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Abstract

Glutamate is a major transmitter in the central
nervous system. In order to understand its physiological
and pathological actions it is necessary to investigate the
properties of the uptake system which removes glutamate
from the extracellular space. An important function of
glutamate uptake is to maintain the extracellular glutamate
concentration below neurotoxic levels.
High
affinity,
sodium-dependent,
electrogenic
glutamate uptake was measured using whole-cell patch-clamp
recording in acutely isolated retinal glial (Muller) cells
of the salamander.
The ionic dependence of the glutamate uptake current
was investigated. Internal sodium and glutamate both
inhibited the uptake current. It was activated by intra
cellular
potassium
and
inhibited by
extracellular
potassium: therefore glutamate uptake involves counter
transport of potassium ions. Replacement of intracellular
or extracellular chloride had no effect on the uptake
current. The uptake current was maximal near pH 7.3.
Second messenger systems were manipulated in order to
identify mechanisms regulating the uptake carrier.
Variation of the intracellular calcium concentration or
inclusion of cGMP, cAMP or GTP-y-S in the patch pipette had
little or no effect on the uptake current. Arachidonic acid
induced a progressive and prolonged inhibition of the
uptake current.
A fluorescence assay was used to measure glutamate
uptake, independently of the uptake current. Manoeuvres
which changed the uptake current had similar effects on
uptake as measured by the fluorescence method. This
confirmed that glutamate uptake into Muller cells occurs
predominantly by the high affinity, sodium-dependent system
and that the uptake current reflects accurately the rate of
glutamate uptake into the cell.

2

Acknowledgements

I thank David Attwell, for excellent and generous
supervision. Everybody in the lab has contributed to the
friendly and stimulating environment: Monique Sarantis,
Marek Szatkowski, Peter Mobbs, Karen Everett, Beverly
Clark and Helen Brew. I thank Chris Magnus for help with
some difficult experiments. It has been interesting and
useful speaking with members of the Physiology and
Pharmacology departments.
I was supported by a studentship from the Science
and Engineering Research Council.

3

Contents

List of Figures

7

List of Tables

9

Chapter 1: Introduction
1.1

Evidence for a transmitter role for
excitatory amino acids

10

1.2

Glutamate receptor function

16

1.3

Pathological
receptors

19

1.4

Transmitter uptake carriers

20

1.5

Previous studies of glutamate uptake

20

1.6

Studying glutamate uptake with patchclamping

24

1.7

Investigations undertaken

28

roles

of

glutamate

Chapter 2: Methods
2.1

Cell preparation

29

2.2

Solutions and superfusion

30

2.3

Association of glutamate and divalent
ions in solution

31

2.4

Experimental apparatus for electrical
recording

33

2.5

Experimental
apparatus
simultaneous
electrical
fluorescence recording

34

2.6

Correction for junction potentials

35

2.7

Series resistance error

36

2.8

Voltage-clamp quality

36

2.9

Data analysis

43

for
and

Chapter 3: The ionic dependence of glutamate uptake
3.1

Introduction

58

4

3.2

Dependence on
related ions

external sodium

and 58

3.3

Dependence

on internal sodium

61

3.4

Inhibition

by internal glutamate

64

3.5

Interaction of internal sodium
glutamate

3.6

Dependence on internal potassium and
related ions

3.7

The effects of reducing [K]1
- on the 78
affinity for [glu]Q and [Na]o, and on
the voltage-dependence of glutamate
uptake

3.8

Dependence

on external potassium

84

3.9

Dependence

on chloride

87

3.10

Dependence

on external pH

90

and 67
70

Chapter 4: Modulation of glutamate uptake

4.1

Dependence

on internal calcium

4.2

Effect of cGMP

98

4.3

Effect of CAMP

100

4.4

Effect of GTP-y -S

102

4.5

Effect of phorbol ester

102

4.6

Effects of arachidonic acid

103

4.7

Possible mechanisms
arachidonic acid

4.8

Effects of other fatty acids

113

4.9

Kinetics of inhibition by arachidonic
acid

116

of

action

98

of

106

Chapter 5: A fluorescence assay for glutamate uptake

5.1

Introduction

119

5.2

The glutamate-evoked
response

fluorescence

121

5.3

Sodium-dependence of the fluorescence
response

124

5

5.4

Specificity for glutamate

127

5.5

Quantitation of the glutamate-evoked
fluorescence response

128

5.6

Variation of the glutamate-evoked
current
and
fluorescence
with
glutamate concentration

132

5.7

Relation of the fluorescence response
to glutamate uptake

138

5.8

Voltage-dependence of the glutamateevoked current
and
fluorescence
change

142

5.9

Potassium-dependence
of
the
glutamate-evoked
fluorescence
response

152

5.10

Removal of intracellular potassium

153

5.11

Raising the extracellular potassium
concentration

157

Chapter 6: Discussion
6.1

Uptake current or channel?

163

6.2

Types of glutamate uptake

164

6.3

Mammalian
and
amphibian
systems are similar

6.4

Stoichiometry of uptake

168

6.5

Accumulative power of the carrier

174

6.6

Function
transport

175

6.7

Role of
synapse

6.8

Relevance of glutamate
Long-Term Potentiation

6.9

Role
of
glutamate
neurotoxicity

of

potassium

glutamate

References

uptake

counter

uptake

at

uptake
uptake

168

the

176

to

177

in

180
187

6

List of figures

Fig.

.1

Muller cell picture

Fig.

.2

Glutamate
uptake
current
and
stoichiometry of glutamate uptake

Fig.

.1

Model of a Muller cell

38

Fig.

.2

Capacity transient analysis

45

current

23

vs.

26

Fig. 2.3

Plot of uptake
capacitance

cell

48

Fig. 3.1

Dependence of the uptake current on
external monovalent ions

60

Fig. 3.2

Inhibition of the uptake current by

63

Ha,

Fig. 3.3

Interaction of gluj and Nal
-

66

Fig. 3.4

Removal
of
internal
potassium
abolishes the uptake current

69

Fig. 3.5

Dependence of the uptake current on
[K],

72

Fig. 3.6

Comparison of the [K] -dependence of
the uptake currents for L-glu and
D-asp

75

Fig. 3.7

Replacement of internal potassium by
rubidium and caesium

77

Fig. 3.8

Effect of reduction of [K]i on the
apparent affinity
for
external
glutamate and sodium

80

Fig. 3.9

Effect of lowering [K]i on the I-V
relation for the uptake current

82

Fig. 3.10

Dependence on [K]Q

86

Fig. 3.11

Dependence on [Cl]0 and [Cl]f

89

Fig. 3.12

Changes of pH affect the glutamateevoked current

92

Fig. 3.13

Dependence on external pH

97

Fig. 4.1

Arachidonic acid inhibits glutamate
uptake

105

7

Fig. 4.2

Ouabain and inhibitors of arachidonic
acid metabolism fail to prevent
inhibition by arachidonic acid

108

Fig. 4.3

Arachidonic acid does not act via PKC
on the uptake carrier

111

Fig. 4.4

Effects of other fatty acids

115

Fig. 4.5

Kinetics
of
arachidonic
acid's
inhibition of the uptake current

118

Fig. 5.1

Sodium-dependence of the glutamateevoked fluorescence response

123

Fig. 5.2

Aspartate
response

fluorescence

126

Fig. 5.3

Quantification of the fluorescence
response

131

Fig. 5.4

A
lower glutamate concentration
evokes a slower-rising fluorescence
response

134

Fig. 5.5

Dependence of the glutamate-evoked
fluorescence and current on [glu]0

137

Fig. 5.6

Fluorescence-current relation from
the glutamate dose-response data

140

Fig. 5.7

Depolarisation
reduces
fluorescence response

the

144

Fig. 5.8

Voltage-dependence of the glutamateevoked fluorescence and current

146

Fig. 5.9

Fluorescence-current relation for the
voltage data

148

Fig. 5.10

Reduction
of
the
fluorescence
response
by
depolarisation
and
lowered [glu]0 in one cell

151

Fig. 5.11

Removal of intracellular potassium
reduces the fluorescence response

155

Fig. 5.12

Raising external potassium reduces
the fluorescence response

159

evokes

no

Fig. 5.13

A fluorescence 'spike'

162

Fig. 6.1

The equilibrium [glu]o as a function

186

of [K]0

8

List of tables

Table 2.1

Extracellular solutions A-■E

50

Table 2.2

Extracellular solutions F-•I

51

Table 2.3

Extracellular solutions J & K

52

Table 2.4

Pipette filling solutions Z-W

53

Table 2.5

Pipette filling solutions V-T

54

Table 2.6

Pipette filling solution S

55

Table 2.7

Pipette filling solutions R-P

56

Table 2.8

Pipette filling soution 0

57

Table 4.1

Effects of internal cGMP

99

Table 4.2

Effects of internal GTP-y•S

101

9

Chapter 1
Introduction
There is a large body of evidence indicating that
glutamate (or a closely related amino acid) is an important
neurotransmitter in the central nervous system (CNS),
subserving a wide variety of functions, from high-speed
synaptic transmission to memory formation and brain
development.
In this thesis I describe experiments characterising
the properties of the glutamate uptake carrier which
removes glutamate from the extracellular space. The
experiments were carried out on isolated retinal glial
cells (Muller cells) of the slamander. This introduction
puts these experiments in context by (i) reviewing the
evidence that glutamate is a neurotransmitter; (ii)
describing the properties of the glutamate receptors in the
CNS and their roles in physiological and pathological
situations; (iii) by reviewing previous work on glutamate
uptake and (iv) introducing the experiments in this thesis.
1.1 Evidence for a transmitter role for excitatory amino
acids
A number of criteria must be satisfied in identifying
a neurotransmitter:i) The transmitter candidate should undergo Ca2+-dependent
release on afferent stimulation.
ii) A population of synaptic vesicles should contain the
transmitter candidate.
iii) Exogenously applied transmitter candidate should mimic
the effects of the endogenous transmitter.
iv) Antagonists should affect normal transmission and the
effects of exogenously applied transmitter similarly.
v) A mechanism should exist to remove the transmitter from
the extracellular space.
10

I shall review briefly the evidence that glutamate or
a related amino acid is the transmitter acting at
'excitatory amino acid1 receptors, using the above
criteria. Evidence will be drawn from many brain regions,
but particular attention will be given to the retina, since
retinal cells were used in the experiments described in
this thesis. Compounds which are candidates for the
endogenous transmitter are L-glutamate, L-aspartate and
their sulphur-containing analogues: L-cysteate, L-homocysteate, L-cysteinesulphinate, L-homocysteinesulphinate
and L-serine-O-sulphate. N-acetylaspartylglutamate (NAAG)
and quinolinate will also be considered, as these
endogenous compounds have been reported to act on
excitatory amino acid receptors.
i) Calcium-dependent release
Calcium-dependent release of glutamate and aspartate
from brain slices has been induced with field stimulation
(White et al, 1977), potassium and veratridine (Nadler et
al, 1977). Supporting the notion that this release is from
nerve terminals, glutamate release from synaptosomes has
been demonstrated (eg. Nicholls & Sihra, 1986).
The calcium-dependent release of other candidate
transmitters has also been demonstrated. These include the
sulphur-containing amino acids (Do et al, 1986) and NAAG
(Pittaluga et al, 1988). Release of quinolinate has not
been reported (Stone & Burton, 1988).
In the retina, Miller & Schwartz (1983) showed that
five substances were released from photoreceptors in a
calcium-dependent fashion by potassium depolarisation:
glutamate, aspartate, N-acetylhistidine, putrescine and
cadaverine. Interestingly, they also showed that glutamate,
aspartate
and
N-acetylhistidine
were
released
by
depolarisaton in the absence of calcium. The suggestion was
made that transmitter release at certain synapses might be
calcium-independent and non-vesicular (Miller & Schwartz,
11

1983; Schwartz, 1986). It was proposed that depolarisation
would reverse the direction of operation of the voltagedependent carrier for glutamate which would then release
glutamate. Although this is possible in principle, the
physiological contribution of this mechanism is not clear.
Contrasting
results
were
obtained
in
isolated
photoreceptors, where the release of glutamate was largely
blocked by calcium channel blockers such as cadmium, cobalt
and magnesium and was thus probably calcium-dependent
(Ayoub et al, 1989).
ii) Transmitter-containing vesicles
The isolation of a population of synaptic vesicles
able to accumulate glutamate has been demonstrated (Naito
& Ueda, 1985; Maycox et al, 1988, 1990). Uptake of
glutamate into the vesicles requires ATP and is stimulated
by low concentrations (eg. 4mM) of chloride (Naito & Ueda,
1985, Maycox et al, 1988, 1990). Glutamate is concentrated
in the vesicles by a glutamate transporter distinct from
that present in the plasma membrane of glial cells and
neurones, the properties of which are described in section
1.5. In particular, the vesicular glutamate transporter is
characterised as sodium-independent and chloride-dependent.
Interestingly, L-aspartate and L-homocysteate are poor
substrates for this carrier (Naito & Ueda, 1985), so
vesicles are probably unable to accumulate these amino
acids, making a transmitter role for either aspartate or
homocysteate seem unlikely. Vesicular uptake of other
sulphur-containing amino acids, NAAG or quinolinate has not
been investigated.
iii) Identity of action with endogenous transmitter
The postsynaptic currents at 'glutamatergic* synapses
have a reversal potential near to OmV and are carried
largely by sodium and potassium ions (eg. Hablitz &
12

Langmoen, 1982) . They are controlled by a number of
receptors. These have been classified, using selective
agonists, into NMDA (N-methyl-D-aspartate), AMPA (a-amino3-hydroxy-5-methyl-isoxazole-4-propionate)/kaninate
(formerly
quisqualate/kainate)
and
APB
(2-amino-4phosphonobutyrate) receptors (Watkins & Evans, 1981;
Monaghan et al, 1989? see section 1.2). The first two
receptor types open ion channels permeable to sodium and
potassium (Mayer & Westbrook, 1984) and also calcium in the
case of NMDA receptors (MacDermott et al, 1986) . The APB
receptor closes cation channels in one class of retinal
bipolar cell (Slaughter & Miller, 1981? Attwell et al,
1987? Nawy & Jahr, 1990).
Glutamate is able to mimic all of these effects and
activate all of the above receptors. Aspartate is
completely selective for NMDA receptors (Patneau & Mayer,
1990), so it cannot be the only endogenous transmitter at
the many synapses where there is a non-NMDA receptormediated component of the synaptic current. Consistent with
the selective action of aspartate, this amino acid had no
effect on isolated retinal bipolar cells that responded to
glutamate (Attwell et al, 1987)? bipolar cells in situ
express only non-NMDA receptors (Slaughter & Miller, 1983).
The sulphur-containing amino acids are active at both
NMDA and non-NMDA receptors, but with higher EC50 values
than those for glutamate (in some cases much higher)
(Patneau & Mayer, 1990).
Evidence that NAAG had the same effect as the
endogenous transmitter in the lateral olfactory tract (LOT)
(ffrench-Mullen et al, 1985) has been subsequently ascribed
to potassium in the iontophoretic solution used to apply
NAAG (Whittemore & Koerner, 1989). Interpretation of
experiments in which NAAG is applied to intact tissue is
complicated by the presence of a peptidase which breaks
down NAAG, producing glutamate (Robinson et al, 1987). When
applied to isolated cells, NAAG is a weak agonist at NMDA
receptors only (Westbrook et al, 1986). Quinolinate is a
13

very poor agonist at both NMDA and non-NMDA receptors
(Patneau & Mayer, 1990).
iv) Effects of antagonists
A range of competitive and non-competitive glutamate
antagonists have been developed which interact with either
NMDA or AMPA/kainate receptors. Active at the NMDA receptor
are competitive antagonists such as APV (2-amino-5phosphonovalerate) ,CPP [3-(2-carboxypiperazin-4-yl)propyl1-phosphate] (reviewed by Watkins et al, 1990) and non
competitive antagonists such as MK-801 and phencyclidine
(PCP) (reviewed by Lodge & Johnson, 1990). An effective and
relatively selective blocker of AMPA/kainate receptors is
CNQX (6-cyano-7-nitro-guinoxaline-2,3-dione) (Honore et al,
1988). In addition, it is possible to inhibit or unmask
NMDA receptor-mediated responses by exploiting their
voltage-dependent block by magnesium (Nowak et al, 1984).
Glycine is a co-agonist at the NMDA receptor (Johnson &
Ascher, 1987) and NMDA responses can also be blocked by
antagonists at this site, eg. 7-chloro-kynurenate. CNQX and
APV together are able to abolish most 'glutamatergic1
synaptic currents (eg. Davies & Collingridge, 1989).
The excitatory actions of the sulphur-containing amino
acids in brain slices are attenuated by APV (Mewett et al,
1983). CNQX was not tested in the study. The current evoked
by NAAG in isolated cells was abolished by APV (Westbrook
et al, 1986).
v) Removal of transmitter
In order for a synapse to function repeatedly, the
released transmitter must be inactivated or removed from
the extracellular space. At the vertebrate neuromuscular
junction
and
other
cholinergic
synapses,
released
acetylcholine
is
broken
down
by
the
enzyme
acetylcholinesterase. For many other transmitters, such as
14

noradrenaline, GABA and glycine (see section 1.4) there are
carrier proteins which transport the transmitter from the
extracellular space into cells. The demonstration of an
uptake system for glutamate and aspartate (Logan & Snyder,
1972; Balcar & Johnston, 1972) was an important piece of
evidence that these compounds might have transmitter roles.
L-cysteate and L-cysteinesulphinate are taken up by
the same mechanism as glutamate and aspartate (Wilson &
Pastuszko, 1986). L-homocysteate is reported (Cox et al,
1977) to be taken up by the same 1low-affinity system' as
glutamate (which is probably high affinity glutamate
uptake: see section 6.2 which explains how high affinity
uptake in brain slices can appear to be 'low affinity'). At
high concentrations L-homocysteate is able to evoke a small
uptake current in Muller cells (Muriel Bouvier, Barbara
Miller & David Attwell, personal communication), suggesting
that it is slowly transported by the high affinity
glutamate uptake carrier. NAAG is broken down by a
peptidase, but liberates glutamate in the process (Robinson
et al, 1987). No breakdown of quinolinate has been
demonstrated and it does not appear to be taken up (Stone
& Burton, 1988).
Summary
Of the transmitter candidates, the most convincing
evidence has been accumulated in support of glutamate as an
endogenous transmitter. It is released by a number of
stimuli in a calcium-dependent fashion, is accumulated by
synaptic vesicles, is a good agonist at all of the receptor
types, its actions can be blocked by the same antagonists
which inhibit the actions of the endogenous transmitter and
there is a very efficient uptake system to remove it from
the extracellular space.
Aspartate is less likely to act as a transmitter: it
is not taken up into synaptic vesicles and it is not an
agonist at the non-NMDA receptors which are activated at
15

most 'glutamatergic' synapses. Members of the family of
sulphur containing amino acids can activate both NMDA and
non-NMDA receptors, although they all have higher EC50
values than glutamate. They are taken up and their calciumdependent release has been demonstrated. Their presence in
synaptic vesicles has not been shown, however, and
homocysteate, at least, is not taken up into the vesicles.
There is little evidence supporting NAAG as a transmitter;
it is a weak NMDA receptor agonist only. Quinolinate is
very unlikely to have a transmitter role.
1.2 Glutamate receptor function

AMPA/kainate receptor
Recently a family of glutamate receptors has been
cloned and expressed (Hollmann et al, 1989? Boulter et al,
1990; Keinanen et al, 1990; Sommer et al, 1990) which
respond to both AMPA and kainate with currents like those
evoked by these compounds in neurones: a rapidly
desensitising response to AMPA and a sustained response to
kainate (eg. Patneau & Mayer, 1990). This suggests that
AMPA and kainate receptors may be one and the same. A
report of apparently selective responses to kainate in
a C-fibre preparation (Agrawal & Evans, 1986) has been used
as evidence that distinct kainate receptors do exist.
Recently, however, Heuttner (1990) has shown that isolated
DRG neurons do respond to AMPA and quisqualate as well as
to kainate. The reason that AMPA and quisqualate were
apparently inactive in the preparation of Agrawal & Evans
(1986) was that these agonists evoked a very rapidly and
completely desensitising response, while kainate evoked a
sustained response.
AMPA receptors mediate 'fast' transmission at most
glutamatergic synapses. For example, at the mossy fibregranule cell synapse in the cerebellum, the fast, CNQXsensitive component of the synaptic current has a (10-90%)
16

rise time of less than 200/xs and a decay time constant of
about 1ms (Angus Silver, Stephen Traynelis & Stuart CullCandy, personal communication). Such synaptic currents
could, in principle, mediate transmission athundreds of
Hertz
(depending on the kinetics of the sodium and
potassium currents generating pre- and post-synaptic action
potentials).
NMDA receptor
The voltage-dependent block of NMDA channels by
magnesium (Nowak et al, 1984; Mayer et al, 1984) means that
glutamate and postsynaptic depolarisation are required for
full activation, providing a mechanism for signalling
conjunctive presynaptic and postsynaptic activity. The time
course of the NMDA receptor-mediated synaptic current (eg.
Lester etal, 1990) is much slower (ie. >100ms) than that
of the AMPA receptor-mediated responses (see above), so
NMDA receptor/channels could integrate inputs over periods
containing many AMPA-mediated
events.
The
calcium
permeability of the open channel (MacDermott et al, 1986)
enables it to influence any processes controlled by [Ca2+]i.
Of particular interest is the involvement of NMDA
receptors in long-term potentiation, or LTP, in the
mammalian hippocampus (CA1 region and dentate gyrus). LTP
is a long-lasting increase of gain at glutamatergic
synapses; it is thought to be triggered by the the calcium
influx produced by activation of NMDA receptors (see
section 6.8). This form of synaptic plasticity could
plausibly underlie some learning processes.
Some glutamatergic synapses do not appear to have NMDA
receptors (Miller & Slaughter, 1983) and at others the NMDA
receptor current does not contribute to the synaptic
current except under conditions, like during tetanic
stimulation, which produce postsynaptic depolarisation
(Davies & Collingridge, 1989). There are synapses, however,
at which NMDA receptor-mediated currents contribute to
17

normal transmission (Jones & Baughman, 1988).
APB (L-AP4) receptor
This receptor type mediates transmission between
photoreceptors and depolarising (ON-) bipolar cells in the
retina (Slaughter & Miller, 1981). Its activation leads to
the closure of channels (Attwell et al, 1987) via a second
messenger cascade involving a G-protein and cGMP (Nawy &
Jahr, 1990). This arrangement accounts for the high
synaptic gain of photoreceptor-depolarising bipolar cell
transmission compared to the gain of photoreceptor
transmission to hyperpolarising bipolar cells
and
horizontal cells (Falk, 1989).
An APB receptor causing presynaptic inhibition has
also been reported in the hippocampus (Koerner & Cotman,
1981? Cotman et al, 1986) and at synapses between cultured
hippocampal cells (Forsythe & Clements, 1990). Nothing is
known about the mechanism of action of this receptor.
'Metabotropic1 receptor
Glutamate, acting at these receptors, is capable of
causing the release of calcium from intracellular stores
via a G-protein, phospholipase C and IP3 cascade (Sugiyama
et al, 1987). The receptor is also activated by
quisqualate, but not AMPA. A selective agonist is transACPD
(trans-l-amino-cyclopentyl-1,3-dicarboxylate)
(Monaghan et al, 1989). Cultured astrocytes express this
receptor (Cornell-Bell et al, 1990). In these cells
glutamate induced propagating (and sometimes repetitive)
calcium waves which were transmitted to neighbouring cells,
presumably via gap junctions. A function for this receptor
and the calcium mobilisation it produces has yet to be
elucidated.
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Glutamate-gated chloride channels
Glutamate opens chloride-selective channels in locust
muscle (Cull-Candy, 1976), Helix neurones (Szczepaniak &
Cottrell, 1973) and in cone photoreceptors (Sarantis et al,
1988). The cone receptor is apparently presynaptic and is
also activated by kainate. The current evoked by activation
of this receptor has the unusual property of being sodiumdependent, although sodium ions are not conducted by the
channel. A presynaptic receptor is likely to modulate
transmitter release, but such a role has yet to be
demonstrated in the retina.
1.3 Pathological roles of glutamate receptors
Glutamate can be neurotoxic (Choi et al, 1987; Meldrum
& Garthwaite, 1990) . It is likely that this common
transmitter is involved in neurodegenerative processes, in
particular in anoxic/ischaemic and epileptic damage. The
same mechanisms may underlie both pathologies, because in
each there is an increased release of glutamate (see
section 6.9). Thus, the pattern of hippocampal damage
following excitatory amino acid application is similar to
that in epileptic damage (Sloviter & Dempster, 1985). In
vitro, much of the damage caused by glutamate, which
activates NMDA receptors to admit a lethal calcium influx,
is prevented by NMDA antagonists (Choi, 1987? Choi et al,
1988). NMDA antagonists also reduce ischaemic/anoxic
degeneration in intact tissues (eg. Ozyurt et al, 1988).
Other glutamate receptors, particularly the metabotropic
receptor which releases intracellular calcium, may also be
involved in neurotoxic processes (Garthwaite & Garthwaite,
1989? Sheardown et al, 1990).

19

1.4 Transmitter uptake carriers
Many transmitters appear to be removed from the
extracellular space by uptake into cells. This is achieved
by specific carrier systems for noradrenaline, GABA,
glycine, serotonin, dopamine and glutamate. These carrier
mechanisms are all sodium co-transporters: they utilise the
existing electrochemical gradient for sodium to derive the
free energy required to accumulate the transmitter inside
cells. By co-transporting two or more sodium ions with each
amino acid molecule, such carriers are able to maintain
large [transmitter] in/ [transmitter]out gradients.
The various neurotransmitter carriers are distinct in
that they are specific for the particular transmitter
transported, but also in that they have different
stoichiometries. In addition to the transmitter and sodium
ions, chloride, potassium and hydrogen ions can also be
transported. For example, GABA is probably co-transported
with two sodium ions and a chloride ion, while the favoured
stoichiometry for serotonin uptake is serotonin,Na+,Cl'/K*
(where a comma indicates co-transport and a slash counter
transport) . The properties of these carriers are reviewed
in detail by Kanner & Schuldiner (1987).
1.5 Previous studies of glutamate uptake
Glutamate uptake has been extensively studied using
biochemical techniques, mostly radiotracing. A variety of
preparations have been used, including: brain slices,
cultured cells and suspensions of synaptosomes or resealed
synaptosomal ghosts. These studies have shown clearly that
the glutamate uptake carrier is a sodium co-transporter,
with probably two or more sodium ions being taken up with
each glutamate molecule (see section 6.4).
Several reports have shown that internal potassium
stimulates glutamate uptake (Kanner & Sharon, 1978a & b;
Burckhardt et al, 1980; Schneider & Sacktor, 1980, Kanner
20

& Schuldiner, 1987) and some of the experimenters have
concluded from this resultthat the glutamate uptake
carrier counter-transports potassium ions out of the cell
as it takes up glutamate and sodium ions. Care must be
exercised in reaching this conclusion, however, because
potassium could also stimulate uptake in the following
manner. Loading synaptosomes with potassium will generate
an inside-negative membrane potential (being derived from
cell membranes they have a
relatively large potassium
conductance). As
glutamate
uptake
is
electrogenic
(transporting a net positive charge into the cell) it will
be potentiated by such a membrane potential (Murer et al,
1980; Brew & Attwell, 1987), so internal potassium could
activate uptake in this way without being transported by
the carrier.
The only experiments which address this problem are
those of Kanner and co-workers (Kanner & Sharon, 1978a, b;
Kanner & Marva, 1982; Kanner & Schuldiner, 1987) who show
that internal potassium is absolutely required for
glutamate uptake, even in the presence of external
thiocyanate ions which are expected to generate an insidenegative membrane potential in the absence of potassium.
This is a qualitative result showing that internal
potassium is required for operation of the glutamate uptake
carrier. Using synaptosomal suspensions, however, it is not
feasible to quantify the direct and indirect effects of
potassium on glutamate uptake. The use of whole-cell patchclamping, where the cell is voltage clamped, to study
glutamate uptake enables a precise evaluation of the
effects of potassium to be made (see section 1.6 below).
The radiotracing experiments on the effects of
potassium were performed using synaptosomes, which are of
neuronal origin. Glial cells appear to be the major sites
of expression of the glutamate uptake carrier, as most
exogenous glutamate applied to intact retinae (White &
Neal, 1976; Ehinger, 1977) or brain slices (McLennan, 1976)
is accumulated by the glial cells.
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Fig. 1.1 An acutely isolated salamander Muller cell. Cells
such as these were used for all the experiments in this
thesis. They were prepared by papain dissociation of
salamander retinae (see methods).
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It is therefore of interest to know whether the uptake
mechanism in glial cells is also potassium-dependent.
Sodium-dependent, high-affinity glutamate uptake is
not the only mechanism transporting glutamate into cells.
Chloride-dependent* (Pin et al, 1984) and 'low affinity'
(Logan & Snyder, 1972) uptake systems have also been
described. It is not clear what contribution these systems
make, whether they are found in glial cells, or indeed
whether they are not artefactual (see section 6.2).
Little is known concerning the regulation or
modulation of the glutamate uptake carrier.
1.6 Studying glutamate uptake with patch-clamping
Figure 1.1 shows a picture of an isolated retinal
glial (Muller) cell from the salamander, such as was used
in the experiments presented in this thesis. Brew & Attwell
(1987)
showed
that
high-affinity, sodium-dependent
glutamate
uptake
in
salamander
Muller cells
is
electrogenic. An example of the uptake current measured in
a whole-cell patch-clamped Muller cell is shown in Fig.
1.2A. Bath application of 30/iM glutamate evokes an inward
current, consistent with the electrogenic uptake of
glutamate. Fig. 1.2B shows the likely stoichiometry of
glutamate uptake: glutamate uptake generates a net inward
current because each glutamate anion is taken up with an
excess of positively charged ions (see section 6.4).
Results obtained by Brew & Attwell (1987) and in this
thesis (see section 6.1) show that the glutamate-evoked
current is indeed due to electrogenic uptake and is not
detectably contaminated with current flowing through
glutamate-gated channels. Glutamate gated channels have
been described in cultured glia (Usowicz et al, 1989), but
are not expressed in acutely isolated Muller cells.
The whole-cell clamped Muller cell is the basic
preparation which has been used in all of the experiments
in this thesis. Use of this preparation allows the study
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Fig. 1.2 A The glutamate uptake current. Bath application
of 30/nM glutamate to a whole-cell patch-clamped Muller cell
(see Fig. 1.1) evokes an inward current under voltageclamp. The inward current is due to electrogenic glutamate
uptake and is not due to activation of glutamate-gated
channels (see section 6.1). The holding potential was
-43mV, external solution B and pipette solution Y. This
holding potential and these solutions are frequently used
throughout this thesis. B The likely stoichiometry of
glutamate uptake in salamander Muller cells (see section
6.4) .
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2Na+ + H +

of glutamate uptake, by monitoring the current it produces,
in a single cell with a high time resolution. It offers a
number of significant advantages over biochemical methods.
The most important of these is that the membrane potential
of the cell is controlled independently. Not only does this
mean that changes of the ionic composition of the
intracellular and extracellular solutions have no effect on
the membrane potential, but also that the membrane
potential can be changed at will. This is particularly
important when studying the effects of potassium (chapter
3) , but, in principle, changes of any permeant ion could
also affect the membrane potential were it not clamped.
Because the patch-clamped cell is held in position by
the patch-pipette, it is possible to make repeated and
rapid changes of external solution. The dialysis of the
cell interior by the solution filling the pipette ensures
a relatively constant intracellular composition: ionic
gradients are not depleted by time or by operation of the
uptake carrier. It is also easy to study the effects of
changing the intracellular solution by comparing responses
between (groups of) cells recorded with the different
pipette-filling solutions. As well as using this method to
investigate the role of internal ions in the uptake process
(chapter
3) ,
various
compounds
which
influence
intracellular second messenger systems can also introduced
into the cell in this way (see chapter 4).
I have also developed a fluorescence method of
detecting glutamate uptake into a single cell which
complements the electrical recording technique (see chapter
5). After glutamate is taken up, at least some of it is
metabolised by the enzyme glutamate dehydrogenase to
a-ketoglutarate. This reaction can be followed in a single
cell, because in the reaction the co-factor NAD is reduced
to NADH, which is fluorescent. This method will detect
glutamate entry by any pathway (eg. electroneutral uptake,
as a weak acid or base), while the electrical technique is
only useful for electrogenic uptake.
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1.7 Investigations undertaken

Using whole-cell recording from Muller cells, a
detailed investigation of the ionic dependence of the
glutamate uptake current was performed, with the aim of
determining which ions are involved in the transport
reaction. The results arepresented in chapter 3. The
principal finding is that the glutamate uptake carrier
counter-transports a potassium ion as each glutamate anion
is taken up.
In chapter 4, the same technique is applied to survey
second messenger systems in an attempt to identify putative
regulatory mechanisms of the uptake carrier. As the
preliminary results showed that arachidonic acid exerted a
powerful inhibitory effect on uptake, the mechanism of its
action was studied in detail.
The fluorescence technique for measuring glutamate
uptake is used in chapter 5, in conjunction with the
electrical method, to show that high affinity, sodiumdependent glutamate uptake is the only significant process
transporting glutamate into Muller cells. It is also used
to confirm that manipulations which reduce the uptake
current also reduce the rate of glutamate influx, an
assumption underlying the interpretation of the results of
chapter 3 (and Brew & Attwell, 1987).
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Chapter 2
Methods

In this section I will describe how electrical and
fluorescence recordings were made from single isolated
Muller (retinal glial) cells.
2.1 Cell preparation

The isolated Muller cells used in all experiments were
obtained
from
larval
tiger
salamanders
(Ambvstoma
tiqrinum), 20-30cm long.
The animals were decapitated and their eyes
enucleated. Excess tissue was trimmed from each eyeball
under a dissecting microscope. By cutting the sclera just
anterior to the ora serrata, each eyeball was divided into
two: the eyecup containing the retina was separated from
the cornea and lens (which were discarded) . The eyecups
were stored in solution A (see section 2.2 or table 2.1) at
5°C in the dark and used within 48 hours. Before use, an
eyecup was bisected and half a neural retina gently
detached from the pigment epithelium and sclera using fine
forceps.
Half retinae were transferred to the dissociation
solution, containing (mM): NaCl 66; KC1 3.7? NaHC03 25?
NaH2P04 10? Na pyruvate 1? DL-cysteine HC1 (Sigma) 10 and
10-20 units of papain (Sigma P3125). The retina was then
immediately incubated for 20-3 0 minutes at 30-35°C.
After incubation, the retina was rinsed by dropping it
through solution A (about 3ml, 3-4 times) . It was then
triturated by drawing it in and out of a narrowed Pasteur
pipette (tip diameter about 0.5mm) 2-5 times in 1ml of
solution A.
In most experiments the resulting cell suspension was
plated directly into the recording chamber. Alternatively,
0.1-0.2ml aliquots of the suspension were plated onto 13mm
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diameter glass coverslips. One coverslip at a time was
placed in the recording chamber and each was discarded once
recordings had been made from one cell on it. The latter
procedure was used for experiments in which a particular
drug could be applied once only to a cell. This occurred
when the drug was suspected of having an irreversible
effect: using bath application, the first application of
the drug would render recordings from any other cells in
the chamber invalid.
Cells were allowed at least 5 minutes to settle before
recording
began.
Typically,
cells
from
a
single
dissociation would remain viable for 3 hours.
Muller cells were easily identified by their
characteristic morphology (see Fig. 1.1).
2.2 Solutions and superfusion
All extracellular solutions were bath applied.
Different solutions were led through polythene tubing under
gravity feed to a common bath inlet. Solutions were
selected by opening and closing stopcocks in the solution
lines. Perfusion was continuous during recording: solution
was removed from the recording chamber by a vacuum pump
sucking through a small tube. In most experiments cells
which had been whole-cell patch-clamped were lifted off the
bottom of the recording chamber and moved close to the
solution inlet, ensuring a rapid and complete solution
change around the cell (in 1-10 seconds) . For the
experiments in which fluorescence measurements were made
the cells were not moved, but a movable inlet was located
near the cell. L-glutamate and analogues were added from a
lOOmM or lOmM stock to the perfusion solution.
Arachidonic acid was made up as a lOmM stock in water
then aliquots were frozen under nitrogen or argon. When
required, the aliquots were thawed, sonicated, the stock
pipetted and the final solution sonicated. Other fatty
acids (and occasionally arachidonic acid) were made up in
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DMSO stock, but otherwise were prepared by the same
procedure.
Other drugs were dissolved as described in the
appropriate results sections. Where a vehicle was used,
this was also added to the control solution. The pH of the
extracellular solutions was titrated to 7.3 with NaOH, or
occasionally KOH (as stated). The extracellular solutions
used are given in tables 2.1-2.3. The standard external
solution was B.
The various solutions used to fill the patch-pipettes
for whole-cell recordings are given in tables 2.4-2.8, the
most commonly used being solution Y. The pH of the
intracellular solutions was adjusted to 7.0 with KOH, or
occasionally
NaOH
(as
stated). The
free
calcium
concentration for the patch-pipette solutions, calculated
using the equilibrium constants for calcium binding to EGTA
given by Martell and Smith (1974), allowing for magnesium
binding and pH, was 1.2 x 10'7M. All experiments were
carried out at room temperature (20-25°C) .
2.3 Association of glutamate and divalent ions in solution
In solution glutamate (and aspartate) form soluble
complexes with divalent ions. The extent of this
association in the solutions used is sufficient to
significantly reduce the free concentration of the amino
acid. The association is of the form
metal2+ + amino acid

metal.amino acid

The equilibrium constants (units M'1), calculated from the
quotient
K^tai = [metal-amino acid]/[metal2+][amino-acid] ,
are given in Martell and Smith (1974). For glutamate
log(KHg) = 1.9, log(KCa) = 1.43 and log(Kga) = 1.28 and for
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aspartate
(same order)
2.43,
1.6 and
1.14.
The
concentrations of divalents used were (mM) : Mg2+ 0.5, Ca2+ 3
and Ba2+ 6 (magnesium and calcium are normal extracellular
constituents, the barium was added to block the Muller
cell's potassium conductance).
The free amino acid concentration, Gf is related to the
total added concentrations
of amino
acid, Gy,and the
divalents, [metal]T, by
Gr

=

Gf

f 1 + ^[Mg],
I

1 + G,**

+ K.JCa],
1 +

+

K^CBa], \ (2.1)
1 + GfK j

The exact algebraic solution for Gf is cumbersome, but a
close approximation is obtained by neglecting the terms
GfKmetai
the denominators of the right hand side. With
concentrations of added glutamate or aspartate <100/xM, the
error this introduces is <0.3% of the Gf value obtained.
With ImM added amino acid, this error limit becomes 2.7%,
but is unimportant because the amino acid binding site of
the uptake carrier is at least 98% saturated at this
concentration. Equation (2.1) then becomes:
Gf =

Gt
1 + ^[Mg], +

(2.2)
[Ca ]T + K^Ba],

Substitution of the concentrations of the divalents used
into this approximate solution gives
[giu]free/[giu]total = o . 8 i
[asp]free/[asp]total = 0.75.
In the absence of barium these ratios for glutamate and
aspartate are 0.89 and 0.82 respectively. Thus addition of
barium reduces the effective concentration of either amino
acid by about 9%.
Adding 6mM BaCl2 to the externalsolutionreduced
the
uptake current evoked by 30/iM glutamate by 4.7 ± 1.1%(SEM,
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n=5) (Attwell & Brew, personal communication). Assuming a
(in barium) of 20/liM for activation of the uptake current
by glutamate, a 9% reduction of free glutamate caused by
barium would be expected to reduce the glutamate-evoked
current by 3.6%. It is concluded that barium has a
negligible effect, if any, on the uptake current.
Concentrations of glutamate and aspartate given in
this thesis have not been corrected by these formulae: none
of the conclusions reached are critically dependent on the
exact amino acid concentration. Furthermore, as Gf is
proportional to GT in equation (2.2), the association of
amino acid and divalents will not affect the shape of the
glutamate dose-response curve for activation of the uptake
current, just artefactually reduce the apparent affinity
for glutamate.
2.4 Experimental apparatus for electrical recording

The recording chamber (bath) was located on the fixed
stage of an Ergaval microscope through which the cells and
electrode could be viewed. The electrode holder and
headstage were mounted on a hydraulic micromanipulator
(Narashige) which was itself mounted on a coarse
micromanipulator (Prior).
Electrical recordings were made using the whole-cell
patch-clamp technique (Hamill et al, 1981).
Patch-pipettes were pulled on a BBCH puller (Mecanex,
Geneva) from pyrex glass with a microfilament insertion
(Clark Electromedical, GC150TF10). Typically, when filled
with solution Y, the electrodes had a resistance of lMfl in
solution B.
Pipettes filled with internal medium were inserted
into a perspex electrode holder (Clark Electromedical),
also filled with internal medium. (In cases where the
pipette filling solution contained expensive drugs, or was
a zero chloride solution, the holder and most of the
electrode shaft were filled with a standard, chloride
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containing solution: eg. solution Y) . Electrical connection
with the pipette filling solution was made by a
silver/silver chloride pellet in the back of the holder.
The indifferent electrode was a silver/silver chloride
pellet immersed in the bath solution.
During the
measurement of junction potentials, and during experiments
in which the external chloride was varied, this was
connected to the solution by a 4M NaCl agar bridge. The
electrode/solution junction potential of the agar bridge is
expected to vary negligibly with the solutions used.
All electrical recording was carried out under
voltage-clamp, with the current being measured as the
voltage drop across the 500MD resistor of a current-tovoltage converter (List Electronics, L/M EPC-7). Current
and voltage were recorded on magnetic tape.
2.5 Experimental apparatus for simultaneous electrical and
fluorescence measurements
The apparatus for the electrical recordings was
similar in principle to that described in the section
above, but with the following differences in detail. The
bath electrode was routinely a 3M KC1 agar bridge and a
chlorided silver wire was used to make electrical
connection with the pipette filling solution. The current
and pipette voltage were monitored using a different patchclamp amplifier: Axopatch 1-C (Axon Instruments).
The fluorescence experiments were done as follows. The
cells were plated onto a borosilicate glass cover slip
(25x25mm) held in the recording chamber, mounted on an
inverted microscope (Nikon Diaphot, fitted with a 4Ox 1.3NA
oil-immersion lens). The fluorescence of a single cell was
measured using an epifluorescence system. The cells were
illuminated with UV light from a 150W xenon arc lamp
(Ealing Optics, XB0150), after it had been passed through
an iris/diaphragm which varied the intensity of the
illuminating
light,
a narrow band interference filter
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(360 ± 5nm, Ealing Optics), a fluid filled light guide
(Micro Instruments, Oxford) and a dichroic mirror (430nm).
Emitted light was collected through the dichroic mirror,
filtered by a 470nm barrier filter and a 500 ± 40nm broad
band filter (Nikon) and projected onto a photomultiplier
(Thorn EMI, 9924B). An iris and pivoted mirror allowed the
image of a cell to be positioned so that only light from
that cell reached the photomultiplier. The photocurrent and
membrane current were stored on magnetic tape.
2.6 Correction for junction potentials

Whenever two different solutions meet, a diffusion
potential forms across the interface. The magnitude of this
potential depends upon the charges, mobilities and
concentrations of the ions in each solution. Such a
potential is generated between the extracellular and
pipette filling solutions when the pipette is in solution,
before patching onto the cell. It will be abolished when,
after going whole-cell, the cell interior is dialysed by
the pipette solution. The experimental protocol was to zero
the current with the electrode in solution. Thus, when the
junction potential across the pipette tip had been
abolished by dialysis of the cytoplasm, the apparent
membrane potential was in error by the magnitude of the
original extracellular/pipette solution junction potential.
The magnitude of this junction potential was measured
by the method of Fenwick et al (1982). Using a 4M NaCl agar
bridge as the bath electrode, the zero-current potential of
a filled pipette in solution was recorded by switching the
patch-clamp amplifier to current-clamp. The junction
potential desired was obtained by observing the change of
potential as the bath solution was changed from
extracellular, to pipette filling solution. The potentials
thus obtained were specific for the solution pairs used and
are listed under the pipette solution recipes in tables
2.4-2.8. Holding potentials cited have been corrected for
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the voltage error by subtracting the junction potential
listed. For example, for a cell nominally held at a
potential of -40mV, where the pipette was filled with
solution Y and the junction potential had been offset in
solution B, the true holding potential would have been
-43mV.
2.7 Series resistance error
In the recording circuit, flow of current through a
resistance in series with the cell membrane causes a
potential drop across that resistance. Most of this
resistance is due to the resistance of the electrode tip
and cell cytoplasm. The potential drop across the series
resistance causes the true membrane potential to differ
from the apparent holding potential. It was not possible to
use the series resistance compensation circuitry of the
patch-clamp amplifier, because the Muller cell capacitance
was too large to be cancelled (typically 300pF). However,
knowing the series resistance (see section 2.9), it is
possible to calculate the voltage error. Because the
currents and series resistances in these experiments were
relatively small, the voltage errors were small enough to
be neglected. This is illustrated by the following worst
case calculation. The largest current ever flowing (ie. the
holding current at negative potentials plus the glutamateevoked current) was about 800pA. Thus, for a worst case
series resistance of 5Mft, the largest voltage error would
be only 4mV.
2.8 Voltage-clamp quality
In order to assess the uniformity of voltage-clamp in
Muller cells, I will represent the isolated Muller cell as
a cylinder of diameter 9/xm and length 100/xm (see Fig 2.1).
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Fig. 2.1. The Muller cell model used in section 2.8 to
assess the uniformity of the voltage-clamp. Physically, a
cylinder of the dimensions shown? electrically, a finite
one-dimensional cable. At one end (left) it terminates in
an open circuit and is voltage-clamped to V0 (the location
of the whole-cell patch-clamp electrode). The other end
terminates in a resistor to ground, Rend. rm and ri represent
the membrane and axial resistances, normalised to length,
of the cable.
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In order to assess the worst case, I shall assume that the
Muller cell was patch-clamped at one end (rather than in
the middle). Electrically, this model can be represented by
a one-dimensional cable, voltage clamped at one end and
terminating in a resistor to ground at the other.
The behaviour of a one-dimensional cable is defined by
the cable equation.
A.2a2
V = T0V
_____
m + V

dx2

(2.3)
'
•

at

where V = voltage
x = distance
t = time
rm = membrane resistance per unit length
r. = cytoplasmic resistance per unit length
k = space constant = >/(r^r.)
cm = membrane capacitance per unit length
r m = r mm
c

For voltage-clamping theglutamate uptake
current it is
necessary only to consider the steady-state voltage
profile. Because there are no time-dependent changes, eqn
(2.3) reduces to
l2d2V - V = 0
dx2

(2.4)

The general solution for this eqn is
V = Aex/i + Be‘x/*

(2.5)

where A and B are arbitrary constants
the boundary conditions.
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From the electrical model of the Muller cell (Fig.
2.1) one boundary condition is readily obtained: at x = 0,
V is clamped to VQ. Thus
VQ = A + B

(2.6)

The other boundary condition is obtained by considering the
termination by the resistor to ground, Rend’ T^e ax^al
current at the termination (x = L) must satisfy the
equation

Now

i. - (V)X=L / Rer*.

(2.7)

/dV \\
/av

(2.8)

'dX

=
r,.i
i,
= -rf

I X=L

therefore,
dV »
x=L

= -rj(V)X.L

(2.9)

^end

Substituting eqn (2.5) and its derivative into eqn (2.9)
and rearranging, we get
A = Be~2L/t(Rend - Xr,)

(2.10)

< R end +

By using eqns (2.6) and (2.10) to find A and B we arrive at
an exact solution of eqn(2.3) whichis specific for the
values of rm, r., Rend andcable length, L
V(x) = Vn/ K-l\ex/i +

I-1?)*

Vn / 1

\e'xA

(2.11)

T,( i 5 T)

where
K = 1 + [e-2L/1(Rend-A.rj)/(Rend+A,ri)]
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(2.12)

Muller cells have a low input resistance, about lOMfl,
due almost exclusively to a large potassium conductance.
The
potassium
conductance
is
very
asymmetrically
distributed, with 94% located in the terminal endfoot
membrane and only 6% spread over the rest of the cell
(Newman, 1984). Most of the experiments were carried out
with 6mM barium in the superfusion solution to block the
potassium channels (Newman, 1985). This was to minimise
current noise and reduce the potassium currents flowing
when the voltage was changed, which would cause large
series resistance errors. In barium, Muller cells had a
very
high
input
resistance,
typically
200-500Mft.
Application of glutamate causes a conductance increase,
because the uptake current is voltage-dependent. Glutamate
uptake is distributed fairly evenly over the cell, except
for the endfoot membrane where there is less (Brew and
Attwell, 1987).
I will consider the voltage profile expected in two
basic cases: with the potassium conductance unblocked (no
barium) and with the potassium conductance blocked by
barium. In each case I will show what effect the
application of glutamate will have.
Case 1: potassium conductance unblocked.
The input resistance of an isolated Muller cell is
approximately lOMfl (input conductance 10‘7S) in the absence
of barium. Of this conductance, 94% (equivalent to 10.6Mn),
is in the endfoot and the remaining 6% (= 167MA) is
distributed over the rest of the cell. Multiplying this
resistance by the surface area of the cylinder (excluding
one end-face) gives the specific membrane resistance
Rm = 167M0 x 2.891 x 10'9m2 = 0.482tan2
The resistivity of cytoplasm, R., is assumed to be 2flm.
rm and r. are related to Rm and Rf as follows
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rm = ^n/ (27T X 4.5 X lO'Sl) = 17knm
ri = R-/ (7T (4.5 x 10'6)2) = 3.14 x lO10nm‘1
thus the space constant under these conditions is
k = y/ir^r.) = 73 6/xm

The resistance to ground is simply the endfoot resistance:
Rend = 10.6MU. Using eqns (2.6) and (2.10) to find A and B
gives A = -0.395VQ, B = 1.395VQ and the following function
for the voltage
V = VQ{-0. 395exp (x/7 .36xl0'6) + 1. 395exp (-x/7 .36xl0’6)}
When x = lOOjxm (ie. with the patch electrode attached at
the end opposite the low resistance endfoot), V = 0.765VQ.
Thus, the maximum voltage drop along the Muller cell under
these conditions will be 23.5%.
Adding glutamate will increase the conductance of the
non-endfoot membrane. The glutamate evoked conductance is
approximately ohmic negative to -20mV (Brew and Attwell,
1987). The largest glutamate-evoked current at -40mV (the
normal experimental holding potential) was about 400pA,
giving a conductance of 10'8S. Combining this with 6% of the
potassium conductance gives a new Rm of O.lSlUm2 and a new
rm of 6.39kflm. Working through the same calculations with
this new value (the others being unchanged) yields a
voltage drop of 24.5%, so application of glutamate changes
the voltage non-uniformity by a small fraction only.
Case 2: potassium conductance blocked by barium.
In the presence of barium the input resistance of a
Muller cell is 200Mn or greater. I will assume that this is
uniformly distributed over the cell membrane. The product
of the input resistance and the total surface area of the
cylinder gives the following estimate of Rm
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= 200MD

X

2.95

X

10‘9m2 = 0.59inm2

and hence rm = 20.9knm. Rend becomes 9.3GD. Following the
same procedure as before, the voltage drop over the length
of the cell is about 0.8%. Addition of glutamate, evoking
the same magnitude and distribution of conductance change
as above, increases the voltage drop to 2.3%.
In summary, in the presence of barium the voltage non
uniformities expected are trivial. In the absence of barium
the voltage non-uniformity is significant, amounting to
some 25% at the endfoot, but the voltage profile is only
negligibly altered by the application of glutamate. Only a
few experiments were performed without barium and the
conclusions of these do not depend on a uniform voltage
profile, requiring only an unchanging profile for validity.
2•9 Data analysis
Most of the parameters required (eg. peak glutamateevoked current, rate of change of fluorescence) could be
measured directly from chart recordings. Three parameters,
the input resistance, series resistance and membrane
capacitance were obtained from analysis of the current
response to 10 or 20mV voltage-clamp steps. The steps were
applied at the beginning of recording from each cell and
whenever else required. The current transients (a typical
transient is shown in Fig. 2.2A) were later analysed with
the aid of a computer program. The data were played back
into a PDP/11 (DEC) via an analogue to digital converter
(Cambridge Electronic Design, CED 502) .
The cell membrane in series with the pipette
resistance can be represented by the circuit shown in Fig.
2.2B. The current flow through this circuit in response to
a voltage step has the form of an exponential decay
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Fig. 2.2. Capacity transient analysis. A. Current flowing
in a whole-cell clamped Muller cell in response to a 20mV
step depolarisation from -83mV. Ib and Ia are the steadystate currents before and during the step, respectively. B.
Circuit equivalent to a whole-cell clamped cell. Rs is the
series resistance,
the membrane resistance and Cm the
membrane capacitance. V is the holding potential. C.
Semilogarithmic plot of I-Ia vs t, time after voltage step
imposition, produced by computer analysis of the transient
in A. The regression line was fitted by the analysis
program. The triangular symbol marks r, the time constant
of the current relaxation. For the transient shown (which
was typical), the parameters obtained were: Rs = 2Mn,
R m = 425MH and Cm = 257pF.
c
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I-

m

I(t) = V{1 + (R„/Rg)e-t/T}/(R1B + Rs)
where V = magnitude of the voltage step
R^ = input resistance
Rs = series resistance
t = W
S/ ( V RS>
t = 0 at the onset of the voltage step.

The program allowed, by positioning of cursors, the
input of the baseline current before the pulse (Ib), IB (the
steady-state current at the end of the pulse) and the best
estimate of t0 - taken as the time at which the current
first started to rise.
I-I* was plotted against time on a semilogarithmic plot
(as in Fig. 2.2C). The (typical) good fit to a single
exponential confirms that the equivalent circuit in Fig.
2.2B is a good approximation. Rs was obtained from
Rs

= V/I0

where I0 is the extrapolated current (I-Ib) at t=0. Rm was
obtained from
R* = (V/(I.-Ib)) - Rs
and the capacitance from the time constant of the current
relaxation
c™ = r t W / V * , .
Variation of surface area between cells will cause
variation in the magnitude of the uptake current. Such
variation will complicate comparison of current magnitudes
from different cells. To reduce this variation, current
magnitudes were often normalised by cell capacitance. Fig.
2.3 shows a plot of uptake current magnitude as a function
of cell capacitance and demonstrates a clear correlation
46

Fig. 2.3. The glutamate uptake current is correlated with
cell surface area. A plot of the magnitude of the inward
current evoked by 30fiM glutamate at -43mV as a function of
cell capacitance (assumed to be proportional to membrane
area). Each point represents one cell; there are 44 in
total. The straight line is a least-squares best fit,
constrained to pass through the origin: without this
constraint the best-fit straight line was only slightly
different, intersecting the capacitance axis at 12pF.
External solution D, pipette solution W with 95mM [K]
(y=95).
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between these two parameters, justifying the normalisation
procedure.
The
fractional
variation
(standard
deviation/mean) of the normalised currents is about half
that of the un-normalised current magnitudes.
Results in this thesis are presented as the mean ±
standard error of the mean (SEM), unless otherwise stated.
In a number of experiments the ratio of the mean of two
small samples was compared with other similarly obtained
ratios. In these cases, the ratio is given with the
standard deviation (SD), calculated by the following
formula.

where x1 and ct1 are the mean and standard deviation of one
of the samples.
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Table 2.1
Extracellular solutions A-E
Solution use

A
B
C
D
E

storage and washing
standard external solution
vary [Na]0
zero [K]0
vary [K]0
Solution
A

B

C

D

E

NaCl

105

105

X

105

50

KC1

2.5

2.5

2.5

0

y

choline Cl

0

0

105-x

0

57-y

HEPES

5

5

5

5

5

CaCl2

3

3

3

3

3

MgCl2

in
o

0.5

in
o

0.5

0.5

D-glucose

15

15

15

15

15

BaCl2

0

6

6

6

6

NaOH

2

2

2

2

2

All concentrations are in mM and the pH of all solutions was
7.3.
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Table 2.2
Extracellular solutions F-I
For replacement of Na0 by different monovalent cations

Solution

F

6

H

I

NaCl

LiCl

KC1

CsCl

105

105

105

105

M gCl2

0.5

0.5

0.5

0.5

CaCl2

3

3

3

3

HEPES

5

5

5

5

D-glucose

15

15

15

15

BaCl2

6

6

6

6

KOH

2

2

2

2

monovalent Cl

All

concentrations

are

in mM and the pH of

7.3.
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the solutions was

Table 2.3
Extracellular solutions J & K
Solution use
J

Cl0 replaced by gluconate

K

change

[K]0 at low [Na]0

Solution

X

J
Na gluconate

105

NaCl

25

K gluconate

2. 5

KC1

57 or 2.5

choline Cl

25 or 79.5

HEPES

5

HEPES

5

Mg(gluconate)2

0.5

MgCl2

0.5

C a (glu conate)2

3

CaCl2

3

B a (glu conate)2

6

BaCl2

6

D-glucose

15

D-glucose

15

NaOH

0.8

NaOH

2

All concentrations are in mM and the solution pH was 7.3.
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Table 2.4
Pipette filling solutions Z-W
Solution use
Z,Y

standard internal solutions

X

vary [Na](

W

vary [K]1
-

Solution
Z

Y

KC1

80

95

K acetate

15

NaCl

5

W

X

Y

x

choline Cl

100-x

k 2e g t a

5

100-y

Na2EGTA

NajATP
MgATP

5

5

HEPES

5

5

5

5

M gCl2

7

7

7

7

CaCl,

1

1

1

1

KOH
16

KOH
14

KOH
14

NaOH
14

-3mV

-3mV

+lmV

+lmV

<x=0)

(y=0)

-lmV

-3mV

(x=100)

(y=100)

B

D

junction
potential

B

with soln

All concentrations
7.0.

are

in mM

B

and the pH of all
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solutions was

Table 2.5
Pipette filling solutions V-T
Solution use
V

cl,. replaced by gluconate

U,T

replacement of some Cl i by glutamate at varying [Na].

Solution

V
K gluconate

Na gluconate

95

5

U

T

KC1

55

0

K glutamate

0

55

NaCl

X

X

choline Cl

40-x

40-x

k 2e g t a

5

k 2e g t a

5

5

HEPES

5

HEPES

5

5

Na2ATP

5

MgATP

5

5

M g ( g l u conate ) ^

7

MgCl2

7

7

Ca(gluconate)2

1

CaCl2

1

1

KOH

13

13

KOH
junction
potential

-7mV

-2mV

-5mV

with soln

B

B

B

All
n

concentrations

are

in mM and the pH

n
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of all

solutions

vj

Table 2.6
Pipette filling solution S
For replacement of

by Rb or Cs

S
KC1 or
RbCl or
CsCl

95

Na 2EGTA

5

HEPES

5

MgATP

5

MgCl2

2

CaCl2

1

NaOH

11

junction
potential

-3l

with soln

D

All concentrations are in mM

and the solution pH was 7.0.
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Table 2.7
Pipette filling solutions R-P
For fluorescence measurements
R

standard

Q

90mM [K]f

P

zero [K]1
-

internal solution for fluorescence measurements

Solution

KC1

R

Q

P

85

90

0

0

90

5

5

choline Cl
NaCl

5

k 2e g t a

5

Na2EGTA

NagATP
MgATP
HEPES

5

5

5

MgCl2

7

2

2

CaCl2

1

1

1

NAD

5

5

5

malonate

0.1

0.1

0.1

2-deoxyglucose

20

20

20

KOH

17

16

16

junction
potential

-3mV

-3mV

+lmV

with soln

B

All concentrations
7.0.

are

in mM and the pH of all
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solutions was

Table 2.8
Pipette filling solution O
[Ca2+]i buffered to different values

O
free

[Ca2+]

10'®M

10*7M

10*^

NaCl

5

5

5

CaCl2

0.39

3.35

13.4

M gCl2

9.15

8.75

7.4

HEPES

5

5

5

MgATP

5

5

5

K2 5EGTA

20

20

20

KOH

11.3

18.3

38.5

KC1

54.9

48.8

30.0

total

[K]

total

[Cl]

115.8

116.7

79.0

78.0

junction
potential
(soln B)

Unless otherwise stated,
the solution was 7.0.

118.1
76.6

-4mV

concentrations

57

are

in mM;

the pH

of

Chapter 3
The ionic dependence of glutamate uptake

3 .1 Introduction
This chapter describes investigations of the ionic
dependence of glutamate uptake. The effects of changes of
the extracellular and intracellular concentrations of a
variety of ions were studied. A particular aim of the
experiments was to determine which ions are translocated by
the glutamate uptake carrier, in order to help determine
the stoichiometry of the uptake process. Glutamate uptake
was measured as the inward membrane current evoked by
glutamate in whole-cell clamped isolated Muller cells (see
Introduction, section 1.6, and Methods).
3.2 Dependence on external sodium and related ions
Brew & Attwell
(1987)
reported that complete
replacement of external .sodium by choline abolished the
glutamate-evoked current. In Fig. 3.1A-C are shown
experiments in which the external sodium was completely
replaced by various monovalent cations: lithium, potassium
and caesium (extracellular solutions F, G, H and I;
intracellular solution Y) . The glutamate-evoked current was
much smaller in these solutions than with sodium present.
The relative amplitudes (mean ± SEM) of the currents evoked
at -43mV by 30/xM glutamate in the presence of the different
cations were I„a : Iu : 1K : ICs : Icholine = 1 : 0.011 ± 0.002
(n=4): 0.008 ± 0.008 (n=4): 0 (n=3): 0 (n=7). Thus, as has
been found for the uptake of radiolabeled glutamate into
synaptosomes (Kanner & Sharon, 1978a), activation of the
uptake current in glial cells by external cations is highly
selective for external sodium.
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Fig. 3.1 Dependence of glutamate uptake on external
monovalent cations. A Membrane current of a Muller cell at
-43mV during repeated application of 30jLtM glutamate in the
superfusate (timing shown by black bars at bottom), and
while sodium ions in the external solution were completely
replaced by lithium (top bar). B Similar experiment to that
in A, but with external Na replaced by K. Raising the
external potassium concentration generates a large inward
current, presumably through the small fraction of potassium
channels that remain unblocked by 6mM barium (although the
slow onset of this current is not understood). C Similar
experiment to that in A but with Na replaced by Cs.
Lithium, potassium and caesium support very little uptake
current. D The dependence of uptake current (produced by
30/zM glutamate at -43mV) on external sodium concentration
(sodium replaced by choline). Data (mean ± SEM) from 3, 5,
11 & 5 cells in 10, 20, 30 & 50mM [Na]0, normalised to the
response in 107mM [Na]o. Continuous curve through the points
is the cube of a Michael is-Menten relation,
ie.
Vmax^Na^o/(tNa^o+K)>3' with vmax=1-77' K=22.5mM. Dashed curve
is a Hill plot with the form V|nax{[Na]0}2/ ({ [Na]0}2+K2), where
Vm
max=1.218 and K=50mM.
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The dependence of the current on external sodium
concentration (sodium replaced by choline; external
solution C? 30/xM glutamate; -43mV) is plotted in Fig. 3. ID.
At low external sodium concentrations the current depends
on [Na]0 in a sigmoid manner, suggesting that more than one
Na+ ion is transported by each carrier 1cycle1. The data
could roughly be fitted by a power of a Michaelis-Menten
relation, or by the Hill equation (see Fig. 3.ID legend),
but the glutamate-evoked currents recorded below lOmM [Na]0
were too small to determine accurately whether the current
is proportional to the 2nd, 3rd or a higher power of [Na]0.
3.3 Dependence on internal sodium
Since the glutamate uptake carrier transports sodium
into the cell (Stallcup et al, 1979; Baetge et al, 1979),
one would expect that raising the sodium concentration
inside the cell (by filling the patch pipette used for
whole-cell recording with a high sodium concentration
solution) would decrease the current evoked by glutamate.
Figure 3.2A shows that this is indeed the case. It shows
the dependence of the uptake current on the internal
(pipette) sodium concentration. Raising the internal sodium
inhibits the uptake current. For these experiments a range
of pipette solutions withdifferent
[Na] were used
(solution X with [Na] =x = 0, 15, 40, 60or lOOmM;
[K] was
25mM in this solution) . For eachvalue
of
sodium
concentration in the patch pipette, the response to 30/xM
glutamate at -40mV (external solution B) was measured in 5
cells. After normalising by cell capacitance (see Methods),
the mean current/capacitance thus obtained was then divided
by the mean current/capacitance obtained in 5 cells studied
with OmM [Na]pipette on thesame day.
When the sodium
concentration in the pipette was large, the glutamate
response was smaller, with a reduction to one half
occurring at approximately [Na]pipette = 60mM.
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Fig. 3.2 Inhibition of glutamate uptake by internal (patch
pipette)
sodium.
A Increasing the internal sodium
concentration
(replacing
choline)
decreases
the
glutamate-evoked current in cells clamped to -40mV. Data
shown are mean ± SD for 5 cells at each value of [Na]pipette
relative to 5 cells studied with OmM [Na]pipette. B Specimen
I-V relations for the current induced by 30jiM glutamate in
one cell studied with OmM [Na]pipette and in another with
lOOmM [Nalpipette- Data are normalized by the capacitance of
each cell (423pF and 360pF for the OmM and lOOmM [Na]pipette
cells respectively).
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Raising
internal
sodium
also
alters
the
voltage-dependence of the glutamate-evoked current (Fig.
3.2B). High [Na]i produces a greater fractional suppression
of uptake at depolarised potentials than at hyperpolarised
potentials. A similar change in the shape of the I-V
relation is observed when uptake is reduced by lowering the
external sodium concentration (Brew & Attwell, 1987).
3.4 Inhibition by internal glutamate
A high concentration of glutamate inside the cell
would be expected to reduce the current due to glutamate
uptake: in this situation the uptake carrier will remain
longer in the conformation to which glutamate is bound at
the internal face, so return of the carrier to the outer
membrane surface will be slowed. The effects of raising
internal glutamate are also a check that the glutamateevoked current is not due to glutamate-gated channels, as
the internal glutamate concentration should not influence
a current flowing through channels.
Figure 3.3A (lower panel) shows that when the sodium
concentration in the patch pipette is 4OmM, replacing 55mM
KC1 in the patch pipette by 55mM K-glutamate decreases by
about 70% the current evoked by 30/liM external glutamate at
-44mV, consistent with a reduction of glutamate uptake as
predicted above (the responses shown are from two cells and
are typical of the mean responses from two groups of cells
recorded with pipette solutions U and T with [Na] = x =
4OmM? external solution B) . Removal of internal chloride
has no effect on the uptake current (see section 3.9), so
the decrease of current seen is due to the addition of
glutamate inside the cell. This result is confirmation that
the glutamate-evoked current in Muller cells is due to
electrogenic glutamate uptake and not due to glutamategated channels (see also Discussion, section 6.1).
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Fig. 3.3 Inhibition of the glutamate-evoked current by
intracellular glutamate depends on the internal sodium
concentration. A Specimen records from 4 different Muller
cells showing the effect on the current evoked at -44mV by
30/xM glutamate (black bars) of raising the concentration of
glutamate in the patch pipette (and hence presumably in the
cell) from 0 (left pair of records) to 55mM (right pair of
records), for a patch pipette sodium concentration of 2.5mM
(top records) and 4OmM (bottom records). Currents have been
■ normalized by cell capacitance. B Dependence on pipette
sodium concentration (abscissa) of the suppressive effect
of internal glutamate. The ordinate is the ratio (mean ±
SD) of the current evoked by 30/xM glutamate when the
pipette contained 55mM glutamate to that evoked with no
glutamate in the pipette, ie. comparing the size of the
left and right hand records in A. The smooth curve was
fitted by eye and has the form of a modified Hill equation,
y = 95 - 70x3 / {x3 + K3), where x = [Na]f and K = 10.4mM.
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3.5 Interaction of internal sodium and glutamate

Changing the internal sodium concentration was found
to have a dramatic effect on the suppression of the
glutamate-evoked current by internal glutamate. Fig. 3.3A
(bottom) compared the glutamate responses of two cells
studied with or without 55mM glutamate in the pipette when
tNa]pipette was 40mM«
contrast, at the top of Fig. 3.3A the
same experiment is shown for two cells with only 2.5mM [Na]
in the patch pipette (same solutions, but with [Na]pipette =
x = 2.5mM). In this situation, internal glutamate has
almost no suppressive effect. Figure 3.3B shows the mean
response with 55mM glutamate in the pipette relative to
that with no glutamatein the pipette, as a function of
[Na]pjpette (solutions U and T with x = 0 to 4OmM) . The
suppressive effect of internal glutamate increases in a
sigmoid manner with [Na]pipette, so that below 5mM [Na]pipette
there is almost no suppression, but at higher [Na]pipette
internal glutamate does reduce the response, reaching a
maximum
suppressionof
about
70%
(i.e.
I(55mM
[glu]pipette)/1 < 0 m M

[ 9 l u ] pipette)

=

°-3 > when

tN a )pipette =

40mM-

This interaction
of the suppressive
effects of
internal sodium and glutamate would be very difficult to
explain if the glutamate-evoked current were due to
channels, but could be explained as a result of both sodium
and glutamate being transported by the uptake carrier. One
simple explanation of the result follows.
Assume that there is a strict order of unbinding of
glutamate and sodium at the internal face of the carrier:
glutamate unbinds before the sodium ions do. Assume
further, that the sodium ions unbind rapidly and that the
unbinding of the sodium ions changes the carrier
conformation so that glutamate can no longer bind at the
internal face. For internal glutamate to bind to the
carrier and prevent its ‘cycling’ would require carriers
with sodium bound at the internal face: this would only
occur when the internal sodium concentration was high.
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Fig. 3.4 The glutamate-evoked current declines with zero
potassium in the pipette. Responses to 20/liM glutamate get
progressively smaller with time after going to whole-cell
recording mode. Extrapolation of the glutamate-evoked
current backwards in time suggests that much of the current
decay occurs in the first 40s after patch rupture. Holding
potential -39mV; pipette solution W with [K] = y = 0;
external solution D.

68

30jjM GLUTAMATE
n

i

/

A

t v Vi

/*

'W '-

50
pA

L
40

J
J
L
80
120 220
260
SECONDS AFTER PATCH RUPTURE
1

69

3.6 Dependence on internal potassium and related ions

To determine the dependence of the uptake current on
the internal potassium concentration, recordings were made
from
cells
with
pipettes
containing
potassium
concentrations ranging from 95mM down to OmM (potassium
replaced by choline? solution W with y = 95 to 0) .
Potassium was omitted from the external solution (D) , to
prevent any potassium influx across the cell membrane from
raising the intracellular concentration at low [K]pipette.
When tK]pipette was zero the glutamate-evoked current
decreased to almost zero in the first few minutes following
transition to whole-cell recording, presumably as the cell
interior was dialysed by the pipette solution. This is seen
in Fig. 3.4 which shows the responses to glutamate (20/xM)
of a cell whole-cell clamped with no potassium in the
pipette. The timecourse of this decline was typical, with
the response reaching a steady level after 3-4 minutes.
Similar results were observed when pipette potassium was
completely replaced with isotonic sucrose. This decline did
not occur when CK1 pipette was
high, suggesting that
intracellular potassium activates glutamate uptake in these
cells.
Typical steady-state responses to 30/xM glutamate with
varying [K]pipette are shown in Fig. 3.5A. The current
magnitudes have been normalised by cell capacitance.
Although the glutamate-evoked current was small with no
potassium in the patch pipette, it was still significantly
greater than zero, either because the intracellular [K] had
not been reduced to zero, or because some electrogenic
uptake is possible in the absence of potassium. The
dependence of the glutamate-evoked current on pipette
potassium concentration approximately fits a MichaelisMenten curve with an apparent
of 15mM (Fig. 3.5B),
implying that the uptake carrier is activated by the
binding of one potassium ion.
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Fig. 3.5 Dependence of the glutamate-evoked current on
[K]pipette’ A T^e cu^rents (normalised by cell capacitance)
evoked by 30/xM glutamate in 4 cells voltage-clamped at
-41mV with patch-pipettes containing solution W in which
[K] = x = 0, 5, 20, 95mM. External solution D. B Mean
current amplitudes (± SEM) from experiments like those in
A plotted as a function of [K]pipette. The figure by each
point is the number of cells. The smooth line is a
Michaelis-Menten curve with a
of 15mM.
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In similar experiments testing the [K] j-dependence of
the uptake current in salamander Muller cells, Schwartz &
Tachibana (1990) showed data in which lowering [K]. from 90
to 9mM hardly altered the current evoked by D-aspartate
(which is taken up by the same electrogenic carrier as
L-glutamate). They concluded that glutamate uptake was not
dependent on intracellular potassium. The results in Fig.
3.6 partially account for the apparent contradiction
between the Schwartz & Tachibana results and those in Fig.
3.5. Fig. 3.6A was obtained by the same protocol as Fig.
3.5, except that 200/liM L-glutamate and 200jxM D-aspartate
were used to probe the uptake current. The data show that
the D-asp-evoked current is potassium-dependent. The D-aspevoked current with 0 [K] - tte was 12% of that with 95mM
[K] - tteB T^e difference is significant (P << 0.001).
Fig. 3.6 shows two striking differences between the
currents evoked by D-asp and L-glu. Firstly, the maximum
D-asp-evoked current is much smaller than that for L-glu:
the ratio (D-asp/L-glu) of the currents evoked by 200/iM
[amino acid] (an almost saturating dose) was 0.25 at 95mM
[K] { and 0.21 when extrapolated to saturating [K]f.
Secondly, there is a marked difference in the [K] - required
to activate IL_glu and ID_asp. This is clearly seen in Fig.
3.6B, in which the data from Fig. 3.6A are replotted,
normalised to their respective Michaelis-Menten maxima (see
Fig. 3. 6B legend) . The apparent
values, obtained from the
best-fit Michaelis-Menten curves, are 25.3mM for L-glu and
5.4mM for D-asp. This difference of affinity partially
accounts for the apparent lack of [K] j-dependence of the
ID.asp observed by Schwartz & Tachibana (see Discussion,
section 6.4).
Activation of the glutamate-evoked current by other
internal cations was studied using the same external
solution (D), and internal solution S in which 95mM KC1 was
replaced by 95mM CsCl, RbCl or lOOmM choline-Cl (solution
W with y = 0) . Caesium and rubidium were found to be
effective activators of the uptake current (Fig. 3.7).
73

Fig. 3.6 Comparison of the [K] ^-dependence of the currents
evoked by L-glutamate and D-aspartate. A Plot of the mean
(± SD) current (normalised by capacitance) evoked at -41mV
by 200/iM L-glu (filled circles) and 200/iM D-aspartate (open
circles) as a function of [K1pipette* T^e number of cells
studied was n=4 (5mM & 40mM [K]), 5 (0 & lOmM [K]) or 9
(95mM [K]). External solution D; pipette solution W with x
= 0, 5, 10, 40 and 95. The two sets of data are fitted by
Michaelis-Menten curves (best-fit parameters obtained from
Eadie-Hoftsee transformations of the data)• with Km = 25.3mM,f
(i/0)max = 0.995pA/pF for L-glu and Km = 5.4mM, (I/C)^ =
0.205pA/pF for D-asp. B Data from A replotted after
normalisation to the respective (I/C)^ values for L-glu and
D-asp,
obtained from the best-fit Michaelis-Menten
equations.
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Fig. 3.7 Specimen records showing that with all the
internal (patch pipette) potassium replaced by rubidium
(top) or caesium (bottom) , 30jnM glutamate (black bars)
still produces a substantial uptake current at -43mV.
External solution D and internal solution S.
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At -43mV, 30jxM glutamate produced currents (normalised
by cell capacitance) with the different cations of relative
magnitudes (mean ± SD) IK : IRb : ICs : Icholine = 1 : 0.86 ±
0.14 (n=4) : 0.66 ± 0.17 (n=4) : 0.04 ± 0.03 (n=10).
These results show that internal potassium has a
direct effect on the uptake carrier (ie. not mediated by a
change of potential since this was held constant). There
are two alternative mechanisms which could mediate the
effect. One possibility is that potassium is indeed
transported out of the cell by the glutamate carrier.
Another possibility, however, is that potassium binds to
the internal face of the carrier and allosterically
modifies its properties without being transported. If the
latter possibility were the case, there are a number of
properties which could be modified to reduce the uptake
current. A reduced affinity of the carrier for glutamate or
sodium, would decrease the uptake current, as could a
change in the voltage-dependence of uptake.
These
hypotheses are tested below. A final possibility, that the
decreased uptake current reflects a reduction of the ratio
of charge transported to glutamate transported, is tested
in chapter 5.
3.7 The effects of reducing [K]{ on the affinity for [glu]Q
and [Na]Q/ and on the voltage-dependence of glutamate uptake

Glutamate dose-response curves for the current evoked
by glutamate at -41mV are shown in Fig. 3.8A for 7 cells
with 95mM [KJpipette (filled symbols) and 8 cells with 5mM
pipette (°Pen symbols) . The data are plotted normalised to
the current evoked by ImM glutamate. Both sets of data were
fitted with Michaelis-Menten curves and a comparison of the
parameters for 95mM [K]pipette (the apparent
for glutamate
was 8.3/xM) and 5mM [K]pipette (apparent
5/iM) reveals that
lowering the internal potassium concentration increases the
apparent affinity for glutamate, so this cannot underlie
the decreased magnitude of the uptake current.
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Fig. 3.8 Lowering the internal potassium concentration does
not decrease the carrier's affinity for external glutamate
or sodium. A Dose-response curves (mean ± SEM) for the
current evoked by glutamate at -41mV, for 7 cells studied
with 95mM [K] - tte (filled symbols) and 8 cells with 5mM
pipette (°Pen symbols) . The Michaelis-Menten curves are
normalised to the current produced by ImM glutamate. For 95
and 5mM [K]pipette
apparent
was 8.3 and 5/nM
respectively. Pipette solution W with [K] - tte = y = 95 and
5mM; external solution D. B Dependence of the current
evoked by 30/liM glutamate at -41mV on the external sodium
concentration (Na replaced by choline) , when [K] - tte was
95mM (filled symbols) and 5mM (open symbols). Averaged data
(± SEM, number of cells shown by each point), normalised to
the current obtained when [Na]0 = 107mM. Pipette solutions
as in A; external solution C, but with the 2.5mM KC1
omitted.
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Fig 3.9 Specimen I-V relations for the current evoked by
30/iM glutamate in one cell with 95mM [K] . tte and another
with 5mM [K] . tte. Data normalised by cell capacitance (315
and 243pF, respectively). External solution D; pipette
solution W with [K] = y = 95 and 5mM respectively.
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In similar experiments the sodium-dependence of the
uptake current was determined for the same pipette
potassium concentrations (Fig. 3.8B). The results have been
normalised by the currents evoked in 107mM [Na]0. For 95 and
5mM [K] . tte the uptake current was half of its magnitude at
107mM [Na]0 when [Na]0 was 40 and 32mM respectively. Thus,
as was the case for glutamate, there is a slight rise of
the apparent affinity for sodium as the internal potassium
is lowered. This excludes a reduced sodium affinity as a
mechanism for the decreased uptake current magnitude at low
pipette*

The small increases of affinity for sodium and
glutamate caused by lowered [K]i are, in fact, expected if
potassium is transported out of the cell by the carrier. At
low concentrations of external substrate (sodium or
glutamate) the rate of uptake will be limited by binding of
external substrate and relatively unaffected by [K]f. At
high concentrations of external substrate (when binding of
external substrate is not rate-limiting), K.-binding will
limit the rate of uptake. This will affect the shape of the
dose-response curve for glutamate or sodium; the apparent
affinity for [K]. will be higher when the concentration of
external substrate is low.
Lowering [K] pipette **ad only a small effect on the
voltage-dependence of the current evoked by 30/xM glutamate
(Fig. 3.9), the current being reduced by a slightly greater
fraction at positive than at negative voltages.
The above evidence provides no support for the
hypothesis that lowering internal potassium reduces the
uptake current by allosterically modifying the carrier*s
properties. However, not all of the possible allosteric
mechanisms have been investigated? for example, a dramatic
increase of the carrier's affinity for internal sodium
might produce the observed inhibition of the uptake
current. So these experiments do not conclusively rule out
the allosteric mechanism.
The two possible mechanisms, allosteric activation by
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internal potassium and counter-transport of potassium, can
be distinguished in another way: by testing the effects of
raising the external potassium concentration. If internal
potassium acts by allosterically activating the carrier
then the rate of uptake should be unaffected by changes of
external potassium. If, however, the carrier does transport
potassium out of the cell then a rise of external potassium
would be expected to reduce the rate of uptake.
3.8 Dependence on external potassium
The effects on the uptake current of raising the
external potassium concentration from 2.5mM to 57mM
(potassium replacing choline, solution E with y = 2.5 and
57mM) are shown in Fig. 3.10A. 30/iM glutamate applied at
-43mV with 57mM [K]0 evokes a smaller current than that
obtained with 2.5mM [K]0. Thus the uptake current is
inhibited by raising [K]0? the mean reduction of the uptake
current was 40.4 ± 5.8 % (SEM, n=5) . Changing to the high
potassium solution caused an inward current of 220pA which
presumably flows through potassium channels, although the
slow onset is not understood. The form of the dependence of
the uptake current on [K]0 is shown in Fig. 3.10B. The
smooth curve is of the form K|n/([K]Q + 1^} with
- lOOmM.
Control experiments were performed to check whether
competition of external potassium for the external sodium
or glutamate binding sites could account for the
inhibition. With a near-saturating glutamate concentration
(ImM, VH = -43mV) , the current in 57mM [K]0 was 65.2%
(± 2.1% SEM, n=5) of its size in 2.5mM [K]0, similar to the
value for 30/xM glutamate in Fig. 3.10B (59.6 ± 5.8%). This
rules out the possibility that high [K]0 reduces the uptake
current by greatly reducing the affinity of the carrier for
glutamate. Lowering [Na]0 from 52 to 27mM (in solution E,
replaced by choline) reduced the current evoked by 30jxM
glutamate at -43mV by 62.6% (± 1.9% SEM, n=12) in 2. 5mM [K]0
and by 61.2% (± 2.5%) in 57mM [K]0.
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Fig.
3.10 External potassium inhibits electrogenic
glutamate uptake. A Current evoked by 30/liM glutamate (black
bars) at -43mV in a cell that was initially in a solution
(E) containing 2.5mM K (y = 2.5), then in a solution
containing 57mM K (y = 57), then again in 2.5mM K. B
Dependence on [K]0 of the glutamate-evoked current from
experiments like that in A. Mean data (± SEM) from 5 cells
for [K]q = 0, 10, 57mM and 6 cells for [K]0 = 25mM,
normalised to the current measured on the same cell with
2.5mM [K]0 (the value of which was set to 0.98 so that the
mean value obtained for OmM [K]Q was unity). Pipette
solution Y, external solution E with [K] = y = 0, 2.5, 10,
25 and 57mM.
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This result excludes the possibility that potassium
inhibits uptake by competing for the sodium binding sites,
because in this situation the carrier would have a lower
affinity for sodium and removing sodium would cause a
greater fractional reduction of the uptake current in high
[K]0.
The simplest explanation of the activation by internal
potassium and inhibition by external potassium of the
uptake current is that potassium is indeed transported out
of the cell by the carrier as glutamate is taken up.
3.9 Dependence on chloride
The
main
anion,
both
intracellularly
and
extracellularly, in most of these experiments, was
chloride. Any chloride-dependence of the glutamate-evoked
current is of interest, because a chloride-dependent
glutamate uptake system has previously been reported (Pin,
Bockaert & Recasens, 1984; Waniewski & Martin, 1984). Also,
other transmitter uptake carriers co-transport chloride
ions (Kanner & Schuldiner, 1987). Figure 3.11A & B show an
experiment in which the dependence of the glutamate-evoked
current on external chloride was tested. All the chloride
in the external solution was replaced by the much larger
gluconate anion (solutions B and J). This had no effect (7
cells) on the magnitude of the glutamate-evoked current at
-43mV (Fig. 3.11A), nor on the voltage-dependence of the
current (Fig. 3.11B).
To test the dependence of the glutamate-evoked current
on intracellular, chloride, cells were recorded from
sequentially, alternating between 6 cells with a chloridecontaining pipette solution (Y) and 7 cells with a
gluconate-containing pipette solution (V) . On average at
-40mV 30/xM glutamate evoked a current
(per unit
capacitance) of 0.59 ± 0.02 (SEM) pA/pF with chloride
inside and 0.52 ± 0.05 pA/pF with gluconate inside, ie not
significantly different (P>0.2).
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Fig. 3.11 Effect on the glutamate-evoked current of
changing
the
extraand
intracellular
chloride
concentration. A Membrane current of a Muller cell at -43mV
for which the external chloride was completely replaced by
gluconate (top bar, external solution B to J) , while
glutamate was repeatedly applied (bottom black bars).
Chloride removal had no effect on the magnitude of the
glutamate-evoked current. B Magnitude of the current evoked
by 30/xM glutamate in another cell at different voltages,
with either chloride or gluconate as the main external
anion. Over the voltage range studied, chloride removal had
no effect on the shape of the I-V relation. C Currents
produced by 30/liM glutamate at various voltages in two
different Muller cells with chloride and gluconate as the
main pipette anion (pipette solutions Y and V) . Currents
from the two cells were normalized by cell capacitance
(265pF for the cell studied with Cl'j and 230pF for the cell
studied with gluconate'.) .
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Replacing internal chloride by gluconate had no effect on
the voltage-dependence of the glutamate-evoked current
(Fig. 3.11C). These results show that the sodium-dependent
carrier expressed in Muller cells can be unequivocally
distinguished
from
the
Chloride-dependent*
system
described in other tissues, in that the Na-dependent system
here does not transport or require chloride.
3.10 Dependence on external pH
It is of interest to determine the dependence of
glutamate uptake on external pH, because this may give
information as to whether or not protons are co-transported
with glutamate. Strong evidence for this has been obtained
in the kidney (Nelson et al, 1983) and it has also been
suggested to occur in synaptosomes and glia (Erecinska et
al, 1983, 1986).
How uptake varies with external pH was investigated in
experiments such as those illustrated in figure 3.12, where
30jaM glutamate was applied at -43mV in solutions buffered
to different pH values (external solution B, with pH buffer
as described below). Either raising or lowering the pH from
7.3 reduced the magnitude of the glutamate-evoked current.
The control solution was buffered with 5 or lOmM HEPES (pKa
= 7.5) adjusted to pH 7.3 and the test solutions were
buffered with lOmM MES (pKa = 6.1), lOmM TAPS (pKa = 8.4),
5 or lOmM HEPES. The pH of samples of solution collected
from the perfusion inlet of the recording bath before and
after the experiment was measured, and the average of these
two values (which never differed by more than 0.1 pH units)
was taken. Adjusting the pH of the solutions added varying
amounts of NaOH. The resulting variations of sodium
concentration, 105-112mM, would be expected to change the
uptake current by less than 4%, according to the equations
used to fit the external sodium-dependence of the uptake
current in Fig. 3.ID.
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Fig. 3.12 The glutamate-evoked current is pH-sensitive.
Changing the external pH from 7.3 (HEPES-buffered) to 5.1
(MES-buffered) (top panel) or to 9.0 (TAPS-buffered)
(bottom panel) reduces the magnitude of the current evoked
by 30/liM glutamate at -43mV. External solution B with 5 or
lOmM HEPES or lOmM MES or TAPS; pipette solution Z.
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To check that neither MES nor TAPS directly affected
glutamate uptake, the uptake current in a HEPES-buffered
solution was compared to that of a MES-, or TAPS-buffered
solution at the same pH. The mean glutamate-evoked currents
at pH 6.7 in solutions buffered with lOmM HEPES or MES were
84 ± 4% (SEM, n=8) and 84 ± 2% (n=8), respectively, of the
controls at pH 7.3 (no significant difference, P > 0.9). At
pH 7.9, lOmM HEPES and TAPS were also compared, the mean
current magnitudes being 68 ± 4% (n=8) and 75 ± 2%,
respectively, of the controls at pH 7.3 (no significant
difference, P > 0.1).
Changing the pH sometimes evoked a shift in the
baseline current, as can be seen from Fig. 3.12. The
mechanism of these shifts were not investigated.
The two specimen traces in Fig. 3.12A show that
changes of pH away from 7.3 inhibit the uptake current. The
mean uptake current magnitudes (± SEM), normalised to the
current magnitude in pH 7.3 solution, are plotted in Fig.
3.13 as a function of the external pH, showing that the
uptake current has a pH optimum at around pH 7.3. There are
a number of possible mechanisms which could account for the
observed pH-dependence of the uptake current.
The first is that it reflects changes in the
ionisation state of free glutamate. Glutamate has three
titratable groups: an a-COOH group (pKa = 2.13), an a-NH3+
group (pKa = 9.95) and a y-COOH group on the side-chain (pKg
= 4.32). Rearrangement of theHenderson-Hasselbalch
equation
pH = pK + log{ [A']/[HA] }

(3.1)

to find how the proportions of the dissociated and
undissociated forms of each acid (or base) group vary with
pH gives
[HA]/{ [HA] + [A'] } = l/{l+10(pH‘pK)}
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(3.2)

and
[A’]/{ [HA] + [A"] } = l/{l+10<pK'pH)}

(3.3)

It is widely assumed that the transported form of glutamate
is that on which all three ionisable groups are charged,
because over 99% of the glutamate is in this form at
physiological pH. This can be calculated from a product of
three terms (one for each ionisable group) using eqns.
(3.1) and (3.2)
[glu+"]/[glu]tot = ____________1__________________(3.4)
{l+lo(pH_9‘95)}{l+l0(2*13‘pH>}{i+io<4*32'pH>}
For pH = 7.3 this fraction takes the value 99.7%. At pH 5
and 9, the value
fallsonly to
82.6% and 89.9%
respectively, which would inhibit uptake by at most 17% at
pH 5 (the observed inhibition is 74% at pH 5.1). This is
the maximum effect that the changed glutamate concentration
could have and this assumes a linear glutamate doseresponse relation at 30/xM glutamate. If the carrier has the
same affinity for glutamate as at pH 7.3 (a 1^ of about
20/zM) , then a 17% decrease of the glutamate concentration
from 30jitM would reduce the uptake current by only 8%. Thus,
titration of the charged groups on the free glutamate
molecule can only
account fora small part of the
inhibition at extremes of pH.
Changes of pH could alter the rate of glutamate uptake
by surface charge
effects, as the uptake current is
voltage-sensitiver but they would be unlikely to give rise
to a biphasic pH-dependence or cause such a profound
inhibition of uptake, since varying the external calcium
concentration between 2xlO_8M and lOmM (in the absence of
external barium), which should also alter the surface
charge, has no apparent effect on the magnitude or voltagedependence of the uptake current (Attwell & Brew, personal
communication). It is also conceivable that alterations of
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the external pH change the internal pH (although this was
nominally buffered to pH 7.0 with 5mM HEPES), and that the
apparent pH0-dependence reflects the unknown dependence of
the uptake current on internal pH.
There remain two mechanisms which could account for
the form of the pH-dependence. One is titration of groups
necessary for the normal function of the uptake carrier,
the other is transport of protons by the carrier. These two
possibilities cannot be distinguished using the data
presented here. Thus, although the activation of the uptake
current on changing from high to physiological pH is
consistent with the carrier co-transporting protons and
glutamate, it could equally well reflect titration of a
group which must be protonated for carrier activity. The
expected forms of the pH-dependence of uptake arising from
these alternative mechanisms are identical.
The curves in Fig. 3.13 have been calculated on the
assumption that the pH-dependence reflects titration of two
groups: one which must be protonated for the carrier to
work (roughly accounting for the alkaline part of the
graph) and one which, when protonated, either completely
(curve marked by arrows) or partially (unmarked curve)
prevents the carrier from working (see Fig. 3.13 legend).
The curve marked with arrows assumes pKa values of 6 and 8.4
while the unmarked curve assumes 6.5 and 8.3. The scatter
of the data precludes accurate curve fitting, but the pKg
values of the titratable groups should lie close to the pH
ranges 6.5 ± 1 and 8 ± 1 if such a model were to account
for the pH-dependence of the uptake current. The side
chains of free histidine and cysteine have pKa values of
6.00 and 8.33 respectively, so these might be the titrated
groups. Note, however, that if this were the case, then it
would be the uncharged forms of these side-chain groups
which would be required for normal carrier function.
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Fig. 3.13 The glutamate-evoked current has a pH optimum.
The mean (± SEM, n > 5) magnitude of the glutamate-evoked
current, normalised to the current obtained at pH 7.3, as
a function of the external pH.
Datafromexperiments like
in Fig. 3.12. The curve marked
byarrows hastheform
y = ______ {1 + 10'1-2}2_______
{1 + 1 0 (pH ‘ 8*4>) {1 + io<6-° - *>}
The unmarked curve has the form
r0.25 +

0.75
f
1
{1 + 10(pH '8*3)}. . {1 + 10(6-5 ■pH ) }.

96

MES

HEPES

TAPS

120

100

Iglu<PH)/Iglu<7'3>

AN

80

60

40

20

0 L

6

7
PH

97

8

Chapter 4
Modulation of glutamate uptake

It is not known what mechanisms regulate the activity
of the glutamate uptake carrier. This chapter describes
experiments in which a number of second messenger systems
were manipulated, and the effects on the uptake current
observed, in order to identify potential regulatory
mechanisms of glutamate uptake.
4.1 Dependence on internal calcium
Whether glutamate uptake is modulated by the internal
calcium concentration was tested by buffering pipette [Ca2+]i
to different values with 20mM EGTA (solution 0). The mean
magnitudes of the currents (normalised by capacitance)
evoked by 30/xM glutamate at -44mV (external solution B) ,
measured approximately 5 minutes after patch rupture, with
internal calcium buffered to 10'8, 10'7 and 10_6M were 0.63 ±
0.14, 0.58 ± 0.14 and 0.64 ± 0.10 pA/pF (± SEM, n = 6, 7
and 6) respectively. None of these values is significantly
different from the others (P > 0.4), so it is concluded
that variations of internal calcium do not affect glutamate
uptake.
4.2 Effect of cGMP
In order to investigate whether the uptake carrier
could be modulated by phosphorylation by cGMP-dependent
protein kinase, the effects of including cGMP in the
pipette-filling solution were tested. Two groups of 6 cells
each were compared, one with a standard pipette-filling
solution (Y) and the other with 100/iM cGMP added to the
same
pipette-filling
solution.
The
mean
currents
(normalised by capacitance) evoked by 30jLtM glutamate at
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-43mV (external solution B) were compared at 1, 5, 10 and
15 minutes after patch rupture. The results are presented
in table 4.1. The top panel shows the mean Iglu/C for each
time, without and with cGMP in the pipette, and the P
values from a Students t-test comparison of the averages at
each time are also given. Inclusion of cGMP made no
significant difference at any of the times tested.
The bottom panel is based on the same data, but,
before averaging, the Iglu/C values for each cell were
normalised to the value obtained at t = 1 minute. This
procedure should reduce variation due to different uptake
current densities in different cells. When analysed in this
way, it appears that including cGMP in the pipette retards
the slow decline of Iglu/C seen under control conditions. The
difference is significant at t = 5 and 10 minutes (P < 0.02
and P < 0.05 respectively). However, the effect is small,
the difference of the means reaching a maximum of 11%.
4.3 Effect of CAMP
Phosphorylation of the uptake carrier by cAMPdependent protein kinase is one putative mechanism for
regulation of glutamate uptake. In order to test this
possibility, the effects of including cAMP in the pipette
solution were investigated. Responses to 30juM glutamate at
-43mV (external solution B) were compared between two
groups of cells: a control group with pipette solution Y
and the test group which had lOOjuM cAMP added to solution
Y. The mean glutamate-evoked currents, normalised by
capacitance and measured 5 minutes after patch rupture,
were 0.70 ± 0.02 pA/pF (SEM, n = 9) for the control group
and 0.74 ± 0.04 pA/pF (n = 10) for the test group? not
significantly different (P > 0.3). The ratios of the
response at 5 minutes to that at 1 minute after patch
rupture were also compared. Over that time the mean
response for the control cells declined to 86 ± 2 % (SEM,
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n = 9) of the response at 1 minute, while the test group
mean declined to 94 ± 6 % (n = 10) . These two values are
also not significantly different (P > 0.2), suggesting that
raising cAMP has no effect on the uptake carrier.
4.4 Effect of GTP-y-8
GTP-binding
proteins
are
involved
in
signal
transduction in a number of second messenger systems and
have also been shown to directly modulate ion channels
(Dolphin, 1990). Whether a G-protein is involved in the
control of glutamate uptake was tested by including in the
pipette solution 100/iM GTP-y-S, a non-hydrolysable analogue
of GTP which irreversibly activates G-proteins. The GTP-y-S
was added to solution Y as a tetra-lithium salt. The pH of
the test solution was readjusted to 7.0 with a negligible
amount of NaOH and the appropriate amount of LiCl (400/xM)
was added to the control solution. The results shown in
table 4.2 demonstrate that inclusion of GTP-y-S in the
pipette solution had no detectable effect on the glutamateevoked current (30jxM glutamate; holding potential -43mV;
external solution B). The top panel shows the mean
magnitude of the glutamate-evoked current (normalised by
capacitance) at different times (t) after patch rupture.
For the bottom panel, the Iglu/C values for each cell were
normalised to the value at t = 1 minute before averaging.
4.5 Effect of phorbol ester
The possibility that phosphorylation of the glutamate
uptake carrier by protein kinase C (PKC) might modulate the
carrier properties was tested by applying a phorbol ester.
Phorbol 12-myristate 13-acetate (TPA) has been shown to
activate PKC in many preparations. A 4.5 minute application
of lOOnM TPA (0.005% DMSO in test and control external
solution, B) had almost no effect on the magnitude of the
current evoked by 30/iM glutamate at -43mV (Fig. 4.3A). Over
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the 4.5 minutes of TPA application, the uptake current
(normalised by capacitance) declined by only 5.5 ± 1% (SEM,
n = 5) .
These data are from an experiment in which the pipette
solution
(Y)
had the usual calcium concentration of
1.2x 10‘7M. Because the degree of activation of PKC by
phorbol ester is calcium-dependent (Sekiguchi et al, 1988),
the effects of phorbol ester were also tested with the
pipette calcium concentration buffered to 10_6M (solution Y,
but with 3.5mM added CaCl2). In this case Iglu/C declined by
only 1 ± 5% (SEM, n = 4) over 4 minutes. A small decline of
Iglu/C would normally be expected to occur even in the
absence of drug, so it is concluded that the phorbol ester
has a negligible effect, if any, on glutamate uptake under
these conditions.
4.6 Effects of arachidonic acid
Arachidonic
acid
metabolites
such
as
the
prostaglandins and leukotrienes have many biological
actions and it has been suggested that these metabolites
(or arachidonic acid itself) may act as intercellular
messengers in the CNS (Piomelli et al, 1987) . The action of
glutamate (or NMDA) on cultured neurones leads to a release
of arachidonic acid (Dumuis et al, 1988? Lazarewicz et al,
1988), so a release of arachidonic acid is likely to occur
at glutamatergic synapses. Arachidonic acid at high
concentrations has been shown to reduce glutamate uptake in
cell and synaptosome suspensions (Chan et al, 1983? Yu et
al 1986, 1987), but its mechanism of action is unknown.
Given the limitations of the radiotracing techniques, the
inhibition of uptake might be mediated by inhibition of the
sodium pump by arachidonic acid (Chan et al, 1983? Swann,
1984) and a subsequent rise of [Na]-, or by depolarisation
of the cell, which would also inhibit uptake (Brew &
Attwell, 1987).
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Fig. 4.1 Arachidonic acid induces a progressive inhibition
of the uptake current. A-C Uptake current assessed by
repeated applications of 30/iM glutamate at -43mV (external
solution B; pipette solution Y). Arachidonic acid applied
for 2 minutes at concentrations of 1/xM (A) , 10/xM (B) and
30/zM (C) . D Dose-response curve for arachidonic acid. Plot
of the percentage inhibition (mean ± SEM, figures in
brackets by each point = n) of the uptake current
(normalised by capacitance) produced by
a 2 minute
application of arachidonic acid, as afunction of the
concentration of arachidonic acid applied.
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In order to test whether arachidonic acid has a direct
action on glutamate uptake, the effects of arachidonic acid
on the uptake current in Muller cells were investigated.
Fig.
4.1A-D shows that application of micromolar
arachidonic acid induces a progressive decline of the
magnitude of the current evoked by 30/iM glutamate? there is
a partial recovery following washout of arachidonic acid
(holding potential -43mV; external solution B) . A two
minute application of 10/xM arachidonic acid produces a
roughly 50% inhibition of the uptake current (Fig. 4.IB)
while 1/xM has a smaller, but significant effect (Fig.
4.1A). A dose-response relation is shown in Fig. 4. ID,
where the inhibition of the uptake current (normalised by
cell capacitance) produced after two minutes of arachidonic
acid application is plotted as a function of the
arachidonic
acid
concentration.
On
average,
10/xM
arachidonic acid causes a 49 ± 2% (SEM, n = 14) inhibition
after 2 minutes and 1/xM causes a reduction of 23 ± 2% (SEM,
n = 11).
4.7 Possible mechanisms of action of arachidonic acid
The mechanism of action of arachidonic acid was
investigated pharmacologically. Ouabain (10'4M) did not
prevent the inhibition produced by 10/xM arachidonic acid
(Fig. 4.2A), the mean inhibition after 2 minutes being
58 ± 2% (SEM, n = 3), similar to that seen in the absence
of ouabain. The inhibitory action of arachidonic acid was
therefore not an indirect result of intracellular sodium
accumulation following inhibition of the sodium pump. Such
depletion of the sodium gradient is, in any case, unlikely
to occur to any great degree in the whole-cell patch-clamp
mode, and indeed the application of ouabain only produced
a small inhibition (7 ± 1%, SEM? n = 3).
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Fig. 4.2 Ouabain and inhibitors of arachidonic acid
metabolism do not prevent the inhibition produced by
arachidonic acid. A In the presence of 10'4M ouabain, 10/xM
arachidonic acid produces a similar inhibition of the
glutamate evoked current to that produced in the absence of
ouabain (see Fig. 4.1). B 5/xM indomethacin, a cyclooxygenase inhibitor, applied for 20-30 minutes, does not
affect the inhibition of the uptake current produced by
10/xM arachidonic acid. C Nordihydroguaiaretic acid (NDGA,
10/xM) , a lipoxygenase inhibitor, itself inhibits the uptake
current, but does not prevent the inhibition produced by
arachidonic acid. All panels:
30/xM glutamate,
10/xM
arachidonic acid, external solution B, pipette solution Y,
holding potential -43mV.
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Arachidonic acid is metabolised by two main pathways,
catalysed by the enzymes cyclo-oxygenase (generating
prostaglandins) and lipoxygenase (generating HETEs, HPETEs
and leukotrienes). In order to test whether arachidonic
acid was acting via one of its metabolites, it was applied
in the presence of inhibitors of its metabolism. In the
presence of 5/xM indomethacin (applied for 20-30 min) , a
cyclo-oxygenase inhibitor, 10/xM arachidonic acid still
inhibited the uptake current (Fig. 4.2B). The mean
reduction was 48 ± 5% (SEM, n = 3) over 2 minutes, similar
to the reduction seen in the absence of indomethacin.
Nordihydroguaiaretic acid (NDGA, 10/xM, Fig. 4.2C), a
lipoxygenase inhibitor, itself reduced the uptake current
(by 53 ± 2% after 8 minutes; SEM, n = 9) , but subsequent
application of 10/xM arachidonic acid further reduced the
uptake current by 45 ± 5% (after 2 minutes; n = 10), again
similar to the reduction seen in the absence of NDGA.
The lack of effect of blockers of arachidonic acid
metabolism on the action of arachidonic acid suggests that
it does not inhibit uptake via a metabolite. The
concentrations of the inhibitors used are expected to
substantially inhibit cyclo-oxygenase and lipoxygenase: 6/xM
indomethacin inhibits cyclo-oxygenase by > 90% in toad
bladder (Wong et al, 1972) and in the rat the IC50 is about
0.4/xM (Ford-Hutchinson et al, 1979), while the estimated
IC50 for block of lipoxygenase by NDGA is ~0.9/xM in the rat
(Ford-Hutchinson et al, 1979). However, as the block of the
enzymes is certainly not complete, and knowing that
arachidonic acid metabolites can be active at nanomolar
concentrations, these results on their own do not
completely exclude the possibility that it is an
arachidonate derivative which inhibits glutamate uptake.
Nevertheless, the observation (below) that unsaturated
fatty acids unrelated to arachidonic acid have a similar
inhibitory action is further evidence that the inhibition
is not due metabolites of arachidonic acid.
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Fig. 4.3 Arachidonic acid does not act via PKC on the
glutamate uptake carrier. A lOOnM phorbol 12-myristate 13acetate (TPA) has a negligible effect on the current evoked
by glutamate. B Inclusion of 340/xM H-7, a protein kinase
inhibitor, in the pipette filling solution (Y) does not
prevent the inhibition of the uptake current produced by
10/xM arachidonic acid application 10 minutes after patch
rupture. C 10/xM docosahexaenoic acid, an unsaturated fatty
acid known not to activate PKC, produces a progressive
inhibition of the uptake current. For all panels: 30/xM
glutamate, external solution B, pipette solution Y, holding
potential -43mV.
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Arachidonic acid and a number of other unsaturated
fatty acids, including oleic acid which below is shown to
have a similar inhibitory action to arachidonic acid,
activate protein kinase C (Sekiguchi et al, 1988). Thus, a
possible mechanism for the action of arachidonate is that
it activates protein kinase C which in turn inhibits
glutamate uptake by phosphorylating the uptake carrier. At
first sight this possibility seems to be ruled out by the
demonstration that phorbol ester has no effect on glutamate
uptake (section 4.5). However, Sekiguchi et al (1988) have
shown that the various isozymes of PKC can be activated
differently by arachidonic acid and phorbol ester. Also,
Linden and Routtenberg (1989) have suggested that the
proteins phosphorylated by protein kinase C differ,
depending on whether phorbol ester or arachidonic acid is
the activator. Thus, a lack of effect of phorbol ester may
not rule out PKC regulating the uptake carrier.
The possible role of PKC was further tested by
including in the patch-pipette a protein kinase inhibitor,
H-7, at a concentration of 340]iM. The Ki for inhibition of
PKC by H-7 is 6/nM, and this compound also blocks cGMPdependent and cAMP-dependent kinases with similar potency
(Hidaka et al, 1984). Fig. 4.3B shows that including H-7 in
the pipette did not prevent the inhibition of uptake caused
by 10/xM arachidonic acid. The mean inhibition was 65 ± 3%
(SEM, n = 5) over 2 minutes, compared with a mean
inhibition of 61 ± 2% in 5 cells tested without H-7 in the
pipette. There being no significant difference between
these values (P > 0.2), it is concluded that the action of
arachidonic acid does not involve PKC activation. This
conclusion is supported by the result shown in Fig. 4.3C,
in which another unsaturated fatty acid, docosahexaenoic
acid (10/xM) , is shown to inhibit progressively the uptake
current. Over 2 minutes a 59 ± 3% (SEM, n = 5) reduction
was produced. This fatty acid has been shown, in vitro, not
to activate PKC at all (Sekiguchi et al, 1988).
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4.8 Effects of other fatty acids

Docosahexaenoic acid has a 22-carbon chain with 6 cis
double bonds f22;cis 6). The observation that it produces
a similar inhibition to arachidonic acid, which has a
20-carbon chain with 4 cis double bonds (20:cis 4) suggests
that it may be the presence of the cis double bonds which
leads to the inhibition of the uptake current.
This was tested by applying another cis unsaturated
fatty acid, oleic acid (18 :cis 1). Oleate (10/xM) also
inhibited the uptake current (Fig. 4.4C), although the mean
inhibition of 29 ± 1% (SEM, n = 7? over 2 minutes) is
somewhat less than that produced by arachidonic acid.
Another prediction of the hypothesis that cis unsaturated
fatty acids inhibit glutamate uptake is that saturated, or
trans unsaturated fatty acids should not inhibit the uptake
current. Application of 10/xM arachidic acid, a saturated
analogue of arachidonic acid (20:0), generated a small
inhibition of the uptake current (Fig. 4.4B), the mean
reduction over 2 minutes was 10 ± 1% (SEM, n = 8), only a
fifth of that produced by arachidonic acid. Elaidic acid,
a fatty acid with the same chemical structure as oleic
acid, but with a trans (instead of a cis) double bond
(18:trans 1), produced only a slight inhibition of the
uptake current (Fig. 4.4D), 7 ± 2% (SEM, n = 9? 10/xM
elaidate applied for 2 minutes).
In summary, of the five fatty acids tested, the three
with cis double bonds produced the most inhibition of the
uptake current, while the trans unsaturated and saturated
fatty acids produced less inhibition (Fig. 4.4E). Thus
there is a correlation between the presence of cis double
bonds and inhibition of the uptake current.
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Fig. 4.4 Inhibition of the uptake current by fatty acids
correlates with the presence of cis double bonds. All fatty
acids applied at 10/xM for 2 minutes. A Arachidonic acid
(C20:cis 4). B
Arachidic acid (C20:0), a saturated
analogue of arachidonic acid. C Oleic acid (C18:cis 1). D
Elaidic acid (C18:trans 1) has the same chemical structure
as oleic acid, but a trans instead of cis double bond. E
Histogram (mean ± SEM) of the reduction of the uptake
current produced by 2 minute applications of each of the
above fatty acids and docosahexaenoic acid (DHA) (Fig.
4.3). For DHA, arachidonic acid, oleic acid, arachidic acid
and elaidic acid, 5, 14, 8, 7 and 9 cells were studied,
respectively. The cis unsaturated fatty acids produced the
greatest inhibition. External solution B? pipette solution
Y; holding potential -43mV.
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4.9 Kinetics of inhibition by arachidonic acid

Evident in the specimen traces showing the inhibition
produced by arachidonic acid is an apparently partial
recovery following its washout. This was investigated
quantitatively by comparing the mean time course of the
uptake current in nine cells to which arachidonic acid was
applied (IOjxM for 2 minutes) with the time course in 10
cells to which no'arachidonic acid was applied (Fig. 4.5).
Uptake currents were recorded for 40 minutes at 1 minute
interval^ and normalised by capacitance which was measured
at least every 5 minutes. The time course for each cell was
normalised to the magnitude of the uptake current
(normalised by capacitance) at t = 7 minutes after patch
rupture. The currents were normalised by cell capacitance
because, even in the absence of arachidonic acid, there was
a steady reduction of the glutamate-evoked current with
time which was largely correlated with a decrease of cell
capacitance. On average, the uptake current in the control
group declined by 45% over 30 minutes recording time;
normalisation by capacitance reduced this to 12%.
Arachidonic acid was applied to the test group of cells
between the 7th and 9th minutes following patch rupture,
producing approximately 50% inhibition of uptake. After
removal of arachidonic acid there was a rapid partial
recovery followed by a sustained period in which the uptake
current remained significantly depressed relative to the
uptake current in the control group (P < 0.01, 0.05 and 0.1
at 10, 20 and 30 minutes after arachidonic acid removal).
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Fig. 4.5 Arachidonic acid produces a prolonged inhibition
of the uptake current. Graph shows the mean Iglu/C (± SEM)
for two groups of cells as a function of time after patch
rupture. The lglu/C time course for each cell was normalised
to the Iglu/C at t = 7 minutes before averaging. Control
group (open symbols) to which 30/iM glutamate was applied at
1 minute intervals for 40 minutes following patch rupture
(t = 0). The same protocol was applied to the test group,
but, in addition, 10^M arachidonic acid was applied between
the 7th and 9th minutes. A t-test of the significance of
the difference between the two groups gives P < 0.01, 0.05
and 0.1 at t = 19, 29 and 39 minutes. External solution B,
pipette solution Y, holding potential -43mV.
Cell
capacitance for normalisation was measured at least every
5 minutes.
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Chapter 5.

A fluorescence assay for glutamate uptake
5.1 Introduction
High affinity, sodium-dependent glutamate uptake is
not the only mechanism which transports glutamate into
cells. In particular, 'chloride-dependent' (Pin et al,
1984) and 'low affinity' (Logan & Snyder, 1972) glutamate
uptake systems have been described. The results in chapter
3 and in Brew and Attwell (1987) show that such systems do
not contribute to the uptake current recorded in Muller
cells. It is not known, however, whether these systems are
electrogenic. If they were electroneutral, they would of
course not be detected by the voltage-clamp method. Thus,
in order to assess whether such systems operate in Muller
cells, a different method of detecting glutamate uptake is
necessary.
In Brew & Attwell (1987) and in chapter 3, variations
of the magnitude of the glutamate-evoked current in Muller
cells were interpreted as reflecting changes of the
underlying rate of glutamate uptake. For example, the
inhibition of the glutamate-evoked current induced by
depolarisation was interpreted as showing that the rate of
glutamate uptake is slower at positive holding potentials.
Such conclusions assume that, under a variety of
conditions, the ratio of glutamate transported to charge
transported remains constant. The validity of this
assumption has not been proven, and since there are a
number of reports that the stoichiometry of uptake may
change (Burckhardt et al, 1980; Murer et al, 1980? Nelson
et al, 1983) , it is necessary to test it. For this, a
measure of glutamate uptake, independent of the uptake
current, is required.
Thus to address both of the above problems, a
technique was required for measuring glutamate uptake into
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isolated, voltage-clamped cells, other than by measuring
the
current that uptake produces. Such a method was
developed by modifying afluorescence assay for glutamate
(Nicholls & Sihra, 1986; Nicholls et al, 1987). The basis
of this assay is the reaction catalysed by glutamate
dehydrogenase (GDH)
glu + NAD(P)+ + H20 «♦ a-ketoglutarate + NAD(P)H + NH4+ + H+
NADH and NADPH are fluorescent, allowing the progress of
thereaction
to
be
monitored using
fluorescence
measurements. Both compounds have similar excitation and
emission spectra, with an absorption peak at 340nm and an
emission peak at 455nm. Nicholls & Sihra (1986) assayed
glutamate release from synaptosomes by including NAD and
GDH
in the incubation medium and measuring the NADH
fluorescence.
In order to use this assay inside a Muller cell, it is
necessary to supply only NAD in the patch pipette. It is
not necessary to introduce GDH into the cell, because glial
cells have an endogenous GDH activity (Hertz, 1979). GDH is
localised in the mitochondria (Madl et al, 1988), so the
GDH activity is not expected to be rapidly dialysed out of
the cell during whole-cell recording. Clearly, glutamate
which has been taken up into the cytoplasm must be
transferred to the mitochondrion before metabolism by GDH.
There are at least two mechanisms by which this could be
achieved: glutamate/aspartate exchange or glutamate and
proton co-transport (LaNoue & Schoolwerth, 1979).
To use this assay to measure glutamate influx,
isolated Muller cells were whole-cell patch-clamped as
before (methods, chapter 3) , except that all the pipette
filling solutions used contained the following additions:
5mM NAD, 100/iM malonate and 20mM 2-deoxy-D-glucose.
Malonate is a competitive inhibitor of the Kreb's cycle
enzyme succinate dehydrogenase (Kf 18/uM, Dervartanian &
Veeger, 1964) and 2-deoxy-D-glucose is metabolised to
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2-deoxyglucose-6-phosphate which competitively inhibits the
glycolytic enzyme phosphoglucose isomerase (Wick et al,
1957; Horton et al, 1973). These compounds were included in
an attempt to lower the basal NADH concentration. The
fluorescence of the isolated cell was monitored using a
photomultiplier (see Methods).
The aims of these fluorescence experiments were
threefold. Firstly, to investigate the mechanism(s) by
which Muller cells take up glutamate; whether 'chloridedependent ' or electroneutral uptake processes contribute
(see section 6.2). Secondly, to confirm qualitatively that
manipulations which alter the magnitude of the glutamateevoked current also reduce the uptake, as measured by this
fluorescence method.
Thirdly,
to attempt to test
quantitatively the assumption that glutamate uptake
operates with a fixed glutamate:charge transport ratio
under a variety of conditions. This was investigated under
the conditions of changed glutamate concentration, altered
holding potential, lowered internal potassium concentration
and raised external potassium concentration.
In all experiments, except those in which potassium
concentrations were varied, pipettes contained solution R
(see table 2.7) and the extracellular solution was B (see
table 2.1). Before analysis, current records were filtered
at 30Hz and fluorescence records at 5Hz, except for the
fluorescence trace in Fig. 5.1 where the fluorescence was
filtered at 2Hz. Absolute current and fluorescence baseline
levels have not been reproduced in the figures.
5.2 The glutamate-evoked fluorescence response

Figure 5.1 shows a typical record from an experiment
in which glutamate uptake into an isolated Muller cell was
monitored by simultaneous electrical and fluorescence
measurements. As before, application of 30/nM L-glutamate to
a whole-cell patch-clamped Muller cell at -83mV evokes an
inward current (upper trace) reflecting electrogenic
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Fig. 5.1. The glutamate-evoked fluorescence change is
sodium-dependent. Upper trace: membrane current. Lower
trace: single cell fluorescence. 30/iM glutamate applied to
an isolated Muller cell whole-cell patch-clamped at -83mV
with solution R in the pipette and extracellular solution
B (107mM [Na]0). Replacement of the external sodium with
choline (changing to solution C with x=0) reversibly
abolishes both the glutamate-evoked current and the
glutamate-evoked fluorescence response.
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glutamate uptake (Brew & Attwell, 1987).
After patch rupture and illumination of the cell, the
single cell fluorescence declined, reaching a steady level
after about 7 minutes. This was typical; an example of part
of this decline can be seen in Fig. 5.2. The cause of this
decline was not investigated, but is presumed to represent
a mixture of two processes. Firstly, there is probably a
decrease of cell NADH concentration due to the actions of
malonate, 2-deoxyglucose and dialysis of the cell interior
by the pipette solution.
Secondly,
some form of
photochemical reaction or bleaching may also contribute,
because a decline of fluorescence was also observed in
illuminated cells which were not whole-cell patch-clamped.
The traces in Fig. 5.1 were obtained after the fluorescence
had reached a steady level. The application of glutamate
evoked a sharp rise of fluorescence which peaked before the
glutamate was washed off and recovered slowly after removal
of the glutamate.
5.3 Sodium-dependence of the fluorescence response
Although this fluorescence increase is consistent with
activation of glutamate uptake,
and metabolism of
accumulated glutamate by GDH increasing the concentration
of NADH, the fluorescence might, in principle, be due to
other actions of glutamate. Muller cells do not appear to
express glutamate-gated channels (Brew & Attwell, 1987), so
activation of channels can be excluded as a cause of the
fluorescence response. Glutamate may, however, be acting at
a receptor which mobilises calcium from intracellular
stores, such as has been recently described in cultured
astrocytes (Cornell-Bell et al, 1990). A rise of
intracellular calcium might then alter the redox state of
the cell. Another possibility is that glutamate enters the
cell as a weak acid or by a 'chloride-dependent' glutamate
uptake system (Pin et al, 1984; Waniewski & Martin, 1984;
Zaczek et al, 1987).
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Fig. 5.2. Aspartate does not evoke a fluorescence response.
3OjtiM L-glutamate applied at -3mV evokes a small current and
a marked fluorescence response. 30^iM L-, and D-aspartate
applied at -83mV evoke large inward currents, but no
fluorescence responses. Pipette solution R. Extracellular
solution B.
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The result shown in Fig. 5.1 is evidence which
strongly supports the hypothesis that the fluorescence
response depends upon the activation of sodium-dependent
glutamate uptake. It shows that complete replacement of the
107mM extracellular sodium with choline (changing from
solution B to solution C, with x=0; see table 2.1)
reversibly abolishes the glutamate-evoked fluorescence
response, as well as the glutamate-evoked current. Similar
results were obtained in 3 cells and in 3 other cells in
which [Na]0 was reduced to 2mM rather than zero.
This rules out glutamate entry as a weak acid, or by
the chloride-dependent uptake system, as neither route is
sodium-dependent (Pin et al, 1984? Waniewski & Martin,
1984; Zaczek et al, 1987). It also shows that glutamate is
not acting at a receptor linked to the mobilisation of
intracellular calcium, because this action of glutamate is
independent of extracellular sodium (Cornell-Bell et al,
1990).
5.4 Specificity for glutamate
The complete sodium-dependence of the glutamate-evoked
fluorescence response indicates that activation of sodiumdependent uptake is necessary for its generation, but does
not prove that it is specifically the influx of glutamate
and its subsequent metabolism which gives rise to the
fluorescence. Glutamate uptake has a complex stoichiometry
and the uptake of glutamate will be accompanied by an
influx of sodium (Stallcup et al, 1979? Baetge et al, 1979)
and possibly of protons (Nelson et al, 1983). There is
probably also an efflux of potassium ions, as it is likely
that the carrier counter-transports glutamate and potassium
(Kanner & Sharon, 1978a & b? section 6.4). It is necessary
to exclude the possibility that it is the accompanying
fluxes of inorganic ions, rather than the glutamate influx,
which cause the rise of fluorescence.
Evidence which rules out this possibility is shown in
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Fig. 5.2, where the effects of L-glutamate are compared
with those of L-, and D-aspartate. Both L, and D-aspartate
are taken up by the same carrier as L-glutamate (Balcar &
Johnson, 1972) and are therefore likely to generate the
same ion fluxes as glutamate. Neither L-, nor D-aspartate,
however, is a substrate for glutamate dehydrogenase (Euler
et al, 1938) and thus should not evoke a fluorescence
change after being taken up. In Fig. 5.2 applications of
D- and L-aspartate (30/xM) both evoked an inward current,
consistent with electrogenic uptake, but neither evoked a
detectable
fluorescence
change.
In
contrast,
the
interleaved control applications of glutamate generated
both an inward current and a fluorescence rise.
The cell was depolarised to -3mV for the applications
of glutamate to ensure that the current, and presumably the
accompanying ion fluxes, evoked by glutamate were smaller
than those evoked by aspartate. At -83mV, glutamate would
have evoked a larger uptake current than aspartate (Fig.
3.6 shows a comparison of the current magnitudes for D-asp
and L-glu at the same potential) . Changes of holding
potential did not influence the background fluorescence in
this or any other of the cells recorded from.
These results (seen in 3 cells) indicate that the
fluorescence rise is caused by glutamate influx and its
subsequent metabolism, probably by glutamate dehydrogenase.
5.5 Quantitation
response

of

the

glutamate-evoked

fluorescence

With the fluorescence response characterised as
described above, it could be used to monitor glutamate
uptake in a qualitative manner. For example, the abolition
of the glutamate-evoked fluorescence response by sodium
removal confirms the sodium-dependence of glutamate uptake
(ignoring the circular logic). However, if fluorescence
measurements are to be used to assess different rates of
glutamate uptake and to compare these to the glutamate128

evoked current,
it is necessary to quantify the
fluorescence response and then relate it to the rate of
glutamate influx into the Muller cell.
Figure 5.3 shows how this was done for a specimen
glutamate-evoked current and the accompanying fluorescence
response. As before, the current was assessed by measuring
the magnitude of the peak inward current (Brew & Attwell,
1987; chapter 3). The peak inward current is reached when
the change to glutamate containing solution is complete.
The inward current then declines slowly from the peak
(possibly due to Na+ and glutamate accumulation within the
cell).
An objective measure is required to quantitate the
fluorescence response. In principle, it would be desirable
to measure the initial rate of rise of the response,
because this would depend on the rate of glutamate influx,
but should not be influenced by substrate depletion and
product build up. However, the initial rate of rise of
fluorescence would not be a very useful measure to compare
with the peak glutamate-evoked current (the ultimate aim).
This is because the time-to-peak of the current, which is
limited by the speed of solution change around the cell,
can be up to 3 seconds. So the initial rate of rise of
fluorescence would refer to a time at which the peak
current had not yet been reached. Clearly, if the
fluorescence and current measures are to be compared, the
fluorescence measure must correspond to a time after the
solution change has been completed.
It was therefore decided to measure the fluorescence
rise over the first 6 seconds following the onset of the
inward current (or the best estimate of the time at which
glutamate reached the cell if no current was detectable) .
The graphical method used to do this is illustrated in
figure 5.3. In cases where the fluorescence was changing
before the application of glutamate, this rate of change
was subtracted from the rate of change of the response
onset. Measuring the fluorescence rise over 6 seconds
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Fig. 5.3. Quantification of the fluorescence response. A
graphical method was used to measure the rise of
fluorescence over 6s from the origin of the current
response. Sometimes the fluorescence baseline was not flat
before a response. In these cases the rise of the
fluorescence was measured from an extrapolation of the
baseline.
The straight lines were fitted to the
fluorescence trace by eye.
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represents a compromise: the measure refers to a time after
the solution change is complete, but still gives values
similar to the initial rate of rise, because the
fluorescence happens to rise linearly for at least 6
seconds in most cells. In some cells this method of
measurement gave values which were lower than would have
been obtained by estimating the initial slope; in a few
cells it led to a greater value.
The size and rate of rise of the fluorescence response
varied considerably between cells and with time in a single
cell. For this reason the fluorescence response under test
conditions (eg. altered holding potential) was compared
with two control responses which bracketed it. The control
responses for all experiments, except those in which the
external potassium concentration was varied, were obtained
by applying 30/xM glutamate at -83mV.
After an application of glutamate a period of time had
to elapse before a second application would evoke a similar
fluorescence
response.
Glutamate
applications
were
therefore separated by intervals of approximately 4
minutes. For all of the responses included for analysis in
the following experiments, the fluorescence had returned to
baseline before the succeeding application of glutamate.
For 6 pairs of fluorescence responses to 30/iM glutamate at
-83mV separated by 4 minutes, the fluorescence measure
(rise over 6s) of the second response was 93 ± 8% (mean ±
SEM) of that of the first, while the mean glutamate-evoked
current was reduced to 94 ± 4%.
5.6 Variation of the glutamate-evoked
fluorescence with glutamate concentration

current

and

Using the above method of quantifying the fluorescence
response, experiments were performed to determine the
dependence of the glutamate-evoked current and fluorescence
on the glutamate concentration. Traces from a typical
experiment are shown in Fig. 5.4.
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Fig. 5.4. The glutamate-evoked fluorescence response varies
with glutamate concentration. 3jxM glutamate evoked a
smaller current and a slower rising fluorescence response
than the control applications of 30/xM glutamate. The 3/xM
current was 20% of the mean of the 30/iM controls. The 3/iM
fluorescence measure was 50% of the mean of the 30/liM
controls. Holding potential -83mV. Pipette solution R.
Extracellular solution B.
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A test application of 3/xM glutamate is shown between
preceding and subsequent control applications of 30/iM
glutamate. The reduced glutamate concentration evokes a
smaller current, about 20% of control, and a slower rising
fluorescence response (about 50% slower than control),
consistent with a slower rate of uptake.
The graph in Fig. 5.5 shows the pooled results from
several such experiments. It is a plot of the mean current
and fluorescence responses, normalised to their values for
30/liM glutamate
(ie. 2 x test / {pre-test control +
post-test control)),
as
a function
of the test
concentration of glutamate. As previously described, the
dose-response data for the glutamate-evoked current (filled
symbols) are well fitted by a Michaelis-Menten curve (Brew
& Attwell, 1987). The apparent
here is 21/xM ( 1 ^ / 1 30 ^ [giu]
= 1.71, obtained from an Eadie-Hofstee plot). The
fluorescence data (open symbols) are also approximately
fitted by a Michaelis-Menten curve with an apparent
of
2.8/xM (F^/Fjq^ [glu] = 1.09? from an Eadie-Hofstee plot).
This dependence of the fluorescence response on
glutamate concentration shows that it is a more sensitive
way of detecting glutamate uptake than measuring the
glutamate-evoked current. For instance, as shown in Fig.
5.10, 1/xM glutamate evokes a current that is at the limit
of detection (given the noise levels in these experiments),
but it still gives a marked fluorescence rise (the mean
fluorescence measure for 1/xM glutamate is 35% of that
produced by 30/xM glutamate) .

135

Fig. 5.5. Dose-response curves for the glutamate-evoked
current and fluorescence response. Individual data obtained
as in Fig. 5.4: control 1, test, control 2, where the
controls were responses to 30/xM glutamate. The graph shows
the mean normalised (ie. 2 x test response / {control 1 +
control 2}) current (filled circles) and fluorescence
response (open circles) as a function of the test glutamate
concentration. Error bars are ± 1 SEM. The figure by each
point represents the number of cells recorded. Currents
were too small to measure accurately below 3/iM glutamate.
Both sets of data are fitted with Michaelis-Menten curves.
For the current: K, = 21/iM,
[glu] = 1.71. For the
fluorescence: KF = 2.8/iM, F^/Fj^ [glu] = 1.09. All
experiments carried out at -83mV. Pipette solution R.
Extracellular solution B.
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5.7

Relation

of

the

fluorescence

response

to

glutamate

uptake

The results shown in Fig. 5.5 can be used to obtain a
relation between the fluorescence response and glutamate
uptake, if it is assumed that the magnitude of the
glutamate-evoked
current
at
different
glutamate
concentrations is proportional to the underlying rate of
glutamate uptake. For this to be true, changes of glutamate
concentration must not alter the stoichiometric ratio of
charge transported per glutamate taken up. Consistent with
this assumption is the fact that both the uptake current
(in salamander and rabbit Muller cells) and the amount of
glutamate uptake (in a variety of preparations, including
rabbit Muller cells) depend on the glutamate concentration
in a Michaelis-Menten manner (White & Neal, 1976; Hertz,
1979; Erecinska, 1987; Lerner, 1987; Sarantis & Attwell,
1990).
Having made this assumption, the dependence of the
fluorescence response on the rate of uptake is obtained by
plotting the fluorescence response as a function of the
glutamate-evoked current. Fig. 5.6 shows the data from Fig.
5.5 replotted to show the form of the relation between the
fluorescence response and the glutamate uptake current. The
fluorescence response depends on the uptake rate (=current)
according to a Michaelis-Menten relation: eqn (5.3) below,
with K' r = 0.2 6 and F* max„ = 1.25. The curve was fitted using
a Eadie-Hofstee plot of the four glutamate concentrations
for which reliable current values were obtained. The two
leftmost points h a d current values assigned to them,
calculated from the known Michaelis-Menten dependence of
the current on glutamate concentration (see Fig. 5.5).
Given that both the current and fluorescence responses
depend on the glutamate concentration in approximately
Michaelis-Menten fashion (Fig. 5.5), it can be shown that
the fluorescence response also depends on the glutamateevoked current according to a Michaelis-Menten relation.
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Fig. 5.6. Fluorescence-current relation for the doseresponse data. Data from Fig. 5.5 have been replotted with
the fluorescence as a function of the current. Error bars
are ± 1 SEM. The figure by each point is the number of
cells recorded. The Michaelis-Menten curve has the
parameters: Kp = 0.26 and F
= 1.25. The two leftmost
points, corresponding to 0.5 and 1/iM glutamate, are plotted
at predicted current values (0.04 and 0.08 respectively),
calculated from the observed Michaelis-Menten dependence of
the current on the glutamate concentration.
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Let Kj, 1^, KF and
be the Michaelis-Menten
parameters for the current and fluorescence curves in Fig.
5.5, respectively, such that

[glu] + Kj
F

=

F max

(5 - 2 )

[glu] + KF
Then by eliminating the substrate concentration, [glu], it
can be seen that the relation between fluorescence and
current also has a Michaelis-Menten form
F = F'max 1

<5-3)

I + K fp

where

F' max = K.I Fmax
(K, - Kf)

and

K' F = KF
Imax
F
(K, - Kf)

Substitution of the parameters from Fig. 5.5 into this
equation gives predicted values of K 1F = 0.25 and F'^ =
1.25 which agree very closely with those (0.26 and 1.25)
obtained by fitting the curve directly. The precise reasons
for the form of the relation between the fluorescence
response and uptake rate are not known, but saturation of
the system carrying glutamate into the mitochondrion, or
saturation of the enzyme GDH itself, could both account for
the observed saturation of the fluorescence response at
large uptake rates.
The fluorescence-current relation in Fig. 5.6 shows
that the fluorescence response varies in an approximately
Michaelis-Menten fashion with the rate of glutamate uptake
(subject to the validity of the assumption that changes of
[glu] do not change the ratio of charge and glutamate
transported) . This 'calibration curve' can now be used to
assess quantitatively changes of the fluorescence response
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obtained by manipulating the magnitude of the glutamateevoked current in other ways: by changing the holding
potential, or varying the internal potassium concentration,
for example. If, under such conditions, the glutamate:
charge transport ratio is unchanged, then the fluorescence
and current responses should fall on the 'calibration'
fluorescence-current
relation
shown
in
Fig.
5.6.
Conversely, if depolarisation or lowered [K]. reduced the
uptake current by decreasing the charge transported with
each glutamate ion (and not by reducing the rate of uptake
with a fixed stoichiometry), then these manipulations would
result in points falling above the calibration curve at low
current values (ie. there would be more uptake per
current).
5.8 Voltage-dependence of the glutamate-evoked current and
fluorescence change
An important result from measurements of the
glutamate-evoked current was a quantitative determination
of the voltage-dependence of the uptake current (Brew &
Attwell, 1987) . It is of importance to test whether the
voltage-dependence of the current reflects a similar
voltage-dependence of uptake, because inhibition of uptake
by
depolarisation
would
contribute
to
glutamate
neurotoxicity. There is a suggestion that glutamate uptake
can be electroneutral, at least under certain conditions
(Murer et al, 1980). Any electroneutral uptake would, of
course, be undetectable using current measurements.
The voltage-dependence
of the
glutamate-evoked
fluorescence response was investigated by performing a
series of experiments very similar to those shown in Figs.
5.4, 5.5, & 5.6, the only difference being the test
application of glutamate. Instead of applying a different
concentration of glutamate, 30/xM glutamate was applied at
a different holding potential. A specimen trace from these
experiments is shown in Fig. 5.7.
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Fig. 5.7. Depolarisation reduces the glutamate-evoked
fluorescence response. 30^M glutamate applied at -83mV,
-3mV and -83mV. The glutamate-evoked current at -3mV was
13% of its value at -83mV, while the fluorescence measure
was 53% of its value at -83mV. Pipette solution R.
Extracellular solution B.
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Fig. 5.8. Voltage-dependence of the glutamate-evoked
fluorescence response. Graph of the mean normalised current
(filled circles) and fluorescence (open circles) responses
to 30juM glutamate as a function of holding potential. Data
obtained as in Fig. 5.7, normalisation procedure as before
(Fig. 5.5 legend) . Control applications were 30/iM glutamate
at -83mV. Error bars are ± 1 SEM. The figure by each point
is the number of cells recorded. All points are plotted
below the horizontal because the glutamate-evoked current
is inward. Curves fitted by eye.
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Fig. 5.9. Fluorescence-current relation for the voltage
data. The data from Fig. 5.8 are replotted with the mean
normalised fluorescence response a function of the mean
normalised current response (filled circles). Error bars
are ± 1 SEM and the figure by each point represents the
number of cells recorded. Data obtained at +47mV and +77mV
are omitted because no glutamate-evoked current was
resolvable. The smooth curve was not fitted to these data,
but is the calibration curve of the fluorescence-current
relation from the dose-response data in Fig. 5.6.
The open square shows the mean normalised fluorescence
response and the mean normalised current for experiments in
which responses with 0 [K]i and 90mM [K]- were compared. The
mean 0 [K]- responses were normalised to the mean 90mM [K].
responses. Error bars are ± 1 SD. Data from 5 test cells
and 5 control cells.
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Depolarisation of the cell from -83mV to -3mV reduced the
glutamate-evoked current to 13% of control and slowed the
rise of fluorescence to 53% of control, consistent with a
decreased rate of glutamate uptake at this depolarised
potential. The mean results from these experiments are
shown in Fig.
5.8, where normalised current and
fluorescence responses are plotted as a function of holding
potential. The points are plotted below the horizontal
axis, because the glutamate-evoked current is inward.
The decrease of both current and fluorescence
responses with depolarisation in Fig. 5.8 confirms
qualitatively that depolarisation reduces the rate of
glutamate uptake. In order to quantify this relation, the
results from Fig. 5.8 are replotted in Fig. 5.9, showing
normalised fluorescence as a function of the normalised
current (filled circles). The smooth curve through the
points is the 'calibration curve' obtained from the doseresponse data in Fig. 5.6. The data points from the voltage
experiments all fall very close to the curve. This
demonstrates that a single relation holds between the
glutamate-evoked fluorescence and current, irrespective of
whether the uptake current is varied by changes of
potential or of glutamate concentration. Thus, provided
that the carrier's stoichiometry is not altered by changes
of [glu] (see section 5.7) then these data show that the
ratio of charge transported to glutamate taken up is also
constant when the membrane potential is varied.
At very depolarised potentials (+47mV, +77mV) the
glutamate-evoked current becomes undetectable, but the
fluorescence response remains about 35-40% of its control
value at -83mV. This slow fluorescence response is
comparable to that evoked by 1—2jxM glutamate at -83mV (see
Fig. 5.5). This can also be seen in Fig. 5.10 which shows
responses to 1/iM glutamate at -83mV and 30/xM glutamate at
+47mV in the same cell.
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The fluorescence response is reduced to a
similar extent by depolarisation to +47mV or by reduction
of the glutamate concentration to 1/iM. Responses from one
cell to 30/liM glutamate (at -83mV) , then to 1/liM (-83mV) ,
30/xM (+47mV) and 30/iM (-83mV) . 1/iM glutamate evoked an 8pA
current (9% of the mean value with 3 0/liM glutamate at
-83mV). No glutamate-evoked current could be resolved at
+47mV. The fluorescence responses were 52% (1/LiM) and 39%
(+47mV) of the mean value with 30/zM glutamate at -83mV.
Pipette solution R. Extracellular solution B.
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Continuing this argument, the mean fluorescence
response to 30/liM glutamate at +47mV in 5 cells was 40% of
that at -83mV. From Fig. 5.6 it can be seen that a 40%
fluorescence response is associated with an uptake current
12% of the control
(30/iM glutamate,
-83mV) . This
information allows an upper bound to be placed on the rate
of any voltage-insensitive uptake (ie. electroneutral
uptake). Even if all of the fluorescence response at +47mV
were generated by electroneutral uptake, its rate would be
only 12% of the rate of uptake at -83mV. In fact, given the
rather flat voltage-dependence of the glutamate-evoked
current at positive potentials, it is possible that
electrogenic uptake (with a current too small to resolve)
could account completely for the residual fluorescence
response in this voltage range.
5.9
Potassium-dependence
fluorescence response

of

the

glutamate-evoked

In experiments on the glutamate-evoked current
(chapter 3), reduction of the internal, or increase of the
external potassium concentration inhibited the uptake
current. Probably the uptake carrier counter-transports
potassium out of the cell as glutamate is taken up. It is
necessary to show that potassium changes have similar
effects on the glutamate-evoked fluorescence for two
reasons. Firstly, whatever its mechanism, inhibition of
uptake by external potassium would contribute to glutamate
neurotoxicity (see section 6.9). Secondly, there are
reports of sodium-dependent glutamate uptake proceeding,
albeit more slowly, in the absence of potassium (Burckhardt
et al, 1980; Nelson et al, 1983; but cf Kanner & Sharon,
1978a & b). This presumably occurs with a changed
stoichiometry, and may be electroneutral (Murer et al,
1980) . The effects of changes of the intra- and
extracellular [K] on the glutamate-evoked fluorescence
response are described in the next two sections.
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5.10 Removal of intracellular potassium

The effects on the glutamate-evoked fluorescence
response of replacing intracellular potassium with choline
were investigated. Two groups of cells were whole-cell
patch-clamped with pipettes containing either, for the
control group, solution Q (see table 2.7) which contained
90mM potassium, or, for the test group, solution P which
contained no potassium. The experiments were carried out in
extracellular solution C (see table 2.1) which also
contained no potassium. 30/liM glutamate was applied at
-81mV, 4.5 minutes after patch rupture, by which time the
fluorescence
decline
was
levelling
out,
and
the
intracellular potassium concentration was expected to be
approaching equilibrium with the potassium concentration
inside the pipette (see section 3.6).
Fig. 5.11 shows typical results from these experiments
(data from three different cells). With 90mM potassium in
the pipette glutamate evoked a large inward current and a
fast-rising fluorescence response. With zero potassium in
the pipette, glutamate evoked only a very small inward
current (if detectable) and a smaller, slower rising
fluorescence response, consistent with a reduced rate of
glutamate uptake under these conditions. (Two responses
with zero internal potassium are shown in Fig. 5.11, to
indicate the range of response magnitude).
The control group and the test group contained 5 cells
each. These cells were recorded from in strict, alternating
sequence: control, test, control etc. There was no
significant difference between the groups in terms of mean
capacitance or of series resistance, measured shortly
before the glutamate application at 4.5 minutes after patch
rupture. The mean capacitances were 189 ± 6pF (SEM, control
group) and 207 ± 21pF (test group) (P > 0.4). The mean
series resistances were identical, 2.7 ± 0.2MH (SEM,
control) and 2.7 ± 0.4MH (test group). For analysis, the
glutamate-evoked currents were normalised by capacitance.
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Fig. 5.11. Removal of intracellular potassium reduces the
glutamate-evoked
fluorescence response.
One
control
response to 30/xM glutamate with 90mM [K] - (pipette solution
Q) and two test responses with 0 [K]- (pipette solution P)
are shown. Data from 3 different cells. All experiments
carried out at -81mV with an extracellular solution (D)
which contained no potassium. From the left, the currents
were 210pA, 20pA and lOpA (the last was an assigned value,
see text). The fluorescence measures were in the ratio 1:
0.44: 0.21.
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In 2 cells in the test group, there was no detectable
glutamate-evoked current. These cells were assigned current
values of lOpA, half the smallest response that could
reasonably have been resolved above the noise in these
experiments. Including these values, the mean current
evoked by 30/xM glutamate at -81mV was 0.11 ± 0.04 pA/pF
(SEM) for the test group, while the control group value was
1.21 ± 0.17 pA/pF (SEM), giving a test/control ratio of
9.0 ± 7.1% (SD) .
In the absence of internal potassium, the fluorescence
response associated with the residual glutamate-evoked
current suggests that the current reflects electrogenic
glutamate uptake. If glutamate uptake depended absolutely
on internal potassium, this result would imply that there
was a small amount of potassium remaining in the cell. The
alternative is that the current represents electrogenic
uptake in the absence of potassium.
The mean fluorescence rise (over 6s) for the test
group was 32 ± 15% (SD) of the control value with potassium
in the pipette. The fluorescence measure was thus
significantly reduced under the test condition (P < 0.01).
These test/control ratios of current and fluorescence have
been plotted on the normalised fluorescence vs. normalised
current graph in Fig. 5.9 (open square). The data point
falls almost exactly on the calibration curve which was
replotted from Fig. 5.6. The close agreement of the
experimental data with the calibration curve implies that
the ratio of charge to glutamate transported is not altered
when uptake is inhibited by lowering [K]f.
What is the rate of glutamate uptake with nominally
zero potassium in the cell? From the calibration curve of
Fig. 5.6, it can be calculated that a normalised
fluorescence response of 32% (the average with 0 [K]pipette)
is associated with an uptake rate 9% of control. This
shows, subject to the validity of the assumption in section
5.7, that removal of internal potassium substantially
inhibits glutamate influx.
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These conclusions are sensitive to the method used to
quantify the fluorescence response. In 2 out of the 5 cells
in the test group, the fluorescence response was not linear
over 6 seconds, but initially rose rapidly and peaked
within 1-2 seconds. Thus, if the initial rate of rise is
used to measure the fluorescence response, the reduction of
the fluorescence response with 0 [K]. is not significant
(P<0.2). See section 5.5 for a justification of the method
used to quantify the fluorescence response.
5.11 Raising the extracellular potassium concentration
From the results in section 3.8, it can be seen that
raising the extracellular potassium concentration from 0 to
57mM inhibits the glutamate-evoked current by about 40%.
Given the form of the relation between fluorescence and
current in Fig. 5.6, a 40% decrease in current from control
might be expected to reduce the fluorescence response by
only about 15%. Such a small change would be difficult to
demonstrate clearly. In order to maximise the expected
fluorescence change, the control conditions were altered to
make the control currents smaller (by holding all the cells
at -33mV). This should reduce all of the uptake rates to a
range where, according to Fig. 5.6, the fluorescence
response is more sensitive to changes of uptake rate.
The specimen trace in Fig. 5.12 shows the protocol of
these experiments. 30/liM glutamate was applied at -33mV to
cells recorded with solution R filling the pipette. The
control extracellular solution (E with y=0, see table 2.1)
contained no potassium, and the test solution (E with y=57)
contained 57mM potassium. The test application of glutamate
in raised potassium evokes a smaller current and a slower
rising fluorescence response. In four cells in which
reliable current values were obtained for all glutamate
applications, the mean glutamate-evoked current in 57mM
potassium was 45 ± 3% (SEM, n=4) of its control value in
zero [K]o.
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Fig. 5.12. The glutamate-evoked fluorescence response is
inhibited by raising the external potassium concentration.
Current and fluorescence responses to 30/xM glutamate with
(from left) 0, 57mM and 0 [K]o (extracellular solution E
with y = 0, 57 & 0). All at -3 3mV with pipette solution R.
The test current was 41% of control and the test
fluorescence response (measured over 10s - see text) was
46% of control.
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The fluorescence rise was measured over 10 seconds in
these experiments, for two reasons. Firstly, because the
time-to-peak of the current was, in some cells, longer than
3 seconds (the maximum for all the other experiments in
this chapter) due to a slower rate of perfusion. Secondly,
because application of glutamate sometimes evoked a rapid
fluorescence transient, or spike, apparently superimposed
on the normally observed steadily rising response. An
example is shown in Fig. 5.13 (right-hand fluorescence
trace). The mechanism of this phenomenon is unknown: its
sodium-dependence was not tested. These spikes occurred in
4 out of 7 cells, sometimes only appearing when glutamate
was applied in 57mM [K]0. To avoid contamination of the
fluorescence measurements by these spikes, which may be
unconnected with glutamate uptake, the fluorescence rise
was measured over 10 seconds. Measured in this way, the
mean fluorescence response in 7 cells in 57mM [K]0 was
64 ± 11% (SEM) of control. This is a significant (P < 0.02)
reduction, suggesting that glutamate uptake is indeed
inhibited under these conditions. The conclusion is
provisional, however, because the mechanism of the
fluorescence spikes is not understood.
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Fig. 5.13. A glutamate-evoked fluorescence 'spike'. Lefthand traces: with 0 [K]0 (solution E with y=0) , 30/xM
glutamate evoked a steadily rising fluorescence response.
Right-hand traces: with 57mM [K]0 (solution E with y=57),
application of glutamate to the same cell evoked a biphasic
fluorescence response. Holding potential -33mV. Pipette
solution R.
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Discussion
6.1 Uptake current or channel?
It is necessary to establish that the glutamate-evoked
current in Muller cells is due to electrogenic glutamate
uptake and not glutamate-gated channels. Brew & Attwell
(1987) showed that the pharmacology and voltage-dependence
of the glutamate-evoked current
were inconsistent with
previously reported glutamate-gated channels (Watkins &
Evans, 1981? Mayer & Westbrook, 1984; Usowicz, Gallo &
Cull-Candy, 1989), but agreed well with the properties of
glutamate uptake determined by radiotracing experiments
(Balcar & Johnston, 1972? Johnston, Kennedy & Twitchin,
1979). In addition, the suppressive effect of removing
internal potassium (section 3.6) is difficult to explain in
terms of a channel permeable to Na and K ions.
The possibility remains, however, that the current is
generated by a novel glutamate-gated channel, of unusual
pharmacology, conducting ions other than sodium and
potassium; chloride or calcium for example. All the
evidence is against this. There is no detectable change in
the current noise during activation of the glutamate-evoked
current: a noise increase would be expected from increased
channel openings. Most of the ions present in the
experimental solutions have been eliminated as possible
charge carriers through the putative channel. Variations of
the concentrations of Ca0, Mg0, Bao (Brew & Attwell, 1987,
and unpublished observations) , Ca. (section 4.1) , Cl. and Cl0
(section 3.9) have no effect on the glutamate-evoked
current. Changing from a HEPES buffered to a C02/HC03‘buffered external solution also had no effect on the uptake
current (Marek Szatkowski, personal communication). It is
therefore unlikely that any of these ions could be carrying
current through a glutamate-gated channel. The same
evidence also shows that these ions are not involved in the
uptake process.
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There is positive evidence that the glutamate-evoked
current reflects electrogenic glutamate uptake. Inclusion
of glutamate in the patch pipette inhibits the current, and
this
inhibition
depends
on
the
internal
sodium
concentration (sections 3.4 & 3.5). This result is almost
impossible to explain with a channel, but is easily
accounted for by a carrier co-transporting glutamate and
sodium (section 3.5). Finally, the fluorescence assay for
glutamate uptake described in chapter 5 was used to show
that the glutamate-evoked current is associated with
glutamate influx into the cell and that the current and
influx vary together under a variety of conditions. It is
concluded that the glutamate-evoked current in Muller cells
represents electrogenic glutamate uptake and that there is
no detectable contamination by glutamate-gated channels.
6.2 Types of glutamate uptake
Mechanisms of glutamate uptake can be distinguished on
the basis of their ionic dependence, pharmacological
profile or by localisation to particular membranes (eg.
plasmalemma, synaptic vesicles or mitochondria). For the
purposes of this discussion I shall classify the uptake
systems as follows: high-affinity, sodium-dependent uptake?
low-affinity uptake (which may or may not be sodiumdependent) ; chloride-dependent uptake (all of which are
expressed in the plasmalemma) and uptake into synaptic
vesicles. I shall show that in salamander Muller cells only
the high-affinity, sodium-dependent system operates at
glutamate concentrations below 30/iM (this was the
concentration used in the experiments investigating the
voltage-dependence of the glutamate-evoked fluorescence:
these data are used below to place an upper limit on the
rate of voltage-insensitive uptake of glutamate).
Brew & Attwell (1987) showed that glutamate activates
the uptake current with 1st order Michaelis-Menten
kinetics, with the apparent
in the range 8-22/xM. This is
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typical for 'high-affinity1 uptake (Hertz, 1979). Both the
uptake current (section 3.2; Brew & Attwell, 1987) and the
glutamate-evoked fluorescence (section 5.3) are completely
abolished by removal of external sodium. This means that
neither 'chloride-dependent1 uptake, nor the system seen in
synaptic vesicles, contributes to glutamate uptake into
Muller cells, as both of these systems are sodiumindependent (Pin et al, 1984? Naito & Ueda, 1985? Zaczek et
al, 1987; Maycox et al, 1990). Furthermore, glutamate
uptake by both of these sodium-independent systems is
stimulated by external chloride whereas the uptake current
in Muller cells is unaffected by complete replacement of
external (or internal) chloride by gluconate ions (section
3.9) .
There remains the possibility that, even with low
(<30/iM) glutamate concentrations, an electroneutral lowaffinity
uptake
system
could
make
a
significant
contribution. Below, after reviewing the properties of lowaffinity uptake, I will argue that any such contribution is
unlikely.
Kinetic characterisation of glutamate and aspartate
uptake often reveals, in addition to high-affinity uptake,
a second, low affinity component of uptake, with a wide
range of apparent K^, values (lOO/xM to 5mM; cf 5-50/xM for
high-affinity uptake). There is not a consensus concerning
its properties and importance. In cultured astrocytes
(Hertz et al, 1978) and cultured cerebellar granule cells
(Stallcup et al, 1979) the low-affinity component comprises
at most 15% of the total uptake with ImM [glu]. In most
other studies the
of low-affinity uptake was 0.5-3X the
V max
t^le high-affinity system (in various brain slice
preparations: Davies & Johnston, 1976? Balcar & Johnston,
1973 and in synaptosomal preparations: Logan & Snyder,
1972? Bennett, Logan & Snyder, 1973). Bennett et al (1973)
and Stallcup et al (1979) report that low-affinity uptake
is sodium-independent. The above studies suggest that at
resting [glu]0 values (a few /xM, see section 6.5) and low
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extracellular glutamate concentrations (eg. ciOOjLiM) , uptake
via the high affinity system will be quantitatively more
important than that via the low affinity system.
In contradiction, a study of glutamate uptake into the
rat retina (White & Neal, 1976) found that the
of the
low-aff inity system (1^ = 630/xM) was 25x that of the highaf finity system ( = 21/xM) . However, they report that the
high- and low-affinity uptake systems appear to have
otherwise identical properties: both are sodium-dependent,
have similar pharmacological profiles and sensitivity to
metabolic inhibitors. This suggests that the apparently
dual nature of the uptake may be artefactual. A simple
explanation of how this could arise is as follows.
Within intact brain tissue, glutamate uptake and
restricted diffusion ensure that only a small fraction of
exogenously applied glutamate actually reaches the interior
of the tissue. This explains the many-fold potency
difference (up to 1000-fold), for activation of ion
channels, between glutamate applied to isolated cells and
to intact retinae (Shiells et al, 1986) or brain slices
(Garthwaite, 1985). Consider a simple model of the retina,
with only high-affinity uptake carriers which are
distributed
into
2 compartments.
One
compartment,
corresponding to carriers in superficial membranes, has
good diffusive contact with the perfusate. The second
compartment,
containing the majority of the carriers
(ie. 96%), corresponds to carriers in the interior of the
retina. (This and the values below were chosen so as to
mimic the results of White & Neal, 1976.) Making the
reasonable assumption that the [glu] in the interior
compartment
is 1/3Oth of that exogenously applied, the
following expression gives the total rate of uptake as
(6 .1 )
0.04[glu]
+
0.96[glu]/30
[glu] + Kj,
([glu]/30) + K„,
[glu]
[glu] +

+

24[glu]
[glu] + 30K„
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(6 .2 )

where k = V^/25. With the Km for the high-affinity system
being 20/xM, equation (6.2) approximately predicts the
kinetic behaviour observed by White & Neal (1976), with
apparently distinct high-af finity (1^ = 20/xM) and lowaff inity (1^ about 600/xM) uptake systems.
Similar considerations may also apply for some of the
low-affinity uptake observed in brain slices, accounting
for the large variability of the reported I^s for the lowaff inity components. To summarise, there is little evidence
that low-affinity uptake is quantitatively important.
Excluding White & Neal (1976), the consensus is that lowaff inity uptake is sodium-independent (Bennett et al, 1973?
Stallcup et al, 1979).
Whether or not low-affinity uptake is sodiumdependent, the data described in this thesis show that it
makes a negligible contribution to uptake into Muller cells
at glutamate concentrations below 30/uM. If low-affinity
uptake is assumed to be sodium-independent, then the
absolute sodium-dependence of the glutamate-evoked current
and fluorescence unequivocally excludes any role for lowaffinity uptake. If low-affinity uptake is assumed to be
sodium-dependent, the argument is more involved. The
glutamate-evoked current obeys Michaelis-Menten kinetics
with respect to the glutamate concentration (Brew &
Attwell, 1987), saturating in the range at which lowaffinity uptake would operate (> lOOjxM) . Thus, any lowaffinity uptake must be electroneutral and is therefore
likely to be insensitive to changes of voltage. However,
using the fluorescence assay for glutamate uptake, I have
shown that any voltage-insensitive uptake contributes a
maximum of 12% of the glutamate uptake occurring with 30/xM
[glu] at -83mV (section 5.8).
In conclusion, the only quantitatively significant
glutamate uptake system operating in Muller cells for [glu]0
< 30/xM is high affinity, sodium-dependent uptake.
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6.3 Mammalian and amphibian uptake systems are similar

In discussing the properties of glutamate uptake, I
will often draw on evidence from the mammalian central
nervous system and from the kidney. Also, much of the
relevance of the results is discussed with respect to the
mammalian CNS. I shall review briefly, therefore, the
evidence that the properties of high-affinity, sodiumdependent glutamate uptake are the same in these
preparations as in the salamander glial cells studied here.
Sarantis & Attwell (1990) showed that the glutamate uptake
current in rabbit Muller cells has an almost identical
ionic dependence to that in salamander Muller cells (Brew
& Attwell, 1987? this thesis). This includes the apparent
affinity for glutamate, the sigmoid sodium dependence, the
voltage-dependence and the modulation by internal and
external potassium.
There is also little apparent
difference between the neuronal and glial uptake systems:
the best radiotracing evidence for potassium counter
transport comes from mammalian synaptosomes (Kanner &
Sharon, 1978a,b? Roskoski, 1979). Sensitivity to membrane
potential (Murer et al, 1980) and to [K]. (Burckhardt et al,
1980) has also been demonstrated in the kidney.
The only reported differences between any of these
preparations are: the different sodium-dependence of radio
labelled glutamate uptake between some neurones and glia
(see next section) and the extent of potassium-independent
(but still sodium-dependent)
uptake in the kidney
(Burckhardt et al, 1980) and CNS (Kanner & Sharon,
1978a,b).
6.4 Stoichiometry of uptake
In discussing the likely stoichiometry of the highaf finity, sodium-dependent glutamate uptake carrier I shall
assume that its properties are the same in mammals and
amphibia (see previous section). I will discuss the
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involvement of each ion in turn, but state the conclusion
in advance: the uptake of each glutamate anion is linked to
the influx of 2 or maybe 3 sodium ions, to the efflux of a
potassium ion and maybe to the influx of a proton.
Glutamate
All studies of high-affinity glutamate uptake have
shown it to obey 1st order Michaelis-Menten kinetics with
apparent
values in the range 5-50/liM (Hertz, 1979; Lerner,
1987? Erecinska, 1987) indicating that there is a single
binding site for external glutamate.
Sodium
Given the external sodium-dependence of net glutamate
uptake (Roskoski, 1978), the fact that glutamate stimulates
sodium uptake (Stallcup et al, 1979? Baetge et al, 1979?
Kimelberg et al, 1989) and the inhibition of uptake by
internal sodium (section 3.3), it is certain that glutamate
uptake is via a sodium co-transporting carrier. Direct
measurements of sodium and glutamate fluxes suggest that 2
(Stallcup et al, 1979? Baetge et al, 1979) or maybe 3
(Kimelberg et al, 1989) sodium ions are transported with
each glutamate molecule. A similar conclusion (2 Na ions
per glutamate) was reached by Erecinska et al (1983? 1986)
who investigated the sodium-dependence of the equilibrium
[D-asp]./[D-asp]o distribution in synaptosomes and cultured
glioma cells.
The sigmoid sodium-dependence of the uptake current in
Muller cells (Brew & Attwell, 1987? this thesis, Fig. 3.ID?
Schwartz & Tachibana, 1990) is also consistent with the
transport of 2 or more sodium ions with each glutamate. A
similar sigmoid sodium-dependence has been observed for
radiotraced
uptake
into
synaptosomes
(Peterson
&
Raghupathy, 1972) and cultured granule cells (Drejer et al,
1982). A puzzling aspect is that a number of studies have
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found the sodium-dependence of glutamate uptake in cultured
astrocytes to be well fitted by first order MichaelisMenten kinetics (Drejer et al, 1982; Kimelberg et al, 1989
are the most convincing) . It may be that these results
indicate a genuine difference of affinity of a sodium
binding site in these cells. Alternatively, as the cells
were not voltage-clamped, it is conceivable that the
astrocytes were depolarised in a sodium-dependent fashion
by glutamate-gated channels and/or glutamate uptake (Bowman
& Kimelberg, 1984). This would inhibit uptake when sodium
was high and might alter a sigmoid dependence on [Na]0 (at
constant voltage) to be nearer to a Michaelis-Menten
relation.
In summary, most of the available evidence indicates
that the ratio of sodium and glutamate transported is 2:1.
Potassium
There are a number of reports
investigating the
influence of potassium on glutamate uptake. Kanner & Sharon
(1978a & b) , Burckhardt et al (1980) and Schneider &
Sacktor (1980) showed that loading membrane vesicles
(synaptosomes or vesicles derived from the renal brush
border) with potassium, such that there was a [K]f > [K]0
gradient, stimulated glutamate uptake. In addition, raising
[K]0 inhibited uptake (Peterson & Raghupathy, 1972) and
stimulated glutamate efflux (Kanner & Marva, 1982). These
results have been interpreted as demonstrating that the
glutamate uptake carrier exchanges glutamate and potassium
ions (as well as co-transporting sodium ions).
The problem with this interpretation is that, as
argued in the Introduction (section 1.5), there is an
alternative explanation for the effects of potassium. In
the preparations used, the manipulations of potassium are
expected to change the membrane potential and thus modulate
glutamate uptake by virtue of its voltage-dependence. For
example, a raised [K]. will generate an inside negative
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membrane potential, stimulating uptake (Brew & Attwell,
1987) .
Arguing against the hypothesis that the effects of
potassium are solely due to changes of membrane potential
is the following evidence. Roskoski (1979) showed that net
aspartate uptake requires the presence of potassium ions
(outside, but presumably they were also present inside);
Kanner & Sharon (1978a & b) showed that glutamate uptake
was almost completely dependent on internal potassium, even
under conditions expected to generate an inside negative
membrane potential.
Although it thus seemed likely that potassium ions
were counter-transported by the uptake carrier, such
radiotracing experiments were unable to quantify the
respective effects of potassium transport and potassiuminduced changes of membrane potential.
The experiments showing the dependence of the uptake
current (section 3.6) and the glutamate-evoked fluorescence
(section
5.10)
on
internal
potassium
demonstrate
unequivocally that potassium has effects independent of its
effects on the membrane potential. Furthermore, the simple
Michael is-Menten dependence on [K]. (Fig. 3.5) and the
inhibitory effect of raising external [K]0 (Fig. 3.10)
suggest that potassium is transported out of the cell after
binding to a single site at the internal face of the
carrier.
The apparent contradiction between these results and
those of Schwartz & Tachibana (1990), who show little
change of the D-aspartate evoked current when [K]■ was
lowered from 90mM to 9mM, is partially resolved by the
observation that D-aspartate uptake has a higher apparent
affinity for [K]f than does the L-glutamate uptake current
(Fig. 3.6). However, a reduction of [K]f to 9mM would still
be expected to decrease the D-aspartate-evoked current by
about 30% (according to Fig. 3.6), but Schwartz & Tachibana
(1990) observe a less than 10% decrease (their Fig. 5) .
This may be due to their use of caesium ions in the
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external solution which could substitute for K*. (Fig. 3.7)
after entering the cells either via potassium channels, or
via the sodium pump (Rang & Ritchie, 1968) in the
experiments in which sodium was included in the pipette
filling solution.
Using changes of potassium to manipulate the membrane
potential, Erecinska et al (1983; 1986) concluded that the
potassium(and hence voltage-)
dependence of the
equilibrium [D-asp]./[D-asp]0 distribution in synaptosomes
and glioma cells indicated that 2 positive charges entered
the cell with each aspartate ion. In fact, their results
are equally consistent with the counter-transport of one
potassium ion and the net inward movement of a single
positive charge, as occurs in the stoichiometries proposed
below.
In conclusion, the glutamate uptake carrier is
potassium-dependent: probably as each glutamate ion is
taken up, a potassium ion is transported out of the cell.
Protons
There is some evidence that protons may be co
transported into the cell with glutamate. The best evidence
comes from the kidney. Using membrane vesicles prepared
from the renal brush border, Nelson et al (1983) showed
that even in the absence of sodium and potassium gradients
glutamate uptake is stimulated by an applied proton
gradient (pH0 < pH.) . It was not possible, however, to check
that the proton changes had no effect on the membrane
potential, so an indirect effect of the proton gradient
cannot be ruled out. Erecinska et al (1983) recorded an
alkalinisation associated with aspartate uptake into
synaptosomes, consistent with proton co-transport.
Against this is the evidence of Schwartz & Tachibana
(1990) who loaded salamander Muller cells with the pH
indicator BCECF. They showed that although addition of the
weak acid acetate caused an intracellular acidification,
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the addition of D-aspartate (to activate uptake and the
putative proton co-transport) did not generate a detectable
pH change. They
estimated that if protons were co
transported with D-aspartate (one proton per electronic
charge) then ten times more protons should enter the cell
than with the application of acetate. They concluded that
glutamate is not co-transported with a proton. The only
uncertainty with this result is that no control was
performed to check whether the BCECF loading procedure
(10/liM BCECF-AM for 60min) had any effect on the uptake
current.
The pH-dependence of the uptake current in section
3.10 is consistent with proton co-transport, but as
explained, is equally consistent with titration of a group
required for carrier operation.
Most likely stoichiometry
The first-order dependence of the uptake current on
external glutamate and internal potassium implies that only
one of each of these ions is transported per carrier cycle.
Because glutamate evokes an inward current, the equivalent
of at least three additional positive charges must move
into the cell on each cycle. The simplest stoichiometry
would be the co-transport of a glutamate anion with three
sodium ions and counter-transport of a potassium ion.
However, as most of the available evidence indicates that
two sodium ions are co-transported with each glutamate ion,
a better alternative would be the co-transport of two
sodium ions and a proton (as shown in Fig. 1.2). The latter
stoichiometry is consistent with the sodium- and potassiumdependence of the equilibrium [asp]./[asp]0 ratio observed
by Erecinska et al (1983; 1986). No other small ions appear
to be transported,
as wide variations
of their
concentrations do not affect the uptake current (this
evidence was summarised in section 6.1). The possible
involvement of larger ions such as ATP, EGTA and HEPES was
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not systematically tested.
6.5 Accumulative power of the carrier

A carrier with either of these stoichiometries would
be capable of accumulating glutamate against a large
concentration gradient. At equilibrium the Nernst potential
for glutamate, Eglu, is given by the general formula
E glu =

(1 _ x - y + z )E m +

x E Na +

yEH “

zEK

<6 - 3 )

where x and y are the numbers of sodium and hydrogen ions
co-transported with each glutamate anion and z is the
number of potassium ions counter-transported for each
glutamate taken up. ENa, EH and EK are the Nernst potentials
for sodium, protons and potassium. Em is the membrane
potential. For the two proposed stoichiometries

E alu =

3 E Na -

EK

-

E n,

E glu “

2 E Na +

EH ”

EK

(6 -<>

or
"

Em

(6 * 5 )

for
the
3Na,glu/K and
2Na,H,glu/K
stoichiometries
respectively. When ENa = +50mV, EK = -90mV, VH = -lOmV and
Vm = -85mV, the predicted equilibrium [glu]./[glu] ratios
at 37°C are about 170,000
(3Na,glu/K)
and 20,000
(2Na,H,glu/K). The Nernst potentials assumed here are
estimates based on data given in: Hansen (1985)? Ballanyi
et al (1987) and Chesler & Kraig (1987).
Values for the cytoplasmic and extracellular glutamate
concentrations in the brain are somewhat uncertain. An
estimate of the average [glu]i based on glutamate content
(Berger et al, 1977a & b) gave values of between 4.4 and
16.3mM for different brain regions. The glutamate contents
of separately cultured glia and neurones are similar: 3.4
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to 18.8mM for glia (Schousboe et al, 1975; Patel & Hunt,
1985? Yudkoff et al, 1986), 8.5 to 19.8mM for neurones
(Kvamme et al, 1985; Patel & Hunt, 1985). However, use of
antibodies against cross-linked glutamate reveals a denser
staining of glutamatergic terminals than of glial processes
and non-glutamatergic terminals (Somogyi et al, 1986?
Montero & Wenthold, 1989), suggesting that [glu]i may be
lower in glia than in neurones. Given the great difficulty
of relating the staining density to glutamate concentration
and the fact that the maximum difference of staining
density observed was only 5-fold, it seems reasonable to
conclude that [glu]. is of the order of lOmM in both glia
and neurones.
A figure for the CNS extracellular glutamate
concentration of about 3/zM was obtained from micro-dialysis
(Hamberger et al, 1983? Lehmann et al, 1983? Hagberg et al,
1985). This value may be an overestimate, because any
damage associated with placement of the 'micro' dialysis
tubing (0.3mm in diameter) will lead to a release of
intracellular glutamate. If this were so, the in vivo
[glu]./[glu]Q ratio might approach tolerably close to the
equilibrium ratio for the 2Na,H,glu/K stoichiometry: lOmM
[glu]i predicts a [glu]o of about 0.5/xM. A carrier with the
3Na,glu/K stoichiometry, for which the predicted [glu]0 is
60nM, would be far from equilibrium in vivo.
6.6 Function of potassium counter-transport
Reported values for [K]. vary from 66mM to 170mM
(Ballanyi et al^ 1987? Hansen, 1985). At such levels a
K^-binding site with a Km of 15mM will be quite saturated
(about 85% occupied), so physiological variations of [K]. (a
maximum rise of about lOmM: Ballanyi et al, 1987) would
hardly affect the rate of glutamate uptake. The normal [K]0
is about 3mM (Hansen, 1985) and physiological increases
appear not to exceed lOmM (Heinemann & Lux, 1977) . These
will also have only small effects on the uptake rate, given
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the apparent affinity of the external binding site for
potassium (about lOOmM, section 3.8). (Pathological rises
of potassium will, however, seriously disturb glutamate
uptake; see section 6.9 on neurotoxicity.) The membrane
potential (Em) of glial cells is very close to the Nernst
potential for potassium (EK) (Kuffler et al, 1966? Ballanyi
et al, 1987), so counter-transport of a potassium ion
cannot provide much extra energy to drive glutamate uptake.
(This would not, however, be the case in cells in which
Em > E<f photoreceptors for example.) Thus, it appears that
the function of the potassium counter-transport in glia is
not regulatory and does not provide energy for uptake.
The benefit of potassium counter-transport, in glial
cells at least, is therefore something of a mystery. The
following are tentative suggestions. By reducing the net
charge of part of the carrier, iC-binding may facilitate
movement of that part of the carrier through hydrophobic
membrane regions. Potassium counter-transport will also
reduce somewhat the osmotic load on the cell as glutamate
and sodium are taken up.
6.7 Role of glutamate uptake at the synapse
All glutamate released into the synaptic cleft and
extracellular space by neurones is ultimately taken up by
neurones and glia. However, there is not enough information
to assess whether glutamate uptake into neurones or glia is
of sufficient velocity and appropriate location to
influence the glutamate concentration transient at the
synapse.
There is little evidence making it necessary to
postulate this. A calculation based on the geometry of a
typical CNS synapse (Eccles & Jaeger, 1958) suggests that
glutamate would diffuse away from the synaptic cleft with
a rough half-time of 0.1 - 0.2ms, so the glutamate
transient would have largely subsided within 1ms. This
would be fast enough to obviate the need for direct
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transmitter removal from the synaptic cleft. (This halftime is, however, an underestimate, because the calculation
ignores restricted diffusion in the extrasynaptic space,
assuming that transmitter leaving the cleft is instantly
dissipated.) Furthermore, it seems likely that the timecourse of the post-synaptic response can be accounted for
by channel kinetics and desensitisation (Lester et al,
1990? Trussel & Fischbach, 1989).
Some slight support for the hypothesis that glutamate
uptake can modulate the time course of the glutamate
transient comes from an experiment on the effects of the
uptake blocker dihydrokainate (DHK) on the synaptic
currents in the hippocampus (Hestrin et al, 1990).
Application of DHK potentiated the NMDA-receptor mediated
component of the synaptic current. However, this effect of
DHK could have been via alteration of the background level
of glutamate rather than the glutamate transient. Control
experiments to check whether DHK had any direct actions on
the glutamate-gated channels were not performed.
Even if glutamate uptake has no direct influence on
the time course of the glutamate transient at the synapse,
it is nevertheless responsible for maintaining the low
extracellular
glutamate
concentration
that
enables
glutamate to diffuse away from the synapse. In addition to
ensuring normal synaptic function, this homoeostatic
function is vital because of the neurotoxicity of high
glutamate concentrations (see section 6.9). The observation
that a large fraction of exogenously applied glutamate is
taken up by glial cells (Kennedy et al, 1974? McLennan,
1976? White & Neal, 1976? Ehinger, 1977) suggests that
glial cell uptake is quantitatively more important than
neuronal uptake in this respect.
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6.8 Relevance of glutamate uptake to Long-Term Potentiation

Certain glutamatergic synapses exhibit activitydependent and long-lasting changes of synaptic gain which
are of interest as putative cellular models of learning and
memory. The most studied of these phenomena is Long-Term
Potentiation (LTP), a persistent increase of synaptic gain
in the mammalian hippocampus. LTP can be induced either by
high frequency stimulation of presynaptic fibres (Bliss &
Lomo, 1973? Bliss & Gardner-Medwin, 1973)
orby low
frequency
presynaptic
stimulation
'paired1
with
depolarisation of the postsynaptic cell (Gustafsson &
Wigstrom, 1986? Wigstrom et al, 1986). These induction
conditions lead to glutamate release and depolarisation of
the postsynaptic cell, events which together will activate
NMDA channels (Nowak et al, 1984? Mayer et al, 1984).
Activation of NMDA channels has been shown to be necessary
for the induction of LTP (Collingridge et al, 1983) . NMDA
channels, as well as conducting sodium and potassium ions,
are permeable to calcium (MacDermott et
al, 1986).
Experiments in which injection of EGTA into the
postsynaptic cell prevented the induction of LTP (Lynch et
al, 1983) led to the conclusion that a calcium influx
through NMDA channels in the postsynaptic terminal is a
necessary step in the induction of LTP.
One of the most controversial areas in the study of
LTP has been the mechanism of the increased synaptic gain,
the 'expression' of LTP. Much interest has centred on the
proposal that an increased release of transmitter
(glutamate) underlies the change of gain. Evidence in
favour of this hypothesis is the increased efflux of
glutamate from hippocampi in which LTP has been induced
(Dolphin et al, 1982? Bliss et al, 1986). Interpretation of
these results will be discussed below. A consequence of
accepting this 'presynaptic' hypothesis is that it is then
necessary to postulate the existence of a 'retrograde
messenger' linking the postsynaptic induction site to the
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presynaptic expression site and instructing the increased
release of transmitter.
A candidate
for the
retrograde messenger
is
arachidonic acid (Piomelli et al, 1987; Williams et al,
1989). It is released from neurones by the activation of
NMDA receptors, the calcium influx through NMDA channels
stimulating phospholipase A2 which liberates arachidonic
acid from phospholipids (Lazawrewicz et al, 1988? Dumuis et
al, 1988) . This suggests that arachidonic acid might be
released from postsynaptic terminals during the induction
of LTP.
The results in sections 4.6 - 4.9, showing that
arachidonic acid inhibits glutamate uptake, suggested an
alternative explanation for the increased glutamate release
from hippocampi in which LTP had been induced. Namely, that
arachidonic acid liberated from the postsynaptic terminal,
instead of acting as a retrograde messenger, inhibits
glutamate uptake in nearby neurones and glia. An inhibition
of uptake would lead to increased release of glutamate into
the perfusate. Experiments showing no difference of
glutamate uptake into synaptosomes prepared from control
and potentiated tissue (Lynch et al, 1985? Feasey et al,
1986; Bliss & Lynch, 1988) were inconclusive, because
measurements were made after a 4-5 minute incubation with
labelled glutamate. By this time the [glu]./[glu]o ratio is
close to equilibrium (Erecinska et al, 1983, show a
timecourse for D-aspartate accumulation into synaptosomes).
This near-equilibrium ratio
is determined by the
electrochemical gradients of the transported ions and the
membrane potential, but is quite insensitive to changes of
the rate of uptake. A better measurement would have been
the initial rate of uptake.
In the event, the presynaptic hypothesis has received
strong support from a quantal analysis of hippocampal EPSCs
before and after the induction of LTP (Malinow & Tsien,
1990? Bekkers & Stevens, 1990). It was concluded that most
of the increase of synaptic gain was attributable to an
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increased probability of transmitter release. Arachidonic
acid, however, is by no means established as the retrograde
messenger.
The speculative suggestion that an inhibition of
glutamate uptake by arachidonic acid might mediate the
increased synaptic gain (by amplifying and prolonging the
synaptic glutamate transient) is ruled out by the same data
(Malinow & Tsien, 1990; Bekkers & Stevens, 1990) and also
by the failure of arachidonic acid applied to a hippocampal
slice to potentiate synaptic transmission (Williams et al,
1989) .
6.9 Role of glutamate uptake in neurotoxicity
Interruption of the brain's blood supply, as occurs in
stroke, deprives it of oxygen and nutrients. As the brain
has only limited energy stores, these are rapidly depleted
following the onset of ischaemia. This sets in motion a
striking pattern of changes of the ionic composition of the
extracellular fluid, the overall picture being one of a
dramatic loss of ionic homoeostasis.
Following the onset of ischaemia, there is a slow rise
of [K]0 and an acidification of the extracellular space, but
[Nal0f [Cl]o and [Ca]0 do not change (after Hansen, 1981, I
shall refer to this as phase 1). After 1-2 minutes, when
the [K]0 has reached about lOmM, rapid, seemingly
regenerative changes occur (phase 2): [K]0 rises sharply to
about 50mM, [Na]0 falls to around 60mM, there is a fall of
[Cl]0 and, importantly, there is a sharp drop of [Ca]0,
typically from 1.2mM to O.lmM (Hansen, 1981). Synchronous
with these events there is a reduction of the extracellular
volume. It is assumed that (except for the pH changes) the
intracellular changes are the opposite of the extracellular
changes. Thus, during phase 2 potassium leaves cells and
sodium, chloride and calcium enter.
During ischaemia, there is a build up of glutamate
(and aspartate) in the extracellular space, as measured by
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micro-dialysis (Benveniste et al, 1984; Hagberg et al,
1985; Graham et al, 1990). This observation is consistent
with the theory that some of the cellular damage occurring
in ischaemia is caused by the action of glutamate. Support
for this idea comes from studies of the effects of
glutamate on cultured neurones. Applying lOOjLtM glutamate
for 5 min leads to delayed neuronal death (Choi et al,
1987). This necrosis is largely prevented by NMDA
antagonists (Choi et al, 1988) or by calcium removal (Choi,
1987) , suggesting that a calcium influx through NMDA
channels eventually leads to cell death (it is proposed
that lethal calcium-dependent proteases and lipases are
activated). In intact brain tissue, NMDA receptor
antagonists can reduce ischaemic cell death (Gill et al,
1987; Ozyurt et al 1988).
Thus, a plausible mechanism for at least some of the
damage following ischaemia is that glutamate is released
into the extracellular space, activates NMDA channels and
causes a lethal calcium influx into neurones. However, NMDA
receptor antagonists appear to protect neurones well only
in certain models of ischaemia, particularly focal
ischaemia (Choi, 1990). As mentioned in the Introduction
(section 1.3), it is likely that non-NMDA receptordependent processes also contribute to ischaemic damage in
some situations (Garthwaite & Garthwaite, 1989; Sheardown
et al, 1990). Of obvious therapeutic interest is the fact
that in many ischaemia models (eg. Gill et al, 1987) the
cellular degeneration takes 24 hours or more to develop and
that NMDA and non-NMDA receptor antagonists protect against
damage even when applied after a transient ischaemic
episode (Steinberg et al, 1988; Garthwaite & Garthwaite,
1989; Sheardown et al, 1990).
The evidence reviewed above suggests that the rise of
extracellular glutamate occurring during ischaemia is toxic
to neurones. As the function of glutamate uptake is to
maintain a low extracellular concentration of glutamate, an
important question is why is glutamate uptake unable to
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prevent the toxic rise of glutamate?
The results described in this thesis and in Brew &
Attwell (1987) show that many of the conditions prevailing
in ischaemia are expected to inhibit glutamate uptake.
There is a rise of [K]0. In section 3.8 (and 5.11) I showed
that this directly inhibits uptake as a consequence of
potassium counter-transport by the carrier. For a rise of
[K]0 to 50mM (such as is achieved after phase 2) uptake
would be reduced by 35% by this mechanism. Not only does
[K]0 directly inhibit uptake, but in vivo it will also
depolarise cells. The depolarisation from -90 to -20mV
expected from the above [K]0 rise will inhibit uptake by 66%
(Brew & Attwell, 1987). If the inhibitions due to potassium
and depolarisation are assumed to be independent (ie. that
the shape of the I-V relation is not altered by raising
[K]0, this is untested), the combined inhibition by these
two processes is 78%. Clearly, glutamate uptake will be
severely compromised, just at the time it is needed most.
Interestingly, the [K]0-sensitivity of uptake is greater in
rabbit Muller cells (Sarantis & Attwell, 1990) and a
similar [K]0 rise there would reduce the rate of uptake by
about 90%.
Arachidonic and oleic acid (sections 4.6 & 4.8) may
further inhibit uptake during ischaemia: a marked increase
of the brain content of free unsaturated fatty acids
(particularly arachidonic and oleic acid) has been observed
to occur during anoxia (Rehncrona et al, 1982), presumably
as a result of the activation of calcium-dependent lipases
(phospholipases A2 and C for example). However, because the
partition of these fatty acids between membranes and the
extracellular fluid is not known, it is difficult relate
the brain content values to the dose-response curve in
section 4.6.
Some support for the notion that fatty acids inhibit
uptake during anoxia comes from the following finding
(Silverstein et al, 1986). Uptake into synaptosomes
prepared from anoxic tissue is reduced for at least an hour
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compared to uptake into control synaptosomes. Uptake into
the 'anoxic' synaptosomes is preferentially stimulated by
the addition of BSA, which binds fatty acids and could, in
principle, remove them from the synaptosome membrane. The
fact that uptake remains inhibited for 1 hour at least (but
less than 24 hours) is consistent with the persistent
inhibition by arachidonic acid observed in section 4.9.
This long-term effect of arachidonic acid may be of
relevance to the delayed neurotoxic processes which
continue after an initial ischaemic event in the brain.
An unresolved question concerns the origin of the
extracellular glutamate which builds up during anoxia. The
obvious suggestion is that it is due to synaptic release,
but a number of results cast some doubt on this idea. The
calcium-dependence of the glutamate rise in vivo is
controversial (Drejer et al, 1985? Ikeda et al, 1989).
Except for the beginning of phase 1, the EEG is silent
(Hansen, 1981), suggesting a lack of neuronal activity
(although it might not detect asynchronous firing).
Furthermore, calcium-dependent release of glutamate from
synaptosomes is inhibited when the ATP/ADP ratio falls in
anoxia (cyanide) (Sanchez-Prieto & Gonzalez, 1988).
An alternative source of the extracellular glutamate
would be through reversed glutamate uptake. The graph in
Fig. 6.1 shows the equilibrium [glu]0 as a function of the
external potassium concentration for the two proposed
stoichiometries of uptake (calculated using equations 6.4
& 6.5). The graph assumes a cytoplasmic [glu] of lOmM, that
the cell depolarises (Em = EK) and that [Na]0 falls by the
same amount as [K]0 rises. At 60mM [K]0 the equilibrium
[glu]Q will be 75/iM and 250jxM for the 3Na,glu/K and
2Na,H,glu/K stoichiometries respectively. The uptake
carrier will not be able to pump glutamate below these
levels and, if [glu]0 is initially below these levels, the
carrier will actually release glutamate from the large
cytoplasmic store until equilibrium is reached. These
glutamate concentrations are sufficient to kill neurones in
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culture (Choi et al, 1987) .
These new insights intothe possible roles of
glutamate
uptake
in
the
processes leading
to
ischaemic/anoxic damage
donot suggest many simple
therapeutic interventions. It seems very unlikely that
carrier properties as basic as potassium counter-transport
and voltage-sensitivity will be readily modified by drugs.
The possible involvement of inhibition by unsaturated fatty
acids such as arachidonic acid, however, could be tested
and maybe prevented by drugs which inhibit phospholipase A2.
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Fig. 6.1. The minimum extracellular glutamate concentration
that the glutamate uptake carrier can maintain rises when
[K+]0 rises. For the two stoichiometries shown, the
equilibrium [glu]o was calculated as a function of [K+]o
using equations (6.4) and (6.5), by assuming that Em = EK
and that [Na+]o = 143mM - [K+]o. For simplicity [Na+]l
- and
[K+]i were assumed to remain constant. EH was taken as zero.
The value of [glu]^ was set at lOmM; any other choice would
simply scale the value of [glu]o proportionately.
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