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Summary. Using microdialysis, the effects of endogenous glutamate on
extracellular concentrations of taurine in striatum and nucleus accumbens of
the awake rat were investigated. The glutamate uptake inhibitor L-trans-
pyrrolidine-2,4-dicarboxylic acid (PDC) was used to increase the extracellular
concentration of glutamate. PDC (1, 2 and 4mM) produced a dose-related
increase of extracellular concentrations of glutamate and taurine in striatum
and nucleus accumbens. Increases of extracellular taurine were significantly
correlated with increases of extracellular glutamate, but not with PDC doses,
which suggests that endogenous glutamate produced the observed increases
of extracellular taurine in striatum and nucleus accumbens. The role of
ionotropic glutamate receptors on the increases of taurine was also studied.
In striatum, perfusion of the antagonists of NMDA and AMPA/kainate
glutamate receptors attenuated the increases of extracellular taurine. AMPA/
kainate, but not NMDA receptors, also reduced the increases of extracellular
taurine in nucleus accumbens. These results suggest that glutamate-taurine
interactions exist in striatum and nucleus accumbens of the awake rat.
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Introduction

The excitatory amino acid neurotransmitter glutamate has been shown to
release taurine in different structures of the brain (Menéndez et al., 1990;
Magnusson et al., 1991; Saransaari and Oja, 1992; Shibanoki et al., 1993; Del
Arco and Mora, 1999). In turn it has been suggested that taurine may
modulate the excitatory actions of glutamate (Menéndez et al., 1990;
Shibanoki et al., 1993; Mora and Porras, 1994). In fact, taurine has been shown
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to have inhibitory actions in the brain (Huxtable and Sebring, 1986; Huxtable,
1989), and to reduce the influx of calcium induced by the activation of NMDA
glutamatergic receptors (Lehmann et al., 1984).

The striatum and nucleus accumbens contain glutamatergic terminals
arising from cerebral cortex and from prefrontal cortex, hippocampus and
amygdala, respectively (Smith and Bolam, 1990; Groenewegen et al., 1991).
Taurine, which has been shown to be released from neurons and glia
(Lehmann et al., 1985; Philibert et al., 1988; Holopainen et al., 1989; Levi et
al., 1992), is also located in both structures of the brain (Palkovits et al., 1986;
Strolin Benedetti et al., 1991). In vivo studies have shown that NMDA and
AMPA /kainate agonists increase extracellular concentrations of taurine in
striatum (Shibanoki et al., 1993; Bianchi et al., 1996). To our knowledge, no
studies have reported the effects of glutamate on taurine in the nucleus
accumbens.

The aim of the present study was to investigate the effects of an increase
of endogenous glutamate on the extracellular concentrations of taurine in
striatum and nucleus accumbens of the awake rat. The glutamate uptake
blocker L-trans-pyrrolidin-3,4-dicarboxilic acid (PDC) was used to increase
endogenous concentrations of glutamate. PDC produces a selective and
potent inhibition of glutamate uptake without interfering with ionotropic or
metabotropic glutamate receptor binding (Bridges et al., 1991; Thomsen et al.,
1994) or producing neurotoxic damage in vivo in doses up to 100mM
(Massieu et al., 1995; Obrenovitch et al., 1996). The involvement of iono-
tropic glutamate receptors in the effects of endogenous glutamate was also
investigated.

Materials and methods
Animals and surgery

Male Wistar rats (2-3 months, 250-350g weight) were housed in individual wire mesh
cages, provided with food and water ad [libitum, and maintained in a temperature-
controlled room under a light/dark cycle (lights on/off at 8:00 p.m./8:00 a.m.). All in vivo
experiments, performed at the Universidad Complutense of Madrid, were conducted
during the dark period of the light/dark cycle and followed the guidelines of the
International Council for Laboratory Animal Science (ICLAS).

Under Equithesin (2ml/kg i.p.) anaesthesia, bilateral guide-cannulae were stereo-
taxically implanted in the brain to accomodate microdialysis probes in striatum and
nucleus accumbens of the rats. Guide-cannulae assembly (Segovia et al., 1997b) were then
fixed to the skull by means of two anchorage screws and application of dental cement.
When inserted, the tip of the microdialysis probe was placed in: 0.6 mm rostral, 2.5mm
lateral from Bregma and 5mm ventral from dura mater for striatum; and 1.6 mm rostral,
1.6mm lateral from Bregma and 7.5mm from dura mater for nucleus accumbens (Konig
and Klippel, 1967).

In vivo microdialysis

Three-four days after surgery, microdialysis probes were inserted and experiments were
performed on the freely moving rat. Probes of concentric design with an active dialyzing
length of 2mm (Segovia et al., 1997b) were perfused with artificial CSF (composition in
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mM: NaCl, 137; CaCl,, 1.2; KCI, 3; MgSO,, 1; NaH,PO,, 0.5; Na,HPO,, 2; glucose, 3; pH =
7.3) at a flow rate of 2.5ul/min. The average relative in vitro recovery obtained was (at
room temperature): glutamate = 8.2 = 1.4%; taurine = 8.6 * 0.4% (mean = SEM, n = 8).

After basal concentrations of amino acids were established, 15-min samples were
collected during 240 min and immediately stored at —80°C until analysed. The first four
samples were used as control. The change in perfusion medium during the experiments
was done by a liquid switch (Harvard Apparatus). PDC (1, 2, 4mM) was perfused
for 60min. When used, CPP (1mM) or DNQX (1mM) were perfused 60min before
coperfusion with PDC. The effective extracellular concentration of drugs, extrapolated
from the relative recovery of the microdialysis probes, was <10% of the artificial CSF
concentration. PDC, CPP and DNQX, purchased from Tocris Cookson Ltd. (Bristol,
U.K.), were dissolved in CSF before infusion through the microdialysis probe. DNQX
was first dissolved in dimethylsulfoxide (DMSO) so that when diluted in CSF, the propor-
tion of DMSO was 1.25%.

At the end of experiments, the microdialysis probes were removed and stored in
distilled water. The placement of the microdialysis probe was verified with a cryostat
microtome and viewing lens.

Amino acid analysis

The amino acid content of samples was analysed by reverse-phase HPLC and fluoro-
metric detection according to a method used previously in our laboratory (Segovia et al.,
1997a; Segovia et al., 1997b; Del Arco et al., 1998). Briefly, precolumn derivatization of 5
ul-samples was performed with an o-phthalaldehyde solution. Derivatized samples were
injected in a Rheodyne injector (20l loop) running first in a C18 precolumn (Tracer) and
then in a C18 column of 5um particles and 4 X 150mm (Tracer). A gradient program of
two mobile phases at a flow rate of 1 ml/min was used. Solution A was 95:5 (v/v) mixture
of 50mM sodium acetate buffer (pH = 5.67) and methanol, to which 12.5ml of isopropyl
alcohol per litre was added; solution B was a 70:30 (v/v) methanol/water mixture. These
conditions allowed amino acids to be detected within 15 min.

The amino acids were measured by a fluorescence detector (Waters 474). The excita-
tion filter was set at 340nm, and the emission filter at 460 nm. Amino acids were quantified
using the MAXIMA 820 (Waters) software by the internal standard procedure. The
internal standard used was 0.05 mM homoserine. The detection limit in our 5 ul-samples
was 0.05uM for all amino acids.

Statistical analysis

Data are reported as percentages of basal dialysate concentrations. The effects of PDC
were calculated as the difference between the average of the samples in which PDC was
perfused and the average of four control samples. A two factorial test (time-dose; time-
treatment) with repeated measures followed by Dunnett’s t-test was performed for
multiple comparisons. Pearson’s coefficient and independence test was used for the study
of correlations among dialysate concentrations of glutamate and taurine.

Results

Effects of PDC on dialysate concentrations of glutamate and taurine in
striatum and nucleus accumbens

Local infusion of PDC (1, 2 and 4mM) in striatum and nucleus accumbens
produced a dose-related increase of dialysate concentrations of glutamate
[in striatum r = 0.54 (n = 26; p < 0.01) and in nucleus accumbens r = 0.77
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Fig. 1. Effects of intracerebral perfusion of PDC (1, 2, and 4mM) on dialysate

concentrations of glutamate and taurine in striatum and nucleus accumbens of the awake

rat. Data (mean = SEM) are percentage of baseline concentration. *p < 0.05 compared
with basal concentration

(n = 21; p < 0.001)] (Fig. 1). PDC also increased dialysate concentations of
taurine (Fig. 1). At the dose of 4mM, PDC increased dialysate concentrations
of glutamate from 1.07 = 0.28 to 5.39 = 0.7uM and taurine from 1.08 = 0.11
to 3.01 = 0.32uM in striatum; in nucleus accumbens this same dose of PDC
increased glutamate from 0.29 £ 0.05 to 4.06 £ 0.41uM and taurine from
0.65 £ 0.08 to 2.19 = 0.23uM.

Increases of dialysate concentrations of taurine were significantly cor-
related with increases of dialysate concentrations of glutamate (Fig. 2).
Partial correlation coefficients also showed a correlation between the
increases of taurine and glutamate independently of PDC dose [in striatum
r = 0.89 (n = 26; p < 0.001) and in nucleus accumbens r = 0.80 (n = 21;
p < 0.001)].

Effects of NMDA (CPP) and AMPA/KA (DNQX) glutamate receptor
antagonists on the effects of PDC on dialysate concentrations of taurine

Intracerebral perfusion of CPP (1mM) did not change basal dialysate
concentrations of glutamate or taurine in striatum nor in nucleus accumbens.
CPP attenuated by 54% (p < 0.01, n = 15) increases of dialysate taurine
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Fig. 2. Correlation between increases of dialysate concentration of taurine and glutamate

induced by perfusion of PDC (1, 2, and 4mM) in striatum and nucleus accumbens of the

awake rat. Data are calculated as the difference between the average of samples in which
PDC was perfused and the average of four basal samples

produced by PDC (4mM) in striatum but not in nucleus accumbens
(Fig. 3).

Intracerebral perfusion of DNQX (1 mM) did not change basal dialysate
concentrations of glutamate or taurine in striatum nor in nucleus accumbens.
DNQX attenuated by 77% in striatum (p < 0.01) and by 64% in nucleus
accumbens, the increases of dialysate taurine produced by PDC (4mM) (Fig.
3). DNQX also attenuated increases of dialysate glutamate in striatum and
nucleus accumbens produced by this same dose of PDC by 45% and 48%,
respectively.

Discussion

The present study shows that perfusion of the glutamate reuptake inhibitor
PDC increases extracellular concentrations of glutamate and taurine in
striatum and nucleus accumbens, and that the increases of extracellular
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Fig. 3. Effects of intracerebral perfusion of PDC (4mM), PDC plus CPP (1mM),

and PDC plus DNQX (1mM) on dialysate concentrations of taurine in striatum and

nucleus accumbens of the awake rat. Data (mean = SEM) are percentage of baseline
concentration. *p < (.01 compared with PDC 4mM increases

taurine are significantly correlated with increases of extracellular glutamate,
but not with PDC dose, in both structures of the brain. This finding strongly
suggests that the increases of extracellular taurine are produced by
endogenous glutamate. This is further supported by the fact that ionotropic
glutamate receptor antagonists attenuated increases of taurine produced by
PDC in striatum and nucleus accumbens. Similar increases of taurine
produced by endogenous glutamate and/or glutamate receptor agonists have
been reported in striatum as well as in other structures of the brain such
as prefrontal cortex, hippocampus and cerebellum (Mufoz et al., 1987;
Menéndez et al., 1990; Magnusson et al., 1991; Shibanoki et al., 1993; Massieu
et al., 1995; Bianchi et al., 1996; Fallgren and Paulsen, 1996; Semba and
Wakuta, 1998; Del Arco and Mora, 1999).

Regarding the extracellular glutamate concentrations reported in this
study, the maximal concentrations reached at PDC 4mM were 60-70uM in
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striatum and 40-50uM in nucleus accumbens (after correcting for in vitro
recovery of the probes). These values may be considered physiological since
they are in agreement with the estimated affinity for ionotropic glutamate
receptors (uM range), and also with the estimated 1-3mM reported for the
concentrations of glutamate in the synapses (Sands and Barish, 1989;
Clements, 1996). Taking this into account the correlations between taurine
and glutamate in striatum and nucleus accumbens reported here are an
expression of physiological interactions between these neuroactive substances
in these areas of the brain.

Taurine has been shown to be located in GABA projection neurons in
striatum (Della Corte et al., 1990) so it might be possible that glutamate acts
through neuronal glutamatergic receptors located on these GABA neurons to
increase extracellular concentrations of taurine in striatum. A recent report
showing that the infusion of glutamate agonists in striatum induces the release
of GABA and taurine in striatum and substantia nigra agrees well with this
possibility (Bianchi et al., 1996). The presence of NMDA and AMPA/kainate
glutamate receptors on these neurons also support this hypothesis (Chen
et al., 1996). However, since taurine has been shown to be released from
glial cells (Philibert et al., 1988; Holopainen et al., 1989; Levi et al., 1992),
glutamate could also act on glutamate receptors located in glia to produce the
increases of taurine in the extracellular space.

In nucleus accumbens, no reports have previously indicated the release of
taurine produced by glutamate. The present report indicating a positive
correlation between increases of taurine and glutamate and the attenuation
of the increases of taurine by the AMPA/kainate glutamatergic antagonist
suggest for the first time the action of glutamate on taurine release in
the nucleus accumbens of the awake rat. In this respect the presence in
astrocytes mainly of AMPA/kainate receptors, but not NMDA receptors
(Steinhéduser and Gallo, 1996) is of interest, and the differential effects
of glutamatergic antagonists on the increases of taurine in striatum and
nucleus accumbens found in this study could reasonably be attributed to a
different action of glutamate on neurons and glia in these two structures of
the brain.

It has been suggested that taurine may act as an inhibitory neuro-
modulator, increasing chloride conductance (Quinn, 1990; Hausser et al.,
1992) and reducing the calcium influx to the cell (Lehmann et al., 1984; Schurr
et al., 1987). It has also been shown that taurine can reduce the release
of glutamate (Kamisaki et al., 1993) and modify the release of other
neurotransmitters (Arzate et al., 1986; Oja and Kontro, 1988; Kamisaki et al.,
1993; Ruotsalainen and Ahtee, 1996). Therefore the increases of extracellular
taurine produced by glutamate in striatum and nucleus accumbens could
modulate the excitatory effects of endogenous glutamate on other neuro-
transmitter systems and on glutamate itself. Accordingly, another possible
role of taurine could be also to protect neurons against excitotoxicity
produced by extracellular concentrations of glutamate in these structures of
the brain (Menéndez et al., 1990; Magnusson et al., 1991).
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