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Abstract

Neural activity is often accompanied by intra- and extracellular ion concentration 

changes which modulate nerve and glial cells' function. In this study measurement of 

such concentration changes were used to investigate the properties of the glutamate 

uptake carrier and the role of calcium in controlling neuronal growth.

Glutamate uptake in the nervous system helps to terminate the action of the 

neurotransmitter glutamate and to keep its extracellular concentration below neurotoxic 

levels. In amphibian Müller cells the uptake carrier co-transports at least two sodium 

ions into the cell with each glutamate anion while there is controversy over whether it 

counter-transports potassium and pH-changing ions.

Efflux of potassium ions on the glutamate transporter was demonstrated directly 

using K^-sensitive microelectrodes outside whole-cell clamped Müller cells.

Activation of glutamate uptake in Müller cells induced an intracellular 

acidification and an extracellular alkalinization. With CIO/ inside the cell, the uptake 

current was increased, but the uptake-induced extracellular alkalinization was decreased, 

and uptake was associated with a rise of [CIO/] outside the cell. This data suggest that 

the uptake carrier transports OH (or HCO/) out of the cell, and that CIO/ can compete 

for transport on this site.

Intracellular acidification attributable to uptake of glutamate was also studied in 

rat hippocampal slices.

The spatial distribution of [Ca^^], was measured in growth cones of cultured rat 

sensory neurons, using imaging fluorescence microscopy, to look for a correlation 

between growth cone motility and intracellular calcium concentration. Depolarization of 

the cell membrane induced a rise in [Ca^^]; around the edge of the growth cones. At the 

resting membrane potential, no [Ca^^jj gradients were observed, and the [Ca^^Jj was 

similar in advancing and in motile-but-non-growing growth cones. However, [Ca^j^ was 

significantly higher in a retracting growth cone. Thus, calcium plays a minor role in 

controlling neurite outgrowth in cultured rat sensory neurons.
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Chapter 1

Introduction

1.1 Summary

In this thesis I use several techniques which monitor ion concentration changes 

to study two aspects of nervous system function; (1) the properties of the glutamate 

uptake carrier in glial cells and (2) whether calcium concentration changes are associated 

with neurite outgrowth. As an essential background to these experiments, in this 

introduction I will review: (a) the role of glutamate as a neurotransmitter in the central 

nervous system (CNS) and the importance of glutamate uptake; (b) the anatomy and 

physiology of the two parts of the CNS from which cells were studied: the retina and 

the hippocampus; (c) [K^] and pH changes produced in the CNS by neuronal activity; 

(d) proposed roles for calcium in controlling cell growth during differentiation.

1.2 Role of glutamate as a neurotransmitter in the central nervous system

L-glutamate is the main excitatory neurotransmitter in the mammalian central 

nervous system (CNS). The role of this dicarboxylic amino acid as a mediator at 

excitatory synapses in the brain is supported by the conventional criteria used to identify 

a neurotransmitter. These include: the presence in many areas of the CNS of high 

concentrations of aspartate aminotransferase, an enzyme involved in the synthesis of L- 

glutamate; the presence of synaptic vesicles containing L-glutamate, and of Ca^^- 

dependent release of the amino acid upon physiological stimulation; the existence of a 

specific high-affinity uptake mechanism to terminate its synaptic action; the ability of 

iontophoretically applied L-glutamate to elicit, in the post-synaptic cells, a response 

which is similar to that elicited by endogenous transmitter; and, finally, the ability of 

receptor antagonists to block current and voltage changes produced by both 

endogenously released and exogenously applied glutamate.
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Two classes of glutamate receptors have been identified on the basis of their 

mechanisms of operation. The first class includes receptors which gate ion channels 

permeable to cations and are therefore defined as ionotropic receptors. They have been 

classified into three broad sub-types, based upon pharmacological properties, and named 

according to their selective agonist; i) a-amino-3-hydroxy-5-methyl-4-isoxazole 

propionate (AMPA) receptors (also activated by quisqualate); ii) kainate receptors; iii) 

N-methyl-D-aspartate (NMDA) receptors. The other class of receptors comprises G- 

protein coupled receptors. These can be activated by the glutamate analogue trans-1- 

aminocyclopentane-1,3 -dicarboxylate (ACPD) and (less selectively) by quisqualate or 

(in the pre-synaptic membrane) by L-2-amino-4-phosphonobutyrate (L-AP4).

Considerable effort has been made in the past few years to understand the 

mechanism of action of excitatory amino acid receptors because there is a large body 

of evidence suggesting that glutamate receptors are involved in basic brain function, in 

neurodegenerative disorders, and in the genesis of the brain damage which occurs after 

head injuries.

In the following sections I will review the most important molecular, 

pharmacological and physiological properties of glutamate receptors and their role in the 

function and pathology of the brain.

1.2.1 AMPA receptors

Glutamate receptors activated by AMPA (and less selectively by quisqualate) 

gate a cation channel and are thought to mediate most fast excitatory neurotransmission 

in the mammalian CNS. They rapidly desensitize (in a few msec) on exposure to a 

maintained rise of glutamate concentration.

The AMPA receptor-channel complex can be constructed from four subunits. The 

cDNAs encoding these subunits, named GluRl-R4, have been cloned and functionally 

expressed in cultured cells where they show functional and pharmacological properties 

similar to the native receptors (Boulter et al. 1990; Kainanen et al. 1990; Sommer et al. 

1990; Nakanishi et al. 1990). Each subunit consists of four transmembrane domains, a 

consensus site for N-glycosylation located extracellularly near the N-terminal and a
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number of consensus sites for phosphorylation by cAMP-dependent protein kinase 

(PKA), placed intracellularly between transmembrane domain III and IV.

Each subunit exists in two different forms termed 'flip' and 'flop' which are 

created by alternative splicing. The two forms show a differential distribution in the 

brain (Sommer et al. 1990) as well as different expression patterns during development 

(Monyer et al. 1991). Furthermore the amplitude of the steady-state component of the 

whole-cell currents elicited by saturating doses o f L-glutamate is four to five times 

bigger when L-glutamate interacts with the flip version (Sommer et al. 1990)

Another noteworthy characteristic of the AMPA receptor subunits is the presence 

of a glutamine (Q) residue in transmembrane domain II o f GluRl-R4 which, in the 

cDNA of GluR2, can be replaced by an arginine (R) codon (Sommer et al. 1991). Since 

there are no splice variants of transmembrane domain II, a novel mechanism called 

RNA editing' has been postulated to occur at this site (Sommer et al. 1991). This novel 

mechanism for creating receptor diversity is particularly important because expression 

of Q or R at the 'Q/R site' of GluR2 influences the rectification properties of the 

resulting channels and determines their Ca^^ permeability. In reconstituted heteromeric 

channels the calcium permeability is almost completely abolished in the presence of 

GluR2 subunits containing the amino acid arginine (Hume et al. 1991; Verdoom et al.

1991). Interestingly, expression of GluR2 in the brain increases during development, and 

this leads progressively to the formation of less Ca^^ permeable receptor channels 

(Pellegrini-Giampietro, 1992).

Radio-ligand studies suggest the presence of high levels of AMPA receptors in 

the cortex, hippocampus, lateral septum, striatum and the molecular layer of the 

cerebellum (Monagham et al. 1984; Nielsen et al. 1988, 1990).

1.2.2 Kainate receptors

This class of non-NMDA ionotropic receptors is activated by the glutamate 

analogue kainate. Unlike AMPA receptors, kainate receptors desensitize only slowly 

(Mayer and Westbrook, 1987; Mayer and Vlyklicky, 1989). Although both AMPA and 

kainate receptors can be blocked by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 

although kainate can activate AMPA receptors as well as 'pure' kainate receptors, these
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receptor classes can be distinguished by the fact that cyclothiazide removes 

desensitization of AMPA receptors but not of kainate receptors (Partin et al. 1993).

Recently, the cDNA encoding the low and high affinity kainate receptor sub-units 

have been isolated (Werner et al. 1991; Sakimura et al. 1992; Herb et al.l992: Kamboj 

et al. 1992). The high affinity receptors (KA-1 and KA-2), for which kainate is a far 

more potent agonist than AMPA, share the same overall structure of the GluRl-4 

subunits. They have four transmembrane domains, an extracellular N-terminus and 

consensus phosphorylation sites between transmembrane domains III and IV. The 

distribution of the two subunits in the brain is quite different; KA-1 is abundant only in 

the hippocampal CA3 pyramidal neurons and granule cells, whereas KA-2 shows a more 

consistent level of expression throughout the brain (Herb et al. 1992). It is interesting 

that the thalamic nucleus, which is particularly susceptible to kainate induced 

neurotoxicity, only shows weak expression of the KA-2 receptor. This suggests that 

kainate may exert its excitotoxic effect via activation of the low affinity kainate 

receptors (GluR5-7) which are expressed strongly in this area of the brain (Pettier et al.

1992).

It appears that kainate receptor subunits and AMPA receptor subunits only form 

heteromeric channels with other kainate and AMPA subunits, respectively: mixed 

channels formed from combination of AMPA and kainate subunits do not seem to form 

(Partin et al. 1993).

1.2.3 NMDA receptors

The NMDA receptors represent a distinct class of ionotropic glutamate receptors. 

The receptors gate ion channels permeable to Ca^^ and Na^ and have glycine, polyamine 

and Z n^ regulatory sites (Johnson and Ascher, 1987; Ransom and Stec, 1989; 

Westbrook and Mayer, 1987). They are inhibited by the competitive antagonists D-AP5 

or D-AP7 (Watkins et al. 1990) and also by phenyl-cyclohexyl-piperidine (PCP) and 

dissociative anaesthetics which act as channel blockers (Kemp et al. 1987). The voltage- 

dependent block of NMDA receptor channels by Mg^^ allows current flow through the 

channels only after membrane depolarization induced, for example, by activation of 

AMPA or kainate receptors has removed the Mg^^ block. Calcium influx through
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NMDA receptors can generate long lasting increases in synaptic efficacy. This 

phenomenon, termed long-term potentiation, is thought to contribute to learning and 

memory (Collingridge and Bliss, 1987). Radiotracing studies demonstrate high density 

of NMDA receptors in the cerebral cortex, hippocampus, striatum, septum and amygdala 

(Greenamyre et al. 1985; Choi, 1988). These parts of the brain are involved in learning 

and are particularly affected by degenerative conditions, suggesting the involvement of 

NMDA receptors in these processes.

Two groups of NMDA receptor subunits have been identified by molecular 

cloning, NMDARl and NMDAR2a-d; both with low homology (20-27% amino acid 

sequence identity) to the AMPA receptor subunits. NMDARl subunits can form 

functional homomeric receptors or heteromeric receptors with NMDAR2a-d, but 

NMDAR2a-d cannot form functional channels unless co-expressed with NMDARl. 

Interestingly, both types have asparagine at the Q/R site of transmembrane domain II 

(see section 1.2.1). Mutation studies of this amino acid suggest that asparagine is 

involved in determining the Ca^  ̂ permeability of the NMDARl homomeric complex, 

while it influences Mg^^ block in NMDAR2-R1 heteromeric combinations (Mori et al. 

1992; Bumashev et al. 1992; Sakurada et al. 1993).

More recently, a cDNA (GR33) apparently encoding a presynaptic NMDA 

receptor has been cloned and found to be identical to that of the presynaptic protein 

syntaxin (Smimava et al. 1993). Syntaxin is believed to dock synaptic vesicles near 

presynaptic calcium channels (Bennett et al. 1992). When GR33 was expressed in 

Xenopus oocytes, it formed an NMDA- and glutamate-activated ion channel. Thus it has 

been postulated that this novel receptor might alter the release of glutamate or other 

neurotransmitters from presynaptic terminals in conditions such as long-term potentiation 

(Smimava et al. 1993).

1.2.4 Metabotropic receptors

The glutamate analogues trans-ACPD and quisqualate activate a class of 

glutamate receptors (metabotropic receptors) which are not coupled to ion channels but 

are instead associated with phosphatidylinositol metabolism (Monagham et al. 1989; 

Schoepp and Johnson, 1989). Activation of the receptor induces a G-protein mediated
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activation of phospholipase C with hydrolysis of phosphatidylinositol to diacyglycerol 

and 1,4,5-inositoltrisphosphate (IP3). The latter activates calcium release from 

intracellular stores. Since they promote the mobilisation of calcium which acts as an 

intracellular second messenger, these metabotropic receptors may be involved in long

term influences of glutamate on synaptic transmission, neuronal excitability (Izumi et 

al, 1987; Malenka et al. 1989), nerve cell architecture (Lipton and Kater, 1989) and gene 

expression (Szekely et al. 1989).

However, studies in brain slices suggest that metabotropic receptors are coupled 

also to other second messenger systems. Their action can be mediated by activation of 

phospholipase D (Boss and Conn, 1992), by an increase or decrease of cAMP formation 

(Winder and Conn, 1992; Schoepp et al. 1992) and by modulation of ion channels 

(Lester et al. 1990).

Cloning and expression of metabotropic receptor (mGluRl-6), (Masu et al. 1991; 

Tanabe et al. 1992; Abe et al. 1992; Nakanishi 1992) has proved the existence of several 

types of metabotropic receptor which can activate different intracellular second 

messenger pathways. The molecular structure o f m GluRl-6 is typical of G-protein 

linked receptors with seven transmembrane domains, an extracellular N-terminal 

containing numerous consensus sites for N-glycosylation and an intracellular C-terminal 

domain with a number of consensus sites for phosphorylation.

Metabotropic receptors are densely localized in the dentate gyrus of the CA3 area 

of the hippocampus, in the subthalamic nuclei, in the substantia nigra of the basal 

ganglia and in the Purkinje cell dendrites o f the cerebellum. Interestingly, the dendritic 

arborization of Purkinje cells also contains very high levels of IP3 receptors (Worley et 

al, 1989). There is also evidence suggesting the presence of metabotropic receptors in 

cultured hippocampal and cortical astrocytes (Usowicz et al. 1989; Glaum et al. 1990) 

where they are involved in the generation of oscillatory calcium waves which propagate 

via gap junctions.

One of the G protein-linked receptor is a presynaptic receptor preferentially 

activated by the glutamate agonist L-AP4. It has been found that L-AP4 suppresses 

synaptic transmission in the hippocampus and in the spinal cord (Koemer and Cotman, 

1981; Davies and Watkins, 1982). Trombley and Westbrook (1990) suggested that L- 

AP4 receptor activation inhibits excitatory amino acid transmission by blocking 

transmitter release, presumably by acting on a voltage-dependent presynaptic calcium
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channel. L-AP4 receptors have been found in the lateral perforant path (Koemer and 

Cotman, 1981), in the guinea pig mossy fibre pathway (Yamamoto et al. 1983; Lanthom 

et al. 1984) in the lateral olfactory track (Collins, 1982) in the spinal cord (Davies and 

Watkins, 1982) and also postsynaptically on the retinal ON-bipolar cells (Slaughter and 

Miller, 1985). In ON-bipolar cells L-AP4 receptors can couple with a G-protein which 

stimulates cGMP-phosphodiesterase activity resulting in the closure of cGMP-sensitive 

cation channels (Nawy and Jahr, 1990; Slaughter and Miller, 1985).

1.3 Glutamate uptake

Synaptically released glutamate is removed from the synaptic cleft by a high 

affinity uptake carrier present in the plasma membranes of both glial cells and nerve 

terminals. No extracellular enzyme exists to break down glutamate (unlike the case for 

acetylcholine at the neuromuscular junction, which is hydrolysed by 

acetylcholinesterase).

Uptake of glutamate is vital because it helps to terminate and regulate the 

postsynaptic action of the neurotransmitter glutamate, and to keep the extracellular 

glutamate concentration below neurotoxic levels. Failure to do the latter may result in 

severe brain damage (Choi et al. 1988). Uptake also serves to recycle the amino acid for 

further use in transmission reducing the need for de novo synthesis.

High affinity, Na^- and K^-dependent, Cl'-independent uptake of glutamate and 

of its non-metabolized analogue D-aspartate (with the stoichiometry represented in Fig. 

1.1) has been demonstrated by radiotracing experiments in renal brush-border membrane 

vesicles (Schneider and Sacktor, 1980), brain slices (Lajtha and Sershen, 1975) and 

cultured neurons and glia (Drejer et al. 1982; S tall cup et al. 1979). The properties of the 

uptake carrier have been studied using whole-cell voltage-clamping in Müller cells from 

the rabbit (Sarantis and Attwell, 1990) and the salamander (Barbour et al. 1991) and in 

cultured cerebellar macroglia (Wyllie et al. 1991). This technique takes advantage of the 

electrogenic nature of the uptake mechanism, due to the excess of sodium ions 

transported with each glutamate anion (Fig. 1.1), thus allowing uptake to be monitored 

as an inward current. Further details of the stoichiometry of the glutamate uptake carrier 

are given below in section 1.3.1. Use of the whole-cell patch-clamp technique offers
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Fig. 1.1 Schematic representation of the stoichiometry of the glutamate uptake carrier 

as has been proposed by radiotracing studies on brain synaptosomes (Kanner and 

Sharon, 1978) and by whole-cell patch-clamp studies on salamander glial cells (Barbour 

et al. 1988). On each cycle the carrier transports one glutamate anion together with three 

sodium ions into the cell while one potassium ion is counter-transported out o f the cell.
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three main advantages over radiotracing studies, as follows, (i) It allows the control of 

the membrane potential which was found to regulate the rate of uptake (Brew and 

Attwell, 1987). (ii) It provides good temporal resolution, allowing study o f the kinetics 

of action of drugs that modulate uptake, (iii) It allows control of the intracellular ionic 

composition via the solution contained in the patch pipette.

A number of glutamate uptake carrier subtypes have been described (Robinson 

et al. 1993; Fletcher and Johnstone, 1991) on the basis of varying pharmacology and 

ionic dependence. More recently, molecular cloning of glutamate transporters has 

confirmed the presence of more than one type of high-affmity uptake carrier with 

different molecular and pharmacological characteristics and different location in the brain 

(see section 1.3.2).

An uptake carrier with 'low affinity' for glutamate (K^>100pM) has been found 

by Logan and Snyder (1972) in rat brain synaptosomes. This low affinity transport has 

been suggested to carry out general metabolic functions since it has similar kinetic 

features to uptake systems found outside the CNS such as in blood and tumor cells and 

in the intestine (Christensen and Liang, 1965; Schultz et al. 1970; Winter and 

Christensen, 1965). A low affinity electrogenic uptake carrier has also been proposed to 

mediate a depolarizing effect of glutamate with receptors blocked in hippocampal slices 

(Frenguelli et al. 1991). However an alternative interpretation of those results will be 

discussed in chapter 5. Pin et al (1984) reported that Ca^  ̂ and Cl enhanced the binding 

of radioactive glutamate to rat brain synaptic membranes, suggesting that the binding 

corresponded to a Cl -dependent mechanism of ligand accumulation into vesicles.

Distinct from the plasma membrane transporter is the vesicle membrane carrier 

(Maycox et al. 1990) which helps to accumulate glutamate into vesicles at nerve 

endings prior to release. The energy for this transport of glutamate against its 

electrochemical gradient is derived from a proton-translocating ATPase which pumps 

protons into the vesicle making it positive inside: the negatively charged glutamate then 

enters the vesicle down its electrochemical gradient on the vesicular uptake carrier. This 

carrier has a millimolar affinity for glutamate (consistent with the concentration of 

intracellular glutamate) but is unable to transport D-aspartate (Naito and Ueda, 1985).

In the following sections I will review the stoichiometry and molecular structure 

of the high affinity plasma membrane glutamate uptake carriers and their modulation and 

role at synapses.
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1.3.1 Stoichiometry of the glutamate uptake carrier 

Glutamate

Both radiotracing (Hertz, 1979) and patch-clamp studies (Barbour et al. 1991) of 

the glutamate uptake carrier have shown that the transporter has a first order (Michaelis- 

Menten) dependence on external glutamate concentration. This suggests that one 

glutamate anion is transported on each cycle of the carrier. The apparent value for 

L-glutamate ranges from 2 to 70pM in different cell types.

Sodium

The dependence of glutamate transport on sodium ions was first assessed by 

studying the uptake of radiolabelled glutamate (Kanner and Sharon, 1978). At least two 

sodium ions accompany the transport of one amino acid molecule. This was shown by 

the finding that the relation between the rate of uptake and the external sodium 

concentration is sigmoidal, and that 2 radioactive sodium ions are transported into cells 

of a cerebellar cell line with each glutamate anion taken up (Stallcup et ai. 1979). Patch- 

clamp studies of the glutamate uptake carrier in glial cells isolated from the salamander 

retina have investigated the effect of intracellular and extracellular sodium on the 

carrier's activity. An inwardly directed electrochemical gradient for sodium is necessary 

to drive the uptake carrier (with at least two sodium ions required on each cycle), and 

the sodium-binding site is extremely selective for sodium with a selectivity sequence 

N a »  Li >K^>Cs^ (Barbour et al. 1991).

Potassium

First results showing that internal potassium stimulated, while external potassium 

inhibited uptake of radiolabelled glutamate into brain vesicles (Kanner and Sharon, 

1978) did not provide convincing evidence for a direct activating effect of potassium 

ions on the glutamate transporter. In fact, changes o f uptake produced by altered 

potassium concentrations could be equally well explained by potassium controlling the 

vesicle membrane potential, since glutamate uptake is extremely dependent on the 

voltage gradient across the membrane. Although Kanner and Sharon (1978) tried to 

demonstrate a direct role for potassium ions in the uptake process by incubating their 

membrane vesicles with SCN to try to create a constant negative membrane potential, 

this approach was based on untested assumptions about the permeability of the vesicles 

to SCN'. Unequivocal evidence for the involvement o f potassium ions in activating the
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glutamate uptake carrier came from whole-cell voltage-clamped Müller cells whose 

internal and external potassium concentration, as well as the membrane potential, could 

be experimentally controlled (Barbour et al. 1988, 1991). Those results are described in 

section 3.1 and summarized in Fig. 3.1a and b (chapter 3). Subsequent to that work, the 

results of my experiments, presented in chapter 3, show that the uptake carrier is not just 

activated by intracellular potassium, but requires the binding and transport of one 

potassium ion out of the cell on each carrier cycle.

The potassium binding site on the carrier is much less selective than the Na^- 

binding site: transport of glutamate can also occur at a reasonable rate if potassium is 

replaced by other monovalent ions, according to the selectivity sequence K^> Rb^> 

Cs^»choline (Barbour et al. 1991).

Protons

There is some controversy over whether protons are involved in the stoichiometry 

of the uptake carrier. Erecinska et al (1983) found that uptake of glutamate into brain 

synaptosomes was accompanied by an alkalinization of the external solution, suggesting 

that uptake was accompanied by transport of protons (or by counter-transport of a pH- 

changing anion). The presence of a proton gradient was also found to drive uptake of 

glutamate in renal brush border membrane vesicles (Nelson et al. 1983) even in the 

absence of sodium and potassium gradients. However, in whole-cell patch-clamp studies 

of glutamate uptake in salamander retinal glial cells, Schwartz and Tachibana (1990) 

could not detect any intracellular pH change when uptake was activated by perfusion of 

D-aspartate onto the cells. I thought it important to resolve this controversy because 

transport of a pH-changing ion should increase the accumulative power of the glutamate 

transporter (see chapter 7). In chapter 4, results will be presented to demonstrate that the 

glutamate uptake carrier, in addition to counter-transporting potassium, also counter

transports a pH-changing anion.

1.3.2 Molecular structure of the glutamate uptake carrier

Molecular cloning of Na^- and K^-dependent, Cl -independent uptake carriers 

with high affinity for glutamate has revealed the presence of a new gene family of 

neurotransmitter transporters unrelated to the well characterized family of Na^- and Cl -
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dependent uptake carriers for gamma-aminobutyric acid (GABA), norepinephrine, 

dopamine, serotonine, proline, glycine, choline, betaine and taurine (Storck et al. 1992; 

Pines et al. 1992; Kan ai and Hediger, 1992). Three distinct cDNA molecules found by 

three different groups encode structurally related glutamate transporters. Their amino 

acid sequence identities range between 51% and 55%, with long stretches of identity in 

the amino acid sequence which presumably play a central role in the transport process. 

They are also significantly similar to the H^-coupled glutamate transporters of 

Escherichia coli. Bacillus stearothermophilus and Bacillus caldotenax. Storck et al 

(1992) isolated a cDNA, termed GLASTl, using oligonucleotide probes based on a 

protein which co-purified with a ceramide galactosyl transferase. When the gene product 

was expressed in frog oocytes, the protein was identified as a sodium-dependent, high- 

affmity glutamate transporter. Subsequently, Pines et al (1992) used antibodies against 

a glial L-glutamate transporter from rat brain to isolate a cDNA clone (GLT-1) encoding 

that transporter. Expression of the cDNA in transfected cells revealed the activity of a 

sodium-dependent transporter with high affinity for glutamate. A third approach to 

isolate a cDNA encoding for a glutamate transporter (EAACl) was adopted by Kan ai 

and Hediger (1992). They screened a plasmid cDNA library isolated from rabbit 

intestine, looking for expression of high-affmity uptake activity in frog oocytes.

Although these cloned proteins are highly homologous with each other, they 

show a distinct distribution in the brain as well as different affinities for glutamate. 

S tructure

There is controversy over how many transmembrane domains there are in the 

cloned glutamate transporters. GLASTl was proposed to have 6, GLT-1 8 and EAACl 

10 membrane-spanning domains. However, the hydropathy plots for the three proteins 

show that the proteins only clearly contain 6 highly hydrophobic regions. The proposed 

additional transmembrane domain 7 and 8 in the case of GLT-1 and 7 and 10 in the case 

of EAACl are less hydrophobic and shorter, making their identification less certain. The 

proteins show a pattern of hydrophobic regions similar to the prokaryotic proton-coupled 

glutamate transporter, but characteristically distinct from the Na^- and Cl'-dependent 

uptake carriers which typically present 12 transmembrane domains (hydropathy plots are 

shown in Kanai et al. 1993). The N-terminal is located intracellularly and potential sites 

for N-glycosylation are placed in an extracellular loop between the third and forth 

transmembrane regions. Two putative consensus sites for phosphorylation by protein
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kinase C are present on intracellular loops, one between transmembrane domains two 

and three and another one between transmembrane domains four and five. Other 

phosphorylation sites are located intracellularly according to Pines et al (1992), while 

extracellularly in the topographic model proposed by Kanai and Hediger (1992). 

Similarly controversial is the position of a consensus site for phosphorylation by cAMP- 

dependent protein kinase. Finally, other consensus site for phosphorylation by protein 

kinase C are situated on the COOH-terminal which is proposed to be intracellular in all 

three clones.

Distribution

While GLASTl and GLT-1 are only present in the brain, EAACl has a more 

ubiquitous distribution and it has been found not only in brain but also in peripheral 

tissues including small intestine, kidney, liver and heart. Within the brain the distribution 

of the three clones presents marked differences. GLASTl is mainly associated with the 

Bergmann glial cells in the cerebellum while GLT-1 is associated with astrocytes 

throughout the brain, and EAACl is mainly present in the hippocampal pyramidal layer 

of areas CA1-CA3, the granule cells of the dentate gyrus, the granule cell layer of the 

cerebellum and in layers II-VI of the cortex.

Stoichiometry

The three cloned carriers have different K^ values for activation by glutamate: 

77|iM for GLAST, 12pM for EAACl and 2|iM for GLT-1. All the transporters cloned 

are dependent upon external sodium and are affected by alterations in the potassium 

concentration inside or outside the cell (Pines et al. 1992; Storck et al. 1992; Kanai and 

Hediger, 1992; Klockner et al. 1993).

Recently, some neutral amino acid carriers which transport alanine, cysteine, 

threonine and serine have been cloned and shown to be homologous to the glutamate 

uptake carriers (Shafgat et al. 1993; Arriza et al. 1993).

1.3.3 Modulation of the glutamate uptake carrier

Two factors determined by the stoichiometry of the glutamate uptake carrier can 

regulate the rate of glutamate transport: the electrogenic nature o f the carrier results in 

a dependence on membrane potential, and the counter-transport of potassium (see
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chapter 3 ) results in a dependence on extracellular potassium concentration. Membrane 

depolarization has an inhibitory effect on carrier activity because it slows the movement 

of positive charge which accompanies the transport of glutamate into the cell. A rise in 

the external potassium concentration, such as occurs during intense neuronal activity or 

during brain ischemia or anoxia, can significantly lower the rate of uptake (see Fig. 

3.1b). Furthermore, an increased external potassium concentration can result in glutamate 

release by reversed operation of the uptake carrier, thereby contributing to an increase 

in the extracellular glutamate concentration which may damage nearby neurons 

(Szatkowski et al. 1990).

Molecular cloning of the glutamate transporter has revealed the presence of 

potential regulatory sites for phosphorylation by protein kinases (see section 1.3.2). 

Indeed, activation of uptake is observed, in cultured primary brain glial cells, upon 

activation of protein kinase C by 12-0-tetradecanyIphorbol 13-acetate (TPA). The effect 

of TP A on the transport of glutamate does not seem to occur by activation of protein 

synthesis but rather by an increase in the turnover rate of the carrier (Casado et al. 1991, 

1993; Farhig, 1993).

Kerkerian et al (1987) found that electrical stimulation of the frontal cortical 

areas in the rat in vivo enhanced high-affmity uptake of glutamate measured in striatal 

homogenates. This result was interpreted as a modulatory action of the nigrostriatal 

pathway on the corticostriatal glutamatergic pathway suggesting a role for dopamine in 

the upregulation of the high-affmity glutamate uptake carrier.

Two substances are found to inhibit glutamate uptake activity: glucocorticoids 

and arachidonic acid. Glucocorticoids, adrenal steroid hormones secreted during stress, 

inhibit the transport of glutamate in cultured hippocampal astrocytes (Virgin Jr et al. 

1991). Since the hippocampus is the main neuronal target of this hormone in the brain 

(Sapolsky, 1985), glucocorticoids may be involved in hippocampal damage during 

neurological insults such as ischemia, seizures and hypoglycaemia. Arachidonic acid, 

released during glutamatergic transmission as result of the stimulation of phospholipase 

Aj (Dumuis et al. 1988), is found to induce a prolonged inhibition of glutamate uptake 

into Müller cells (Barbour et al. 1989). During anoxia, release of arachidonic acid 

(Rehncrona et al. 1982) may severely compromise glutamate homeostasis contributing 

to neuronal death.
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1.3.4 Role of glutamate uptake at synapses

The differences in cellular distribution and affinity for glutamate of the cloned 

uptake carriers, described above, suggest the presence of glutamate uptake both in 

neuronal terminals and in glial cells, presumably with different tasks within the synapse.

The carrier encoded by GLT-1 has a low for glutamate (2|iM) and is present 

in astrocytes throughout the brain. Consequently, this transporter may ensure that the 

concentration of glutamate is maintained at low levels around the synapses, thus 

allowing fast diffusion of the neurotransmitter out of the synaptic cleft. Although uptake 

is necessary for synaptic transmission, diffusion seems to play an important role in 

terminating transmission at glutamatergic synapses since half inhibiting uptake of 

glutamate with the uptake blocker L-trans-pyrrolidine-2,4-dicarboxylate (PDC) has little 

effect on the kinetics of the non-NMDA component of the synaptic current at the 

synapses from the Schaffer collaterals to CAl pyramidal cells and from the mossy fibres 

to cerebellar granule cells (Sarantis et al. 1993). The roles of GLAST and EAACl seem 

less clear. Kanai et al (1993) propose that the former (with a for glutamate of 77pM) 

is required as a reserve transporter when, in pathological situations, the glutamate 

concentration rises abnormally, while the latter is probably a presynaptic carrier 

replenishing the neurons' supply of glutamate.

Knowledge of the ions transported by the uptake carrier is important for 

predicting the lowest extracellular glutamate concentration that the carrier is able to 

maintain in steady-state conditions. More interestingly, knowing the stoichiometry it is 

possible to predict a lower limit to the rise in glutamate concentration during brain 

ischemia or hypoxia, i.e. situations in which there is a complete rundown of the ionic 

gradients and glutamate uptake can run backwards. Calculations will be presented in 

chapter 7, in the light of the discovery (chapter 4) that a pH-changing anion, in addition 

to Na^ and K^, is involved in the stoichiometry of the uptake carrier.
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1.4 Anatomy and physiology of parts of the CNS from which ceils were studied: the 

retina and the hippocampus

1.4.1 The retina

The vertebrate retina is organized into five different layers. From the more distant 

one (adjacent to the pigment epithelium) to the more proximal one (adjacent to the 

vitreous humour) they are: the outer nuclear layer, the outer plexiform layer, the inner 

nuclear layer, the inner plexiform layer and the ganglion cell layer. Of these layers, the 

inner and the outer plexiform layers are synaptic regions, while all the other layers 

contain different cell bodies.

The outer nuclear layer contains photoreceptors (rods and cones) which are the 

only cells sensitive to light. They contain the pigment which initiates the 

phototransduction process.The inner nuclear layer has four different types of cell bodies: 

the bipolar cells are located in the middle of this layer, the horizontal cells lie along the 

outer margin, and the amacrine and the interplexiform cells are arranged along the 

proximal border. The ganglion cell layer is mainly populated by the ganglion cells, 

whose axons represent the output for the entire retina. They carry the visual information 

to higher visual centres.

Photoreceptors are synaptically connected with both horizontal cells and bipolar 

(hyperpolarizing and depolarizing) cells (Fig. 1.2). L-glutamate is the excitatory 

neurotransmitter released by photoreceptors (Miller and Schwartz, 1988). The release is 

tonic in the dark when photoreceptors are depolarized (both the photoreceptors and 

bipolar cells encode light as graded voltage changes: they do not produce action 

potentials). In the inner retina, bipolar cells send synapses to ganglion cells and amacrine 

cells, releasing glutamate as an excitatory neurotransmitter (Broomfield and Dawling, 

1985; Slaughter and Miller, 1983). Amacrine cells send synapses onto ganglion cell 

dendrites, bipolar cell terminals, interplexiform cells and other amacrine cells. GABA 

and glycine are the most common neurotransmitters used by amacrine cells in the inner 

plexiform layer of the amphibian retinae (Miller et al. 1981). Finally, interplexiform cells 

establish synapses with bipolar and horizontal cells in the outer plexiform layer, 

providing a feedback pathway to control the signal gain of the outer retina according to 

the level of activity reaching the inner retina.
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Fig. 1.2 Diagram representing glutamatergic synapses in the retina. Glutamate is the 

excitatory neurotransmitter released by photoreceptors and acting on both 

hyperpolarizing and depolarizing bipolar cells. Both types of bipolar cells for 

glutamatergic synapses with ganglion cells. Müller cells, which extend vertically 

throughout the retina, contribute to removal of synaptically released glutamate from the 

extracellular space.
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The predominant glial cells in the vertebrate retina are the Müller cells. They 

extend vertically throughout the retina from the vitreous humour to the pigment 

epithelium. A major function of these glial cells is to remove glutamate from the 

extracellular space. Probably as a result of the outer retinal neurons releasing glutamate 

continuously in the dark, the Müller cells are specialized for taking up glutamate rapidly. 

They express a high level of glutamate uptake, but no glutamate-gated channels and so 

are ideal for studying glutamate uptake by whole-cell patch-clamping. Thus, this was the 

cell type I used for most of my studies of glutamate uptake.

1.4.2 The hippocampus

The hippocampus is a bilateral and symmetrical structure in the forebrain which 

has been widely used for studies of glutamatergic synapses and so was thought useful 

as a model for determining whether the properties of glutamate uptake in salamander 

Müller cells are similar to those in mammalian cells. The hippocampus proper is divided 

into three areas: the dentate gyrus, the area CA3 and the area CAl. In brief, as described 

below, information flows from the dentate gyrus to the area CA3 and then to area CAl 

(Fig. 2.14). The dentate gyrus contains one major cell type, the granule cells, which are 

densely organized in a layer. The dendrites of the granule cells project into the 

molecular layer where they receive most of the afferent input to the hippocampus. 

GABAergic cells, the basket cells, are also present in the granule cell layer (Ribak and 

Seress, 1983), and form inhibitory contacts with the soma and dendrites of the granule 

cells (Seress and Ribak, 1983). Finally the dentate gyrus contains a group of 

polymorphic cells which are neurons involved in local processing of information (Seress 

and Birbak, 1983).

Pyramidal cells represent the major cell type of both the CA3 and CAl areas of 

the hippocampus. Their topographical organization is such that the two areas are divided 

into a number of layers which are: the alveus, the stratum oriens, the pyramidal cell 

layer, the stratum lucidum (only in area CA3), the stratum radiatum and the stratum 

lacunosum-moleculare. Intemeurons, inhibitory basket cells, are also present in the 

pyramidal cell layer (Endersen et al. 1963).

Astrocytes can be identified in the hippocampus by staining with glial fibrillary
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acidic protein (GFAP). They are mainly localized outside the pyramidal layer (i.e. in the 

stratum radiatum, lucidum and oriens). A few astrocyte cell bodies are also found 

interposed among those of the pyramidal neurons (Dani et al. 1992).

Neuronal input reaches the hippocampus from the entorhinal cortex which is a 

point of convergence of several pathways originating in different areas of the neocortex. 

The entorhinal input enters the hippocampus via the perforant path which projects onto 

the granule cells of the dentate gyrus. The output axons of these cells are the mossy 

fibres which terminate on the dendrites of the CA3 pyramidal cells. The axons o f these 

CA3 cells leave the hippocampus via the fimbria and are directed towards the septal 

area. Branches of these efferent axons form the Schaffer collaterals which establish 

synapses in the stratum radiatum with the CAl pyramidal cells. Axons from the CAl 

cells pass through the alveus and the fornix to end in the septal area. Costa and Levi 

(1992) have also shown, electrophysiologically, that the perforant path contains a 

monosynaptic glutamate-mediated excitatory projection to the stratum lacunosum 

moleculare of area CAl, an input distinct from that described previously and mediated 

by the Schaffer collaterals. Due to its characteristic laminal organization, slices of the 

hippocampus cut along the longer axes of the structure contain the chain of connections 

described above.

The CA3-CAl pathway is mainly glutamatergic with postsynaptic excitation 

caused by activation of AMPA/kainate receptors and NMDA receptors. These synapses 

show an increased gain (long-term potentiation) after stimulation leading to a large 

calcium influx through NMDA receptor channels. This gain change may allow the 

hippocampus to store information. In particular the hippocampus has the ability to 

encode and store spatial information (O'Keefe, 1976).

1.5 [K'̂ lo and pH changes produced in the CNS hy neuronal activity

The extracellular potassium concentration ([K^]o) rises during neuronal activity. 

This is partly due to fluxes of potassium ions during neuronal firing of action potentials 

and partly to increased channel permeability produced by synaptic transmitters (Somjen, 

1979). Large changes in [K^]o may significantly affect neuronal activity (Somjen, 1979). 

If [K^]o rises to pathological levels it can induce a further regenenerative release of
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potassium, inducing depression of synaptic activity. High [K^]^ concentration can also 

significantly inhibit the activity o f the glutamate uptake carrier (section 1.3.3) 

contributing to a rise in the extracellular glutamate concentration to neurotoxic levels.

Potassium buffering mechanisms are therefore essential for maintaining the [K^]o 

within physiological level ensuring a normal neuronal activity. Glial cells in the CNS 

are thought to play a major role in potassium homeostasis through a mechanism known 

as 'spatial buffering'. Spatial buffering has been demonstrated to occur in the retina 

(Karwoski et al. 1989) through Müller cells which are well suited to transfer potassium 

ions from the synaptic region where the potassium level rises towards the vitreous 

humour where [K^Jo is low, because over 90% of the potassium conductance is situated 

in the endfoot region of the cell which faces the vitreous fluid. Similar mechanisms 

seem to operate for potassium buffering in other areas of the brain (Dietzel et al. 1980) 

where astrocyte endfeet have a high potassium conductance and excess potassium is 

thought to be shunted out through the endfeet of the cell (Newman, 1986). Active uptake 

by the Na^-K^ pump may also contribute to potassium homeostasis. The glial cell pump, 

in particular, is stimulated by external potassium rises more than the neuronal pump 

(Frank et al. 1983).

Neuronal activity can also produce significant changes in the intra- and 

extracellular pH. This is important for several reasons. The activity of many intracellular 

enzymes is altered by small changes in intracellular pH (Busa, 1986). Neuronal 

excitability is greatly influenced by extracellular pH. Alkaline pH shifts increase, while 

acid shifts decrease the inward current gated by NMDA receptors (Tang et al. 1990; 

Traynelis and Cull-Candy, 1990; Vyklicky' et al. 1990) and by voltage-dependent 

calcium channels (lijima et al. 1986). Extracellular acidification, on the other hand, 

increases the GABA^-gated inhibitory current (Pasternack et al. 1992). Rapid increases 

in external proton concentration also have an excitatory effect, due to the activation of 

a rapidly desensitizing Na^ inward current (Krishtal and Pidoplichko, 1980; Konnerth 

et al. 1987).

Since so many cellular activities are affected by pH changes, considerable effort 

has been devoted to understanding how and where pH changes occur in the CNS. 

Intracellular alkalinization has been reported to occur in cultured astrocytes and 

oligodendrocytes depolarized by increasing the external potassium concentration 

(Kattenmann and Schule, 1988; Boyarsky et al. 1988). This pH change has also been
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observed in astrocytes after a potassium rise induced by neuronal activity, and has been 

postulated to be due to the activity of the electrogenic N a/H C O / co-transporter 

(Deitmer and Schule, 1989; Deitmer and Szatkowski, 1990). In neurons activity leads 

mainly to acid shifts in intracellular pH, which are attributable to: (a) the activity- 

dependent increase of metabolic products such as CO2 and lactic acid (Siesjo, 1985); (b) 

to the displacement of intracellular protons from buffers following an increase in 

intracellular calcium concentration (Meech and Thomas, 1977); (c) to acid entry through 

glutamate gated ion channels (Endres et al. 1986; Kaila et al. 1990) and (d) to HCO3' 

efflux through GABA^ gated channels (Kaila et al. 1992).

External pH transients have been monitored in many preparations using pH- 

sensitive microelectrodes and both alkaline and acid shifts have been reported to be 

evoked by neuronal activity. External acidification has been found during epileptiform 

activity, repetitive stimulation and spreading depression, attributable to the extrusion of 

metabolic products such as CO^ and lactic acid (Spencer and Lehninger, 1976). The pH- 

regulating carriers (Na^/H^ exchange and the N a/H C O 3 co-transport) also play a role 

in generating these changes (Roos and Boron, 1981; Jendelova and Sykova, 1991). Both 

in the hippocampus (Walz, 1989; Chen and Chesler, 1992a; Carlini and Ransom, 1986) 

and in the cerebellum (Chesler and Chan, 1988; Kraig et al. 1983; Rice and Nicholson, 

1988) alkaline shifts as large as 0.2 units have been measured in the extracellular space 

during both neuronal stimulation or drug application. Chen and Chesler (1992a) 

suggested that the extracellular alkalinization evoked by glutamate or stimulating the 

Schaffer collaterals, in rat hippocampal slices, reflects a predominance of acid influx into 

neurons over acid secretion from glial cells. However, the mechanism involved in the 

generation of the extracellular alkalinization remains unclear. The pH change is 

insensitive to D-AP5, an NMDA receptor blocker, (Chen and Chesler, 1992b) but is 

reduced by CNQX, an AMPA/kainate receptor blocker, suggesting it may partly be due 

to H^ influx through AMP A receptor channels. Its persistence in HCOg -free media and 

in the presence of picrotoxin, a GABA^ receptor channel blocker, suggests that the 

alkalinization arises from a mechanism independent from the GABA^-induced 

extracellular alkalinization (Chen and Chesler, 1992a). Finally, alkaline shifts elicited by 

glutamate are also insensitive to tetrodotoxin (Chen and Chesler, 1992c) excluding the 

involvement of action potentials. In chapter 5 of this thesis I will propose that the 

glutamate uptake carrier may contribute to generating the extracellular alkalinization.
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1.6 Role of calcium during neurite outgrowth

Considerable effort has been made to understand the mechanisms involved in 

forming the neuronal network in the brain, a process which occurs not only during 

embryonic development of the CNS but also in the adult brain, where connections can 

be remodelled, a phenomenon known as synaptic plasticity. A central role in guiding the 

extending neurites is ascribed to the nerve growth cone. The growth cone (first described 

by Ramon y Cajal (1890)) is an extremely dynamic structure characterized 

morphologically by a leading edge that includes filopodia and lamellipodia and a central 

part containing microfilaments, vesicles, mitochondria and lysosomal structures (Landis, 

1983). The growth cone is a highly organized structure able to respond to a large 

number o f external stimuli which can either promote or inhibit its advancement. External 

factors influencing growth cone behaviour include: cell-cell contact, extracellular matrix 

components (Carbonetto, 1984), gradients of soluble factors (Rudge et al. 1985), 

neurotransmitters and electric fields (Patel and Poo, 1982). The response to these stimuli 

is mediated intracellularly by secondary messenger systems such as cAMP (Lohof et al. 

1982), the inositol phospholipid cascade (Hyman and Pfenninger, 1987) and by calcium.

Most investigators, in examining the role of environmental factors influencing 

growth cone behaviour, have used in vitro systems of cultured cells. This offers the 

advantage of more selective manipulation of the extracellular environment. However, 

although single factors can be analyzed with some accuracy, the scenario in vivo is far 

different. In vivo, the growth cone is exposed to a rather more complex array of stimuli 

and its behaviour is the result of fine balance between the presence of inhibitory and 

stimulatory factors.

Investigations of the role of calcium in controlling growth cone behaviour in 

vitro are aided by the availability of sensitive fluorimetric assays of intracellular free 

calcium concentration. The general rule that has emerged is that intracellular calcium 

profoundly affects the behaviour and morphology of the growth cone (Schubert et al. 

1978; Koike, 1983; Llinas, 1979; Anglister et al. 1982; Cohan et al. 1985). The central 

role of calcium is not surprising considering the widespread role of calcium as an 

intracellular second messenger. N euro transmitters, mechanical stimuli, and adhesion 

molecules can all trigger a rise in intracellular calcium concentration via activation of
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calcium channels or by inducing release of calcium from intracellular stores.

Studies on the effect of calcium on growth cone behaviour have often led to 

contradictory results. Initial data from Schubert (1978) suggested that high intracellular 

calcium is necessary to promote motility and growth. Cohan and Kater (1986) later 

found opposite results, i.e. an increase in intracellular calcium concentration opposed 

axon elongation. However, in mammalian hippocampal neurons (Connor, 1986) and in 

neurons from the snail Heliosoma (Cohan et al. 1985), low intracellular calcium 

concentration results in growth inhibition. Recently Silver et al (1989) examined how 

variation in the intracellular calcium concentration within the growth cone correlated 

with growth cone behaviour in a neuroblastoma cell line. They found that whilst small 

elevations of intracellular calcium induced retraction, growing and motile-but-non- 

growing growth cones had the same intracellular calcium levels. The simplest 

interpretation of all the data is that outgrowth is dependent upon [Ca^^Jj being within a 

specific range of concentration (Connor, 1986; Cohan et al. 1987) and that this range 

varies depending on the cell type. Consequently, cells will respond differently to 

increases or decreases in the intracellular calcium concentration, depending on their level 

of resting calcium concentration (Kater and Mills, 1991).

Another point of interest is the intracellular distribution of calcium within the 

growth cone. A differential distribution of calcium ions could reflect a 

compartmentalisation of calcium-regulated structures involved in determining the growth 

cones behaviour. Connor (1986) reported steady-state intracellular calcium concentration 

gradients within growth cones, but these gradients were probably an artefact resulting 

from the fluorescent dye, fura-2, being trapped inside vesicles. This is a common artefact 

found in cells loaded with the membrane permeant form of the calcium indicator 

(Bolsover et al. 1993). However, hot spots of intracellular calcium have been found 

during activation of calcium channels in neuroblastoma cells (Silver et al. 1990) and in 

frog sensory neurons (Lipscombe et al. 1988). The functional importance of the clusters 

of calcium channels which generate these hot spots has not been investigated in depth.

The mechanisms underlying the effects of calcium on the growth cone behaviour 

are unclear. However, it is plausible that fluctuations in calcium concentration can have 

short term effects on cytoskeletal components, movement of organelles and membrane 

insertion, in addition to long term effects on the induction of gene expression. It has 

been shown that calcium can cause destabilization of actin filaments inducing the growth
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cone to collapse (Lankford and Letomeau, 1989); it is involved in the transport of 

organelles along the neurite towards the growth cone (Vale et al. 1985); and it 

participates in the fusion of vesicles with the plasma membrane (Lockerbie et al. 1991). 

Finally calcium has been shown to control cadherin-mediated cell-cell and cell- 

substratum attachment (Grunwald, 1982).

Given all these possible effects of calcium, further work is clearly needed on the 

relationship between [Ca^^], and the motile behaviour of the growth cones. I present such 

experiments in chapter 6.
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Chapter 2 

Methods

In this chapter I describe how the cells and tissue slices used were prepared, 

how fluorescent dyes and ion-sensitive microelectrode were used to measure ion 

concentrations, how isolated cells were voltage- and current-clamped and how 

extracellular recordings were made from hippocampal slices.

2.1 Preparation of ceils

2.1.1 Preparation of salamander retinal cells

Dissociated retinal glial cells (Müller cells) and neurons were obtained from 

the larval tiger salamander (Ambvstoma tigrinumi using a modification of the 

methods described by Bader et al (1979).

The eyes were excised from the animal immediately following decapitation 

and destruction of the brain, and were placed on the stage of a dissecting 

microscope. Excess tissue was trimmed from the eyeballs and a cut was made on 

the sclera just anterior to the ora serrata. The lens and the cornea were discarded 

while the eyecups containing the retina were stored at 5°C in the dark in a small 

plastic petri dish containing solution A (table 2.1).

Isolated cells were obtained by incubation of the retina in 2ml of medium 

containing (mM) NaCl 66; KCl 3.7; NaHCOj 25; NaH2?04 10; Na-pyruvate 1; DL- 

cysteine HCl (Sigma) 10 and 10-20 units of papain (Sigma) for about 15 minutes 

at 32°C. After the incubation, the retina was rinsed by dropping it three times 

through 3ml of solution A, and was then triturated in a volume of 0.5ml of solution 

A using a fire polished pasteur pipette with an internal diameter of about 0.5mm.

The cell suspension was plated either directly into the recording chamber or 

onto 13mm diameter glass coverslips. Cells were allowed to settle for at least 10 

minutes prior to the experiment. Cells were viable for up to three hours after 

dissociation. Müller cells were recognized by their typical morphology shown in Fig. 

2.1. Neurons were identified as having a cell body approximately 15pm in diameter
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Fig. 2.1 Photograph of a Müller cell obtained by dissociating a salamander retina 

as described in section 2.1. The photograph was taken using Hoffman modulation 

contrast. Scale bar is 10pm.
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with dendrites attached. These were photoreceptors (which are easily identified from 

their shape) or horizontal, bipolar, amacrine or ganglion cells. All the experiments were 

performed at room temperature.

2.1.2 Preparation of rat hippocampal slices

Hippocampal slices were prepared from 2-3 week old Sprague-Dawley rats 

of either sex. Rats were sacrificed by decapitation immediately after dislocation of 

the cranial vertebrae. The brain was rapidly removed and placed in a petri dish 

containing ice-cold and oxygenated solution H (table 2.3). The brain was cut in half 

to separate the left and the right hemisphere. One cerebral hemisphere was glued 

onto a teflon stage with the base of the brain facing upwards. The stage was 

mounted in a chamber and the brain was completely immersed in ice-cold solution 

H. Then 300jj.m thick slices were cut with a vibroslicer (Campden). Slices were 

stored in oxygenated solution H at room temperature for at least 1 hour before use. 

The experiments were performed at room temperature.

2.1.3 Preparation of rat dorsal root ganglion cells

Preparation of adult rat dorsal root ganglion (DRG) neurons was performed 

using a modification of the method described by Lindsay et al. (1991).

Lumbar, cervical and thoracic dorsal root ganglia were dissected aseptically 

from adult Sprague-Dawley rats (weight 200gmr) after death by decapitation or 

asphyxia. The spinal cord was removed from the animal and bisected along its 

length. Ganglia were then collected from each half, freed of the nerve trunk and 

connective tissue and placed in Ham's nutrient mixture F I4 (Imperial laboratories) 

containing 4% Ultraserum G (USG, Gibco). Cleaned ganglia were incubated with 

0.125% collagenase in F14 solution, at 37°C, in atmosphere containing 5% COj. 

After 3 hours ganglia were transferred into 20ml of F14+4%USG and centrifuged 

for Imin at ISOOrpm. Centrifugation and re-suspension were repeated twice. 

Ganglia were then resuspended in 1ml of F14+4%USG and triturated using a fire-
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polished pasteur pipette of about 0.5mm internal diameter yielding a cell suspension. 

This cell suspension was plated onto Petriperm (Bachofer,Germany) culture dishes 

precoated with 0.5mg/ml poly-DL-omithine hydrobromide (Sigma) then with natural 

mouse laminin (Gibco, 5pg/ml in phosphate buffered saline) to increase 

adhesiveness and to stimulate neurite outgrowth (Mercurio, 1990). Each dish 

received about 10% of the total cell suspension. Cells were stored in an incubator 

at 37®C in air supplemented with 5% CO^, and used between 24 and 60 hours after 

plating. DRG cells were distinguished from other cell types present in the culture, 

such as glial cells or fibroblasts, by their characteristic morphology shown in Fig. 

2 .2 .

2.2 Superfusion

The extracellular solutions were bath applied both to single retinal cells and 

to rat hippocampal slices. Solutions flowed to the recording chamber through plastic 

tubes by gravity. The volume of the solution in the bath was kept constant by 

sucking off excess solution constantly with a hypodermic needle connected to a 

vacuum pump. The flow rate of the solutions was about 3ml/min.

Whole-cell voltage-clamped Müller cells were lifted from the bottom of the 

bath and placed close to the bath inlet, to allow faster perfusion of the solution 

around the cell.

Hippocampal slices were supported on a nylon mesh and held down by two 

small platinum wires while solution was perfused above and below them.

2.3 Solutions

The composition of the extracellular solutions used for experiments on 

salamander Müller cells is reported in tables 2.1 and 2.2 (solution A-G). The 

external solutions used to record intracellular pH changes in rat hippocampal slices 

are listed in table 2.3 (solutions H-M).

Experiments on hippocampal slices used either Hepes or HCO^ as a pH
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Fig 2.2 Photograph of dorsal root ganglion neurons taken 48 hours after plating the 

cells onto a Petriperm dish precoated with laminin (section 2.1.3). The photograph 

was taken under phase illumination. Scale bar is 5pm.
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buffer. Solutions containing Hepes as the pH buffer were constantly bubbled with 

100% O2 Solutions buffered with HCO3 were saturated with COj/Oj (5%/95%) to 

maintain a pH of 7.4. Usually Hepes was preferred as a buffer to HCO3 to avoid 

a problem often experienced when applying a solution buffered with HCO3 which 

had been standing still for a prolonged period in the tube connecting the solution 

reservoir to the bath inlet. It appeared that CO2 was lost from the stationary 

solution in the connecting tube between the reservoir and the inlet, resulting in the 

solution in the tube going alkaline. This resulted in a transient intracellular 

alkalinization in the cells of the slice when the solution was turned on, as a small 

volume of alkaline solution from the connecting tube entered the bath, followed by 

solution of normal pH from the solution reservoir. Since most other workers use 

HCO3 rather than Hepes as a pH buffer, in chapter 5, I discuss the effect of Hepes 

and HCO3 on the extracellularly-recorded field potential (EPSP), evoked by 

stimulation of the Schaffer-collaterals, and on the intracellular pH. When 

pharmacological blockers were used on hippocampal slices these were perfused for 

at least 4 minutes before measuring glutamate-evoked pH changes: control 

experiments showed that this period was long enough for superfused lOfiM 6-cyano- 

7-nitroquinoxaline-2,3-dione (CNQX, Tocris) to abolish the postsynaptic EPSP.

A 20mM stock solution of the pH fluorescent dye BCECF-AM was made up 

in dimethyl sulphoxide (DMSO, Sigma). The free acid form of BCECF was 

dissolved in the internal solution Bi (table 2.4). A 20mM stock solution of the 

calcium indicator fura-2-dextran was prepared in 130mM KCl.

Most drugs used were simply added to the extracellular solutions. A stock 

solution o f CNQX was prepared in DMSO and a 2.5mM stock solution of picrotoxin 

was prepared in solution H. The stocks of all the other drugs used were made up in 

distilled water.

Internal solutions used to fill the patch-pipette for whole-cell recordings are 

given in tables 2.4, 2.5 and 2.6 (solutions Ai-Hi).
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2.4 Measurement of intracellular ion concentration using fluorescent probes.

2.4.1 Principles of fluorescence

'Fluorescence' is the ability of a molecule to release energy in the form of 

light following absorption of shorter wavelength light. This phenomenon occurs 

because absorption of light promotes the transition of electrons in the molecule to 

a higher level of energy, partly reflecting a higher level of vibrational energy. After 

a short period of time (lO'^-lO'^sec), relaxation of the electron to a lower energy 

level is accompanied by loss of energy in form of emitted light (fluorescence). The 

emitted fluorescence has a longer wavelength than the light previously absorbed 

because the electron, after being raised to a higher energy level by the absorbed 

radiation, falls first to an intermediate vibrational level leaving less energy to be 

emitted subsequently as a photon. A small amount of energy is lost as heat in the 

over-all process. Molecules able to fluoresce are called fluorophores. Fluorophores 

are characterized by their emission and excitation spectra. Emission spectra represent 

the variation of the fluorescence intensity as function of the emission wavelength. 

The excitation spectra represent the variation of the fluorescence intensity as 

function of the excitation wavelength light.

Some fluorophores can be used to measure cytosolic free ion concentration, 

such as calcium or pH, because of their ability to change the intensity of the emitted 

light upon binding of ions.

The fluorescent probes I have used are (1) BCECF to monitor intracellular 

pH changes produced by uptake of the neurotransmitter glutamate; and (2) fura-2- 

dextran to study intracellular calcium concentrations in DRG cells undergoing 

differentiation in vitro.

2.4.2 Intracellular pH measurement: the pH-sensitive fluorescent probe BCECF

Intracellular pH changes were monitored fluorescently using the pH-sensitive 

dye 2',7'-bis(carboxyethyl)-5,6-carboxy fluorescein (BCECF) (Calbiochem). This 

molecule is a fluorescein derivative. It is particularly suitable for intracellular pH
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measurement because it has a pKa of 6.97, close to physiological intracellular pH, 

and it is reported to have a slow leakage rate from the cell (Rink et al. 1982).

The excitation spectrum of BCECF by Rink et al (1982) recorded at 530nm 

emission wavelength shows that at 490nm the excitation efficiency increases 

markedly for pH changes between 6 and 8 (Fig. 2.3). At 440nm excitation 

wavelength, pH changes do not alter the fluorescence of the dye. This excitation 

wavelength can be used to check whether fluorescence changes occur as a result of 

factors other than pH changes, such as loss of dye from the cytoplasm, variation in 

the path length due to the cell changing shape or moving, photobleaching, or 

changes in the background fluorescence from optical components.

The fluorescence of BCECF was detected using a photomultiplier (PMT). 

Fig. 2.4 is a schematic representation of the set up used for recording the 

fluorescence both from isolated salamander retinal cells and from hippocampal 

slices. The light was produced by a xenon arc lamp (Osram). The light beam 

travelled through a 10'^ optical density neutral density filter (Ealing) to reduce the 

intensity of the excitation light, then through a 490nm (or 440nm) wavelength 

narrow band filter. The light beam was reflected by a 510nm dichroic mirror (Zeiss) 

and directed onto the specimen through a 40X water immersion objective (Zeiss). 

The emitted fluorescence travelled back, passing through the dichroic mirror and 

through a 530nm wavelength broad band filter to be projected onto the PMT. The 

output signal from the PMT was amplified and recorded onto a videotape and 

displayed on a chart recorder (Gould Electronics) for immediate analysis of the data.

Intracellular pH changes, in Müller cells and neurons from the salamander 

retina, were also monitored using the fluorescence imaging microscopy technique. 

This method will be described in section 2.4.6 of this chapter.

2.4.3 Introduction of BCECF into the cells

BCECF has four negative charges on carboxylate groups at physiological pH, 

and cannot pass through the cell membrane. A modified form of the molecule 

(BCECF-AM) has four acetoxy-methyl ester groups added, which mask the four 

carboxylates, making the molecule lipophilic and able to enter the cell in a non-
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Fig. 2.3 Graph representing the intensity of BCECF fluorescence excited at 490nm 

and emitted at 530nm wavelength as a function of pH. Data points were from Rink 

et al (1988). The plot shows a great increase in the emitted fluorescence signal for 

changes of pH between 6 and 8. Over most o f this range the change in fluorescence 

is proportional to the change in pH.
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Fig. 2.4 Schematic representation of the set up used to monitor the fluorescence of 

BCECF loaded into isolated salamander retinal glial cells and into cells of the intact 

hippocampal slice. The light beam from a UV lamp passes through a neutral density 

filter, a 490nm or 440nm wavelength narrow pass filter and a 500nm dichroic mirror 

to be directed onto the specimen through a 40X water immersion objective. The 

emitted fluorescence passes through the dichroic mirror and a 530nm broad band 

filter to be projected onto a photomultiplier. The output signal was amplified, 

monitored on a chart recorder and stored on video tape.

54



output
amplifier

input

tape recorder PMT
chart recorder

u.v.
LAMP N.D.

490/440
nm

specimen

530nm

dichroic
mirror

objective

55



disruptive fashion. Once inside the cell, cytoplasmic esterases remove the ester 

groups, leaving the molecule in its original charged form which is retained within 

the cytoplasm.

Isolated cells from the salamander retina were loaded by incubation with 

lOfiM BCECF-AM and 0.5|iM pluronic acid in the extracellular solution for 30 

minutes at room temperature. Hippocampal slices were loaded in the same way for 

about 1-2 hours.

In experiments in which intracellular pH changes were recorded in whole-cell 

voltage-clamped Müller cells, the free acid form of the dye was introduced into the 

cell by diffusion from the patch-pipette. The internal solution Bi (table 2.4) 

contained 96pM of the pH indicator and the concentration o f the pH buffer, Hepes, 

was reduced to 0.5mM to lower the internal buffering power and make it easier to 

detect pH changes.

2.4.4 Calibration of the fluorescent signal produced by the pH-sensitive dye 

BCECF

Several methods have been reported for calibrating the fluorescence of the 

pH indicator BCECF: an in vitro calibration (Rink et al. 1982), a calibration with 

nigericin (Thomas et al. 1979) and a modification of a method originally proposed 

by Szatkowski and Thomas (Eisner et al. 1989).

Calibration of the BCECF fluorescent signal in vitro is the simplest method 

but it can be inaccurate due to the lack, in the calibration solutions, of cytoplasmic 

components such as proteins or organic compounds which might affect the 

fluorescence of the dye in vivo. In my experiments attempts to use the nigericin 

method to calibrate the fluorescence signal from cells of the hippocampal slice were 

unsuccessful: applying a calibrating solution at pH=6.8 led to an irreversible loss of 

the fluorescence from the cells of the slice. Fujiwara et al. (1992) also reported 

having problems in using nigericin to calibrate the fluorescence of BCECF in mouse 

hippocampal slices.

The main calibration method I used was the one described by Eisner et al 

(1989). This method was used to calibrate the signal both from single Müller cells
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(for which the method can be used rigorously) and from cells of the intact

hippocampal slice (for which the method requires treating the whole slice as being

composed of identical cells). The method is based on measuring the intracellular pH 

changes produced by a weak acid (such as Na-acetate) and by two different 

concentrations of a weak base (such as trimethylamine). The dissociation of the 

weak base and of the weak acid can be written as :

+ A # HA (1)

B + H" #BH+ (2)

The dissociation constants are assumed to be the same inside and outside the 

cell. Supposing that only the non-charged form can cross the cell membrane, the 

addition of the weak base B will produce an intracellular alkalosis, the magnitude 

of which depends on the degree of protonation of the base inside the cell and on the 

intracellular buffering power,(3, so that:

ApH' = [BH1/P (3)

The new value of pH in the presence of the base is:

pH" = pH,+ApH" (4)

From the definition of pK"

pH" = pK"+log {[B]/[BH+]j (5)

Combining eqns. 3,4 and 5

pH,+ApH" = pK"-log{(pApH")/[B],} (6)

If we assume that the concentration of the uncharged form is the same inside 

and outside the cell (i.e. [ B ] j= [ B ] J  and that the weak base in the extracellular
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solutions is essentially fully protonated so that its total extracellular concentration 

is essentially equal to then (from the Henderson-Hasselbach equation

for the base in the external solution)

log[B]j = log[B], = pH„-pK'^+log[BJ„ (7)

Substituting eqn. 7 into eqn. 6 gives

pHrpH, = log{[BJ/(pApH')}-ApH' (8a)

A similar equation can be written for the change in pHj produced by the 

addition of the weak acid:

pH.-pH, = log{(pApH“ /[AJ J}+ A pff (8b)

where ApH“is a positive number (i.e. the magnitude of the acid induced pH change).

If we assume now that the buffering power is constant over the range of the 

pH changes studied, the following equation is obtained from 8a and 8b:

pH|-pH„ = 0.5 {log([Bjy[A,]„)+log(Apir/ApHVApff-ApH‘’} (9)

If the change in fluorescence produced by the application of the weak base 

or by the weak acid is proportional to the change in pH (see Fig 2.3), so that:

AF = aApH

we can then write eqn. (9) as:

pHrpH, = 0.5 {log([Bjy[AJ J+log(AFVAF')+a(AF=-AF')} (10)

To estimate the value of a , we can substitute aAF for pH in eqn. 8a: 

pHrpH, = log{[BJ„/(paAF)}-aAF (I I )
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If  measurements are made with two different concentrations B, and of 

base giving pH-evoked fluorescence changes AF, and AFj respectively, then pH-pH^ 

can be eliminated from the two versions of eqn. ( 11) (one for each base 

concentration) to give:

a  = log{[(B ,A F,)/(B ,A FJ]}/(A FrA FJ (12)

This equation can be used to calculate a . Once a  is known, the pHj can be 

calculated from eqn. (10) and the buffering power from eqns. (10) and (11):

P = (l/a){[B J,[A jy(A F"A F3}''" 10-0 5a(AFa+AFb) (13)

2.4.5 Intracellular calcium concentration measurement: the calcium-sensitive 

fluorescent probe fura-2

Fura-2 is a calcium-binding fluorescent molecule. Its molecular structure is 

based on the calcium chelator ethylene glycol-bis(p-aminoethylester) N,N,N',N'- 

tetracetic acid (EGTA) and it binds calcium with high affinity and selectivity (Tsien 

and Ponie, 1986). The excitation spectra for this molecule show that the excitation 

efficiency is depressed at 380nm and increased at 350nm on binding calcium. 

Because of the large shift in the excitation spectrum, fura-2 is a useful tool for 

monitoring intracellular calcium concentration changes using the ratio imaging 

technique described below. For the work described in chapter 6 1 used a modified 

molecular structure of fura-2, fura-2-dextran. This bears a high molecular weight 

carbohydrate polymer linked to the fura-2 fluorophore, which prevents artifacts in 

intracellular calcium measurements due to dye being transported into cell organelles 

or leaking out of the cell through the plasma membrane during the experiment. Fura- 

2-dextran has a dissociation constant for calcium around 350nM, within the range 

of physiological intracellular calcium concentrations.

Intracellular calcium concentrations were measured using a digital imaging 

fluorescence microscope. The set up consisted of a light source, a set of appropriate 

filters whose position in front of the light beam was controlled by an Apple
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Fig. 2.5 Schematic representation of the set up used to measure intracellular pH and 

calcium concentrations using video imaging fluorescence microscopy. Arrows 

indicate the connections among the different components of the set up.
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computer, an inverted microscope, a video camera, an image processor and a 

monitor (Fig. 2.5).

Light was produced by a 150W xenon arc lamp (Osram, W. Germany) in an 

Ealing Stabilarc 250 housing. The light beam was passed through a Schott KGl heat 

filter, and then through a UV-pass filter (Ealing 0X 1) and through a 350nm or 

380nm narrow band filter (DF series, Glen Spectra). The filtered light entered the 

inverted microscope and was reflected by a dichroic mirror (400nm longpass, Glen 

Spectra) and directed at the specimen through glycerol-immersion Nikon Neofluor 

UV-F objectives of numerical aperture 1.3, either lOOx or 40x as appropriate. The 

500nm light emitted by the specimen passed through the dichroic mirror and through 

a 510nm broad band filter (DF510/30, Glen Spectra) to go to the eyepieces or to the 

video camera, a Photonic Science Extended ISIS intensified CCD camera (Fig. 2.6). 

The camera output signal was passed to a Gould FD5000 image processor to be 

digitized as an array of 512x512 picture elements (pixels). The light intensity at 

each pixel was described by an 8 bit number giving a resolution of 256 levels of 

grey. Image manipulation was executed by programs written by Angela G. Lamb 

running on a DEC Microvax computer. Data were stored permanently on an optical 

disc. Dorsal root ganglion neurons were loaded by pressure injection of the dextran- 

conjugated free acid form of the dye with a pyrex glass micropipette (Clark 

electromedical GC150F-10) pulled on a Kopf microelectrode puller (David Kopf 

Instruments, Cal). Pipette resistance was about 20MQ when filled with 2M KCl 

solution. After loading a number of cells, the pipette was removed and the Petriperm 

dish containing the cells was covered with a heated lid (to keep cells at the constant 

temperature of 37°C) through which air containing 5% COj was supplied to the cell. 

Thirty minutes after microinjection of the dye, fluorescent images were acquired 

roughly every 10 minutes in the following way. A region of interest of the loaded 

cell was illuminated with 350nm and then 380nm wavelength light, and an image 

of the emitted light (Î gQ and I350) was stored for each wavelength. The intensity of 

the emitted light was measured in the cell body, neurites or growth cones by 

averaging over pixels in circular areas centred on these cell regions. I350 and I380 

were corrected for the background signal (Iback) produced by sources of light other 

than the fluorescent probe (such as optical components). The background signal was 

measured in an area of the petri dish without cells. The ratio of the cell-related fura-
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Fig. 2.6 Schematic representation of the set up used to image intracellular calcium 

concentration or pH showing the path of the light beam produced by a 150W xenon 

arc lamp. The light crossed a schoott KGl heat filter, a UV pass filter, a 350nm or 

a 380nm narrow pass filter (500nm or 450nm to image intracellular pH), a 400nm 

dichroic mirror (or a 515nm dichroic mirror for pH measurements) to be sent onto 

the specimen through a lOOX UV-F objective (40X when measuring intracellular 

pH). The emitted fluorescence beam passed through the dichroic mirror and through 

a 510nm (530nm for pH measurements) emission filter to reach the video camera 

or the eyepiece.
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generated fluorescence at the two wavelengths was then calculated:

^  “  (^350"^350backy(^380"l380baclc) ( 1 4 a )

Conversion of this ratio into a value of [Ca^^]j is explained in section 2.4.7.

No correction was made for cell autofluorescence since this was negligible 

compared with the probe fluorescent signal: other cells, not loaded and in the same 

field of view, did not produce any fluorescent signal at the signal gain used to 

measure [Ca^^]j with fura-2-dextran.

2.4.6 Imaging intracellular pH using the pH-sensitive fluorescent dye BCECF

The set up used to image intracellular pH changes was similar to the one 

described in section 2.4.5 and similar to the one represented in Fig. 2.6. A neutral 

density filter of optical density 10°^ was used in front of the light beam to attenuate 

the light intensity. The light beam passed through a 500nm or a 450nm wavelength 

narrow pass filters and was then directed onto the specimen by a 515nm dichroic 

mirror (Omega Optical) through a 40X oil-immersion objective. The fluorescence, 

gathered from cells present in the field of view (both Müller cells and neurons) 

passed through the dichroic mirror and through a 530nm narrow pass filter to reach 

the camera or the eyepiece. The output signal from the camera reached the image 

processor to be digitized and then permanently stored on an optical disk. The 

background signal was acquired once at the beginning of each experiment by 

measuring the fluorescence at 500nm and 450nm wavelength from a region of the 

coverslip without cells. The background signal (Iback) the two wavelengths was 

stored and automatically subtracted at each wavelength from the signal obtained 

from the cells loaded with BCECF. The ratio was calculated by the computer as 

follows:

^  ( I 5 0 0 ”l5 0 0 b a c k )^ ( l4 5 0 ” l4 5 0 b a ck ) (  1 4 b )

Pseudocolor images o f the cells were displayed on a screen and stored for
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later analysis. This consisted of averaging the fluorescence ratios over a number of 

pixels included in a circular area centred on cells of interest. The fluorescence signal 

was not calibrated to convert ratio values into pH.

2.4.7 Calculation of calcium concentration using the ratio method

Because the excitation spectrum of fura-2-dextran shifts to a shorter 

wavelength on binding calcium, the ratio of the dye's fluorescence intensities excited 

at 350 and 380nm wavelength (I350, Ijgo) can be used to calculate calcium 

concentration, independent of the total dye concentration, path length or absolute 

sensitivity of the instrument (Grynkiewicz et al. 1985). For a mixture of free and 

calcium bound indicator at respective concentrations, Cf and Cy, the total 

fluorescence intensity at 350nm excitation wavelength will be:

3̂50 ~

and at 380nm excitation:

I38O ~ f̂380̂ f'*"̂ b380̂ b (1^)

where S is a factor which includes excitation intensity, path length and instrumental 

efficiency for collecting emitted photons. It is assumed that one fura molecule binds 

one calcium ion (Grynkiewicz et al. 1985). The reaction can be represented by:

fura + Ca^^ Ca:fura 

Cf [Ca+1 Cy

where K^, the dissociation constant, is given by:

K, = C,[Ca'1/Cy (17)

andCy=Cf[Ca""]/Kd (18)
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The fluorescence ratio is:

^  ~ 3̂50̂ 380 (1^)

Substituting (15) and (16) into (19):

^  ~  (S f3 5 0 ^ f" ^ ^ b 3 5 0 ^ b )/(S f3 8 0 ^ f'* '^ b 3 8 0 ^ b ) ( 2 0 )

Replacing Cy (from equation 18) in eqn. (20) and rearranging for [Ca^^]

gives:

[ C a ^ 1  =  K ,(S „ 3 o /S b 3 8 o )[(R -S f3 5 o /S n 8 o )/(S b 3 5 o /S b 3 8 o -R )] ( 2 1 )

Since lowering [Ca^^] decreases the fluorescence excited at 350nm and increases it 

at 380nm, equation (20) shows that S050/S080 is the smallest value that R can have 

(at zero [Ca^^] when Cy=0) and so may be defined as R^^,, while Sy^go/Ŝ go is the 

maximum value R can have for a saturating [Ca"̂ ]̂ solution (with Cf=0), R^^x. Thus 

equation (21) can be written as:

[Ca+1 = K,(S„go/Sy3go)(R-R, J/(R„3x-R) (22)

Kj(Sf38o/Sy38o) can be denoted K ,/2 as it is the calcium concentration at which 

R is midway between and R̂ ĝ - The relation (22) can then be rewritten as:

[C a n  = K,/2(R-Rmm)/(Rmax-R) (23)

Importantly R^y, and R^^x &re unaffected by changes of path length due 

to the cell moving or changing shape and by changes of fura-2-dextran concentration 

in the cell.

The fluorescence signal of fura-2-dextran was calibrated in vitro as follows. 

The fluorescence of the dye excited at 350nm and 380nm wavelength was measured 

from 50pl droplets containing lOpM fura-2-dextran, 140mM KCl, lOmM Hepes and 

different free calcium concentrations. These were obtained by mixing a solution of
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calcium-free chelator l,2-bis-(2 aminophenoxy) ethane-N,N,N',N'-tetracetic acid 

(BAPTA 8.8mM) and a solution of calcium-saturated BAPTA (Ca:BAPTA 8.8mM) 

at different volumetric ratios as indicated in table 2.7. The background signal at both 

the 350nm and 380nm excitation wavelengths was obtained using dye-free solutions. 

The ratio of background-corrected signals at 350nm and 380nm was calculated as 

described in equation (14a) of section 2.4.5. The ratios obtained are plotted against 

log[Ca^^] in Fig. 2.7. Typical mean values are reported in table 2.7. The parameters 

K,/2=3620nM, R^j^=0.55 and R^3^=5.10 were then obtained by best fitting the 

calibration curve (eqn. 23) to the data. Note that the K ,/2 is different from the Kj of 

fura-2 for calcium given earlier in section 2.4.5 because it is multiplied by Sogo/Sŷ gg.

2.4.8 Calculation of the calcium concentration using a single excitation 

wavelength

In some experiments calcium concentration changes were monitored using 

only 380nm excitation wavelength and by measuring the intensity of the emitted 

light. This technique improved the time resolution from several seconds to 60 

milliseconds by eliminating the requirement for the narrow pass filters to be 

alternately positioned in front of the light beam. It is assumed that fura-2-dextran 

binds calcium with a 1:1 stoichiometry (Grynkiewicz et al. 1985) giving:

fura + Ca^^ # Ca:fura 

Cf [C a-] Cy

The total dye concentration is given by:

Cf= Q+Cb (24)

and [Ca""] = K f i J C ,  (18)

In the following I will assume that the total dye concentration is constant. 

The total fluorescence emitted by fura-2-dextran, when excited at 380nm, is the sum
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Fig. 2.7 Calibration of fura-2-dextran fluorescent signals. Graph representing ratio 

measurements as a function of the calcium concentration present in the calibrating 

solution. This contained lOmM Hepes, 140mM KCl and a free calcium 

concentration which was determined by mixing 8.8mM BAPTA and 8.8mM 

Ca BAPTA solutions in different volumetric ratios as indicated by table 2.7. A 10|il 

droplet of calibrating solution was sandwiched between two coverslips and images 

were taken exciting the fluorescence of fura-2-dextran with 350nm and 380nm 

wavelength light. The calibration was performed at 37°C and using an lOOX UV-F 

objective. Ratios were calculated by dividing the background corrected signal at 

350nm by the background-corrected signal at 380nm. the ratio for calcium- 

saturated solution, was 0.55; the ratio for the calcium-free solution, was 5.10 

and K,/2=Kd(Sf^8o/S(35o), (i.e. the calcium concentration for which the ratio is mid

point between and R^^J, was 3620nM. R^^, R^^  ̂ and were determined by 

best fitting the curve (eqn.23) to the data.
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of the fluorescence from the calcium free and the calcium bound species of fura-2- 

dextran. Assuming negligible absorption of the fluorescence, Î go is linearly 

proportional to the concentrations of the fluorescent species:

3̂80“  f̂380̂ f"̂ ^b380̂ b

For a calcium-free solution Cy=0, therefore Cf=Ct and Isgô Ifree thus:

Sf380 ~ (2^)

similarly for a saturating calcium solution Cf=0 therefore Cy=C( and lagô fsat

b̂380 ~ ^sa/^t (27)

Substituting equations (26) and (27) in equation (25) gives: 

l380 =Ifr«C/Q+I,,C ,/C , (28)

Replacing from equation (24) and multiplying out the brackets gives:

t-380̂ f"̂ 3̂80̂ b"Ifreê rt̂ satCb ~ 0

Rearranging this gives:

C b /C f =  (Irrcc-l380)/(l380-Isat) ( 2 9 )

By substituting equation (18) into equation (29) the following relationship 

between calcium concentration and fluorescence is obtained:

[Ca+1 = K,(If,„-l3go)/(l38o-U (30)

Although and depend on the path length and the concentration in the 

cell o f fura-2-dextran in the cell, the ratio I&ee/Isat is constant for each particular
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fluorescence microscope.

The ratio of the parameters 1̂ ,,, and was determined in vitro by monitoring 

the fluorescence of lOOpM of fura-2-dextran in calcium-free and calcium-saturated 

solutions respectively during excitation at 380nm wavelength. Two coverslips were 

placed on a petri dish and a lOpl droplet was placed on the petri dish between the 

two coverslips. A third coverslip was then used on top of the droplet to bridge the 

gap between the two coverslips. In this way the path length was kept constant 

throughout the calibration procedure. Background signal was obtained by monitoring 

the fluorescence of dye-free solutions and subtracted from the fluorescence of 

solutions containing the dye. At 3TC  was 0.265 If,„.

We can write eqn. (30) as:

[C an  = K ,(W l3  J/(l3«o-fIf. J  (31)

where f  is Isa/lfrM^O.265. Solving eqn. (31) for in terms of [Ca^^] and I380 we get: 

Ifrcc = Io([Ca^1+K,)/(f[Ca^1+K,) (32)

As Ifree depends on path length and concentration of fura-2-dexran, it will be 

different in each experiment and at each pixel. Thus, was estimated at each 

image pixel for each cell studied by entering in eqn. (32) the average value for 

resting calcium concentration (200nM), the fluorescence intensity, at 380nm 

wavelength (I^), measured at the resting level of [Ca^^], and the value of Kj=958nM: 

the value of measured by ratio imaging for the batch of fura-2-dextran used in 

these experiments. Membrane depolarization caused an increase in calcium 

concentration and consequently a fall of the fluorescence, excited at 380nm 

wavelength, to a new value o f I380 (I) The value of [Ca^^] corresponding to the new 

value of I380 was then calculated from eqn. (31). Pseudocolor images presented in

Chapter 6, were obtained by dividing the background-corrected video frames after

the onset of stimulation by the background-corrected video frames acquired before 

the start of depolarization .
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2.4.9 Calculation of intracellular dye concentration

Fura-2-dextran is a calcium buffer and it might be cytotoxic at high level. 

For these reasons it is important to know the concentration of the dye inside the cell.

Measurement of the concentration of the dye injected into DRG cells was 

performed using the following protocol. Cells were loaded with a mixture o f 20mM 

fura-2-dextran and 20mM rhodamine-dextran by pressure injection until a standard 

level of fluorescence was produced. Cells were kept at 37°C in medium F14+4%US 

supplied with 5% CO2 and 95% air for about 30min to allow the dye to diffuse 

inside the cell. The plate containing the injected cells was transferred onto the stage 

of a confocal microscope and the fluorescence of rhodamine-dextran excited at 

514nm wavelength and emitted at 590nm wavelength was measured. The 

fluorescence of the rhodamine-dextran was directly compared with the fluorescence 

signal produced by a droplet containing a known concentration of the dye. Since 

measurements were performed using a confocal microscope, cell thickness (i.e. path 

length) was irrelevant. Having thus obtained the concentration of rhodamine-dextran 

in the cell, the concentration of fura-2-dextran was assumed to be the same since 

equal amount of fura-2-dextran and rhodamine-dextran were injected into the cell. 

Note that this procedure could not be used to measure the concentration of fura-2- 

dextran directly because the laser beam of the confocal microscope does not excite 

fura.

The fura concentration was estimated to be 852±56p.M in cells injected with 

the protocol used to study the growth cone behaviour. The dye concentration was 

532±105|iM n=7 in cells injected with the protocol used to monitor intracellular 

calcium concentration during action potentials.

2.5 Measurement of extracellular ion concentrations using ion-sensitive 

microelectrodes

Extracellular concentration changes of hydrogen, perchlorate and potassium 

ions outside whole-cell clamped Müller cells were measured using single-barrelled 

ion-sensitive microelectrodes (ISMEs) placed a few microns away from the cell (Fig.
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Fig. 2.8 Diagram of a whole-cell voltage-clamped Müller cell with an ion-sensitive 

microelectrode placed near the cell body membrane.
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2.8). Extracellular pH was also measured in the stratum radiatum of area CAl of rat 

hippocampal slices using double-barrelled pH-sensitive microelectrodes.

Single-barrelled ISMEs were constructed in the following way which was 

common for pH, perchlorate and potassium-sensitive microelectrodes. ISMEs were 

pulled on BBCH puller (Mecanex, Geneve) using thin wall borosilicate glass (Clark 

Electromedical GC150TF10) with a tip size around l|im . The tips of the pipettes 

were dipped, for about 20-40sec, in a 10% solution of hexamethyldisilazane 

(HMDS), dissolved in 1-chloro-naphthalene (FLUKA), in order to make their 

internal surface highly hydrophobic. The pipettes were baked at 40°C for 4 hours to 

allow complete evaporation of the silanizing solution. The tip of the electrode was 

filled from the back of the pipette with an ion selective resin, then it was back

filled with an appropriate solution described below. A chlorided silver wire was 

dipped into the ISME back-filling solution and connected to a high input impedance 

electrometer (WPI model FD 223).

The reference potential was measured with a chlorided silver wire placed in 

the recording chamber. For experiments on isolated cells it was not necessary to use 

a reference voltage electrode placed near the ISME because voltage gradients in the 

external solution are negligible. For a current T passing across the cell membrane 

of a spherical cell of radius 'a', immersed in external solution of resistivity 'p', the 

difference in extracellular voltage between the cell surface and the bulk solution can 

be calculated to be:

V = pl/(47ia) (33)

If  the glutamate uptake current is I=200pA (close to the average value 

recorded for the cells in these experiments), p=0.8Qm and a=7pm, V is equal to 

4.5|liV, which is 1000-fold less than the voltage produced on the ISME by efflux of 

ions on the uptake carrier. Consistent with this calculation, for potassium electrodes 

that had lost their K^-sensitive resin and therefore sensed only the extracellular 

potential, no voltage change was detectable on activating glutamate uptake.

Double-barrelled pH-sensitive microelectrodes for use in hippocampal slices, 

where a voltage reference electrode is necessary because of extracellular voltage 

changes deep in the slice, were pulled from theta borosilicate glass (Clark
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Electromedical, TGC150-10). The measuring barrel of the electrode was exposed to 

the vapour of 100% HMDS at 40°C for about 2 minutes. After baking the electrode 

for about 6 hours the reference barrel was filled with solution H (table 2.3). The H^- 

selective resin was then injected in the measuring barrel which was backfilled with 

solution H. A chlorided silver wire was inserted into each barrel.

Good ISMEs show a potential following the Nemstian relation;

V=Eo+(RT/ZF)ln[X] (34)

where Eq is the constant reference potential, R is the gas constant, T is the absolute 

temperature, F is the Faraday constant and [X] is the concentration of the ion X. A 

58mV voltage change is therefore expected for a ten fold change in the 

concentration of the ion X. Sensitivity towards other ions present in solution might 

affect the response of the electrodes. This was found to be true for potassium- 

sensitive microelectrodes, as reported in section 2.5.3 of this chapter.

2.5.1 pH-sensitive microelectrodes

pH changes produced by glutamate uptake outside Müller cells were 

monitored using single-barrelled pH-sensitive microelectrodes constructed following 

the method described above. The tip of the electrode was filled with hydrogen ion 

ionophore 1 - Cocktail A (FLUKA) and backfilled with solution A of table 2.1. 

Measurements of extracellular pH changes were performed in extracellular solutions 

of low buffering power, containing only 0.05mM Hepes in order to increase the size 

of the pH change occurring. The electrodes were calibrated at the beginning of each 

experiment by perfusing solutions at pH=7.3 and 6.4, as shown in Fig. 2.9.

In hippocampal slices extracellular pH was monitored with a double-barrelled 

pH-sensitive microelectrode constructed as described in the previous section. The 

electrode was calibrated at the beginning and at the end of each slice by exposing 

it to solution at pH=6, 7.3 and 8.
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Fig. 2.9 Calibration of pH-sensitive microelectrode.

Voltage changes of a single-barrelled pH-sensitive microelectrode in response to 

solution G, (table 2.2) at pH = 7.3 and 6.4.
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2.5.2 Perchlorate-sensitive microelectrodes

The efflux of CIO/, previously loaded into the cell, during activation of the 

glutamate uptake carrier was monitored using an anion-sensitive microelectrode 

made as described above. The electrodes were filled with chloride ionophore 1 - 

Cocktail A (FLUKA) and back-filled with lOOmM NaCl. This resin is much more 

sensitive to CIO/ than to Cl so that micromolar levels of CIO/ could be detected 

in the presence of 127mM chloride in the external solution. Calibration curves were 

constructed by measuring the amplitude of the electrode responses to solutions 

containing 1, 10 and lOOfiM [CIO/], as shown in Fig. 2.10, to convert the electrode 

voltage changes into values of [CIO/].

2.5.3 Potassium-sensitive microelectrodes

Potassium-sensitive microelectrodes were used to monitor the efflux of 

potassium ions on the glutamate uptake carrier. The tip was filled with the - 

sensitive resin potassium ionophore 1 -Cocktail B (FLUKA) and backfilled with 

ImM KCl. Calibration curves were constructed measuring the response of the 

electrodes to 1,3 and lOpM [K^] (as in Fig. 2.10b) to convert electrode voltage into 

values of [K^] outside the cells. The slow electrode responses in Fig. 2.11a when 

the [K^] in the solution perfusing the bath was changed, do not reflect the response 

time of the electrode, but are due to slow changing of the bath [K^] by the perfusion 

system. In the presence of 108mM N a \ less than 1|liM  K^ could generally be 

detected. In the micromolar range of [K^] the electrodes showed a much less than 

Nemstian dependence of the electrode voltage on [K^], typically changing their 

voltage by less than 30mV per 10-fold change of [K ]̂o- This was probably due to 

the low level of [K"̂ ] compared to the [Na^] present, since above ImM [K^] the 

electrode potential followed the Nemst potential for K^. Indeed in zero sodium 

solution (as used for the experiment described in section 3.5, chapter 3) the 

electrodes became more sensitive to [K^] changes (Fig. 2.11b). Around 3|iM [K^] 

the sensitivity o f the electrodes to potassium in zero sodium solution was(mean±s.e., 

n=4) 1.9±0.5 times higher than with sodium-containing solution present.
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Fig. 2.10 Calibration of an anion-sensitive microelectrode, a Voltage changes of a 

CIO4 -sensitive microelectrode (ordinate) as a function of time during superfusion 

of C10/-free solution (Solution C, table 2.2) and the same solution containing 1, 10 

and lOOpM CIO/ b Plot of the electrode voltage as a function of the CIO/ 

concentration present in the superfused solution.

81



A0
B

00N.1
mV

-50

-  'V r r1
- T J f
—

ÎÔ
1 min  ̂_

—

-5 0 -
lOOpM [CIOJ

I : i I
1 10 100



Fig. 2.11 Calibration of a K^-sensitive microelectrode.

a Microelectrode voltage (ordinate) as a function of time (abscissa) during 

superfusion of nominally K^-free barium Ringer's (Solution D, table 2.2) and the 

same solution containing 1,3 and lOpM concentration. The electrode shows less 

than a 30mV voltage change for a 10-fold increase in potassium concentration, 

probably due to the presence of lOOmM sodium ions in the external solution, b 
Voltage changes of another potassium-sensitive micro electro de, in the presence and 

in the absence of extracellular sodium, in response to solution D or E (table 2.2) 

containing 1 and 5pM potassium concentration. For the calibration shown in the 

figure, at the 3pM concentration point, the electrode was 1.7 times more sensitive 

to potassium in sodium-free than in sodium-containing solution.
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2.6 W hole-cell patch-clamping

Glutamate uptake is an electrogenic process and thus it can be studied using 

whole-cell patch-clamping (Brew and Attwell, 1987) as described in chapter 1, 

section 1.3.

Patch-pipettes were pulled on a BBCH puller (Mecanex, Geneva) from thin- 

wall borosilicate glass capillary (Clark Electromedical GCTIOOTFIO). Typical 

electrode resistances were between 0.5 and 5MQ when the patch-pipettes were filled 

with solution Ai (table 2.4) and dipped into solution C (table 2.2). When in whole

cell mode, the series resistance was typically two fold higher than these values.

When the patch-pipette was lowered into the bath, its junction potential was 

offset to zero. The patch-pipette was then positioned next to the cell body of a 

Müller cell, brief suction was applied to the back of the pipette and a tight seal 

between the pipette and the cell membrane was obtained so that the pipette 

resistance rose to 1-5GQ. Further suction was applied to disrupt the patch of cell 

membrane beneath the pipette tip, to achieve the whole-cell configuration. The cell 

could then be voltage-clamped. The current was monitored as the voltage drop 

across the SOOMQ resistor of a current-to-voltage convertor (List Electronics EPC7), 

Pulses of lOmV amplitude were applied when in whole-cell mode and capacity 

transients were stored for later analysis of series resistance, membrane resistance and 

cell capacitance. The reference electrode was a silver:silver chloride pellet placed 

in the recording chamber.

2.6.1 Correction for electrode junction potential

Since the patch pipette and the external solution have different ionic 

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

external solution before forming a seal. The voltage-clamp potentials were corrected 

for junction potentials, as described by Fenwick et al. (1982). Junction potentials 

were measured as the difference between the zero current voltage obtained when the 

pipette and the bath contained intracellular medium, and the zero current voltage 

obtained when the bath solution was replaced by the extracellular medium used

85



while forming a seal. During this procedure, a 4M NaCl agar bridge was used for 

the reference electrode to avoid changes in reference electrode potential. Junction 

potentials measured for various intracellular media relative to extracellular solutions 

are given in tables 2.4, 2.5 and 2.6.

2.6.2 Analysis of cell capacitance and series resistance

The cell capacitance, the time constant o f the equilibration o f the cell voltage 

with the pipette voltage, the pipette resistance and the membrane resistance were 

obtained from the response to lOmV voltage-clamp pulses. As illustrated in Fig. 

2.12b, the cell membrane can be considered as a combination of a resistor and a 

capacitor placed in parallel; the patch pipette resistance is in series with those two 

components. A voltage step is predicted to produce a current change with a time 

course:

AI = AV(l+R^e''/R,)/(R^+R^) (35)

where AV is the voltage step, is the membrane resistance, Rp is the pipette series 

resistance and x is the time constant of the capacity current decay (Tessier-Lavigne 

et al. 1988).

The series resistance can be calculated from the ratio between the voltage 

step and the current at time zero:

Rp = AV/AIo (36)

The steady-state current (at time t=oo) is:

=  A V/(R^+Rp) (3 7 )

Given Rp from (36) the membrane resistance is:

Rm = A  V (I o - I J / ( U o )  (3 8 )
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Fig. 2.12 Analysis of a capacity transient.

a Current flowing in a whole-cell clamped Müller cell in response to a lOmV 

depolarizing pulse from the holding potential of -43mV. b Circuit equivalent of a 

whole-cell clamped cell. is the series resistance, is the membrane resistance 

and C^ is the membrane capacitance, c Semi-logarithmic plot of the current decay 

shown in a to its steady-state value (I^) as function of time. The regression line was 

best-fitted by a computer program. For this cell the series resistance was 3.5MQ, the 

cell capacitance was 197pF and the cell input resistance was 317MQ. t, the time 

constant of the current relaxation indicated by the triangle on the abscissa, was 0.69 

msec.
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Once Rp and are known, the equation (35) can be used to calculate the 

time constant x (by fitting the equation to the experimental current time course). 

Finally the cell capacitance is given by:

C = T(R^+Rp)/R^Rp (39)

which can be reduced to: C=x/Rp (Marty and Neher, 1983) when the cell input 

resistance is infinitely greater than the pipette resistance.

2.6.3 Voltage uniformity

Müller cells have a non-spherical shape and therefore it is important to assess 

the uniformity of the voltage- clamp. A Müller cell can be represented as a cylinder 

of diameter 9pm and length 100pm as shown in Fig. 2.13. In order to assess what 

was the voltage-clamp quality in the worst case, I assumed that the cell was voltage- 

clamped at one end (rather that in the middle as during the experiment). Electrically, 

the cell is treated as a one dimensional cable, voltage-clamped at one end and 

terminating in a resistor to ground at the other end (representing the vitreal endfoot 

of the cell which contains aver 90% of the cells resting conductance: Newman, 

1984). The behaviour of the voltage of one dimensional cable is defined by the 

cable equation:

X"d"V/dx" = T„dV/dt+V (40)

where V=voltage; x=distance; t=time; r„=membrane resistance per unit length; 

r;=cytoplasmic resistance per unit length; A<=space constant (V(r^/rj)); C„=membrane 

capacitance per unit length and

For voltage clamping the glutamate uptake carrier it is necessary only to 

consider the steady-state voltage profile. Because there are no time dependent 

changes, eqn. (40) becomes:

XMV/dx^-V = 0 (41)
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Fig.2.13 Schematic representation of a Müller cell used in section 2.6.3 to asses the 

uniformity of the voltage clamp. It was considered as a cylinder of length lOOfim 

and of diameter 9|j,m, electrically comparable to a finite one dimensional cable. Vq 

is the holding voltage at one end o f the cell where the whole-cell patch-pipette is 

located; r, and r^ are the cytoplasmic and the membrane resistance per unit of 

length; is the resistance to ground at the endfoot of the cell.
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The general solution for this eqn. is:

V = Ae’̂ ^ B e ’̂  ̂ (42)

where A and B are arbitrary constant to be determined by the boundary conditions. 

From the electrical model of Müller cell in Fig. 2.13 one boundary condition is 

obtained: at x=0 V is clamped at V .̂ Thus:

V„ = A+B (43)

The other boundary condition is obtained by considering the termination by the

resistor to ground, The axial current at the termination (x=L) must satisfy the

equation:

i, = (44)

Now

(dV/dx),,=L = -r.ia (45)

and combining eqns. (44) and (45) we obtain:

(dV/ck),=,= -q(V),=L/Re„d (46)

Substituting eqn. (42) and its derivative into eqn. (46) and rearranging, the 

following expression for A is obtained:

A = Be- '̂ [̂(R.„,-X,r.)/(R,„,+Xr,)] (47)

By using eqn. (43) and (47) to find A and B we arrive at the solution of eqn.

(40) which is specific for values of r„, r, and length,L:

V(x) = \o){[(K -l)/K ]e'^+(l/K )e-^} (48)
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where K = l+[e- (49)

The membrane resistance of a Müller cell membrane is normally about 

lOMQ at the endfoot, due to the potassium conductance which is localized in this 

part of the cell (Newman, 1984), and 167MQ spread over the rest of the cell. With 

the potassium conductance almost completely blocked by (Newman, 1986), the 

input resistance increases to 200MQ. Let us assume that in barium the measured 

input conductance is uniformly distributed over the cell. The input resistance 

multiplied by the total surface area of the cylinder gives the specific resistivity R^ 

as:

R^=(200Mn)(2.95 10 ")m" = 0 .59 in m ' (50)

The resistance per unit of length of the cylinder is then:

I'm = Rn, / 27ir

where r is the radius, i.e.

r„ = 0.59inm V(2)(3.14)(4.5 10")m = 20.9kQm (51)

The internal resistivity per unit of length, r̂ , can be calculated by dividing the 

resistivity of the cytoplasm, p=2Qm, for unit of length by the cross sectioned area 

of the cylinder:

rj = p /Ttr^

n = 2nm /(3.14)(4.5 lO")' m" = 3.14 10'°Qm ’ (52)

The space constant is given by:

X = V(r./r,)= V{20.9 10V(3.14 10“’)}= 816(im (53)
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Once X is known, if we assume that R^=9 2GH (the membrane resistance 

calculated for the endfoot with the potassium conductance blocked), then eqn. (49) 

can be used to calculate K (K=1.78). Replacing these values of K and X in eqn. 

(48), the voltage at 100|im distance from x=0 is

V(x-,oo™, = 0.989V„ (54)

Thus the voltage drop along the cell is only about 1.1% of the voltage applied at the 

electrode.

When glutamate is applied to a Müller cell it generates a maximum uptake 

current of about 400pA at -40mV, corresponding to a slope conductance of 10 *S 

(Brew and Attwell, 1987). Let us assume again that this is uniformly distributed 

over the whole cell. The new value of will be 0.295Qm \ thus r„=10.5knm and 

^=577|im. Using these new values in eqn. (48) we can calculate that the voltage at 

100pm from the patch-electrode will only be about 1.5% less than the applied 

voltage. Thus the voltage-clamp uniformity is only decreased by a small fraction in 

the presence of glutamate.

Some fluorescence experiments (chapter 4) were carried out on intact isolated 

cells, i.e. without whole-cell clamping. For this work, barium was left out of the 

external solution. In this situation the normal potassium conductance of the cell 

(which gives an input resistance of about lOMQ: Mobbs et al. 1988) keeps the cell 

voltage very close to its resting potential of -90mV: an increase in glutamate uptake 

current of 400pA will only generate a 4mV depolarization in a cell of lOMQ input 

resistance.

2.7 Intracellular recording of evoked action potential in DRG cells

To measure intracellular calcium concentration changes during firing of 

action potentials, DRG cells were first loaded with fura-2-dextran by pressure 

injection as described in section 2.4.5 of this chapter. The micropipette used for the 

dye injection was withdrawn and the cell culture medium was coated with a thick 

layer of paraffin oil to avoid evaporation of the medium. During this experiment
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cells were not supplied with COj (the pH change of the medium over a period of 

three hours, tested using the proton indicator BCECF, was not significant). After 

microinjection of fura-2-dextran, cells were allowed to recover for about 30 

minutes. The cell body of a selected cell was then reimpaled with a thick-wall glass 

microelectrode (Clark Electromedical, CG150F-TG) filled with 2M KCl, with a 

resistance o f lO-SOMO. The stimulation consisted of 5 current pulses each 5msec 

long at, lOOHz, of an amplitude sufficient to evoke a train of action potentials. The 

current protocol used for the stimulation was generated by 'PCLAMP' software 

(Axon Instruments, Foster City, CA). Recording of action potentials was made 

through a NeuroLog System preamplifier (NL102G) used in current clamp-mode, 

with an input resistance of 10*'Q  (much greater than the cell resistance). Digitized 

data were stored on the computer hard disk.

2.8 Extracellular recording of the EPSP and population spike in hippocampal 

slices.

A glass double-barrelled micro electro de (Clark Electromedical, TGC150-10) 

filled with IM  NaCl was used to stimulate the Schaffer collateral fibres, an afferent 

input to the CAl area of rat hippocampal slice (Fig. 2.14). Field potentials, of half 

maximal amplitude, were evoked at a frequency of 0.2Hz, with 300p,sec stimuli 

intensity typically of amplitude between 50 and lOOV. Extracellular field recordings 

of the excitatory post synaptic potentials and action potentials (population spike) 

were made through a thin-wall glass microelectrode filled with IM NaCl and placed 

in the pyramidal cell body layer or in the dendritic layer o f the CAl area. The 

recording electrode was connected to a preamplifier (List Electronics EPC7 used in 

current-clamp mode). The signal was digitized and stored on video tape. The 

reference electrode for the recording of EPSP was a chlorided silver wire placed in 

the recording chamber.
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Fig. 2.14 Schematic representation of a rat hippocampal slice. Neuronal input 

reaches the hippocampus via the perforant path (pp). Within the hippocampus proper 

information flows from the dentate gyrus (DG) to the area CA3 and then to area 

CAl. The stimulating electrode (a glass 0 microelectrode) was placed on the 

Schaffer collateral fibres (Sch), an afferent input to the pyramidal cells of the CAl 

area. To record the field extracellular postsynaptic potential the recording electrode 

was placed in the dendritic layer (stratum radiatum) of the hippocampal slice; 

recording from the CAl pyramidal cell body layer gave a signal reflecting both the 

epsp and field action potential (population spike).
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Table 2.1

External solutions used in experiments with undamped salamander retinal cells.

A = barium-free Ringer's 

B = barium-free Ringer's with or without HCO^

Concentrations are in mM.

A B

KCl 2.5 2.5

NaCl 104 104 or 119

MgCl^ 0.5 0.5

CaCl2 3 3

HEPES 5 5

Glucose 15 15

NaHCO] 15 or 0

pH 7.4 7.4

pH with NaOH 5%C02 - NaOH
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Table 2.2

External solutions used in experiments with whole-cell voltage-clamped Müller cells.

C = Ringer's containing barium 

D = potassium-free barium-containing Ringer's 

E = sodium- and potassium-free barium-containing Ringer's 

F = sodium-free barium-containing Ringer's 

G = barium-containing Ringer's with low Hepes

Concentrations are in mM.

C D E F G

KCl 2.5 2.5 2.5

CholineCl 108 104

NaCl 104 108 104

MgCl^ 0.5 0.5 0.5 0.5 0.5

CaCl2 3 3 3 3 3

BaCl2 6 6 6 6 6

HEPES 5 5 5 5 0.05

Glucose 15 15 15 15 15

pH 7.4 7.4 7.4 7.4 7.4

pH set with NaOH NaOH NMDG NaOH NaOH
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Table 2.3

External solutions used in experiments with rat hippocampal slices.

H = standard external solution 

I = HCO3 -buffered solution 

J = variable potassium solutions 

K = sodium-free solution 

L = calcium-free solution 

M = sodium- and calcium-free solution

Concentrations are in mM.

H I J K L M

KCl 2.5 2.5 50 or 2.5 1.5 2.5 1.5

CholineCl 0 or 47.5 141 141

NaCl 140 124 90 128

MgCl, 2 2 2 2 2 2

CaCl2 2.5 2.2 2.5 2.5

HEPES 10 10 10 10 10 10

NaHCO, 26

Glucose 10 10 10 10 10 10

NaH^PO, 1 1 1 1

KH2PO4 1 1

Na2sEGTA 5

NMDG-
EGTA

5

pH 7.4 7.4 7.4 7.4 7.4 7.4

pH set with NaOH 5%C02 NaOH NMDG NaOH NaOH
NMDG
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Table 2.4

Internal solutions 

Ai = control solution 

Bi = BCECF-containing solution 

Concentrations are in mM.

Ai Bi

KCl 95 95

HEPES 5 0.5

NaCl 5 5

Na^-ATP 5 5

MgCl; 7 7

CaClj 1 1

K25EGTA 5 5

BCECF 0.096

pH 7 7

pH set with KOH KOH

Tip potential -3mV -3mV
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Table 2.5

Internal solutions

Ci = solution containing anions: NO^ or CIO/ 

Di = control solution for anion experiments 

Ei = potassium-free solution containing CIO/

Fi = high sodium solution containing CIO/ 

Concentrations are in mM.

Ci Di

NaCl

NMDG-anion

KCl

K^-anion

K25EGTA

NMDG25-EGTA

HEPES

pH

pH set with 

Tip potential

112

5

5

7

KOH

112

5

7

KOH

-7mV

Ei

112

5

5

7

NMDG

+2mV

Fi

30

82

5

5

7

KOH

-4mV

tip potential for NO/-containing solution = -SmV 

tip potential for C10/-containing solution = -4mV
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Table 2.6

Internal solutions

Gi =control for HCO^ -containing solution 

Hi =solution containing HCO3' 

Concentrations are in mM.

KCl

HEPES

NaCl

NaHCOj

Mg-ATP

MgCl

CaCl

K25-EGTA

Acetazolamide

pH

pH set with 

Tip potential

Gi

95

5

10

5

2

1

5

1

7

KOH

-3mV

Hi

95

5

10

5

2

1

5

1

7

5% CO2 

-3mV
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Table 2.7 Calcium-free concentrations present in solutions used to calibrate the 

fluorescence signal of fura-2-dextran and fluorescence ratios of the dye obtained by 

dividing the background-corrected signals at 350nm and 380nm excitation wavelength. 

Solutions contained calcium-free BAPTA (8.8mM) and Ca-saturated BAPTA mixed at 

different volumetric ratios, as indicated, KCl 140mM, Hepes lOmM at pH 7.5. Free 

calcium concentrations were calculated using a Kd for BAPTA of 178nM (Molecular 

Probes, Oregon, USA). BAPTA concentration was titrated with Arsenazo III.

BAPTA CaBAPTA [Ca""](nM) Ratio
mean±sd (n=3)

1 0 0 0.577±0.072

3 1 59.3 0.579±0.096

1 1 178 0.708±0.123

1 3 534 1.134±0.12

1 6 1068 1.556+0.939
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Chapter 3

Counter-transport of potassium by the glutamate uptake carrier in glial cells 

isolated from the salamander retina

3.1 Introduction

In this chapter I describe experiments showing that potassium ions are transported 

out of the cell on the glutamate uptake carrier. To put this work in perspective, figure

3.1 summarizes earlier data showing the effect of potassium on the uptake carrier in 

salamander Müller cells (Barbour et al. 1988). Fig. 3.1a shows the glutamate uptake- 

evoked current measured in whole-cell voltage-clamped Müller cells as a function of the 

internal potassium concentration (i.e. the [K^] in the whole-cell pipette). The uptake 

current is activated by intracellular potassium following a first order Michaelis-Menten 

relation. This suggests that the binding of one potassium ion to the carrier at the inner 

face of the membrane is needed to activate uptake. This activation could reflect the 

presence of a potassium binding site which allosterically regulates the rate of uptake, or 

could reflect an obligatory transport of potassium ions out of the cell on the uptake 

carrier. In an attempt to distinguish between these possibilities Barbour et al. (1988) did 

the experiment shown in Fig. 3.1b. This shows the uptake current evoked by glutamate 

with different extracellular potassium concentrations. The uptake current is inhibited by 

raising the extracellular potassium concentration consistent with potassium being 

transported out of the cell, rather than binding to an allosteric regulatory site. (Barbour 

et al (1988) showed that the suppressive effect of extracellular potassium was not due 

to the potassium competing for the sodium binding sites on the carrier). These data 

confirmed earlier radio-tracing observations of effects of potassium on the transport of 

glutamate in membrane vesicles not voltage-clamped obtained from rat brain (Kanner 

and Sharon, 1978).

In contrast, however, Schwartz and Tachibana (1990) were unable to reproduce 

the activating effect of whole-cell pipette potassium on transport of glutamate in the 

same type of glial cells that Barbour et al (1988) studied. Szatkowski et al (1991)
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Fig. 3.1 From Barbour et al. (1 9 8 8 ). Dependence of the glutamate (30 |liM ) uptake 

current at -40mV, in salamander Müller cells, on the intracellular and the extracellular 

potassium concentrations, a Uptake of glutamate was activated by internal (i.e. patch- 

pipette) potassium. The glutamate uptake current on the graphs was normalized by the 

cell capacitance to compensate for cells being of different sizes, b Uptake of glutamate 

was inhibited by increasing the extracellular potassium concentration.
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suggested that the failure of Schwartz and Tachibana (1990) to demonstrate the 

activating effect of pipette potassium was due to their whole-cell pipettes being too 

small to dialyse the cell contents adequately. In view of this controversy, and the 

importance of understanding the stoichiometry of the glutamate uptake process (see 

chapter 1), I was interested in testing directly whether the high affinity glutamate uptake 

carrier in Müller cells counter-transports potassium ions. The experimental approach 

used was to measure the potassium concentration just outside the cell during activation 

of the glutamate transporter. A second aim for this study was to understand how 

glutamate uptake might affect the extracellular potassium concentration in the nervous 

system.

3.2 M ethods

Efflux of potassium ions was monitored using a potassium-sensitive microelectrode 

(chapter 2, section 2.5.3) placed just outside the membrane of a whole-cell voltage- 

clamped Müller cell as shown in Fig. 2.8 (chapter 2).

In order to avoid the flow of superfusion solution dissipating any potassium ion 

concentration gradient around the cell membrane, glutamate uptake was activated in a 

non-flowing solution containing glutamate by hyperpolarizing the cell membrane. This 

method relies on the voltage-dependence of the uptake process: as illustrated in Fig. 3.2, 

the amplitude of the current produced by uptake of glutamate is small at positive 

potentials and large at negative potentials (Brew and Attwell, 1987). Thus, with 

glutamate in the external solution, the membrane potential was first held at around 

+20mV at which voltage the carrier is largely inhibited, and then stepped to a value 

around -80mV (for about 10 seconds) where the carrier operates at high rate.

The solutions used in the experiments reported here are listed in tables 2.2 

(solutions D-E). The extracellular solution was always potassium-free, since in 2.5mM 

extracellular potassium (the physiological external potassium concentration) small 

micromolar changes in extracellular potassium concentration produced by the uptake 

carrier would not have been detected by the potassium-sensitive microelectrode. Control 

experiments show that, for normal intracellular potassium concentration, lowering the 

external potassium concentration from 2.5mM to OmM has little effect on the uptake
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Fig. 3.2 From Brew and Attwell (1987). Voltage-dependence of the glutamate uptake 

current in Müller cells. Glutamate uptake was monitored in a whole-cell voltage-clamped 

Müller cell at different membrane potentials (abscissa). Uptake was activated by 

iontophoresis of L-glutamate.
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current (Barbour et al. 1988). Furthermore, 6mM barium was included in the external 

solution to block the cells' inward-rectifying potassium channels (Newman, 1985; Brew 

and Attwell, 1987) and thus prevented changes of current flow through these channels 

altering the extracellular potassium concentration when the membrane potential was 

altered.

Analysis of the data was performed using a set of programs written by Dr P. 

Mobbs and running on a PDF 11/73 computer. The analysis consisted of averaging at 

least three of the responses of the potassium-sensitive micro electro de during repeated 

voltage steps and subtracting records obtained in the presence and absence of glutamate.

The potassium-sensitive microelectrode was calibrated at the beginning and at the 

end of studying each cell by monitoring its response to solution containing 1, 3 and 

lOpM KC (chapter 2, section 2.5.3 and Fig. 2.11a).

3.3 [K l̂o changes produced by glutamate uptake

After being calibrated, a potassium electrode was moved up towards the cell with 

glutamate-free solution still in the recording chamber, while the cell membrane potential 

was held at +20mV. Throughout the experiment, the relative position of the cell and 

electrode were controlled (and kept constant whenever measurements were made) by 

observing a TV monitor linked to a camera on the microscope. When the potassium 

electrode was placed close to the cell membrane an increase in the extracellular 

potassium concentration (above the nominally zero level in the solution) was detected, 

typically around 3|iM. The membrane was then polarized (typically from +20mV 

to -80mV) still without glutamate present in the external solution, and the potassium 

electrode monitored a decrease in the external potassium concentration near the cell 

surface (Fig. 3.3a). The non-zero level of potassium concentration outside the cell, and 

the decrease on stepping the membrane potential to a negative voltage, could be due to 

an efflux of potassium ions across the cell membrane or through the seal between the 

patch electrode and the cell, which is large at positive voltages but suppressed at 

negative voltages (see below).

The cell was then perfused with a solution containing 100)iM L-glutamate for 

a period sufficient for the glutamate-free solution in the recording chamber to be
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Fig. 3.3 Glutamate uptake induces a rise in [K ]̂o-

Potassium concentration changes recorded outside a Müller cell during membrane 

hyperpolarization from +17mV to -75mV (top trace), a In the absence of external 

glutamate the potassium-sensitive microelectrode detected a non-zero potassium 

concentration outside the cell membrane (not shown), and a decrease in potassium 

concentration during the negative voltage step, b In the presence of lOOpM L-glutamate 

the voltage step activated glutamate uptake and the potassium concentration rose outside 

the cell membrane, c Difference between record 3.3b and 3.3a showing the true size of 

potassium concentration change produced by activation of glutamate uptake.
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completely displaced by the glutamate-containing solution. The solution flow was then 

stopped. When the voltage protocol described above for glutamate-free solution was 

applied in the presence of external glutamate (i.e. stepping the membrane voltage from 

+20mV to -80mV), the potassium electrode measured an increase in potassium 

concentration outside the cell surface (Fig. 3.3b). This suggests that potassium was 

transported out of the cell on the glutamate uptake carrier.

Since the process causing the potassium concentration decrease on 

hyperpolarization, seen in the absence of glutamate, was presumably still operating in 

the presence of glutamate, the difference was taken between the increase and the 

decrease in [K^]  ̂ measured in the presence and in the absence of glutamate, to obtain 

the [ K \  change produced by activation of the glutamate uptake carrier. The trace 

illustrating this difference is shown in Fig. 3.3c. The small size of the [K^] change 

occurring made non-linearity in the [K^]-dependence of the electrode voltage of little 

importance in this subtraction: over the range of the [K^] changes occurring the slope 

of the dependence of electrode voltage on [K^] varied by about 10%. The subsequent 

figures in this chapter are difference records obtained as in Fig. 3.3c. The magnitude of 

the uptake-evoked [K^]o change outside 17 cells was 1.0±0.2|xM (mean±s.e.).

The decrease in [K^]^ evoked by negative voltage steps in glutamate-free solution 

was often larger that the one shown in Fig. 3.3a. Furthermore, outside some cells a 

decrease of [K ]̂o was even seen in glutamate-containing solution: in such cases, 

however, the decrease seen with glutamate present was always smaller than the decrease 

seen in the absence of glutamate so that the difference record (glutamate present- 

glutamate absent) always showed a rise in [K^]q.

There are several possible causes of the non-zero [K^] outside the cells, and the 

decrease in [K ]̂o produced by stepping to a negative voltage in the absence of 

glutamate. At positive potentials there may be an efflux of through membrane 

potassium channels. However barium was present to block the inward rectifying 

potassium channels. Furthermore over 90% of these potassium channels are located in 

the vitreal endfoot of the Müller cells (Newman, 1985), while the potassium electrode 

was always placed outside the cell soma where there is a low density of inward 

rectifying channels (and some of the experiments were on Müller cells which had lost 

their endfoot during the dissociation procedure). In addition, applying 4-aminopyridine 

(5mM) and cadmium (2mM), which block I^-type and calcium-activated potassium
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currents present in these cells (Newman, 1985), did not prevent the [K^J  ̂ decrease seen 

in glutamate-free solution (8 cells, data not shown).

Another potential source of potassium in the absence of glutamate is from the 

patch pipette, across the seal with the cell membrane. If half of the typical seal 

conductance of InS is due to potassium ions then, with the voltage held at +20mV and 

the Nemst potential for potassium at -80mV (and in fact, with no added external 

potassium, is much more negative), a 5 Op A efflux of potassium is expected across 

the seal. This is similar to the size of the potassium efflux expected from the glutamate 

uptake carriers in the cell soma (see section 3.4), showing that suppression of the 

potassium efflux across the seal is expected to produce a fall o f [K^]o comparable in 

magnitude to the rise of [K^]„ produced by glutamate uptake.

3.4 Prediction of potassium efflux on the glutamate uptake carrier

The [K ]̂o rise produced by activating glutamate uptake is roughly in accordance 

with the amount of potassium which is expected to accumulate outside the cell on 

activating the glutamate uptake carrier. For the uptake stoichiometry mentioned in 

chapter 1, section 1.3, one ion is transported out of the cell for each unitary charge 

transported into the cell. Thus, for an uptake current I, the flux across the cell surface 

should be I/F, where F is the Faraday constant. This flux will diffuse into the 

surrounding medium down its concentration gradient. If  the diffusion coefficient of 

potassium is D, and Müller cell body is treated simplistically as a sphere of radius a, 

then in the steady-state the variation of potassium concentration, c, with radius from the 

centre of the cell can be calculated by solving the diffusion equation:

I/F=-D47cr^dc/dr (3.1)

Rearranging, and integrating between the cell surface (r=a) and infinity, as indicated by 

the following equation:

(I/FD47C) Zdr/r' = -/dc (3.2)
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we get:

I/FD47ca = C,-C^ (3.4)

Since Cg-C* is equal to the increase in concentration at the cell surface, the eqn. 

(3.4) can be rewritten as:

'c e ll surface = I/FD47ca (3.5)

Taking I=50pA since only about one third of a typical uptake current of 15 Op A 

at -80mV (mean value in 17 cells was 158±23pA) is across the cell body, 

D=2.5 10'^m^s'  ̂ (Hamed and Nuttall, 1949), and a=7pm, this predicts a [K^]o rise outside 

the cell membrane of 2.4pM. The experimentally observed value (1.0±0.2pM, section 

3.3) is therefore of the same order of magnitude as the theoretical prediction. The 

difference between the theoretical and experimental values will be considered in chapter 

7.

3.5 Sodium-dependence of the uptake-evoked [K^], rise

Glutamate uptake is partly driven by the co-transport of sodium ions into the cell, 

and is inhibited by removing external sodium (Hertz, 1979; Brew and Attwell, 1987). 

When the experiment described in section 3.3 was repeated in the absence of 

extracellular sodium (NaCl replaced by choline-Cl and NaOH replaced by N-methyl-D- 

glucamine: solution E, table 2.2), the [K^]o rise was also abolished (Fig. 3.4). Although 

it is not shown in Fig 3.4, in all the cells studied the glutamate uptake-evoked efflux of 

potassium was always monitored in 108mM external sodium before and after testing the 

response in zero sodium. The potassium electrode was calibrated as described in chapter 

2, section 2.5.3 both in control and in sodium-free Ringer's and the voltage response of 

the potassium electrode in extracellular solution lacking sodium was scaled down to 

compensate for the increased potassium-sensitivity of the electrode in this solution. 

Results similar to those in Fig. 3.4 were obtained in 4 cells.
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Fig. 3.4 Sodium-dependence of the potassium rise.

Sodium-dependence of the glutamate-evoked rise of [K^Jo evoked by lOOpM L- 

glutamate. Difference traces obtained as in Fig. 3.3c, showing the [K"̂ ] change outside 

a Müller cell during hyperpolarizing steps (voltage protocol shown as bottom trace) in 

solutions containing either normal external sodium or no sodium (replaced by choline). 

After obtaining the record shown, glutamate- and sodium-containing solution was 

reapplied and hyperpolarization again evoked a [K^]o rise.
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3.6 Pharmacology of the (K ]̂„ rise

The glutamate-evoked current in salamander retinal glial cells exhibits the 

pharmacology of glutamate uptake and not that of glutamate-gated ion channels (Brew 

and Attwell, 1987). However, I considered it important to investigate the pharmacology 

of the glutamate-evoked potassium rise, since an efflux of potassium ions might be 

expected through glutamate-gated cation channels.

The protocol described in section 3.3 was repeated in the presence of several 

glutamate receptor agonists. Fig. 3.5a shows that when the membrane potential was 

hyperpolarized in the presence of extracellular N-Methyl-D-Aspartate (NMDA, lOOfiM), 

which activates the NMDA class of ionotropic glutamate receptors, no potassium rise 

was observed. A similar result was obtained with lOOpM quisqualate (Fig. 3.4a) which 

activates non-NMDA ionotropic receptors and also metabotropic receptors. In 6 cells the 

[K^]o changes produced by lOOpM L-glutamate, NMDA and quisqualate had relative 

values of 1, 0.07+0.05 and 0.05+0.06 (mean±s.e.) respectively. The response to NMDA 

was studied in the presence of 0.5mM MgClj and in the absence of added glycine 

because this was the solution used to study the glutamate-evoked potassium rise.

Schwartz (1993) has proposed that, in salamander Muller cells, glutamate closes 

inwardly-rectifying potassium channels by acting on metabotropic receptors. However 

such an effect cannot underlie the [K^]o changes shown in Fig. 3.3 for the following 

reasons. First, barium was present in these experiments to block the inward rectifying 

channels. Second, no potassium concentration rise occurs in the presence of quisqualate, 

although quisqualate did close inward rectifying channels in the study of Schwartz 

(1993). Third, closing of potassium channels by glutamate could reduce a [K ]̂o decrease 

produced by a hyperpolarization-evoked suppression of the efflux through these 

channels, but could not generate an absolute increase of [K^]^ as seen in Fig. 3.1b.

The high affinity glutamate uptake carrier also transports the glutamate analogue 

D-aspartate (Brew and Attwell, 1987). Fig. 3.5a shows that uptake of 100|iM D- 

aspartate also produced an increase in extracellular potassium concentration. However, 

D-aspartate evokes less uptake current and less [K^]o rise than L-glutamate, presumably 

because it is taken up at a lower rate (Barbour et al. 1991). To compare the ratio of 

potassium transported to charge transported for these analogues, in Fig. 3.5b the 

increases in potassium concentration accompanying aspartate and glutamate uptake were
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Fig. 3.5 Pharmacology of the [K^]o rise: NMDA and quisqualate.

Difference records obtained as in Fig. 3.3c from one cell showing a [K^]o rise evoked 

by a negative voltage step in the presence of lOOjuM L-glutamate but not in the presence 

of lOOfiM of the glutamate analogues NMDA and quisqualate (voltage protocol shown 

by bottom trace).

120



4 sec

A[k ]
3ioM

L-GLU

MMDA

+ 17mV

Q ÜIS

-77mV

121



Fig. 3.6 Pharmacology of the [K^]„ rise: D-aspartate.

a Data from one cell showing that both D-aspartate and L-glutamate (lOOpM) evoked 

a [K^]o rise during activation of the glutamate uptake carrier by hyperpolarizing the cell 

membrane from +20mV to -77mV (voltage protocol shown by bottom bar). The 

aspartate-induced [K^]o change was smaller, as was its uptake current, b The D- 

aspartate-induced [K^]o rise was scaled up by the ratio between the glutamate- and the 

aspartate-evoked uptake current to show that the ratio of the rise in potassium 

concentration to the uptake current is the same for L-glutamate and D-aspartate.
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normalized by their respective uptake currents. The rise in [K^]„ divided by the increase 

in uptake current evoked by the voltage step was found to be similar for D-aspartate and 

L-glutamate. The ratio of this parameter for aspartate to that for glutamate was 

(mean±s.e.) 1.02±0.19 (n=8). This suggests that the ratio of potassium transported to 

charge transported is similar for aspartate and glutamate uptake, consistent with the 

carrier stoichiometry being the same for these two analogues.

3.7 Voltage-dependence of the [K'̂ Jo rise

As described in section 3.2, the glutamate uptake current is larger at more 

negative voltages. To test whether the uptake-evoked potassium efflux was also larger 

at negative potentials, the potassium concentration was monitored while hyperpolarizing 

the cell membrane to various test potentials from +3mV to -83mV, in the absence or 

presence of 20 0 |liM  L-glutamate. Fig. 3.6a shows that the uptake-evoked potassium rise 

was larger at negative voltages (all traces in Fig 3.6a are difference records obtained by 

subtracting [K^]o data during pulses to the same potential with and without glutamate 

present). When the potassium concentration change and the glutamate uptake current 

were plotted as a function of the membrane voltage (Fig. 3.6b), the [K^]o rise was found 

to be proportional to the uptake current. This implies that the ratio of potassium 

transported out of the cell to charge transported is constant over the voltage range 

studied, suggesting that the stoichiometry of the uptake carrier is independent of the 

membrane potential. A similar proportionality between the potassium efflux and the 

glutamate uptake current was observed in another 3 cells.

3.8 Summary

The data presented in this chapter show that hyperpolarizing Müller cells in the 

presence o f extracellular glutamate, to activate glutamate uptake, leads to a rise of [K^]o 

outside the cell. This [K^Jo rise has the sodium-dependence, voltage-dependence and the 

pharmacology of glutamate uptake. Thus, the potassium rise is not produced by an efflux 

of potassium ions through ion channels linked to NMDA receptors or non-NMDA
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Fig. 3.7 Voltage-dependence of the glutamate-evoked [K^]^ rise, 

a Difference traces obtained as in Fig. 3.3c showing the rise in [K^]o (data from one 

cell) evoked by hyperpolarizing the cell membrane from its holding potential at +17mV 

to various test potentials, b Plot of the [K^]o change (open circles) measured 9 seconds 

after the start of the hyperpolarizing pulse and the corresponding glutamate uptake 

current (filled circles) as a function of the test potentials (abscissa). Since the glutamate 

uptake current was activated by stepping the membrane voltage from +17mV to various 

holding potentials, the graph shows the increase in uptake current from its value at 

+17mV. The curve was fitted by eye. The curve was plotted below the horizontal axis 

because the glutamate-evoked current is inward.
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receptors (activated by quisqualate), nor by a secondary consequence of activation of 

quisqualate-sensitive metabotropic receptors.
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Chapter 4

The high-affinity glutamate uptake carrier in Müller cells counter-transports 

pH-changing anions

4.1 Introduction

In this chapter I describe experiments showing that the high-affinity 

glutamate uptake carrier in Müller cells transports pH-changing anions, either OH 

or HCO3, out of the cell.

This chapter describes three sets of experiments. First, I show that glutamate 

uptake generates an intracellular acidification and an extracellular alkalinization. 

Results in the second section show that these pH changes are not a consequence of 

sodium loading of the cell leading to secondary activation of pH-regulating carriers. 

The third set of experiments shows that the glutamate-evoked pH changes are 

generated by a pH-changing anion being transported out of the cell on the glutamate 

uptake carrier, rather than a proton being transported in.

4.2 L-glutamate induces an intracellular acidification in Müller cells

Intracellular pH changes were monitored during glutamate uptake using the 

pH-sensitive dye BCECF. Initial experiments were performed in undamped (and 

therefore non-dialysed Müller cells) loaded with the membrane permeant 

acetoxymethyl ester of BCECF (BCECF-AM) (see section 2.4.3, chapter 2). In these 

experiments with non-voltage-clamped cells, barium was left out of the extracellular 

solution so that uptake would not depolarize intact Müller cells more than a few mV 

from their -90mV resting potential: without barium present the cell input resistance 

is lOMQ (Mobbs et al. 1988) and the maximum uptake current at a resting potential 

of -90mV is 380pA (Brew and Attwell, 1987).

Fig. 4.1a shows that activation of glutamate uptake by perfusion of lOOfiM
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L-glutamate onto the cell led to a decrease of the fluorescence signal produced by 

the dye BCECF excited at 490nm and emitted at 530nm wavelength (chapter 2, 

section 2.4.2). Control experiments (Fig. 4.1b) showed that glutamate evoked no 

change in the fluorescence of BCECF excited at 440nm, i.e. close to the wavelength 

at which BCECF fluorescence is independent of the pH (Rink et al. 1982). Thus the 

fluorescence change excited at 490nm is not an artefact due to, for example, a 

change in cell thickness due to cell swelling or loss of dye from the cell, and thus 

indicates that the intracellular pH became more acid.

The fluorescence signal excited at 490nm was calibrated following the

method described by Eisner et al (1988). Applying the weak base trimethylamine 

(TMA) at two different concentrations, 2.5mM and 5mM, generated intracellular 

alkalinizations, and perfusion of 5mM Na-acetate produced an intracellular 

acidification. These responses were used to convert changes of fluorescence to pH 

changes as described in chapter 2, section 2.4.4. The calibration derived in this way 

was extremely similar to that obtained by using the in vitro calibration curve for 

BCECF provided by Rink et al (1982). Their curve suggests that a 6% decrease of 

fluorescence around pH 7.0 implies an acidification of 0.064 pH units. For the cell 

in Fig. 4.1a, the Eisner et al (1988) calibration predicted that a 6% decrease of 

fluorescence would correspond to an acidification of 0.064 pH units. In 10

undamped Müller cells the intracellular acid pH shift was (mean±s.e.) 0.11±0.02

units 20 seconds after starting superfusion of lOOpM L-glutamate.

In experiments described later, performed in whole-cell voltage-clamped 

Müller cells, the mean intracellular acidification, induced by glutamate uptake, was 

found to be 0.23+0.04 pH units (mean+s.e.) Possible explanations for the difference 

in the magnitude of the intracellular acidification between non-voltage-clamped and 

voltage-clamped cells will be given in chapter 7.

Schwartz and Tachibana (1990) failed to observe a glutamate-evoked pH 

change in salamander Müller cells loaded with BCECF-AM. Since they used a 

longer loading period than I did (60 minutes instead of 30 minutes loading in 

BCECF-AM) I thought it worth investigating whether the loading process itself 

reduced the glutamate uptake current and thus reduced the pH change generated by 

uptake. To test this, the uptake current evoked by 30pM L-glutamate was measured 

in cells loaded with BCECF-AM in the presence of DMSO and pluronic acid, and
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Fig. 4.1 Glutamate-induced intracellular acidification in isolated non-voltage- 

clamped (i.e. non-dialysed) Müller cells.

a Changes in the fluorescence of the pH-sensitive dye BCECF evoked by applying 

lOOpM L-glutamate, 5 and 2.5mM of the weak base trimethylamine (TMA), and 

5mM of the weak acid Na-acetate (Ac) to a Müller cell (loaded with the 

acetoxymethyl ester of BCECF). The fluorescence signal was obtained exciting the 

dye with 490nm wavelength light and monitoring the fluorescence emitted at 530nm 

wavelength. The signal was calibrated using the fluorescence changes produced by 

the weak base and by the weak acid, following the procedure of Eisner et al. (1988) 

described in section 2.4.4, chapter 2. The glutamate response corresponded to a 

7.5% decrease of BCECF fluorescence.

b lOOfiM L-glutamate was applied to an undamped Müller cell, loaded with 

BCECF-AM, during excitation first at 440nm and then at 490nm wavelength. The 

fluorescence signal at 440nm was scaled up by a factor of 4.9 to have the same pre

glutamate baseline as the signal at 490nm, so that any fractional change of 

fluorescence would generate a signal of the same size in both records. Since no 

fluorescence change was monitored at 440nm excitation wavelength in response to 

glutamate, the fluorescence change observed at 490nm excitation wavelength reflects 

a real intracellular acidification.
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in unloaded cells, by whole-cell clamping the cells. The glutamate uptake current 

in six cells loaded with BCECF was not significantly different from the current in 

six unloaded cells. The ratio Igiu,.BCECF/Igiu,+BCECF was (mean+s.d.) 0.96+0.21. Thus the 

failure of Schwartz and Tachibana (1990) to observe the pH change shown in Fig. 

4.1a remains unexplained.

The experiments in Fig. 4.1 were done in solution using Hepes as an 

extracellular pH buffer. In vivo the pH changes generated by glutamate might be 

expected to be smaller because of the presence of CO^/HCO^ as a pH buffer. To test 

this, intracellular pH changes induced by lOOpM L-glutamate in undamped cells 

(loaded with BCECF-AM) in the presence of a physiological concentration of HCOf 

as the external pH buffer were compared with the pH changes evoked in the same 

cells in solution containing 5mM Hepes - the external pH buffer used in most of the 

experiments (Fig. 4.2). When the external solution was buffered with HCO^ the 

intracellular pH change was reduced by 44%±9% (mean+s.e.) in 6 cells. Thus, in 

vivo, the pH change generated by lOOfiM glutamate is expected to be about 0.06 

units (56% of the average 0.11 pH unit change seen in 5mM Hepes solution).

4.3 Activation of glutamate uptake induces an extracellular alkalinization

Data presented below will suggest that the pH change described above is 

associated with the activity of the glutamate uptake carrier. A priori, entry of 

glutamate into the cell via uptake could produce an intracellular acidification in 

several ways. First, the increase in intracellular sodium concentration accompanying 

glutamate uptake could stimulate the activity of the Na^-K^ ATPase, leading to a fall 

of the ATP/ADP ratio and a stimulation of cell metabolism resulting in an 

intracellular acidification. Second, the rise in glutamate concentration in the cell 

could result in its metabolism producing an intracellular acidification. For example, 

glutamate can be converted to a-ketoglutarate by glutamate dehydrogenase (a 

reaction which releases protons), it can be converted to glutamine by glutamine 

synthetase (using up ATP and stimulating respiration), it can be converted to y- 

aminobutyric acid (GABA) by glutamate decarboxylase (releasing COj), and finally 

it is a substrate for a number of transaminases supplying the Kreb's cycle. If  the
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Fig. 4.2 Glutamate-induced pH changes in undamped Müller cells perfused with 

Ringer's buffered either with HCO^ or Hepes.

Fluorescence signal from an undamped Müller cell loaded with the pH-sensitive 

fluorescent dye BCECF-AM excited at 490nm and emitted at 530nm wavelength. 

Changes in the fluorescence of BCECF were produced by lOOpM L-glutamate first 

with the cell bathed in solution buffered with H CO/ and then in solution buffered 

with Hepes (solution B, table 2.1). In the presence of external Hepes the intracellular 

pH change in response to glutamate was significantly larger.
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intracellular acidification described above is a secondary consequence of metabolism 

following glutamate uptake, then this should also be accompanied by an extracellular 

acidification because of the release of protons, CO^ and perhaps lactic acid into the 

extracellular space. On the other hand, if the glutamate uptake carrier generates the 

intracellular acidification more directly, for example by transporting a pH-changing 

ion (an out of the cell or an OH into the cell), the uptake process should 

produce an extracellular alkalinization.

To distinguish these possibilities, extracellular pH changes generated by 

glutamate uptake were monitored using a pH-sensitive microelectrode outside 

isolated whole-cell clamped Müller cells. First, the pH electrode was calibrated as 

described in chapter 2 (section 2.5.1) and then, with the electrode close to the cell, 

glutamate uptake was activated. To avoid dissipation of any pH gradient outside the 

cell, uptake of glutamate was not activated by flowing a glutamate-containing 

solution over the cell. Instead the strong voltage-dependence of uptake (Brew and 

Attwell, 1987) was used to activate uptake in a non-flowing solution containing 

lOOpM L-glutamate. The cell was initially clamped to a positive potential (typically 

+10mV) where uptake occurs very slowly. As described in chapter 3, uptake is slow 

at positive potentials because the uptake carrier transports a net positive charge into 

the cell on each carrier cycle, and at a positive membrane potential this charge 

movement is slowed. Then the membrane potential was stepped to around -70mV. 

With glutamate in the external solution this voltage step greatly increases the 

glutamate uptake current (Brew and Attwell, 1987), presumably because glutamate 

uptake is greatly speeded. With external glutamate present, a negative voltage step 

produced an extracellular alkalinization. Repeating the voltage step in non-flowing 

solution containing no glutamate produced no external pH change (Fig. 4.3).

For these experiments the external solution contained a reduced concentration 

o f Hepes (50|iM) to increase the pH changes occurring (and 6mM barium was also 

added to block the inward rectifying potassium channels that provide most of the 

cell's potassium conductance: see section 2.6.3, chapter 2). The position of the pH 

electrode close to the cell membrane (about 3 pm away) was constantly observed on 

a TV monitor linked to a TV camera on the microscope, so that the distance was the 

same for solutions with and without glutamate. In 5 cells studied the extracellular 

alkalinization was (mean±s.e.) 0.044+0.016 pH units, and this was associated with
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Fig. 4.3 Extracellular pH changes measured with a pH-sensitive microelectrode 

outside a whole-cell voltage-clamped Müller cell.

Uptake of glutamate was activated by hyperpolarizing the cell membrane from the 

holding voltage of +7mV to -70mV (voltage protocol shown by bottom bar). 

Hyperpolarizing the cell membrane in the presence of Ringer's (solution G, table 

2.2) containing 30pM L-glutamate to activate uptake induced an extracellular 

alkalinization. When the same voltage protocol was applied to the same cell in the 

absence of L-glutamate no extracellular pH change was detected.
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a mean increase of uptake current on hyperpolarization of 145pA (measured as the 

increase in inward current produced by the voltage step with glutamate present 

minus that with glutamate absent).

4.4 Pharmacology of the intracellular acidification

The existence of the intracellular acidification and the extracellular 

alkalinization described above suggests that applying glutamate leads to a movement 

of pH-changing ions across the membrane of Müller cells, and that these pH 

changes are not a secondary consequence of glutamate metabolism. Müller cells are 

known to express glutamate uptake carriers which transport L-glutamate, and D- and 

L-aspartate, but are not activated by glutamate receptor agonists such as NMD A, 

quisqualate and kainate (Brew and Attwell, 1987). They do not express glutamate- 

activated cation channels of the NMDA, kainate or AMP A type (Brew and Attwell, 

1987) but Schwartz (1993) has shown that glutamate can activate quisqualate- 

sensitive metabotropic receptors in these cells, which close the inward-rectifying K- 

channels of the cell membrane. To test whether the acidification evoked by 

glutamate in Müller cells was produced by uptake of L-glutamate or by activation 

of a metabotropic receptor, I studied its pharmacological profile.

Applying SOpM NMDA, quisqualate, kainate and trans-ACPD to undamped 

Müller cells had no effect on the intracellular pH. However, the non-metabolized 

analogue D-aspartate, which is taken up by the glutamate transporter (Brew and 

Attwell, 1987), produced an intracellular acidification. The amplitude of the 

intracellular pH change evoked by D-aspartate was smaller than the one induced by 

L-glutamate (Fig. 4.4), presumably because D-aspartate is taken up at a lower rate 

than L-glutamate (Brew and Attwell, 1987). On average, the pH change produced 

by L-glutamate, D-aspartate, trans-ACPD, kainate, quisqualate and AMPA had the 

relative values (mean±s.e.) 1, 0.47±0.05 (11 cells), 0.023+0.025 (5 cells), -0.01±0.06 

(7 cells), 0 (10 cells), 0 (5 cells) and 0 (5 cells) respectively.

The lack of response to the glutamate analogues trans-ACPD, NMDA, 

quisqualate and kainate shows that the acidification is not produced by the activation 

of metabotropic receptors nor by activation of conventional glutamate-gated cation
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Fig. 4.4 Pharmacology of the glutamate-induced intracellular acidification in 

undamped Müller cells.

Changes in the fluorescence signal produced by the pH-sensitive dye BCECF-AM 

(excited at 490nm and emitted at 530nm wavelength) in response to (30pM) 

NMDA, kainate (KA), AMPA, ACPD, D-aspartate (D-asp) and L-glutamate (L-glu). 

Decrease of the fluorescence signal produced by L-glutamate and D-aspartate 

corresponds to intracellular acidification.
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channels. The fact that the non-metabolized analogue D-aspartate produces an 

acidification reinforces the conclusion reached above that metabolism of glutamate 

is not involved. In summary, the pharmacology of the acidification is consistent with 

it being produced by glutamate uptake.

4.5 Intracellular pH changes monitored in Müller cells and retinal neurons 

using video imaging microscopy

Radiotracing studies suggest that glutamate is taken up preferentially into 

Müller cells rather than into neurons in retinae of the frog (Kennedy et al. 1974), 

rat (White and Neal, 1976) and rabbit (Ehinger, 1977). To determine whether the 

glutamate-evoked pH change is also larger in Müller cells than in retinal neurons, 

the intracellular pH in these cells was monitored simultaneously using video imaging 

fluorescence microscopy. Undamped Müller cells and neurons were isolated from 

the salamander retina by papain dissociation and loaded with BCECF-AM. The 

fluorescence image was gathered from a field of view containing different type of 

cells including Müller cells and different type of neurons. The dye was excited with 

500nm and 450nm wavelength light using narrow pass filters positioned 

mechanically in front of the light beam at intervals of about 3 seconds. Images of 

the fluorescent cells were stored for the two excitation wavelengths, background 

corrected and ratioed by the computer, as described in chapter 2 (section 2.4.6). 

Images of the cells were displayed on a TV monitor together with a colour scale 

indicating the ratio of the fluorescence signal excited at 500nm to that excited at 

450nm. The fluorescence was not calibrated absolutely in terms of pH. Analysis was 

performed by averaging the fluorescence ratio over a number of pixels delimited by 

circles centred on the cells of interest. Fluorescence ratios of a Müller cell and a 

bipolar cell are plotted as a function of time in Fig. 4.5. The graph shows that 

application of L-glutamate and D-aspartate (30|iM) caused a reversible decrease in 

the fluorescence ratio in the Müller cell but, not in the bipolar neuron. Results 

similar to those in Fig. 4.5 were obtained in another 4 Müller cells and 4 neurons 

studied simultaneously. Occurrence of the pH change in Müller cells (as reported for 

experiments with a photomultiplier in sections 4.2.2 and 4.2.3) but not in neurons
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Fig 4.5 Effect of L-glutamate and D-aspartate (30|iM) on the intracellular pH 

monitored by video imaging fluorescence microscopy, of a Müller cell and a bipolar. 

L-glutamate and D-aspartate induced a fall in the fluorescence ratio of BCECF in 

the Müller cell (top trace) but not in the bipolar cell (bottom trace). The ratio plotted 

is the background-corrected fluorescence signal obtained by exciting BCECF at 

500nm, divided by the background-corrected signal at 450nm excitation wavelength 

(the emitted fluorescence was monitored at 530nm wavelength). Drift in the 

fluorescence baseline is probably due to photobleaching of the dye because of 

continuous exposure to the UV light.
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is consistent with it being generated by glutamate uptake, most o f which is in Müller 

cells. However, these experiments would not have detected a localized pH change 

generated in neuronal axon terminals by any glutamate uptake present there, because 

most o f the neurons isolated from the retina had lost their terminals in the cell 

isolation process.

The pH measurements on Müller cells described in the rest of this chapter 

were made using a photomultiplier as in section 4.2 and 4.4 (and not by video 

imaging microscopy).

4.6 Sodium-dependence of the intracellular acidification

Glutamate uptake into Müller cells is driven partly by the co-transport of 

sodium ions into the cell, and is inhibited by removing extracellular sodium (Brew 

and Attwell, 1987). I therefore investigated whether the glutamate-induced 

intracellular acidification was also sodium-dependent. This experiment was carried 

out on whole-cell voltage-clamped Müller cells loaded with BCECF (in the form of 

the free acid) via the patch-pipette. This technique allowed simultaneous monitoring 

of the intracellular pH changes and the membrane current produced by glutamate 

uptake, while voltage-clamping the cell membrane at -43mV. Fig. 4.6 shows that 

both the acidification inside the cell and the uptake current were abolished in 

sodium-free external solution (sodium replaced by choline: solution F, table 2.2). 

Changes of pH and membrane current evoked by 30pM glutamate were recorded in 

sodium-containing solution before and after recording the lack of such changes in 

the same cell in zero sodium. Data similar to those in Fig. 4.6 were obtained from 

all four cells studied, consistent with the intracellular pH change being generated by 

glutamate uptake.

4.7 Effect of DIDS and amiloride on the intracellular pH change

The experiments described in the previous sections show that the intracellular 

acidification evoked in Müller cells by glutamate is triggered by uptake o f the
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Fig. 4.6 Dependence on external sodium of the glutamate-induced intracellular 

acidification in a whole-cell voltage-clamped Müller cell.

Current (top trace) and fluorescence signal (bottom trace) from a cell, at -43mV, 

loaded with the pH-sensitive dye BCECF via the patch-pipette (internal solution Bi, 

table 2.4). The fluorescence of BCECF was excited at 490nm and emitted at 530nm 

wavelength. Applying 30|iM L-glutamate in Ringer's containing 104mM sodium 

(solution C, table 2.2) induced an inward uptake current and a fall in the 

fluorescence signal corresponding to intracellular acidification. Applying 30|iM L- 

glutamate in the absence of external sodium (solution E, table 2.2) generated neither 

an uptake current nor an intracellular acidification. The glutamate-induced uptake 

current and intracellular acidification were then monitored again in Ringer's 

containing 104mM sodium.
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Fig. 4.7 Schematic diagram representing the stoichiometry of two sodium-dependent 

pH-regulating carriers present in the plasma membrane of salamander Müller cells.
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neurotransmitter glutamate. There are at least two ways in which this could occur. 

First, the glutamate uptake carrier might transport a pH-changing ion across the cell 

membrane (either an into the cell or an OH or HCO^ out of the cell). 

Alternatively, the influx of sodium ions on the uptake carrier, and the consequent 

increase o f the sodium concentration inside the cell, could affect the activity of two 

sodium-dependent pH-regulating carriers: the Na-HCO^ co-transporter and the 

Na^/H^ exchanger (the stoichiometries of which are shown in Fig. 4.7), making the 

intracellular pH more acid and the extracellular pH more alkaline. To test the latter 

hypothesis, the pH change evoked by lOOfiM glutamate was measured with the Na^- 

HCO3 co-transporter blocked with 0.5mM 4.4'-diisothiocyanatostilbene-2,2'- 

disulphonic acid (DIDS) which inhibits the N a-H C O 3 co-transporter by 96% in 

salamander Müller cells (Newman and Astion, 1991), or in the presence of ImM 

amiloride which blocks the Na^/H^ exchanger by 90% (Putnam et al. 1986).

In the presence of DIDS the glutamate-induced uptake current was inhibited 

by 49%±7%, presumably because DIDS slows the activity of the uptake carrier (see 

below), and the intracellular acidification was reduced by a similar fraction. The 

ratio of the pH change, normalized by the uptake current, in the presence and in the 

absence of DIDS was (mean+s.e.) (ApH/I)+giDs/(ApH/I)_DiDs^ 1.11+0.1 (n=7) (Fig. 

4.8). Inhibition of the uptake current and pH change by DIDS is probably a result 

of DIDS binding to an anion binding site on the uptake carrier, the existence of 

which is shown below. Applying ImM amiloride did not change the size of the 

intracellular pH change significantly: in 5 cells the ratio of the pH change/uptake 

current with and without amiloride was (mean+s.e.) (ApH/I)+a„i,„jde/(^pH/I).annioridc 

=0.95+0.04 (Fig. 4.9). Normalization by uptake current was performed to 

compensate for a slight rundown of the uptake current with time.

These results rule out the possibility that the glutamate-evoked intracellular 

acidification is produced as an indirect consequence of the sodium influx on the 

uptake carrier, and suggest that the carrier generates the pH change directly by 

transporting a pH-changing ion.
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Fig 4.8 Effect of DIDS on the glutamate-induced intracellular acidification in whole

cell voltage-clamped Müller cells.

Current (top trace) and fluorescence signal (bottom trace) from a cell, voltage 

clamped at -43mV, and loaded with BCECF via the patch-pipette (solution Bi, table

2.4). The fluorescence of BCECF was excited at 490nm and emitted at 530nm 

wavelength. In the presence of 0.5mM DIDS, which blocks the Na-HCO^ 

cotransporter (Newman, 1991), both the inward current and the intracellular 

acidification induced by 30|iM L-glutamate were reduced by 50% compared to the 

responses in control Ringer's. This is probably due to DIDS binding to the anion 

binding site on the uptake carrier which transports OH /HCO^ out of the cell (see 

text).
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Fig 4.9 Effect of amiloride on the glutamate-evoked intracellular acidification in 

whole-cell voltage-clamped Müller cells.

Current and fluorescence signal from a cell, voltage-clamped at -43mV and loaded 

with the pH-sensitive dye BCECF via the patch-pipette (internal solution Bi, table

2.4). The fluorescence of the dye was excited at 490nm and emitted at 530nm 

wavelength. Applying lOOpM L-glutamate induced an inward uptake current (top 

trace) and a fall in the fluorescence signal (bottom trace) corresponding to 

intracellular acidification. This was of similar size in the absence and in the presence 

of lOOfjM external amiloride which blocks the Na^/H^ exchanger (Putnam et al. 

1986). Dashed lines extrapolate the pre-glutamate fluorescence baseline for clarity.
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4.8 Effects o f internal anions on the glutamate uptake current

If the glutamate uptake carrier generates the observed pH changes directly, 

it might do so in one of two ways: it could transport either an into the cell or a 

pH-changing anion (like OH or HCO3 ) out of the cell. To investigate which of 

these two processes takes place, the following approach was used. Focussing on the 

possibility that the uptake carrier transports an anion (say OH ) out of the cell (rather 

than an H^ into the cell), I attempted to find another anion which could compete 

with OH anions for binding to the glutamate uptake carrier. The idea was that if 

such an anion could be found, it might be transported at a different rate to the 

normally transported OH and thus generate a different size of uptake current. With 

this aim, internal (i.e. whole-cell pipette) Cl anions (which are known not to be 

transported by the glutamate uptake carrier in Müller cells (Barbour et al. 1991)) 

were replaced with other anions: NO3 or CIO4 (solutions Ci, table 2.5). Fig. 4.10 

shows the effect of these anions on the glutamate uptake current in Müller cells 

voltage-clamped at -43mV. The data in Fig. 4.10 are from different cells, selected 

to have uptake currents of average size for each intracellular anion. Replacing Cl' 

with NO3 or CIO4 increased the uptake current. The relative amplitude of the 

currents evoked by 30|iM L-glutamate, normalized by the cell capacitance (to 

compensate for cells being of different size) in cells studied with pipettes containing 

Cl', NO3' and CIO4 were (meanis.e.): 1 (28), 2.4+0.3 (18) and 2.8±0.4 (10) 

respectively.

4.9 How does CIO/ enhance glutamate uptake in Müller cells?

There are at least two mechanisms by which the anions CIO/ and NO3 could 

increase the uptake current. One hypothesis is that they activate the carrier 

allosterically. If this was true, and the intracellular acidification and extracellular 

alkalinization were generated by the transport of a proton into the cell, then the 

uptake-evoked extracellular alkalinization (measured as a fall of [H^]o) should be 

increased in proportion to the increase of the uptake current produced by these 

anions. Alternatively they might bind to the putative anion-binding site on the
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Fig. 4.10 Glutamate uptake currents in the presence of different intracellular anions. 

Specimen records of the current evoked by 30pM L-glutamate monitored in Müller 

cells voltage-clamped at -43 mV and filled (via the patch-pipette) with internal 

solutions containing the anions Cl’, NO^ and CIO/ (solution Ci, table 2.5). Current 

has been normalized by cell capacitance to compensate for cells of different surface 

area. Although the currents shown are from different cells, they have been selected 

to show typical relative values of current for different internal solutions.
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uptake carrier more strongly than the normally transported OH or HCO^, and then 

be transported out of the cell at a higher rate. In this second case, they should 

increase the uptake current as is observed (see previous section), but they should 

also reduce the extracellular alkalinization per uptake current: NO3 and CIO/ are 

the salts of strong acids and will not alter the pH when released at the outer surface 

of the cell membrane. To test which of these two hypotheses was true, I compared 

the extracellular pH change measured with either CIO/ or Cl' inside the cells.

The experiment was carried out on two sets of cells dissociated from the 

same retina. Cells in one set were whole-cell patch-clamped with the internal 

solution containing CIO/, while the other group of cells had Cl' as their main 

internal anion. Fig. 4.11 shows that the extracellular alkalinization, normalized by 

the uptake current/cell capacitance, was reduced when Cl' was replaced by CIO/ 

In 5 cell pairs the normalized pH change (per pA of uptake current) was (mean+s.e.) 

0.032+0.006 with internal Cl' and 0.011+0.001 with internal CIO/. Similar results 

were obtained by D. Attwell and co-workers for cells studied with N O / inside the 

cell (in 5 cell pairs, the normalized ApH^ was 0.035+0.005 with Cl', and 

0.0067+0.002 with NO/).

These data suggest that the glutamate uptake carrier transports a pH-changing 

anion out of the cell and that intracellular CIO/ and NO3' can compete for 

transport on this site.

4.10 Detection of CIO/ efflux outside Müller cells during activation of glutamate 

uptake

To demonstrate more directly the counter-transport of anions on the uptake 

carrier, a C10/-sensitive microelectrode was devised (see section 2 .5 .2 , chapter 2). 

An efflux of CIO/, during activation of glutamate uptake in cells clamped with 

whole-cell pipette containing CIO/, was detected by positioning such a 

microelectrode just outside cells voltage-clamped to -43mV (Fig. 2 .8 ). Unlike in the 

previous experiments performed with pH- and potassium-sensitive microelectrodes, 

uptake was activated by simply perfusing solution C (table 2 .2 ) containing 30 |liM  

L-glutamate over the cells.
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Fig 4.11 Extracellular pH changes monitored with a pH-sensitive microelectrode 

outside two voltage-clamped Müller cells, one filled with Cl and the other one filled 

with CIO/ (solution Di and Ci, respectively, table 2.5). Glutamate uptake was 

activated by hyperpolarizing the cell membrane from +7mV to -70mV (voltage 

protocol shown by bottom bar) in the presence of 30p.M L-glutamate. The 

extracellular pH change was normalized by the uptake current/cell capacitance to 

give the effective H^/OH movement per carrier cycle in cells of different surface 

areas.
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The anion-sensitive micro electro de was first calibrated as described in 

chapter 2 (section 2.5.2) and then placed a few microns away from the cell. When 

cells were filled with CIO/ from the whole-cell pipette, the extracellular CIO/ - 

sensitive electrode detected a non-zero CIO/ concentration just outside the cell 

membrane, typically around lOpM in magnitude. This leak of CIO/ out of the cell 

might be due to CIO/ flowing through chloride channels in the cell membrane. 

However, anthracene-9-carboxylic acid (9AC, 400pM, added to the internal 

solution), which blocks chloride channels (Palade and Barchi, 1987), had no obvious 

effect on the steady-state CIO/ concentration outside the cell. This suggests either 

that CIO/ passes through Cl' channels which are insensitive to 9AC, or that it 

crosses the membrane on an anion carrier or through the seal between the patch- 

pipette and the cell; these possibilities were not tested further.

Application of 30pM L-glutamate to 5 cells clamped with electrodes 

containing CIO/ generated an inward current of (mean±s.e.) 327.8±55.6pA 

at -40mV, and an accumulation o f CIO/ (5.4±1.6|iM) was detected outside the cells 

by the anion-sensitive microelectrode (Fig. 4.12). Application of 30pM L-glutamate 

to 4 cells clamped with pipettes containing Cl induced an uptake current of 

109+18.6pA while the ClO^'-sensitive micro electro de outside the cells did not show 

any voltage change (Fig. 4.12), implying that no change in the concentration of 

extracellular CIO/ (or other detectable anion) was detected.

Using a procedure similar to the one described in section 3.4, it is possible 

to show (by solving equation 3.5) that the rise in [C10/]„ detected just outside the 

cell is roughly consistent with the amount of CIO/ expected to accumulate outside 

the cell during uptake of glutamate, assuming that one net positive charge enters the 

cell with each glutamate, and that CIO/ is transported on 64% of carrier cycles 

(consistent with CIO/ increasing the uptake current 2.8 fold). In fact, using the 

values D=2 lO'^m^ s '\  I=(328x0.64)/3pA (since only one third of the uptake current 

is across the cell body) a=7|im in eqn. 3.5, the rise in [CIO/] outside the cell body 

is predicted to be 4 |iM.
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Fig. 4.12 Glutamate uptake evokes a CIO/ efflux from Müller cells filled with 

CIO/

Specimen records are shown of uptake currents (top trace), induced by 30|iM L- 

glutamate at -43mV, and responses of an anion-sensitive microelectrode (bottom 

trace) placed outside two Müller cells one filled with CIO/ and the other filled with 

Cl (solution Ci and Di, respectively, table 2.5). In the presence o f internal CIO/ 

(but not with Cl ) the electrode detected an efflux of CIO/. For this experiment a 

5mV voltage change in the electrode response corresponded to a 6.8pM change of 

CIO/ concentration.
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4.11 Voltage-dependence of the CIO/ efflux

In Fig. 3.2, the voltage dependence of the glutamate uptake current shows 

that uptake of glutamate is greater at more negative potentials. To test whether the 

CIO/ efflux had the same voltage-dependence as glutamate uptake, the cell 

membrane was voltage-clamped at different test potentials from -60mV to +40mV 

and both the uptake current and the CIO/ efflux were monitored during application 

of 30|iM L-glutamate. Fig. 4.13 shows the CIO/ concentration change (0) and the 

uptake current (♦  ) for one cell as a function of the membrane voltage. In all three 

cells studied the CIO/ efflux increased in proportion to the uptake current at more 

negative potentials, i.e. the CIO/ efflux has the same voltage-dependence as the 

uptake current. Thus, the ratio of CIO/ transported to charge transported is the same 

over the voltage range studied, suggesting that the stoichiometry of the carrier is 

independent o f the membrane potential.

4.12 Pharm acology of the CIO/ efflux

In salamander retinal cones, glutamate has been shown to open anion 

channels which are also opened by kainate (garantis et al. 1988). To check that the 

glutamate-evoked CIO/ accumulation outside Müller cells did reflect the activity of 

the glutamate uptake carrier and not the opening of glutamate-gated anion channels, 

the pharmacology of this response was investigated (Fig. 4.14). Changes of 

extracellular CIO/ concentration evoked by 30|iM L-glutamate, D-aspartate and the 

glutamate receptor agonists NMDA, kainate and quisqualate (which activates 

ionotropic and metabotropic receptors) were recorded. NMDA, kainate and 

quisqualate did not produce any membrane current in Müller cells clamped 

to -43mV with pipettes containing CIO/ consistent with the pharmacology of 

glutamate uptake in earlier work (Brew and Attwell, 1987). These analogues also 

did not produce any CIO/ accumulation outside the cell. However, D-aspartate, 

which also activates the uptake carrier and generates an inward membrane current, 

also induced an efflux of CIO/ out of the cell. Thus the pharmacology of the CIO/ 

efflux is identical to that of glutamate uptake. Results similar to those in Fig. 4.14
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Fig. 4.13 Voltage-dependence of the glutamate uptake current and o f the CIO/ 

efflux for a cell filled with CIO/ (solution Ci, table 2.5). The glutamate uptake 

current (0) and CIO/ (♦  ) efflux (ordinate) evoked by 30|iM L-glutamate were 

plotted as a function of the membrane potential (abscissa). The graph is below the 

horizontal axis because the uptake current is inward.
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Fig. 4.14 Pharmacology of the CIO/ efflux from a Müller cell filled with CIO/ 

(solution Ci, table 2.5).

Uptake current at -43mV (top trace), and extracellular CIO/ accumulation (bottom 

trace) induced by 30pM L-glutamate (GLU), D-aspartate (ASP), NMDA, kainate 

(KA) and quisqualate (QUIS).
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were obtained in another 4 cells studied.

As was mentioned in section 4.4 of this chapter, in control conditions, with 

Cl inside the cell, the glutamate analogue D-aspartate produces a smaller current 

than L-glutamate presumably because it is transported at a lower rate (Barbour et 

al, 1991). However, Fig. 4.14 shows that with CIO/ inside the cell aspartate and 

glutamate produced similar currents, suggesting that CIO/ increased the maximum 

velocity of uptake for aspartate relative to that for glutamate. This effect of CIO/ 

on the rate o f D-aspartate uptake was not investigated further.

4.13 Dependence of the CIO/ efflux on external sodium

To confirm further that the CIO/ accumulating outside the cell is transported 

out on the glutamate uptake carrier, the effect of removing external sodium on the 

efflux of CIO/ was investigated. Uptake of glutamate in the absence of CIO/ is 

abolished in the absence of sodium ions outside the cell. The experiment was carried 

out in Müller cells clamped at -43mV with pipettes containing CIO/ as the main 

anion, by monitoring both the uptake current and the CIO/ concentration change 

outside the cell produced by 30pM L-glutamate. Fig. 4.15 shows the results obtained 

in one of the 6 cells studied: in sodium-free external solution (sodium replaced by 

choline), the uptake current was completely abolished and the anion-sensitive 

microelectrode did not detect any CIO/ efflux. When L-glutamate was applied in 

a physiological concentration of external sodium (107mM) an uptake current was 

activated as well as an efflux of CIO/ Thus, the glutamate-evoked accumulation of 

CIO/ outside Müller cells is sodium-dependent like glutamate uptake.

4.14 Dependence of the glutamate uptake current on internal potassium with 

CIO/ present in the patch-pipette

The experiments in the preceding sections with CIO/ inside imply that the 

uptake carrier still transports Na^ into the cell when CIO/ is present inside the cell. 

Barbour et al (1988) have shown that high affinity uptake of glutamate (with Cl'

168



Fig. 4.15 Dependence of the CIO/ efflux on external sodium concentration for a 

Müller cell filled with CIO/ (solution Ci, table 2.5).

Specimen records are shown of the current (top trace) and CIO/ accumulation 

(bottom trace) evoked by 30pM L-glutamate, for a cell voltage-clamped at -43mV, 

in the absence (solution E, table 2.2) and in the presence of extracellular sodium 

(solution C, table 2.2). In sodium-free external solution, both the uptake current and 

the CIO/ accumulation outside the cell were abolished.
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inside the cell) is inhibited by lowering the intracellular potassium concentration (see 

Fig. 3.1b, chapter 3). I wanted to check whether this was also true with C IO / inside 

the cell, in case the presence of C IO / radically changed the stoichiometry of the 

uptake carrier. The experiment was performed on whole-cell clamped Müller cells 

with the patch-pipette medium containing 112mM KCIO4, and cells in which the 

internal potassium was replaced by N-methyl-D-glucamine (NMDG). For this 

experiment only cells clamped with patch-pipettes of series resistance lower than 

lOMQ were considered. This was done with the aim of ensuring that the zero- 

potassium patch-pipette solution dialysed the cell contents and removed intracellular 

potassium adequately (Szatkowski et al. 1991; see section 3.1, chapter 3). Uptake 

of glutamate was recorded by monitoring the inward current at -43 mV in response 

to 30|iM L-glutamate. With C IO / inside the cell, in the absence of pipette potassium 

ions the uptake current was inhibited by (mean±s.d.) 74.5% +ll%  (n=10) compared 

to the situation with potassium present (Fig. 4.16). This is a large reduction, but is 

less then that obtained by Barbour et al (1988) when the internal potassium was 

lowered to zero with Cl inside the cell (95% see Fig. 3.1, chapter 3).

One possible explanation for the smaller inhibition of glutamate uptake on 

lowering the intracellular potassium concentration with CIO/ inside, than with Cl' 

inside, is that CIO/ changes the affinity of the carrier for potassium, so that the 

degree of inhibition found by Barbour et al (1988) is seen only when the carrier 

transports a physiological anion such as OH or H CO / Supporting this possibility, 

the affinity of the carrier for internal potassium is much higher when aspartate is 

transported than when glutamate is transported (Barbour et al. 1991) and, as a result 

of this, removing pipette potassium (which cannot completely lower the cell [K^] to 

zero) results in less inhibition of the aspartate uptake current than of the glutamate 

uptake current (Szatkowski et al. 1991). The affinity of the carrier for potassium 

with CIO/ inside was not investigated further.

These data show that glutamate uptake is still highly potassium-dependent 

when CIO/ is present inside the cell.
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Fig. 4.16 Dependence of the glutamate uptake current on the [K̂ lpipettc with CIO/ 

inside Müller cells.

Specimen records of uptake current evoked by 30|iM L-glutamate from two Müller 

cells voltage-clamped at -43mV. The internal solution contained CIO/ as the main 

internal anion and either 112mM or OmM potassium (potassium was replaced by 

NMDG: solutions Ci and Ei, respectively, table 2.5). The omission of internal 

potassium resulted in a large reduction of the glutamate uptake current.
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4.15 Effect of increasing the concentration of internal sodium on the CIO/ 

efflux

Uptake of glutamate is accompanied by the co-transport of sodium ions into 

the cell, which will lead to an increase of the intracellular sodium concentration 

during transport of the amino acid into the cell. In fact, if two sodium ions and one 

net positive charge are transported into the cell on each carrier cycle, a sodium flux 

2I/F is expected to enter the cell, where I is the uptake current and F is the Faraday 

constant. If I is 400pA and the volume of the cell is assumed to be 7.85x10 *̂1 

(treating a Müller cell as a cylinder of diameter 10pm and length 100pm), a 

concentration increase of about ImM/sec occurs during uptake of glutamate 

(ignoring diffusion to the whole-cell pipette). This accumulation of sodium inside 

the cell (predicted to be about 20mM, 20seconds after the onset of glutamate 

application) could affect the N a-H C O / co-transporter, inducing it to run backwards 

and perhaps transporting CIO/ out of the cell instead of H CO /

To test the hypothesis that the observed CIO/ efflux is not on the uptake 

carrier, but on a different Na^-dependent anion carrier, the intracellular sodium 

concentration was increased from 2.5mM (the usual value for these experiments) to 

3 OmM. The aim was to reduce the fractional increase of sodium concentration 

occurring inside the cell during the activation of glutamate uptake.

Specimen records of the uptake current and the CIO/ efflux in two different 

Müller cells whole-cell voltage-clamped to -43mV with pipettes containing 2.5 and 

3OmM Na^ are shown in Fig. 4.17. The amplitude of the CIO/ efflux (normalized 

by the uptake current/cell capacitance) with low internal sodium was (mean±s.d.) 

2.14±I.63pM per pA/pF (n=5) and with 3OmM internal sodium concentration was 

3.11±I.45pM per pA/pF (n=5), i.e. not significantly different. This result suggests 

that the N a-H C O / co-transporter is not involved in generating the CIO/ efflux.

4.16 Effect of harmaline on the CIO/ efflux

To further check for lack of involvement of the N a-H C O / co-transporter in 

generating the CIO/ efflux, 2mM harmaline was applied. This blocks the Na-HCO^
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Fig. 4.17 Dependence on the of the CIO/ accumulation outside Müller

cells filled with CIO/ .

Typical records showing the response of an anion-sensitive microelectrode placed 

outside two Müller cells voltage-clamped at -43mV during activation of glutamate 

uptake by perfusion of Ringer's containing BOpM L-glutamate. The patch-pipette 

solution contained either OmM or 30mM sodium (solution Ci and Fi, respectively, 

table 2.5) to investigate the effect on the CIO/ efflux of reducing the fractional 

change of intracellular sodium concentration occurring during uptake of glutamate. 

The CIO/ concentration change outside the cell was normalized by uptake 

current/capacitance to normalize for cells having different sizes, and also different 

uptake currents due to the difference in intracellular [Na^].
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co-transporter by 71.7% in Müller cells (Newman and Astion, 1991). For 5 Müller 

cells clamped to -43mV with pipettes containing CIO/, the CIO/ concentration rise 

outside the cell evoked by 30pM L-glutamate was measured with and without 

harmaline present. The CIO/ efflux (normalized by uptake current to compensate for 

slight rundown of the current) was not significantly affected by adding harmaline: 

the ratio of A[C104'] per pA of uptake current in the presence of harmaline to that 

in the absence of harmaline was (mean±s.e.) 1.28±0.39. This again implies that the 

CIO/ efflux is not caused by secondary effects of a raised [Na^]; on the Na-HCO^ 

co-transporter.

4.17 Is OH or H CO / transported out of the cell by the glutamate uptake 

carrier?

The data reported in the previous sections suggest that the glutamate uptake 

carrier generates an extracellular alkalinization and an intracellular acidification by 

counter-transporting a pH changing anion, presumably an OH or H CO / In my 

experimental conditions there was no H CO / added to the internal or external 

solutions. In vivo, however, there will be approximately lOmM HCOg inside the 

cells (assuming a pH of 7.0 and 40mmHg partial pressure of C O J The following 

considerations suggest that, in my experiments, OH and not HCO^ is the pH- 

changing anion counter-transported. First, calculations presented in chapter 7 show 

that the observed change in intracellular pH is approximately consistent with one 

OH being transported per carrier cycle, but would require 9 H C O / to be transported 

per carrier cycle. Secondly, these calculations also show that there is not enough 

H C O / in the cell in my experiments to generate the observed uptake current. Third, 

a demonstration that H CO/ transport is not obligatory in my experimental conditions 

was obtained by monitoring the glutamate-induced intracellular pH change in 

undamped cells (loaded with BCECF-AM) with carbonic anhydrase blocked by 

lOOpM extracellular acetazolamide. In other cells inhibition of carbonic anhydrase 

with this dose of acetazolamide greatly reduces pH changes produced by 

transmembrane movement of H CO/ anions (Kaila et al. 1990). The results shown 

in Fig. 4.18 demonstrate that the intracellular pH change was not significantly
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Fig. 4.18 Effect of acetazolamide on the intracellular acidification in undamped 

Müller cells.

Fluorescence signal from a Müller cell loaded with the pH-sensitive dye BCECF- 

AM, excited at 490nm and emitted at 530nm wavelength. lOOfiM L-glutamate, 

applied in the presence and in the absence of 100|iM external acetazolamide, 

produced a fall in fluorescence, corresponding to intracellular acidification, of 

similar size. Dashed lines extrapolate the pre-glutamate fluorescence baseline for 

clarity.
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different in the presence and in the absence of acetazolamide. The change in 

fluorescence (proportional to the pH change) with carbonic anhydrase blocked by 

acetazolamide was (mean±s.e.) 0.92+0.07 of its control value with acetazolamide.

It is obviously of interest to know whether, in vivo. HCO^ might be 

transported. To investigate this, the uptake current evoked by 30|liM L-glutamate at - 

43 mV was compared in two groups of cells filled with the standard internal solution 

(solution Gi, table 2.6) and with solution containing lOmM HCO^ (solution Hi, table

2.6). On average the cells with intracellular HCOf showed an uptake current that 

was larger by (mean+s.e.) 39±18% (n=10) (Fig. 4.19). This suggests that in vivo 

HCO3 might be transported on a significant fraction of carrier cycles.
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Fig. 4.19 Effect of internal HCO^ on the glutamate uptake current in whole-cell 

voltage-clamped Müller cells.

Typical records o f the uptake current (normalized by cell capacitance to compensate 

for cells having different surface areas) evoked by application of 30|aM L-glutamate 

at -43 mV. The internal solution was either nominally HCO^ -free (solution Gi, table

2.6) or contained lOmM HCO3'(solution Hi, table 2.6). Adding lOmM HCO3 to the 

internal solution enhanced the uptake current.
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Chapter 5

Intracellular pH changes produced by glutamate uptake in rat hippocampal 

slices

5.1 Introduction

The results in the previous chapter showed that in salamander retinal glial 

cells glutamate enters the cell with two or more sodiun ions, while one potassium 

ion and a hydroxide or bicarbonate anion are transported out of the cell. As a result 

of this stoichiometry, the counter-transport of an OH/HCO^ anion leads to the 

inside of the cell becoming more acid.

The experiments described in this chapter were carried out on cells of the 

intact hippocampal slice with the aim of determining whether the uptake 

stoichiometry proposed for salamander cells holds more generally for mammalian 

cells. In particular, I was interested in determining whether the transport of 

glutamate generates intracellular pH changes similar to those produced by glutamate 

uptake in Müller cells.

5.2 Methods

Hippocampal slices (300|im thick), loaded with the pH fluorescent dye 

BCECF-AM (see section 2.4.3, chapter 2), were placed in a chamber on a fixed 

stage microscope, in which they were supported on a nylon mesh and held down 

with two small platinum wires, while solution H (table 2.3) was perfused above and 

below them. Slice viability was checked by recording extracellularly from the cell 

soma layer of area CAl while stimulating the afferent Schaffer collaterals with a 

bipolar electrode (theta glass filled with external solution) (Fig. 2.14, chapter 2), 

and observing the field e.p.s.p. and population spike (Fig. 5.1). The recording 

electrode was usually removed when making fluorescence measurements of pH. In
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most of the experiments the BCECF fluorescence was gathered from a 80pm square 

area centred on the apical dendrites of the CAl pyramidal cells and including the 

layer of pyramidal cell bodies at one side of the field of view.

Changes of pH were quantified by measuring the fluorescence change 

evoked after glutamate (or an analogue) had been present for a fixed time (typically

2.5 minutes). Baseline trends existing before glutamate was applied (particularly 

severe when sodium/proton exchange was blocked with amiloride or when zero 

external sodium concentration was perfused, as in Figs. 5.6a and 5.8b) were 

subtracted, to provide an estimate of the extra acidification evoked by glutamate. 

Glutamate-evoked pH changes in the presence of various pharmacological blockers 

were usually quantified by comparing them with the average of corresponding pH 

changes produced in control solution (lacking blockers) before and after the 

measurement made in the blockers.

The experiments described below employed an extracellular solution 

buffered with Hepes (solution H, table 2.3) instead of the more conventional 

CO2/HCO3 buffer (solution I, table 2.3). This probably reduced the intracellular 

buffering power, making it easier to detect uptake-evoked changes of intracellular 

pH. In addition, the use of Hepes avoided the occurrence of transient intracellular 

alkalinizations often seen when stopping the flow of one CO2/HCO3 -buffered 

solution over the slice and starting the flow of another solution: these alkalinizations 

were probably caused by loss of CO^ from the solution which had been standing 

stationary in the inlet tube between its reservoir and the experimental chamber.

Use of Hepes instead of CO^/HCO^ has been reported to affect the electrical 

properties of hippocampal neurons (Church, 1992). The field e.p.s.p. and population 

spike, evoked in the area CAl pyramidal cell dendrite and soma layers on 

stimulating the Schaffer collaterals with a half-maximal stimulus, were compared 

in solutions buffered to pH 7.4 with 5% C02/26mM HCO3 or with Hepes (Fig. 

5.1). On average, in 4 slices, the field e.p.s.p. in the dendrite layer was reduced by 

11±3% (mean±s.e.) in Hepes (compared to CO2/HCO3' Krebs), and the population 

spike was increased by 35±10%. Applying Hepes solution also produced a small 

alkaline shift (0.31+0.2 units in 4 slices) of the mean intracellular pH. These 

changes are unimportant for the interpretation of the results described below. Field 

potentials like those in Fig. 5.1 could be recorded 6 hours (the longest period
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Fig. 5.1 Specimen records o f field potentials (a) and population spikes (b) recorded 

in the dendritic layer and in the soma layer of the area CAl of a rat hippocampal 

slice upon stimulation of the Schaffer collateral input. Recordings were made while 

perfusing the slice first with Hepes-buffered solution (solution H, table 2.3) and 

then with HCO/- buffered solution (solution I, table 2.3).
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tested) after starting superfusion of slices with Hepes-buffered solution: thus, use 

of Hepes as a buffer does not affect the viability of hippocampal slices.

5.3 Glutamate acidifies hippocampal cells

Applying glutamate to the slice led to a decrease of BCECF fluorescence 

excited at 490nm wavelength (Fig. 5.2a). Fluorescence changes were calibrated in 

two ways. First, superfusing solution containing the weak base trimethylammonium 

or the weak acid acetate led to the fluorescence excited at 490nm wavelength 

increasing or decreasing in intensity (Fig. 5.2a), corresponding to the cells in the 

slice becoming more alkaline or more acid respectively. Since the fluorescence of 

BCECF varies linearly with pH near the physiological range (Rink et al. 1982), 

these data can be used to provide a rough calibration of the fluorescence signal in 

terms of pH (Eisner et al. 1989, see section 2.4.4, chapter 2). The fluorescence 

responses (excited at 490nm) to two concentrations of a weak base and one of a 

weak acid were used to estimate the intracellular pH (pHJ, buffering power, and 

fluorescence change per pH unit (see section 2.4.4, chapter 2), treating the whole 

slice as if it were a single cell. The parameters thus derived are obviously only a 

mean value averaged across the cells in the slice. The hippocampal slice, in fact, 

contains a variety of cell types, possibly of different resting pH values and buffering 

powers, and probably undergoing different pH shifts in response to glutamate. It is, 

therefore, clear that this calibration only provides a weighted average of the pH 

changes evoked by glutamate. To calculate an absolute value of pH,, the calibration 

procedure of Eisner et al (1989) requires knowing the extracellular pH: this was 

measured with double-barrelled pH-sensitive microelectrodes (see section 2.5, 

chapter 5) as 7.12 in 3 slices superfused with Hepes buffered solution at pH 7.4, 

similar to values measured by Walz (1989). The second calibration of pH changes 

was obtained using in vitro calibration data for BCECF. Measured fractional 

changes of fluorescence excited at 490nm were converted to changes of pHj 

(averaged over the slice) using the data from Rink et al (1982) plotted in Fig. 2.3 

(chapter 2) which indicate that a 5% change of fluorescence corresponds to a pH 

change of 0.053 units (for 7.5<pH<6.4). Errors are possible with both of these
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Fig. 5.2 Glutamate acidifies hippocampal cells.

a Changes of fluorescence of BCECF, excited at 490nm and emitted at 530nm, 

evoked by L-glutamate (GLU), trimethylammonium chloride (TMA) and sodium 

acetate (Ac). The responses to the weak base TMA and weak acid Ac were used 

to calibrate the responses in terms of pH, using the procedure of Eisner et al (1989) 

assuming that the hippocampus consists of only one cell type (see section 5.3). 

Using this method the scale bar corresponds to 0.1 pH units. Using in vitro data for 

BCECF (Rink et al. 1982) to convert the fractional changes of fluorescence into 

pH changes (see section 5.3), the scale bar also corresponds to 0.1 pH units, 

b Fluorescence of BCECF emitted at 530nm and excited at 490nm, at 440nm and 

then again at 490nm. The fluorescence signal excited at 440nm was amplified by 

a factor of 4.8 to make it have the same pre-glutamate baseline as the 490nm 

signal, so that a given fractional change of fluorescence with either wavelength 

would generate a signal of the same size; for this reason the 440nm trace shows 

more noise. The lack of a glutamate-evoked fluorescence change with 440nm 

excitation is consistent with the changes in the 490nm signal being due to an 

intracellular acidification. The slow decrease in fluorescence, unrelated to glutamate 

application, seen both with 440 and 490nm excitation, is probably due to dye 

bleaching or dye loss from the cells. Using the calibration procedure of Eisner et 

^  (1989) the scale bar (which applies only to the 490nm signal) corresponds to 0.4 

pH units, while for calibration with the in vitro data of Rink et al (1982) it is 0.064 

units.
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calibration procedures. Both assume that the slice can be treated as a single cell (or 

collection of cells of the same buffering power undergoing the same pH change). 

The calibration procedure of Eisner et al (1989) may be compromised by the weak 

acid and base applied equilibrating across the membranes of the surface cells of the 

slice more readily than across the membranes of the deeper cells in the slice, and 

by the extracellular pH varying with depth in the slice. The use of the in vitro data 

of Rink et al (1982) may be in error because of BCECF behaving differently in 

hippocampal cells than in the in vitro calibration solution, and because of 

incomplete hydrolysis of BCECF-AM inside the cells. In practice the two 

calibration procedures sometimes gave good agreement, as for the slice of Fig. 5.2a 

(see Fig. 5.2a legend), and sometimes gave very poor agreement, as for the slice of 

Fig. 5.2b.

For most experiments, therefore, we assessed the relative size of pH changes 

simply in terms of fractional changes of fluorescence (AF/F), without attempting an 

absolute calibration.

In 13 slices, the calibration procedure of Eisner et al (1989) indicated a 

mean (±s.e.) acid shift of 0.50+0.15 pH units after 2.5 minutes of 300pM 

L-glutamate, whereas the in vitro calibration data of Rink et al (1982) gave a much 

smaller change; 0.052+0.003. Using the calibration procedure of Eisner et al (1989), 

the mean resting intracellular pH was 6.95+0.04 (m eant s.e ), lower than the 7.4-7,7 

reported by LaManna (1989), and the average buffering power was (mean+s.e.) 

37+19mM.

In order to use the fluorescence of BCECF to detect pH changes, it is 

essential to check that the decrease of fluorescence evoked by glutamate is not 

produced by, for example, a loss of dye from the cells or a change in the optical 

properties of the tissue resulting from cell swelling. This can be checked by 

applying glutamate and monitoring the fluorescence of BCECF excited at 440nm 

wavelength, close to the wavelength at which pH changes do not alter the 

fluorescence of the dye. In 5 slices glutamate did not alter the fluorescence excited 

at 440nm wavelength (Fig. 5.2b). A slow decrease in fluorescence with time, 

unrelated to glutamate application, was seen with 440 and 490nm excitation, 

probably due to bleaching of BCECF by the exciting light or leakage from the cells 

(as reported previously by Fujiwara et al. 1992).
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5.4 The glutamate induced pH change is dose-dependent

Higher doses of L-glutamate generated larger pH changes (Fig. 5.3a). The 

dependence on superfused glutamate concentration, of the fluorescence change 

occurring after 2.5 minutes application of glutamate, had a roughly 

Michaelis-Menten form, with a half maximal concentration of 233|iM (Fig. 5.3b). 

This concentration is much higher than that needed in isolated cells (10-20|iM) to 

half-maximally activate glutamate uptake (which is shown below to cause the pH 

change).

5.5 D istortion of the dose-response curve for glutam ate uptake by uptake into 

the cells of the slice

To determine whether the difference between the 233|iM glutamate needed 

to half activate the pH change, and the 10-20|iM glutamate needed to half activate 

glutamate uptake in single cells, might reflect the concentration of glutamate deep 

within the slice being lower than the superfused concentration, because of glutamate 

uptake into the cells of the slice, the following simulation was carried out. Uptake 

was assumed to be present uniformly troughout the slice, and in single cells was 

assumed to follow a Michaelis-Menten dependence on local glutamate 

concentration, c:

Uptake Qc c/(c+K) (5.1)

where K is the apparent for glutamate activating uptake in single cells (around 

15|iM: Hertz, 1972). A modified form of diffusion equation describing diffusion of 

glutamate into the slice from its surface, with uptake present uniformly throughout 

the tissue is the following:

(D/A,")(d"c/dx")= (U c/a)/(c+K) (5.2)

where D is the diffusion coefficient (lO'^m^s ’), X is the tortuosity factor, U is the
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Fig. 5.3 Dependence of the intracellular acidification on concentration of superfused 

glutamate.

a Changes of BCECF fluorescence (AF, 490nm excitation) evoked in area CAl of 

a hippocampal slice by different concentrations of glutamate (shown by each 

record).

b Average dependence on superfused glutamate concentration ([GLU]) of the 

fluorescence change (measured after 2.5 minutes of glutamate application and 

normalized to the change produced by 3mM glutamate) in 4 slices. Bars show 

standard errors. Curve through the points is a Michaelis-Menten relation, 

AF=AF_y(l+K^/[glu]) with K ^ = 2 3 3 ^  and F„^=1.08.

c Comparison between the experimental dose-response data (filled circles) and 

predicted dependence on superfused glutamate concentration of the pH change 

averaged across the hippocampal slice (open circles and line), assuming that the pH 

change is proportional to the rate of glutamate uptake averaged over the slice 

thickness, and that at each point in the slice uptake depends on the local glutamate 

concentration according to first order kinetics with a of 15|iM.
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V„ax for glutamate uptake per unit volume of tissue, and a  is the extracellular 

volume fraction. Hippocampal slices 300pm thick (with X= \.l and a=0.13: McBain 

et al. 1990) were simulated with U set to the value for glutamate measured in brain 

slices (~0.2pmoles/ml/min=0.00333moles/mVs; Schousboe, 1981). For 300pM 

superfused glutamate, the concentration of glutamate was predicted to be only

0.5pM at the centre of the hippocampal slices. From the spatial profile of

[glutamate] across the slice calculated from eqn (5.2), the fractional activation of

glutamate uptake averaged across the slice (to which the observed pH signal is

presumably proportional), was obtained from eqn. (5.1). Values of this parameter 

for different concentrations of superfused glutamate are shown in Fig. 5.3c. The 

dependence on superfused [glutamate] of activation of uptake in the whole slice is 

predicted to be very different to the dependence of uptake on [glutamate] outside 

a single cell, showing half-maximal activation for a superfused concentration of 

260pM (Fig. 5.3c), similar to that seen for the dependence of the pH signal on 

superfused glutamate concentration (Fig. 5.3b). Thus, despite the apparentlv low 

affinity for glutamate, the dose-response curve in Fig. 5.3b is consistent with the 

pH being produced by glutamate uptake.

5.6 The acidification is not due to entry through glutamate-gated channels 

nor HCO 3 ' exit through GAB A- or glycine-gated anion channels

Chen & Chesler (1992b) have reported an extracellular alkalinization in 

hippocampal slices evoked by synaptic release of glutamate, that is apparently due 

to an influx of protons through glutamate-gated cation channels. Kaila et al 

(1992) have shown that bicarbonate efflux through GABA-gated chloride channels 

also leads to an extracellular alkalinization. To test whether either of these ion 

fluxes produced the glutamate-evoked intracellular acidification observed, 

glutamate-gated channels were blocked with lOpM CNQX and 40pM 

D-aminophosphonovalerate (D-APV), GABA-gated chloride channels were blocked 

with 100|liM  picrotoxin, and glycine-gated chloride channels were blocked with 

lOfiM strychnine (in case there might also be an efflux of HCO3 through such 

channels). In the presence of these blockers the intracellular acidification evoked
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by superfused glutamate had a magnitude similar to that seen in the absence of the 

blockers (Fig. 5.4a). In 5 slices, the ratio biocicers/̂ pHno biockcrs was (mean±s.e.)

0.92+0.10.

5.7 The acidification is not produced by action potentials

I considered the possibility that, even with most glutamate-gated channels 

blocked with CNQX and D-APV in Fig. 5.4a, glutamate might still be able to excite 

firing of action potentials in the slice (perhaps by acting on metabotropic receptors: 

Glaum and Miller, 1992), and that the metabolic activity triggered by the ion fluxes 

generating the action potentials could lead to an intracellular acidification. To test 

this, in the presence of the blockers used in Fig. 5.4a, action potential production 

was blocked with IpM  tetrodotoxin (TTX, Fig. 5.4b). The glutamate-evoked 

acidification was not significantly affected by TTX: in 9 slices the ratio 

ApHnoTTx was (mean±s.e.) 0.96+0.11.

5.8 The acidification is not produced by L-AP4 receptors

Presynaptic terminals in the hippocampus express a poorly understood type 

of glutamate receptor which is particularly sensitive to the glutamate analogue 

L-amino-4-phosphonobutanoate (L-AP4), and which acts via a G protein to regulate 

transmitter release (Trombley and Westbrook, 1992). To test whether activation of 

this receptor by glutamate might be responsible for generating the intracellular 

acidification, L-AP4 receptors were saturated with SOpM L-AP4. Application 

of L-AP4 on its own generated no significant change of pH (data not shown), and 

the pH change evoked by glutamate was not significantly reduced by L-AP4 (Fig. 

5.4c): in 5 slices the ratio A pH îth Ap/^pHno AP4 was (mean ±s.e.) 1.07±0.05.
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Fig. 5.4 Pharmacological analysis of the pH change (shown as BCECF fluorescence 

excited at 490nm) evoked by 300|iM glutamate.

a Change of pH in a hippocampal slice in the standard superfusion solution, and 

then in solution to which CNQX (lOpM), D-APV (40|iM), picrotoxin (lOOpM) and 

strychnine (lOpM) were added.

b Change of pH in solution containing the blockers used in a and then in solution 

containing in addition tetrodotoxin (TTX, IpM , which had been superfused for 4.5 

mins at the time glutamate was applied).

c Change of pH in solution containing the blockers used in b, and then in solution 

containing in addition L-AP4 (30|iM, which had been superfused for 6 mins at the 

time glutamate was applied).

d Change of pH in solution containing the blockers used in a and then in solution 

for which the normal 2.5mM CaClj was replaced by 5mM EGTA.
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5.9 The acidification is not produced by a calcium influx

In the experiments described above, the presence of CNQX and D-APV 

should prevent the activation of non-NMDA and NMDA receptors (and subsequent 

depolarization) generating an influx of calcium (which might displace from 

intracellular binding sites and lower pHj). Nevertheless, to be sure that the pH 

changes observed did not result from a calcium influx, glutamate was applied in 

solution lacking added calcium (and with 5mM EGTA added to the solution, 

solution L, table 2.3, as well as CNQX, D-APV, strychnine and picrotoxin). 

In 4 slices the ratio ApH^  ̂caicum/̂ pHwith calcium was (mean±s.e.) 0.93+0.06, indicating 

no significant contribution of calcium influx to the observed pH changes (Fig. 5.4d).

5.10 The acidification shows the pharm acology of glutam ate uptake

To investigate further the origin of the glutamate-evoked acidification, I 

studied its pharmacology. In the presence of CNQX, D-APV, picrotoxin and 

strychnine (to block glutamate-, GAB A- and glycine-gated channels), I found that, 

in addition to L-glutamate, D-aspartate also produced an easily measurable 

intracellular acidification, but that kainate, NMDA, quisqualate, and trans-ACPD did 

not (Fig. 5.5a). In 6 slices the relative pH changes (mean+s.e.) produced by lOOpM 

L-glutamate, D-aspartate, kainate, NMDA, quisqualate, and trans-ACPD were 1, 

1.02+0.13, 0.21 ±0.14, -0.06±0.16, 0.0810.15 and -0.05+0.14 respectively. This is 

the pharmacological profile of the glutamate uptake carrier, as determined by 

radiotracing studies in various tissues and by monitoring the current produced by 

the uptake carrier in amphibian and mammalian retinal glial cells (Balcar and 

Johnston, 1972; Brew and Attwell, 1987; Sarantis and Attwell, 1990).

The fact that D-aspartate, which is a non-metabolized analogue of 

glutamate, produced an acidification, shows that the acidification is not produced 

by glutamate being metabolized. The lack of acidification produced by quisqualate 

and trans-ACPD indicates that metabotropic receptors are also not involved.

When the same experiment was carried out in the absence of blockers of 

glutamate-, GAB A- and glycine-gated channels, kainate (always) and quisqualate
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Fig. 5.5 Pharmacology of the glutamate-evoked pH change.

a Change of BCECF fluorescence (excited at 490nm) in two hippocampal slices 

superfused with solution containing CNQX (lOpM), D-APV (40|iM), picrotoxin 

(lOOpM) and strychnine (10|iM), during application of lOOpM of L-glutamate 

(L-GLU) and its analogues D-aspartate (D-ASP), quisqualate (QUIS), ACPD, 

kainate (KA) and NMDA.

b Same experiment but without CNQX, D-APV, picrotoxin and strychnine present, 

showing pH changes recorded from a single hippocampal slice, 

c Kainate-evoked pH changes in a slice superfused with solution containing no 

blockers (as in b) and either containing or lacking calcium.
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(sometimes) did evoke a pH change (Fig. 5.5b). In 4 slices the relative pH changes 

evoked by 100|iM L-glutamate, kainate, quisqualate and NMDA were (mean±s.e.) 

1, 0.87±0.21, 0.28+0.24 and 0 respectively. Since the glutamate-evoked pH change 

is little affected by blocking glutamate-, GAB A- and glycine-gated channels (Fig. 

5.4a), I concluded that kainate and quisqualate produce a pH change mainly by 

depolarizing neurons and evoking the release of glutamate which is then taken up 

(producing the pH change), rather than by evoking a large acid or base flux 

through ion channels. Consistent with this, with no blockers present, and with 

glutamate release blocked by omission of calcium from (and addition of 5mM 

EGTA to) the superfusion solution (solution L, table 2.3), kainate produced 

a negligible pH change (ApH^^,^,,,^/ pH î ,̂ caicum was 0.025+0.025) as shown in Fig. 

5.5c.

5.11 A glutamate uptake blocker reduces the acidifîcation

The glutamate uptake blocker L-trans-pyrrolidine-2,4-dicarboxylate (PDC, 

200|iM, Bridges et al. 1991) was found to reduce the acidification produced by 

300|jM  glutamate. The ratio ApHpoc/ApH^^ was 0.1+0.1 (mean+s.e.) in 5 slices 

(data not shown). Applying PDC itself also produced an acidification, presumably 

because it is a substrate transported by the glutamate uptake carrier (Sarantis et al. 

1993).

5.12 The acidification shows the ion dependence of glutamate uptake

Glutamate uptake is driven partly by a co-transport of sodium ions into the 

cell, and is abolished by removing external sodium (Kanner and Schuldiner, 1987). 

Replacing sodium by choline in the superfusion solution had two effects (Fig. 5.6a). 

Firstly, the intracellular pH became more acid, probably because removing sodium 

inhibits the activity of Na^-dependent pH-regulating carriers (see Fig. 4.7, chapter 

4 and Fig. 5.8, this chapter). The fluorescence decrease evoked by zero [Na^J^ in 

Fig. 5.6a did not occur with 440nm excitation (Fig. 5.7b), showing that it is not an
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artefact produced independent of pH changes. Furthermore, it was not a secondary 

consequence of sodium removal reversing NaVCa^^ exchange, raising [Ca^^], and 

displacing protons from intracellular binding sites: in 5 slices the acidification 

produced after 3 minutes of sodium removal with extracellular CaClj replaced by 

5mM EGTA was 0.98+0.02 (mean±s.e.) of the acidification produced by sodium 

removal with calcium present. Secondly, glutamate evoked no detectable pH change 

in the absence of external sodium (experiment done on 5 slices). On replacing 

external sodium, the pH recovered towards a more alkaline value, and glutamate 

again evoked an acidification.

Raising the extracellular potassium concentration is believed to inhibit 

glutamate uptake in two ways (Barbour et al. 1988; Brew and Attwell, 1987). 

Firstly, because the uptake carrier transports a ion out of the cell, a higher [K^]o 

slows the carrier by hindering the loss of potassium at the outer face of the 

membrane. Secondly, raising [K^]„ will depolarize the cells and this will also inhibit 

the carrier (which transports a net positive charge into the cell). I therefore tested 

the effect of raising the [K^] in the superfusion solution from 2.5 to 50mM 

(replacing choline, the [Na^] being kept constant at 90mM. Lowering the 

extracellular sodium concentration from 140mM to 90mM reduces the magnitude 

of glutamate uptake by less than 6% (Sarantis and Attwell, 1990)). This had two 

effects (Fig. 5.6b). On applying the high [KJ^ solution, a transient alkalinization was 

reproducibly evoked (the initial K^-evoked fluorescence increase shown with 490nm 

excitation in Fig. 5.6b did not occur with 440nm excitation (Fig. 5.7a), showing that 

it is not an artefact produced for example by a change in optical properties due to 

cell swelling). I have not investigated further the mechanism of this effect. Then, 

in the continued presence of high [K^]q, glutamate evoked less intracellular 

acidification than in solution with a normal [K^]: in 4 slices the ratio

-̂ p̂H[K]=50mM/ApH[K]=2.5mM was 0.34±0.09 (mean+s.o.).

These ion substitution experiments were done in the presence of blockers of 

glutamate-, GABA- and glycine-gated channels, and so changes in the 

glutamate-evoked acidification cannot be due to alterations in acid or base flux 

through these channels. The observed dependence of the acidification on the 

extracellular [Na"̂ ] and [K^] is consistent with the acidification being produced by 

the activity of the glutamate uptake carrier, although the inhibition produced by
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Fig. 5.6 Sodium- and potassium-dependence of the pH change evoked by 300fiM 

glutamate (GLU), assessed as changes in BCECF fluorescence (excited at 490nm) 

evoked in solutions containing CNQX (10|iM), D-APV (40|iM), picrotoxin 

(lOOpM) and strychnine (lOpM) (and l|iM  TTX for part b).

a Change in pH in the standard external solution with the blockers (CNQX 10|aM, 

Strychnine lOpM, picrotoxin lOOpM and D-AP5 40|iM) then in the same solution 

with sodium replaced by choline and N-methyl-D-glucamine, and then again with 

sodium present (solutions H and K, table 2.3).

b Change in pH in an external solution contaning 90mM sodium and 2.5mM 

potassium, then in solution containing 90mM sodium and 50mM potassium, then 

in the low potassium solution again (solution j, table 2.3). Dashed lines extrapolate 

pre-glutamate fluorescence baselines for clarity.
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Fig. 5.7 Fluorescence changes in response to solution containing 50mM potassium 

(a) and solution with no added sodium (b) monitored first at 490nm then at 440nm 

and then again at 490nm excitation wavelength to show that fluorescence changes 

recorded at 490nm are not an artefact due to changes in the optical properties of the 

slice produced, for example, by cell swelling.
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raised [K^] is somewhat less than has been predicted previously on the basis of data 

on salamander glial cell glutamate uptake (Barbour et al. 1991).

5.13 The acidification is not produced by sodium-dependent pH-reguiating 

carriers

Although the pharmacological and ion substitution experiments described 

above suggest that glutamate acidifies cells by acting on the glutamate uptake 

carrier, this does not necessarily prove that a pH changing ion (like a proton, 

hydroxide or bicarbonate ion) is transported on the uptake carrier. The uptake 

carrier transports sodium into cells, and this could cause a significant rise in 

intracellular sodium concentration which might affect the activity of 

sodium-dependent pH-regulating carriers. Both the N a/H C O / co-transporter and 

the Na^/H^ exchanger would be expected to generate an intracellular acidification 

if the intracellular sodium concentration rises.

To test this, I blocked N a/H C O 3 co-transport with 0.5mM DIDS (which 

blocks 95% of the co-transport: Newman and Astion, 1991) and blocked Na^/H^ 

exchange with ImM amiloride (which blocks 90% of the exchange: Putnam et al. 

1986). DIDS alone had little effect on the intracellular pH of hippocampal slices, 

possibly because N a/H C O 3 co-transport is minimal because of the lack of 

bicarbonate in the superfusion solution. Applying glutamate in the presence of 

DIDS (Fig. 5.8a) generated a pH change similar to that seen in the absence of 

DIDS: in 5 slices the mean value of ApH^ oiD s/'^pH no dids was (mean±s.e.) 

1.23+0.08. Applying amiloride led to an acidification of the cells in the slice (Fig. 

5.8b), indicating significant activity of the Na^/H^ exchanger. Raley-Susman et al 

(1991) have claimed that Na^/H^ exchange in cultured hippocampal cells is 

amiloride-insensitive: my data therefore suggest that the pharmacology of Na^/H"” 

exchange in freshly made hippocampal slices is different from that in cultured 

cells. (The acidification produced by amiloride was not a result of amiloride 

inhibiting NaVCa^^ exchange, raising [Ca^^], and displacing protons from 

intracellular binding sites: in 4 slices the acid shift induced by 3 minutes amiloride 

in zero calcium solution (with 5mM EGTA) was (mean±s.e.) 1.09+0.09 of its value
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Fig. 5.8 Blocking pH-regulating carriers does not affect the pH change evoked by 

300|iM glutamate (GLU) in standard external solution containing CNQX (10 |liM ), 

D-APV (40|iM), picrotoxin (lOOpM) and strychnine (lOpM).

a Changes in pH in the absence and then the presence of 0.5mM DIDS. Dashed 

lines extrapolate pre-glutamate fluorescence baselines for clarity, 

b Changes in pH in the absence and then the presence of ImM amiloride. Vertical 

dashed lines show acidification produced 2 minutes after starting superfusion of 

glutamate.
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in calcium-containing solution). Glutamate evoked a similar pH change in the 

presence of amiloride to that seen without amiloride present; in 4 slices the mean

value of A pĤ  ̂am.ionde/̂ pHno am.ionde was (mean+s.o.) 1.18+0.07.

These data show that the pH change generated by glutamate uptake is not 

an indirect effect, resulting from an uptake-induced accumulation of intracellular 

sodium affecting pH-regulating carriers.

5.14 Stimulus-evoked intracellular pH changes

To test whether synaptically-released glutamate would also evoke an 

uptake-mediated intracellular acidification, the Schaffer collateral input to area CAl 

was stimulated at 2-lOHz. For most of these experiments fluorescence was collected 

from a 300pm square of area CAl (rather than a 80pm square as used in most of 

the experiments with superfused glutamate), to increase the chance of collecting 

light from the part of the hippocampus where the stimulated afferents made 

synapses. In the presence of blockers of glutamate-, GABA- and glycine-gated 

channels, Schaffer collateral stimulation resulted in a decrease of the fluorescence 

excited at 490nm wavelength, with no change in the fluorescence excited at 440nm 

(Fig. 5.9), showing that the intracellular pH underwent an acid shift. In 4 slices 

stimulated at 5Hz the mean fractional change of fluorescence measured 3 minutes 

after starting stimulation was (mean+s.e.) 0.026+0.007 . This result might

suggest that endogenously released glutamate, like applied glutamate acidifies 

hippocampal cells. However, I cannot rule out the possibility that the acidification 

evoked by stimulation of the Schaffer collaterals is due to an increase in cell 

metabolism during the firing of action potentials.
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Fig. 5.9 Intracellular acidification produced by stimulating the Schaffer collateral 

input to area CAl at 5Hz (timing shown by bars). Stimulation was applied while 

exciting BCECF first at 490nm wavelength, then at 440nm, and then again at 

490nm. The fluorescence signal excited at 440nm was amplified by a factor of 4.7 

to make it have the same pre-glutamate baseline as the 490nm signal, so that a 

given fractional change of fluorescence with either wavelength would generate a 

signal of the same size. Superfusion solution contained CNQX (lO^iM), D-APV 

(40pM), picrotoxin (lOOjiM) and strychnine (10|iM).
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Chapter 6

Calcium spatial dynamics in cultured dorsal root ganglion neurons

6.1 Introduction

A number of earlier papers have suggested that the growth of neurons is 

controlled in part by the spatial distribution of calcium concentration ([Ca^^]j) within the 

cell (see chapter 1, section 1.6). In principle, neurite outgrowth might be controlled by 

steady-state calcium gradients within developing neurons, or by localized calcium 

concentration changes generated by neuronal activity. To investigate this further, the 

experiments described in this chapter were performed. They address the following 

questions. (1) Are the voltage-gated calcium channels spatially localized or uniformly 

distributed in the cell membrane of growth cones of dorsal root ganglion (DRG) 

neurons? (2) What is the steady-state spatial distribution of in cultured DRG

neurons? (3) Is there a correlation between the [Ca^^]j and the morphological changes 

occurring as the growth cones develop in vitro?

To answer these questions, [Ca^^]j was measured in growth cones, cell bodies and 

neurites of cultured rat DRG neurons, loaded with the calcium indicator fura-2-dextran, 

using two different techniques of video imaging fluorescent microscopy. To monitor 

transient increases of [Ca^^], during the electrical activity of neurons, images were 

acquired every 60 milliseconds while exciting the fluorescence of the dye constantly 

with 380nm wavelength light (see section 2.4.8, chapter 2). In another set of 

experiments, to measure steady-state [Ca^^]„ two images were acquired over a period of 

about three seconds, one during excitation of fura-2-dextran at 380nm and another 

during 350nm wavelength excitation, and the was calculated from the ratio of

these fluorescence images (see section 2.4.7, chapter 2). The low temporal resolution of 

three seconds was set by the time necessary for the narrow band filters to be 

mechanically positioned in front of the light beam.

This chapter is divided into the following sections: a description of the 

morphology of DRG neurons in culture; an account of the spatial distribution of [Ca^^];
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during neuronal activity; an investigation of how steady-state [Ca^^]j correlated with the 

growth cones' behaviour; and a study of whether there are steady-state [Ca^^]j gradients.

6.2. Morphology of DRG neurons in culture

As a prelude to the experiments on [Ca^^];, I initially documented the morphology 

of DRG neurons, dissociated as described in section 2.1.3, chapter 2, and regrowing their 

axons in culture on a laminin substrate. Unlike the bipolar structure that DRG neurons 

have in vivo, characterized by a unique axon which branches into a central and a 

peripheral process, in culture these cells sprout processes all around the cell body. Each 

process bears a terminal structure: the growth cone (see Fig. 2.2, chapter 2). The length 

of the processes depends on the time spent by the cells in culture. In the period from six 

to eighteen hours post-plating, I observed complex neurites extending less than SOpm from 

the cell soma. These neurites were not differentiated into growth cones and cylindrical 

neurites, and, following the definition given by Smalheiser (1990) they were considered as 

rapid-onset neurites. None of the experiments described in this chapter were performed on 

cells at this stage of regrowth. After eighteen hours, neurons presented a round soma and 

simple cylindrical neurites with a number of bifurcating and relatively discrete growth cones 

(Fig. 2.2). In the terminology of Smalheiser (1990), these processes are called slow-onset 

neurites. Growth cones were more than 50pm distant from the cell body, and they were 

usually surrounded by a number of filopodia and flat lamellipodia. The intracellular 

calcium distribution was studied in this type of cell.

6.3 Localization of [Ca'^], changes in DRG neurons during neuronal activity

Calcium influx through voltage-activated calcium channels occurs during the 

electrical activity of neurons. Previous work using mouse neuroblastoma cells (Silver at 

al, 1990) has shown that activation of L-type calcium channels produces marked spatial 

gradients of cytosolic free calcium concentration: little or no [Ca^^jj changes were seen 

in the neurites, while [Ca^^], changes in the growth cones were restricted to a small 

number of hot-spots suggesting a spatially localized organization of L-type calcium
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channels.

In this study I investigated whether calcium concentration gradients, and thus 

possible clustering of calcium channels, also exist in the growth cones of primary 

sensory neurons during their electrical activity. To test this, DRG neurons, loaded with 

fura-2-dextran as described in section 2.4.5, chapter 2, were electrically stimulated with 

5 current pulses (each 5 milliseconds long at lOOHz) with an amplitude sufficient to 

evoke action potentials (see section 2.7, chapter 2). In most of the cells studied, 

stimulation at the soma elicited a train of action potentials similar to that shown in Fig. 

6.1. Fluorescent images were acquired every 60 milliseconds before, during, and after 

the train of action potentials and the rise in [Ca^^]; was monitored as the fall in the 

fluorescence of fura-2-dextran during steady excitation with 380nm wavelength light. In 

13 out of 23 growth cones the fluorescence signal-to-noise ratio was sufficiently high 

to allow measurements of the [Ca^^]j. In each growth cone the fluorescence of fura-2- 

dextran was measured, at the end of the train of action potentials, by averaging the 

fluorescent signal over a number of pixels delimited by a circle. One circle, o f 5 pm 

diameter, was placed at the tip of the growth cone; a second circle was also placed over 

the growth cone adjacent to the first circle but closer to the soma; a third circle was 

placed yet closer to the soma, and so on. The fluorescence of fura-2-dextran was 

converted to calcium concentration using the method described in section 2.4.8 in 

chapter 2.

Typical raw data from which mean [Ca^^]| rises were derived are shown in Fig. 

6.2a: a fluorescence image of a growth cone whose cell body is placed out of the field 

of view (at the top of the picture). This image was acquired during steady excitation 

with 380nm wavelength light at the beginning of the experiment. Firing of action 

potentials, upon stimulation, produced a [Ca^^Jj rise localized mostly at the tip of the 

growth cone (lowest down in the image). This is shown in the pseudocolor picture 

(Fig.6.2b) obtained by dividing the background-subtracted video frames acquired 60 

msec after the end of the stimulation protocol by the background-subtracted video frames 

acquired before the stimulation. The colour scale at the right hand side of the picture 

indicates different [Ca^^j; in terms of the fluorescence ratio I/Iq (see section 2.4.8, chapter 

2). High [Ca^^]j is displayed with warm colours and low [Ca^^Jj with cold colours. Fig. 

6.2c shows a pseudocolor image of the growth cone, obtained in the same way, after 

recovering from the calcium loading (2 seconds after the end of the train of action
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Fig. 6.1 Train of action potentials (bottom trace) recorded from a DRG neuron upon 

electrical stimulation at the cell soma with five depolarizing current pulses (top trace). 

Cells were previously loaded with the calcium-sensitive fluorescent indicator fura-2- 

dextran (as described in section 2.4.5, chapter 2) and during the experiment were bathed 

in F14+USG at 37°C. The bridge circuit was slightly over-balanced for this experiment, 

leading to the voltage transients seen at the onset and at the offset of current injection.
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Fig. 6.2 Localization of [Ca^^], changes in a DRG neuron firing action potentials. 

Image of a growth cone (shown by the arrow and magnified in the insert in panel b and 

c) of a DRG neuron (cell body located above, out of the field of view) loaded with the 

calcium-sensitive fluorescent dye fura-2-dextran as described in section 2.4.5, chapter 

2. a Fluorescent image acquired during steady illumination at 380nm wavelength light, 

b Pseudocolor image of [Câ "̂ ], in the same growth cone as in a 60 milliseconds after 

firing of action potentials. The image was obtained by dividing the background-corrected 

video frames acquired at 380nm excitation wavelength 60msec after the end of the 

action potentials train by the pre-stimulus video frames acquired at the same excitation 

wavelength. The colour scale on the right hand side indicates different [Ca"̂ ]̂j in terms 

of ratio (see section 2.4.8, chapter 2) with high [Ca^ ]̂  ̂displayed by warm colour and 

low [Ca^^], displayed by cold colour, c Pseudocolor image of the same growth cone as 

in a (obtained as described in b) representing the [Ca^^]j 2 seconds after the end of the 

action potentials train to show the [Ca^^]; is recovering to resting levels. Distance 

between the crosses in the bottom right hand comer is 50|j,m.
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potentials). Fig. 6.3a shows [Ca^^]; changes occurring in the growth cone shown in Fig.

6.2 as a function of the distance from the growth cone leading edge. The [Ca^^Jj changes 

showed a distinct spatial distribution, with the leading edge of the growth cones showing 

a greater [Ca^^]; rise than the more proximal region.

In the 13 growth cones studied, the fluorescence at the tip fell by 26±5% 

(mean±s.e.) of the pre-stimulus value, corresponding to a [Ca^^]j increase of 890±195nM 

(mean±s.e.) from its average resting value of 200nM. In the region of the growth cone 

nearest to the cell body, the fluorescence fell by 11 ±2% of its control value, 

corresponding to an increase in [Ca^^]| of 420±50nM. The difference between the [Ca^^]i 

change at the leading edge and at the more proximal region of the growth cone is 

significantly different from zero (paired T-test, 1% significance level).

These data show that [Ca^^]j gradients are produced in the growth cone of slow- 

onset neurites of primary sensory neurons during neuronal activity. Although this might 

suggest a spatially organized distribution of voltage-operated calcium channels, the most 

likely explanation in this case is that the gradients are the result of a smaller surface-to- 

volume ratio at the leading edge of the growth cone. This explanation can be deduced 

from Fig. 6.3b and 6.3c. Fig. 6.3b shows the pre-stimulus fluorescence signal measured 

at different distances from the growth cone leading edge which I will assume can be an 

indication of the cell thickness (since as I will show below, there are no steady-state 

gradients of calcium concentration in the growth cone). Fig. 6.3c shows the calcium 

influx needed to produce the [Ca^^] rise, calculated as the product of the intracellular 

calcium concentration and the cell thickness. This plot shows that there is not a 

significant difference in calcium influx along the growth cone, suggesting that non- 

uniform [Ca^^ji rise within the growth cone is not the result of calcium channels being 

clustered at the leading edge of the growth cone, but is rather due to a higher surface-to- 

volume ratio at the leading edge. The presence of calcium gradients might also be due 

to spatial variation in the release of calcium from intracellular stores, or a lower 

intracellular calcium buffering power in areas displaying higher intracellular calcium 

concentration changes (see chapter 7, section 7.4). Whatever is the cause of the [Ca^^]j 

gradients within the growth cone during the firing of action potentials, the spatially non- 

uniform distribution of [Ca^^], during neuronal activity might reflect a physiologically 

important mechanism controlling growth cone morphology during cell differentiation. 

It would therefore be of interest to investigate the effect of the transient [Ca^^]j gradients
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Fig. 6.3a Graph representing changes in [Ca^^], occurring in the growth cone displayed 

in Fig. 6.2 60 milliseconds after firing of action potentials, as a function o f the distance 

from the growth cone leading edge (abscissa). Analysis was performed by averaging the 

fluorescence of fura-2-dextran over a number of pixels delimited by circles of 5p.m 

diameter, placed in a 25|im long row from the growth cone leading edge to the region 

more proximal to the cell body. Fluorescence values were background-corrected and 

converted to following the procedure described in section 2.4.8, chapter 2.

6.3b Cell thickness along the growth cone from its leading edge assessed assuming it 

to be proportional to the steady-state (i.e. pre-stimulus) fluorescence signal (arbitrary 

units). 6.3.C Plot of the product of the change in calcium concentration (data from 6.3a) 

and the cell thickness (data from 6.3b) as function of the distance from the growth cone 

leading edge.
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on the growth cones morphological changes.

6.4 What is the [Ca^], in growth cones undergoing different behaviour in culture?

DRG neurons in culture have growth cones which exhibit a range of motile 

behaviours. They can be 'motile-but-non-advancing', 'moving forward' or 'retracting'. To 

assess the role of calcium in controlling neuronal growth cone behaviour the steady-state 

[Ca^^]j was measured in DRG growth cones exhibiting different behaviours.

DRG neurons were loaded with fura-2-dextran by microinjection of the dye as 

described in section 2.4.5, chapter 2. The Petriperm dishes containing the cells were then 

covered with a heated lid and left for the cells to recover. Thirty minutes after 

microinjection of fura-2-dextran, the fluorescence of the dye, excited first at 350nm and 

then at 380nm wavelength, was monitored at the cell body. The microscope stage was 

then moved to focus on one or more growth cones belonging to the same cell, and two 

fluorescent images, one at 350nm and one at 380nm excitation wavelength, were 

acquired approximately every 10 minutes for a period of up to 3 hours. During this time 

the growth cones were observed and classified according to their behaviour (see below). 

Subsequent analysis of the data consisted of averaging the fluorescence signal at each 

of the two wavelengths over a number of pixels delimited by a circle or a rectangle 

centred on the growth cone or on the cell body. Background signal was measured at the 

two wavelength in adjacent areas without dye (i.e. with circles placed outside the cell). 

The background-corrected ratio of fluorescence at the two wavelengths was calculated 

as described in section 2.4.5, and then converted to intracellular calcium concentration 

as described in section 2.4.7.

According to their behaviour, growth cones can be distinguished as: (i) motile- 

but-not-advancing, (ii) actively growing, and (iii) retracting.

Out of the 35 growth cones studied, 24 were classified as motile-but-non- 

advancing. These growth cones were active in exploring the surrounding environment, 

extending or retracting filopodia and lamellipodia, but they were not moving forward. 

The mean [Ca^^], in this type of growth cones was 131±18nM.

Out of the 35 growth cones studied, 10 were observed in a phase o f active 

growth at a rate between 0.1 and 0.5|am/min. Advancing growth cones showed two
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Fig. 6.4 Images displaying different behaviours of DRG neurons' growth cones. Cells 

were loaded with the calcium-sensitive fluorescent dye fura-2-dextran as described in 

section 2.4.5, chapter 2. In each panel the top pictures are fluorescence images taken 

during steady illlumination with 380nm wavelength light while the bottom pictures are 

pseudocolor fluorescence ratio images of [Ca^^]j obtained by dividing the background- 

corrected video frames at 380nm excitation wavelength by the background-corrected 

video frames at 350nm excitation wavelength as described in section 2.4.5. The 

calibration scale is shown in panel b.

a: Sequence of morphological changes occurring in two growth cones belonging to the 

same DRG neuron whose cell body lies above the image, out of the field of view. The 

two growth cones are actively moving forward and growth is accompanied by a dramatic 

change of shape; [Ca^^],=173nM is uniform throughout the growth cone. Images were 

taken at an interval of two hours.

b: Sequence representing the behaviour over time of two growth cones belonging to the 

same DRG neuron. The cell body lies on the top right hand side of the picture, out of 

the field of view. The lower growth cone shows an increase in [Ca^^]j accompanied by 

retraction towards the cell body. Pictures were taken at the real time shown. Broken 

vertical lines show constant position to allow the growth cones' position to be assessed, 

c: Sequence of events characterizing the behaviour over the time of a neurite bearing a 

number of varicosities. The neuronal cell body lies on the top-left hand side of the 

image, out of the field of view. The images show a typical example of a neurite 

advancing by production o f new varicosities and elimination of the ones more proximal 

to the cell body. In the growth cone [Ca^^]j was 206nM. Pictures were taken at an 

interval of about 30 minutes. Arrows shows a constant location, to allow the growth 

cone position to be assessed.
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modes of moving forward. The first mode, seen in 7 growth cones, was similar to the 

pattern described by Bray (1982) in sensory neurons from neonatal rats and by Goldberg 

and Burmeister (1989) in Aplvsia neurons. It was characterized by a single discrete 

growth cone bearing motile protrusions that moved forward across the substrate (Fig. 

6.4a, I and II). Three of the 10 advancing neurites showed the second mode of advance. 

They terminated in a series of varicosities and advance proceeded by the production of 

new varicosities at the leading edge together with the elimination of more proximal 

varicosities (Fig. 6.4c, I-VI). A similar pattern of advance has been described in growth 

cones of sympathetic neurons by Aletta and Greene (1988). The calcium concentration 

in actively growing growth cones was 138±20nM. In order to investigate whether a 

correlation existed between the [Ca^^]j and the growth rate, the growth rate was plotted 

against the [Ca^^], for each growth cone (Fig. 6.5). The distribution of the ten points 

suggests that no specific [Ca^^], is required at the growth cone to influence its speed of 

advance.

Spontaneous retraction of the whole growth cone was observed in only one of 

the 35 growth cones studied. Fig. 6.4b, I-III, shows a sequence of events in which one 

of two growth cones belonging to the same cell underwent a dramatic retraction after 

its [Ca^^li rose to 1.48pM.

These data show that there is no significant difference in the [Ca^^]j between 

growth cones displaying two distinctly different behaviours: motile-but-not-advancing, 

and advancing. However, the retracting growth cone showed a [Ca^^]j significantly 

higher than growth cones showing the other behaviours.

6.5 Do steady-state [Ca^]j gradients exist?

If the spatially-localized increase of [Ca^^]j observed in the growth cone during 

neuronal activity (described in section 6.3) is due to an influx of calcium through 

membrane channels at the leading edge of the growth cones into a region of high 

surface-to-volume ratio then, if there is some tonic activation of these channels (due to 

spontaneous action potentials, or a resting potential positive enough to activate the 

channels slightly), a calcium influx through these channels might be expected to produce 

a maintained concentration gradient of calcium with a higher [Ca^^Jj at the leading edge

226



Fig. 6.5 [Ca^^], and growth rate.

Graph showing the [Ca^^]j (ordinate) measured in growth cones advancing at different 

rates (abscissa). The point on the ordinate represents the average [Ca^^], (±s.d.) in 24 

motile-but-non-advancing growth cones.
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of the growth cone. There are a number of reports from experiments using the ester- 

conjugated form of the calcium indicator fura-2 (fura-2-AM) that [Ca^^], gradients exist 

in neurons regrowing their axons in culture. Connor et al (1986) found steady-state 

spatial gradients of cytosolic free [Ca^^], in mammalian nerve cells extending axons or 

dendrites, with a high [Ca^^], at the leading edge (Connor, 1986). Growth cones of the 

mollusc Heliosoma showed a [Ca^^]j gradient along the whole neurite, with the growth 

cone [Ca^^]j being significantly higher than the soma [Ca^^], (Cohan et al. 1987).

To test whether steady-state [Ca^^]j gradients exist in DRG neurons growth cones, 

the [Ca^^]j was measured in 32 either advancing, or motile-but-not-advancing growth 

cones. In neither type of advancing growth cone, described previously in section 6.4 of 

this chapter, was a gradient of [Ca^^]; observed. On average the [Ca^^ ĵ at the growth 

cone leading edge minus that at the main body of the growth cone was 

(mean±s.e.) -18.3±22.1nM (n=10) while the [Ca^^jj in the whole growth cone minus that 

at the cell body was -42.5+17.7nM (n=10). In motile-but-non-growing growth cones the 

differences were respectively (mean±s.e.) -23.5+12.InM (n=19) and -62.3+41.38nM 

(n=19).

These data suggest that no [Ca^^]j gradients exist within growth cones (t-test, 5% 

significance level) and that a significant [Ca^^]; difference exists only between the whole 

growth cone and the cell body (5% significance level) of advancing growth cones with 

the [Ca^^Ji being about 40nM higher in the cell body.

6.6 Looking at small changes of the growth cone morphology

Each active growth cone, whether only motile or advancing, displayed constant 

modifications to its morphology due to the retraction or protrusion of filopodia and the 

engorgement or expansion of lamellipodia. I carried out a more detailed analysis to try 

to detect whether there were small areas within each growth cone where the calcium had 

an optimal concentration necessary for the local morphological changes to occur. For 

this purpose, the fluorescence signal was measured in localized areas (approximately 

10pm in diameter), and converted into [Ca^^] following the method described in section 

2.4.7, chapter 2. At the sites of filopodia outpushing (mean+s.e.) the [Ca^^]j was 

109.4±14.InM (n=10), in filopodia before retraction it was 169.9±24.9nM (n=5), during
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lamellipodia expansion it was 187.8±75.0nM (n=9), and during engorgement it was 

143.3±38.8nM (n=3). Since these results show that the only significant difference in 

[Ca^Ji exists between outpushing and retracting filopodia (t-test, 5% significance level), 

I carried out a paired t-test to compare the [Ca^ ]̂  ̂ in small areas of the growth cone 

showing these behaviours, with the calcium concentration in the non-mobile part of the 

same growth cone. At sites of local outpushing the [Ca^^]; was 21±22.13nM lower than 

in the rest of the growth cone. In retracting filopodia it was 43±16nM higher then in the 

rest of the growth cone, and in expanding lamellipodia and sites o f engorgement it was 

28±25nM and 33±28nM higher respectively. These results show that [Ca^^]j is 

marginally significantly higher in retracting filopodia than in the non-motile part of the 

growth (t-test, 5% significance level).

6.7 Conclusions

It appears from these data that [Ca^^], plays a minor role in controlling growth 

cone behaviour, the only clear cut influence it has being that a very high [Ca^^], is 

correlated with growth cone retraction. The implications of these results for theories of 

neurite outgrowth will be considered in chapter 7.
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Chapter 7

Discussion

7.1 Proposed stoichiometry of the M üller cell glutam ate uptake carrie r

Intracellular and extracellular measurements of ion concentration changes during 

uptake of the amino acid glutamate into salamander Muller cells, described in this thesis, 

showed that activation of the glutamate uptake carrier produces an accumulation of 

potassium ions outside the cell, an intracellular acidification and an extracellular 

alkalinization. From the results obtained (chapter 3 and chapter 4) a new stoichiometry for 

the glutamate transporter can be proposed (Fig. 7.1 ). Transport of one glutamate anion into 

the cell is accompanied by the co-transport of at least two sodium ions (Barbour et al. 

1991) while one potassium ion and one OH (or HCO3 ) are transported out of the cell. In 

the following sections I will discuss the importance and the implications of the counter

transport of and OH (or HCO3 ) for the activity of the uptake carrier. In section 7.1.4 

some theoretical consideration will be given relevant to determining whether the counter

transported anion is OH or HCO3

Understanding the stoichiometry of the glutamate transporter is of interest because 

the accumulative power o f the carrier depends on the nature of the inorganic ions it 

transports. It is also of interest for understanding the contribution of the glutamate uptake 

carrier to the rise of the extracellular glutamate concentration to neurotoxic levels which 

occurs in situations of energy deficit, such as during a stroke. This will be dealt with in 

section 7.1.5.

7.1.1 Role of potassium in the stoichiometry of the glutam ate uptake carrier

Direct measurements with a potassium-sensitive microelectrode of potassium 

accumulation outside Millier cells during the activation of glutamate and aspartate uptake 

suggest, as proposed earlier (Kanner and Sharon, 1978; Barbour etal. 1988), that potassium
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Fig. 7.1 Schematic representation of the stoichiometry of the glutamate uptake carrier of 

salamander retinal Müller cells. On each cycle glutamate is taken up together with two 

sodium ions while one potassium ion and one hydroxide (or bicarbonate) anion are 

transported out of the cell.
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ions are transported out of the cell on the glutamate uptake carrier. This is supported by 

experiments showing that the potassium concentration rise has the pharmacological profile, 

the sodium- and the voltage-dependence of glutamate uptake.

These results unequivocally rule out the conclusion of Schwartz and Tachibana

(1990) that potassium ions are not involved in the stoichiometry of the glutamate uptake 

carrier. Two lines of evidence contradict the results of Schwartz and Tachibana. First, 

Szatkowski et al (1991) have shown previously that the lack o f inhibition of uptake when 

pipette [K^] was lowered (in Schwartz and Tachibana's experiments) was due to their 

whole-cell pipettes being too small to dialyse the cell contents and lower [K̂ Ĵ  adequately. 

Secondly, results presented in section 3.6 show that an efflux of potassium ions also occurs 

during uptake of D-aspartate (the transported amino acid used by Schwartz and Tachibana) 

and that the ratio of potassium transported to charge transported is similar for aspartate and 

glutamate uptake, consistent with the stoichiometry being the same for the uptake of the 

two amino acids.

The direct measurement of a potassium efflux confirms the suggestion of Barbour 

etal (1988), based on results showing an inhibitory effect on the uptake current of a raised 

external potassium concentration (Fig. 3.1), that intracellular potassium does not act as an 

allosteric modulator of the uptake process but that the carrier must bind potassium inside 

the cell and then transport it out of the cell.

Calculations presented in chapter 3 (section 3.4) show that the potassium 

concentration change measured outside the cell ( ~1 |liM) is of the same order of magnitude 

as that predicted to occur outside the cell on activating the glutamate transporter ( ~2.4pM). 

The non-spherical shape of Müller cells makes the prediction of the [K' ]̂o rise too uncertain 

to allow an accurate estimate of the ratio of transported to charge transported. However,

this ratio is independent o f the membrane potential (between OmV and -80mV: Fig. 3.7) 

suggesting that the stoichiometry of uptake is independent of potential over the range 

studied.

The apparent for intracellular potassium activating glutamate uptake is 15mM 

(Barbour et al. 1988). Thus, at physiological intracellular potassium concentrations 

(ranging from 66mM to ITOmM: Ballanvi etal. 1987; Hansen, 1985) the potassium binding 

site will be saturated. Furthermore, changes in intracellular potassium concentration of 

lOmM in glial cells, such as occur during enhanced neuronal activity (Ballanyi etal. 1987), 

would only marginally affect the activity of the carrier. In glial cells the membrane
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potential is near to the equilibrium potential for potassium, so that transport of potassium 

does not provide energy to the carrier as the transport of sodium and hydroxide does (see 

section 7.1.5 below) to drive the transport of glutamate up its electrochemical gradient.

7.1.2 Potassium loading of the extracellular space by the glutamate uptake carrier

When the glutamate concentration rises for a prolonged period, such as during 

epileptic seizures, or in physiological conditions in the retina where there is tonic release 

of glutamate from the outer retinal cells, the transport of potassium out of the cells on the 

glutamate uptake carrier could provide a significant potassium load to the extracellular 

space leading to depolarization of neurons and glia.

The amount of this potassium loading can be calculated explicitly in the case of the 

salamander retina. Fully activating glutamate uptake in a Müller cell at a resting potential 

of -90mV can produce an uptake current of about 380pA (Brew and Attwell, 1987). If one 

ion is transported out of the cell per unitary charge of uptake current, then in the intact 

retina, where there is one Müller cell per 30pmx30p.mxl00p.m of retinal volume (Mobbs 

et al. 1988) and the extracellular space is 7% of the total volume (Newman and Odette, 

1984), this amount of uptake would produce a potassium flux into the extracellular space 

sufficient to raise [K^]  ̂ of about 0.6mM/sec. (In addition, because the uptake process is 

electrogenic, further potassium will have to leave the cell to preserve charge neutrality: 

however, over 90% of this will be across the vitreal endfoot membrane of the cell where 

over 90% of the cells' potassium conductance is located (Newman, 1984) rather than into 

the neural retina). In a steady-state the potassium efflux on the uptake carrier would re

enter cells via the Na^/K^ pump. However, in non steady-state situations the magnitude of 

this flux suggests that significant changes in might result from changes in glutamate 

release from neurons. For example when light suppresses tonic glutamate release from 

photoreceptor (see schematic diagram in Fig. 1.2), and thus suppresses glutamate uptake 

in the outer part of the Müller cells, a significant fall of [K^]o in the outer retina might be 

expected. Such a light-induced fall of [K ]̂o in the outer retina exists and is thought to play 

a part in generating the c wave of the electroretinogram (Oakley and Green, 1976). 

Although light-evoked hyperpolarization of photoreceptors produces a major contribution 

to the observed [K ]̂o change (Oakley et al. 1979), it seems likely that the Müller cells also
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contribute.

7.1.3 Role of a pH-changing anion in the stoichiometry of the glutamate uptake 

carrier

Data presented in chapter 4 show that the glutamate uptake carrier in salamander 

Müller cells generates an intracellular acidification and an extracellular alkalinization. 

These pH changes are not a consequence of the Na^ influx on the glutamate trasporter 

affecting Na^-dependent pH-regulating carriers but are produced directly by the glutamate 

uptake carrier transporting a pH-changing ion. In an attempt to distinguish whether the pH 

changes observed were due to co-transport of an H^ or to counter-transport of an O H , I 

found that some anions, such as CIO/, enhance the glutamate uptake current, reduce the 

glutamate uptake-induced extracellular alkalinization and are themselves transported out 

of the cell. This suggests that the uptake carrier, in physiological conditions, binds a pH- 

changing anion such as OH or HCO/ at the inner surface of the membrane and transports 

the anion out of the cell, and that anions like CIO/ can compete with OH /HCO3 for 

transport on this anion transport site.

The intracellular acidification monitored in undamped cells was about half the size 

of the pH change recorded in voltage-clamped cells. This difference cannot be explained 

easily, but a few hypotheses can be put forward. First, although barium was omitted when 

measuring pH changes in undamped cells, so that electrogenic uptake of glutamate would 

not have depolarized whole cells more than few millivolts from their resting membrane 

potentials, some of the cells studied had lost their vitreal endfoot where most of the 

potassium conductance is localized. As a result of this, the cell membrane potential would 

have been more positive, and glutamate uptake could have depolarized the cell membrane 

still further, thus reducing the rate of uptake because of its voltage-dependence (see Fig. 

3.2, chapter 3). Second, in voltage-clamped cells there may have been more uptake 

because the patch-pipette dialysed out some unknown regulatory factors present in intact 

non-voltage clamped cells.
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7.1.4 Is OH or HCO3 - the counter-transported anion on the glutamate uptake 

carrier?

It is of interest to know if the counter-transported anion is OH or HCOg In my 

experimental conditions with no added HCO3 the main transported anion is likely to be 

OH', for the following reasons. First, the magnitude of the intracellular acidification 

observed (-0.2 units, in voltage-clamped Müller cells, after 20 seconds of glutamate 

application) is consistent with it being produced by an efflux of about one OH anion per 

unitary charge of a 200pA uptake current in a cell o f volume lO' '̂^m̂  and of typical 

buffering power 20mM per pH unit. To produce the same pH change, the carrier would 

have to transport 9 HCO^ anions on each carrier cycle, because the pK, value for CO2 is 

6.1, so that at pH,=7 eight ninths of the total HCO3 and CO2 molecules are in the HCO3 

form and will not change the pH when transported out of the cell (the ninth is in the CO2 

form and will leave behind a proton when transported out of the cell as H C O 3  ). Secondly, 

in my experimental conditions there is not enough HCO3 in the cell to account for the pH 

changes observed. If one HCO3 was transported per unitary charge of a 200pA uptake 

current this implies an efflux of 2xl0^^mol/sec. However, block of carbonic anhydrase 

with lOOfiM acetazolamide has no significant effect on the uptake-evoked intracellular 

acidification (section 4.16, chapter 4), and in the presence of acetazolamide the production 

of HCO3 ill a cell of volume lO' '̂^m̂  is only 1.9xl0'*^mol/sec (since in my nominally 

HCO3 -free solution 50|iM CO2 was measured with a blood gas analyser and the rate 

constant for converting CO2 to HCO3 is 0.037mol/sec: Edsal and Wyman, 1958). In whole

cell voltage-clamped Müller cells, another source of HCO3 could be from the solution in 

the patch pipette (Fig. 7.2). The rate of diffusion of HCOg from the patch-pipette solution 

into the cell can be calculated as follows. The flux (in moles per second) of a substance 

from the pipette to the cell is given by

J  =  D  A  (Cpjpette-Cceii)/w (7 .1 )

where D is the diffusion coefficient of the substance, A is the area available for diffusion, 

C is the concentration of the substance in the pipette and in the cell and w is the width of 

the barrier between the pipette and the cell. The ratio A/w can be calculated, knowing the 

pipette series resistance (RseWes) and the resistivity (p) of the solution filling the patch-
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Fig 7.2 Schematic representation of a whole-cell clamped cell. Diffusion of molecules from 

the patch-pipette occurs when the pipette is in whole-cell mode, through the barrier 

between the tip of the pipette and the cell. The barrier is schematized as having a cross 

sectional area. A, at the tip of the pipette, and width, w, which is the length of the narrow 

end o f the pipette.
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pipette, from the following eqn.

Rsenes = P w/A (7.2)

and thus, from eqn. (7.1)

J  =  (D p /R 3 „ i„ )(C p ,p ,^ -C ,,„ )

The maximum value this can have is when C cell =0 i.e.

J m a x  =  D p C p i p e t t c / R s e r i e s  ( 7 - 3 )

Now, in my HCO^ -free pipette solution a blood gas analyser detected a 

concentration of HCO3 of 400p.M, a typical pipette series resistance was 3MQ, the 

diffusion coefficient for HCO3 is approximately 2xl0'^m^sec ' and p is O.SQm. Thus, from 

eqn. 7.2 we can calculate that diffusion of H CO / from the pipette could replenish the cell 

content of HCO3 at a maximum rate of only 2.1 xlO '^mol/sec. Thus, both the production 

ofH C O f in the presence of acetazolamide and the replenishment ofH C O f from the patch- 

pipette are insufficient to provide enough HCO3 to account for the uptake current 

monitored in Müller cells.

Thus, in vitro the transport of HCO3 cannot be obligatory, and OH is the most 

likely counter-transported anion. In vivo, however, the situation could be different. In fact 

results obtained from Müller cells whole-cell clamped (section 4.16, chapter 4) with an 

internal solution containing lOmM intracellular HCOf show that the uptake current is 

enhanced by 38% in the presence of internal HCO3, suggesting that in vivo a fraction of 

carrier cycles might indeed transport HCO3

The discovery that the glutamate uptake carrier counter-transports an OH out o f the 

cell has an important implication; transport of OH enhances the accumulative power o f the 

carrier. This will be explained in the next section.
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7.1.5 Accumulative power of the glutamate uptake carrier

Although during neuronal activity the extracellular glutamate concentration 

depends on the balance between the amount of glutamate released and taken up, in steady- 

state conditions, with no glutamate release, the extracellular glutamate concentration is 

determined by the accumulative power of the uptake mechanism. The lowest possible level 

of extracellular glutamate concentration is set by the stoichiometry of the uptake carrier 

(i.e. by the nature of the inorganic ions which accompany the transport of glutamate into 

the cells). On the basis of the stoichiometry proposed in Fig. 7.1, it is possible to calculate 

this glutamate level from the expression for the carrier reversal potential:

v,,„ = 2V^,+Voh-Vk-V„ (7.4)

At 37°C, with V^a = 50mV, Vqh = -20mV, V^=Vk = -90mV and [glu]j = lOmM (Berger et 

1977; Schousboe et al. 1975; Kvamme et al. 1985) equation 7.4 predicts a minimum 

[glu]o of 0.6pM. Because there is an electrochemical gradient for movement of OH out of 

the cell, the counter-transport of an OH anion helps to increase the accumulative power of 

the carrier. With no OH transported [glu]^ would only be lowered to a minimum value of 

8|iM.

An external glutamate concentration of 0.6|iM is sufficient to activate presynaptic 

L-AP4 receptors (Forsythe and Clements, 1990) reducing glutamate release. It will also 

activate some postsynaptic NMDA receptors (Patneau and Mayer, 1990; Sather etal. 1992; 

Sah et al. 1989) allowing some postsynaptic Ca^  ̂influx at synapses that are not releasing 

glutamate (when other active synapses depolarize the cell and remove Mg^^-block of the 

NMDA channels).

In some pathological circumstances such as during anoxia, the glutamate transporter 

fails to keep the extracellular glutamate concentration below neurotoxic levels. In 

conditions of energy failure, in fact, the extracellular potassium concentration rises (Siesjo, 

1990) depolarising the membrane potential, and the extracellular sodium concentration 

falls. Both the increase of potassium and the membrane depolarization will not only slow 

down the rate of uptake (Brew and Attwell, 1987) but can also induce the carrier to run 

backwards releasing glutamate into the extracellular space until its concentration rises to 

a new equilibrium value. If during anoxia, when [K]^ rises to 60mM (Siesjo, 1990),
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V„,=VK=-20mV, V^a becomes 24mV and VoH=OmV, we can calculate that the minimum 

[glu]o must rise to 370|jM , a concentration which is sufficient to cause neuronal death 

(Choi et al. 1987; Szatkowski et al. 1990).

7.1.6 Are glutamate-induced pH changes monitored in rat hippocampal slices due to 

glutamate uptake?

Previous studies on intra and extracellular pH changes in hippocampal slices have 

provided evidence for intracellular acidification and extracellular alkalinization being 

produced by a flux of acid through glutamate-gated ion channels (Chen and Chesler, 

1992b) or an efflux of alkali through GABA-gated ion channels (Kaila et al. 1992). 

However, experiments in chapter 5 show that pH shifts still occurr in the presence of 

glutamate- and GABA-gated channel blockers, in the presence of TTX and in the presence 

of saturating doses of L-AP4, a presynaptic glutamate receptor agonist. The persistence of 

the pH shifts in these conditions, suggests that at least some of the pH changes evoked by 

glutamate in the hippocampus, must be due to a novel phenomenon in addition to those 

postulated by Chen and Chesler (1992) and by Kaila et al (1992).

Considering the pharmacology, the ion substitution and the blocker experiments 

reported in chapter 5, the simplest interpretation of my data is that glutamate acidifies 

hippocampal cells by activating a glutamate uptake carrier which has, in these cells, the 

same stoichiometry as that proposed for salamander Müller cells (Fig.3.1). Note, however, 

that the experiments performed do not actually give any evidence for distinguishing 

whether the pH changes are due to the transport of a proton into the cells, or the counter

transport of an OH (or HCO3 ) out of the cells on the uptake carrier. This distinction will 

only be possible when experiments manipulating the intracellular anion content of the 

mammalian cells are carried out under voltage-clamp conditions, as described in chapter 

4 for the experiments studying the stoichiometry of the uptake carrier in salamander retinal 

glial cells. In addition, my hippocampal experiments do not rule out the possibility that the 

intracellular acidification is produced indirectly as a result of increased cell metabolism 

following sodium loading by the influx of sodium ions on the uptake carrier. Measurement 

of extracellular pH changes would provide a way of testing whether the intracellular 

acidification is produced by transport of apH-changing ion on the uptake carrier (in which
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case glutamate would make the pH^ go alkaline, as in chapter 4) or by sodium-loading and 

increased metabolism (in which case glutamate would make the pH^ go acid).

Given the evidence mentioned above for a proton flux through glutamate-gated ion 

channels (Chen and Chesler, 1992) and for bicarbonate efflux through GABA-gated 

channels (Kaila et al. 1992), which activation of inhibitory intemeurons might be expected 

to produce, it is surprising that blocking glutamate- and GABA-gated channels did not 

significantly affect the glutamate-evoked pH changes. There are several possible reasons 

for this. First, since HCOf was absent from the external solution, its flux through GABA- 

gated channels will be greatly reduced. Second, the desensitization of glutamate receptors 

produced by the prolonged application of glutamate in my experiments might greatly 

reduce the pH change produced by a proton influx through the channels linked to the 

receptors, as compared to the situation when the receptors are activated briefly by 

synaptically released glutamate in the experiments of Chen and Chesler (1992b). Finally, 

when a slice is perfused with glutamate-containing solution, the amount of uptake activated 

throughout the slice may generate fluxes of pH-changing ions which simply outweigh the 

fluxes which can be produced at the relatively localized groups of ion channels present at 

synapses.

The experiments described in chapter 5 do not provide any information on whether 

the glutamate-evoked pH changes occur in neurons or in glial cells. From radiotracing data, 

glutamate uptake is known to exist in both cell types, and cloning studies suggest that the 

uptake carriers in neurons and glial cells are related but different (Pines et al, 1992; Kanai 

and Hediger, 1992). If most of the uptake carriers are in glial cells (as found by Schon and 

Kelly (1974) and McLennan (1976), but not by Storm-Mathisen and Iversen (1979)), pH 

changes in glia might dominate the pH changes observed in hippocampal slices, providing 

that the mammalian glial cell uptake carrier (like that in amphibian Müller cells) transports 

a pH-changing ion.

Since it is uncertain what fraction o f the volume of the slice is undergoing the 

observed intracellular pH change, the real size of the intracellular acidification at the site 

of glutamate uptake is uncertain. If  only the uptake carriers in neuronal synaptic terminals 

generate the pH change, then the local pH change inside the terminals would have to be 

very large to generate the average slice pH changes seen. On the other hand, if the pH 

changes largely reflect uptake into glial cells, which form (say) half o f the slice volume, 

then the pH change inside the glial cells would only be underestimated by a factor of 2 in
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the calibrations shown in Fig. 5.2.

The experiments performed on hippocampal slices overestimate the intracellular pH 

changes that glutamate uptake would generate in vivo because of the use of Hepes instead 

of HCO3 as a buffer in the extracellular solution. The use of HCO3 would increase the 

buffering power, thus reducing the intracellular acidification.

7.1.7 Homology between different glutamate transporters

There is a functional homology among many known glutamate transporters, which 

supports the idea that the pH changes observed in hippocampal slices might be produced 

by the activation of the glutamate transporter. Apart from the evidence given in chapter 4, 

that the Müller cell uptake carrier counter-transports a pH-changing anion, the mammalian 

neuronal carrier cloned by Kanai and Hediger, the carrier in rat forebrain synaptosomes 

(Erecinska et al. 1983), the carrier in renal brush border vesicles (Nelson et al. 1983), the 

bacterial glutamate transporter gltP (de Vrij et al. 1989; Tolner et al. 1992) and the 

mitochondrial glutamate/hydroxide exchanger (Minn and Gayet, 1977; LaNoue and 

Schoolwerth, 1979) all seem to transport a pH-changing ion. Furthermore, the mammalian 

glutamate uptake carriers cloned by Pines etal (19921. Storck et al (1992) and by Kanai and 

Hediger (1992) show a considerable homology of amino acid sequence with gltP, 

reinforcing the idea that the former carriers may also counter-transport an OH or a HCOf 

anion or co-transport a proton.

7.1.8 Effect of extracellular pH shifts on glutamate uptake during anoxia/ischemia

If glutamate uptake contributes to changes in intra- and extracellular pH by counter

transporting a pH-changing anion, then it is reasonable to expect that acidification of the 

extracellular enviroment, as occurrs in pathological situations like ischemia, anoxia and 

spreading depression (Mutch and Heisen, 1984) might severely affect the activity o f the 

glutamate transporter. Recent experimental evidence for the salamander Müller cell uptake 

carrier has shown that reducing or increasing the external pH from 7.4 results in an 

inhibition of glutamate transport, with uptake being reduced by half when external pH is 

changed to 6 or 8.3 (Billups et al. 1994). Extracellular alkalinization is expected to lower
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the rate of uptake by hindering the loss of the OH anion transported by the carrier at the 

outer surface of the membrane. The decrease of uptake at low pH may reflect titration of 

another site on the carrier (such as the Na^-binding site).

The acidification which occurs in the mammalian CNS soon after the onset of an 

anoxic insult (Siesjo, 1990) is likely to be an important factor slowing down the rate of 

uptake and contributing to a rise of the extracellular glutamate concentration during the 

first 2 minutes of anoxia. During these first two minutes the external pH undergoes an acid 

shift, before the external potassium concentration rises to about 60mM (Siesjo, 1990), this 

latter rise leading to further glutamate release by reversed glutamate uptake. The rise of 

extracellular glutamate concentration ultimately triggers neuronal death by generating an 

excessive entry of calcium through NMDA receptor channels.

7.2 Role of calcium in growth cones of primary sensory neurons

The data reported in chapter 6 disagree in many aspects with measurements of 

intracellular calcium concentration performed by others on neurons regrowing their axons 

in culture. Previous reports, in fact, suggest that in rat embryonic neurons (Connor, 1986) 

and in Heliosoma neurons (Kater etal. 1988) an intracellular calcium level higher than that 

found in quiescent growth cones promotes motility and growth. I found that, in the absence 

of external stimuli, the intracellular calcium concentration was uniform and not 

significantly different between growth cones advancing at high a rate and growth cones 

displayng a motile-but-non-advancing behaviour. Furthermore, no correlation was found 

between the growth speed and the intracellular calcium concantration (Fig. 6.5). On the 

other hand, arise of intracellular calcium concentration was observed in a retracting growth 

cone and a significantly higher internal calcium concentration was measured in filopodia 

before retraction. Taken together, these observations suggest that, in DRG neurons, a high 

calcium concentration is not required to promote growth but instead causes growth cone 

retraction. A reconciliation between the previous results and the results of my experiments 

lies in the hypothesis that growth is dependent on the intracellular calcium concentration 

being within a restricted range of values. In different types of cell, perturbation o f the 

intracellular calcium concentration from the resting level will cause a change in the growth 

cone behaviour depending on the optimal concentration of intracellular calcium required
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for growth in that cell type.

Another point of disagreement with previous findings is the absence of intracellular 

calcium concentration gradients. Calcium concentration gradients have been found in 

growth cones of mammalian neurons by Connor (1986), and are thought to be important 

for local control of growth cone structures. However, those studies were performed in cells 

loaded with the membrane permeant form of the calcium-fluorescent indicator fura-2 (fura- 

2-AM) which can be compartimentalized into organelles inside the cells, producing an 

apparent differential distribution of calcium conentration, with a higher apparent calcium 

level in places where organelles are clustered. Silver et al (1990) proved directly that 

loading neuroblastoma cells with fura-2-AM produced apparent intracellular calcium 

concentration gradients which were absent in cells where fura-2 was microinjected. Since 

DRG neurones, loaded by microinjection of the fura-2-dextran, did not display any 

intracellular calcium concentration gradients, the previous findings of Connor (1986) are 

disputable.

The concentration of fura injected into DRG neurons was found to be around 

SOOfiM in cells where transient increases in calcium concentration were measured and 

around 800fiM in cells where the steady-state distribution of calcium concentration was 

studied. Fura is a calcium buffer and although the calcium buffering power of the growth 

cone is not known, these concentrations of fura might be expected to mask the presence of 

calcium concentration gradients by significantly increase the calcium buffering power or 

by increasing the diffusion of the calcium ions within the cells. To investigate the effect of 

fura on steady-state intracellular calcium measurements, let us consider a cell as a simple 

cylinder of cross sectional area A, with a localized influx at position x=0. In a section of 

length dx, at position x to x+dx, the diffusion (J) of calcium ions into the section at position 

X must equal the diffusion of calcium out of the section at position x+dx plus the rate of 

calcium removal by systems in the plasma membrane. The latter flux is assumed 

proportional to the calcium concentration with a constant of proportionality defined as K. 

By solving the diffusion equation for this situation it is possible to show that the 

intracellular calcium concentration will dacay exponentially with distance from a site of 

calcium influx, with a space constant, X, given by:

X=  V(DA/K) (7.4)
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where D is the diffusion constant of either free calcium ions or calcium ions bound to fura 

Eqn (7.4) shows that the space constant is directly proportional to the square root of the 

diffusion constant.

It is also possible to derive an expression for the calcium concentration at the point 

of calcium influx, (CJ,:

C. = F/V(KDA) (7.5)

where F is the calcium influx at x=0. Eqn (7.5) shows that the concentration of calcium or 

calcium-fura at x=0 is inversly proportional to the diffusion constant. The diffusion 

constant for calcium in nerve cytoplasm is 8.3xlO ’cmVsec (Nasi and Tillotson, 1985) and 

the diffusion constant of fura-2 in free solution is 3.6x10'^cmVsec (Baylor and 

Hollingworth, 1988). The diffusion constant of fura-2-dextran will be even lower because 

of the 1 OkD dextran polymer attached to it. If  in the cell, all the diffusable fura is calcium- 

bound fura, then the effective diffusion constant for calcium is less than half the diffusion 

constant for free calcium. According to eqns. (7.4) and (7.5) in a steady-state situation the 

presence of fura would decrease the space constant for diffusion of free calcium ions but 

would increase the amplitude of calcium concentration at the site of calcium entry, making 

detection of a non-uniform intracellular calcium concentration easier. Thus the results in 

section 6.5 showing no calcium concentration gradients in the growth cones of DRG 

neurons are not a reflection of the fura injected into the cells masking intracellular calcium 

concentration gradients. On the other hand, the injection of fura, which is a calcium 

buffering molecule, would decrease the magnitude of a transient calcium concentration 

rise, such as that monitored in DRG growth cones during the firing of action potentials (see 

section 6.3).

The absence of a higher calcium concentration in active growth cones, and the 

absence of intracellular calcium concentration gradients, make it difficult to postulate a role 

for calcium in controlling most of the behaviour of DRG neuron growth cones. An 

explanation for high calcium-induced growth cone retraction is given by studies suggesting 

that calcium ions depolymerize actin filaments which are particularly dense in the growth 

cone (Lankford and Letomeau, 1989).

The low intracellular calcium concentration measured may reflect lack of calcium 

influx into the cell in resting conditions, for example due to the membrane potential of
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DRG neurons being more negative than the voltage required to open calcium channels. 

Measurement of the resting membrane potential in these cells (-52±1.6mV, (mean±s.e%. 

Bolsover, personal communication) suggests that this might be the case.

Depolarization of the DRG neuron cell membrane can indeed produce a rise in 

intracellular calcium concentration, mainly localized at the leading edge of the growth 

cone, presumably by opening calcium channels (Fig. 6.3). Release of calcium from 

intracellular stores within the growth cone can be ruled out as it has been found not to be 

important by a number of groups (Przywara etal. 1993 ; Lipscombe etal. 1988). Given that 

calcium channels are responsible for the calcium concentration rise upon depolarization of 

the cell membrane, an appealing hypothesis is that the calcium gradient observed during 

the firing of action potentials is produced by clusters of calcium channels at the tip of the 

growth cone. However, a variation of cell thickness within the growth cone, with 

consequent changes in the surface-to-volume ratio, is also expected to produce a 

differential increase in intracellular calcium concentration, with high calcium occurring 

where this ratio is higher (i.e. at the leading edge of the growth cone). The graphs presented 

in Fig. 6.3 demonstrate that the latter is the most likely explanation of the non-uniform 

[Ca^^]^rise observed.

The physiological importance of a higher intracellular calcium concentration rise 

occurring at the leading edge of the growth cone, although of great interest, has not been 

investigated in this study. Given the observation that a spontaneous rise in intracellular 

calcium concentration caused the growth cone to retract, and that a significantly higher 

calcium concentration was found in filopodia before retraction, activity-induced increases 

of intracellular calcium might be a mechanism for inhibiting the advance, or modifying the 

shape, of an advancing growth cone.
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