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Abstract

Until recently, astrocytes were believed to have passive electrical 

properties, their membranes being exclusively permeable to potassium. Their 

major roles were thought to be supportive, in particular regulating the neuronal 

environment by buffering changes in the potassium concentration in the 

extracellular space that occur during neuronal activity. In the last few years 

evidence has accrued showing that astrocytes in culture express a variety of both 

voltage- and ligand-gated channels. It has been suggested that these channels may 

be involved in astrocyte function and play a role in glial-neuronal interactions in 

vivo. However, very little work has been carried out to determine the properties 

of astrocytes i?i situ. Both cultured and dissociated cells can show vast differences 

in both their morphological and electrical properties when compared with the 

same cell-type in vivo. It is important, therefore, to investigate the properties of 

astrocytes under more physiological conditions. This thesis describes experiments 

carried out on a whole-mount preparation of the acutely isolated rabbit retina in 

which the cellular organisation remains intact. Astrocytes on the vitreal surface of 

this preparation are readily accessible to patch-clamp electrodes. Retinal 

astrocytes were immunologically identified by their expression of glial fibrillary 

acidic protein and the whole cell patch-clamp technique used to define their 

membrane properties. The results show that astrocytes in situ have a resting 

potential that is set by potassium and that they express voltage-dependent sodium, 

potassium and calcium currents and non-NMDA type glutamate- and GABA- 

gated currents. The channel properties of retinal astrocytes are compared and 

contrasted with similar types of channel found in retinal neurons and those 

described in previous studies of glial cells.

Recent work has shown that some glial cells express non-NMDA type 

glutamate-gated channels that are permeable to calcium, a property traditionally 

associated with NMDA receptor channels. Results presented here show that non- 

NMDA glutamate-gated channels in retinal astrocytes are also permeable to 

calcium but show different permeability characteristics.
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Chapter 1 

Introduction

Until recently, astrocytes were believed to play an exclusively supportive 

role in the central nervous system, controlling the extracellular environment to 

ensure normal neuronal function. It is well established that glial cells mop-up 

neurotransmitters via electrogenic uptake carriers and that they can buffer 

changes in extracellular potassium ion concentrations that arise during neuronal 

activity. However, the recent findings that cultured astrocytes from various sources 

can express both voltage- and transmitter-gated currents suggests that glial cells 

could also have some kind of signalling role. It is clear that, similar to other cell 

types, astrocyte membrane properties vary according to culture conditions and 

since the majority of electrophysiological investigations of glial cells have been 

done using cultured cells it is important to establish the channel phenotypes that 

are present in vivo.

This thesis describes experiments to characterise the electrophysiological 

properties of visual streak astrocytes in the acutely isolated rabbit retina. This 

population of astrocytes are readily accessible for patch-clamp recording while the 

organisation of the retina is kept intact. Before introducing the specific aims of the 

experiments presented in this thesis, I shall briefly review current knowledge of 

glial cell physiology and function under the following headings: 1. Classification of 

glial cells in the mammalian central nervous system, 2. Ion channel expression by 

glial cells, 3. Properties of glutamate and GABA-gated channels in the mammalian 

CNS, 4. Glutamate-evoked calcium elevation in astrocytes, 5. The functions of glial 

cells in the CNS. The aims of the experiments presented in this thesis will then be 

introduced.

1.1 Glial cell classification

1.1.1 Classification of glial cells in the mammalian central nervous svstem

The nomenclature used to classify glial cells in the central nervous system 

(CNS) is confused. The two main types of macroglia, astrocytes and 

oligodendrocytes, were initially distinguished on the basis of morphological criteria
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alone. However, this in itself is confusing since both cell types differ in 

morphology in white matter and grey matter. In the CNS all astrocytes contain a 

characteristic intermediate filament, called the glial filament, which is composed 

of glial fibrillary acidic protein (GFAP). This filament is unique to CNS astrocytes 

and allows them to be unambiguously distinguished from other cell types. 

Antibodies towards GFAP have been generated (Bignami & Dahl, 1977) and 

these can be used in fixed and permeabilised tissue to identify astrocytes. In white 

matter, astrocytes contain many filaments, have a stellate, process-bearing 

morphology and have been called "fibrous" or "fibrillary" (Weigart 1895, Peters et 

al., 1976). Grey matter astrocytes contain few glial filaments, have sheet-like 

processes and are closely associated with neurons. This type of astrocyte is 

commonly described as "protoplasmic". Oligodendrocytes in white matter are 

believed to myelinate axons and have been described as "interfascicular" (Bunge, 

1968) but, in grey matter, many oligodendrocytes do not myelinate axons and have 

been termed "perineuronal".

It remains unclear, despite the development of these different 

terminologies, whether or not astrocytes and oligodendrocytes in grey matter are 

different from their counterparts in white matter. The variation in morphology 

among astrocytes may result from regional environmental differences rather than 

from differences in genotype. Little is known about possible effects of such 

environmental differences on glial cell morphology and electrophysiology.

1.1.2 Classification of glial cells in optic nerve cultures

The optic nerve has played a crucial role in attempts to determine the 

lineage of astrocytes and oligodendrocytes. Since the optic nerve is a white matter 

tract, classification and description of cell types is facilitated by the absence of 

neuronal cell bodies. Three cell types have been clearly identified as antigenically, 

structurally and developmentally distinct in glial cell cultures from rat optic nerve, 

namely oligodendrocytes and two classes of astrocytes termed type- 1  astrocytes 

and type-2 astrocytes. Oligodendrocytes have small cell bodies, a large number of 

branching processes, and can be immunohistochemically labelled with antibodies 

raised against the glycoprotein galactocerebroside (Raff et al., 1978; Ranscht et
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al., 1982). Since oligodendrocytes are the only cell type in optic nerve cultures to 

express this glycoprotein, this label offers an immediate distinction between them 

and the two types of astrocyte.

Astrocytes in optic nerve cultures, in addition to being GFAP positive, can 

be further subdivided by a combination of morphological and 

immunohistochemical criteria (Raff et al., 1983a). Morphologically, type-1 

astrocytes possess large cell bodies, are flat and have few processes. Type-2 

astrocytes possess smaller cell bodies and are process bearing. The antibody A2B5 

(Eisenbarth et al., 1979) labels most astrocytes of stellate morphology (type-2) 

whereas most, but not all, type-1 astrocytes are A2B5 negative. A subpopulation 

of type-2 astrocytes in optic nerve cultures are labelled by 04 , an antibody that 

does not recognise type-1 astrocytes (Levi, Aloisi & Wilkin, 1987). Antibodies 

raised against the proteoglycan NG2 also label the majority of type- 2  astrocytes 

(Stallcup and Beasley, 1987).

Unfortunately, none of the above antibodies are completely specific for 

type-2 astrocytes. A2B5, in addition to labelling neurons, labels the precursor cells 

(0-2A progenitor cells) that give rise to oligodendrocytes and type-2 astrocytes 

(Raff et al., 1983b). 0 4  labels mature 0-2A cells and both 0-2A cells and 

oligodendrocytes express NG2 proteoglycan.

A drawback of this immunocytochemical classification is that it only 

appears to hold true for astrocytes in culture. Similar type - 1  and type-2 antigenic 

phenotypes are seen in cerebellar, hippocampal and, under some circumstances, 

cortical cultures. However, cells with the type-2 antigenic phenotype have yet to 

be discovered in convincing numbers in acute cell suspensions or in optic nerve 

sections (Fulton et al., 1991).

1.2 Ion channel expression by glial cells

Classical studies of ion channels in invertebrate glia were carried out using 

microelectrodes to record voltage changes (for a review see Kuffler, 1967). Later, 

current-clamp microelectrode recordings were made from vertebrate glia in situ 

and in vitro (reviewed by Kuffler, Nicholls and Martin, 1984). More recently, the 

introduction of the patch-clamp recording technique has provided detailed
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information about the ion channels expressed by glia. All studies discussed below 

were carried out using variations of the patch-clamp technique.

1.2.1 Voltage-gated ion channels expressed bv glial cells

a) Peripheral nervous system: Schwann cells

The first voltage dependent ion channels described in glial cells were the 

voltage-gated sodium and potassium currents found by Chiu et al. (1984) in 

cultured rabbit Schwann cells. These channels were shown to be present at a 

lower density than in many neurons (Schrager et al., 1985). Howe and Ritchie 

(1988) further characterised Schwann cell currents showing expression of three 

components of voltage-gated outward current, a chloride current and two delayed 

rectifier potassium currents. The delayed rectifiers have different kinetics and 

voltage dependence of activation and show different sensitivities to the potassium 

channel blockers 4-aminopyridine (4-AP) and a-dendrotoxin. Schwann cells also 

express an inwardly rectifying potassium current which is believed to represent the 

majority of the cells’ resting conductance. Single channel recording from Schwann 

cells revealed the presence of a calcium dependent cation channel of 30pS (Bevan 

et al., 1984) and an anion selective channel 450pS (Gray et al., 1984) which both 

only become active after excision of inside-out patches suggesting that they are 

normally regulated by an inhibitory process. Sodium channels are more robustly 

expressed by rabbit Schwann cells than rat indicating a possible species 

dependence. The average size of the current does not depend on age, myelination 

or the source of neuronal tissue from which the cells are isolated (Howe and 

Ritchie, 1990). The reported inability to record sodium currents in myelinating 

Schwann cells (Chiu, 1987 & 1988) seems to be a result of the choice of 

preparation, attached myelin debris used to identify these cells renders the 

capacitance too large to adequately resolve (see Ritchie, 1992). Evidence for 

in vivo expression of sodium channels comes from staining in situ with a polyclonal 

antibody (7493) directed against rat brain sodium channel protein, and from 

saxitoxin binding studies.
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b) Central nervous system: grey matter

i) Muller Cells

Müller cells are the principal type of glial cell in the vertebrate retina. They 

are radially orientated cells running between the photoreceptor layer and the 

retina’s vitreal surface. Unlike astrocytes they do not express GFAP but they are 

easily identifiable in both intact and dissociated cell preparations by virtue of their 

morphology. Because they are large readily identifiable cells and are easily 

recorded from in intact retina, retinal slices and dissociated cell preparations, their 

membrane properties have been extensively characterised. Salamander Müller 

cells express a voltage-gated calcium current and at least three potassium currents 

including: a calcium activated conductance, an A-current and an inwardly 

rectifying current (Newman, 1985a). Most of the potassium conductance is found 

in the end foot of the Müller cell (Brew et al., 1986) and this spatial localisation 

is believed to be fundamental to their role in the regulation of extracellular 

potassium (see below).

ii) Cortical type~l like astrocytes

Highly purified cultures of cortical astrocytes with type-1 like characteristics 

are easily obtained (McCarthy and deVellis, 1980) and have been the preparation 

of choice for much glial cell electrophysiology. It is probable, however, that these 

cultures contain white matter astrocytes in addition to grey matter astrocytes 

which may explain the diversity of results obtained.

Cultured cortical astrocytes express a TTX-sensitive sodium current, L- and 

T-type calcium currents (which become apparent after elevation of cAMP in the 

cells), at least three different potassium currents (A-current, delayed rectifier, 

calcium-activated current) and two chloride currents (Bevan et al., 1985; Nowak 

et al., 1987; Barres et al., 1988).

c) Central Nervous system: White matter

i) Optic nerve type-1 astrocytes

Two different preparations of optic nerve type-1 astrocytes have been 

studied electrophysiologically; cell cultures and cells acutely obtained by "tissue
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print" (Barres et al., 1990b) and differences in ion channel expression between the 

two preparations have emerged. Briefly, the "tissue print" technique involves 

treating the optic nerve with papain and then touching it gently to nitrocellulose 

paper, to which a thin layer of tissue containing astrocytes adheres. Delayed 

rectifier and inwardly rectifying potassium currents are expressed in both 

preparations. However, the acutely isolated cells also express a calcium activated 

potassium current, a "slow" sodium current (discussed later, expressed by 2 0 % of 

cells) and T- and L-type calcium currents, both of which are in evidence only after 

cAMP elevation (eg. by pre-treatment with dibromobutyryl-cAMP). This 

difference in expression is taken to suggest that channels in vivo may be localised 

to processes sheared during culture preparation but preserved during "tissue 

printing". However, it is also possible that channel expression in culture is altered 

by other factors.

ii) Optic nerve type-2 astrocytes

Initial studies showed that type-2 astrocytes in culture express a sodium 

current, an outward current that is blocked by TEA and 4-AP resembling a 

delayed rectifier potassium current and a smaller, rapidly inactivating outward 

current that is revealed when caesium is present in the patch electrode (Bevan 

and Raff, 1985; Bevan et al., 1985). Subsequently, five components of inward 

current have been observed in culture including two forms of sodium current 

(discussed below), constitutively expressed calcium currents (L- and T-type) and 

an inwardly rectifying potassium current. Outward currents are a combination of 

delayed rectifier and A-type potassium currents. Two types of chloride channel 

that only become active with patch excision have been detected by single channel 

recording (Bevan et al., 1985; Barres et al., 1988).

iii) Oligodendrocytes

Preparations of oligodendrocytes cultured from cerebrum and spinal cord 

have been investigated. Oligodendrocytes were initially reported to express 

voltage-independent potassium "leak" channels (Kettenmann et al., 1982). Further 

characterisation of their membrane currents with both single channel and whole
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cell recordings (Barres et al., 1988) showed that they express two inwardly 

rectifying potassium channels with conductances of 30pS and 120pS, A-type and 

delayed rectifier potassium currents and an outwardly rectifying chloride 

conductance that is only observed in excised patches.

1.2.2 Transmitter-gated ion channels in glial cells

a) Glutamate-gated channels

The first suggestion that glial cells may possess glutamate receptors came 

from studies in which, by recording from cells using conventional microelectrode 

techniques, L-glutamate, L- and D-aspartate and kainate were shown to depolarise 

astrocytes cultured from neonatal brain (Bowmann and Kimmelberg, 1984). 

However, since no response was seen to either N-methyl-D-aspartate (NMDA) 

or quisqualate doubts arose over whether or not depolarisation resulted from the 

activation of receptor-operated ion channels or from an electrogenic uptake 

carrier in the astrocyte membranes. This uncertainty was compounded by later 

studies showing that glutamate can depolarise retinal Müller cells and cerebellar 

type-1 astrocytes by activating electrogenic glutamate uptake (Brew and Attwell, 

1987; Cull-Candy, Howe and Ogden, 1988). It is known from more recent patch- 

clamp studies, that non-NMDA-type glutamate-gated channels are indeed 

expressed by a variety of glial cells in culture including cortical and cerebellar 

astrocytes (Sontheimer et al., 1988; Usowicz et al.,1989; Wyllie et al., 1991).

b) GABA-gated channels

G ABA was first shown to induce a membrane depolarisation in cultured 

cortical astrocytes (Kettenmann and Schachner, 1985) using conventional 

microelectrode recording techniques. This depolarisation was blocked by 

picrotoxin, a well known antagonist for GABA-gated chloride channels in neurons. 

Whole-cell and single channel patch clamp recording substantiated these 

observations (Bormann & Kettenman, 1988) showing that G ABA opens a chloride 

conductance in the membranes of "round" cultured cortical astrocytes. Under 

conditions in which intracellular and extracellular chloride concentrations were 

equal, inward currents were evoked at negative potentials. These were
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accompanied by a noise increase and were potentiated by benzodiazapines. Single 

channel recordings showed that the currents reversed at Eq . This was in contrast 

to the currents evoked in "flat" astrocytes from the same cultures in which GABA- 

evoked currents with no noise increase. Although the current-voltage relation for 

the GABA-evoked current in these flat cells was not established, it seems likely 

that it resulted from electrogenic G ABA uptake rather than from the opening of 

ion channels. GABA-evoked currents in skate Müller cells have also been shown 

to be the result of GABA^^ receptor activation (Malchow et al., 1989).

c) Other neurotransmitter receptors in glial cells

A  wide variety of other neurotransmitter receptors are present in glial cells 

including those for noradrenaline, acetylcholine, serotonin, dopamine, adenosine. 

Most of these receptors do not activate membrane currents but instead activate 

second messenger systems, mediating increases of intracellular concentrations of 

diacylglycerol, IP3 , calcium, cAMP or cGMP, (see Murphy and Pearce, 1987; 

Bevan, 1990), which can, in turn modulate the activity of ion channels and 

intracellular enzymes.

13 Properties of glutamate- and GABA-gated channels in the CNS

1.3.1 Classification of GAB A receptors in the CNS

That Y-aminobutyric acid (GABA) acts as an inhibitory neurotransmitter 

in the mammalian CNS was first discovered by Krnjevic and Schwartz (1967) in 

a comparison of properties of inhibitory postsynaptic potentials with GABA- 

induced changes in membrane potential in CNS neurons. Both events are 

chloride-dependent and have similar reversal potentials. It is now known that 

there are three distinct types of G ABA receptors, GABA^, GABAg and GABA^ 

(see Johnston, 1986; Sivilotti & Nistri, 1991). The classical action of G ABA in 

opening a membrane chloride conductance results from the activation of GABAy^ 

receptors, an effect which can be blocked by the plant alkaloid bicuculline. While 

the GABAy^ receptor complex contains an integral chloride channel, GABAg 

receptors are indirectly coupled to calcium and potassium channels via G-proteins, 

are bicuculline insensitive and are selectively activated by baclofen. A third class
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of G ABA receptor, GABAc is bicuculline- and baclofen-insensitive, being 

selectively activated by certain G ABA analogues including cw-4-aminocrotonic 

acid. Although linked to a chloride channel, they further differ from GABAy^ 

receptors in their lack of benzodiazepine and barbiturate modulation (Cutting et 

al., 1991; Shimada et al., 1992).

1.3.2 Glutamate receptor classification in the CNS

The development and use of selective excitatory amino acid agonists and 

antagonists has revealed the existence of at least five groups of glutamate 

receptors in the mammalian CNS (for reviews see Collingridge and Lester, 1989; 

Nicoll, Malenka and Kauer, 1990). Three of these are linked directly to ion 

channels (ionotropic) and have been classified according to their activation by 

selective agonists; N-methyl-D-aspartate (NMDA), quisqualate or (S)-a-amino-3- 

hydroxy-5-methyl-4-isoxazoleproprionic acid (L-AMPA) and kainate. Quisqualate 

also activates a glutamate receptor coupled to phosphoinositide (PI) turnover 

(metabotropic) that can be selectively activated by ( ± )-l-aminocyclopentane-fmnj- 

1,3-dicarboxylic acid (trans-ACPD) (although a sub-type has been reported that 

is trans-ACPD insensitive, Llano et al., 1991). Finally, it has been suggested that 

a presynaptic G-protein-coupled glutamate receptor exists that can be selectively 

activated by L-2-amino-4-phosphonobutyrate and which inhibits synaptic 

transmission (Trombley & Westbrook, 1992).

a) NMDA receptors

NMDA receptors are selectively antagonized by D-2-amino-5- 

phosphonopentanoic acid (D-AP5/APV) and 3-((R)-2-carboxypiperazin-4-yl)- 

propyl-1 -phosphonic acid (D-CPP). One of the most characteristic features of the 

whole-cell NMDA current is that, with physiological ion concentrations, the I-V 

relationship shows a region of negative slope conductance between -60 and -30mV 

that results from voltage-dependent channel block by low concentrations of 

magnesium ions (Nowak et al., 1984; Mayer et al., 1984). Hence, with normal 

(ImM) extracellular magnesium, at resting membrane potentials NMDA would 

produce little detectable response in most neurons. In a similar way to Mĝ "*",
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dissociative anaesthetics such as phencyclidine (PCP), ketamine and MK-801 each 

block NMDA receptor channels in a voltage-dependent manner. These drugs 

differ from magnesium in that they block the open channel pore where they 

remain trapped when the channel closes. They can only dissociate from the 

receptor-channel complex if the channel is re-opened (MacDonald & Nowak, 

1990). Glycine at nanomolar concentrations greatly potentiates activation of 

NMDA receptors (Johnson and Ascher, 1987), indeed its presence is essential for 

NMDA receptor activation (Kleckner and Dingledine, 1989). This action of 

glycine is separate from its activation of chloride channels and it is insensitive to 

the glycine receptor antagonist strychnine. NMDA receptor channels are 

permeable to sodium, potassium and highly permeable to calcium (Mayer and 

Westbrook, 1987). This calcium permeability is believed to play a major role in 

their involvement in mechanisms of synaptic plasticity.

b) AMPA and kainate receptors

The classification of non-NMDA receptors is more complicated than that 

of NMDA receptors. Quisqualate (a plant toxin from Quisqualis indica) was 

initially used as a defining agonist for "quisqualate" receptors. However, as this 

compound was subsequently found to act also on metabotropic glutamate 

receptors, the term "AMPA receptor" is now used, AMPA being a more selective 

agonist at this receptor. Recently, potent and selective non-NMDA antagonists 

have become available. The synthesis of 6-cyano-7-nitroquinoxaline-2,3-dione 

(CNQX) and related analogues (Honoré et al., 1988) has enabled more extensive 

characterisation of non-NMDA receptor function. Although several lines of 

evidence suggest that AMPA and kainate receptors are separate entities, this 

point of view is not held universally. Accordingly, these receptors will be referred 

to as "non-NMDA-type" in this thesis.

Classically, non-NMDA receptor channels were believed to be permeable 

to potassium and sodium but not to calcium, implying that the only mechanism by 

which calcium entry could result from their activation would be indirect, for 

example via voltage gated calcium channels activated by depolarisation. However, 

recent studies have shown that some non-NMDA glutamate receptor channels in
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neurons and glia are permeable to calcium ions (Gilbertson et ah, 1991; Müller 

et ah, 1992; Burnashev et ah, 1992). This characteristic has been further 

investigated using the techniques of molecular biology (Hume et ah, 1991; 

Verdoom et ah, 1991; Hollman et ah, 1991) and is now thought to be determined 

by the particular subunit composition of the receptors.

c) Metabotropic glutamate receptors

Metabotropic glutamate receptors are directly coupled to a G-protein and 

linked to the enzyme phospholipase-C. The actions of glutamate on these 

receptors are distinct from those that result from indirect activation of second 

messenger systems by ionotropic glutamate receptor activation leading to calcium 

influx via either glutamate-gated channels or voltage-activated calcium channels. 

For example, NMDA-receptor activation in cerebellar granule neurons can 

produce an elevation of intracellular cGMP (Novelli et ah, 1987) which appears 

to result from a Ca^'*'-dependent release of a factor similar to the nitric oxide 

radical (Garthwaite & Garthwaite, 1987; Garthwaite et ah, 1988). This type of 

second messenger activation is most likely to be a consequence of calcium influx 

through NMDA-receptor channels and is not due to linkage of the receptor to a 

G-protein. Quisqualate and glutamate were first demonstrated to stimulate an 

increase in IP3  in striatal neurons, hippocampal slices and cerebellar granule 

neurons (Sladezeck et ah, 1985; Novelli et ah, 1987; Nicoletti et ah, 1986). 

Subsequently, glutamate stimulation of IP3  turnover has been observed in many 

CNS tissues including glia. Evidence that the increase in IP3  turnover is not a 

result of calcium influx through glutamate- or voltage-gated channels has come 

from studies in voltage-clamped Xenopus oocytes injected with whole brain 

mRNA. Glutamate or quisqualate (but not NMDA or kainate) stimulated an 

oscillatory chloride current that was blocked by EGTA injection and mimicked by 

injection of IP3  (Sugiyama et ah, 1987).

1.4 Glutamate-evoked calcium elevation in astrocytes

Digital imaging and microfluorescence techniques using calcium sensitive 

dyes have been employed to investigate glutamate-evoked changes in intracellular
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calcium in cultured rat brain astrocytes. Glutamate can raise intracellular calcium 

in three distinct ways. First, by direct activation of a receptor operated channel 

permeable to calcium, second, by indirect activation of voltage-gated calcium 

channels as a result of membrane depolarisation and third, by activation of a 

metabotropic glutamate receptor.

The first evidence that glutamate could raise calcium in astrocytes through 

more than one pathway was shown using confluent cultures of hippocampal 

astrocytes loaded with the calcium sensitive dye fluo-3 (Comell-Bell et al., 1990). 

Astrocytes responded to continuous perfusion of lOOfiM glutamate in two distinct 

ways. One population showed a transient intracellular calcium elevation followed 

by calcium oscillations which were either sustained or "damped" (i.e. gradually 

reducing in amplitude). A second population responded with a step elevation of 

intracellular calcium that was sustained at a steady level throughout glutamate 

application. In oscillatory cells, the initial calcium spike was spatially uniform but 

oscillations could be resolved into spatially propagating intracellular calcium 

waves. In confluent cells it was notable that calcium waves also propagated 

between cells. In calcium-free bath solution, oscillatory responses were short-lived 

while sustained elevations were absent. Oscillatory responses were not blocked by 

CNQX but were reduced with high concentrations of the antagonist. The 

conclusion drawn from these experiments were that the two types of response 

result from activation of both a non-NMDA ionotropic glutamate receptor and a 

metabotropic receptor. Activation of the ionotropic receptor alone evoked 

sustained calcium elevations and activation of either both receptor types or the 

metabotropic receptor alone resulted in oscillatory responses. Using the calcium 

selective ratio dye fura - 2  cultured cortical astrocytes have been shown to have 

similar properties (Jensen and Chiu, 1990 & 1991).

The finding that astrocytes in culture can propagate intercellular calcium 

waves creates the potential for long-range signalling by glial cells in the brain and 

raises the question as to whether this phenomenon occurs in situ. Recent work, 

combining confocal microscopy with use of fluo-3AM (membrane permeable 

acetoxymethyl ester of fluo-3), shows that neuronal activity in organotypic 

hippocampal slices triggers both intracellular and intercellular calcium waves in
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astrocyte networks (Dani, Chernjavsky & Smith, 1992). This type of slice 

preparation has advantages over the acute slice when optical techniques are 

employed since acute slices generally contain large numbers of dead cells, 

particularly near the cut surface, and are not as easy to load with AM esters 

(Yuste & Katz, 1991). Many aspects of normal synaptic function and neuronal and 

glial ultrastructure have been shown to be maintained for long periods in 

organotypic culture (Zimmer & Gahwiler, 1984). However, neuronal and 

astrocytic properties may change during the period in which the organotypic 

culture "stabilises". It remains to be determined whether astrocytic calcium waves 

are stimulated by neuronal activity in vivo. Although the precise mechanism which 

generates intercellular calcium waves is unknown, it is dependent upon coupling 

of glial cells by intercellular gap junctions and the diffusion of some intracellular 

messenger (perhaps IP3, see Boitano et al., 1992) between cells.

1.5 The functions of glial cells in the central nervous system

1.5.1 The role of glial ion channels in potassium regulation

Glial cells have been proposed to play a key role in maintaining the 

potassium concentration in the extracellular space (K^) of the nervous system 

within certain limits. During neuronal activity extracellular potassium 

concentration increases as a result of potassium efflux from depolarised neurons. 

This rise in has been measured using potassium sensitive microelectrodes 

(Singer & Lux, 1975; Newman, Frambach & Odette, 1984; Karwoski, Lu & 

Newman, 1989). Normal concentrations lie in the range 2.8-3.4mM (eg Lux 

and Neher, 1973; Moody, et al., 1973). Any increase in will depolarise neurons 

(see Walz & Hertz, 1983). If this is allowed to occur, neuronal activity would 

increase leading to further rises in K^ and eventually to epileptiform activity. High 

levels of potassium are known to accumulate in the extracellular space in 

pathological conditions such as epileptic seizure and can lead to cell death.

The magnitude of changes in will be determined by the rate at which 

potassium is released by neurons and the rate at which it is removed from the 

extracellular space. Several processes help to limit increases in K̂ , resulting from 

neuronal activity. These mechanisms include i) diffusion of potassium through the
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extracellular space, ii) active uptake of potassium through action of a sodium 

potassium ATPase and iii) passive movement of potassium ions into neurons and 

glia. When potassium rises locally a spatial redistribution of the ion can occur, a 

process known as spatial buffering. The mechanisms by which glial cells may 

regulate extracellular potassium are considered below.

a) Spatial buffering o f potassium by glial cells

Regulation of extracellular potassium concentration by spatial buffering was 

first proposed by Orkand, Nicholls and Kuffler (1966). Glial cell membranes are 

thought to be highly potassium selective since the resting potentials of many glial 

cells are largely determined by K .̂ Raising results in a depolarisation of the 

glial membrane toward a new value of where potassium efflux is equal to 

influx. This scenario describes the outcome if is raised uniformly about the cell 

membrane. However, if rises for a small area of cell membrane, the resting 

potential will be influenced more by the value of around the remaining portion 

of cell membrane. Hence the average value of E^ around the cell membrane 

determines the resting potential as long as the conductance in the membrane is 

evenly distributed. In the event of a local increase in K^, potassium will enter the 

cell down its electrochemical gradient. In order to maintain electrical neutrality 

an equal amount of potassium will exit the cell, again down the electrochemical 

gradient to regions where is lower. A return current through the extracellular 

space completes the current pathway between regions of potassium influx and 

potassium efflux.

It seems likely that glial cells do regulate since an increase in glial 

intracellular potassium during neuronal activity is observed in a variety of 

preparations (Coles & Tsacopoulos, 1979; Coles & Orkand, 1983; Ballanyi et al., 

1987).

b) Potassium siphoning

Müller cells in amphibian retina are specialised to spatially buffer 

potassium by a mechanism called potassium siphoning. Since spatial buffering of 

potassium involves the movement of potassium ions from regions were is high

26



to regions where is low, no spatial buffering can occur through a cell 

experiencing a uniform increase in K^. Glial cells such as Müller cells which span 

the retina and thus extend through a large volume of nervous tissue are 

structurally well suited to performing spatial buffering of potassium ions because 

they are less likely than smaller cells to experience a uniform rise in around 

the whole of their membrane area. Müller cells in the salamander retina have 

over 90% of their potassium conductance in an endfoot region apposed to the 

vitreous humor (Newman, 1985a; Brew et al., 1986). The vitreous humor is 

expected to have a fairly constant potassium concentration so the endfoot region 

is effectively clamped near a constant E^. Experiments using potassium selective 

electrodes (Newman, Frambach & Odette, 1984) show that, when the 

photoreceptor end of dissociated salamander Müller cells is exposed to raised K ,̂ 

potassium efflux can only be detected from the end foot region. Electroretinogram 

analysis of light-evoked current flow in the retina confirms that this asymmetric 

pattern of potassium spatial buffering occurs in situ (see Newman, 1985b).

c) Potassium accumulation

Although there is no longer any doubt that spatial buffering by glial cells 

does occur, it is not clear whether it is quantitatively sufficient, particularly under 

circumstances where rises around the whole cell. In addition, remote dumping 

of potassium by a glial syncytium may be disadvantageous since potassium must 

ultimately be recaptured by neurons for continuation of their normal function. An 

alternative way in which glial cells could control extracellular potassium is by 

acting as a local store.

The presence of both voltage-gated chloride and potassium channels in 

glial cells (Bevan et al., 1985; Gray et al., 1984) provides a possible mechanism for 

potassium accumulation. Potassium evoked depolarisation of glial cells may 

activate voltage-gated chloride conductances in the membrane. Under these 

circumstances, potassium influx will be accompanied by an influx of chloride. This 

is an electrically neutral process, the ions being driven into the cell together by the 

difference between the chloride and potassium equilibrium potentials across the 

cell membrane. The movement of these ions into the cell will be accompanied by
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an influx of water (This is a modification of the hypothesis of Boyle & Conway, 

1941). This mechanism could account for observed astrocytic swelling and 

increases in intracellular chloride (Kempski et al., 1991) when is raised around 

C6  glioma cells. However, this potassium accumulation hypothesis relies upon the 

presence of channels that open near to the resting potential of the cell and the 

voltage-gated channels described above only open at voltages more positive to 

-60mV. A substantial increase of K^, which could only be expected under extreme 

conditions, would be required to provide adequate depolarisation to initiate 

potassium accumulation. An alternative route for chloride influx could be provided 

by chloride permeable GABA^ receptor operated channels. This idea will be 

discussed further in section 5.4.4.

1.5.2 Uptake of neurotransmitters

Neurotransmitters released by neurons must be removed from the synaptic 

cleft to terminate synaptic transmission. There are three mechanisms that may be 

involved in this process: i) diffusion away from the postsynaptic cell and out of the 

cleft, ii) metabolism by extracellular enzymes, iii) uptake either back into the 

nerve terminals that released the transmitter or into adjacent glial cells. Since 

there are no extracellular enzymes to break down glutamate or G ABA their 

actions can only be terminated by diffusion or uptake. Studies of the fate of 

radiolabelled glutamate and G ABA show that both are taken up into neurons and 

glial cells. The transmitter can then be either metabolised (glutamate to glutamine 

by glutamine synthase and GABA to succinic semi-aldehyde by G ABA 

transaminase) or, in neurons, be taken-up into vesicles for re-release. In the 

retina, glutamate is taken up preferentially into Müller cells in frog (Kennedy, 

Voaden & Marshall, 1974), rat (White & Neal, 1976) and rabbit (Ehinger, 1977). 

The energy required to accumulate glutamate in this way is derived by the co

transport of an excess of sodium ions. GABA is accumulated by glia and neurons 

in a similar fashion. Electrophysiological studies have shown that the uptake of 

glutamate into Muller cells is via an electrogenic carrier mechanism that 

transports a net positive charge into the cell with each cycle of the carrier (Brew 

& Attwell, 1987). The stoichiometry currently suggested is that each glutamate
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anion is accompanied into the cell by two Na"*” while one and one OH are 

transported out (Bouvier et al., 1992) Glutamate uptake by a similar mechanism 

has been shown in type-1 astrocytes in rat cerebellar cultures (Cull-Candy, Howe 

& Ogden, 1988). Electrogenic GABA uptake into retinal horizontal cells produces 

large currents that have been measured electrophysiologically (Malchow & Ripps, 

1990). However, electrogenic uptake of GABA into glial cells has yet to be 

demonstrated electrophysiologically.

1,6 Neuronal-glial signalling mechanisms

The presence of neurotransmitter receptors on glial cells suggests that 

signalling via neurotransmitters between neurons and glia may occur. Schwann 

cells depolarise then rapidly hyperpolarise during electrical stimulation of squid 

giant axon (Leiberman et al.,1989; Leiberman, 1991). Direct application of 

glutamate (a likely neurotransmitter at the squid neuromuscular junction) evokes 

the same response. Schwann cells are believed to be depolarised by glutamate 

released axonally which then stimulates them to release acetylcholine that then 

mediates an autocrine hyperpolarisation. Axonal release of glutamate does occur 

(Weinreich & Hammerschlag, 1975; Baker and Potashner, 1971 & 1973) and may 

be as a result of reversal of the glutamate uptake carrier (Szatkowski et al., 1990). 

It has been suggested that the signalling mechanism in squid giant axon may 

constitute part of a potassium regulatory mechanism (Leiberman et al., 1989). 

Under conditions of elevated K ,̂ calcium independent release of glutamate is 

possible by reversed operation of the glutamate uptake carrier (Szatkowski et al., 

1990). Such release would effectively further depolarise glial cells expressing 

glutamate receptors, increasing the driving force for influx aiding potassium 

homeostasis discussed above. In the mammalian CNS, impulse mediated release 

of preloaded tritiated glutamate from non-synaptic regions of neurons has been 

reported (Wheeler et al., 1966). Since CNS glia can express ionotropic and 

metabotropic glutamate receptors axonal release of glutamate presents a possible 

mechanism by which neuronal-glial signalling could occur in the CNS.

Neuron to glia signalling mediated by synaptic release of glutamate occurs 

in mammalian brain slice cultures (Dani et al., 1992, see above), neuronal release
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of glutamate raises astrocytic intracellular calcium. Elevation of cytosolic calcium 

in perisynaptic Schwann cells in situ as a result of transmitter release at the frog 

neuromuscular junction has also recently been reported (Jahromi, Robitaille & 

Charlton, 1992). What could be the effects of raising cytosolic calcium in glial 

cells? One possibility is that neuronally mediated astrocytic calcium signals may 

feedback to influence neuronal excitability or synaptic transmission. Such effects 

may be mediated by changes in extracellular ion concentrations or through 

changes in neurotransmitter uptake and metabolism.

1.7 Aims of the current study

The primary aim of this thesis was to characterise the electrophysiological 

properties of astrocytes in an environment as similar as possible to that in vivo. 

This was necessary to validate studies in culture, since glial cell phenotype, 

including the ion channel expression depends on culture conditions (Raff et al, 

1983a; Barres et al., 1988). The population of astrocytes found in the retinal visual 

streak were chosen for this study because of their accessability and their close 

relationship to the well characterised glial cells of the optic nerve (Watanabe & 

Raff, 1988).

Chapter 3 describes the identification and anatomical location of different 

types of cells, including astrocytes, on the vitreal surface of the acutely isolated 

rabbit retina. Chapter 4 describes experiments in which the whole-cell patch clamp 

technique is used to investigate the voltage-gated ion channels expressed by visual 

streak astrocytes in this preparation. Chapter 5 examines the effects of glutamate 

and GABA on these cells. Chapter 6 describes the effects of glutamate and 

glutamate analogues on intracellular calcium in retinal astrocytes, measured using 

fura-2. An investigation of the calcium permeability of non-NMDA glutmate-gated 

channels in these cells is also presented.
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Chapter 2 

Methods

This chapter is divided into the following sections:

1. Identification of astrocytes and other cells on the basis of their morphology and 

immunohistochemistry, 2. Whole cell patch-clamping of retinal astrocytes, 3. Data 

analysis, 4. Fura-2 measurements of intracellular calcium concentration of retinal 

astrocytes, 5. Glutamate stimulated cobalt uptake studies.

2.1 Identification of cells on the basis of their morphology and 

immunocytochemistry

2.1.1 Immunocytochemistrv

Intact, isolated retinae were flattened and attached to small Millipore filters 

by lifting them out of solution on the filter and draining them carefully by touching 

the edge on absorbent paper. Retinae were fixed for 1-2H in 2% 

paraformaldehyde in a O.IM phosphate buffer at room temperature. The fixative 

was removed by washing in half strength phosphate buffered saline (PBS) 

including 1.5/xg/ml saponin, 0.01% sodium azide and 2% foetal calf serum 

(FCS)(solution P) (2x10 minutes followed by 1x40 minutes. Anti-glial fibrillary 

acidic protein antibodies (Sigma G-9269) developed in rabbit were applied to the 

tissue at a 1 in 100 dilution (in solution P) for 24H at 4°C. A rocking plate was 

used to ensure uniform exposure of the tissue to antibodies and to speed 

penetration of the solutions into the tissue. The antibodies were removed by the 

washing procedure described above. The tissue was then treated with a solution 

of biotinylated Goat anti-rabbit antibodies (1:50 in solution P) for 24H at 4°C. The 

tissue was then washed as described above but in the absence of azide and FCS. 

Biotynilated horseradish peroxidase/avidin complex (Vectastain ABC) was then 

bound to the secondary antibody (Goat anti-rabbit IG) to provide amplified 

staining.

2.1.2 Lucifer Yellow staining

Lucifer Yellow CH (Sigma, l.Omg/ml) was included in patch-pipette
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solutions to enable morphological identification of astrocytes during whole-cell 

recording. Internal solutions containing the dye were filtered before use to remove 

any dye particles that had not dissolved. Over the course of recordings, the dye 

diffused into the cells from the patch electrode. Cells were examined under UV 

illumination during recording.

2.2 Whole-cell patch clamping of retinal astrocytes

2.2.1 Preparation of isolated rabbit retinae

Experiments were performed on retinae from New Zealand White male 

rabbits of 2.5-3.S kg in weight. Animals were sacrificed by injection of 5ml sodium 

pentobarbitone (Sagatal) into the ear vein. They were then exsanguinated and the 

eyes excised. Muscle tissue was trimmed from the eyeball and any stray hair 

removed. A razor blade cut was made in the sclera posteria to the cornea at the 

level of the ora serrata. The cut was continued around the eye with a pair of fine 

scissors until the whole anterior section of the eye could be removed along with 

the vitreous humor which usually adhered to the cornea, iris and lens. Rectangles 

of retinae were cut so as to include the visual streak and pulled away from the 

pigment epithelium using fine forceps. These were transferred using the reverse 

end of a pasteur pipette to oxygenated Rabbit Ringer’s (solution A, table 2.1) or 

HEPES-buffered Ames media (Sigma A-1420) at 4 °C where they could be stored 

for up to 8 hours.

Isolated pieces of retina were transferred to 2ml of solution A containing 

either: 2mg/ml collagenase (Cooper-Biomedical L5000476), 1.2mg/ml

hyaluronidase (Sigma H2376) and 0.3mg/ml trypsin inhibitor (Sigma T9253) or 1- 

2mg/ml collagenase/dispase (Boerhinger) and incubated at 33-35°C for 10-20 

minutes. The retina was then washed in Ringer’s solution and stuck, vitreal surface 

uppermost, over a window of coverslip glass inserted into a hole cut in a 10mm 

Millipore filter attached with petroleum jelly to the bottom of the recording 

chamber. The window allowed for substage illumination of the tissue and 

observation from above using a Zeiss x40 water immersion objective. The edges 

of the retina were gently pressed into the Millipore filter to prevent the tissue 

from floating off and the vitreal surface was cleaned of debris using fine forceps.
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The mild enzyme treatment and mechanical cleaning was necessary to remove the 

internal limiting membrane from the vitreal surface thus facilitating better access 

for formation of high resistance seals when patch-clamping. Small weights made 

from surgical quality stainless steel were placed around the edges of the tissue to 

reduce the possibility of it floating off during rapid perfusion of the recording 

chamber.

2.2.2 Preparation of isolated retinal neurons

Small strips of rabbit retinae (lx2mm) were dissected and placed in 2mls 

of calcium-free Hanks Balanced Salts solution (HESS) including ImM magnesium 

and lOmM cysteine with 15-25/xl papain suspension (Sigma P-3125,0.554units//il). 

Retinae were incubated at 34°C for 20-30 minutes and then washed in HESS with 

3mM calcium and ImM magnesium. Retinae were triturated in 0.5ml solution 

using a fire-polished Pasteur pipette and an aliquot of dissociated cells was placed 

in the recording chamber and allowed to settle before commencing recording.

2.2.3 Solutions

a) Superfusion

The solutions used to superfuse cells during whole-cell patch clamp 

experiments are given in the tables 2.1. In superfusion experiments a small 

diameter inlet with two to nine separate perfusion lines was fed by gravity flow of 

solutions through solenoid operated valves. The inlet was positioned close to the 

cell to be recorded and the time required for solution exchange around the cell 

was typically 100ms. Complete exchange of the bath solution was effected in 1 

min. The level of the solution in the recording chamber was kept constant by a 

pump connected to a small diameter hypodermic needle dipped into the solution 

on the side of the bath opposite the inlet. This arrangement ensured that solutions 

were rapidly drawn across the cell under study.

b) lonophoresis

In experiments in which the response to neurotransmitters were mapped 

around the cell membrane, ionophoresis was used to apply the drugs. This was
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necessary to ensure rapid, local application of the drug.

Ionophoretic electrodes (resistance about 30Mn) were pulled on a 

Livingstone-type microelectrode puller (Narashige) from thin-walled borosilicate 

glass with a microfilament insertion (Clark Electromedical Instruments, No. 

GC150TF10). Ionophoretic electrodes were connected via a silver/silver chloride 

wire to a current pump providing currents appropriate to retain or eject drugs. 

Glutamate (sodium-L-glutamate, Sigma, G 1626) and GABA (y-aminobutyric acid. 

Sigma, A2129) were dissolved in water at IM and 0.5M respectively. The pH of 

glutamate was adjusted to pH8 with NaOH and GABA to pH3 with HCl. At pH8 

glutamate exists mainly as a negatively charged ion and was ejected with pulses 

of 15nA negative current. In order to prevent leakage of the drug from the 

electrode, a 15nA positive current was passed through the electrode between 

current ejection pulses. GABA exists as a positively charged ion at pH 3 and was 

ejected with pulses of 15nA positive current, employing a retaining current of 

-30nA.

c) Intracellular media

The solutions used to fill patch pipettes are given in table 2.2. The free 

calcium concentrations in the pipette solutions were calculated using the 

equilibrium constants for calcium binding to EGTA given by Martell and Smith 

(1974). Allowances were made for the magnesium binding and pH-dependence 

of the constants.

During whole-cell recording, small ions in the patch pipette diffuse into the 

cell and the intracellular ion concentration is thus set by the ion concentrations 

in the patch pipette. By using different pipette solutions, the concentration of 

intracellular ions could be varied according to the needs of the experiment.

2.2.4 Recording from cells

The whole-cell variant of the patch clamp technique (Hamill et al., 1981) 

was used to study both the voltage- and transmitter-gated currents in retinal 

astrocytes. Patch pipettes were pulled on a BBCH puller (Mecanex, Geneva) from 

thick-walled borosilicate glass with a microfilament insertion (Clark Electromedical
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Instruments No. GC150F10) and were occasionally fire-polished to facilitate 

formation of high resistance seals. Thick-walled glass obviates the necessity to 

Sylgard electrodes because it reduces the electrode capacitance to a size that can 

be readily compensated for by the patch clamp amplifier capacitance 

compensation facility. The resistance of electrodes in rabbit Ringer’s solution 

(solution A) was typically in the range 5-10 Mn.

Patch electrodes were manoevered up to the cell to be recorded. A slight 

positive pressure was applied to remove any external solution that may have 

accumulated in the electrode tip. The tip was then pushed up against the cell 

membrane and gentle suction applied to aid the formation of a high resistance 

seal between the tip of the electrode and the cell membrane. Further suction was 

then applied to rupture the membrane beneath the pipette tip and allow access 

to the cell interior. The cell could then be voltage-clamped, with the current being 

measured as the voltage drop across a 500Mn resistance of a current to voltage 

converter (List Electronics, Darmstadt, Germany, L/Mepc-7 or Axopatch 1-C, 

Axon Instruments, Foster City, CA, USA). The indifferent electrode was a 

Ag/AgCl pellet placed in the recording chamber. In experiments where the ionic 

composition of the bath was changed during the course of a recording, a 4M NaCl 

agar bridge was used as the earth electrode.

a) Measurement o f cell capacitance and series resistance when whole-cell patch 

clamping

The series resistance in the pathway from the patch-pipette to the cell (Rp) 

and the cell membrane capacitance (C^) were measured from the current 

response to -lOmV voltage step from a holding potential near to the zero current 

potential. Small hyperpolarising pulses at such negative holding potentials result 

in an Ohmic response in the cells tested (there is little or no contribution from 

voltage-gated currents). The cell membrane can be treated as the parallel 

combination of a capacitor and a resistor (R^,). Rj^ is the parallel combination of 

the cell membrane resistance, R„j, and the resistance of the seal between the 

pipette tip and the cell membrane, R ^ „  (figure 2.1). Thus:

1/Ri„ = 1/R„ + 1/Rj^i
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Figure 2.1

Analysis of cell capacitance and pipette (series) resistance Rpipette*

A. The current response to a lOmV depolarisation (the return of a -lOmV 

pulse) from a retinal astrocyte at a holding potential of -70mV. The inset shows 

the circuit equivalent to a whole-cell clamped cell, is the membrane resistance 

and Cnj the membrane capacitance.

B. Semilogarithmic plot of the decay of the current in A. to its steady-state 

value (loo). The line was obtained by fitting a linear regression to semi-log 

transformed data, t indicates the time constant of the exponential fitted to the 

decay of the current. For this cell Rpipette =22Mn, Rg^=1.02Gn and C„,= 18.6pF. 

The passive membrane properties of 53 cells were studied in this way; the data 

is shown in figure 4.1.
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The capacity transient resulting from the -lOmV pulse was fitted by a single 

exponential using a curve fitting computer program. The series resistances were 

typically in the range 10-30Mn. For time invariant currents data were then 

corrected for the voltage error (series resistance x total current) arising from 

current flow through the series resistance by subtracting the error from the 

nominal membrane potential. In experiments in which time dependent currents were 

studied voltage errors could not be corrected in this way and data from cells in 

which the maximum voltage error was greater than ±5mV were discarded. 

Electronic series resistance compensation was not applied.

Resting potentials were measured by switching the amplifier to current 

clamp mode (i.e. monitoring the voltage while the membrane current was clamped 

to zero). When the seal formed between the patch pipette and the cell membrane 

has less than infinite resistance, the apparent resting potential (V,pp) will be 

reduced from the true resting potential (V̂ ç̂ ,) by the shunt through the seal 

resistance. In an attempt to correct for this, seal resistances were measured in cell- 

attatched mode and the true value for the resting potential calculated according 

to the relationship below:

^ rea l^ ap p  “  ^sea/C ^seal ‘  ^ in )

Since the patch-pipette and bath contain different solutions, with different 

ionic compositions, a junction potential exists at the tip of the pipette when it is 

placed in the bath solution prior to forming a seal. This was corrected for as 

described by Fenwick, Marty and Neher (1982a). Junction potentials were 

measured by comparing the zero current potential obtained when both the pipette 

and bath contained intracellular solution to that obtained when the bath contained 

extracellular solution and the pipette intracellular solution. During these 

procedures a 4M NaCl agar bridge was used to connect the reference electrode 

to the bath to avoid changes in reference electrode potential. The junction 

potentials measured are given in table 2.2.
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b) Data acquisition

Data was recorded on to video tape via an analogue to digital converter/pulse 

code modulator. In addition, for some experiments, data was also stored on digital 

magnetic media using a computer equipped with a Labmaster laboratory interface 

(TL-1, Axon Instruments, Foster City, CA, USA).

23  Data analysis

2.3.1 Noise Analvsis

Noise in the cell membrane current occurs as a result of random opening 

and closing of ion channels in the cell membrane. When neurotransmitters are 

applied at low doses ligand-gated channels in the membrane will open and close 

and the noise in the membrane current trace will increase. (At higher doses of the 

drug the open probability may increase beyond 0.5 and there will be a reduction 

in the noise compared with that evoked by low doses).

Analysis of the membrane current noise provides information about its 

source. An increase in the membrane current noise on the application of a drug 

indicates that the evoked current is a result of the opening of ion channels and 

not the operation of an electrogenic carrier. The operation of a carrier, such as 

the glutamate uptake carrier, is not expected to result in a significant noise 

increase (Brew & Attwell, 1987). Information can be derived from application of 

Fourier analysis to the current noise concerning the single channel current and the 

channel open time.

Data were acquired from tape via a computer (PDF 11/73) equipped with 

an analogue to digital converter (12 bit). One channel of the computer sampled 

the signal after low pass filtering at 1000 Hz, less than half the sampling frequency 

(2048 Hz)(8 pole Butterworth, Bar and Stroud EF5-01 filter). This ensures that 

no components of the signal remain at frequencies higher than half the sampling 

frequency (the "Nyquist" limit) avoiding problems that would otherwise arise from 

aliasing. Above the Nyquist frequency noise components appear to have a lower 

frequency if sampling is too infrequent. This effect would lead to an artefact in 

which noise power was added at lower frequencies in the power spectrum. A 

second channel of the A to D converter was used to sample the current noise
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after both low and high pass filtering (8 pole Butterworth, Bar and Stroud EF5- 

02). High pass filtering removes the DC component of the current change evoked 

by drug application. This, incidentally, enables amplification of the signal for noise 

analysis without saturating the computers’ analogue to digital converter.

After sampling the data was edited to remove any glitches in the recording 

and broken into subsamples of periods equal to 1/resolution frequency. The 

resolution frequency chosen was a compromise since noise below the resolution 

frequency is lost but a higher resolution frequency gives more data samples to 

average and hence produces better power spectra.

The mean current was measured from the low pass filtered data. The data 

that had been both low and high pass filtered was used to measure the variance 

of the current noise fluctuations about the mean current. The noise variance could 

then be plotted as a function of the mean current or as a function of time. When 

the probability of channel opening is low the relationship between variance and 

mean current is linear (Colquhoun and Hawkes, 1977). Assuming that there is 

only one type of channel under investigation then the slope of the line gives an 

estimation of the single channel current, i. This value can then be corrected for 

the loss of variance due to low and high pass filtering. The corrected value is used 

to calculate the single channel conductance:

g = i/(V-V^)
V = holding potential

= reversal potential for the current through the channel

Low pass/high pass filtered data from the steady-state current before and after 

drug application were used to obtain power spectra (computer programs to 

perform fast Fourier transforms were written by D. Colquhoun, M. Tessier- 

Lavigne and P. Mobbs) describing the noise power at each frequency in the 

absence and presence of the drug. These spectra were subtracted to give the net 

spectrum, the change in noise power evoked by the drug. Net power spectra were 

fitted by Lorentzian components of the form (Colquhoun and Hawkes, 1977):
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G(f) =  G(0)/(l+(OTcf)

G(f) = Noise variance at frequency f

= the frequency at which G(f) falls to 1/2 of G(0)

G(0) = Noise variance at f=0

2.3.2 Analvsis of voltage-gated currents

Protocols for investigating voltage-gated currents in astrocytes and 

subsequent analysis of data acquired were performed using "PCLAMP" software 

(Axon Instruments, Foster City, CA) and Borland Quattro Pro spreadsheet 

programme.

2.4 Use of calcium-sensitive fluorescent dyes

Intracellular changes in calcium concentration were measured using 

calcium-sensitive fluorescent dyes. Fluorescent dyes have been produced by 

molecular engineering that have high selectivity for, and sensitivity to, physiological 

concentrations of important intracellular ions and messengers such as Câ """, K^, 

and cAMP (see Tsien, 1989). They offer a method for monitoring dynamics 

of intracellular biochemistry and signal transduction at the level of single cells or 

subregions of cells. In addition, large numbers of cells can be simultaneously 

monitored opening new opportunities for investigating cell-cell signalling.

Calcium indicator dye molecules such as fura-2, indo-1 and fluo-3 contain 

a calcium selective binding site based on the calcium chelator, EGTA. A 

fluorophore such as fluorescein or rhodamine is conjugated to the chelator 

molecule. The calcium binding site contains 4 carboxylate, 2 amino and 2 ether 

ligand groups, the steric arrangement of which afford a high selectivity ratio for 

calcium over magnesium (an ion present at much higher concentrations in serious 

competition for the binding site). When calcium binds, a lone pair of electrons 

from the left amino nitrogen is diverted away from the conjugated fluorophore, 

causing large spectral changes. With fura-2, calcium binding increases the 

amplitude of the excitation spectrum at 340-350nm at the expense of that at 380- 

390nm with little change at its emission peak at 510nm. Indo-1 shows a small shift
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in excitation spectrum but also a large shift in emission spectrum; increasing Câ "̂  

concentration increases the emission peak at 405nm and decreases that at 485nm. 

These wavelength shifts are an advantage because they permit Câ '*' concentration 

to be deduced from the ratio of amplitudes at a pair of excitation wavelengths 

(fura-2) or emission wavelengths (indo-1). In principle, such ratioing cancels out 

variations in dye loading, bleaching, dye leakage, and differences in local optical 

path length (i.e. cell thickness). Calibration allows an estimate of the calcium 

concentration in the cell of interest. However, it is not always possible to use these 

properties to advantage and it is common for fura-2 to be used to measure a 

change in calcium by exciting the dye at just one wavelength. Since the lower 

excitation wavelength, 340nm, is not transmitted by optical components unless they 

are made of quartz, the longer wavelength is often used alone.

Here, fura-2 was used to monitor changes of intracellular calcium in visual 

streak astrocytes in response to application of glutamate and glutamate analogues. 

Measurements were made using only one excitation wavelength (380nm). No 

attempt was made to estimate the magnitude of the change in calcium 

concentration.

2.4.1. Loading the retina with dve.

Calcium sensitive dyes can be loaded into cells in two different ways. First, 

the free acid of the dye can be loaded into cells via a microelectrode by from a 

patch electrode during whole-cell recording. Second, membrane permeable 

versions of all calcium dyes are available in which the lipophobic polycarboxylate 

groups are masked with labile acetoxymethyl ester (AM ester) groups. These AM 

ester dyes can cross cell membranes readily but are then hydrolysed by cytosolic 

esterase activity, cleaving off the ester to leave the free acid of the dye inside the 

cells. AM ester dyes can be loaded into large numbers of cells and some success 

in loading acute brain slices has been reported (Yuste & Katz, 1991). In slices, 

and indeed in the isolated retina, some cell types load with dye better than others. 

This may be a limitation, when the unloaded cells are those of interest, or an 

advantage when it results in a low background fluorescence.

Acutely isolated rabbit retina, prepared as described above, were loaded
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with fura-AMester. Retina were attatched to black millipore filters (Millipore 

HABP01300) and placed in a small petri dish. 10/xl 20% pluronic acid (in DMSO) 

and 6/il ImM fura-AM stock (in DMSO) were added to 1ml solution A (table 2.1) 

and mixed thoroughly. The solution was then made up to 5ml with solution A and 

added to the retina to be loaded. Retinae were incubated in this mixture at room 

temperature for 40-60 minutes and then washed thoroughly over 30 mins to 

remove excess dye and uncleaved AM-ester leaking from the cells. Retinae loaded 

non-uniformly; glial and vascular components on the surface loaded preferentially 

to the neural retina. This was used to advantage as it substantially reduced 

problems resulting from changes in background fluorescence. Preferential loading 

may result from larger concentrations of esterases being present in some cell types 

than in others.

2.4.2 Fluorescence recording methods

The recording set-up used is shown in a schematised diagram in figure 2.1. 

Cells were illuminated at 380nm by a Xenon arc lamp directed through a 380nm 

filter of 11.2nm half band width. An adjustable diaphragm close to the source was 

used to limit the area of illumination to a minimum and a shutter was available 

to restrict UV illumination time. Illumination intensity was controlled by the use 

of neutral density filters. Emitted fluorescence was collected at 510nm by a 

photomultiplier (Mullard PMT type 9924B), and the signal was amplified and 

recorded on magnetic video tape.

Drugs were applied by pressure ejection from a local perfusion pipette 

using a 10ml syringe to apply gentle positive pressure. This application system was 

tested to ensure that drugs were continually delivered around the cell throughout 

pressure application by observing ejection of a dye into the bath. Care was taken 

during experiments to ensure that movement artefacts did not contribute to the 

responses recorded. To control for changes in background fluorescence, drugs 

were applied to areas of the retina where loaded astrocytes were not present.

2.5 Kainate-stimulated cobalt uptake

The stimulation and detection of Co^^ uptake via non-NMDA glutamate-
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Figure 2.2

Diagram of the set-up used to measure changes of intracellular calcium 

with the fluorescent dye fura-2.

A xenon arc lamp provides ultraviolet (UV) light. The light is focused by 

a lens and the area of illumination restricted with an adjustable diaphragm. A 

shutter controls the time of illumination (prolonged illumination will damage the 

specimen). 380nm band pass and neutral density (n.d.) filters restrict the 

wavelength and intensity of the light directed towards the specimen by a dichroic 

mirror. This mirror reflects the excitation wavelength and passes the emission 

wavelength. A 510nm band pass filter restricts light detected by the 

photomultiplier tube (PMT) to the emission wavelength of fura-2.
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gated channels in rabbit retina was performed using the method described by 

Pruss et al. (1991). Retinae were rinsed in solution H (table 2.1) and then 

stimulated at room temperature for 20mins in solution H containing 5mM C0 CI2  

and 100/liM kainate. Retinae were washed once with solution H and then with 

solution H containing 2mM EDTA to remove non-specifically bound Co^^. After 

washing again with solution H the Cô "̂  was precipitated by incubating the retina 

with solution H  containing 0.12% (NH^)2 S for 5 minutes. Retinae were washed 

again in solution H and then fixed for 30min with 4% formaldehyde in O.IM PBS. 

Enhancement of the CoS precipitate was achieved by incubating the retina at 

50°C with a physical silver intensifier comprising 0.1% AgNOj in 292mM sucrose, 

15.5mM hydroquinone, 42mM citric acid for 45 min. The silver solution was 

changed at 15 minute intervals.
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Table 2.1 : External solutions

solution A B C D E F G H I

KCl 2.5 2.5 2.5 100 25 5 2.5

CholineCl 100 100

NaCl 140 140 10.6 57.5 140

MgClj 0.5 0.5 0.5 1 1 0.5 0.5 2 3

CaQj 3 3 110 3 3 1

BaClj 30 30

CdClj 0.1

HEPES 5 5 5 5 5 5 5 10 5

Sucrose 139

Glucose 15 15 15 15 15 12 15

pH 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.6 7.6

pH with NaOH NMDG NMDG NaOH NMDG NaOH NaOH NaOH NaOH



Table 2.2 : Internal solutions

X Y Z N P Q

KCl 120 16 3

c s a 115 130 140

KjEGTA 5 5 5 5 5 10

NaCl 5 5 5 5

Na^ATP 5 5 5 5

MgATP 5

HEPES 5 5 5 5 5 10

CaClg 1 1 1 1 1

MgCl2 7 7 7 2

MgAcetate 7

KAcetate 104 117

TEACl 5 5

tip pot -3mV -6.43mV -9.2mV -3mV -3mV +4/0mV
HiCa/HiNa

Free Câ '*' 

@ 23°C

28nM 28nM 28nM 28nM 32nM <lnM

All pH7.2 with KOH.
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Chapter 3

Morphological study of the cellular components of the blood-retina-barrier

3.1 Introduction

This chapter describes experiments to identify different cell types 

comprising the blood-retina-barrier in the rabbit retina. The rabbit retina is 

unusual in that it has a visual streak area which consists of bands of densely 

packed myelinated ganglion cell axons (the medullary rays) projecting horizontally 

across the retina into the optic nerve head. The rabbit retinal vasculature is 

restricted to this region and emerges from the optic nerve head to branch both 

across the surface and within the retina in the visual streak area. This pattern of 

vascularisation is shown by an endogenous peroxidase stain of a flat-mounted 

rabbit retina in figure 3.1 in which the blood vessels are stained brown. The 

vasculature forms a barrier between the blood and the retina, a feature 

demonstrated by the fluorescein angiogram in figure 3.2. A pigmented rabbit was 

injected via the ear vein with the low molecular weight dye fluorescein and the 

retinal vasculature was photographed through the front of the eye. All the retinal 

vessels are impermeant to fluorescein demonstrating that the capillaries running 

over the vitreal surface of the visual streak form a barrier to the diffusion of small 

molecules from the blood into the retinal extracellular space.

3.2 Methods

A flat mount preparation of the rabbit retina (see section 2.2.1) was used 

for all the experiments in this chapter. Cells were recorded using the whole-cell 

patch clamp technique (section 2.2.4) with bath solution A (table 2.1) and 

intracellular solution X (table 2.2). l.Omg/ml Lucifer Yellow (LY) was included 

in the patch pipette solution in all the recordings made.

Immunocytochemical staining with an antibody directed against glial 

fibrillary acidic protein (GFAP, section 2.1.1) was employed to investigate the 

distribution of astrocytes.
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Figure 3.1

A stain of the endogenous peroxidase of the visual streak area of the rabbit 

retina. The photograph shows the vitreal surface of the retina with the optic nerve 

head to the right and the temporal region of the retina to the left. The retinal 

vasculature is darkly stained.
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Figure 3.2

A fluorescein angiogram of the rabbit retina. The retina was photographed 

through the front of the eye to show the retinal vasculature filled with fluorescein 

dye. A black rabbit was used because the lack of pigment in the pigment 

epithelium of albino rabbits prevents the resolution of the retinal circulation (the 

image is obscured by the fluorescence from the choroid vasculature). The 

photograph at the top shows the vasculature around the optic nerve head and that 

at the bottom shows a more temporal area of the retinal circulation.
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3 3  Results

3.3.1 The blood retinal barrier is composed of three different cell types 

distinguishable on the basis of their morphological and electrical characteristics

Figure 3.3 shows a view of the vitreal surface of the retina as seen under 

the light microscope using bright field illumination and a x40 water immersion 

objective. This shows that the vessels running over the vitreal surface are 

associated with two different populations of cell bodies. One type is flattened and 

perivascular (p). These cells are closely apposed to the endothelium and have no 

resolvable processes other than on the endothelial cell surface. The other type has 

more spherical cell bodies (a) that are often situated away from the vessel walls. 

The current responses of these two cell types and of endothelial cells were 

investigated using Lucifer Yellow-filled electrodes.

Figure 3.4 shows two LY-filled endothelial cells viewed under UV 

illumination. Endothelial cells are typically flat and thickened a little around the 

nuclear region. They are extremely thin making it difficult to resolve the cells’ 

geometry, the plane of focus often optically sections the cell causing it to appear 

as a fine line on the edge of the vessel (fig 3.4A and B). In some cases where the 

endothelial cell recorded was more favourably located it was possible to bring the 

whole cell into focus (one such cell is shown in 3.4C). Even in the smallest 

capillaries, several endothelial cells are required to form the circumference of the 

vessel. Occasionally, LY was observed to spread from one endothelial cell to 

several adjacent cells. The faint staining of these cells made it impossible to record 

this phenomenon on film. It was not clear whether this phenomenon resulted from 

dye transfer through gap junctions coupling neighbouring cells or from dye uptake 

from the vessel lumen (dye sometimes escaped into the vessel lumen during 

attempts to enter whole cell mode when both membranes of the endothelial cell 

were accidentally ruptured). The current responses of an endothelial cell to a 

series of positive and negative voltage steps are shown in figure 3.5A. No time- 

dependent currents were observed and the I-V relation shown in 3.5B is Ohmic. 

Endothelial cells in situ are very thin (typically 0.1-0.5^m) and are enclosed by a 

thick layer of collagenous basement membrane making it very difficult to make 

good patch clamp recordings from them. For the cell illustrated in figure 3.4C,
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Figure 33

Photographs of the vitreal surface of the isolated rabbit retina as seen 

under experimental conditions using bright field illumination and a x40 water 

immersion lens. The positions of pericytes (p), astrocytes (a) and capillaries (c) 

are indicated. Bar = 30/im.
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Figure 3.4

Morphology of endothelial cells of the blood-retina-barrier revealed by 

Lucifer Yellow.

A LY filled endothelial cell is shown in the whole-cell patch configuration 

with the patch electrode at the top. A. shows the cell under UV illumination and 

B shows the same cell with additional bright field illumination, revealing the vessel 

filled with red blood cells. The cell appears as a fine line on the vessel's 

circumference because it has been optically sectioned by the microscope's plane 

of focus. C. shows a LY-filled endothelial cell in a more favourable location that 

allows the visualisation of more of the cell’s surface. Bar = 30/xm.
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Figure 3.5

Electrical properties of endothelial cells.

A. The responses of an endothelial cell to a series of positive and negative 

voltage steps (timing shown beneath current traces). Solution X (table 2.2) was 

used in the patch-pipette and solution A (table 2.1) in the bath.

B. The current-voltage relation for the data shown in A.
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and were 420Mn and 15.5pF respectively. The resting potential was measured 

(as the zero current potential) as -61.3mV, a value comparable with the range of 

values obtained from cultured endothelial cells (-30 to -80mV, see Revest & 

Abbott, 1992). In the few whole cell recordings made from endothelial cells it was 

not possible to compensate for the cell’s capacitance. It was not clear whether this 

problem arose from voltage non-uniformity resulting from the cells* geometry or 

from coupling of cells via gap junctions.

Perivascular cells with flattened cell bodies have a very different 

morphology to endothelial cells. Figure 3.6 shows two LY-filled cells that had cell 

bodies closely apposed to the capillary endothelium. Under bright field 

illumination they are viewed simply as bumps on the capillary wall. When filled 

with LY and viewed under UV illumination they can be seen to wrap the 

capillaries with many branching processes. Different morphologies were observed 

that could be categorised into those that wrapped around the whole vessel’s 

circumference (3.6A & B) and those that were restricted to part of it (3.6C). The 

processes of the cells are stumpy and end in button-like terminations. 

Occasionally, faint traces of dye coupling to other pericytes and/or endothelial 

cells were observed. The morphology of these cells is consistent with them being 

pericytes, smooth muscle-like cells observed in retina, brain and other regions of 

the vascular system (see Sims, 1986). Current responses typical of these cells 

resulting from a series of voltage steps are shown in 3.7A. With positive voltage 

steps, the currents evoked were large and showed outward rectification. Large tail 

currents were present on return to potentials near the resting potential. Two 

exponential components were required to fit the current transients evoked in 

pericytes by small hyperpolarising voltage steps. The capacity compensation circuit 

of the patch clamp amplifier was used to negate the faster of the two components. 

The slower component is responsible for the spike in the whole cell current seen 

at early times in the response to positive voltage steps. The dual exponential 

nature of the current transient indicates that the cells act as more than a simple 

single electrical compartment. This together with the high series resistance 

encountered, the small size of the cells and the large currents evoked by voltage 

steps made it was impossible to characterise the voltage-gated currents present in
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Figure 3.6

The morphology of perivascular cells of the rabbit blood-retina barrier 

revealed by Lucifer Yellow. Bar =30/xm.

A. A LY-fiWed pericyte is sbovm under UV üiummation. This cell has 

processes which completely envelope the vessel.

B. The same cell as in A is shown with additional bright field illumination, 

revealing the position of the pericyte in relation to the blood vessel seen running 

across the centre of the picture.

C. A LY-filled pericyte viewed under UV illumination with clearly visible 

foot processes is restricted to one side of the vessel and does not wrap around it. 

The vessel can be seen by virtue of its autofluorescence.
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Figure 3.7

Electrical properties of pericytes.

A. The currents evoked by a series of positive and negative voltage steps. 

The solutions used were as for figure 3.5. The step voltage is indicated to the left 

of the data, the timing of the steps is shown below. With positive voltage steps the 

currents evoked were large and showed outward rectification. Large tail currents 

were present on return to the initial holding potential.

B. The current-voltage relation for the steady-state current shown in A.
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these cells. Estimates of and Cg, (measured from the amplifier as the faster 

of the two components of the current transient) were 112±9.3Mn (n= 8 ) and 

31.6±2.1pF (n= 8 ) respectively. The zero current potential was measured as 

-67±1.46mV (n= 8 ). The I-V relation for one of these cells is shown plotted in 

3.7B.

Figure 3.8 shows the morphologies of the third of the cell types found on 

the surface of the retina, namely those with more spherical cell bodies situated 

away from the vessel walls. These cells have a stellate morphology and a 

distribution matching that of astrocytes as determined by GFAP staining (see 

below). Many astrocytes had fine processes which ended on capillary walls (3.8A) 

and other processes that projected into ganglion cell axon bundles while some 

astrocytes were seen to span from one capillary to another (3.8B). The pattern of 

voltage-gated currents in astrocytes is illustrated in figure 3.9A, the I-V relation 

in 3.9B. Responses to negative steps were Ohmic over the range tested. Positive 

steps evoked both inward and outward time-dependent currents. The inward 

currents are fast and small and not obvious here but are shown in more detail in 

chapter 4. The pattern of voltage-gated currents observed in these cells was 

sufficiently different to that of pericytes to unambiguously distinguish the two cell 

types. However, in the experiments described in the rest of this thesis, all cells 

were identified on the basis of their morphology.

3.3.2 GFAP staining identifies retinal astrocytes in the visual streak

Astrocytes are defined by their expression of the cytoskeletal protein glial 

fibrillary acid protein (GFAP). Figure 3.10 shows horseradish peroxidase 

conjugated anti-GFAP stain of the vitreal surface of the rabbit retina. 3.10A shows 

a view at low magnification and figure lOB, cells at higher magnification. The dark 

ribbon-like bands (small arrows) are blood vessels and the GFAP-positive stellate 

cells (large arrows) have the same morphology and distribution to the LY-filled 

cells shown in figure 3.8, confirming that they are astrocytes. GFAP-positive cells 

are confined to the region occupied by blood vessels and display several different 

morphologies. One population has small and a second large cell bodies. The larger 

cells were more superficial, of relatively uniform morphology and readily patch
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Figure 3.8

The morphology of astrocytes as revealed by filling with Lucifer Yellow. 

Bar = 25/im.

A. A typical astrocyte filled with LY from the patch electrode visible at the 

top. Stout processes are present that divide and extend toward a blood vessel 

forming numerous contacts with it. The swellings visible on the processes may be 

artefacts since they arise during prolonged recording.

B. An astrocyte, spanning the distance between two parallel blood vessels. 

Fine astrocytic processes make contact with and appear to extend around the 

vessel walls.
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Figure 3.9

The voltage-gated currents evoked in astrocytes

A. Responses of an astrocyte to a series of positive and negative voltage 

steps. Solutions used were as for figure 3.5. The step voltage is indicated to the 

right of the current traces and the timing of the steps is shown below the data. 

Positive steps evoked time- and voltage-dependent currents. The response to 

negative steps was Ohmic.

B. The current-voltage relation for the peak (squares) and the steady-state 

(crosses) currents shown in A.
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Figure 3.10

Anti-GFAP stains of the vitreal surface of the rabbit retina.

A. Low magnification view. Blood vessels appear as dark ribbons examples 

of which are indicated by three small arrows Larger arrows indicate

examples of GFAP positive astrocytes recorded in this study. Bar lOO/xm.

B. Astrocytes (arrows) viewed at a higher magnification. Bar 30/xm.

71



A

é

B

72



clamped. This population of cells forms the basis of the investigations in chapters 

4, 5 and 6 . Cells with smaller cell bodies and other morphologies were not 

investigated systematically.

3.4 Discussion

The blood-retina-barrier is comprised of three different cell types; 

astrocytes, pericytes and endothelial cells. The role of these cells in the formation 

and maintenance of the barrier is not well understood. The endothelial cells play 

a fundamental role in the formation of the capillary network. The junctions 

between the endothelial cells of retinal capillaries are tight so as to exclude 

fluorescein. The barrier formed by retinal endothelial cells probably protects the 

retina from fluctuations in the levels of ions, amino acids and other neuroactive 

substances in the blood.

The apparent absence of any voltage-gated currents in retinal endothelial 

cells is surprising. A number of different voltage-gated channels have been 

observed in cultured endothelial cells, the most common being an inwardly 

rectifying potassium conductance (Johns et al., 1986; Takeda et al., 1987; Olesen 

et al., 1988; Colden-Stanfield et al, 1990,). A large conductance chloride channel 

has also been observed in aortic endothelial cells which is activated on 

depolarisation (Hansen & Olesen, 1990; Olesen & Bundgaard, 1992) and voltage- 

gated calcium channels have been reported in microvascular endothelial cells 

(Bossu et al., 1992a; 1992b). It is possible that voltage-gated and time-dependent 

conductances are present in this preparation but were not resolved as a result of 

cell-cell coupling. It was only possible to make whole-cell recordings from a tiny 

proportion of the cells with which gigaseals were formed. This low success rate 

probably results from the presence of a tough collagenous basement membrane 

that encapsulates capillaries. All attempts to remove this with enzymes were 

unsuccessful, however, if this problem could be overcome this would be a unique 

preparation in which to study the electrophysiology of endothelial cells in intact 

capillaries.

Pericytes are smooth muscle-like cells that are present, at varying densities 

in most of the circulatory system. In capillary networks, where smooth muscle is
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absent, they may cover upto 40% of the endothelial surface (for a review, see 

Sims, 1992). The functions of pericytes are not known and those proposed are 

entirely speculative. In culture, they contract in response to a variety of vasoactive 

agents (Kelley et al., 1988; Chakravarthy et al., 1992) but such actions have yet to 

be observed in intact microvessels. It is possible that they control the capillary 

diameter, endothelial cells themselves have also been shown to be of a contractile 

nature (Kelley et al., 1987). The observation that pericytes span endothelial cell 

junctions suggest that they perhaps play a role in the control of vascular 

permeability and their disappearance in diabetic retinopathy (where the blood- 

retina-barrier degenerates) is often cited in support of this idea (Cogan et al., 

1961; Speiser et al., 1968; Addison et al., 1970). To date, there have been no 

electrophysiological investigations of pericytes. Unfortunately, pericyte capacity 

transients consist of more than one exponential component suggesting that the 

cells cannot be adequately voltage-clamped. This lack of voltage uniformity may 

result from the many small processes of the cell and the fact that the cells have 

a low input resistance for their size. Alternatively voltage-nonuniformity may result 

from the presence of gap junctions either between neighbouring pericytes or 

between pericytes and endothelial cells. A further problem associated with 

recording from pericytes in situ is the thick collagenous sheet (secreted by 

pericytes themselves) that wraps them, the presence of which leads to poor seals 

and a low success rate for patch clamp recording.

Previous anatomical studies of astrocytes in the rabbit retina have revealed 

that rabbit retinal astrocytes are restricted to the medullary ray area and have a 

variety of morphologies (Schnitzer & Karschin, 1986; Robinson & Dreher, 1989). 

Using GFAP staining and LY injection in formaldehyde-fixed rabbit retinae, 

Schnitzer and Karschin (1986) describe "stout" astrocytes with two to four thick 

primary processes that give rise to several thinner processes and "star" astrocytes 

that have four to eight thin, radially orientated processes. Intermediate 

morphologies with thick but radial processes were common. Similar to the 

astrocyte population studied here, many "star-shaped" astrocytes had cell bodies 

distant from blood vessels and extended processes towards them. A third type of 

astrocyte were "perivascular" and were seen lying directly on the blood vessel walls
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with processes enveloping the vessels. Robinson and Dreher (1989) divided rabbit 

retinal astrocytes into subpopulations using antibodies to GFAP, vimentin and 

other glial cell antibodies to unknown antigens that they raised themselves. They 

described three main classes of astrocyte; class A were "perivascular" astrocytes, 

class B, "territorial" astrocytes possessing three to six primary processes which 

never seemed to contact adjacent cells or vessels and class C astrocytes closely 

resembling the "stout" and "star-shaped" astrocytes observed by Schnitzer and 

Karschin (1986). The astrocytes recorded in this thesis belong to Robinson and 

Dreher’s classes B and C. None of the cells recorded were "perivascular" 

astrocytes. These were excluded by choosing to record cells with perikarya located 

away from the blood vessels thus avoiding any possible confusion with pericytes 

which have cell bodies located in similar positions to perivascular astrocytes. 

However, in this study, all the astrocytes of the type B morphology were seen to 

be associated with blood vessels. It is possible that Robinson and Dreher did not 

observe these associations because the antibodies they employed produced 

"abbreviated" pictures of the cells.

Astrocytes are believed to be involved in the induction of tight junctions 

between endothelial cells in the brain. Although they probably do not contribute 

mechanically to tight junctions it seems that they may provide a chemical signal 

for their formation. High resistance endothelial cell layers are only obtained in 

culture in the presence of astrocytes or astrocyte conditioned media (Tao-Cheng 

et al., 1987; Rubin et al., 1991) and transplantation experiments show that 

peripheral endothelial cells (that normally form fenestrated capillaries) acquire the 

properties of tight endothelia when they vascularise brain tissue or cultured 

astrocytes (Stewart & Wiley, 1981; Janzer & Raff, 1987). Gap junction coupling 

between astrocytes is common in glial networks in the central nervous system 

(Gutnick et al., 1981 and see Mugnaini, 1986) and the presence of such coupling 

in retinal astrocytes cannot be ruled out. However, no sign of intercellular transfer 

of LY was observed between astrocytes and the capacity transients evoked by a 

lOmV step were well fit by a single exponential suggesting that, if gap junctions 

are present, they are of high resistance and not LY permeable. The voltage-gated 

currents of retinal astrocytes are further investigated in chapter 4 and will not be
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discussed here.
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Chapter 4

Voltage-gated ion channel expression by visual streak astrocytes.

4.1 Introduction

Astrocytes cultured or acutely dissociated from various CNS sources have 

been reported to express a variety of different voltage-gated ion channels. This 

chapter describes experiments to investigate the nature of voltage-gated ion 

channel expressed by astrocytes in situ in the rabbit retina. The chapter will be 

divided into the following sections:

1. Passive membrane properties of visual streak astrocytes, 2. The role of 

potassium in setting the resting potential of visual streak astrocytes, 3. Visual 

streak astrocytes in situ express a variety of different voltage-gated currents,

4. Outward currents consist of several different components and are carried by 

potassium, 5. Astrocytes in situ possess a fast inward sodium current with different 

kinetics to those of neurons, 6 . Visual streak astrocytes express a small calcium 

current but no calcium activated currents.

4.2 Methods

Electrical recordings were made from visual streak astrocytes by the whole

cell patch-clamp technique described in section 2.2.4. Intact retinae were flat- 

mounted in the recording chamber after a short enzymatic treatment to remove 

the basal lamina and any remaining vitreous humor (see chapter 2  section 2 .2 .1 ).

For most experiments, voltage-step protocols were generated by 

"CLAMPEX" software. "CLAMPAN" and "CLAMPFIT" were used for data 

analysis. (All of these programs form part of the "PCLAMP" suite supplied by 

Axon Instruments Inc., Foster City, CA, USA). Capacitance compensation was 

used in all the experiments to null the capacitative current components resulting 

from charging of both the pipette and the cell capacitances. However, in some 

cases, this compensation was incomplete and residual capacitative currents were 

convolved with the fast sodium current described below. In these cases, better 

records free from residual capacity artefacts were obtained by subtracting data in
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the presence of specific channel blockers (eg TTX) from data in the absence of 

blockers. This procedure also effectively isolated the current of interest by 

removal of all trace of any current not blocked by the agent employed.

Neurons were obtained from acutely dissociated rabbit retinae. These 

dissociations were obtained as described in section 2 .2 .2 .

4 3  Results

4.3.1 Passive membrane properties of visual streak astrocvtes

In total over 300 cells were recorded. For 53 of these cells in which the 

zero current potential was measured, the apparent resting potential was 

-59.35±mV (more negative than -75mV in 31% of cells). After correcting for the 

shunt formed by the seal resistance (see section 2.2.4), the mean resting potential 

was -70± 4.8mV (more negative than -75mV in 50% of cells). The input resistance 

and the cell membrane capacitance were determined from analysis of the current 

transients resulting from -lOmV voltage pulses from a holding potential of -75mV 

(see section 2.2.4). The decay of the current transient following these small voltage 

steps was well described by a single exponential suggesting that the long (up to 

75/xm) processes of the cells did not constitute a significant internal resistance and 

that the cells were adequately space-clamped. The mean input resistance and 

membrane capacitance were 558±63.6Mn and 19.5±1.78pF respectively. Figure

4.1 A and B show histograms of the distribution of input resistance and 

capacitance for a group of 53 cells.

Seal resistances were typically greater than lOGn. All data were taken from 

cells for which the access resistance was less than 30Mn (mean for all cells was 

45.5±5.55Mn). Figures quoted are means ±S.E.M.

4.3.2 What role does potassium plav in setting the resting potential of visual streak 

astrocvtes?

The resting membrane potential of visual-streak astrocytes was measured 

by switching to current-clamp or by measuring the zero current potential in 

voltage clamp. Before rupturing the cell membrane the resistance of the seal 

between the patch-pipette and the cell membrane was recorded. Voltage errors
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Figure 4.1

A. A  

is 200Mn.

histogram of input resistance for 53 astrocytes. Bin width

B. A  histogram of membrane capacitance of 53 astrocytes. Bin

width is 5pF.
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Figure 4.2

A semilogarithmic plot of the effect of different potassium concentrations 

in the external solution on the measured resting potential of visual streak 

astrocytes. The open circles represent data points for concentrations of 2.5,25 and 

lOOmM potassium. Mean values obtained for were -2±0.61mV (n=5), 

-35.4±3.1mV (n= 6 ) and -82.3± 4.3ImV (n= 6 ) respectively. The filled circles 

represent the values for calculated from the Nemst equation: -6.5, -41.5 and 

-99.5mV. Internal solution was solution X, table 2.2 including 130mM potassium.
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resulting from the shunt through the seal resistance were then calculated and 

corrections made. Glial cell membranes are generally believed to be exclusively 

permeable to potassium (Walz & Hertz, 1983). Under such circumstances, the 

potential across the cell membrane would be entirely determined by the 

electrochemical gradient for potassium across the membrane. The mean resting 

potential obtained in 2.5mM K̂ , (see above) was -70±4.8mV (n=53) (solution X 

in the patch pipette and solution A in the bath). under the conditions 

employed was -99.5mV suggesting that the membrane potential of these astrocytes 

is determined largely but not exclusively by a membrane conductance selective to 

potassium ions.

Experiments were carried out to investigate the effect of changing the 

reversal potential for potassium on the resting potentials of astrocytes. Cells were 

whole-cell patch clamped as previously described. Resting potentials were 

measured in external solutions containing 100,25 and 2.5mM potassium (solutions 

F, G & A, table 2.2; solution X, table 2.2 in the patch pipette). Measurements of 

the zero current potential were made after the membrane current reached steady- 

state. Values obtained for the concentrations of external potassium employed were 

-2±0.61 (n=3), -35.4±3.1 (n=3) and -82.3± 4.3ImV (n=3) respectively. These 

data (open circles) are compared in figure 4.2 with the values of E^ predicted by 

the Nernst equation (filled circles: -6.5 (lOOmM K^), -41.50 (25mM K^) and 

-99.5mV (2.5mM K^)).

4.3.3 Visual streak astrocvtes express a number of different voltage-gated currents

Figure 4.3 shows a typical family of whole-cell current responses from a 

visual streak astrocyte in response to a series of positive and negative voltage 

steps. Positive steps (fig. 4.3A) were made from a holding potential of -lOOmV 

and negative steps from -70mV (lOmV increments). The current responses to 

negative steps were Ohmic over the range tested (fig. 4.3B). The responses to 

small positive steps were Ohmic, however, voltage steps to -50mV and beyond 

evoked both inward and outward time dependent currents. Figure 4.3C shows the 

current-voltage relation for the same cell as shown in figure 4.3A and B indicating 

the peak current (filled circles) and the steady state current i.e. that at late times
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Figure 43

A. Currents evoked in a visual streak astrocyte by a series of positive and 

negative voltage steps from holding potentials of -lOOmV and -70mV respectively. 

Steps were made positive to +70mV and negative to -150mV in 10mV 

increments. The timing of the voltage pulse is shown beneath each of the two sets 

of current traces. Solution X (table 2.2) was included in the patch-pipette and 

solution A (table 2.1) was in the bath.

B. The currents evoked in figure 4.2A are plotted as a function of voltage. 

The filled circles indicate the peak current and the open circles the steady-state 

current.
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(open circles). All the cells recorded showed strong outward rectification in both 

the transient and steady-state components of outward current. Figure 4.4A shows 

the current resulting from a single voltage step to -30mV from a holding potential 

of -90mV, on a faster time scale. The data has been leak subtracted to better 

show the inward current. On this time scale a fast, transient inward current can 

be seen convolved with the much larger and slower outward currents described 

above. This inward current was sensitive to the sodium channel antagonist TTX 

and will be discussed in detail below. It and the slower outward currents described 

below were found in all the astrocytes tested and provided an additional means 

of distinguishing them from other cell types in similar locations (see chapter 3). 

Figure 4.4B shows the voltage response of a retinal astrocyte to a 200pA current 

pulse. A small "spike" was seen at the onset of the pulse.

The responses to the simple voltage-step protocols described above were 

obtained in normal rabbit Ringer (solution A, table 2.1) and provide a profile of 

the combined voltage-gated currents present in visual streak astrocytes. In order 

to separate and characterise some of the individual currents present, a number of 

other experimental protocols were used.

4.3.4 The outward current consists of several components that are carried bv 

potassium ions

i) Transient and sustained outward currents can be separated by voltage

Figure 4.5 shows the separation of the large outward currents described 

above into distinct components by application of two different voltage-step 

protocols. In the first protocol, cells were held at -lOOmV and the voltage stepped 

to a variety of more positive potentials (first to -50mV and then to between -50 

and +30mV in 5mV increments). Figure 4.5A shows the current responses of an 

astrocyte to this protocol. Large transient and steady-state outward currents were 

evoked.

The second voltage protocol employed the same voltage steps as the first 

but used an initial holding potential of -50mV. The currents evoked by this 

protocol (figure 4.5B) activated more slowly (steps above -20mV), showed no 

time-dependent decay and did not inactivate within the duration of the test pulse
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Figure 4.4

A. Current obtained from a visual streak astrocyte in response to a voltage 

step to -30mV from a holding potential of -90mV. This data is shown on a shorter 

time scale to illustrate the presence of a fast, inward current that rapidly 

inactivates superimposed on the slower outward current. Solutions as for figure 

4.3. Data is leak subtracted.

B. Voltage change evoked in an astrocyte by a 200pA current injection. A 

small "spike" is apparent at the onset of the response followed by a slowly 

increasing depolarisation. The measured resting potential was -70mV.
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Figure 4.5

A. The current responses of an astrocyte in whole-cell patch clamp to a 

series of positive voltage steps from a holding potential of -100mV. The initial 

step is to -50mV, subsequent steps are 5mV increments. Solutions as for figure 

4.2.

B. Current responses of the same astrocyte to a series of voltage steps (in 

5mV increments) from the more positive holding potential of -50mV. Steps were 

made between -50 and -t-30mV. The fast outward current seen in A was 

inactivated at the more positive holding potential employed leaving a more slowly 

activating, non-inactivating component.

C. Subtraction of the current traces in B. from those in A. to show the

faster components of outward current that were inactivated by holding at -50mV.

For smaller voltage steps the current revealed in this way decays completely by

the end of the voltage step. Steps to more depolarised potentials show activation

of an additional current that does not inactivate during the voltage step.
This data is representative of 20 cells studied in this way.
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Figure 4.6

The current-voltage relationship for the data shown in fig.4.5. Filled squares 

indicate the steady-state currents evoked by the voltage steps from a holding 

potential of -50mV (data from fig.4.5B). Filled circles and triangles indicate the 

peak and steady-state currents respectively from the subtracted traces shown in 

fig.4.5C.

91



I
CiO

S

o

<O
D)jqC

<

O

IÎOO

o
b

< e
< e
4 e
4
4
4
4
4
4

— ^ --------

C u r r en t  (nA)

o o
00 ro

ro
o

4
4

4
4

o



(200ms). This current has similar kinetics to, and activates over the same voltage 

range as, the delayed rectifier currents previously described in both neurons and 

glia. The transient component seen in 4.5A was not present in the responses to 

this voltage protocol, presumably because it is inactivated by the more positive 

holding potential employed. This transient component was isolated by subtracting 

the currents obtained in the second protocol from those obtained in the first. Two 

current components are revealed by this manipulation, the result of which is 

shown in figure 4.5C. The transient component is completely inactivated by the 

end of the smaller steps. This current resembles the A-type potassium current 

described previously by Connor and Stevens (1971). In steps to more depolarised 

potentials the kinetics of the current decay are slower and a sustained component 

of outward current is present at the end of the voltage step.

The current-voltage relations for these data are plotted in figure 4.6. The 

transient and the steady-state outward currents obtained by the subtraction 

procedure described above are shown by filled circles and squares respectively. 

The triangles indicate the steady-state current shown in 4.5B.

ii) Pharmacological separation o f transient and sustained outward currents

Potassium channel blockers were used to distinguish between the transient 

and sustained outward currents described above. Figure 4.7A shows the currents 

evoked in a visual streak astrocyte by depolarising voltage steps (lOmV 

increments) from a holding potential of -100mV. After application of 5mM 4- 

aminopyridine (4-AP) to the bath, the transient outward current component was 

abolished (figure 4.7B). A slowly activating current remained, a small component 

of which inactivated. The increase in the amplitude of the steady-state current was 

smaller with more depolarised step potentials. Addition of both 4-AP and 

tetraethylammonium (5mM) to the bath further reduced the currents (figure 4.7C) 

to leave an Ohmic component. Subtraction of the data in 4.7B from that in 4.7A 

gave the 4-AP-suppressible current (4.7D). All time-dependent outward currents 

were blocked by the inclusion of caesium and TEA in the patch electrode (see 

section 4.3.5.).
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Figure 4.7

A. Current responses of an astrocyte to depolarising voltage steps from a 

holding potential of -lOOmV. Steps were made in 10mV increments between 

-90mV and +60mV.

B. Current responses of the same cell to the same protocol as in A. in the 

presence of 5mM 4-AP in the bath. The fast activating transient component in A. 

is absent revealing a slowly activating outward current of which only a small 

proportion inactivates during the test pulse.

C. Current responses of the same cell to the same protocol in the presence 

of 5mM 4-AP and 5mM TEA. Most of the time dependent currents observed in 

A and B are absent.

D. Subtraction of the currents shown in B from those shown in A reveals 

a 4-AP sensitive transient component of outward current.
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Hi) The outward currents are largely carried by potassium ions

In order to confirm that the outward currents described above are carried 

by potassium ions, the reversal potential of tail currents evoked by depolarising 

voltage steps was investigated. The potassium equilibrium potential was set to 

-102, -44 and -9mV by using external solutions containing 2.5, 25 and lOOmM 

potassium (solutions A, G & F, table 2.1) with solution X (table 2.2) in the patch 

pipette. Tail currents were evoked by two voltage protocols. In the first, cells were 

held at -lOOmV and a short (10msec) step to -lOmV was used to evoke the 

outward current. During the decaying phase of the outward current the voltage 

was stepped to a variety of potentials between 20 and -120mV to determine the 

reversal potential of the current flowing during the period that the processes 

involved in activation of the current reverse. This experiment was repeated with 

much longer (400msec) steps to -lOmV to determine the reversal potential of the 

late (i.e. near steady-state) outward current.

Tail currents evoked by the first protocol are shown in figure 4.8 A, B and

C. The reversal potentials for the tails at early times were -100 (2.5mM), -65 

(25mM) and -25mV (lOOmM). Tail currents at late times were smaller since more 

of the outward current was inactivated and are not shown here. The reversal 

potentials for the tail currents evoked at late times were similar to those at early 

times. The values for Ej  ̂ calculated from the Nernst equation for the 

concentrations of potassium used in these experiments were -102, -44 and -9mV 

respectively. These experiments suggest that the outward currents are carried 

largely but not exclusively by potassium.

4.3.5 Time course of recovery from inactivation of the fast potassium current

A voltage step protocol was devised to investigate the time-dependence of 

recovery from inactivation of the fast potassium current. Cells were held at a 

relatively depolarised potential (4-lOmV) for 3.5 secs, in order to inactivate the 

transient component of the outward current. The voltage was then stepped 

negative to -llOmV for increasing periods of time (increments of 10ms were used) 

before returning to the prepulse potential. The current evoked on returning to 

-lOmV is a function of the inactivation removed during the period that the cell is
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Figure 4.8

A, B and C show tail currents for the transient outward current in 2.5, 25 

and lOOmM potassium respectively measured at early times after activation. Cells 

were held at -lOOmV and the transient current was activated by a 10ms step to 

+40mV. Cells were then hyperpolarised to different test potentials between 20 

and -120mV at lOmV intervals before returning to -100mV. Solution X (table 2.2) 

was included in the patch-pipette. The tail currents in A, B and C reversed at 

-100, -65 and -25mV. The timing of the voltage protocol is shown beneath the 

data in part C. The current traces only show the data for the period of the voltage 
steps from +40mV. Tail currents were measured 10msec after the steps to 

different test potentials. Five other astrocytes studied gave similar data.
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held at -llOmV. Figure 4.9A shows an example of the currents evoked in an 

astrocyte by such a protocol. Short steps to -llOmV reveal veiy little time- 

dependent current. However, as the duration of the negative voltage step 

increases, the peak current evoked gets larger. Figure 4.9A shows data for the first 

490msecs, however, complete removal of inactivation took over 5secs. Mean 

values of normalised current from seven astrocytes are shown plotted as a function 

of time in figure 4.9B.

4.3.6 Visual streak astrocytes express a voltage-dependent sodium current

Voltage-gated sodium currents are generally associated with neuronal 

excitability but have frequently been observed in astrocytes cultured or acutely 

dissociated from different areas of the central nervous system. However, it 

remains unclear whether sodium current expression is an artefact produced by 

culture or dissociation conditions. It was therefore of interest to examine in 

greater detail the inward current seen in fig.4.4 to see whether visual streak 

astrocytes in situ in the retina express sodium currents.

Investigation of the fast inward current shown in figure 4.4 required the 

pharmacological suppression of the potassium conductances opened in the 

membrane when positive voltage steps were made. Consequently, a solution 

containing the potassium channel blockers caesium and TEA (5mM) was used in 

the patch-pipette (solution N, table 2.2) and 0.6mM barium (a broad spectrum 

potassium channel blocker) was included in the external solution A (Table 2.1). 

Data was obtained by subtracting currents obtained in the presence of the sodium 

channel blocker TTX (5^M), which suppressed the current, from those in the 

absence of the blocker. Figure 4.10A shows typical currents evoked in a visual 

streak astrocyte by positive voltage steps from a holding potential of -90mV. 

Current-voltage relations for the sodium current were obtained from data in which 

positive voltage steps (5mV intervals) were made from a holding potential of 

-90mV (figure 4.1GB). The reversal potential for the current, 61.8±1.5mV (n= 6 ), 

was estimated by extrapolation of the current-voltage relations. This procedure 

was necessary because voltage steps positive to 4-40mV often resulted in cell 

death. The reversal potential obtained is close to the calculated reversal potential
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Figure 4.9

A. This figure shows the response of a visual steak astrocyte to a protocol 

designed to investigate the time dependence of removal of inactivation from the 

I^-like potassium current. The cell was held at +10mV and then stepped to 

-llOmV for increasing periods of time (10ms increments). The time-dependent 

current evoked by stepping back to + lOmV was small at early times and gradually 

increased, approaching a maximum after 490ms. The delay between steps was 3 

secs.

B. The peak currents obtained in experiments like that shown in A were 

normalised to the current obtained at 490ms. The average values of the 

normalised data are plotted as a function of the time the cell was held at -llOmV 

(n=3).
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Figure 4.10

A. The current responses of an astrocyte to a series of voltage steps with
(solution N, table 2.2)

caesium and TEA in the patch pipette and barium (0.6mM) in the external 

solution (solution A, table 2.1). The data has been digitally filtered (one pole filter 

of time constant 0.15ms). Data were obtained by subtraction of current responses 

to voltage steps in the presence of 5/iM TTX from those obtained using the same 

protocol in the absence of the antagonist. The membrane potential was held at 

-90mV and then stepped to the voltages indicated. The timing of the voltage steps 

is shown beneath the current traces.

B. The peak sodium current plotted as a function of voltage. Data is taken 

from an experiment illustrated by selected traces shown in A.
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for sodium (56.3mV) with 140mM [Na]^ (solution A, table 2.1) and 15mM [Na]j 

(solution N, table 2.2). The mean sodium current density in astrocytes was 

calculated to be l3±lpA /pF (n= 6 ).

4.3.7 Voltage dependence of the astrocyte sodium conductance

Using the current-voltage relation data, an estimation of the maximum 

sodium conductance at each test potential was made. A basic assumption was that 

the sodium channel is highly selective for sodium ions. Sodium conductance 

was calculated from the relation:

^Na “  ^Na " E^a)

Where: I^a = measured peak sodium current

Eq, = membrane potential

^Na “  estimated reversal potential for the sodium current

For each cell recorded, the sodium conductance evoked at each test potential was 

normalised to the maximum conductance evoked. Normalised data from five 

different cells were averaged and plotted as a function of voltage (figure 4 .1 1 ). 

The vertical bars indicate the standard error calculated for each point. The data 

were fitted with a curve calculated from a modified Boltzmann equation:

f = G , 3 x/ [ 1  + exp((V - Vj^)/K)]

Where: = maximal sodium conductance, i.e. 1

V = step potential (mV)

^ 1 / 2  “  voltage of half maximal conductance

K = kT/zE

k= Boltzmann constant 

T= absolute temperature 

z= equivalent charge of gating 

E= elementary charge
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Figure 4.11

The peak sodium conductance, at each voltage step was calculated 

from the relation:

Gn> = W (E  - EnJ
Where 1^, is the peak current, E is the step potential and is the reversal 

potential for the current. Reversal potentials were obtained by extrapolation of 

the current-voltage relation to zero current. The graph shows the sodium 

conductance (normalised to the maximum conductance) against voltage. The 

vertical bars show the standard error of the normalised mean conductance for five 

astrocytes. Where bars are not shown, the S.E.M. was equal to or less than the 

size of the symbols used. A curve was fitted to the data points using the function 

given in section 4.3.7.
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4.3.8 Voltage dependence of inactivation of the glial sodium current

Figure 4.12A shows a family of sodium currents obtained by stepping a 

visual streak astrocyte to a constant test pulse potential of -lOmV after prepulsing 

the cell to different test potentials between -95 and -45mV for 0.64 seconds (the 

complete protocol used 40 steps with 2.5mV increments between -110 and 

-15mV). At each prepulse potential some fraction of the sodium current is 

inactivated. The extent of the inactivation is revealed by the size of the sodium 

current obtained on return to -10mV. In figure 4.12A the pre-pulse voltages for 

the currents shown are indicated to the left of the voltage protocol shown below 

the data. Maximum currents were obtained from the more negative prepulse 

potentials. The peak conductance obtained at each potential was calculated and 

plotted as a fraction of the maximum conductance obtained for each cell, to give 

the steady-state inactivation or h« curve for the current. The averages of these 

data for 6  cells is plotted in figure 7.12B. The vertical bars indicate the S.E.M. for 

each point. The data were fitted by the Boltzmann equation given in section 4.3.7.

4.3.9 Time constant of inactivation of the sodium current

The kinetics of the astrocyte sodium current were investigated to provide 

data for quantitative comparison with previous studies. The voltage dependence 

of the time constant for inactivation ( r j  of the sodium current was calculated by 

fitting exponentials to the decay phase of the currents. Exponentials were fitted 

to the decay phase of the sodium currents obtained in section 4.3.6 and the time 

constants measured using the "CLAMPFIT" facility of "PCLAMP". Hodgkin and 

Huxley (1952) considered the parameter to reflect the rate of inactivation of 

the sodium current although later investigators (Aldrich et al., 1983) showed that 

it can also correspond to the activation rate. However, here, measurements of 

are simply used to provide a basis for comparison of the astrocyte sodium current 

with the sodium currents from other cells. Fig 4.13A shows a sodium current in 

which the decaying phase of the current has been fitted by a single exponential. 

The sodium current resulting from a voltage step from -90mV to -20mV is 

indicated by the dotted line and the exponential curve fitted to the data is shown 

by the solid line. The values of obtained in this way for voltage steps between
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Figure 4.12

A. Inward sodium currents obtained from an astrocyte on return to a 

constant potential of -lOmV after 0.64 sec steps to a series of different prepulse 

potentials. Data were filtered digitally as for figure 4.6 (one pole filter, time 

constant of 1ms). The timing of the voltage steps is shown below the current 

traces. Prepulse potentials are given on the left. Steps were made in increments 

of 2.5mV, for clarity only the responses to a subset of the steps employed are 

shown (5mV increments). The capacity artefacts have been blanked.

B. Inactivation curve drawn from the averaged normalised conductances 

obtained from a group of astrocytes using the protocol shown in A. Vertical bars 

are the standard error of the mean for 6  cells. The curve was fitted by the 

function given in 4.3.8.
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Figure 4.13

A. The sodium current activated in a glial cell by one voltage step from 

-90mV to +20mV is shown by the dotted line. The exponential, shown by the 

solid line, has been fitted to the decay phase of the current using the method 

described in the text.

B. Exponentials were fitted to the decay of the sodium current for all 

voltage steps shown in fig. 4.9. Time constants (/%) of the exponentials fitted to 

the current evoked by each test potential were averaged for five cells. The graph 

shows the mean as a function of test potential. A solid line has been fitted to 

the data by eye.
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-40 and +30mV from a holding potential of -90mV are shown in figure 4.13B. It 

was not possible to fit exponentials to the currents resulting from smaller voltage 

steps in some cells since the current was too small or noisy hence the number of 

cells used for data points for the steps to less positive potentials are reduced. Five 

cells were used for this analysis.

4.3.10 Time to peak for the astrocyte sodium current

Further information for comparison with data for sodium currents from 

other sources was obtained by measuring the time taken for the sodium current 

to reach peak following the onset of a voltage step. Figure 4.14 is a plot of the 

sodium current time to peak against voltage. Each point is the average of eight 

different cells. At -lOmV the time to peak is close to 3ms, asymptotically 

approaching a value of 2 ms with steps to more depolarised potentials.

4.3.11 Sensitivity of the astrocyte sodium current to TTX

The effect of increasing concentrations of TTX on the amplitude of the 

astrocyte sodium current was tested to determine the sensitivity of the current to 

this toxin. Currents were evoked by stepping the potential from -90mV to -20mV. 

TTX was applied by bath perfusion and the evoked current measured when it had 

reached steady-state. The sodium current in the presence of TTX was expressed 

as a fraction of the current in the absence of the blocker. Figure 4.15 shows the 

mean residual current plotted as a function of the TTX concentration. The dotted 

line indicates the point at which 50% of the sodium current is blocked 

(approximately l/xM).

4.3.12 Properties of the voltage-gated sodium current of a retinal neuron

The astrocyte sodium current characterised above is small and has slow 

kinetics by comparison with the sodium current expressed by neurons and some 

other glial cells. It was important to demonstrate that the slow kinetics of the 

current were not an artefact resulting from the recording conditions employed. 

Therefore, attempts were made to show that fast sodium currents were expressed 

in retinal neurons from the same preparation. The sodium current evoked from
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Figure 4.14

The time for the sodium current to reach a peak for the voltage steps 

shown in fig. 4.9. The graph shows the time to peak as a function of voltage. Data 

points are the mean values from eight different cells, the vertical bars show the 
S.E.M. A solid line has been fitted to the data by eye.
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Figure 4.15

The effect of increasing concentrations of TTX on the amplitude of the 

astrocyte sodium current. The residual current ± S.E.M. is plotted against the 

concentration of the antagonist. The dotted line shows the point at which 50% of 

the current is abolished (approx 1/xM). Cell numbers for each point: 2nM (n=3), 

20nM (n=5), lOOnM (n=3), 200nM (n=5), 1/xM (n= 6 ), 5/xM (n=5).
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an acutely dissociated retinal neuron are shown in figure 4.16A. Experimental 

conditions were identical to those used to investigate the glial sodium current 

(solution N in the patch pipette, solution A +0.6mM barium in the bath, 

temperature 23°C). These data were obtained by subtraction of currents recorded 

in the presence of TTX from those in its absence. The voltage steps employed are 

indicated beneath the current data.

Figure 4.16B shows the current-voltage relation for the neuronal sodium 

current. Extrapolation of the data points to the zero current potential indicates 

a reversal potential of 4-44.3mV for this cell. Peak conductance for the neuronal 

sodium current as a fraction of the maximum peak conductance obtained was 

calculated in the same way as for the astrocyte data. Figure 4.17 shows the 

fractional conductance as a function of the test potential.

To facilitate a comparison with the astrocyte data, time to peak for the 

neuronal sodium current is plotted against voltage in figure 4.18A. Time to peak 

for the maximum current obtained (close to -25mV on the I-V) was 1msec 

asymptotically approaching 0.7ms at more depolarised potentials. Exponentials 

were also fitted to the decaying phase of the neuronal sodium currents and the 

time constants obtained plotted against test potential. Data for one cell are shown 

in figure 4.18B (the points have been fitted by eye with a smooth curve).

A table comparing the kinetics of astrocyte and neuron sodium currents is 

given in section 4.4.2.

4.3.13 Visual streak astrocvtes have a small voltage-activated calcium current

Under circumstances when all the currents described so far were blocked 

(caesium and TEA in the patch-pipette, 0.6mM barium and 5/xM TTX in the 

bath) and with normal calcium concentrations outside the cell (2.5mM), there was 

no obvious inward current in response to depolarising voltage steps from - 1 0 0 mV. 

However, cultured astrocytes from several sources have been shown to express 

voltage-gated calcium currents (mainly of the L-type). In order to determine 

whether calcium currents were absent from retinal astrocytes or simply very small, 

barium (30mM) was used as a charge carrier. Since this ion has a permeability 

greater or equal to that of calcium through most calcium channels, the
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Figure 4.16

A. An acutely dissociated retinal neuron was whole-cell patch-clamped with 

caesium and TEA (solution N, table 2.2) in the patch pipette and 0.6mM barium 

in the bath solution. Currents were evoked from a holding potential of -90mV by 

voltage steps in increments of 5mV. The timing of the voltage steps is shown 

below the current traces. For clarity, only selected current responses are shown. 

Data were obtained by subtracting the currents evoked in TTX (5|xM) from those 

evoked by the same voltage steps in the absence of the antagonist.

B. Peak neuronal sodium currents obtained in A are plotted as a function 

of voltage. The solid line has been fitted to the data by eye.
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Figure 4.17

The peak sodium conductance (G^^) for a retinal neuron was calculated 

from the equation:

^ N a  “  " ^N a)

Where is the peak current, E is the step potential and is the reversal 

potential for the current. The reversal potential was estimated by extrapolation 

of the I-V relation to the 0 current potential. The graph shows the sodium 

conductance (normalised to the maximum conductance) as a function of voltage. 

The curve was fitted to the data points using the function given in section

4.3.7.
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Figure 4.18

A. The time to peak for a neuronal sodium current as a function of 

voltage. A smooth curve has been fitted to the data by eye.

B. Exponentials were fitted to the decay phase of the neuronal sodium 

currents. The time constants of the exponentials fitted to the current evoked by 

each voltage step are shown plotted as a function of the test potential.
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Figure 4.19

A. The current response of an astrocyte to a voltage step from -90mV to 

+ 10mV with 30mM barium Ringer (solution B, table 2.1) in the bath and internal 

solution X (table 2.2) reveals a small inward current of 21.1pA after leak 

subtraction.

B. Leak-subtracted current response to the same voltage steps as in A. in 

the presence of lOO/xM cadmium in the bath. Data were filtered digitally (one 

pole filter of time constant 0.5ms)
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concentration employed greatly accentuates any calcium conductance present. 

Since any current detected was expected to be small the data was leak subtracted. 

This was achieved by employing a voltage step protocol which included a lOmV 

step in advance of the larger voltage step intended to activate any calcium current. 

The current response to the small voltage step was then scaled and subtracted 

from the current response to the large step. Cells were held at -90mV and steps 

were made alternately to -80 and 4-lOmV. Ten consecutive steps to each potential 

were made and averaged. After leak subtraction (scaling the small step by 10 and 

subtracting the product from the large step) a small inward current was revealed 

(figure 4.19A). This current was much reduced when the bath was exchanged for 

a solution containing lOOjuM cadmium (figure 4.1 SB).

4.4 Discussion

4.4.1 Visual streak astrocvtes express voltage-dependent potassium currents

Experiments to determine which ions are involved in setting the resting 

potential of visual streak astrocytes indicate that a major component of the cells’ 

resting conductance is selective for potassium ion. The resting potential measured 

showed only an approximately Nernstian dependence on the calculated potassium 

concentrations employed suggesting that other ionic conductances must also be 

involved. However, another possibility is that deviation of the resting potential 

from Ej  ̂results simply from over estimation of the seal resistance which may be 

reduced after entering whole-cell mode. No attempt has been made here to 

identify the type of potassium channels that determine the resting potential of 

visual streak astrocytes. Although voltage-independent potassium "leak" channels 

were once thought to be ubiquitously present in glial cells there is no evidence for 

them to date (Newman, 1989; Barres et al., 1990c; Wilson and Chiu, 1990). Since, 

in optic nerve glia, blockade of voltage dependent channels with specific blockers 

greatly decreases the resting conductance, voltage-gated potassium channels are 

thought more likely to underlie the resting conductance of glia. Recent work has 

shown the presence of inwardly rectifying potassium channels in many types of glia 

and it has been proposed that these channels are responsible for the resting 

potassium conductance the cells (Brew et al., 1986; Barres et al, 1990a; Tse et al.,1992).
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Until recently, astrocytes were believed to have passive electrical properties 

with membranes exclusively permeable to potassium (Orkand et al., 1966; Walz 

and Hertz 1983). The first evidence that astrocytes may have voltage-gated 

channels similar to those expressed by neurons was obtained in experiments in 

which rat astrocytes cultured from optic nerve and cortex were whole-cell patch 

clamped (Bevan and Raff, 1985, Bevan et al. 1985). Bevan and Raff showed that 

rat astrocytes in culture have voltage-gated sodium, potassium and chloride 

channels. Voltage-dependent calcium and potassium channels were also 

demonstrated in retinal Müller cells (Newman, 1985a). At the same time, voltage- 

gated ion channels were discovered in Schwann cells, the glia of the peripheral 

nervous system (Chiu et al., 1984; Shrager et al., 1985). These studies were 

followed by reports of voltage-gated ion channels in astrocytes cultured from 

various sources (Nowak et al., 1987; Barres et al., 1988; review: Barres et al., 

1990b). The data presented here conclusively demonstrate the presence of time- 

dependent voltage-gated channels in the plasma membrane of visual streak 

astrocytes in situ.

Visual streak astrocytes express at least three different types of voltage- 

gated potassium current; a transient A-current and two distinct, more slowly 

activating currents. All of these currents contribute to the strong outward 

rectification shown by these cells and all are blocked by including caesium and 

TEA in the patch-pipette. The A-current is 4-AP sensitive and is inactivated at 

positive holding potentials. Similar transient potassium currents have been 

observed in sub-populations of cultured rat cortical and optic nerve astrocytes, 

glial progenitor cells and acutely isolated rat hippocampal astrocytes (Bevan and 

Raff, 1985; Barres et al., 1988, 1990a,b; Tse et al., 1992).

One slowly activating outward current component is blocked by TEA 

(5mM) but not by 4-AP (5mM) and does not inactivate over the time course of 

the test pulses, characteristics indicating it may belong to the group of potassium 

channels collectively known as delayed rectifiers. Another slowly activating, 

sustained outward current was observed (see figure 4.4C, the result of subtracting 

the data in figure 4.4B from that in 4.4A). This current is only activated at more 

depolarised potentials and was inactivated by the more depolarised holding
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potential employed in figure 4.4B. The residual current not blocked by either 4- 

AP or TEA (figure 4.5C) may represent the same current component.

Since all three types of potassium current are activated at potentials that 

are significantly depolarised with respect to the measured resting potential the 

question arises as to under what physiological circumstances they become 

activated? Under conditions where is raised, for example during neuronal 

activity, glial cells become depolarised. In the retina, rises by 5mM during light 

stimulation (Coles and Tsacopoulos, 1979). Such a rise will depolarise astrocytes 

by about 2 0 mV, not enough to activate a significant fraction of the membrane’s 

potassium conductance. However, in anoxia can rise to 50-60mM (Siesjo, 1990) 

and astrocytes will then become significantly depolarised (E^= -2 0 mV) resulting 

in the opening of voltage-gated potassium channels. This would be a useful way 

of enhancing potassium homeostasis by astrocytes. Since I have shown here that 

glial cells have a significant sodium conductance it is possible that potassium 

currents play a role similar to that in neurons, repolarising astrocytes following 

activation of the sodium current.

4.4.2 Visual-streak astrocvtes have a fast voltage-activated sodium current that 

differs from those in retinal neurons

The presence of voltage-activated sodium channels in glial cells is of special 

interest as they are channels generally associated with excitable cells and would 

not be anticipated in cells believed to be electrically silent. Since the first 

observation of a voltage-dependent sodium current in cultured glial cells (Schwann 

cells, Chiu et al., 1984) it has been found to be expressed in astrocytes cultured 

from optic nerve, cortex and hippocampus (Bevan et al., 1985; Barres et al., 1988, 

1989; Nowak et al., 1987; Sontheimer et al., 1991). However, its expression 

amongst glial cell populations is by no means ubiquitous. For example, Tse et al. 

(1992) failed to find sodium channels in acutely isolated hippocampal astrocytes 

whereas Sontheimer et al. (1991) find sodium currents are expressed by 75% of 

cultured hippocampal astrocytes (on the first day in vitro). Early work showed no 

clear dependence of sodium channel expression on age of culture (cortical 

astrocytes). However, in optic nerve and hippocampal cultures, sodium channel
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expression can vary greatly not only within a cell culture but also, in the case of 

dissociated preparations of glial cells, with the age of animals used and with the 

number of days the cells spend in vitro (Barres et al. 1990b; Sontheimer et al. 

1991). An example of the lability of astrocyte sodium channel expression is seen 

in optic nerve cultures where A2B5-negative cells initially express a sodium 

current in culture and then lose it while A2B5-positive cells not only maintain but 

may also increase expression of the current. Although-A2B5 positive astrocytes 

from optic nerve consistently express a sodium current in culture, there is no 

evidence that any cells of the same antigenic phenotype exist in vivo (Fulton et al.,

1991) and thus it cannot be assumed that their expression of sodium channels is 

representative of astrocytes in vivo.

4.4.3 Kinetic characteristics of glial sodium currents

Barres et al., (1989) have shown that, in optic nerve cultures, A2B5-positive 

(type-2) and A2B5-negative (type-1) astrocytes express sodium currents with 

different kinetics. Type-2 astrocytes most frequently have a faster current that they 

termed "neuronal" while the type- 1  astrocyte has a slower sodium current which 

they called "glial". In order to compare the properties of the sodium channel in 

different cell types. Barres et al. determined the midpoint of the normalised I-V 

relation, the midpoint of h* curve and values for In optic nerve cultures, the 

kinetics of inactivation of the sodium currents (from the value of r j  in type- 1  

astrocytes are slower than those in type-2 astrocytes by a factor of about two. The 

midpoint of the h . curve for type-1 astrocytes is at -80 to -90mV whereas that of 

type-2 astrocytes is at -52mV, the same voltage as that of retinal neurons. The 

midpoint of the sodium current I-V curve in type-1 astrocytes it is at -35mV while 

in type-2 astrocytes and neurons it is lOmV more positive. Barres et al. suggest 

that these differences are evidence for the existence of two distinct types of 

sodium channel. However, the criteria used to make these comparisons and the 

conclusions drawn have been criticised by other researchers. For example, Ritchie 

(1991) rejects the notion that the "position" of the I-V curve on the voltage axis 

can be used to infer a difference in the molecular structure of the sodium 

channels.
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The question arises as to how general are the differences between the 

"neuronal" and "glial" forms of the sodium currents. Astrocytes cultured from 

cerebral cortex (Bevan et al., 1985), generally thought to be type-1-like, do not fit 

into either the "neuronal" or "glial" group; the midpoint of the I-V curve is at a 

similar voltage to that of rat retinal neurons and so might be classed as "neuronal" 

but the midpoint of the h . curve is at -72mV and so may be classified as "glial", 

is a voltage similar to that of the l/2h* at nodes of Ranvier (Chiu et al, 1979). 

When compared with sodium currents recorded at nodes of Ranvier, the cortical 

astrocyte I-V curve is shifted in the depolarising direction while type- 1  astrocytes 

in optic nerve cultures have sodium current I-V relations that are shifted in the 

hyperpolarising direction compared to those of type- 2  astrocytes and retinal 

neurons. A similar situation occurs in the hippocampus, where the midpoint of the 

neuronal sodium current I-V is about -40mV and the corresponding midpoint of 

the sodium I-V curve of associated astrocytes is -30mV. While it is possible that 

all of these variations could be explained by the presence of a different molecular 

form of the sodium channel, in each case there are other explanations that need 

to be considered. These are detailed below. The characteristics of the sodium 

currents in other glial cell preparations are presented in table 4.1. Data for the 

sodium current in visual streak astrocytes and retinal neurons (obtained at 23°C) 

are tabulated below.

Astrocytes Neurons

-21.5mV -34.8mV

1 /2 U -30.5mV -

5% In. -51mV -

1 / 2  h . -56mV not measured

^peak current -5mV -22mV

Tj, at OmV 1.7ms 0.64ms

^peak (maximum 1) 3ms 1 ms
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Table 4.1

w

Cell Type midpoint I-V l/2h. ^peak rh(OmV) *peak 5% current

Bevan et al 1985, 
Cortical cultures.

astrocyte -29.4mV -72.4mV -3.9mV

Barres et al., 1988,1989. 
Optic nerve and cortical 
cultures

Retinal Neuron -55 -8.0 0.5ms -31±2.9mV

Type-1 astrocyte -55 -80 -5.7 1.3 -41±1.7mV

Type-2 astrocyte -25 -52 -10

Howe and Ritchie, 1990.
Chiu,1987
Chiu, 1979

Schwann cell -17.1 -74.9 -5 0.8ms

Schwann cell 
20wk

-12.7 -83.8 1.7

node of Ranvier -54.4 -74.6 -42.0

Sontheimer et al.,1991 
Hippocampal cultures

neuron -40 -60 -30 -0.5

astrocyte IDIV -30 -84.5 -20 -0.7 1.0

astrogte 6DIV -61.7 -20 -1.6 2.9

Temperatures used were between 23 and 25°C



The population of visual streak astrocytes under study all express a 

transient voltage-dependent inward current that is blocked by TTX. The current 

is resistant to blockade by TTX, since 1/xM reduces it by only 50% while the same 

concentration applied to mammalian neurons is sufficient to completely abolish 

I^a. The maximum inward current was evoked by steps to -lOmV and the 

threshold for activation (calculated as the voltage at which 5% of the current was 

activated) was -51±0.5mV. The sodium current in visual streak astrocytes has 

much slower kinetics than in retinal neurons, reaching a peak later and 

inactivating more slowly. This is illustrated by the time to peak and data. Time 

taken to peak for the maximum current evoked was 3ms for astrocytes and 1 ms 

for retinal neurons. At a test potential of OmV, Tj, is 1.7ms for astrocytes and 

0.64ms for neurons.

The sodium current density in visual streak astrocytes (13±lpA/pF) is 

similar to that of cultured hippocampal astrocytes (14pA/pF, Sontheimer et al.,

1991) and optic nerve astrocytes (type- 1  and type-2, 7.8 and 3-17pA/pF 

respectively, depending on culture media. Barres et al., 1990b). In comparison, 

values for neurons are significantly higher (170pA/pF, dissociated retinal neuron 

from this study; 500pA/pF, retinal ganglion cell. Barres et al., 1989).

Similarities between visual streak astrocytes and type-2 optic nerve 

astrocytes and cultured retinal neurons (Barres et al., 1989) are apparent. The 

midpoint of the h« curve for visual streak astrocytes is at -56mV, a voltage similar 

to that of type-2 astrocytes (-52mV) and cultured retinal neurons (-55mV, Barres 

et al., 1989). The point at which half the maximal sodium current is activated in 

visual streak astrocytes is -30.5mV, similar to the value given for A2B5-positive 

optic nerve astrocytes (-25mV, Barres et al., 1989) and that of type-1-like cortical 

astrocytes (-29.4mV, Bevan et al., 1985). The decay of the sodium current in 

retinal astrocytes is slower than in both retinal neurons and optic nerve type- 1  

astrocytes (Barres et al., 1989, data not available for type-2 astrocytes). The 

values at a test potential of OmV for visual streak astrocytes (1.7ms) are similar 

to those in older rabbit Schwann cells (Howe & Ritchie 1990, also 1.7ms) and 

hippocampal astrocytes maintained for six days in culture ( 1 .6 ms, Sontheimer et 

al., 1991). In summary, retinal visual streak astrocytes have sodium currents that
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show a combination of "glial" and "neuronal" characteristics as defined by the 

Barres et al. (1989) criteria.

4.4.4 Why are the kinetics of the sodium current in retinal astrocvtes slow in 

comparison with neurons?

Barres et al. (1989) have suggested that the difference between the kinetics 

of the sodium current in neurons and glia may result from differences in the 

subunit composition of the channels. However there are other factors which may 

underlie these differences; the phosphorylation state of the channel and 

differences in membrane composition.

Sodium channels are heteromers formed by a dominant a subunit that 

carries most of the functional properties accompanied by two ^ subunits; and 

P2 which may be regulatory (Auld et al., 1988 and see Catterall, 1988, Hille, 1992). 

The a subunit contains a motif of 300-400 amino acids which is repeated in four 

separate domains (I-IV) called internal repeats. Each internal repeat incorporates 

six transmembrane regions; S1-S6. The 84 transmembrane segments are 

hydrophobic and highly positively charged, are strongly conserved among different 

voltage-gated ion channels and are believed to form the voltage sensor. A diagram 

of the predicted transmembrane topology of the a. subunit is shown in figure 4.20. 

Stühmer et al. (1989) have investigated the effect of site-directed mutations of rat 

brain sodium channel II (Na II) on its functional properties when expressed in 

Xenopus oocytes. Point mutations in the 84 region of repeat I in which positively 

charged arginine residues were replaced by neutral or negatively charged residues 

led to a decrease in the steepness of the voltage-dependence of activation. 

Mutagenesis experiments were focused on 84 of repeat I because it is the 84 

segment that contains the least number of positively charged residues and thus it 

was anticipated that charge modifications in this region would result in the largest 

effects. Most recently, a cDNA encoding the C-terminal portion of a putative glial 

sodium channel a subunit has been isolated and characterised (Gautron et al.,

1992). It is interesting that 84 shows only 34% sequence homology with (Na II). 

Although the glial 84 segment (of domain IV) shows a characteristic distribution 

of positively charged residues at every third position, there are only six charges as
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Figure 4.20
Diagram of the proposed structure of the neuronal sodium channel a-subunit
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compared to eight in the corresponding region of Nall. This difference may 

underlie some of the differences seen in the "activation" characteristics in glial and 

neuronal sodium currents. Since the 84 region of the channel protein forms the 

voltage sensor then a reduction of positive charge in this region might be expected 

to effect both the kinetics and the voltage range of activation and inactivation.

Another region of the sodium channel protein that can influence the gating 

kinetics of the sodium channel resides in the cytoplasmic loop linking domains III 

and IV. It has been shown that this region (named SP19, indicated by the symbol 

^ > in  fig. 4.20) can be phosphorylated by protein kinase C (PKC). Activation of 

PKC in rat brain neurons and Chinese hamster ovary cells expressing heterologous 

Na II a  subunits causes a rapid and reversible reduction in the peak sodium 

current (up to 80%) and slows the rate of inactivation (Numann, Catterall & 

Sheuer, 1991). Point mutations of Na II channels showed that phosphorylation of 

a single serine residue is required for both of these modulatory effects (West et 

al., 1991). Normally, this serine residue is not phosphorylated in neurons but, if 

phosphorylated in astrocytes, it might underlie the difference in the inactivation 

kinetics of neuronal and glial sodium currents. The subunits of neuronal sodium 

channels are necessary for rapid inactivation (Isom et al., 1992). If the subunit 

were to be absent from glial cells this too might explain the slow inactivation of 

the glial sodium current.

Differences in membrane lipid composition in different cell types is 

common and could affect the behaviour of ion channels. Incorporation of different 

proportions and types of lipids into the membrane can change its fluidity. 

Conformational changes in channel proteins that accompany gating could be 

slowed down by a more rigid membrane.

It is not clear which, if any, of these three factors may explain the 

differences between the kinetics of glial and neuronal sodium currents and there 

is no reason why any single factor should exclude others.

4.4.5 Calcium currents in visual streak astrocvtes

The voltage-gated calcium current present in visual streak astrocytes is 

small, even in the presence of 30mM extracellular barium when the largest current
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evoked was 21pA. Even if it is assumed that the channels involved are equally 

permeable to calcium and barium, the equivalent current in physiological calcium 

could be expected to be 2pA. Although large calcium currents are observed in 

other CNS astrocytes, their expression is frequently dependent upon pretreatment 

with agents that elevate intracellular cAMP (Quandt & McVicar, 1986; Barres et 

al., 1990a). Calcium currents are known to be susceptible to V ash out", meaning 

that the currents are diminished over time by "dialysis" of the cell interior by the 

patch pipette (Fenwick et al., 1982b). This rundown is likely to be the result of 

washing out intracellular messengers that are required for maintenance of channel 

function. However, such a phenomenon is unlikely to underlie the absence of 

large calcium currents in retinal astrocytes since responses were tested 

immediately after entering whole-cell mode (calcium current washout is a 

phenomenon occurring over many minutes).

4.4.6 Voltage-gated channels absent in visual streak astrocvtes

I was unable to detect any chloride conductance in visual streak astrocytes. 

However, voltage-gated chloride channels that have been reported to be present 

in peripheral and central glia but appear normally to be subject to an inhibitory 

modulation (Gray and Ritchie, 1986; Sonnhof, 1987) and may only become active 

after patch excision in single channel recording experiments or may slowly develop 

during whole-cell recording implying the wash-out of an inhibitory modulator. The 

apparent absence of voltage-gated chloride currents in visual streak astrocytes may 

be explained by these findings.

4.4.6 Functional significance of voltage-gated ion channels in glial cells

Expression of voltage-gated potassium channels in cultured and acutely 

isolated glial cells is well established and their presence in visual streak astrocytes 

is unsurprising. It has long been proposed that glial cells in the CNS play an 

important role in buffering changes of K .̂ The mechanisms proposed for this 

function have already been discussed in chapter 1 .

The spatial location of the population of astrocytes studied in this thesis 

presents the possibility that they may be involved in signalling processes between
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the neural retina and the vasculature of the blood-retinal-barrier. It is known that 

local increases in neuronal activity in the brain lead to dilation of blood vessels 

and increased cerebral blood flow. This homeostatic mechanism helps to maintain 

adequate supplies of oxygen to brain regions of varying levels of neuronal activity. 

The mechanism that links neuronal activity and regional changes in blood flow are 

not known. It has been suggested that, as part of their function in spatial buffering 

of potassium, astrocytes associated with the vasculature may release potassium 

ions from their end foot processes directly onto blood vessels (Newman, 1986). 

Blood flow through cerebral arteries and arterioles is exquisitely sensitive to 

changes in potassium ion concentration (Kuchinsky et al., 1972; McCulloch et al., 

1982), however flow through capillaries is not. Since arterioles are widely spaced 

in the CNS, potassium released by active neurons would have to diffuse long 

distances before reaching the target arteriole and affecting dilation. Paulson and 

Newman (1987) suggest that a form of potassium siphoning similar to that seen 

in retinal Müller cells and salamander optic nerve astrocytes (Newman, 1986) may 

be carried out by the astrocyte "syncytium" (formed by astrocytes coupled by gap 

junctions) in the brain. They used computer simulations were used to compare the 

efficiency of such a mechanism operating in tandem with diffusion with the 

efficiency of diffusion alone. When 50/Ltm distance was imposed between the site 

of raised and the vasculature, potassium siphoning and diffusion together were 

much more favourable than diffusion alone. It is not clear whether the visual 

streak astrocytes studied here are connected by gap junctions. However, the fact 

that they are not dye-coupled (using Lucifer Yellow or Neurobiotin) and produce 

single exponential current transients to small voltage steps suggests that any 

coupling present must be weak.

The presence of voltage-gated sodium channels in astrocytes poses 

unanswered questions. It is unlikely that astrocytes will fire action potentials under 

normal physiological conditions. Firstly, a very large depolarisation is required 

from the resting potential in order to activated the astrocyte sodium current. 

Secondly, the voltage range for the activation of the sodium current overlaps with 

that for the potassium currents. The potassium currents are so very large by 

comparison with the sodium currents in these cells that any depolarising event is
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likely to be rapidly opposed by the potassium conductance. The response of an 

astrocyte to injection of a large depolarising current pulse is shown in figure 4.4B, 

a small notch in the rising phase of the response represents the astrocyte "action 

potential".

It has been suggested that glia may form a source of manufacture of 

sodium channels that they then supply to neurons (Gray & Ritchie, 1985). 

Transfers of large molecules the size of proteins between Schwann cells and axons 

are known to occur (Verkhratsky et al., 1991). Addition of Schwann cells to 

cultures of rat dorsal root ganglion (DRG) neurons has recently been shown to 

change the pattern of sodium channel immunoreactivity in the DRGs, in particular 

increasing sodium channel density at points of contact between the two cell types 

(Joe & Angelides, 1992). However, no direct evidence for or against transfer of 

sodium channels yet exists.

There can be no doubt that transmembrane calcium currents have central 

roles in many physiological processes. Depolarisation of cultured glial cells by 

neurotransmitters has been shown to result in calcium influx via voltage-gated 

channels (Cornell-Bell et al., 1990) and a similar phenomenon is observed in 

organotypic brain slice cultures (Dani et al., 1992). However, the role played by 

voltage-activated calcium channels in glial cells has yet to be established. In visual 

streak astrocytes, the calcium current is very small and the extent to which it 

might effect intracellular calcium concentrations and the conditions under which 

it becomes activated are unclear.

Present ideas concerning the functions of voltage-gated channels in glial 

cells can only be speculative. It is important that more intact systems than cell 

culture are used to provide information about neuronal-glial interactions. The flat- 

mount retinal preparation used here is probably one of the most intact 

preparations that has been used to date since the cellular organisation of the 

retina remains unperturbed. Thin brain slice preparations (Edwards et al., 1989) 

are now in common use for patch clamp studies of neuronal function. 

Identification of glial cells for electrophysiological studies in such preparations may 

be difficult but some patch-clamp recordings have been achieved using the 

morphologically distinctive Bergmann glia of the cerebellum (Burnashev et al.,
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1992). Such studies of astrocytes in situ are encouraging and will further our 

knowledge of neuronal-glial interactions and glial functions under more 
physiological conditions.

139



Chapter 5

Glutamate- and GABA-gated Currents in Retinal Astrocytes

5.1 Introduction

This chapter describes experiments that show that applications of both 

glutamate and GAB A, known transmitters in the mammalian retina (Marc et al., 

1989; Ehinger et al., 1988) evoke membrane currents in astrocytes in situ in the 

rabbit retina. Experiments were performed on intact, isolated rabbit retinae as 

described in chapters 2 and 4. The results of the experiments are dealt with under 

the following headings: 1. Astrocyte membrane currents evoked by G ABA, 2. The 

dependence of the reversal potential of the GABA-gated current on the chloride 

equilibrium potential, 3. The dose-response relationship for G ABA, 4. The 

distribution of G ABA receptors in the astrocyte membrane, 5. Change in noise 

variance evoked by G ABA, 6 . Glutamate operated ion channels, 7. The glutamate 

dose-response relationship, 8 . Distribution of glutamate receptors in the astrocyte 

membrane, 9. Change in noise variance evoked by glutamate.

5.2 Methods

All experiments described in this chapter were performed on visual streak 

astrocytes of acutely isolated rabbit retinae. Intact retinae were flat-mounted in 

the recording chamber after a short enzymatic treatment to remove the basal 

lamina and any remaining vitreous humor (see chapter 2 section 2.2.1). Currents 

evoked by G ABA, glutamate and its analogues were measured using the whole

cell patch clamp technique. In all figures inward current is shown as downwards. 

Patch-pipettes usually contained internal solution X (Table 2.2). However, for 

some experiments in which GABA-gated currents were investigated (section 5.3.3) 

the chloride concentration was varied by substituting acetate for chloride in the 

internal solution (table 2.2). Drugs were applied by bath perfusion or by 

ionophoresis. The Ringer’s solution used was external solution A (table 2.1).
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53 Results

5.3.1 Post mortem amino acid analysis of the vitreous humor

HPLC analysis of the amino acid content of samples of vitreous humor 

taken from the eyes of rabbits used for this study revealed that G ABA is present 

at a concentrations of 15.5±3.7/xM (n=4). Reddy et al. (1961) found glutamate 

to be present at 170/iM in post mortem rabbit vitreous humor. These values are 

considerably higher than those obtained by in vivo microdialysis of the preretinal 

space in rabbits (Gunnarson et al., 1987; 1/xM G ABA and 10/xM glutamate), 

probably reflecting the increase in neurotransmitter release known to occur 

following anoxic insult (Hagberg et al., 1985).

53.2 Astrocyte membrane currents evoked by GABA

Application of GABA evoked membrane currents in all of the cells tested 

(n=28). With 141mM chloride in the patch-pipette (solution X, Table 2.2) and 

external solution A (Table 2.1), GABA evoked inward currents at negative 

potentials and outward currents at positive potentials. The current reversed at 

0.4mV (n=2). Figure 5.1 A shows the responses of an astrocyte to the application 

of lOO^M GABA from a local perfusion pipette at different holding potentials. 

The recordings at positive potentials are noisier due to the presence of the non

inactivating voltage-gated potassium current in these cells. Figure 5.IB shows the 

current-voltage relation for the steady-state current evoked by 100/xM GABA 

under the recording conditions described above. The I-V relation was usually 

linear but sometimes showed signs of outward rectification.

The evidence described below shows that the currents evoked by GABA 

in these astrocytes results from the opening of a chloride conductance rather than 

the operation of a transmitter uptake carrier.

5.3.3 Dependence of the reversal potential of GABA-evoked currents on the 

chloride equilibrium potential

The possibility that the GABA-evoked current resulted from the opening 

of a chloride-specific channel as it does in mammalian central neurons (Kmjevic 

and Schwartz, 1967) was investigated by changing the Nernst potential for
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Figure 5.1

GABA application to visual streak astrocytes evokes a membrane current 

that is inward at negative potentials and outward at positive potentials with 

symmetrical chloride concentrations.

A. Response of a visual streak astrocyte to local perfusion of lOO/xM 

GABA at a series of different holding potentials. The timing of GABA application 

is shown by the bar below each trace. The duration of each application varies 

since timing was controlled manually. The internal solution was solution X (table 

2.2, 141mM chloride), the Ringer was solution A (table 2.1, 149.5 chloride).

B. The current-voltage relation for the GABA-evoked current. Sample data 

from this cell are shown in A. The mean reversal potential for two cells with 

141mM chloride internal was 4-0.4mV.
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Figure 5.2

The channels opened by GABA in visual streak astrocytes are chloride 

specific. The reversal potentials for the currents evoked by GABA are shown as 

a function of chloride concentration in the patch pipette (filled circles). The 

dotted line shows the Nernst equation:

(Ec,={RT/F}log{[Cl-y[Cll}

with [CrJo (the external chloride concentration)=149.5mM. The value of n for 

each data point is indicated adjacent to the symbols. Standard errors lie within the 

diameter of the symbols. The solid line is the reversal potential predicted by the 

Goldman-Hodgkin-Katz equation (section 5.3.3.) assuming a Pao/Pci 0.0387.
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chloride. Cells were recorded with internal solutions containing 141,37 and lOmM 

chloride (solutions X, Y and Z, table 2.2) in the patch-pipette. The reversal 

potential for the GABA-evoked currents showed an approximately Nernstian 

dependence on the chloride concentration: with normal Ringer’s solution (sol A, 

149.5mM chloride) outside and 141mM chloride (Ed=-1.4mV) in the patch- 

pipette the reversal potential was 0.4mV (n=2), with an internal solution 

containing 37mM chloride (EQ=-35.17mV) it was -25.5±2.3mV (n=3) and for 

lOmM chloride (Eq = -68.13mV) it was -59.6±1.9mV (n=3). These data points 

are shown plotted in figure 5.2 along with a dotted line showing the reversal 

potential for chloride calculated from the Nernst equation. Deviation from perfect 

Nernstian behaviour may be explained by the permeability of GABA-gated 

chloride channels to acetate (the ion substituted for chloride in the experiments, 

Bormann et al., 1987). The solid line in this figure is a least squares fit of the 

Goldman-Hodgkin-Katz equation. The Pac/Pq ratio estimated from the fit was 

0.038. The equation used was:

F . . K
F

Pa

Where R=8.315J K*̂  mol*̂

T=296.16K 

F=9.648xlO^C mol-^

5.3.4 GABA-gated current is blocked by bicuculline

Bicuculline is a potent antagonist of the neuronal GABAa channel and its 

effect on the glial GABA-evoked current was therefore tested. The neuronal 

GABAa channel shows a similar chloride selectivity to that demonstrated by 

astrocytes. Figure 5.3 shows the effect of 50/xM bicuculline on the current evoked 

by 100/iiM GABA applied via a local perfusion pipette at a holding potential of
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Figure 53

The effect of bicuculline (50/iM) in the external solution upon the response 

to 100/iM GABA application to a visual streak astrocyte held at -60mV with 

solution X (141 chloride) in the patch-pipette.

A. Response to lOO^M GABA in normal Ringer’s solution.

B. The response to GABA in the presence of bicuculline. The residual 

current in bicuculline reversed at the same holding potential as did the GABA- 

evoked current in Ringer’s suggesting that it arises from channels that remain 

unblocked (data not shown).

C. Recovery of the response to GABA after removal of bicuculline from 

the bath.

The timing of drug application is shown by the bars above the current traces.
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-60mV. Bicuculline caused a 70% reduction in the size of the GABA-evoked 

current which can be seen by comparing the response in Ringer’s in 5.3A with the 

response in the presence of the antagonist in 5.3B. The residual current seen in 

5.3B must have resulted from GABA-gated ion channels that remained unblocked 

rather than the activation of an electrogenic uptake system since the residual 

current reversed close to Eq . The effects of bicuculline were reversible and the 

GABA-evoked current rapidly returned to the original amplitude on reperfusion 

with normal Ringer’s (Fig 5.3C).

5.3.5 The GABA dose-response relationship

The relationship between GABA concentration and the magnitude and 

time-course of the GABA-response was examined. Figure 5.4A shows the currents 

evoked in a cell held at -74mV by bath application of four different concentrations 

of GABA. No desensitisation of the current occurred with concentrations of 

GABA of 10/iM or less. However, desensitisation was apparent in the currents 

evoked by concentrations of GABA greater than lO^M (fig.5.4A). For 30/iM 

GABA, the current decayed to 40% of its peak amplitude in 16 seconds, however, 

a substantial GABA-evoked current remained and this was maintained for 20 

minutes, the longest period for which high concentrations of GABA were applied. 

The desensitisation produced by GABA was long-lasting and reduced the size of 

subsequent applications of the drug for several minutes. The dose-response curve 

for the steady-state GABA-evoked currents is shown in 5.4B. The line through 

the data is the least squares fit of the logistic equation:

f=I^^{1.0/[1.0-k(EqyDose)]}™

The EC 5 0  for GABA was 18.5/xM and the Hill coefficient was 0.8.

5.3.6 Effect of GABA on the cell membrane conductance

The conductance change produced by If iM GABA (Gq^^^J, a 

concentration similar to that found in the vitreous, was calculated as:

^GABA”  I g ABa/^H 0 L D “^R EV
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Figure 5.4

A. The responses of an astrocyte to increasing concentrations of G ABA. 

The holding potential was -74mV. The timing of drug application is shown by the 

bars above each current trace.

B. The steady-state dose-response curve for G ABA constructed from data 

like that shown in A (lOOnM n=2, 300nM n = l, 1,3,10/xM n=3, 30, 100, 300;xM 

n=5). The results are shown normalised to the response to 30/iM G ABA since 

this was a concentration applied to all the cells tested. The line through the data 

is the logistic equation:

f=I^3,{1.0/[1.0+(EC5o/dose)]}»*‘‘  ̂

with ECjo=18.5jLtM and a Hill coefficient of 0.8.
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where I q a b a  was the current evoked, was the reversal potential for the 

current and V^qld was the holding potential (-75mV). represented

131 ±23.6% (n= 6 ) of the cells’ resting conductance estimated from the current 

evoked by voltage steps (-lOmV at a holding potential of -75mV) in the absence 

of the drug.

5.3.7 The distribution of GABA receptors

The possibility that GABA receptors might not be heterogeneously 

distributed in the astrocyte membrane was investigated. GABA was applied 

ionophoretically at different locations around the cell membrane in order to map 

the cell’s response to the drug. Figure 5.5 shows the results of one such 

experiment in which GABA was ejected at five different locations near the 

membrane of an astrocyte. The internal solution (X, table 2.2) used in these 

experiments contained Lucifer Yellow to facilitate the location of astrocyte 

processes. The ionophoretic pipette was manoevered up to the membrane using 

a combination of UV illumination to show the Lucifer Yellow-filled processes and 

white light to position the ionophoretic pipette. This is illustrated on the left side 

of figure 5.5. The retina was continuously superfused with Ringer’s solution to 

reduce the background level of the drug in the bath and its diffusion to other 

regions of the cell.

Responses were obtained to ionophoretic applications of GABA applied 

along the length of processes (position 1), to the soma (position 3) and to the 

ends of branches (position 4 and 5). No response was obtained either when the 

pipette was withdrawn from the membrane a short distance (position 2 ) or when 

the electrode was lifted 25/xm above the retinal surface (not shown). This result 

indicates that the response seen during application of GABA to cell processes did 

not arise from diffusion of the drug to the soma. No attempt has been made to 

quantify the density of receptors at different points on the cell membrane. 

However, while GABA receptors appear to be present in the surface membrane 

of all regions of the cell, the response at position 4 is nearly as large as that from 

the cell body although the surface area of the processes affected by the drug at 

this point must have been small. This suggests that the receptor density on cell
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Figure 5.5

The distribution of receptors on an astrocyte mapped by means of 

ionophoretic application of short-duration pulses of GABA. The cell shown to the 

left was filled with Lucifer Yellow from the patch-pipette that can be seen 

attached to the left-hand side of the cell soma. GABA was applied at six locations, 

five of which are indicated. The current responses are shown to the right. Large 

responses were obtained firom the cell body (position 3), along the length of 

branches (position 4) and also from terminal processes (positions 1 & 5). In 

position 2  the ionophoretic pipette was withdrawn 2 0 /xm from the cell membrane; 

no response was obtained at this distance. Lifting the electrode 25/xm (the sixth 

location) also abolished the response. The timing of the constant current pulse 

used to eject the drug is shown on the right above the current traces (retain 

current -30nA, eject current 15nA).
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processes may be greater than at the cell body.

5.3.8 Change in membrane current noise variance associated with GABA 

application

The application of GABA was associated with an increase in membrane 

current noise, as would be expected to result from the opening and closing of 

ligand-gated ion channels. Figure 5.6 shows the response of an astrocyte to the 

application of 30/xM GABA at a holding potential of -75mV with solution X 

(table 2.2) in the pipette. The top trace is the GABA-evoked current low pass 

filtered at 256Hz (see chapter 2, section 2.3.1) and shows that as the whole-cell 

current increases, so does the noise. The bottom trace shows the same data as 

above but at a higher gain after high pass filtering at IHz to better show the noise 

increase evoked by drug application. The change of noise observed was examined 

using the techniques of noise analysis. The methods used are described in chapter 

2.

Figure 5.7 illustrates the variance of the GABA-evoked current fluctuations 

as a function of time. The top panel shows the GABA-evoked current low pass 

filtered at 256Hz and the bottom panel shows the noise variance over the same 

period. The ratio of the mean steady-state current to the noise variance during 

drug application gives an estimate of the single channel current. This only holds 

true when the probability of channel opening is low. If this ratio is plotted for 

GABA application to visual streak astrocytes then at early times the ratio of mean 

current to variance is larger than at later times. The apparent single channel 

conductance was estimated at late times when the current had desensitised and 

reached steady-state. This was done by taking the ratio of the variance to the 

mean current from data such as that shown in figure 5.7. For the data shown in 

5.7 the ratio of the mean current to noise variance gave an estimate of the single

channel current of 0.19pA at a holding potential of -75mV with solution X (table 

2.2) in the patch pipette implying a single channel conductance of 3.9pS.

Figure 5.8 A shows the power spectrum of the membrane current before 

and during the steady-state current evoked by application of 30/uM GABA. Figure 

5.8B shows the difference between these two spectra (the net spectrum). The sum
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Figure 5.6

The response to GABA is associated with large increase in membrane 

current noise. The top trace shows the response evoked by 30/xM GABA at 

-75mV with 141mM chloride (solution X, table 2.2) in the patch pipette and 

solution A (table 2.1) outside (the data has been low-pass filtered at 256Hz). The 

timing of GABA application is shown by the bar. The bottom trace shows the 

same data but at higher gain after high-pass filtering at IHz ( 8  pole Butterworth) 

to show the increase in noise.
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Figure 5.7

Noise variance in the GABA-evoked current in the range l-256Hz, as a 

function of time. The top trace shows the whole-cell current, the noise variance 

over the same period of time is shown below. The variance at the peak of the 

current is approximately twice that of the current in the steady-state (i.e. after 

desensitisation).
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of two Lorentzian components (each shown by the dotted lines) with different half 

power frequencies were required to fit these data. The corner frequencies for the 

two Lorentzian curves fitted to the net spectra for data from four different cells 

to which 30)LiM GABA was applied were 5.5 ±0.29 and 64.8± 19.3Hz. The fact that 

these data are not well fit by a single Lorentzian suggests that the gating of 

GABA channels in astrocytes is complex.

5.3.9 Effect of GABA concentration on estimated single channel conductance

The relationship between the ratio of noise variance to mean current and 

the concentration of GABA applied was investigated. The graph in figure 5.9 

shows this relationship for four different cells and reveals that the single channel 

conductance falls sharply with increasing agonist concentration. This result is 

consistent with three hypotheses that are discussed below in section 5.4.2.

53.10 Glutamate-evoked membrane currents

The currents evoked in astrocytes by glutamate and its analogues were 

recorded. 89% of the 8 6  cells tested responded with inward currents at negative 

holding potentials. Figure 5.10A shows an example of the responses of an 

astrocyte to application of lOO^M glutamate from a local perfusion pipette with 

internal solution X (table 2.2) in the patch-pipette. The current-voltage relation 

for the glutamate-evoked current is shown in figure 5.10B. At negative potentials 

the current evoked was inward and at positive potentials it was outward. The I-V 

relationships for the glutamate-evoked currents were Ohmic or outwardly 

rectifying. The reversal potential for the current was 4-0mV±2.3mV (n=10).

5.3.11 Pharmacologv of glutamate-evoked currents

Figure 5.1 lA  shows the current responses of an astrocyte to application of 

100/xM NMDA and lOO/^M glutamate in the presence of 1/iM glycine and in the 

absence of Mĝ '*’. Responses were evoked by glutamate but not by NMDA. 

Application of 100/xM NMDA or lOOfiM aspartate (not shown) failed to evoke 

a current in any of the cells tested. In contrast, applications of lOO/xM quisqualate, 

kainate, glutamate and S-AMPA all evoked inward currents that were associated
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Figure 5.8

A. The power spectra of the current noise before and during the 

application of 30/xM GABA. The series resistance in this cell would give 1 -pole 

filtering at 512Hz. The points have been multiplied by l4-f%Rg^ to compensate for 

variance lost through series resistance filtering.

B. The difference between the spectra in A. The continuous line is the sum 

of the two Lorentzian components shown as dashed lines. The lower frequency 

component has G(0)=4.5pA^, fj.=5.6Hz; high frequency component has 

G(0)=0.07pA2, f^=56.2Hz.

The Lorentzian components take the form:

G(f) = G (0)/(l+(f/g2)

where: G(f) = Noise variance at frequency f

fg = frequency at which G(f) falls

to 1/2 of G(0)

G(0) = Noise variance at f=0
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Figure 5.9

The apparent GABA single channel conductance estimated from the ratio 

between the noise variance and the mean current during the application of 1, 3, 

10, 30, 100 and 300/xM GABA. The results shown are for four cells, using a 

different symbol style for each cell. The estimated single channel current falls 

steeply with increasing agonist concentration.
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Figure 5.10

A. The responses of an astrocyte to the local perfusion of 100/xM 

glutamate at a series of different holding potentials. The timing of glutamate 

application is shown by the bars beneath each trace.

B. The current-voltage relation for the current measured at the offset of 

the shortest application (6.5 secs). Sample data for this cell are shown in A. The 

solid line is the least squares fit to the data. The mean reversal potential for the 

glutamate-evoked current was 0±2.3mV (n=10).
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with an increase in membrane current noise (Figure 5.1 IB). The response to 

quisqualate showed rapid desensitisation that was not apparent in the responses 

to the other three agonists.

Figure 5.12 shows the effect of application of 20^M  CNQX, a competitive 

antagonist of non-NMDA-type glutamate-gated channels, on the responses to 

glutamate applied ionophoretically. The top trace shows the response in normal 

Ringer’s solution, the middle trace the response to a pulse of glutamate in the 

presence of CNQX and the bottom trace recovery from blockade as the CNQX 

was washed out of the bath.

5.3.12 Glutamate dose-response relationship

The relationship between drug concentration and the size and time-course 

of the glutamate-evoked currents in retinal astrocytes was investigated. Figure 

5.13A shows the responses of a cell to increasing doses of glutamate applied at 

a holding potential of -75mV. Although not apparent in this experiment, slow 

desensitisation was seen in the responses of some cells to application of 100/xM 

glutamate, the currents evoked by 300/xM and ImM glutamate showed 

desensitisation in all cells tested. Figure 5.13B shows a dose response curve for the 

steady-state glutamate-evoked current produced from a series of experiments 

similar to those shown in 5.13A. The line through the data is the logistic equation 

given above (section 5.3.5.) with an EC^g of 21.5/xM and a Hill slope of 2.

The responses to 10/xM glutamate, a concentration near to that found in 

the vitreous, showed no signs of desensitisation when applied for a period of up 

to 70sec and produced conductance increases (calculated as described for GABA) 

equivalent to 22±5.5% (n=4) of the cells’ resting conductance. It is possible that 

the changes in drug concentrations (made by bath perfusion) were not fast enough 

to produce a peak current and that desensitisation is present but only the steady- 

state current can be measured. It is notable that the steady-state current response 

to 10/iM GABA was maintained over long periods of application of the drug (up 

to 2 0  min).
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Figure 5.11

A. The current response of an astrocyte to the alternate application of the 

glutamate analogue N-methyl-D-aspartate and glutamate. (The timing of the 

applications are indicated by the bars above the current trace). This experiment 

was executed with magnesium-free Ringer’s in the bath to which 1/xM glycine had 

been added. The holding potential during the experiment was -6 6 mV.

B. The current responses obtained in response to applications of glutamate 

and the glutamate analogues quisqualate, kainate and S-AMPA, timing shown by 

the bars above the current traces. Breaks in the trace indicate breaks in time. All 

applications were made by bath perfusion at a holding potential of -75mV.
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Figure 5.12

Ionophoretic pulse applications of glutamate were made to a visual streak 

astrocyte in the absence and presence of the non-NMDA blocker CNQX (20/xM) 

(holding potential was -75mV).

A. The top trace shows an application of glutamate with normal Ringer’s 

in the bath (average of 1 2  responses).

B. The current response to application of glutamate in the presence of 

CNQX (average of 6  responses).

C. The response to glutamate after the removal of CNQX from the bath 

(average of 1 2  responses).

The timing of the ionophoretic current pulse is indicated at the bottom of the 

figure.
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Figure 5.13

A. The responses of an astrocyte to increasing concentrations of glutamate 

applied by bath perfusion (holding potential = -75mV). The timing of drug 

application is shown by the bars above each trace.

B. A dose-response curve produced from a series experiments like that 

shown in (A). Each point is the mean of three cells (points at 3 and 1000/iM are 

the mean of two cells). The bars indicate standard error. The line through the 

data is the least squares fit of the logistic equation (see legend to figure 4.4.) with 

EC 5 o= 2 1 .5 /xM and Hill slope=2.
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5.3.13 Distribution of glutamate receptors

Glutamate, in addition to being found in the vitreous fluid bathing rabbit 

retinal astrocytes, is released from the axons of glutamatergic neurons (Lieberman 

et al., 1989; Weinreich and Hammerschlag, 1975; Wheeler et al., 1966). The 

possibility that glutamate receptors might be localised on the branches of 

astrocytes with processes on or near ganglion cell axon bundles en route to the 

optic nerve was investigated. Ionophoretic application of glutamate was used to 

map the distribution of receptors on astrocytes. Figure 5.14 illustrates one such 

experiment. The positions of ionophoretic application of glutamate are shown on 

the left-hand side of the drawing of the cell tested, the current responses obtained 

are shown on the right. Glutamate receptors were present in all regions tested and 

there was no indication that they were concentrated on processes proximal or 

distal to the capillaries with which the cells were associated. However, responses 

of similar magnitude were obtained from both cell bodies and some cell processes 

suggesting, as for the distribution of GABA receptors, that the receptor density 

may be greater on certain branches than on the cell soma.

4.3.14 Change in noise variance associated with glutamate application

As seen in figures 5.1 IB and 5.13A, the responses to glutamate and its 

analogues are associated with a large increase in membrane current noise. This 

increase in noise was investigated using the techniques of noise analysis described 

for the GABA-evoked current.

Figure 5.15 shows the response of an astrocyte held at -75mV recorded in 

normal Ringer’s with solution X in the patch-pipette to bath application of 100/xM 

glutamate. The top current trace is low pass filtered at 256Hz and shows that, as 

the whole-cell current increases, so does the noise. The bottom trace shows the 

same glutamate-evoked current at higher gain and after high pass filtering at IHz 

to better show the noise increase produced by the drug.

Figure 5.16 shows the noise variance of the current produced by 

application of lOO^M glutamate. The top panel shows the drug-evoked current 

low pass filtered at 1021Hz. The bottom panel shows the noise variance over the 

same period of time. An estimate of the apparent single channel conductance
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Figure 5.14

The distribution of glutamate receptors mapped by means of short 

ionophoretic pulses of glutamate. The cell mapped is shown in the panel to the 

left. Glutamate was applied at five different locations which are shown on the 

right along with the current responses obtained. Responses of a similar magnitude 

and time course were obtained both from the cell body (position 2 ) and the cell 

processes (positions 1, 3 & 4). No response was obtained when the ionophoretic 

pipette was withdrawn 30/xm from the cell at position 2 (trace 5). The timing of 

the ionophoretic applications is shown on the top right. The current was switched 

from a positive retaining current of +15nA to a negative ejection current of 

-15nA.
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Figure 5.15

The response to glutamate and its analogues is associated with a large 

increase in membrane current noise. The top trace shows the response evoked by 

the application of lOOjuM glutamate to an astrocyte at a holding potential of 

-75mV. The timing of the application is shown by the bar above the trace. The 

data has been low-pass filtered at 256Hz.

The bottom trace shows the same data at a higher gain after high pass 

filtering at IHz (8 -pole Butterworth) to show the increase in noise.
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Figure 5.16

An example of the noise variance in the current evoked by 100/iM 

glutamate between 1  and 1021Hz as a function of time. The top trace shows the 

whole-cell current low pass filtered and the bottom panel shows a plot of the 

noise variance over the same period of time. The variance reaches a peak at the 

same time as the peak current.
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during this application of 100/xM glutamate was made in the same way as for 

G ABA. The apparent single channel current and the single channel conductance 

estimated in this way for the data shown were 0.32pA and 2.34pS respectively 

(holding potential -75mV and solution X in the patch pipette). Figure 5.17A shows 

the power spectra before and during the plateau phase of application of 100/xM 

glutamate. The difference between the two spectra is shown in figure 5.17B. This 

net spectrum could not be fitted by a single Lorentzian curve and the sum of two 

Lorentzians of different half power frequencies were required to fit all noise 

spectra for glutamate. The two Lorentzian functions used to fit the data are shown 

by the dotted lines and their sum is the continuous line through the points. The 

corner frequencies for the two Lorentzian curves fitted to the power spectra 

obtained from three cells to which 100/xM was applied were 18.2±1.9 and 

131±4.1Hz.

5.3.15 The relationship between glutamate concentration and single channel 

conductance

The increase in the current noise evoked by glutamate with increasing 

concentration is proportionally greater than the increase in mean current. For 

example, in figure 5.13A, the current response to 300^M (6 8 pA) is 38% larger 

than that produced by 100/xM glutamate (45pA). However, the noise variance in 

the response to 300/xM glutamate is double that for 1 0 0 glutamate. This is in 

distinct contrast to the data obtained for G ABA where the ratio of noise variance 

to mean current falls with increasing drug concentration. Figure 5.18A shows the 

relation between the apparent single channel conductance, estimated from the 

noise variance to mean current ratio, and the concentration of glutamate applied. 

The apparent single channel conductance increases steeply with increasing 

concentration. This concentration dependence of the single channel conductance 

can also be seen in plots of noise variance against the mean current (fig 5.18B) 

during the period of application of high concentrations of glutamate i.e. as the 

drug concentration around the cell is increasing or, during its removal from the 

bath. The significance of these results is discussed below.

181



Figure 5.17

A. The spectrum of the current shown in figure 5.15 before and during the 

application of glutamate. The series resistance in this recording would give 1-pole 

filtering at 1024Hz (points above 512Hz are not shown) - this leads to an 

underestimate of the noise at 512Hz by 20% and at 300Hz by 9%.

B. The difference between the spectra in (A). The continuous line is the 

sum of two Lorentzian components which are shown as dashed lines. The lower 

frequency component has G(0)=0.2pA2, fg= 14.4Hz; high-frequency component 

has G(0)=0.098pA^ f,=85.9Hz.
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Figure 5.18

A. The apparent glutamate single channel conductance estimated from the 

ratio of the noise variance to the mean current during application of 3, 10, 30, 

100, 300 and 1000/xM glutamate. The results are shown for three cells using a 

different symbol style for each cell. The estimated single channel current rises 

sharply with concentrations of glutamate above 30/xM.

B. The noise variance plotted as a function of the mean current during the 

application of 100/xM glutamate. The mean current increases as the glutamate 

concentration increases around the cell. The ratio of noise variance to mean 

current increases as the concentration of glutamate rises.
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5.4. Discussion

5.4.1. Visual streak astrocytes express glutamate- and GABA-gated channels

Glutamate and GABA may evoke membrane currents in two distinct ways, 

either through operation of an electrogenic uptake carrier as observed in cultured 

type-1 like cerebellar astrocytes (Cull-Candy et al. 1988), retinal Müller cells 

(Brew and Attwell, 1987) and skate retinal horizontal cells (Malchow and Ripps, 

1990) or by opening ion channels. The GABA-evoked membrane currents in 

visual streak astrocytes could not result solely from the operation of an 

electrogenic uptake mechanism since the I-V relation for the current is linear and 

reverses at the chloride equilibrium potential. Sodium-dependent electrogenic 

transmitter uptake systems show strong inward rectification and do not reverse 

(with no transmitter inside and normal internal and external ion concentrations) 

even at very positive potentials (Barbour et al., 1991; Malchow & Ripps 1990). 

The following lines of evidence support the view that the GABA-evoked current 

results from the opening of ion channels specifically permeable to chloride ions. 

The reversal potential for the GABA-evoked current shows a nearly Nernstian 

dependence on the chloride concentration, a feature typical of GABA^ type 

channels. Further, the current is substantially blocked by bicuculline, a potent 

antagonist of neuronal GABA^ channels. The remaining current reversed at the 

same potential as the current produced by GABA in the absence of bicuculline 

suggesting that the residual current arose from the operation of GABA channels 

that remain unblocked by the antagonist rather than the operation of an uptake 

carrier as described above. In addition, all currents evoked by GABA were 

accompanied by an increase in membrane current noise characteristic of that 

expected when ion channels are opening and closing in the cell membrane. It can 

be concluded that these visual streak astrocytes express an ionotropic GABA 

receptor similar to the GABA^ channels characterised in neurons.

Four lines of evidence similar to those for the GABA-evoked currents show 

that the glutamate-evoked currents must also arise from the opening of ion 

channels and not from electrogenic glutamate uptake. First, the I-V for the 

current evoked by glutamate is linear or outwardly rectifying, by contrast, the I-V 

relationship for glutamate uptake shows strong inward rectification. Second, the

186



application of glutamate, like GABA, is associated with a substantial noise 

increase as expected to result from the opening and closing of ion channels. Third, 

application of the glutamate analogues kainate, quisqualate and S-AMPA all 

produce inward currents at negative holding potentials with an I-V relationship 

and reversal potential similar to that produced by glutamate. These analogues are 

not transported by the glutamate uptake carrier (Barbour et al., 1991). Fourth, the 

non-NMDA channel antagonist CNQX greatly reduces the amplitude of the 

response to glutamate and yet is known to have no effect on glutamate uptake 

(Barbour et al., 1991). From this evidence it can be concluded that the visual 

streak astrocyte population studied here express non-NMDA-type glutamate-gated 

channels and not glutamate uptake carriers.

All previous studies of transmitter-gated currents in astrocytes have been 

carried out on cells in culture. Since the ion channel phenotype of cultured cells 

depends on the culture conditions it is of interest to compare the results of 

experiments on cultured astrocytes with those presented in this thesis for cells in 

situ.

Astrocytes cultured from rat cerebral cortex express GABA-gated channels 

with characteristics similar both to neuronal channels and to those observed in this 

study. Bormann and Kettenmann (1988), using patch-clamp methods, recorded 

from two morphologically distinct populations of cortical astrocytes, "round" cells 

and cells in "flat confluent monolayers". All astrocytes responded to GABA, the 

round cells with a drug-evoked current of fast timecourse and an associated 

increase in membrane current noise and the flat cells with a current of slower 

time course and no associated noise increase. No further attempt was made to 

characterise these currents but it is likely that the current recorded from flat cells 

was a GABA-uptake current, particularly since the authors could find no other 

evidence for GABA-operated ion channels in these cells. In common with the this 

study, the noisy currents recorded from the "round" cells reversed close to OmV 

in near-symmetrical chloride and showed desensitisation to doses of GABA 

greater than lOfjM.

Usowicz et al. (1989) and Wyllie et al. (1991) have studied the response to 

glutamate of cerebellar glial cells in explant cultures. In culture, up to 7 days in
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vitrOf cerebellar astrocytes form two morphologically and antigenically distinct 

populations that are similar to those described in optic nerve cultures (Raff et al. 

1983a). Wyllie et al. used the antibody LBl directed at type-2 like astrocytes to 

identify these cultured cells. Type-1 like cells are flat and LBl negative whereas 

type-2 like cells are stellate and LBl positive. Application of glutamate was found 

to activate uptake currents in type- 1  astrocytes and to open ion channels in the 

type-2 like population. In common with visual streak astrocytes, quisqualate, S- 

AMPA and kainate evoked currents in the cerebellar type-2 astrocytes while 

NMDA and aspartate were ineffective. These currents reversed near to OmV, 

were outwardly rectifying and were blocked by CNQX. The responses to 

quisqualate and kainate were mapped and found to be distributed throughout the 

cell membrane. However, Wyllie et al. suggest that glutamate receptors may exist 

at a higher density in the processes, making an assumption similar to that made 

here that a small process producing current of similar magnitude to those from 

larger membrane areas must have a higher channel density. They found, from the 

steady-state dose-response curve, that the glutamate receptors in cerebellar glial 

cells had an EC 5 0  of 5.8±0.23/xM and a Hill slope of 1.65±0.18. Cull-Candy and 

Wyllie (1991) also compared the single channel properties of the type-2 glutamate 

response with that of granule cell neurons in the same culture and concluded that 

they are similar. These investigators also found that type-2 like astrocytes in 

cerebellar cultures also express GABA-gated channels (personal communication).

The glutamate and GABA-gated currents in rabbit visual streak astrocytes 

show properties similar to those of the type- 2  like cells of cerebellar cultures 

suggesting that they might be "type-2" astrocytes. Interestingly, however, after 7 

days in vitro  ̂ the type- 1  like astrocytes in cerebellar cultures start to respond to 

kainate and quisqualate indicating the appearance of ionotropic glutamate 

receptors.

Many other less detailed studies than those of Wyllie et al. have shown that 

glutamate has effects on the astrocyte membrane current (Bowmann and 

Kimmelberg, 1984; Sontheimer et al., 1988; Kettenmann & Schachner, 1985; 

Barres et al., 1990a). A feature common to all these studies is that glutamate- 

gated channels expressed by astrocytes from a wide variety of sources are of the
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kainate/AMPA sub-type, application of NMDA and aspartate having no effect.

5.4.2. Estimated single channel conductance changes with concentration of agonist

The data presented above show the steady-state noise variance to mean 

current ratio for GABA currents fell sharply with increasing concentration of 

agonist. This observation is consistent with three hypotheses. Firstly, the 

concentrations of GABA applied may increase the opening probability for the 

channels out of the range of low open probability in which noise variance is 

linearly related to mean current (see section 2.3.1. of the method section for a 

more detailed explanation) This would lead to an underestimate of the single 

channel current for high concentrations of GABA. Secondly, the reduction of 

estimated single channel conductance with increasing concentration may result 

from a failure of the patch-pipette to maintain the intracellular chloride 

concentration when the currents evoked are large. The large inward currents 

evoked by high concentrations of GABA (as a result of chloride ion movement 

out of the cell through GABA-gated channels) may lead to local depletion of 

chloride at the membrane and hence a reduction of the single channel current 

estimated from the steady-state portion of the current. Any effects of a reduction 

of intracellular chloride will be exacerbated since Hamill et al. (1983) have shown 

that the slope-conductance for single GABA-gated channels is greatly reduced at 

negative potentials, although this in itself may reflect a depletion of chloride at the 

cytoplasmic face of the membrane. Thirdly, the variance present in the steady- 

state GABA response at late times was less than that at early times during the 

onset of the response where the mean current was the same suggesting that at 

least some of the desensitisation is due to the loss of larger conductance state 

channels at later times.

In contrast, the ratio of the noise variance to mean current for glutamate 

rose sharply with application of concentrations greater than 30/xM. This 

observation is consistent with the existence of two different receptors operating 

channels with different properties. These two receptors may either have different 

Kĝ s for glutamate binding or different K^s for desensitisation. It seems less likely 

that the latter is a good explanation since the variance for any particular value of
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mean current during application of a concentration of glutamate (i.e. before 

desensitisation was complete) was the same as the variance for similar values of 

mean current in the steady-state or during removal of the drug from the bath (i.e. 

after desensitisation was complete). The presence of two different types of 

glutamate-gated channels with different conductances has been demonstrated in 

sub-population of rat cerebellar granule neurons (Cull-Candy et al., 1988). 

Another possible explanation for the sharp rise in the variance to mean current 

ratio is that, at higher concentrations of agonist, calcium or sodium influx through 

the glutamate-gated channels may open other ion channels that then contribute 

to the noise variance. Calcium entry is known to occur via calcium-permeable non- 

NMDA glutamate-gated channels (see below) and may reach concentrations 

sufficient to gate calcium-dependent ion channels when the glutamate 

concentration is sufficiently high.

5.4.3. The effect of GABA- and glutamate-gated membrane conductances on the 

astrocvte resting potential

The large percentage of cells in this population of visual streak astrocytes 

that respond to glutamate (89%) and GABA (100%) suggests that the receptors 

to both neurotransmitters must co-exist in the majority of them. Since this 

population is on the vitreal surface of the retina they are constantly bathed by the 

vitreous humor. Amino acid analysis studies of the vitreous reveal that the vitreous 

contains amounts of glutamate and GABA that will activate these channels. In 

vivo microdialysis of the preretinal space in rabbits suggest 1/xM GABA and lO^M 

glutamate are present in the vitreous (Gunnarson et al., 1987) and post mortem 

studies, carried out on vitreous samples obtained during this study, give much 

higher concentrations of 15±3.7/xM (this study) and 170/iM (Reddy et al., 1961) 

respectively. These concentrations will open significant conductances in the 

astrocyte membrane, 1/xM GABA opening a conductance equivalent to 131% and 

glutamate opening a conductance equivalent to 2 2 % of the cell’s resting 

conductance. It is generally assumed that the resting potential of astrocytes is 

defined by the cells resting conductance to potassium either through "leak" or 

inward rectifier channels. In vivo, under the circumstances described above, there
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will be tonic activation of glutamate and GABA receptors and the resulting 

membrane conductance will play a part in determining the resting potential of the 

cells. In glial cells the reversal potential for chloride is close to the measured 

resting potential (Ballanyi et al., 1987) but the reversal potential for glutamate is 

near to OmV. Glutamate in the vitreous can therefore be expected to substantially 

depolarise cells from the resting potential measured in isolated retinae perfused 

with Ringer’s where concentrations of glutamate and GABA will be minimal.

Since astrocytes cultured from a variety of sources from both the peripheral 

and central nervous system have been shown to express glutamate-gated channels, 

the results obtained here have implications for their resting potentials. The 

concentrations of glutamate and GABA in the extracellular space of the CNS 

have been investigated using microdialysis probes and found to lie between 1.5- 

9/xM (Hagberg, 1985) and 0.2-1/iM (Graham, 1990), rising during anoxia. In the 

presence of GABA and glutamate, the way in which astrocytes handle potassium, 

(see above section 1.5.1 and below) particularly when it becomes elevated during 

neuronal activity and periods of ischaemia or anoxia, will be affected by the 

presence of glutamate- and GABA-gated channels. This is the subject of the 

discussion below.

5.4.4. The role of transmitter gated channels in potassium homeostasis

It has been proposed that glial cells spatially buffer potassium by siphoning 

potassium ions from regions of high extracellular concentrations to those of low 

concentrations. This hypothesis is discussed in full in chapter 1, section 1.5. 

However, as mentioned above, it may be a disadvantage to relocate potassium to 

regions remote from its release site since it must ultimately be recaptured by 

neurons if they are to continue to function normally. In addition, Walike (1982) 

considered that the application of the spatial buffering hypothesis to a normally 

functioning brain would raise difficulties since neuronal activity occurring 

simultaneously in adjacent regions would create competition amongst glial cells for 

a site at which to release potassium.

In the presence of glutamate and GABA, astrocytes will adopt more 

positive resting potentials and will no longer have potassium specific membranes.
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This will result in potassium accumulation in the glial neighbours of active neurons 

as potassium entry will be accompanied by the entry of chloride and water, the 

GABA-gated channels filling a role similar to that suggested by Gray and Ritchie 

(1986) for the voltage-gated chloride channels present in rat cultured astrocytes 

(see section 1.5.1). A rise in the extracellular GABA concentration may act in 

effect as a switch causing glial cells to swap from spatial buffering of potassium 

to potassium accumulation. Potassium accumulation would explain the glial cell 

swelling observed when extracellular potassium is raised (Kempski et al., 1991).
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Chapter 6.

Glutamate-evoked calcium elevation in visual streak astrocytes.

6.1. Introduction.

Previous studies have shown that glutamate can evoke calcium elevations 

in cultured astrocytes from cortex, hippocampus and cerebellum by activation of 

both metabotropic and ionotropic glutamate receptors (this is discussed in detail 

in section 1.4). Hence glutamate receptor activation may result in calcium influx 

and calcium mobilisation from intracellular stores (Comell-Bell et al., 1990; Jensen 

& Chiu, 1990, 1991; Glaum et al., 1990). Since the cultures used in these studies 

showed no response to NMDA application and CNQX blocked glutamate-evoked 

calcium influx, it was not anticipated that calcium elevations could result from 

calcium permeation of glutamate-gated channels. However, recent studies show 

that some glial cells in the central nervous system express non-NMDA-type 

glutamate-gated channels that are indeed permeable to calcium (Müller et al., 

1992; Burnashev et al., 1992).

Calcium elevations in astrocytes may represent a signalling mechanism 

within networks of astrocytes. Cornell-Bell et al. (1990) showed that glutamate 

evokes calcium waves through populations of cultured hippocampal astrocytes and 

more recent work showed that neuronal activity initiated by electrical stimulation 

triggers calcium waves across astrocyte networks in hippocampal slice cultures 

(Dani et al., 1992). Since these observations were made in cultured preparations 

it was of interest to investigate whether glutamate evokes calcium elevations in 

visual streak astrocytes in situ in the rabbit retina and if so, what mechanisms 

underlie this process.

This chapter will be divided into three main sections: 1. Glutamate 

analogues evoke calcium elevations in visual streak astrocytes measured by 

fluorescence methods, 2. Investigation of the calcium permeability of non-NMDA 

type glutamate-gated channels in astrocytes using the whole-cell patch clamp 

technique, 3. Use of cobalt uptake studies to analyze calcium permeability of 

glutamate-gated channels in visual streak astrocytes.
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6.2 Methods.

All experiments were carried out on acutely isolated rabbit retinae as 

described in section 2.2.1. In the experiments described in section 6.3.1, 

fluorescence techniques were used to measure changes in intracellular calcium ion 

concentration. Whole retina were loaded with the cell permeant AM-ester of the 

calcium-sensitive fluorescent dye fura - 2  and the fluorescence intensity of single 

astrocytes was monitored with a photomultiplier system as described in sections

2.4.1 and 2.4.2. Fluorescence was monitored at the 380nm excitation wavelength 

only (see section 2.4.) so no estimate of the absolute calcium concentration could 

be made. In these experiments, drugs were also applied in a field of view which 

did not include a loaded cell to ensure that the fluorescence changes were not a 

result of changes of background fluorescence.

In section 6.3.2., electrical recordings were made from visual streak 

astrocytes by the whole-cell patch clamp technique as described in section 2.2.3. 

Drugs were applied by pressure ejection from local perfusion pipettes and whole 

bath exchange was used to change extracellular solutions. Methods and solutions 

used were similar to those described by Burnashev et al. (1992) and Wyllie & 

Cull-Candy (1991) to provide a point of comparison.

Cobalt uptake studies (Pruss et al., 1991) were also used to investigate 

divalent ion permeability of non-NMDA glutamate-gated channels. Retina were 

rinsed in buffer solution H (table 2.1) and then stimulated at room temperature 

for 20mins in solution H containing 5mM CoClg and 100/xM kainate. Retina were 

washed once with solution H and then with solution H containing 2mM EDTA to 

remove non-specifically bound Co '̂*'. After washing again with solution H the 

Co^^ was precipitated by incubating the retina with solution H containing 0.12% 

(NH 4 )2 S for 5 minutes. Retina were washed again in solution H and then fixed for 

30min with 4% formaldehyde in O.IM PBS. Enhancement of the CoS precipitate 

was achieved by incubating the retina at 50°C with 0.1% AgNO^ in 292mM 

sucrose, 15.5mM hydroquinone, 42mM citric acid for 45 min. The silver solution 

was changed at 15 minute intervals.

194



63 Results

6.3.1 Glutamate analogues evoke calcium elevation in astrocytes in situ

Cornell-Bell et al. (1990) show that astrocytes in culture display 

spontaneous oscillations of intracellular calcium. At no time were spontaneous 

oscillations observed during these experiments. However, application of glutamate 

analogues evoke both sustained and transient calcium elevations in visual streak 

astrocytes. Figure 6.1. shows the change in fura-2 fluorescence evoked by three 

different glutamate analogues in three different astrocytes. AMPA (30/xM) evoked 

a sustained increase in intracellular calcium in 2 of the cells tested (n=4) that was 

maintained throughout the application. Applications of quisqualate (30/iM) and 

franj-ACPD (30/iM, selective for metabotropic receptors) usually only evoked 

transient calcium elevations even when the period of application was prolonged. 

85% of cells (n=14) tested responded to quisqualate in this way, 46% (n=15) 

responded to rmm-ACPD. The effects of removing extracellular calcium on 

responses to rra/w-ACPD were not tested. However, trans-ACPT) is unlikely to 

evoke calcium influx via membrane channels since (see section 5.3.11) no channel 

activity was detected when the drug was applied during on-cell patch-clamp 

recording. No oscillatory calcium responses were observed in response to drug 

applications although a small second phase was occasionally seen in response to 

prolonged applications of rra/w-ACPD.

6.3.2 AMPA-evoked calcium elevation is dependent on extracellular calcium

AMPA is a glutamate analogue believed to be specific for non-NMDA type 

ionotropic glutamate receptors. To confirm that responses to AMPA were not a 

result of calcium release from intracellular stores, the dependence of the 

responses on extracellular calcium was tested. Figure 6.2 shows the change in 

fura-2 fluorescence in response to local application of 30/xM S-AMPA to a retinal 

astrocyte, first in normal extracellular solution (A  table 2 .1 ) and then in calcium 

free solution (solution I, table 2.1). The response was abolished in the absence of 

extracellular calcium and recovered on reperfusion of normal calcium-containing 

solution.

The dependence of the calcium response to AMPA on extracellular
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Figure 6.1

Changes of fura-2 fluorescence in visual streak astrocytes in response to 

local applications (bars) of 30/xM AMPA, quisqualate and trans-ACPD. The 

fluorescence intensity changes at 380nm have been inverted to more clearly 

indicate that they represent an increase in calcium.
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Figure 6.2

Changes of fura-2 fluorescence in response to local application of 30/xM 

AMPA (top bars). AMPA was applied first (a) in normal Ringer’s (solution A, 

table 2.1). The bath solution was then exchanged for a calcium-free solution 

(solution I, table 2.1) and AMPA was applied again (b). The response recovered 

on reperfusion with normal Ringers (c).
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calcium suggests that calcium enters either via calcium-permeable glutamate-gated 

channels or via voltage-gated calcium channels. Since it has been shown in section 

4.3.12 that the voltage-gated calcium conductance in these astrocytes is small, the 

permeability of the non-NMDA glutamate-gated channels in these cells was tested.

6.3.3 Kainate-gated channels in retinal astrocvtes are sparinglv permeable to 

calcium

Whole-cell patch clamp experiments were carried out to examine the 

permeability to calcium of non-NMDA channels in retinal astrocytes. Astrocytes 

were recorded using bi-ionic conditions designed to detect and quantify any 

calcium permeability that the channels might have. An internal solution was used 

in which the sole cation was caesium (solution Q, table 2.2) and two external 

solutions, one in which the major cation was sodium and the other in which the 

major cation was calcium (table 2.1, solutions D and E), were used. Figures 6.3 

and 6.4 show the responses of two different retinal astrocytes to local application 

of lOO/xM kainate at a series of different holding potentials, one cell in high 

calcium solution (fig.6.3) and another cell in high sodium solution (fig.6.4). The 

current-voltage relations are plotted below the data. Current-voltage relations for 

kainate-evoked currents were constructed for 5 cells in high calcium and 3 cells 

in high sodium and the mean reversal potentials for the current determined. The 

inward and outward limbs of the I-V curve for cells in high sodium had the same 

slope conductance (1.05;xS, figure 6.4). However, in high calcium, the inward limb 

of the I-V curve had a much shallower slope conductance than the outward limb 

(0.23/xS and 0.68/iS respectively, figure 6.3) reflecting the much lower permeability 

of the channels to calcium than to caesium ions. In high sodium the mean reversal 

potential was +0.56±1.23mV whereas in high calcium it was shifted to a more 

negative potential -11.2±1.25mV. The permeability ratio pCa/pCs can be 

calculated according to the relation:

pCa
pCs IC a^*]' 4
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Figure 63

Responses of a visual streak astrocyte to local application of 100/xM 

kainate at a series of different holding potentials with solution Q (table 2.2) in the 

patch pipette and high calcium (solution E, table 2.1) in the bath. The I-V relation 

for the data is plotted below. Holding potentials are indicated in mV.
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Figure 6.4

Responses of a visual streak astrocyte to local applications of 100/iM 

kainate at a series of different holding potentials with solution Q in the patch 

pipette and high sodium (solution D, table 2.1) in the bath. The I-V relation is 

plotted below the data.
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Where E=reversal potential, F, R & T have their usual values as defined in 

chapter 5, section 5.3.3.

For the ratio pNa/pCs this equation is simplified to

pNa EF^ -  .exp—
pCs [Na*]^ RT

Permeability ratios obtained were pCa/pCs=0.33, pNa/pCs=l.

These relationships are derived from Hille’s bi-ionic equation (taken from Hille, 

1992). The expression for pCa/pCs is given in lino et al. (1990) and both equation 

are the same as those used by Burnashev et al. (1992) to determine the calcium 

permeability of fusiform (Bergmann) glial cells in culture.

6.3.4. Cobalt uptake studv of calcium permeability of non-NMDA glutamate-gated 

channels

The glutamate-gated channels of the astrocyte population under 

examination here were not permeable to cobalt. Figure 6.5 shows a view of the 

vitreal surface where the astrocytes are known to be positioned. No cells of the 

morphologies described in 3.3.1 are stained by the cobalt reaction. However, 

several other cells (all of them neurons) were stained. Figure 6 . 6  show the 

different cells that were stained. Those with large cell bodies were located beneath 

the ganglion cell axons and are shown in figures 6 .6 A (low magnification) and 

6 .6 B (higher magnification). Smaller cell bodies were seen where more sclerad to 

the large cell and are shown in figure 6 .6 C. The position of these cells in the 

retina and their morphology suggests that they represent several different classes 

of amacrine, horizontal and bipolar cell.

6.4 Discussion

6.4.1. Glutamate analogues evoke calcium elevations in retinal astrocvtes

Application of glutamate analogues show that retinal astrocytes can express 

metabotropic and ionotropic glutamate receptors the activation of which can result
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Figure 6.5

A light micrograph of the vitreal surface of a cobalt-stained rabbit retina 

where retinal astrocytes are known to be positioned. No astrocytes have been 

stained by this technique but there are traces of staining between the axon 

bundles and in the inner and outer layers of the retina.
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Figure 6.6

A. Cells stained by kainate-stimulated cobalt uptake in the ganglion cell 

layer of the rabbit retina. The morphology of the cells suggests that they are 

amacrine cells. B. Shows the same cells at a higher magnification.

C. The cell bodies of bipolar cells are stained in the inner nuclear layer.
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in an increase in intracellular calcium.

Calcium elevation in response to application of trans-ACPD were transient 

whereas those produced by ionotropic glutamate receptor activation were 

sustained. At high concentrations (>300^iM) trans-ACPD can activate NMDA 

receptors and thus activate calcium influx. However, both the low concentration 

of /ra/w-ACPD used and the absence of NMDA receptors in these astrocytes (see 

section 5.3.10) suggest that trans-ACPD must elevate calcium via its mobilisation 

from intracellular stores. Not all cells tested responded to trans-ACPD suggesting 

that a subpopulation of cells carries metabotropic glutamate receptors.

The responses to AMPA are typical of ionotropic activated calcium 

elevations in that they are dependent on the presence of extracellular calcium. 

Possible routes of calcium entry are through voltage-gated calcium channels or 

through the receptor operated channel itself. Experiments described in chapter 

4, section 4.3.12 show that the voltage-gated calcium conductance activated in 

visual streak astrocytes by depolarising voltage steps is small, even when 30mM 

barium is employed as a charge carrier. A second possible route for calcium entry 

are the glutamate-gated channels themselves.

Molecular cloning and functional expression of non-NMDA glutamate 

receptor subunit genes show that divalent ion permeability is determined by 

subunit composition (Hollman et al., 1991). The family of AMPA receptor 

subunits comprises four closely related subunits named GluR-1 to GluR-4 or 

GluR-A to GluR-D (Hollmann et al., 1989; Boulter et al., 1990; Keinânen et al.,

1990) which are thought to form heteroligomeric channel structures. Ion channels 

formed by these receptor subunits can be gated by glutamate, AMPA, and 

kainate. An important molecular determinant of AMPA receptor channel 

properties resides in a single amino acid position in the second transmembrane 

segment (TM2) JiLSubunits GluR-l(A), GluR-3(C) and GluR-4(D) this position 

is occupied by a -^^^™^rcsidue (Q). Receptor channels comprising these subunits 

have doubly rectifying I-V relations (Boulter et al., 1990) and are highly 

permeable to divalent ions (Hollmann et al., 1991). The GluR-2(B) subunit differs 

in that it has an arginine (R) residue in the place of glutamine. Consequently, 

homomeric or heteromeric channels containing the GluR2(B) subunit have near
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relations and have a much reduced divalent ion permeability (Hollman et al., 

1991; Verdoom et al,, 1991). Site directed mutagenesis to replace the R with a Q 

restores channel permeability to divalent ions (Verdoorn et al., 1991; Hume et al.,

1991). Hence cells which do not express mRNA for the GluR-2(B) receptor would 

be expected to express AMPA channels that directly mediate increases in 

intracellular calcium. Experiments to determine differential expression of 

glutamate receptor genes in the rat retina do not indicate what kind of receptor 

subunit expression may be expected for retinal glial cells (Hughes et al., 1992; 

Müller et al, 1992).

Section 6.3.3 shows that non-NMDA glutamate-gated channels in retinal 

astrocytes have a pCa/pCs of 0.33. This is high in comparison to the permeability 

of non-NMDA channel in cerebellar granule neurons (0.07, Wyllie & Cull-Candy, 

1991; 0.05, Burnashev et al., 1992) and cultured cerebellar type-2 astrocytes (0.8, 

Wyllie & Cull-Candy, 1991) but low in comparison to that of cultured Bergmann 

glia (1.44, Burnashev et al., 1992). The intermediate pCa/pCs ratio of retinal 

astrocyte glutamate-gated channels could result from failure to completely remove 

all the sodium from the bath during perfusion with the high calcium solution, 

however, the ratio measured remained constant during 15-20 mins of bath 

perfusion (bath turnover time Imin). The use of a whole mount could result in a 

constant leak of sodium from the surrounding tissue; the studies of Wyllie & Cull- 

Candy (1991) and Burnashev et al. (1992) used cultured cells in which it would 

have been relatively easy to effect complete solution exchanges. If the pCa/pCs 

of retinal astrocyte non-NMDA glutamate-gated channels is 0.33, then their 

activation might in itself be expected to result in a significant calcium influx.

Cobalt uptake combined with silver staining techniques have been used to 

reveal the calcium permeability of glutamate-gated channels (Pruss et al., 1991). 

However, these techniques may only detect calcium influx through the non-NMDA 

type glutamate-gated channels that show double rectification and are highly 

permeable to calcium. There are many such highly calcium permeable glutamate- 

operated channels in the retina. Their presence has been inferred by the use of 

probes specific to the subunits (GluR-l(A), 3(C) & 4(D)) that comprise calcium 

permeable non-NMDA channels. However, the identity of the cells carrying the
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receptors has only been partly established. Here, cobalt staining shows that the 

astrocyte population in the rabbit retina express non-NMDA glutamate-gated 

channels that are not permeable to cobalt. In contrast, large numbers of amacrine, 

horizontal, and bipolar cells are strongly stained suggesting that they have non- 

NMDA glutamate-gated channels with a high calcium permeability. The patch 

clamp experiments reported in this chapter show that the I-V relation for the 

glutamate-operated conductance of retinal astrocytes is not of the doubly 

rectifying form and thus cells expressing the conductance may not be detected by 

the cobalt staining technique.

6.4.2. Possible functional aspects of changes in astrocytic calcium

Since so little is known about the physiological roles of astrocytes in the 

intact brain any ideas as to the function of glutamate-evoked calcium changes 

must be entirely speculative. One intriguing possibility is that astrocytes could 

regulate neuronal excitability and synaptic plasticity by regulating extracellular ion 

concentration. Astrocytes could exert such changes via calcium dependent 

membrane transport systems. Astrocytes also secrete a number of different 

neuroactive substances such as peptides, amino acids, eicosanoids and nitric oxide 

(Pasantes-Morales et al., 1990; Murphy et al., 1988, 1990; Benveniste et al., 1990; 

Shinoda et al., 1989) and the synthetic pathways for these substances are likely 

targets for calcium regulation.

Astrocytes are thought to be the major glycogen stores of the brain and 

they probably play an important role in meeting neuronal energy demands 

(Vernadakis, 1988) particularly during anoxia. The metabolic processes involved 

in this role are likely to be regulated by intracellular calcium (Pearce et al., 1988; 

Arbones et al., 1990).

Although I was unable to detect them, calcium waves propagate through 

astrocyte networks in organotypic brain slices (Dani et al., 1992) suggesting that 

astrocytes may function as a network that actively propagates a signal albeit of 

unknown function. Further experiments using a digital imaging system in which a 

number of retinal astrocytes can be recorded over time would provide information 

as to the existence of such a signalling system in retinal astrocytes and would show
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whether astrocytes in situ do indeed form a network which actively propagates 

calcium waves.
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