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Abstract

Tonic activation of excitatory and inhibitory receptors, by the ambient concentration of
neurotransmitters in the extracellular space of the brain, has been suggested to underlie
phenomena as diverse as relapse to cocaine use by reward pathways in the striatum, sparse
coding of motor information in the cerebellum, and control of the development of the cerebral
and cerebellar cortices. Here we assess the mechanisms which may determine the ambient levels
of excitatory and inhibitory neurotransmitters, and consider their likely effect on information
processing.
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1. Introduction

The average extracellular concentration of CNS neurotransmitters is determined by the
balance between their rate of release and the rate at which they are removed by uptake. If
the release rate is low, then in principle transporters can lower the extracellular transmitter
concentration to a value determined by the ionic stoichiometry of the transporters. For
example, glutamate transporters, which power glutamate accumulation by the co-transport
of 3 Na* and 1 H* and the counter-transport of 1 K*, could in principle lower the
extracellular glutamate concentration to ~2 nM (Fig. 1; Zerangue and Kavanaugh, 1996;
Levy et al., 1998), while GABA transporters, which power GABA accumulation by the
co-transport of 2 Na* and 1 CI, could theoretically lower [GABA], to ~0.4 uM (Attwell
etal., 1993), and the similarly powered GlyT1b transporters could lower the extracellular
glycine concentration to about 0.15 uM (Attwell et al., 1993; Supplisson and Roux, 2002).
Microdialysis experiments in the in vivo brain report extracellular concentrations higher
than these theoretical minimum values, typically a few pM (0.2-7uM (typically 2 uM) for
glutamate, 0.1-2uM for GABA, 2.5 uM for glycine: Benveniste et al., 1984; Hagberg et
al., 1985; Takagi et al., 1993; Phillis et al., 1994; Wahl et al., 1994), which may reflect a
high rate of transmitter release (Bernander et al., 1991; Rapp et al., 1992; Borg-Graham et
al., 1998; Hirsch et al., 1998; Destexhe and Pare, 1999; Jabaudon et al., 1999, Baker et al.,
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2002), but could alternatively reflect some cell damage or leakage from the blood caused by
the microdialysis probe (Westergren et al., 1995) as discussed below.

Micromolar concentrations of glutamate and GABA are expected to produce tonic activation
of both ionotropic and G protein coupled receptors. NMDA receptors have an ECgg of

~2 UM (Fig. 1; Patneau and Mayer, 1990), while GABA, receptors containing ag and §
subunits have an ECsg of 0.2 uM (Saxena and MacDonald, 1996), and these high affinity
receptors are expected to be very significantly activated by micromolar levels of glutamate
and GABA. The steady state dose-response curves for AMPA receptors, metabotropic
glutamate receptors (mGIuRs), GABAA and GABAGR receptors have ECgq values which

are somewhat higher (e.g. ~16 puM for AMPA receptors: Patneau and Mayer, 1990; 4-56
UM for mGIuR1-6: Pin and Duvoisin, 1995), but might also be activated to some extent by
the ambient extracellular transmitter level. (Note that synaptic and extrasynaptic receptors
may have different subunit compositions, and hence different ECsq values for activation and
desensitization, and may also be exposed to different ambient transmitter concentrations).

In this review we assess the likely effects of this tonic activation of glutamate and

GABA receptors on CNS information processing, and highlight some problems in our
understanding of the transmitter release mechanisms underlying the observed average
extracellular glutamate and GABA concentrations.

2. Actions of ambient glutamate on NMDA, AMPA and kainate receptors

Sah et al. (1989) reported that NMDA receptors in pyramidal cells in hippocampal slices
can be tonically activated by the background level of glutamate present in the extracellular
space. Similarly, Dalby and Mody (2003) found that dentate gyrus granule cell NMDA
receptors are activated by spontaneous (action potential independent) glutamate release.
This receptor activation by ambient glutamate generates an inward current, suppressible

by NMDA receptor blockers, which increases the excitability of the neurons. Furthermore,
because of the voltage-dependent Mg2*-block of NMDA receptor channels, the size of

this inward current increases with depolarization from the resting potential, increasing

the tendency of the cell to show a regenerative depolarization, which may boost synaptic
potentials. In midbrain dopamine-secreting neurons, and in supraoptic vasopressin- and
oxytocin-secreting neurons, this NMDA receptor mediated current is reported to control the
bursting pattern of the cells’ spiking activity, and thus control secretory activity (Chergui et
al., 1993; Moos et al., 1997).

The ~2 uM extracellular glutamate concentration measured in vivo with microdialysis is
expected to produce about a 45% activation of NMDA receptors, from the glutamate
dose-response curve for the receptors shown in Fig. 1 (the ambient level of endogenous
modulators of NMDA receptors (e.g. Mg?*, glycine, Zn2*, polyamines, pH: reviewed by
Dingledine et al., 1999) will also influence the level of activation of these receptors by
the ambient glutamate concentration present). This would explain the tonic activation of
NMDA receptors observed by Sah et al. (1989), but implies that the rise of glutamate
concentration to ~1 mM during synaptically evoked NMDA receptor activation (including
that produced by spontaneous transmitter release in the study of Dalby and Mody, 2003)
would evoke a current that was only 55% of what could occur if the ambient glutamate
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concentration was at the bottom of the receptors’ dose—response curve (Fig. 1). Furthermore,
the ICgq for pre-application of glutamate desensitizing hippocampal NMDA receptors is
only ~1.3 pM (Zorumski et al., 1996; see Fig. 1 legend for details), so an ambient glutamate
concentration of 2 UM would lead to an even greater reduction in the amplitude of the
NMDA component of synaptic currents. Similarly, pre-application of glutamate desensitizes
hippocampal AMPA and kainate receptors with an ICsq of 4 and 2.8-13 pM, respectively
(Colquhoun et al., 1992; Zorumski et al., 1996; Wilding and Huettner, 1997; Paternain et al.,
1998), so an ambient glutamate concentration of 2 UM would also reduce the amplitude of
the AMPA and kainate components of synaptic currents.

The fact that micromolar levels of ambient glutamate will tend to cause saturation of
NMDA receptor activation, and induce desensitization of NMDA, AMPA and kainate
receptors, suggests that alteration of the ambient glutamate concentration may have
profound consequences for the information processing carried out by neurons. Such a high
ambient glutamate level (if correct, and not an artefact of cell damage, or leakage from the
blood (Westergren et al., 1995) caused by the microdialysis cannula) also raises the question
of why the resulting calcium influx through activated NMDA receptors does not lead to
neuronal death, as occurs when exogenous NMDA or glutamate is applied (Choi, 1987).

3. Tonic activation of metabotropic glutamate receptors

Activation of presynaptic mGIuRs in hippocampus has been found either to inhibit
glutamate release (Forsythe and Clements, 1990) or to facilitate it (McBain et al., 1994).
The inhibitory effect is seen at glutamate concentrations less than 1 uM, and so would occur
at the ambient glutamate concentrations found in vivo. Indeed, Losonczy et al. (2003) report
that blocking mGIuRs leads to a potentiation of postsynaptic EPSCs, implying that there is

a tonic inhibition of glutamate release by the ambient glutamate concentration. Activation of
postsynaptic mGIuRs leads to an inward current in hippocampal interneurons (McBain et al.,
1994), possibly mediated by activation of a TRP channel (Kim et al., 2003).

Tonic activation of mGIuRs with externally applied glutamate or ACPD, or stimulation
trains, leads to 40 Hz oscillations generated by GABA receptors in slices of hippocampus
and neocortex (Whittington et al., 1995). Since coherent 40 Hz oscillations have been
proposed to underly the “binding” together of different cognitive aspects of stimuli (Singer,
1993), this raises the possibility that tonic activation of mGIuRs could modulate significant
aspects of hippocampal and cortical processing.

4. Can ambient glutamate affect neuronal information processing if it

produces no membrane current?

Sah et al. (1989) found that NMDA receptor block produced a large current change in
hippocampal slice CA1 pyramidal cells (~200 pA at =35 mV in 400 pum thick slices (age not
specified); <60 pA in 100 pm slices) which was attributed to activation of NMDA receptors
by the ambient glutamate level present. However, not all workers have found such a large
effect, indeed we find that, at post-natal day 12, the NMDA receptor antagonist D-AP5

only blocks an inward current of ~5 pA at —35 mV in whole-cell clamped pyramidal cells
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in 225 pm thick slices. The reason for this difference is unclear, but it could reflect the
sharp electrode recordings made by Sah et al. (1989) being from cells very deep in the
slice, possibly at a location with compromised oxygen supply, while those studied with
patch-clamp techniques are from more superficial cells.

Nevertheless, even if receptor block produces a negligible current, this does not rule out

a possible influence of ambient glutamate on ionotropic glutamate receptors. The non-
linear dose—response curve of NMDA and AMPA receptors (Patneau and Mayer, 1990),
which results from 2—-4 glutamate molecules being required to bind for full activation

to occur (Smith and Howe, 2000; Banke and Traynelis, 2003), will result in a rise of
extracellular glutamate concentration produced by exocytosis having a different effect if

it is superimposed on an ambient glutamate level that results in some of the receptors’
binding sites being tonically occupied. Whether binding of ambient glutamate produces an
increased or a decreased response to exocytotic glutamate release will depend on whether
partial activation or desensitization of the receptors dominates, and whether desensitization
can occur from a closed state (Lin and Stevens, 1994; Colquhoun and Hawkes, 1995).

5. Possible sources of ambient glutamate

Conventionally, glutamate is assumed to be released into the extracellular space as a

result of exocytosis from neurons, either evoked by action potentials or spontaneously
released as miniature events. Recently, however, a diverse range of other possible glutamate
release mechanisms have been discovered, including Ca2*-dependent (probably exocytotic)
release from glia (Bezzi et al., 1998; Krzan et al., 2003), release via swelling-activated
anion channels (Kimelberg et al., 1990; Rutledge and Kimelberg, 1996), gap junction hemi-
channels (Ye et al., 2003; Bennett et al., 2003), P2X7 receptors (Sperlagh et al., 2002; Duan
et al., 2003), and cystine—glutamate exchange (Cho and Bannai, 1990). Of these, a role for
cystine—glutamate exchange has recently gained prominence in the context of setting the
ambient extracellular glutamate concentration.

Cystine—glutamate exchange is mediated by a heterodimeric protein composed of the 12
transmembrane region protein XCT and the heavy chain of 4F2 cell surface antigen (Sato
et al., 1999; Fukasawa et al., 2000). It is responsible for providing neurons with cystine, a
precursor of the anti-oxidant glutathione (Bannai, 1984), and normally functions with the
uptake of cystine being powered by the efflux of glutamate, down the concentration gradient
set up by Na*-dependent glutamate transporters. Radiotracing studies on cerebellar slices
have shown a maximum uptake rate for cystine of roughly 450 pmoles/I/h (Wyatt et al.,
1996). Assuming that glutamate leaves cells at the same rate (i.e. a 1:1 exchange), this will
raise the glutamate concentration in the extracellular space (with volume fraction 0.2) at a
maximum rate of 450/(3600 x 0.2) uM/s=0.6 uM/s. Depending on the extent to which the
released glutamate is taken up by Na*-dependent transporters, this efflux rate may be large
enough to activate or desensitise NMDA and non-NMDA receptors. However, whether this
occurs in practice will depend critically on the extracellular cystine concentration. The K,
for extracellular cystine activating cystine—glutamate exchange is 77-140 uM (Wyatt et al.,
1996; Warr et al., 1999) and, while the normal cystine concentration in the extracellular
space of the brain is uncertain, it presumably lies closer to the value in the CSF than to the
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blood plasma value (0.2 and 80 uM, respectively: Murphy et al., 1989). The former value
would provide minimal activation of cystine—glutamate exchange.

Despite the fact that there may not be sufficient cystine present in the extracellular space

to produce a large fractional activation of cystine-glutamate exchange, Baker et al. (2002)
have recently suggested that this release mechanism is responsible for at least 60% of

the ambient extracellular glutamate measured by microdialysis in vivo in the striatum.
Furthermore, they have suggested that a reduction of cystine—glutamate exchange activity
after withdrawal from cocaine use leads to relapse into drug-seeking behaviour (Baker

et al., 2003). This work depends critically on the use of the glutamate analogue CPG
((S)-4-carboxyphenylglycine) to block cystine—glutamate exchange. Unfortunately CPG also
inhibits group | metabotropic glutamate receptors and, although Baker et al. (2002) checked
that blocking these mGIuRs did not alter the effect of CPG on cystine uptake (demonstrating
that CPG was not blocking cystine—glutamate exchange via an action on the mGIuRs), they
did not do the crucial control experiment of testing whether CPG still reduced glutamate
efflux when mGIuRs were blocked. Furthermore, our experiments (Cavelier and Attwell,
2004) on hippocampal slices have found that, although CPG reduces tonic glutamate
release when 300 UM cystine is applied (demonstrating that cystine—glutamate exchange

is present), it does not detectably block it in the absence of exogenous cystine, presumably
because cystine—glutamate exchange is not significantly activated by the ambient cystine
concentration present in the extracellular space of the slice. It is possible that the ambient
cystine is higher in the experiments of Baker et al. (2002, 2003), either because they are
working in vivo or because introduction of the microdialysis tube cannula allows some
cystine to pass from the blood to the extracellular space (Westergren et al., 1995). At
present, therefore, the contribution of cystine—glutamate exchange to the ambient glutamate
concentration remains uncertain.

The relative contribution of these different mechanisms to setting the ambient glutamate
concentration may alter according to the intracellular signalling and metabolic status of
neurons. For example, in ischaemia, the run-down of transmembrane ion gradients occurring
leads to Na*-dependent transporters raising the ambient glutamate concentration to ~100 uM
(Rossi et al., 2000).

6. Tonic activation of GABA receptors

Cerebellar granule cells show a tonic activation of GABA, receptors, in addition to a phasic
activation of receptors produced by synaptic GABA release from Golgi cells (Kaneda et

al., 1995; Tia et al., 1996; Brickley et al., 1996; Wall and Usowicz, 1997). A similar tonic
inhibition is seen in dentate gyrus granule cells and hippocampal interneurons (Stell and
Mody, 2002; Semyanov et al., 2003), and appears in hippocampal pyramidal cells when
GABA uptake is blocked (Semyanov et al., 2003).

In cerebellar granule cells the tonic inhibition is generated by high affinity GABAx
receptors containing ag and probably & subunits (Laurie et al., 1992; Nusser et al., 1998;
Brickley et al., 2001; Hamann et al., 2002; Stell et al., 2003) which have a low micromolar
ECso for GABA (0.2 uM for receptors containing the subunit combination agf6and 2
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UM for agfo y»: Saxena and MacDonald, 1996). The receptors mediating tonic inhibition in
dentate gyrus granule cells may also contain & subunits (Stell et al., 2003).

7. Sources of ambient transmitter causing tonic inhibition

In young animals the tonic inhibition of cerebellar granule cells is generated by the
accumulation of GABA released by action potentials, but in adult animals it is not blocked
by TTX and so is not caused by action potential-dependent release of transmitter (Kaneda
et al., 1995; Tia et al., 1996; Brickley et al., 1996; Wall and Usowicz, 1997; Rossi et al.,
2003). Rossi et al. (2003) showed that block of exocytotic GABA release (by inhibiting

the H*-ATPase that powers vesicular GABA accumulation) also has no effect on the tonic
inhibition, implying that spontaneous release of GABA-containing vesicles is not the cause
of the tonic activation of GABA, receptors. Rossi et al. (2003) also ruled out release

of GABA through a swelling activated anion channel, or through reversal of the GABA
transporters GAT-1 and GAT-3 (despite the fact that these transporters are easily reversible:
Richerson and Wu, 2003), as sources of GABA to activate the tonic inhibitory conductance.
By exclusion, it was suggested that GABA may be released from Golgi cell synaptic
terminals, or possibly from astrocytes, by a non-vesicular calcium- and action-potential
independent mechanism. Interestingly, astrocytes have been suggested to release GABA: Liu
et al. (2000) found that astrocyte conditioned medium activated GABA receptors in cultured
hippocampal neurons, while Wang et al. (2002) reported GABA release via P2X7 receptors

which was dependent on CI~ and HCO3.

It is possible that part of the tonic activation of GABAA receptors is not produced by GABA,
but by a related transmitter analogue such as taurine or B-alanine, as has been suggested

for the tonic activation of glycine receptors observed in developing neocortex (Flint et al.,
1998). However, Wall (2002) has shown, by enzymatically degrading extracellular GABA

in cerebellar slices, that at least 30% of the tonic conductance in cerebellar granule cells is
produced by GABA itself.

8. Computational consequences of tonic inhibition

Tonic inhibition, with a reversal potential near the resting potential (shunting inhibition) is
expected to have several effects on the computational processing carried out by neurons.

It will increase the membrane conductance, and thus reduce the voltage produced by an
injected or excitatory input current; it will decrease the electrical space constant, so that
there will be less spatial summation of signals; and it will reduce the membrane time
constant, so that there is less temporal integration of different inputs (Bernander et al., 1991,
Rapp et al., 1992; Hausser and Clark, 1997; Destexhe and Pare, 1999). As a result of these
effects, tonic inhibition will make it harder to generate action potentials.

In adult rats the tonic inhibition of cerebellar granule cells generates a mean inhibitory
conductance which is 3-fold larger than that generated by high frequency action potential
evoked vesicular release of GABA (Hamann et al., 2002), suggesting that it may have

a profound effect on information transfer through the granule cells. To investigate this,
Hamann et al. (2002) took advantage of the fact that the high affinity receptors mediating
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tonic inhibition are selectively blocked by 100 uM furosemide. They found that blocking
the tonic GABA receptor mediated conductance altered the frequency of granule cell
action potentials produced by injected current (Fig. 2A) or mossy fibre stimulation (Fig.
2B), and thus altered the dependence of Purkinje cell firing frequency on mossy fibre
stimulation frequency (Fig. 2C). For action potentials produced by injected steady currents,
tonic inhibition produces a shift of the frequency-current curve along the current axis (Fig.
2A) rather than a change of the gain of the curve, as has been predicted by theoretical
models (Gabbiani et al., 1994; Holt and Koch, 1997). However, for excitatory synaptic input
(actually a mixture of both excitatory and inhibitory synaptic input, since stimulating the
mossy fibres with trains of action potentials will activate di-synaptic inhibitory synaptic
input via Golgi cells) the granule cell output frequency—maossy fibre input frequency curve
also shows a gain change (Fig. 2B). This is also seen in the transfer function for the whole
cerebellar cortex (i.e. the Purkinje cell frequency—maossy fibre frequency relation: Fig. 2C).
It results from there being frequency-dependent variance present in the excitatory current
generated by synaptic input, that is absent in an injected constant current (Chance et al.,
2002; Prescott and De Koninck, 2003; Mitchell and Silver, 2003).

The reduction of synaptic transmission from mossy fibres to granule cells which tonic
inhibition produces, and the consequent reduction in information transfer through the
cerebellar cortex, from the mossy fibres to the output Purkinje neurons, may have several
functional consequences. Phasic and tonic activation of granule cell GABA receptors are
predicted by modelling work to have different effects on the pattern of firing of granule
and Golgi cells, with phasic activation (due to synaptic GABA release from Golgi cells)
producing more synchronous rhythmic firing, and tonic inhibition reducing synchronicity
and rhythmicity (Maex and De Schutter, 1998). Furthermore, computational models of
cerebellar cortex have emphasized that decreasing the number of granule cells which are
simultaneously active increases the number of motor programmes that can be stored in the
cerebellum (Marr, 1969; Tyrrell and Willshaw, 1992), so tonic inhibition of granule cells
may be an important determinant of the animals’ motor repertoire.

9. Modulation of tonic inhibition

Since tonic inhibition has a profound effect on cerebellar information processing, and is
likely to have similar effects in the hippocampus, it seems likely that its magnitude will be
capable of being modulated. In the cerebellum, modulation of GABA transporters has been
shown to alter the amount of inhibition occurring, presumably by altering the ambient level
of extracellular GABA (Rossi et al., 2003). Modulation of GABA release by ACh, and of the
GABA receptors generating the tonic inhibition by neurosteroids, may have a similar effect
(Hamann et al., 2002; Rossi et al., 2003; Stell et al., 2003).

10. Tonic activation of neurotransmitter receptors during development

Neurotransmitters play a key role in CNS development, controlling cell growth and division,
gene expression, synapse formation and cell migration. Many of the developmental actions
of transmitters precede the formation of anatomically defined synapses (Komuro and Rakic,
1993; Catsicas et al., 1998; Demarque et al., 2002), and are mediated by elevations of
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[CaZ*];. In the cerebellum, Ca2* entry through NMDA receptor channels modulates neurite
growth, migration of granule cells, and the number of climbing fibre to Purkinje cell
synapses (Pearce et al., 1987; Komuro and Rakic, 1993; Rossi and Slater, 1993; Rabacchi
etal., 1992). In neocortex, neuronal proliferation is inhibited (LoTurco et al., 1995)

by the depolarization and [Ca2*]; rise produced by activation of glutamate receptors or
GABA receptors (which are depolarizing early in development). The mode of release of
neurotransmitters early in development is uncertain, since even stimulation-evoked release is
independent of calcium and the normal vesicular release machinery (Demarque et al., 2002).
Reversed uptake is a possibility (Taylor and Gordon-Weeks, 1991), although Demarque et
al. (2002) ruled out reversal of the GABA transporter GAT-1 (though not of GAT-3) as a
mode of GABA release in embryonic and neonatal hippocampus. Further investigations of
the possible roles of cystine/glutamate exchange, Ca?*-dependent release from glia, P2X5
receptors, gap junctional hemichannels and swelling-activated channels are needed.

11. Conclusions

Tonic activation of glutamate and GABA receptors appears to play an important role in
the development of the CNS, and there is a clear role for the tonic activation of GABA
receptors in the adult nervous system, where they contribute to information processing

in the cerebellum and probably the hippocampus. The importance of tonic activation of
glutamate receptors in the adult nervous system is less certain, and will depend critically
on the true value of extracellular glutamate concentration [glu],. The value of [glu],
measured in vivo by microdialysis seems high enough to severely reduce NMDA receptor
function by saturation and desensitization, and to induce neuronal death, and so might
reflect an artefactual elevation of [glu], caused by damage induced by the microdialysis
procedure. Furthermore, the mode of tonic glutamate release proposed for the striatum,
cystine/glutamate exchange, would probably require an unphysiologically high value of
cystine concentration in the extracellular space. Nevertheless, the increasing evidence that
the spontaneous activity of the brain provides a context within which incoming sensory
signals are analysed (Kenet et al., 2003) emphasizes the importance of establishing how
excitatory and inhibitory receptors are activated by tonic transmitter release mechanisms.
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Fig. 1.

The effect of a non-zero baseline extracellular glutamate concentration on the activation
of NMDA receptors. Continuous curve is the activation curve for NMDA receptors

(I Ipax = [glu]},‘s/([glu](l)'5 +EC50'), with ECsg = 2.3 uM, from Patneau and Mayer, 1990).

Na*-dependent transporters with the stoichiometry measured for EAAC1 and GLT-1 can
theoretically lower [glu], to ~2 nM (left arrow). Microdialysis experiments typically
measure a resting [glu], of ~2 uM (right arrow), which is sufficient to activate NMDA
receptors by 45% of their maximum activation, so that subsequent rises of [glu], produce a
smaller change of activation than would occur with no glutamate present initially. Prolonged
presence of glutamate also desensitises NMDA receptors. The dashed line, given by

I/ I = (16501 /([glu] b + IC501'5), with 1C50=1.3 pM, shows the inhibition of the NMDA

component of EPSCs measured by Zorumski et al. (1996): this curve overestimates the
amount of desensitization occurring, because pre-synaptic actions of glutamate contribute a
small amount to the EPSC depression (e.g. at 1 uM glutamate, presynaptic inhibition alone
inhibits the response by about 12% while the combination of pre-synaptic inhibition and
desensitization inhibits by about 42%: see Zorumski et al. (1996) Fig. 6B).
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The effect of tonic inhibition of cerebellar granule cells on information transfer through

the cerebellar cortex of rats (from the study of Hamann et al., 2002). (A) Granule cell

firing rate (normalised to maximum rate in nine cells) as a function of injected current, in
control conditions and with tonic inhibition by high affinity GABAA receptors blocked with
furosemide. The input—output curve is shifted to the left by blocking the tonic inhibition.
(B) Granule cell firing rate (normalized to maximum rate in four cells) as a function of
mossy fibre stimulation rate, in the presence and absence (furosemide) of tonic inhibition.
(C) Purkinje cell firing rate as a function of mossy fibre stimulation rate, in the presence and

absence (furosemide) of tonic inhibition.
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