, 1982), it 
is perhaps unexpected that the kinetic properties of the NMDA channel did not 
appear markedly altered when the main permeating ion was changed from Na+ to 
Ca2+.
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Figure 4.20 Whole-cell current noise and power spectra of aspartate evoked 
currents recorded in external N a+ solution.

A, whole-cell current recording of aspartate (10/*M) evoked current in a 
cerebellar granule neurone voltage clamped at -70mV. B, expanded trace showing 
control current noise (upper trace) and aspartate evoked noise (lower trace).
C, net noise spectra of the aspartate-evoked current (same cell as A, B). The 
spectra was fitted with the sum of two Lorentzian components which had cut-off 
frequencies of 24.8 and 70.2Hz (t  = 6.4ms, r2 = 2.3ms). Net spectrum was 
the average of 117 control and 157 drug spectra and gave a fitted variance of 
50.0pA^. The mean aspartate-evoked current in external Na+ was -13.6pA and 
the estimated single-channel conductance was 53pS. Calibration for A, 15pA 
and 10s; B, 15pA and 75ms.
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Figure 4.21 Whole-cell current noise and power spectra of aspartate evoked
2 +currents recorded m external Ca solution.

A, current trace of aspartate (10/*M) evoked whole-cell current recorded from
2 +the same cell as in Fig. 4.20 but bathed in external Ca solution and clamped 

at -70mV. B, expanded traces show the control current noise (upper trace) and 
the aspartate evoked noise (lower trace); contrast the noise level of the 
aspartate trace with the current trace illustrated in Fig. 4.20B. C, power 
spectra of aspartate-evoked current noise. The fitted Lorentzians have cut-off 
frequencies of 15.7 and 121.9Hz (t = 10.1ms, r2 = 1.3ms). Net spectrum was
the average of 150 control and 180 drug spectra, with a fitted variance of

2 2 +4.4pA . The mean aspartate-evoked current in external Ca was -3.5pA giving
an estimated single-channel conductance of 12pS (for a reversal potential of
+ 35mV). Calibration for A, 15pA and 10s; B, 15pA and 75ms.
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Single aspartate single-channels could be readily resolved in outside-out
24-patches bathed in external Ca . Figure 4.22 show examples of bursts of

2 "I"single-channels recorded in either external Ca (Fig. 4.22A) or external Na 
(Fig4.22B). Open point amplitude histograms of such channel opening were 
fitted by single Gaussian distributions, an example of which is shown in Fig.
4.22C.

2 H"The Ca permeability of NMD A receptor-channels was further investigated by
+ 2 +constructing single-channel I/V  plots in either external Na or Ca (Fig.

4.23). Some examples of aspartate activated channels recorded at a variety of
24-

membrane potentials, in external Ca , are illustrated in Fig. 4.23A. The 
current-voltage plots (Fig. 4.23B) for aspartate evoked single-channel currents 
had slope conductances of 48.7 ± 0.6pS (Na+ external, n=5 patches) and 12.7 ±

2 H"0.6pS (Ca external, for the inward currents, n=3 patches). The mean 
reversal potential for aspartate-evoked single-channel currents recorded in 
Na+ external was 4- 0.1 ± 0.6mV; extrapolation of the fitted line for the

2-i-inward-going single-channel currents in isotonic Ca gave an estimate of the 
reversal potential of 4-37.8 ± 2.9mV, a value similar to that obtained for the
aspartate evoked whole-cell currents. It proved very difficult to obtained

2 +stable responses in patches bathed in isotonic Ca external and held at 
potentials positive to the estimated reversal potential and therefore only a 
few channel openings could be recorded at 4-60mV. Nevertheless, the single
channel current-voltage plot appears to exhibit outward rectification, as 
expected since the current will now be carried by Cs + (the main internal 
cation); the slope conductance for this region of the curve is approximately 
40pS (Fig. 4.22B).

2-)- -)-
To estimate the permeability ratio for Ca toCs of NMDA and non-NMDA 

receptor channels the constant field equation, derived from the GHK equation, 
was used. Although a large surface charge exists at the mouth of the NMDA 
channel (for a discussion see Ascher & Nowak, 1988b) this equation can be used

2 + - fto compare ratios of Ca to Cs for different receptor-channels.
Substituting the values obtained for the reversal potential for NMDA receptor-

24- 24-mediated currents recorded in isotonic Ca gave a permeability ratio of Ca 
to Cs+ of 8.3. This equation gave estimates of the permeability ratio for

24- 4-Ca toCs of 0.07 for non-NMDA receptors in granule cells and 0.18 for non- 
NMDA receptors in type-2 astrocytes. These values are in good agreement with 
previously published data and indicate that NMDA receptors in cerebellar 
granule cells have a similar Ca permeability to NMDA receptors found in 
hippocampal (lino et a l, 1990), and forebrain neurones (Ascher & Nowak,
1988b). Thus, non-NMDA receptors in granule cells and type-2 astrocytes have a

24- 24-lowCa permeability. Such low Ca permeabilities for non-NMDA receptors
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Figure 4.22 Aspartate activated single-channel currents recorded in external 
Ca2+ or external N a+ solutions.

2 +Examples of aspartate single-channel bursts recorded in Ca external (A),
or Na+ external (B). C, open-point amplitude histogram for aspartate channels

+ Unrecorded at -80mV in either Na or Ca external. The fitted Gaussians have
means of -3.76pA for channels recorded in Na+ external and -1.45pA for

2 +channels recorded in Ca external, giving estimated chord conductances of 
12.6pS (for a reversal potential of + 35mV) and 47.0pS respectively.
Calibration for A and B, 2pA and 20ms.
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Figure 4.23 Aspartate activated single-channel current I/Vs in isotonic
Ca2+.

A, single-channel aspartate currents recorded in an outside-out patch
2 "I"bathed in isotonic Ca external; current traces were recorded at -100, -80, - 

60, -20, 0 and +60mV. The estimated reversal potential for single-channel 
currents in this patch was +35mV. B, single-channel current-voltage plots for 
channels recorded in either Na (filled circles, 5 patches) or Ca (filled 
triangles, 3 patches) external solutions. Slope conductances for the inward
going single-channel currents were 48.7 ± 0.6pS (Na+ external, reversal

2 +potential = +0.1 ± 0.6mV) and 12.7 ± 0.6pS (inward currents, Ca external, 
extrapolated reversal potential, +37.8 ± 2.9mV). Calibration for A, 2pA and 
20ms.
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implies that the subunit composition of non-NMDA receptors in these cells is 
likely to differ from non-NMDA receptors that have been shown to have greater 
Ca2+ permeabilities.

4.4 DISCUSSION

This chapter has been concerned with the further study and characterization 
of non-NMDA receptor channels in cerebellar type-2 astrocytes and has attempted 
to compare the properties of non-NMDA receptor channels found in astrocytes 
with those in cerebellar neurones. The results presented support the idea that 
in many of their properties the receptor channels in astrocytes are similar in 
terms of their pharmacological and biophysical properties to non-NMDA receptor- 
channels in granule cells. Nevertheless there are some intriguing differences. 
These various findings are discussed below.

Pharmacological properties 
Dose-response curves - Steady-state dose response curves obtained from type- 

2 astrocytes for the different agonists indicated that glutamate, quisqualate 
and AMPA all had lower EC5Q values than did kainate, which is consistent with 
the idea that glutamate, quisqualate and AMPA are each apparently more potent 
than kainate at non-NMDA receptors. However, as indicated in Fig. 4.1C, 
kainate consistently evoked larger maximal steady-state currents than the other 
agonists used in the present study. Values for the Hill coefficients did not 
reveal any differences between the four agonists and indicated that two agonist 
molecules are required to bind to the receptor before it opens. (These data are 
in good agreement with previously published values obtained for non-NMDA 
receptor channels expressed in central neurones or mRNA injected oocytes. The 
table below shows the EC5Q values obtained in the present study and for 
comparison other published values for steady-state EC50 estimates are listed.

AGONIST

GLUT QUIS AMPA 

EQ-q (/iM)

KAIN Preparation Reference

5.8 3.8 7.6 160 type-2 astrocytes this thesis

3.4 113 granule cells Traynelis & Cull-Candy, 1991

15 DRG neurones Huettner, 1990

19 0.9 11 150 hippo, neurones Patneau & Mayer, 1990 , 1991

14 98 injected oocytes Verdoorn & Dingledine, 1988

3.4 34 GluR-1 clone Dawson et al., 1990

0.5 30 sup. colliculus Perouansky & Grantyn, 1989
*

EC^q values for peak current are approximately 10 times greater.
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Quisqualate/kainate interaction - Kainate evoked whole-cell currents in 
type-2 astrocytes were reduced by the simultaneous application of kainate with 
quisqualate or AMPA. Quisqualate consistently produced greater antagonism of 
kainate responses than did AMPA; this may, in part, be due to the fact that in 
type-2 astrocytes quisqualate was more potent than AMPA on non-NMDA receptors. 
Alternatively, (as described below) quisqualate may cause greater 
desensitization than AMPA of these receptors. Such ‘antagonism’ has been 
observed in several neuronal preparations (see Ishida & Neyton 1985; Kiskin et 
a l, 1986,1990; O’Brien & Fischbach, 1986; O’Dell & Christensen, 1989;
Perouansky & Grantyn, 1989; Patneau & Mayer, 1991). In the experiments on 
astrocytes, quisqualate produced a stronger inhibition of currents evoked by 
lOO^M than by 30^M kainate, which has previously been taken to suggest that the 
antagonism of kainate responses by quisqualate is uncompetitive (Ishida &
Neyton 1985). The experiments described in this chapter did not attempt to 
elucidate the mechanism by which quisqualate/AMPA antagonized kainate currents, 
but rather, were carried out in order to find out if the phenomenon occurred in 
glia. However, previous reports have proposed various mechanisms to explain 
the quisqualate/kainate interaction. These have suggested that quisqualate 
‘cross-desensitizes’ responses to kainate (Ishida & Neyton, 1985; Kiskin et 
al., 1986, 1990), and along similar lines are reports that AMPA, quisqualate 
and glutamate are partial agonists at receptors at which kainate is a full 
agonist (O’Dell & Christensen, 1989). Quisqualate antagonism of kainate 
responses has been suggested to be competitive in nature from studies of spinal 
cord neurones (O’Brien & Fischbach 1986), where increasing the concentration of 
kainate apparently overcame the blocking actions of quisqualate. More recently 
it has been proposed that the mechanism underlying this kainate-quisqualate 
interaction can be explained by a simple cyclic mechanism for desensitization 
(Patneau & Mayer, 1991). Their model proposes that the non-NMDA receptor 
exists in two states - a resting and desensitized state and that 
AMPA/quisqualate antagonize kainate responses because they bind with high 
affinity to a desensitized form of the receptor and then reduce the 
availability of receptors for subsequent activation by kainate.

It would be of interest to determine the effect of quisqualate/AMPA on 
kainate activated single-channels in outside-out patches. As described in the 
RESULTS section, during the simultaneous perfusion of quisqualate/AMPA with 
kainate there was an increase in the current noise level. By examining single
channel currents in membrane patches it may be possible to determine the role 
of the different channel conductances in this phenomenon.

Effects of antagonists - The development of CNQX was a major breakthrough in 
non-NMDA receptor pharmacology and has since proved a very useful tool in the
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study of synaptic transmission. Perhaps understandably early investigations of 
CNQX action were primarily directed at studying this drug’s action on non-NMDA 
receptor agonist binding (Honore et al., 1988) and block of extracellularly 
recorded EPSPs (Blake, Brown & Collingridge, 1988). In the present study CNQX 
action on non-NMDA receptor-mediated whole-cell currents was quantified in 
order to compare non-NMDA receptor channels in type-2 astrocytes and granule 
cells.

The IC5Q values for CNQX antagonism of kainate or AMPA responses, and diCl- 
HQC antagonism of kainate currents, again indicated that there was little 
difference between the astrocytic and neuronal non-NMDA receptors in this 
respect. Published IC5Q values for CNQX have shown more variation than pA2 

values. Determination of an IC5Q for CNQX was first carried out on binding 
assays (Honore et al., 1988). Results from these bindings studies indicated 
that CNQX was a more potent AMPA antagonist than kainate antagonist (IC5Q for 
AMPA binding = 300nM, IC5Q for kainate binding = 1.5//M). Subsequent 
calculations of CNQX IC5Q values, from electrophysiological studies, have 
given values of 2.1/zM and 0«9^M for CNQX antagonism of glutamate and domoate 
currents in cultured DRG neurones (Huettner, 1990) and around 500nM for 
inhibition of kainate and AMPA whole-cell currents in cultured neurones 
isolated from rat superior colliculus (Perouansky & Grantyn, 1989). Previously 
published data has suggested that diCl-HQC is a more potent antagonist of 
kainate evoked currents than it is of AMPA mediated responses (Frey et al.,
1988). The results from the experiments on diCl-HQC antagonism of AMPA 
currents in either type-2 astrocytes and granule cells bear out this fact.

Schild plots of the action of CNQX on kainate evoked responses in granule 
cells and type-2 astrocytes confirmed that the antagonism was indeed 
competitive in both cell types. Competitive antagonists have been widely used 
to define receptor subtypes. Thus, when pA2 values for a given antagonist are 
similar for receptors found in a variety of different tissues (or cells) this 
may indicate that a similar receptor subtype exists in the different cell 
types. In the present study, pKB values were obtained for CNQX acting at non- 
NMDA receptor channels in type-2 astrocytes and granule cells. pKB were 
calculated since the slope of the fitted line to data in Schild plots was 
constrained to be equal to 1, and the intercept of this line on the abscissa 
can not correctly be defined as the (negative) pA2 (see Jenkinson, 1991). The 
pKB values for CNQX, 6.28 in type-2 astrocytes and 6.31 in granule cells 
indicates that the receptors found in the two cell types may well be very 
similar. Indeed, these pKg values are in good agreement with pA2 values 
obtained for the antagonism of kainate responses in oocytes injected with whole 
brain mRNA (pA2 = 6.53, Verdoorn et al., 1989) and the block of kainate
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currents mediated via the GluR-1 receptor-clone (pA2 = 6.21, Dawson et al.,
1990).

Desensitization - Quisqualate and AMPA mediated whole-cell currents in type-
2 astrocytes rapidly desensitized in common with currents evoked by these
agonists in central neurones. The value the for the EC5Q of desensitization
of quisqualate whole-cell currents in type-2 astrocytes, (4.3/^M), compares
favourably with a previously reported value of 3.1^M, obtained in a study of
quisqualate currents in mouse hippocampal neurones (Mayer & Vyklicky, 1989a).
The onset of desensitization of quisqualate evoked whole-cell currents in type-
2 astrocytes increased with increasing agonist concentrations, this was
reflected in a faster ^decay for higher quisqualate concentrations. Similar
findings have been reported for quisqualate responses in hippocampal neurones
(Mayer & Vyklicky, 1989a) and neurones isolated from catfish retina (O’Dell &
Christensen, 1989) and for nicotinic receptors at the neuromuscular junction
(Katz & Thesleff, 1957; Adams, 1975). Given that type-2 astrocytes possess an
extensive network of processes, the rate of application of agonist onto the
cell will be a major determinant of the value observed for the t . , and it J decay
is likely that the values obtained for r , in this study, which are J decay J
somewhat slower that those previously reported (see Mayer & Vyklicky, 1989a; 
O’Dell & Christensen, 1989; Trussed et al., 1988; Trussed & Fischbach, 1989), 
primarily reflect the ability to perfuse the entire cell.

The values obtained for Gpk+8Q/G pk 8Q and Gss+8Q/Gss gQ indicated that 
the steady-state responses of type-2 astrocytes to quisqualate showed more 
outward rectification than did the peak responses. This has been taken to 
indicate that different channel conformations mediate peak and steady state 
responses (Verdoorn et al., 1991) although such results could also be obtained 
if, say, the burst length of quisqualate activated channels was increased at 
positive potentials.

The plant lectin, concanavalin A reduced quisqualate desensitization, 
increasing the amplitude of the steady-state quisqualate evoked current without 
apparently affecting the peak current. However, Con A did not completely 
abolish desensitization in any of the cells examined. The time constant for 
the onset of Con A (169s) action on type-2 astrocytes appears to be slightly 
faster than the value obtained in a previous study examining Con A action on 
hippocampal neurones (319s; Mayer & Vyklicky, 1989a). It will be of interest 
to study the action of Con A on single-channel currents in cerebellar cells, to 
determine if it has any selective action on particular conductance levels (e.g. 
increasing burst length), or if all conductance levels are similarly affected 
by this lectin.
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Channel properties
Noise analysis - Previous studies have indicated that spectral analysis of 

whole-cell currents can give reasonable estimates of the weighted mean single
channel conductance underlying the agonist evoked response. The conductance 
estimates obtained from noise analysis in this study were of two types - high 
and low conductance. The conductance estimates from noise spectra of the "high 
conductance" responses of 12pS for glutamate evoked noise, and 19pS for 
AMPA/quisqualate evoked noise in astrocytes are fairly similar to previously 
published values for cerebellar granule cells (Cull-Candy et al., 1988) and are 
slightly higher than those obtained from large cerebellar neurones (Cull-Candy 
& Usowicz, 1989a), and mouse midbrain neurones (Ascher & Nowak, 1988a). The 
estimate of the channel conductance obtained from kainate noise in "high 
conductance" type-2 astrocytes also gives a value that is higher than has 
previously been reported for kainate activated channels in central neurones.
In astrocytes, spectral analysis of kainate channels in isolated patches and of 
whole-cell kainate noise gave similar estimates for single-channel conductance 
(9.4pS for high conductance, 1.9pS for low conductance). These conductance 
estimates are also very similar to those obtained from spectral analysis of 
kainate evoked currents in outside-out patches isolated from cerebellar granule 
cells (see Chapter 5). In none of the experiments, described here, did the 
estimate of single-channel conductance suggest the presence in type-2 

astrocytes of channels with a very low conductance similar to that of 
femtosiemens channel of the type thought to mediate some of the whole-cell 
currents in cerebellar granule cells (Cull-Candy et al., 1988).

All noise spectra of agonist evoked currents were fitted by the sum of two 
Lorentzian components. Previous studies have indicated that spectra of non- 
NMDA activated currents are best fitted by multiple Lorentzian components (see 
for example, Ishida & Neyton, 1985; Cull-Candy et al., 1988; Cull-Candy & 
Usowicz, 1989a; Traynelis & Cull-Candy, 1991) with time-constants from noise 
analysis giving reasonable estimates of the burst-lengths of the single-channel 
events underlying the whole-cell response. The time constants obtained for 
either high or low conductance type responses did not appear to show any 
agonist dependency. Furthermore, the values of the time constants from the two 
components fits of the high conductance type responses are in good agreement 
with values previously obtained from the analysis of non-NMDA current spectra 
in large cerebellar neurones (Cull-Candy & Usowicz, 1989a). Thus, the estimate 
of the slower time constant gives values that are longer than have been 
reported for cerebellar granule neurones (Cull-Candy et al., 1988; Traynelis & 
Cull-Candy, 1991), mouse midbrain neurones (Ascher & Nowak, 1988a) and retinal 
horizontal neurones (Ishida & Neyton, 1985). From the analysis of the ratios
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of the variances of each component it was apparent that the majority of the 
power was contained in the second, faster component and in this respect the 
results are similar to those obtained in previous studies (Ishida & Neyton,
1985; Cull-Candy & Usowicz, 1989a)

Single-channel currents - Although many of the results discussed in this 
chapter have indicated marked similarities between astrocytic and neuronal 
glutamate channels, examination of single-channels in outside-out patches from 
astrocytes revealed some subtle but important differences in their properties. 
However, the fact that parameters such as EC5Q values for agonists, and IC5Q 
and Kfi values for antagonists, were similar for type-2 astrocytes and granule 
cells may suggest that their ligand recognition sites share some common 
properties.

Five resolvable and discrete conductance levels were observed in outside-out 
patches from type-2 astrocytes. However, given that spectral analysis of low 
conductance responses gave an estimated single-channel of less than lOpS (the 
smallest resolved level in patches) it seems likely that there is a further 
population (or populations) of non-NMDA receptor channels with lower 
conductances.

AMPA and quisqualate each opened channels with conductances of 40-50pS (as 
well as lower levels). As type-2 astrocytes lack NMDA receptor channels this 
is convincing evidence that non-NMDA channels are able to open to these higher 
conductance levels in astrocytes. It seems uncertain whether this may occur in 
some central neurones - although it does not seem to occur in cerebellar 
granule neurones (Cull-Candy et al., 1988; Howe et al., 1991, see Chapter 5 ) 
where few, if any, transitions occur between events above and below 30pS.
Similarly, in Purkinje neurones lacking NMDA channels, there are no large 
conductance events. In support of this idea, as described in Chapter 5, 
channels activated by glutamate (in the presence of the NMDA glycine site 
antagonist, 7-Cl-kynurenate) in cerebellar granule cells only rarely open to 
40-50pS levels; in this situation such events are due to the activation of NMDA 
channels. Thus, non-NMDA channels in type-2 astrocytes are capable of opening 
to conductance levels usually associated with NMDA receptor-channels. Until 
detailed single-channel studies are performed on the various cloned non-NMDA 
receptor subunits, it is not possible to say whether opening to the large 
conductance levels are mediated by non-NMDA receptor subunit combinations which 
are different from those mediating transitions to the lower conductance states.

Another possible explanation for 40-50pS channels in type-2 astrocytes could 
be that they arise from a channel with a non-NMDA ligand recognition but a 
conducting pore that is in some respects similar to NMDA channels -although 
they are clearly not identical since 40/50pS events in astrocytes do not
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9  4-exhibit a voltage-dependent Mg block, of the type described for NMDA 
channels (Mayer et al., 1984; Nowak et al., 1984).

Data obtained in this study indicated that direct transitions between any of 
the levels in type-2 astrocytes were comparatively rare; similar findings have 
previously been reported (Usowicz et al., 1989). As mentioned above, 
transitions between 50 and 40pS, 40 and 20pS and 40 and 30pS were observed, 
albeit very occasionally, with the 50-40 transition being the most common.
Direct transitions between multiple conductance levels are generally taken as 
evidence that the associated conductance levels can originate from the same 
channel (see for example, Cull-Candy & Usowicz, 1987; Jahr & Stevens, 1987; 
Cull-Candy & Usowicz, 1989b; Howe et a l , 1991). Therefore, it seems 
reasonable to conclude that the 50 and 40pS conductance levels are two 
conductance states of the same receptor channel. Indeed the 50-40pS transition 
is the type most commonly observed in cerebellar granule neurones (Howe et al., 
1991) and occurs in large cerebellar neurones (Cull-Candy & Usowicz, 1989b) and 
could suggest a similarity between these events and large conductance channels 
in neurones. As for the other transitions, the possibility that they arose 
from the misclassification of events cannot be excluded, given the large amount 
of open channel noise and the brevity of the channel openings. Thus, at 
present it remains uncertain just how many different types of non-NMDA channels 
exist in type-2 astrocytes.

From the burst-length distributions of non-NMDA receptor channels in type-2 
astrocytes the time constants describing the two exponentials contained in the 
10-30pS distributions and 40/50pS distributions were similar. However, for the 
higher conductance receptor channels the area of the longer burst component was 
significantly greater. Indeed, time constants for non-NMDA receptors in type-2 
astrocytes resemble those described for NMDA  activated channels in large 
cerebellar neurones (Cull-Candy & Usowicz, 1989b), and NMDA  receptor channels 
in cerebellar granule neurones (Howe et al., 1991; Traynelis & Cull-Candy,
1991). However, the burst-lengths of 10-30pS non-NMDA channels in type-2 
astrocytes are longer than have been found for 10-30pS non-NMDA receptor- 
channels in cerebellar granule cells (see Chapter 5). Therefore, in this 
respect there appear to be differences in the kinetics of 10-30pS non-NMDA 
channels in the two cell types. It is particularly interesting that astrocytic 
40/50pS events appear to possess burst kinetics that are similar to those of 
the 40/50pS events in neurones.

9 4-Ca permeability of non-NMDA receptors in type-2 astrocytes and granule 
cells - Non-NMDA receptor channels in either type-2 astrocytes of granule cells

2_L
showed only a very small permeability to Ca . No evidence was found in these

24-
cell types for a Ca -permeable non-NMDA receptor of the kind seen in some
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hippocampal (lino et a l , 1990) or retinal (Gilbertson et a l , 1991) neurones.
From the present study the fact that non-NMDA receptors in both type-2 
astrocytes and granule cells showed only low calcium permeabilities may perhaps 
indicate that the receptor subunit combination that makes up the native 
receptors in these cells contains a GluR-2 subunit (or functionally similar 
subunit). Indeed the fact that non-NMDA channels in both cell types also 
exhibit linear I/V  plots is further evidence that native receptor subunit 
combinations may possess this subunit. Recent in situ hybridization studies 
have indicated that cerebellar granule cells possess mRNA transcripts of GluR-2 
and R-4 receptor subunits. However from the present study, it appears that
few, if any, homomeric GluR-4 receptor channels exist in granule cells as no

2 +evidence was found for non-NMDA receptor channels possessing high Ca 
permeabilities. It is possible that native non-NMDA receptor channels in 
granule cells are composed of either homomeric GluR-2 subunits or heteromeric 
GluR-2/R-4 subunits.

It has recently been demonstrated that a single amino acid in the membrane
2 +spanning region, M2, is responsible for conferring Ca permeability to a 

particular non-NMDA receptor subunit (Hume, Dingledine & Heinemann, 1991). Of 
all the amino acids found in the M2 region there is only one difference between 
the receptor subunits, GluR-1, R-2 and R-3. In the GluR-2 subunit an arginine 
residue is found at position 607, whereas in GluR-1 and R-3 a glutamine residue 
is present (equivalent position is 612, when M2 regions are lined up). The 
presence of a glutamine moiety instead of an arginine confers Ca 
permeability. Indeed when site directed mutagenesis has been used to change
the glutamine residue to an arginine in GluR-3, then such mutated subunits are

2 +Ca impermeable. Similarly, mutation of position 607 in GluR-2 from an
arginine to a glutamine allows homomeric receptors formed from GluR-2 subunits 

2 +to be Ca permeable.
In situ hybridization studies have indicated that Bergmann glia of rat 

cerebellum possess only GluR-1 and GluR-4 mRNA transcripts (Keinanen et a l ,
1990; Sommer et a l , 1990). Whole-cell patch-clamp recordings made from 
putative Bergmann glia have indicated that they possess non-NMDA receptors that

2 4-exhibit significant Ca permeability (Khodorova & Burnashev, 1991). Kainate
2 +currents recorded in lOOmM external Ca reversed direction at potentials 

positive to zero mV (approximately + lOmV) indicating that in this type of 
cerebellar glial cell non-NMDA receptor channels exist that have permeability

2 4” 4*ratios for Ca / Cs that is greater than unity.
Calcium permeability of astrocytes has also been assessed with the aid of 

calcium imaging of fluorescent dyes (Comell-Bell et a l , 1990; Jensen & Chui,
1990,1991). These studies have shown that two types of calcium response is
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seen when glutamate receptor agonists are perfused on to astrocytes. In type- 
1-like astrocytes glutamate evokes an oscillatory calcium response. This type 
of response is independent of external calcium and is insensitive to the non- 
NMDA receptor antagonist, CNQX, it is therefore thought that this type of 
response is mediated by the metabotropic glutamate receptor subtype. In type-2 
astrocytes, glutamate evokes a biphasic response, an initial spike followed by 
a sustained rise in intracellular calcium concentration (Jensen & Chui, 1991).
On the other hand, kainate and AMPA evoke only a sustained rise in calcium in 
type-2 astrocytes, and in type-1-like astrocytes produce little change in 
intracellular calcium concentration. The sustained rise in calcium which is 
dependent on external calcium and can be blocked by CNQX is considered to 
result either from the entry of calcium through non-NMDA receptor channels, or 
via voltage-gated calcium channels following membrane depolarization (as 
nifedipine partially reduces this sustained rise).

Activation of non-NMDA receptor channels in cerebellar type-2 astrocytes, O- 
2A progenitor cells and granule neurones has been shown to result in a cobalt

24 -

influx in these cells (Pruss et al., 1991). The accumulated Co can be 
precipitated which permits the subsequent visualization of cells which show

2  j -  2  4*

Co permeability. It is probable that Co enters via non-NMDA receptor
2 +channels and is not due to entry via voltage-gated Ca channels or due toxic 

effects of the cation. It has been proposed that this technique could allow 
the determination of the subunit composition of receptors in native cells

2 _l

depending on whether a cell showed Co "uptake”. However, as the above
2 +results indicate that Ca permeability of non-NMDA channels in cerebellar

2 +granule cells and type-2 astrocytes is low it would appear that the Co
24 -

visualization technique requires only a low amount of Co influx before
detection is possible and would not therefore discriminate between high and low

2 +Ca permeable non-NMDA receptor channels.

Functional Implications 
The studies described in this chapter were carried out to compare glial and 

neuronal non-NMDA receptor channels. Since, these studies were initiated 
several important findings have been reported concerning the possible 
functional significance of glutamate receptors in type-2 astrocytes. First,

24* •from the studies of Co uptake into glial cells present in intact optic nerve 
preparations (Fulton et al., 1992b, see also Chapter 1) it is clear that non-
NMDA receptors are expressed by glial cells in vivo. However, many of the

2 +glial cells that showed Co staining in this study were considered to be 
mature 0-2A progenitor cells and not type-2 astrocytes. Indeed, type-2 
astrocytes if present in vivo are likely to constitute only a small proportion
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of the total glial cell population. Although this chapter describes results 
that have characterized non-NMDA receptors present in type-2 astrocytes, it 
seems likely that adult 0-2A progenitor cells express non-NMDA receptor 
channels that are similar to those found in type-2 astrocytes. It is now 
clearly important to characterize the properties of channels in adult 0-2A 
progenitors.

In addition to type-2 astrocytes, Bergmann glia of the cerebellum also 
possess non-NMDA receptors (Somogyi et al., 1990; Ortega, Eshhar, & Teichberg,
1991). As mentioned above the non-NMDA channels found in this type of glial

2 +cells differ in their Ca permeability (Khodorova & Burnashev, 1991) from 
those channels in type-2 astrocytes. From the present study and earlier 
investigations it is clear that non-NMDA receptor channels are not exclusively 
localized in neurones in the cerebellum and it is of interest to elucidate 
possible functional roles for these receptor channels in non-neuronal cells.

In Chapter 3, it was suggested that a possible role for glutamate receptors 
in astrocytes could be in their involvement in cell growth or process
outgrowth. Thus the fact that non-NMDA receptor channels in type-2 astrocytes

2 +  •(possibly in progenitor cells too) show some (albeit low) Ca permeability is
consistent with the idea that receptor activation in situ may be involved in

2 +such phenomena. Or indeed Ca entry may be of significance during the 
migratory phase of the 0-2A progenitor cell (Small et al., 1987).

This chapter set out to compare astrocytic and neuronal non-NMDA receptors. 
If channels found in the two cell types were somewhat different this may have 
suggested that the channels in glia were serving some sort of unique role.
However, in many respects astrocytic and neuronal glutamate receptors appear to 
be similar (although there clearly are some differences in channel properties).
Such a result does not necessarily exclude a unique role. Indeed, the fact 
that different types of glia express different types of glutamate receptors may 
suggest some functional role for these channels.

An interesting point raised from the current study is whether a type-2 
astrocyte could be classified as an ‘honorary neurone’ ? Obviously type-2 
astrocytes lack neurofilament. However, these cells do possess ‘neuronal-type’ 
voltage gated N a+ and Ca2+ channels (Barres et al, 1988, 1990) and as shown 
here, they possess both non-NMDA glutamate and GABAa  receptor channels. 
Furthermore, the fact that glial cells do express channels that are similar to 
those found in neurones indicates that caution needs to be taken regarding the 
interpretation of data from studies of CNS tissue, or slices - thus, it is 
sometimes assumed that glutamate receptor binding or in situ mRNA hybridization 
studies merely reflect the presence of glutamate receptors in neurones.
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5. Non-NMDA receptor single-channel currents recorded from outside-out
patches isolated from rat cerebellar granule cells.

5.1 SUMMARY

1. Two types of response to AMPA and kainate could be recorded from outside- 
out membrane patches isolated from cerebellar granule neurones. These have 
been termed ‘high conductance’ and ‘low conductance’ responses respectively.
In high conductance patches AMPA and kainate each opened resolvable single 
channels with conductances between 10-30pS. In low conductance patches, AMPA 
opened channels that had conductances of 5-10pS, while low conductance kainate 
responses were characterized by a small DC shift in the current recording and 
an increase in the membrane current noise.

2. Dose response curves constructed for high or low conductance responses to 
kainate had similar EC5Q values (each around 150/*M). However, the Hill Slopes 
for the two types of response were different, being near 1 for the low 
conductance response, and near 2 for the high conductance response.

3. Spectral analysis of the low conductance kainate response gave an 
estimate for the channel conductance underlying the kainate response of about
I.7pS. In these low conductance patches AMPA produced discrete openings with 
mean conductances (and areas) of 5.6pS, (87.1%) and 9.7pS, (12.9%).

4. In high conductance patches glutamate (10-30/dM), AMPA (3-10^M) and 
kainate (10-30^M) all activated resolvable non-NMDA multiple conductance 
channels that had similar conductances (and relative areas); these were, for 
glutamate 12.2pS, (46.3%); 21.5pS, (33.6%) and 30.7pS (15.8%), for AMPA,
II.8pS, (52.6%); 21.1pS, (37.9%) and 32.3pS, (8.0%), and for kainate, ll.lpS , 
(56.6%); 19.2, (37.3%) and 28.5pS, (6.3%).

5. Current-voltage plots for the high conductance response showed strong 
outward rectification, which was due, at least in part, to an increase in the 
single channel conductance at positive holding potentials. The ratio of 
outward to inward single-channel slope conductances was 1.78 ± 0.10.

6 . Rapid applications of glutamate to outside-out patches were used to 
determine whether there were differences in the single-channel events that 
opened during a pulse of glutamate when compared with those that occurred 
during the steady-state application. Such experiments indicated that no 
particular conductance level was preferentially activated following rapid 
application of the agonist.

7. Kinetic analysis of single-channels in high conductance patches indicated 
that the mean apparent open times of single channel currents were brief ~ 0.5ms 
(for all agonists). In low conductance patches, AMPA opened channels with a
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mean apparent open time of 1.1ms.
8 . Distributions of channel shut times were fitted by the sum of three or 

four exponential components; the mean time constants (and areas) were not 
significantly different for glutamate, AMPA or kainate. Pooling data for these 
agonists gave mean values for the time constants (and areas) of t = 147^s,
(21.5%); t2 = 539^s, (3.2%); t 3 = 27.3ms (36.0%) and r4 = 127ms (40.3%).

9. Burst length distributions of non-NMDA channels activated by each of the 
agonists in high conductance patches contained a main component with a time 
constant of less than 1ms; the mean values were 0.62ms, (glutamate); 0.57ms, 
(AMPA) and 0.54ms, (kainate). Burst-length distributions of AMPA and kainate 
activated channels also contained a second, and longer (although smaller) 
component: 2.83ms, (33.0%), for AMPA activated channels, and 2.07ms, (18.8%) 
for kainate activated channels.

10. The results presented indicate the existence of multiple types of non- 
NMDA receptor channels in cerebellar granule cells.

5 2  INTRODUCTION

Non-NMDA EAA receptors have been subdivided into two classes on the basis of 
apparent selective activation by the agonists AMPA and kainate. However, 
pharmacological separation of these receptor-channel types has proved 
complicated, for two reasons. First, the defining agonists (AMPA and kainate) 
lack specificity, and as yet no antagonist exists which discriminates 
convincingly between AMPA and kainate receptor channels. Second, few (if any) 
central preparations exist which have been clearly shown to possess only one of 
the proposed receptor subtypes. In this chapter, experiments are described in 
which an attempt has been made to separate the non-NMDA receptor subtypes 
present in cerebellar granule neurones. The main approach has been to analyze 
the different conductance levels of receptor-channels activated in single 
excised patches that have been exposed, sequentially, to each of the following 
agonists: glutamate, kainate, AMPA, and NMDA (also see, Cull-Candy et al.,
1988; Howe et al., 1991). This has the advantage that one can identify 
individual patches containing different ‘sets’ of channels, on the basis of the 
amplitude histograms produced with each agonist.

Previous studies have indicated that non-NMDA receptors in granule cells are 
linked to channels with a variety of conductance levels, ranging from those 
that are too small to be resolved as discrete events to ones which have clearly 
resolvable multiple-conductance levels (for review see, Cull-Candy, Wyllie & 
Traynelis, 1991). In the results described below, it has been possible to 
separate out some of these different conductance levels suggesting the presence

168



of at least two types of non-NMDA receptor-mediated response to both AMPA and 
kainate in these cells. Such results indicate that there is more than one type 
of non-NMDA receptor in cerebellar granule cells.

53  RESULTS 

PART 1. Conductance and pharmacological properties of non-NMDA single-channel 
currents in granule cell patches

53.1 High and low conductance type responses in outside-out patches from 
cerebellar granule neurones

All experiments described in this chapter were performed on outside-out 
patches excised from the soma of cerebellar granule cells taken from 7 day old 
rat pups and maintained in culture for 4-5 days.

The protocol used in these experiments was to apply, sequentially, the 
agonists NMDA, AMPA, and kainate. In some experiments the endogenous 
transmitter, glutamate (plus the glycine site antagonist 7-Cl-kynurenate) was 
also used to selectively activate non-NMDA receptors. In all patches examined 
NMDA produced single-channels with conductances of 40-50pS; no detailed 
analysis was made of these channel openings (see Cull-Candy et al., 1988; Howe 
et al., 1991, for details).

Application of non-NMDA receptor agonists onto outside-out patches of 
granule cells evoked two characteristic types of response referred to as high 
conductance and low conductance type responses The terminology, high and low 
conductance refers to the conductances of channels in the patch, rather than 
the overall conductance of an individual patch. High conductance responses to 
kainate (100/dVl) were characterized by a large increase in the noise level of 
the current recording; at lower kainate concentrations ( 10-30/jM) single-channel 
currents were readily identified. Application of AMPA to such high conductance 
patches also evoked discernible single-channel currents. Figure 5.1 shows 
typical high conductance responses obtained from an outside-out patch exposed 
to kainate (30//M) and AMPA (10^M). The expanded traces in Fig. 5.1A, B 
indicate that the single-channels open to a variety of conductance levels 
ranging from about 10-30pS. In contrast, the low conductance responses to 
kainate (Fig. 5.1C) were characterized by a small DC shift in the current 
recording and a small increase in the noise level of the current recording. No 
discernible single channels could be resolved in such responses. However, in 
these low conductance patches AMPA produced clear single-channel currents, 
possessing conductances in the range, 5-10pS (Fig. 5. ID).
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Figure 5.1 High and low conductance responses in outside-out patches.

A, current trace from a high conductance-type outside-out patch held at - 
80mV, in response to kainate; single-channel transitions can be seen on the 
compressed timebase. The recording is shown on an expanded timebase to the 
right; channel amplitudes are to various conductance levels between 10 and 
30pS. B, AMPA evoked single-channels in the same outside-out patch; again 
channel openings are predominantly to conductance levels that range from 
between 10-30pS. The dotted lines indicate the amplitude of channels that 
would possess conductances of 10,20 or 30pS. C, low conductance type kainate 
responses in an outside-out patch held at -lOOmV. Response of patch to kainate 
is characterized by a inward current and a small noise increase, with no 
clearly resolvable single-channel events. D, response of the same patch to 
application of AMPA. Channel openings to conductance levels between 5-10pS can 
be seen. Dotted lines indicate 5 and lOpS conductance levels. Calibration for 
A, IpA and 2s (panels on left), 40ms (panels on right) and for B, IpA and 250ms 
(panels on left) and 40ms (panels on right).
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All patches examined responded to both or neither agonist. Furthermore, if 
a patch gave a high conductance response to kainate, it also gave a high 
conductance AMPA response. And if kainate evoked a low conductance type 
response, AMPA produced only low conductance events (5-10pS). There was no 
evidence for any switching between high and low conductance channel activity.
It therefore seems likely that the two types of response were mediated by 
different channel types. In low conductance patches there was no evidence of 
high conductance responses, however it is unclear whether low conductance 
responses were also present in patches predominantly exhibiting high 
conductance responses (see Discussion).

Although two types of conductance response could be observed in outside-out 
patches, in many patches the application of non-NMDA receptor agonists failed 
to evoke either type of response. In such patches NMDA invariably opened 
channels with a characteristic 50pS conductance. Five such non-responsive 
patches were analyzed in detail to decide if the apparent lack of any visible 
response was verified when more quantitative measurements were made. Two 
parameters were measured: the baseline DC current was compared before and after 
the application of agonist, and the control current variance was compared with 
the current variance in the presence of agonist. In the five patches studied 
neither of these parameters differed from control values when AMPA or kainate 
was perfused onto the patch.

53.2 Concentration-response curves for high and low conductance responses

The high and low conductance responses were further characterized by 
constructing concentration response curves for the two types of response.
Previous analyses of artificially expressed receptors have indicated that both 
EC50 values and Hill coefficients are different for receptors comprised of 
varying combinations of cloned non-NMDA receptor subunits (Nakanishi et a l , 
1990; Sakimura et al., 1990). It therefore seemed possible that if the two 
types of conductance response that were obtained in outside-out patches from 
granule cells represent the expression of different receptor subunit 
combinations, then their EC5Q values or Hill slopes may differ.

Concentration response curves were obtained for kainate applications to 
outside-out patches. This agonist was chosen because the responses to kainate 
were non-desensitizing. High concentrations of kainate could therefore be used 
and the peak current accurately measured. Dose-response curves for kainate 
(5^M-3mM) were obtained in 7 high conductance patches, and 5 low conductance 
patches. Figure 5.2 shows typical high conductance response to 100, 200 and 
300^M kainate (A), and low conductance responses to 100,300 and 500/iM kainate
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Figure 5 2  Dose response curves for high and low conductance responses

A, responses from a high conductance patch (clamped at -80mV) to 100, 200 
and 300//M kainate. B, responses from a low conductance patch (-lOOmV) to 100, 
300 and 500//M kainate. Note the difference in the noise levels in the high and 
low conductance current traces. C, pooled data from 7 high conductance patches 
(filled circles) and 5 low conductance patches (open circles), fitted by the 
logistic equation and normalized to the predicted maximum. SEMs are indicated 
when they are greater than the symbol size. The estimated EC5Q for the high 
conductance dose response curve is 178/iM and for the low conductance is 144//M. 
The values for the Hill slopes are 1.71 (high conductance) and 1.07 (low 
conductance). Calibration for A, 2pA, and for B, 0.8pA and 2s.
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(B). Individual concentration response curves for each patch were fitted to 
the logistic equation (see Chapter 2). Data from either high or low 
conductance patches were pooled by normalizing the individual dose response 
curves to their fitted maximum. The normalized pooled data was then fitted 
again to the logistic equation. Figure 5.2C shows the results of such 
analyses. The fit of the data gave an estimate of the EC5Q and Hill slope for 
high conductance responses of 178^M and 1.71, and for low conductance responses 
of 144/^M and 1.07. Thus, there appeared to be little difference in the EC5Q 
value for the two types of response; indeed, the value obtained in this study 
was similar to that obtained for kainate dose response curves in cerebellar 
type-2 astrocytes (see Chapter 4). However, the fit of the pooled data 
suggests that the Hill coefficients may differ. It is not meaningful to 
compare, statistically, the EC5Q and Hill slope values obtained from fitting 
the pooled data. However, comparison of the data from the individual dose 
response curves obtained in the different patches gave mean EC5Q and Hill 
slope values of 170 ± 26^M and 1.83 ± 0.19 (n=7, high conductance) and 148 ± 
38//M and 1.15 ± 0.08 (n = 5, low conductance). These values indicated that the 
EC50 values for high and low conductance responses were not significantly 
different (P > 0.5, unpaired t-test), while the Hill coefficients differed 
significantly (P < 0.02).

5 3 3  Spectral analysis of high and low conductance type kainate responses

Spectral analysis of kainate-evoked (10-100^M) currents in outside-out 
patches was used in the initial investigation, to estimate the channel 
conductances underlying high and low conductance responses. Indeed noise 
analysis was the only method that could be used to estimate the channel 
conductance of the low conductance response, since individual channel openings 
were too small to be directly resolved. Figure 5.3A shows a typical spectrum 
of kainate (30^M) evoked noise in a low conductance patch (at -80mV), fitted by 
the sum of two Lorentzian components.

All spectra, both from high and low conductance patches, were best fitted by 
the sum of two Lorentzian components. Pooling data from 26 high conductance 
noise runs and 11 low conductance runs gave the following spectral parameters: 
for high conductance type responses, f = 52.4 ± 10.8Hz, f = 367.5 ±
21.6Hz, (hence, t1 = 8.1 ± 1.5ms, x2 = 0.5 ± 0.03ms); for low conductance 
responses f = 28.2 ± 8 .8Hz, f = 253.7 ± 26.5Hz, ( t  = 12.9 ± 3.2ms, t2 =
0.7 ± 0.05ms). The estimated single-channel conductance underlying the high 
and low conductance responses were respectively, 9.1 ± 0.7pS and 1.7 ± 0.3pS.
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Figure 53  Low conductance kainate and AMPA responses in outside-out patches

A, net noise spectrum of kainate (30/^M) evoked current noise in a low 
conductance type outside out patch held at -80mV. Net spectrum is the average 
of 41 control and 90 kainate spectra and is fitted by the sum of two Lorentzian 
components. The cut-off frequencies for the two components are 81.4Hz and 
276.6Hz, hence r  = 1.96ms, t = 0.57ms. The mean kainate evoked current in 
this patch was -0.59pA and the fitted variance of the spectrum is 0.045pA , 
giving an estimated weighted mean of the single-channel conductance of l.OpS.
B, relationship between evoked mean membrane current change and variance, for 
currents activated by kainate (10-300//M). Data obtained from five outside-out 
patches. The slope of the fitted line is 0.09pA and gives an estimate of the 
single-channel conductance of l.lpS  (Vm = -80mV). C, amplitude distribution of 
AMPA evoked single-channel currents (same patch as A, held at -lOOmV). 
Channels that had durations greater than 2 filter rise times (0.664ms) were 
included in the distribution. The histogram is fitted by the sum of two 
Gaussian components with means ± standard deviations (and areas) for the first 
component of 0.63 ± 0.09pA, (57.1%) and for the second component of 0.95 ± 
0.24pA, (42.9%). These values give estimates of the chord conductances of 
6.3pS and 9.5pS, for a reversal potential of zero mV.
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The ratio of the variance (G2 (0 )f2 /G ^(0 )f ̂ ) for the individual Lorentzian 
components was 4.6 ± 0.2 (high conductance) and 5.3 ± 0.5 (low conductance).
Of these various parameters only the estimated single-channel conductance was 
significantly different (P < 0.001, unpaired t-test) between high and low 
conductance patches. The kinetic parameters were also similar to those 
obtained from spectral analysis of kainate responses in patches from cerebellar 
type-2 astrocytes. The results obtained from kainate noise in outside-out 
patches from granule cells and type-2 astrocytes are given in Table 5.1.

As discussed in Chapter 2 the current variance is expected to vary linearly 
with the mean membrane current change, if the probability that the channel will 
open is low. Figure 5.3B shows a variance versus mean current plot for low 
conductance responses in several different patches. The slope of the 
relationship, constrained to pass through the origin, gave an estimated single
channel conductance of l.lpS.

53.4 AMPA evoked single-channel currents in low conductance type patches

As described above, in patches that exhibited a low conductance kainate 
response, AMPA (3-10^M) activated channels with lower conductances than in the 
high conductance patches. It was necessary to low pass filter the current 
recordings at ~ 1kHz (-3dB) in order to observe these low conductance channels. 
Open point or cursor fitted amplitude histograms were constructed to determine 
the channel conductances underlying this type of response. Such histograms 
were usually best fitted by the sum of two Gaussian components. The histograms 
contained a major component at around 5pS, and a minor component at around 
lOpS. One such amplitude distribution of AMPA evoked single-channel currents 
in an outside-out patch (at -10OmV) is illustrated in Fig. 5.3C. Pooling data 
from 8 low conductance type patches gave mean conductance values (and areas) 
for the two components of: 5.6 ± 0.3pS, (87.1 ± 3.8%) and 9.7 ± 0.6pS, (12.9 ± 
3.8%). Since the majority of the channels in these patches had small 
amplitudes, (~0.5pA, at -lOOmV), it was difficult to construct single-channel 
I/V  plots for this type of response; the single-channel conductance was 
therefore obtained assuming a reversal potential of zero mV (as obtained from 
whole-cell currents). ,
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5 3 3  Amplitude histograms of glutamate evoked single-channel currents in high
conductance patches

It was of particular interest to examine the single-channels in outside-out 
patches when activated by the endogenous transmitter, glutamate. As described 
above, all granule cell patches possessed NMD A receptor channels. Thus, in the 
presence of glycine (usually 3/^M), glutamate readily activated NMDA channels. 
To examine glutamate activated non-NMDA receptor channels it was therefore 
first necessary to block NMDA channels: when examining glutamate evoked non- 
NMDA channels all solutions were nominally glycine free; in addition, the 
glycine site antagonist 7-C1 kynurenate (3-10^M) was added to glutamate 
solutions.

Figure 5.4A illustrates typical examples of glutamate activated non-NMDA 
channels recorded from a high conductance patch (at -70mV). As is apparent 
from the figure, the conductance of the majority of the channels is in the 
range 10-30pS, resembling the AMPA and kainate activated non-NMDA channels 
shown in Fig. 5.1. The non-NMDA channel conductances that contributed to 
glutamate mediated high conductance responses in granule cell patches, were 
obtained by constructing amplitude histograms of cursor measured single 
current amplitudes. Only events that had durations greater than 1.5 filter 
rise times (and therefore reached > 94% of their full amplitude) were included 
in the histograms. An amplitude histogram of channels (at -70mV) activated by 
glutamate (20^M) in the presence of 7-C1 kynurenate (10^M) is illustrated in 
Fig. 5.4B.

Analysis of amplitude histograms for data obtained from 7 high conductance 
outside-out patches (-70 to -lOOmV) indicated that these histograms were best 
fitted by the sum of four or five Gaussian components. The small numbers of 40 
and 50pS events observed in the amplitude distributions are likely to be due to 
activations of incompletely blocked NMDA receptors. The estimated mean chord 
conductances (for a reversal potential of zero mV) and areas for the three main 
components of these distributions were 12.2 ± 0.3pS, (46.3 ± 3.6%); 21.5 ±
0.6pS, (33.6 ± 3.9%) and 30.7 ± 0.8pS, (15.8 ± 4.0%), matching well the events 
activated in these patches by AMPA and kainate.
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Figure 5.4 Glutamate gated non-NMDA single-channels in a high conductance
patch

A, examples of glutamate activated non-NMDA receptor channels in an outside- 
out patch held at -70mV. The channels exhibit a variety of conductance levels 
but the majority are in the range of 10-30pS. Dotted lines indicate 10, 20 and 
30pS conductance levels. B, amplitude histogram of cursor fitted amplitudes of 
single-channels activated by glutamate (20//M) in the presence of 7-C1 
kynurenate (10^M) to block NMDA-receptor channels, in a high conductance type 
patch held at -70mV. The distribution is fitted with the sum of five Gaussian 
components with means (and relative areas) of 0.84pA, (42.1%); 1.46pA, (26.7%); 
2.08pA, (17.9%); 2.69pA, (10.7%) and 3.53pA, (2.5%). These give estimates of 
single-channel conductances of 12.1pS, 20.9pS, 29.7pS, 38.4pS and 50.4pS. 
Calibration for A, 1.5pA and 15ms.
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Figure 5.5 Amplitude histograms of AMPA and kainate high conductance responses

Distributions of AMPA and kainate activated single-channel currents from a 
single high conductance patch (-80mV). Both distributions are fitted by the 
sum of four Gaussian components. The mean amplitudes (and relative areas) for 
the components are: for the AMPA distribution, 0.82pA, (52.9%); 1.45pA, 
(31.1%); 2.41pA, (12.9%) and 3.3IpA, (3.1%). For the kainate distribution the 
values are, 0.86pA, (66.2%), 1.59pA, (24.3%); 2.35pA, (8.1%) and 3.33pA,
(1.5%). The estimated single channel conductances obtained from these fits 
are: for AMPA, 10.3pS, 18.1pS, 30.1pS and 41.4pS, and for kainate, 10.8pS, 
19.9pS, 29.3pS and 41.6pS.
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53.6 Amplitude histograms of AMPA and kainate single-channel currents in high 
conductance patches

Analysis was also made of AMPA (3-10//M) and kainate (10-30/^M) activated 
single-channel currents in high conductance outside-out patches. The data 
obtained with AMPA and kainate resembled the glutamate gated non-NMDA channel 
histograms in being fitted by the sum of three or four Gaussians. Channels 
gated by AMPA (n = 6  patches) or kainate (n= 13 patches) were only included in the 
amplitude histograms if they had durations > 1.5 times the filter rise time.
For channels activated by AMPA the mean chord conductances (and areas) for each 
of the three main components were 11.8 ± 1.2pS, (52.6 ± 7.6%); 21.2 ± 1.4pS,
(37.9 ± 7.9%) and 32.3 ± 1.3pS, (8.0 ± 2.5%). Data obtained for kainate 
activated single-channel currents indicated that the mean conductances and 
areas for each of the components were 11.1 ± 0.5pS, (56.6 ± 4.7%); 19.2 ±
0.6pS, (37.3 ± 4.2%); 28.5 ± 0.9pS, (6.3 ± 1.5%). Typical amplitude 
distributions of AMPA and kainate-channels activated in a single high 
conductance patch are shown in Fig. 5.5. As is apparent from the figure, the 
values for the conductances and the areas of each of the Gaussian components 
are similar for both agonists. Although these examples are fitted by the sum 
of four Gaussian components, when data was pooled from all high conductance 
histograms, the area of the 40pS component was less than 2 % of the total.

The chord conductance and area of each of the three main components in the 
amplitude distributions was not significantly different when channels were 
activated by glutamate, AMPA or kainate (P > 0.05 in all tests, one way ANOVA). 
The mean chord conductances and the relatives areas of each component activated 
by the three agonists is given in Table 5.2.

53.7 Current-voltage relationship for NMDA and non-NMDA single-channel 
currents

Single-channel current-voltage plots were constructed for each of the 
agonists. Data points for each I/V  plot were obtained either from the analysis 
of open point amplitude histograms, or from cursor fitted amplitude 
distributions.

Figure 5.6A shows selected current traces of NMDA receptor channels 
activated by glutamate at potentials from -100 to +40mV. The dotted line on 
the -lOOmV trace indicates the current amplitude for a 50pS conductance level. 
Open-point amplitude histograms were constructed for data recorded at various 
holding potentials. An example of superimposed open point amplitude histograms 
recorded from a single outside-out patch clamped at potentials from -lOOmV to
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Figure 5.6 Current voltage plots of NMDA channels

A, single-channel currents at potentials between -100 and +40mV, showing 
activations of NMDA receptor channels by glutamate (10^M) in the presence of 
glycine (3/dvl). B, open point amplitude histograms for glutamate-activated NMDA 
channels (-100 to + 60mV). The mean current amplitude (for the 50pS conductance 
level) is indicated above each Gaussian. Note the presence of a second 
Gaussian component in some of the distributions, corresponding to a 40pS 
conductance level. C, mean current voltage plot for glutamate activations of 
NMDA receptor channels. The fitted lines have slopes of 50 and 41pS and there 
was no indication that the channels exhibited rectification over the potential 
range studied. Calibration for A, 3pA and 30ms.
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+ 60mV is shown in Fig. 5.6B. Pooling data from three patches resulted in the 
I/V  plot in Fig. 5.6C. Linear regression fits of the data from -lOOmV to OmV 
or from OmV to + 60mV did not indicate any marked difference in the slope 
conductances for inwardly or outwardly directed currents. Linear regression of 
the data from -100 to +60mV gave estimates for the slope conductances of the 
two main conductance levels that were identified, of 41.0 ± 0.39pS and 49.8 ±
2.6pS. Previous recordings, made with internal and external recording 
solutions similar to those used here, have indicated that the I/V  relationships 
for NMDA single-channels in cerebellar granule cells show little rectification 
(Cull-Candy et al., 1988; Flowe et al., 1991; Traynelis & Cull-Candy, 1991).
However, at extremely hyperpolarized potentials the NMDA channel shows marked 
inward rectification (Howe et al., 1991). The fact that the NMDA single
channel I/V  is linear over the potentials examined in this present study is in 
contrast with the findings obtained from the non-NMDA single-channel I/V  plots 
discussed below.

Single non-NMDA channel I/V  plots have been examined for glutamate, AMPA and 
kainate channels (3-5 patches for each agonist). Typical single-channel 
current traces (from -100 to +60mV) for each of these agonists are shown in 
Figs. 5.7, 5.8,5.9. In each case the dotted lines on the current trace, (at 
-lOOmV), signifies conductance levels of 10,20 and 30pS.

Analysis of non-NMDA single-channel I/Vs indicated the presence of three 
main conductance levels. From the slope conductances of inward non-NMDA 
channel currents activated by glutamate, AMPA and kainate, the channel 
conductances for each of the agonists were similar. Thus, the conductance 
levels for inward single-channel were: 11.8 ± 0.6pS, 21.2 ± 0.6pS and 29.5 ±
0.6pS (glutamate); 10.1 ± 0.4pS, 19.3 ± 0.7pS and 29.7 ± l.lpS (AMPA) and 10.4 
± 0.6pS, 19.3 ± 1.2pS and 27.7 ± 0.9pS (kainate). As would be expected, the 
values for the reversal potentials for the different channel conductances 
activated by each of the agonists were also similar. Pooling data for 
different agonists and different conductances levels gave a mean reversal 
potential for the non-NMDA single-channel currents in these high conductance 
patches of + 1.27 ± 0.58mV.
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Figure 5.7 Non-NMDA single-channel currents activated by glutamate in a high
conductance patch

A, glutamate activated non-NMDA single-channel currents recorded from a high 
conductance patch at potentials of -100, -80, -40, +20 and +40mV. 10/^M 7-C1 
kynurenate was included in the control and drug solutions in order to block 
activations of NMDA receptor-channels. The dotted lines on the -lOOmV current 
trace indicate the amplitudes of channels that would have conductances of 10,
20 and 30pS. B, mean single channel current voltage plot. Data points 
represent the mean ( ± sem) of 5 experiments and were obtained from the fitted 
Gaussians to cursor fitted amplitude histograms. The slope conductances for 
inward going currents (from linear regression) are 12 (circles), 21 (triangles) 
and 30pS (squares), while the slope conductances for the outward currents (from 
linear regression) are 25 (circles), 35 (triangles) and 47pS (squares).
Calibration for A, 1.5pA and 15ms.
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Figure 5.8 Non-NMDA single-channel currents activated by AMPA ip a high
conductance patch

A, AMPA activated non-NMDA single-channel currents recorded from a high 
conductance patch at potentials of -100, -80, -40, +20 and +40mV. The dotted 
lines on the -lOOmV current trace indicate the amplitudes of channels that 
would have conductances of 10,20 and 30pS. B, mean single channel current 
voltage plot. Data points represent the mean ( ± sem) of 4 experiments and 
were obtained from the fitted Gaussians to cursor fitted amplitude histograms. 
The slope conductances for inward going currents (from linear regression) are 
10 (circles), 19 (triangles) and 30pS (squares), while the slope conductances 
for the outward currents (from linear regression) are 24 (circles), 35 
(triangles) and 44pS (squares). Calibration for A, 1.5pA and 20ms.
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Figure 5.9 Non-NMDA single-channel currents activated by kainate in a high
conductance patch

A, kainate activated non-NMDA single-channel currents recorded from a high 
conductance patch at potentials of -100, -80,40, +4-0 and +60mV. The dotted 
lines on the -lOOmV current trace indicate the amplitudes of channels that 
would have conductances of 10,20 and 30pS. B, mean single channel current 
voltage plot. Data points represent the mean ( ± SEM) of 4 experiments and 
were obtained from the fitted Gaussians to cursor fitted amplitude histograms. 
The slope conductances for inward going currents (from linear regression) are 
11 (circles), 19 (triangles) and 28pS (squares), while the slope conductances 
for the outward currents (from linear regression) are 17 (circles), 32 
(triangles) and 45pS (squares). Calibration for A, 1.5pA and 20ms.
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53.8 Non-NMDA single-channel currents show outward rectification

It is apparent from the single-channel currents illustrated in Figs. 5.7,
5.8 and 5.9 that non-NMDA channels showed outward rectification. Furthermore, 
the slopes of the current voltage plots for single channel currents measured 
between -100 and + 60mV showed a consistent change at approximately zero mV, 
indicating that there was indeed an increase in the values for the slope 
conductances when currents were outward in direction. The slope values (from 
linear regression) obtained for the three conductance levels activated were, 
glutamate = 25.1 ± 0.9pS, 35.0 ± 0.7pS and 47.1 ± 1.5pS; AMPA = 23.8 ± 0.3pS,
35.4 ± 2.8pS and 44.1 ± 0.2pS and kainate = 17.2 ± 1.4pS, 32.4 ± 0.6pS and 44.6 
± 1.6pS. Pooling data for all three agonists (and for the different 
conductance levels) gave a mean ratio of outward to inward single-channel slope 
conductances of 1.78 ± 0.10.

Rectification was readily apparent in recordings made from outside-out 
patches perfused with 100/^M kainate. Typical current traces at potentials 
between -100 and + 60mV, are illustrated in the left hand panel of Fig. 5.10A.
Data from 8 patches perfused with this high concentration of kainate were 
pooled and the resulting I/V  plot is shown in Fig. 5.10B. Responses have been 
normalized to the current that was recorded in each patch at -60mV. As is 
apparent from the I/V plot, the change in slope of the fitted line at positive 
potentials is more marked than that obtained from the single-channel current 
data. The ratio of the normalized currents recorded at + 60 and -60mV is 
approximately 2 .8 , raising the possibility that the increase in the single
channel conductance alone is not sufficient to account for this increase in the 
current at positive potentials. This may indicate that non-NMDA channels show 
a change in channel kinetics (for example, an increase in the burst length of 
the channels), or increase their opening frequency, at depolarized holding 
potentials.

In all experiments in the present study the main cation in the internal 
pipette solution was Cs+, while the main external cation was N a+. It was 
therefore possible that the outward rectification that was observed in all the 
non-NMDA single channel I/V  plots reflected a high Cs+ permeability of non- 
NMDA channels in patches isolated from granule cells. It is worth noting that, 
as described in Chapter 4, I/V  plots for non-NMDA receptor channels from 
cerebellar type-2 astrocytes were linear over all potentials examined (-100  to 
+ 60mV) with Cs+ internal/Na+ external solutions.
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Figure 5.10 Responses from a high conductance patch to high concentrations of 
kainate

A, responses of a high conductance outside-out patch to bath application of 
100/iM kainate. Current traces were recorded at holding potentials of -100, - 
80, -20, 0, +20 and +60mV. Note, at this concentration of kainate individual 
kainate activated channels were not readily resolved, but the DC current change 
could be measured (see Chapter 2). Outward rectification is apparent from the 
raw data. B, current-voltage plot obtained by pooling data from eight patches 
in which the currents have been normalized to that recorded at -60mV. sems 
are indicated when larger than symbol size. The plot shows clear outward 
rectification. The linear regression fit of the data indicated that the ratio 
of the outward slope conductance to the inward slope conductance was Z- 8 , 

Calibration for A, 4pA and 2s.
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To test the possibility that the use of Cs+ in the internal solution may 
have been contributing to this rectification of the channel currents, AMPA 
activated single-channel currents were recorded at +40mV or +50mV in outside- 
out patches bathed in internal and external recording solutions each containing 
140mM Na+. Open-point amplitude histograms were constructed and fitted with 
the sum of three Gaussian components; these distributions included events with 
durations > 2.5 filter rise times. Pooling data from two patches gave 
estimates for the chord conductances of the three conductance levels of AMPA 
activated channels of 20.9 ± 2.6pS, 33.2 ± 1.9pS and 47.0 ± 5.2pS. These 
values are very similar to the slope conductances obtained for outwardly 
directed AMPA activated channels recorded when Cs+ was the main internal 
cation. Furthermore, when N a+ was used in the internal solution the relative 
areas of the three components contained in the amplitude histograms were 
similar to those obtained in other patches at negative potentials with internal 
Cs+. The values were 43.5 ± 6.5% (21pS), 41.4 ± 15.5% (33pS) and 15.1 ± 9.2% 
(47pS). Therefore, these data suggest that the increase in the single-channel 
conductance observed at positive holding potentials is unlikely to be due to 
differences in the N a+ and Cs+ composition of the internal and external

7 +recording solutions. However, the Ca concentration in the external 
recording solution, used in the present study, was ImM, while that of the 
internal Ca concentration was < 50nM (for an internal solution pH 7.0-7.3) 
raising the possibility that at negative potentials non-NMDA receptor channels

9  I

are partially blocked by external Ca ions. It has recently been shown that 
whole-cell kainate evoked currents in isolated trigeminal neurones are

9  i
antagonized by raising the Ca concentration in the external recording 
solution (Gu & Mae-Huang, 1991). Therefore, it will be of interest to
determined whether non-NMDA receptor channels in granule cells are similarly

2 +affected by changes in the external Ca concentration.

53.9 Rapid application of glutamate onto outside-out patches

The fast component of excitatory postsynaptic currents (EPSCs) in the 
mammalian CNS is generally thought to be mediated by non-NMDA receptor 
channels. From the data presented in this study and from earlier work, non- 
NMDA channels are known to exhibit a variety of different conductance levels 
(Cull-Candy & Usowicz, 1987; Jahr & Stevens, 1987; Ascher & Nowak, 1988; Cull- 
Candy et al., 1988). However, an important but as yet unanswered question is: 
which channels underlie the non-NMDA component of the EPSC ? A previous study 
has suggested that a rapidly desensitizing channel with a conductance of ~35pS 
may be involved in synaptic transmission (Tang, Dichter & Morad, 1989), while
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the study of Trussed & Fischbach (1989) favoured an 18pS event. It was 
decided to re-address this question in the light of the fact that recent data 
from non-stationary noise analysis of synaptic currents has suggested that the 
weighted mean conductance of the single-channels underlying the fast component 
of the EPSC is about 22pS (Traynelis, Silver & Cull-Candy, 1991,1992). 
Furthermore, given the diversity of non-NMDA receptor subunits that have been 
cloned it seems likely that the non-NMDA receptor channels will differ between 
many CNS synapses. It was therefore of interest in the present study to 
determine the conductances of the non-NMDA channels that opened in response to 
a rapid application of agonist to outside-out patches to determine whether the 
activation of particular events was favoured, or whether the distributions 
resembled those obtained during steady-state application.

Rapid application of an agonist more closely mimics the situation occurring 
at the synapse, although as yet parameters such as the rate of rise of the 
concentration of transmitter during synaptic transmission in the CNS remain 
unknown.

To compare non-NMDA receptor channels that opened in response to a rapid 
application of glutamate with those occurring during steady-state application 
of the agonist, amplitude histograms for channels were determined in steady- 
state conditions and during pulse of glutamate. In a previous study, (Tang et 
al., 1989) it was suggested that a channel with a conductance of ~35pS opened 
first, following a pulse of quisqualate, while subsequent openings of this 
channel conductance were rare. However, no quantitative data were presented 
for non-equilibrium openings of channels or for steady-state openings so it was 
not possible to assess the significance of the findings. Since the present 
experiments were aimed at obtaining information regarding the channels that may 
be opened by the natural transmitter, experiments were made using glutamate.

In these experiments control perfusing solutions contained lÔ wM 7-C1 
kynurenate; the pulses of glutamate (20-50^M) were applied from a pressure 
ejection system onto outside-out patches excised from granule cells. In 
addition the solution applied to the patches contained 7-C1 kynurenate (20/iM).
To obtain a measure of the speed of application to the patches, the potential 
changes produced at the tip of an open patch pipette (containing 15mM NaCl), 
when a pulse of 150mM NaCl was applied, indicated that the 10-90% risetime for 
the solution change was 1.37 ± 0.28ms, (n=3 experiments, on average 50 pulses 
were made during each experiment). The 20-80% risetime for the solution change 
was 0.75 ± 0.23ms.
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Figure 5.11 Single-channel currents and amplitude histograms from experiments 
in which glutamate was either rapidly applied or applied in the steady-state to 
membrane patches

A, examples of glutamate activated non-NMDA channels recorded under steady- 
state conditions from a high conductance type patch (-70mV). All recordings 
illustrated in this figure were made in the presence of 7-C1 kynurenate (10/*M) 
to block activations of NMD A receptor channels. The amplitude histogram of 
these non-NMDA receptor channels (shown to the right of the single-channel 
currents) is fitted by the sum of four Gaussian components. The means (and 
relative areas) of the four components are: 0.76pA, (76.1%); 1.46pA, (14.9%); 
2.22pA, (6.5%) and 3.47pA, (1.5%), giving estimated channel conductances of 
10.9pS, 20.9pS, 31.7pS and 49.6pS. B, three current traces recorded during a 
50ms pulse of glutamate (20//M). The histogram (to the right) shows the 
distribution of the amplitudes of the first five events to occur after a pulse 
of glutamate. This distribution is fitted by the sum of five Gaussian 
components. The means (and relative areas) of the different components are: 
0.75pA, (60.9%); 1.39pA, (16.1%); 2.09pA, (12.6%); 2.73pA, (6.3%) and 3.25pA, 
(4.1%). These values give conductance estimates of 10.7pS, 19.8pS, 29.8pS,
39.0pS and 46.4pS. In this patch the ratios of the areas of the 10,20 and 
30pS components in the "first five" distribution to those in the "steady-state" 
distribution are 0.80, (lOpS); 1.08, (20pS) and 1.94 (30pS).
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Amplitude histograms of channels activated by steady-state application of 
glutamate were compared with those describing the amplitudes of the first five 
events which followed a glutamate pulse (usually of 50ms) in three patches. On 
average 130 pulses of glutamate were applied to each patch. It was decided to 
include the first five channel openings in such distributions since such a 
protocol would be more reliable in ensuring that the first channel to open was 
actually included. Furthermore, it is of interest to study the amplitudes of 
several channels to open after a glutamate pulse, rather than exclusively 
examine the conductance of the channel that opens first. In addition, the 
assignment of the first event could be considered subjective and it was hoped, 
by this means, to avoid including only large amplitude events which would have 
been more readily identified than lower amplitudes.

Figure 5.11 shows the result obtained a typical experiment. Panel A in the 
figure shows single-channel currents activated by glutamate (20^M) in the 
presence of 7-C1 kynurenate (10^/M) recorded under steady-state conditions, in 
an outside-out patch at -70mV. Figure 5.1 IB illustrates three traces of 
single-channel currents that opened after a 50ms pulse of glutamate. It is 
apparent from these traces that there was no obvious preference in the 
conductance of the first channel activated. The amplitude distribution of 
steady-state currents is fitted by the sum of four Gaussian components; the 
three main components have conductances of approximately 10,20 and 30pS. The 
estimated channel conductance is indicated above each Gaussian component. The 
amplitude histogram obtained with rapid application shows the amplitudes of the 
first five channels to open after a pulse of glutamate. In this example 150 
applications of glutamate were made to the patch.

The mean conductances (and areas) for the three main components in the 
amplitude histograms for steady-state single-channel currents for the three 
patches examined were: 11.9 ± 0.9pS, (51.6 ± 15.2%); 21.9 ± 1.3pS, (21.3 ±
4.0%) and 31.5 ± 1.3pS, (20.8 ± 10.0%). Similarly, analysis of the first five 
openings gave values of: 12.0 ± 0.9pS, (49.3 ± 7.1%); 19.5 ± 0.3pS, (31.6 ±
10.8%) and 28.6 ± 1.3pS, (14.3 ± 4.0%). The data gave values for the ratios of 
the areas of each of the components for the first five channel openings to 
steady-state openings of 1.01 ± 0.14, (lOpS component), 1.42 ± 0.26, (20pS) and 
1.01 ± 0.57 (30pS). There was no significant differences in either the 
conductance estimates or the areas of each of the components between steady- 
state and the first five openings (paired t-test, P values ranged from 0.19 to 
0.95). Although there is an apparent increase in the relative area of the 30pS 
component in the rapid application distribution illustrated in Fig 5.11, in the 
other patches analyzed the area of this component decreased with respect to the 
steady-state distributions. Thus, these data provide provisional evidence that
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the steady-state amplitude histograms are a good reflection of the events 
produced by pulses of glutamate - and which are therefore likely to be 
activated under more ‘physiological’ conditions, if similar receptor-channels 
occur in the sub-synaptic membrane (see Discussion). Furthermore, in the 
present study no evidence was found for the "novel" 35pS event of the sort 
suggested by Tang et al. (1989) to occur in hippocampal neurones.

PART 2. Kinetic analysis of non-NMDA channel currents in high conductance 
patches

Kinetic properties of glutamate, AMPA and kainate evoked single-channel 
currents have been examined in the high conductance patches. This analysis was 
restricted to events recorded at negative holding potentials, and consisted 
mainly of the analysis of apparent open times, shut times and channel burst 
lengths.

53.10 Apparent open times of single-channel currents in high conductance 
patches

Distributions of apparent open times were constructed for channels activated 
by glutamate (n=7 patches, in the presence of 7-C1 kynurenate), AMPA (n= 6 ) and 
kainate (n= 12). Patch potentials ranged form -70 to -lOOmV. Channel openings 
to all conductance levels (10-30pS) were included in these histograms. The 
open times of the different conductance levels have not been examined 
separately. Such open time distributions give overestimates of the true 
channel open time since many openings were likely to contain unresolved brief 
gaps (see Colquhoun & Sakmann, 1985). Openings were excluded from the 
distributions if they had durations that were less than 1.5 times the filter 
rise time. For channels activated by glutamate the open time distributions 
were described by a single exponential, whereas two exponentials were required 
to fit all distributions of AMPA activated channel open times, and 7 out of 12 
distributions of kainate channel open times. The values obtained from this 
analysis suggest that the open times are similar for all three agonists.

Glutamate gated channels had a mean apparent open time of 0.53 ± 0.08ms, 
while the open times for channels contained in the first (the major) component 
of the distributions, of AMPA and kainate activated channels were 0.51 ± 0.06ms 
(88 .6%) and 0.51 ± 0.04ms (93.9%). The value for the second component 
contained in open time distributions of AMPA and kainate channels was 2.20 ± 
0.36ms and 1.67 ± 0.24ms, respectively. Figure 5.12 shows typical examples of 
open time distributions for channels activated by glutamate (Fig. 5.12A), AMPA
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Figure 5.12 Apparent open time distributions for single-channel currents 
activated by glutamate, AMPA or kainate

A, distribution of apparent open times of non-NMDA channels activated by 
glutamate (10^M). Channels openings that had durations greater than 250^s were 
included in the fit. The distribution is fitted by a single exponential 
function with time constant (indicated by arrow) of 0.657ms. 841 events were 
included in the distribution, while 1230 are predicted from the fit. B, 
distribution of AMPA ( 10//M) activated channels with durations > 250/^s and 
fitted by the sum of two exponential components r = 0.554ms, (92.6%); r2 = 
1.30ms, (7.4%). A total of 1174 events were fitted, with 1742 predicted. C, 
open time distribution of kainate (10/*M) activated channels (resolution 250^s). 
The distribution is fitted by the sum of two exponential components =
0.380ms, (85.4%); r  = 1.28ms, (14.6%). 521 events were included in the 
distribution while the fit suggests 926 events. In each of the distributions 
channel openings to all conductance levels were included.
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(Fig. 5.12B) and kainate (Fig. 5.12C). The percentage of undetected openings 
in the open time distributions was similar for all three agonists and on 
average 33.3 ± 3.4% of openings were either undetected or excluded from the 
open time distributions. Furthermore, the apparent open times of channels 
activated by the rapid application of glutamate did not appear to differ from 
the values obtained when channels were activated under steady-state conditions. 
On average the open time for channels activated during rapid applications was 
0.55 ± 0.06ms (n=3 patches).

The effect of hyperpolarization or depolarization on the apparent open times 
of channels activated by the non-NMDA was not examined, but (as discussed 
above) the possibility that channel open times (or burst lengths) increase when 
patches are held at positive potentials is worthy of investigation.

53.11 Analysis of shut times

Distributions of shut times of non-NMDA receptor channels were also 
examined. Shut time distributions of channels activated by glutamate could be 
described by the sum of three exponential components, while for AMPA and 
kainate it was sometimes necessary to fit such distributions with the sum of 
four exponential components. All distributions contained at least one 
component that had a duration that was less than 500jis, indicating that some of 
the channel openings occurred in bursts. The area of this component was 
generally less than 30% of the total area of the entire shut time distribution.

As previously discussed, the presence of brief interruptions that are not 
fully resolved (i.e. fail to reach baseline) during a channel opening, does 
not necessarily indicate that the brief interruption represents an unresolved 
full closure (Colquhoun & Sakmann, 1985; Cull-Candy & Usowicz, 1989b; Howe et 
al., 1991); such brief gaps may represent brief sojourns to a subconductance 
level. However, direct transitions between the 10,20 and 30pS appeared to be 
rare and thus the majority of such gaps are likely to represent partially 
resolved complete closures. A resolution of 80-150^s was generally imposed on 
shut time distributions. In a data record filtered at 3kFIz (giving an overall 
filter rise time of 133/*s), and with a resolution of SO/us imposed on the shut 
time distribution, the value of A /A  (see Chapter 2) was 0.469. Thus, a gap 
of 80/4S duration occurring during a 30pS event would reach the amplitude of a 
16pS channel. However, a 150/zs gap would reach > 80% of its original 
amplitude, i.e. if this gap occurred during a 30pS opening the gap would reach 
the amplitude of a 6pS channel - a value that is lower than the conductance of 
the smallest resolved conductance channel in high conductance patches - and 
could therefore safely be assumed to be a full closure. Nonetheless, it is
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Figure 5.13 Shut time distributions for single-channel currents activated by
glutamate, AMPA or kainate

A, distribution of shut times in an outside-out patch exposed to glutamate 
(10/mM) and held at -80mV. The distribution is fitted by the sum of three 
exponential components with time constants and areas of 209/^s, (19.8%); 23.6ms, 
(58.2%) and 72.0ms (22.0%). 1884 events were included in the distribution, the 
fitted line predicts 1999 events. B, distribution shut times for AMPA (10/iM) 
activated channels in a patch clamped at -80mV. The continuous fitted line is 
the sum of four exponential components and gives time constants (and areas) of 
68^s, (40.4%); 505/^s, (4.4%); 15.6ms, (20.1%) and 49.2ms, (35.1%). The fit 
predicts 1918 events and 1367 events are included in the distribution. C, shut 
time distribution for kainate (10/zM) gated channels fitted by the sum of three 
exponentials with time constants and areas 146^s, (19.4%); 32.5ms, (22.8%) and 
118.8ms (57.8%). The distribution includes 813 events and the fitted line 
suggests 886 .
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possible that some of the gaps could have been transitions between different 
conductance levels, and therefore the value for the time constant describing 
the first component in the shut time distribution may represent a mixture of 
brief gaps, and brief transitions to lower conductance levels.

As described for the open times, the shut times were similar for all the 
agonists. On average, the values and their respective areas were, for 
glutamate (n=7 patches) x -  205 ± 50^s, ^  = 19.0 ± 4.0%; r2 = 20.1 ± 10.2ms, 
a2 = 28.2 ± 10.5% and r 3 = 245 ± 148ms, a3 = 58.2 ± 9.9%. Channels activated 
by AMPA (n = 6  patches), gave means and areas for the fitted exponentials of x 
= 125 ± 30^s, ax = 29.6 ± 9.0%; r2 = 758 ± 157/*s, a2 = 8.5 ± 6.5%; t 3 = 10.7 ± 
4.8ms, a_ = 24.2 ± 9.5% and r  = 88 ± 20ms, a. = 40.2 ± 9.7%. For channels3 4 4
activated by kainate (n = 12 patches) the values were: t1 = 167 ± 40^s, a1 =
17.9 ± 2.5%; r2 = 424 ± lÔ us, a2 = 2.9 ± 1.2%; r 3 = 48.4 ± 18.4ms, a3 = 30.9 ±
6.1% and x. = 176 ± 42ms, a. = 47.2 ± 7.2%. The values of the time constants4 ’ 4
for shut time distributions of non-NMDA channels activated by each of the
agonists were not significantly different (P > 0.05, one way ANOVA). Examples
of shut time distributions of channels activated by glutamate, AMPA or kainate
are illustrated in Fig. 5.13.

53.12 Analysis of "bursts"

The brief gap component(s) seen in the shut time histograms indicates that 
channel openings can occur in bursts (Colquhoun & Sakmann, 1981; 1985). 
Indeed, the burst length is probably a more useful parameter to measure than 
the apparent open time since it may represent the duration of a single 
activation of a receptor-channel. The burst length may also approximate the 
average duration of single receptor channel activations during fast synaptic 
transmission. Furthermore, the value for the burst length is less affected by 
missed gaps.

It is known that the time constant of the decay of the fast (CNQX sensitive) 
component of the miniature EPSC at the mossy fibre-granule cell synapse in the 
cerebellum is fast ~ 1.0ms (Silver et al., 1992). Therefore it was of interest 
to find out if the burst length of non-NMDA receptor channels approximated that 
of the mEPSC decay time constant, as this may indicate that channel kinetics 
rather than, say, desensitization of the channels, underlies the rapid decay of 
the mEPSC at this synapse.

In order to define bursts, the critical gap length ri ) was calculated 
for each of the agonists. T ri values were calculated such that the 
percentage of gaps between bursts, that were misclassified as within bursts, 
were equal to the percentage of gaps within bursts that were misclassified as
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Figure 5.14 Burst length distributions for single-channel currents activated
by glutamate, AMPA or kainate

A, single exponential fit of a distribution of channel burst lengths for 
channels activated by glutamate (lO^uM). The time constant of the fitted 
exponential is 920/*s. 685 bursts were included in the distribution; 900 events 
are predicted. B, distribution of AMPA (10^M) activated channel bursts. The 
continuous fitted line is the sum of two exponentials with time constants 
752,us, (59.2%) and 3.09ms, (40.8%). 846 events are included in the 
distribution and 1056 bursts are predicted from the fit. C, two exponential 
fit of a burst length distribution for kainate (10//M) activated channels. The 
time constants of the fitted exponentials are 335^s, (72.1%) and 1.65ms, 
(27.9%). The distribution includes 383 events and the fitted exponentials 
predict 659 events. In each of the burst length distributions illustrated no 
attempt was made to separate bursts resulting from the opening of a channel to 
different conductance levels.
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between bursts (see Colquhoun & Sakmann, 1985 for details). In glutamate- 
channel shut time distributions, r 1 was assumed to represent gaps within 
bursts, whereas for AMPA and kainate shut time distributions both t  and r2 

were assumed sufficiently brief to represent gaps within bursts. The mean 
value of T for each of the agonists was 0.76 ± 0.18ms (glutamate, n=5),
1.53 ± 0.51ms (AMPA, n = 6 ) and 1.18 ± 0.36ms (kainate, n= 12). Bursts were 
defined solely on the basis of regardless of the conductances of the 
events activated during the burst.

Distributions of burst lengths, for channels activated by glutamate were 
reasonably well described by a single exponential function, while burst lengths 
of AMPA and kainate activated channels were usually best fitted by the sum of 
two exponential components. The mean values (time constants) obtained were, 
for glutamate channels, 0.62 ± 0.11ms; for AMPA channels, 0.57 ± 0.13ms (67.0 ± 
0.12%) and 2.83 ± 0.59ms; and for kainate channels 0.54 ± 0.06ms (81.2 ± 5.0%) 
and 2.07 ± 0.46ms. Thus, there appears to be no agonist dependency in the 
value obtained for the time constant of the major component of burst length 
distributions (P > 0.05, one way ANOVA). In addition, the value of the slower 
component contained in AMPA and kainate burst length distributions were not 
significantly different (P > 0.3, unpaired t-test). Figure 5.14 illustrates 
typical burst length histograms of non-NMDA channels activated by glutamate, 
AMPA and kainate.

The fact that the values obtained from the analysis of burst lengths were 
similar to those obtained from the analysis of apparent open times suggests 
that many channel activations may be composed of single openings (or that gaps 
were poorly resolved). This was further examined by analyzing the number of 
openings per burst and total open time per burst. For each of the agonists, 
histograms of the number of openings per burst occurring during non-NMDA 
channel bursts all contained a major geometric component near unity; a second 
and minor component, with a value near 2, was also resolved in AMPA and kainate 
distributions. The mean values for the number of openings per burst were 1.17 
± 0.05, (glutamate), 1.14 ± 0.05, (70.5 ± 4.0%, AMPA) and 1.14 ± 0.4, (89.4 ± 
4.0%, kainate). It should be noted that since data records were filtered 
reasonably heavily in order to resolve the lOpS conductance channels it is 
possible that such bursts did contain many unresolved brief gaps. Finally, the 
values for the total open time per burst were very similar to the values 
obtained from the analysis of burst length. This is to be expected since, gaps 
(when present and resolved) within activations of a channel, were very brief, 
and because many bursts were composed of a single apparent opening.
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53.13 Apparent open times of single-channel currents in low conductance type
patches

The apparent open times of AMPA activated channels present in low 
conductance type patches was also examined. The mean apparent open time for 
such channels was found to be 1.1 ± 0.24ms (n=4 patches). However, such data 
records had to be heavily filtered in order to resolve the small conductance 
channels and the open time resolution was therefore poor (between 500-800/^s). 
Thus, the estimates obtained for the apparent open time are more likely to be 
nearer the values for the channel burst lengths, as many brief gaps would have 
been unresolved in these channel openings. Because of the inherently poor 
resolution no other kinetic parameters were analyzed in low conductance type 
patches.

5.4 DISCUSSION

The experiments described in this chapter were aimed at characterizing the 
properties of different non-NMDA receptor mediated responses in isolated 
membrane patches from cerebellar granule neurones. Below, some of the main 
questions posed by these experiments are considered.

Comparison with earlier studies

Previous investigations have shown that non-NMDA receptor channels from a 
variety of cells isolated from the CNS display a wide range of conductance 
levels, from ~ IpS to ~30pS (or in the case of channels found in type-2 
astrocytes, 1 to ~50pS). Thus, the range of conductance estimates obtained 
here are similar to those in earlier studies (Cull-Candy & Usowicz, 1987; Jahr 
& Stevens, 1987; Cull-Candy al., 1988; Ascher & Nowak, 1988a).

Studies of non-NMDA receptor channels present in cerebellar granule cells 
(Cull-Candy et al., 1988; Howe et al., 1991) have indicated that kainate and 
quisqualate predominantly open resolvable single-channels with conductances in 
the range 10-30pS. In addition, spectral analysis of kainate evoked noise in 
outside-out patches gave an estimated single-channel conductance of IpS (Cull- 
Candy et al., 1988). Furthermore, a "femtosiemens" channel (conductance 
~ 150fS) has been shown to occur in granule cells isolated from younger animals 
(2-3 days old) (Cull-Candy & Ogden, 1985; Cull-Candy et al., 1988). In the 
present study, none of the spectra of low conductance responses obtained gave 
single-channel conductance estimates of less than 0.9pS. The time constants 
for the mean apparent open times for non-NMDA receptor channels were
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approximately 0.5ms; this value is slightly faster than previously reported 
values for apparent open time of kainate activated channels (l-2ms) and is 
considerably briefer than previously reported values for quisqualate activated 
channels (5-7ms) in the same cell type (Howe et al., 1991).

In large cerebellar neurones (Cull-Candy & Usowicz, 1987,1989b) non-NMDA 
receptor agonists have been shown to open channels with conductances of mainly 
less than 20pS. Indeed, only 27% of quisqualate openings and 10% of kainate 
openings were to conductances >30pS. In addition, spectral analysis of kainate 
responses in outside-out patches from large cerebellar cells gave an estimated 
mean conductance of IpS, a value similar to that obtained in the present study 
for kainate evoked responses in low conductance patches.

Kainate has been shown to evoke two types of response in mouse cultured 
central neurones (Ascher & Nowak, 1988a). The more frequently occurring 
response was one in which kainate, when applied to outside-out patches, 
produced a noise increase in the current trace and no discernible openings of 
single-channels. The mean conductance of this type of response was estimated 
from fluctuation analysis to be around 4pS. The second type of response was 
described as "spiky", in which kainate opened resolvable single-channels with a 
mean conductance of ~20pS. These channels also appeared to have very brief 
open times. Thus, it is possible that these two types of response may resemble 
the low and high conductance type responses observed in granule cell patches. 
However, because of the heterogeneity of cell types used in previous studies it 
is not possible to determine whether the two types of response were mediated by 
different non-NMDA receptor channel types found in the same cell type, or by 
different cell types that expressed different channel types.

A recent report has also characterized two distinct kainate mediated 
responses in cultured hippocampal neurones (Ozawa, lino & Tsuzuki, 1991). In 
patches excised from large neurones, that resembled young pyramidal cells, 
kainate opened channels that had a mean conductance of 2.2pS (estimated from 
noise analysis). However, in patches taken from smaller hippocampal neurones, 
with an elliptical soma and fine neurites, kainate channels exhibited a variety 
of conductance levels that ranged from 4-36pS. Despite the fact that the 
conductances of these non-NMDA channels from hippocampal cells are similar to 
those observed in the present study, the properties of the hippocampal high and 
low conductance type responses differ, in many other respects, from those found 
in cerebellar granule neurones. Thus, in hippocampal neurones the 
concentration response curves for the two types of kainate response had E C ^  
values that were lower than in the granule cells (around 60//M) and the Hill 
slope for the low conductance response was near 2 while that for the high 
conductance response was nearer 1. Furthermore, the single-channel I/V  plots
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for the high conductance response in hippocampal neurones showed profound 
inward rectification while the low conductance response showed outward
rectification. In addition, the channels underlying the high conductance

2 +
response in hippocampal neurones showed high Ca permeability while low

2 +conductance channels had little or no Ca permeability. High conductance 
type responses in granule cells are outwardly rectifying, and from the data 
presented in Chapter 4 it seems likely that these channels were virtually 
impermeable to external Ca . As mentioned above, attempts to obtain I/V  
plots for low conductance type responses in granule cells were unsuccessful.
It would therefore be of interest to find out whether low conductance type 
responses in granule cells rectify, either inwardly or outwardly. In addition,
the possibility that the channels which mediate the low conductance type

2 +responses in granule cells may be permeable to Ca clearly now deserves 
investigation.

In outside-out patches isolated from chick spinal neurones (Trussell &
Fischbach, 1989) the main conductances of channels activated by quisqualate or 
kainate were in the range 18-22pS. In this previous study, no investigation 
was made of non-NMDA channel lifetimes. In an earlier study of embryonic chick 
motoneurones, (Zorumski & Yang, 1988), over 90% of channel activations by 
kainate had conductances of around 20pS and the mean open time of channels 
activated by kainate was 1.5ms. However, in neither of these studies on avian 
neurones was any report made of channels that possessed conductances of ~ IpS 
(as seen for low conductance patches in the present study).

In cerebellar granule cells, the non-NMDA receptor agonist, domoate has been 
reported to activate directly resolvable single-channel currents with 
conductances of ~2 and ~4pS (Sciancalepore, Galdzicki, Zheng & Moran, 1990). 
However, it is debatable with what accuracy, channels with a conductance of 2pS 
could be distinguished from background noise. The mean open time of these 
domoate activated channels was around 3ms.

Non-NMDA receptor channels in rat dorsal root ganglion (DRG) cells have 
conductances < 20pS (Huettner, 1990). In these cells kainate or domoate 
activated channels with main conductances of 4-5pS and 8pS and occasionally 
these agonists opened channels with conductances of 15-18pS. As described in 
the present study, transitions between the different conductance levels of non- 
NMDA receptor channels in DRG cells were rare. The mean open time of non-NMDA 
channels in DRG cells was reported to be 1ms, again, in good agreement with the 
data described in the present study.

Finally, a recent study of non-NMDA channels in teleost retinal horizontal 
cells has characterized two different types of single-channel response to 
quisqualate and kainate (Lasater, 1991). The more commonly encountered
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response was one in which quisqualate or kainate opened ‘fast’ channels with an 
apparent mean open time of 1ms. These channels displayed two conductance 
levels: ~ lOpS and ~21pS. In the second type of response these agonists opened 
‘slow’ channels, which had longer open times of around 20ms. The conductance 
of the slow channels were ~ 6  and ~ lOpS. The different types of response 
recorded from retinal cells appeared to be localized to individual cells; 
multiple patches from the same cell exhibited only the fast or only the slow 
type of response. Although the conductance levels of non-NMDA receptor 
channels in teleost retina are similar to those obtained in the present study 
for high and low conductance responses, no differences were observed in the 
apparent open times of the channels underlying each type of response.

While the present study has indicated that non-NMDA channels in cerebellar 
granule cells possess conductances in the same range as those described in the 
previous reports (Cull-Candy et al., 1988; Howe et al., 1991) various features 
of the protocol used have allowed a further ‘dissection’ of the different types 
of non-NMDA channels in these cells. The observation that both AMPA and 
kainate, when applied to the same high conductance patch, open channels with 
the same multiple conductance levels and in similar proportions seems to be 
compelling evidence that these two agonists are acting on the same receptor 
channel to produce these events. In addition, by blocking NMDA receptor 
channel with the glycine site antagonist, 7-C1 kynurenate, it has been possible 
to examine non-NMDA receptor channel properties when they are activated by the 
endogenous transmitter, glutamate. In addition, in the present study two 
different types of response have been isolated and it has been demonstrated 
that in low conductance patches, when kainate open channels with a mean 
conductance of 1.7pS, AMPA activates channels only with conductances of ~5 and 
— lOpS. Next consideration will be given to how many types of non-NMDA receptor 
channel mediate the two types of responses described in the present study.

High and low conductance responses - How many types of channel are involved ?

The presence of two types of conductance response that can be ‘physically’ 
isolated in different patches is strong evidence for the existence of at least 
two types of non-NMDA receptor channel in these cells. However, several 
different receptor types could in fact underlie the various conductance levels.
Thus, considering first the high conductance type of response - do the 10,20 
and 30pS conductance levels arise from a single receptor channel exhibiting 
three multiple conductance levels, or from three independent channels each 
possessing a single conductance?

The most compelling evidence that several different conductance levels can
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originate from a single glutamate channel comes from experiments on NMDA 
channels where the presence of direct transitions between levels has been 
observed. Such direct transitions are not separated on the current trace by 
any inflection that could be considered to represent the closure of the 
channel. Direct transitions between different conductance levels have been 
observed for NMDA receptor channels in large cerebellar neurones (Cull-Candy & 
Usowicz, 1987,1989b), cerebellar granule neurones (Cull-Candy et al., 1988;
Howe et a l , 1991), mouse central neurones (Ascher et a l , 1988a) and 
hippocampal neurones (Jahr & Stevens, 1987). The most commonly observed 
transitions for NMDA channels in granule neurones are 50/40pS (11% of all 
transitions), 50/30pS (3%) and 40/30pS (-1 % ) (see Howe et a l , 1991). In large 
cerebellar neurones (Cull-Candy & Usowicz, 1987,1998b) the most frequently 
occurring transitions were those between 48/38pS and 38/18pS.

However, in the present study, which has concentrated on non-NMDA channels, 
direct transitions between different conductance levels were not readily 
apparent. In this respect this finding is consistent with previous data 
showing that transitions between conductance levels of < 30pS in cerebellar 
granule neurones are rare (Cull-Candy et a l , 1988; Howe et a l , 1991). The 
detection of direct transitions, if they did occur, would have been hampered by 
the fact that the openings of non-NMDA channels are exceptionally brief. 
Moreover, the rising and falling phases of channel openings weTe not always 
adequately described by the step response function of the system. This could 
in fact have indicated the presence of transitions between conductance levels - 
however, such inflections on the current trace were always very brief and would 
have been rejected in any analysis of the sort previously undertaken (Howe et 
a l , 1991).

Although direct transitions were rare, several lines of evidence suggest 
that the 10,20 and 30pS levels, seen in the high conductance responses 
probably arose from the activation of a single receptor channel. First, the 
proportion of the different conductance levels activated by glutamate, AMPA and 
kainate were all very similar - lOpS, (50%); 20pS, (40%) and 30pS, (10%).
These values were reasonably consistent within and between individual patches, 
which would be consistent with the idea that these patches contain a single
channel type with multiple conductances, and that the areas of each of the 
conductance components in the amplitude histograms reflects the proportion of 
times that a particular conductance level is visited. To obtain similar 
results, if the conductances arose from different channels each with their own 
conductance, one would need to propose that 10,20 and 30pS channels were 
contained in the membrane in a density that gave ratios of 5:4:1 for 10,20 and 
30pS channels; thus, the density of channels would have to be high to avoid
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significant variability between patches. The present data also indicates that 
the different agonists all gave the same relative proportions of the different 
levels. Thus, if the different conductances arose from three different receptor 
channels this would imply that the relative potencies of these three agonists 
were the same on three types of receptor - which seems unlikely. Thus, the 
most straightforward interpretation of the data, obtained from the study of 
high conductances patches, seems to be that a single receptor-channel type 
underlies this response, and that such a channel is activated by each of the 
non-NMDA receptor agonists (glutamate, AMPA and kainate).

A more complex picture emerges from the analysis of low conductance type 
responses. If a single type of receptor-channel was responsible for low 
conductance AMPA and kainate responses this would imply that AMPA bound to the 
receptor and opened resolvable single-channels with a conductances of ~5pS and 
~ lOpS, while kainate acting on the same receptor opened channels with 
conductances of — 1.5pS. In other words, the receptor channel complex would 
exhibit different conductances depending on the agonist that opened the 
channel. Clearly, such a hypothesis would go against the general idea that the 
channel conductance is an intrinsic property of the channel (for example, see 
Cull-Candy, Miledi & Parker, 1981; Gardner, Ogden & Colquhoun, 1984; Ascher & 
Nowak, 1988a; Cull-Candy et al., 1988), although this possibility has 
previously been suggested to occur (Jahr & Stevens, 1987).

It therefore seems likely that more than one channel type underlies the low 
conductance response in granule cells. The simplest explanation to account for 
the observations is that two different channel types mediate low conductance 
responses. For example, channels with a weighted mean conductance of 1.5pS 
appear to arise from the activation of one channel type while a second channel 
type appears to exhibit multiple conductance levels of 5 and lOpS. From the 
data presented above it is not necessary to assume that the 1.5pS channel is 
solely activated by kainate, and the 5 / lOpS solely activated by AMPA (i.e. that 
they are specific kainate and AMPA channels). It is possible that kainate also 
opens the same 5/10pS channel activated by AMPA, since detection of 5/10pS 
events superimposed on the general noise increase associated with the 1.5pS 
channels would be difficult. Similarly, AMPA could open 1.5pS channels, but 
less efficaciously than kainate. Or it is possible that AMPA simply 
desensitizes this channel type, making it difficult to detect. Therefore, from 
the data described in the present study, one could suggest that two channel 
types contribute to the low conductance response, one with a conductance of 
1.5pS, that appears to be preferentially activated by kainate and a second, 
with conductances of 5/10pS that appears to be activated mainly by AMPA.

A related question, is whether the two types of conductance responses in
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granule cell patches result from different populations of granule cells 
preferentially expressing high or low conductance channels, or whether 
individual granule cells express more than one type of non-NMDA receptor 
channel. As mentioned above, one can be reasonably confident that low 
conductance patches contain few if any high conductance channels. However, 
this does not necessarily mean that the rest of the cell is also devoid of high 
conductance channels. The situation in high conductance patches is more 
complicated, since one cannot exclude the possibility that they contain low 
conductance channels that are masked by the high conductance channels. A 
possible way to resolve this issue would be to obtain more than one membrane 
patch from an individual granule cell. If different patches, pulled from a 
single cell, exhibited different types of response, this would be good evidence 
in favour of the idea that individual cells expressed more than one non-NMDA 
channel type. Alternatively, if all patches from a low conductance cell 
exhibited only low conductance channels this would favour the idea that these 
cells expressed only low conductance channels. Such experiments were attempted 
in the present study but met with little success; after excising one patch from 
a granule cell it proved difficult to make subsequent patches from the same 
cell.

The estimated weighted mean of the single channel conductance obtained from 
spectral analysis of kainate evoked responses in high conductance patches gave 
a value of ~9pS. This is less than would be expected if non-NMDA channels with 
conductances in the range 10-30pS were solely contributing to the kainate 
response. Indeed, if it is assumed that the open times of each of the 
conductance levels are similar in high conductance patches, and that the areas 
of the fitted Gaussians in the amplitude histograms reflect the probability 
that a channel of a given conductance will open, then the single-channel 
conductance obtained from kainate noise in the present experiments is expected 
to be ~ 17pS (see Cull-Candy et al., 1988). Therefore, it seems likely that 
lower conductance channels were also contributing to these high conductance 
responses. This would support the notion that high conductance patches may 
also contain low conductance channels, and that low conductance responses can 
only be observed in patches lacking high conductance channels. Such a 
situation might be anticipated if there is a subpopulation of granule cells 
expressing only low conductance channels and a larger population of cells that 
express mixtures of both high and low conductance channels (since low 
conductance patches occurred fairly infrequently).

The lack of information regarding the conductances of the channels formed by 
the recently cloned non-NMDA receptor subunits makes it difficult at the moment 
to interpret the findings in the present study in terms of the possible subunit
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combinations that may form native receptor channels. In situ hybridization 
studies have indicated that mRNA transcripts for the subunits GluR-2 and 4 are 
present in the granule cell layer of the rat cerebellum (Keinanen et a l , 1990; 
Sommer et al., 1990). It seems likely that the channels mediating the high 
conductance type response contain a GluR-2 (or GluR-2-like) subunit, since the 
I/V  relationship for such channels outwardly rectify (see Boulter et al., 1990; 
Nakanishi et al., 1990; Sakimura et al., 1990) as described for high 
conductance responses in the present study. Furthermore, as described in

o  I
Chapter 4, channels mediating high conductance responses appear to be Ca 
impermeable, supporting the idea that such receptor channels possess GluR-2 
subunits. Therefore, high conductance channels may be composed of only GluR-2 
subunits, or more likely, of a combination of GluR2 and R4 subunits. The 
possibility exists that low conductance type responses may be mediated by a 
homomeric channel (containing only GluR4 subunits) or of heteromeric channels 
containing GluR2 and R4 subunits, but in a stoichiometry different from that 
constituting the high conductance channels.

Channel kinetics - Can the observed burst lengths account for the EPSC decay ?

Data obtained in this study indicated that in high conductance patches from 
granule cells the burst lengths of non-NMDA channel were brief, about 0.5- 
0.7ms. Indeed, the values obtained from the fluctuation analysis of kainate 
responses in either high or low conductance outside-out patches indicated that 
approximately 80% of the power contained in noise spectra was carried by a 
component with a spectral time constant of ~ 0.6ms. Similar values have been 
obtained from noise analysis of non-NMDA receptor mediated responses in 
outside-out membrane patches (Cull-Candy et al., 1988; Ascher & Nowak, 1988a; 
Cull-Candy & Usowicz, 1989b; Osawa et al., 1991). In addition, studies of non- 
NMDA receptor single-channel currents has shown that the open time and burst 
lengths of such channels is brief (Cull-Candy & Usowicz, 1989b; Huettner, 1990; 
Howe et al., 1991).

Recent studies in which brief applications (1ms pulses) of glutamate have 
been made onto outside-out patches isolated from hippocampal neurones in thin 
slices (Colquhoun, Jonas & Sakmann, 1991) have indicated that the decay of the 
current offset (when the agonist is rapidly removed) is in the range l-3ms.
Such measurements are likely to reflect the parameters governing normal channel 
closure and not desensitization, and such values obtained are in good agreement 
with measured decay time constants of the fast component of EPSCs occurring at 
hippocampal synapses.

Thus, how do the channel lifetimes recorded in the present study compare
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with the decays of EPSCs recorded at cerebellar granule cell synapses? Although 
all the analysis of channel burst lengths was made with steady-state 
activations of channels, the results of the experiments in which glutamate 
pulses were applied to high conductance patches, suggests the apparent open 
times of channels produced by the rapid application of glutamate did not differ 
from those obtained from steady-state activation of non-NMDA channels. As 
described above, the time constant of the decay of the non-NMDA receptor 
mediated component of spontaneous miniature EPSCs at the mossy fibre to granule 
cell synapse in the cerebellum is ~ 1.0ms (Silver et al., 1992). The burst 
lengths of non-NMDA channels recorded in membrane patches in the present study 
therefore give a value that is slightly faster than, though comparable to the 
decay time constant of the fast component of the EPSC. The apparent open time 
of low conductance type channels was also about 1ms. However, it seems 
unlikely that the low conductance channels alone mediate synaptic transmission 
at the mossy-fibre to granule cell synapse. Data from non-stationary noise 
analysis of both evoked EPSCs and of spontaneous miniature EPSCs occurring at 
this synapse (Traynelis et a l , 1991,1992) suggests that the mean conductance 
underlying the fast component of the EPSC is approximately 20pS.
Interestingly, this value is in good agreement with the values obtained in the 
present study (during glutamate pulses or steady-state application) for the 
weighted mean conductance of channels occurring in high conductance patches.

If, as certainly seems feasible from the present experiments, the burst 
length of non-NMDA channels determines the kinetics of the EPSC decay at 
granule cell synapses, several explanations can be proposed as to why the 
channel burst length is shorter than the decay time constant. First, 
recordings were made from granule cells that had been maintained in culture, 
whereas recordings of EPSC decays have been made from cells in thin cerebellar 
slices - channel kinetics may differ in these different preparations. In this 
respect it will be interesting to investigate the properties of non-NMDA 
receptor channels present in granule cells in thin cerebellar slices. Second, 
non-NMDA channels isolated in outside-out patches are by necessity obtained 
from the cell soma and it is possible that extrasynaptic receptors have kinetic 
properties that are different from those at the synapse and third, channels in 
patches may exhibit kinetics that are different from those present in intact 
cells. It remains to be seen if there is any concentration dependence in the 
burst length parameter(s) of non-NMDA channels, although it has been shown that 
burst parameters of nicotinic (Colquhoun & Sakmann, 1985) and NMDA (Gibb & 
Colquhoun, 1991) receptor channels are independent of agonist concentration (in 
low concentration ranges), The concentration of transmitter released during 
synaptic transmission will be far greater than has been used in this study to

222



examine single-channel events. At peripheral synapses, for example vertebrate 
endplate (Katz & Miledi, 1973; Magleby & Terrar, 1975) and locust muscle 
glutamatergic synapses (Anderson, Cull-Candy & Miledi, 1976), the estimates of 
the single-channel mean open time (from noise analysis) are generally slightly 
shorter than the measured decay of synaptic currents. In addition, studies 
that have directly measured the burst length of nicotinic acetylcholine 
receptor channels have shown that values for channel burst lengths are 
generally faster than the time constant of decay of the endplate current (for 
example see, Colquhoun & Sakmann, 1985). Indeed, it has been proposed that a 
certain amount of agonist re-binding occurs during normal synaptic transmission 
at peripheral synapses (Katz & Miledi, 1973). However, whether there is any 
repetitive binding of transmitter at postsynaptic receptors at central synapses 
remains uncertain.

Conclusions

In this chapter data has been presented which indicates that there are at 
least two (and possibly three) types of non-NMDA receptor channel present in 
cerebellar granule neurones. High conductance responses are probably mediated 
by a single receptor-channel which exhibits multiple conductance levels in the 
range 10-30pS and can be activated by glutamate, AMPA and kainate. Low 
conductance responses may be mediated by a single receptor-channel complex, 
although as suggested above, it seems probable that more than one type of low 
conductance receptor-channel exists in cerebellar granule cells.

Single-channel I/V  relationships for high conductance responses exhibited 
outward rectification. The increase in the single-channel conductance of non- 
NMDA receptor-channels observed at positive membrane potentials was still 
evident in symmetrical Na+ recording solutions.

No evidence was found for the existence of a ‘novel’ type of channel (see 
Tang et al., 1989) that was only activated transiently following a rapid pulse 
of glutamate. Thus, conductance levels of channels (10-30pS), were activated 
in the same relative proportions whether glutamate was applied rapidly (non
equilibrium conditions) or by slower perfusion methods.

It remains to be seen from future studies which combinations of the various 
cloned non-NMDA receptor subunits can form channels possessing conductances 
that are similar to those described here in their native cells.
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