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Contribution of astrocytic glutamate and GABA uptake
to corticostriatal information processing

Valérie Goubard, Elodie Fino and Laurent Venance

Dynamic and Pathophysiology of Neuronal Networks (INSERM U-667), Center for Interdisciplinary Research in Biology, College de France;
University Pierre et Marie Curie, 75005 Paris, France

Non-technical summary The striatum is a part of the basal ganglia that receives input from the
cerebral cortex, extracts relevant information from background noise and relays that information
to other parts of the basal ganglia. It is largely composed of nerve cells known as medium-sized
spiny neurons (MSNs), and neurons from the cerebral cortex make synaptic connections with
them. This study investigates the function of astrocytes at this synaptic connection, where their
role is to remove the neurotransmitters glutamate and GABA that spills out from the synaptic
cleft. It appears that astrocytes, via the uptake of neurotransmitters, increase the strength of
filtering operated by MSNs.

Abstract The astrocytes, active elements of the tripartite synapse, remove most of the neuro-
transmitter that spills over the synaptic cleft. Neurotransmitter uptake operated by astrocytes
contributes to the strength and timing of synaptic inputs. The striatum, the main input
nucleus of basal ganglia, extracts pertinent cortical signals from the background noise and relays
cortical information toward basal ganglia output structures. We investigated the role of striatal
astrocytic uptake in the shaping of corticostriatal transmission. We performed dual patch-clamp
recordings of striatal output neuron (the medium-sized spiny neurons, MSNs)–astrocyte pairs
while stimulating the somatosensory cortex. Cortical activity evoked robust synaptically activated
transporter-mediated currents (STCs) in 78% of the recorded astrocytes. STCs originated equally
from the activities of glutamate transporters and GABA transporters (GATs). Astrocytic STCs
reflected here a presynaptic release of neurotransmitters. STCs displayed a large magnitude
associated with fast kinetics, denoting an efficient neurotransmitter clearance at the corticostriatal
pathway. Inhibition of glutamate transporters type-1 (GLT-1) and GATs decreased the cortico-
striatal synaptic transmission, through, respectively, desensitization of AMPA receptors and
activation of GABAA receptor. STCs displayed a bidirectional short-term plasticity (facilitation for
paired-pulse intervals less than 100 ms and depression up to 1 s). We report a genuine facilitation
of STCs for high-frequency cortical activity, which could strengthen the detection properties of
cortical activity operated by MSNs. MSN EPSCs showed a triphasic short-term plasticity, which
was modified by the blockade of GLT-1 or GATs. We show here that neurotransmitter uptake by
astrocytes plays a key role in the corticostriatal information processing.
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Introduction

Astrocytes are now viewed as active components of neuro-
nal networks, since they are endowed with a great variety
of voltage- and ligand-operated ion channels (Verkhratsky
& Steinhauser, 2000). There is an increasing body of
evidence demonstrating that astrocytes play an active
role in synaptogenesis, synaptic transmission and cerebral
blood flow, to name but a few (Volterra & Meldolesi,
2005; Haydon & Carmignoto, 2006; Halassa & Haydon,
2010). The existence of bidirectional communication
between astrocytes and neurons has led to the concept
of the tripartite synapse. The pre- and postsynaptic
neuronal elements and the nearby astrocytic processes
enveloping the synapse constitute the tripartite synapse
(Araque et al. 1999; Haydon, 2001; Halassa et al. 2007).
A major role of astrocytes is the uptake of neuro-
transmitters. Indeed, astrocytic transporters remove most
of the glutamate that spills over the synaptic cleft
(Kullmann & Asztely, 1998; Danbolt, 2001). To date,
five structurally related glutamate transporters have been
cloned and constitute a family of voltage-dependent
excitatory amino acid transporters (Danbolt, 2001). In
rodents, glutamate transporter type-1 (GLT-1), highly
expressed by astrocytes, is responsible for the largest
proportion of total glutamate uptake in the forebrain
(Rothstein et al. 1996; Tanaka et al. 1997). Astrocytes
express also, at a lower level, glutamate–aspartate trans-
porter (GLAST). Excitatory amino acid carrier 1 (EAAC1)
and excitatory amino acid transporter 4 (EAAT4) are
expressed by neurons, and EAAT5 is found only in
the retina. Beside glutamate, astrocytes also uptake
GABA with GABA transporters (GATs). GATs constitute
a family of four Na+/Cl−-dependent transporter sub-
types (GAT-1–3 and BGT-1). The GAT-3 subtype is
predominately expressed in glia (Borden, 1996; Minelli
et al. 1996). The involvement of astrocytes in the synaptic
transmission and plasticity has been investigated at the
level of the glial receptors or the release of gliotransmitters
but few studies have addressed the contribution of
astrocytic uptake in synaptic transmission (Lozovaya et al.
1999; Diamond, 2001; Arnth-Jensen et al. 2002).

The striatum, the main input nucleus of the
basal ganglia, receives glutamatergic inputs from the
entire cerebral cortex. Striatal output neurons (the
medium-sized spiny neurons, MSNs) act as detectors of
cortical activity and extract relevant information from
the background noise (Calabresi et al. 1987; Nisenbaum
et al. 1994). We have previously investigated transmission
and activity-dependent long-term plasticity at the cortico-
striatal synapses (Fino et al. 2005, 2008, 2010). Here, we
investigated the role of astrocytes in neurotransmitter
uptake and their contribution to corticostriatal trans-
mission. Corticostriatal transmission is glutamatergic
but is also efficiently modulated by local GABAergic

circuits involving striatal GABAergic interneurons (Tepper
et al. 2008) or MSN collaterals (Venance et al. 2004).
Accordingly, in the present study, we investigated the
contribution of both glutamate and GABA transport
operated by astrocytes, on corticostriatal transmission and
paired-pulse plasticity.

Methods

Ethical approval

Animals, OFA rats (Charles River, L’Arbresle, France)
(postnatal days 15–21), were killed by decapitation
and brains were immediately removed. All experiments
were performed in accordance with local animal
welfare committee (Institute of Biology, Center for
Interdisciplinary Research in Biology and College de
France) and EU guidelines (directive 86/609/EEC). The
experiments comply with the policies and regulations of
The Journal of Physiology (see Drummond, 2009). Every
precaution was taken to minimize stress and the number
of animals used in each series of experiments.

Electrophysiological recordings

Connections between the somatosensory cerebral cortex
(layer 5) and the dorsal striatum are preserved in a
horizontal plane (Fino et al. 2005, 2008). Whole-cell
patch-clamp recordings of MSNs and glial cells were
performed on horizontal brain slices (330 μm). These
horizontal slices included the somatosensory cortical area
and the corresponding corticostriatal projection field
(Fino et al. 2005) and were prepared with a vibrating blade
microtome (VT1000S and VT1200S, Leica Microsystems,
Nussloch, Germany). Dual patch-clamp recordings were
made as previously described (Venance et al. 2004;
Vandecasteele et al. 2008; Meme et al. 2009). Briefly,
borosilicate glass pipettes contained (mM): 105 potassium
gluconate, 30 KCl, 10 Hepes, 10 phosphocreatine, 4
ATP-Mg, 0.3 GTP-Tris, 0.3 EGTA (adjusted to pH 7.35
with KOH). In a subset of experiments (for the analysis
of the phasic and tonic GABAergic inhibition, Fig. 6),
the chloride concentration was increased to obtain a
reversal potential for Cl− (ECl,rev) of 0 mV, and K+ was
replaced by Cs+; the composition of the internal solution
was the following (in mM): 135 CsCl, 10 Hepes, 10
phosphocreatine, 4 ATP-Mg, 0.3 GTP-Tris, 0.3 EGTA
(adjusted to pH 7.35 with CsOH). The composition of
the extracellular solution was (mM): 125 NaCl, 2.5 KCl, 25
glucose, 25 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2,
10 μM pyruvic acid bubbled with 95% O2–5% CO2. In
a subset of experiments (for the analysis of the NMDA
currents), Mg2+ was removed and the composition of
the external solution was the following (in mM): 127
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NaCl, 2.5 KCl, 25 glucose, 25 NaHCO3, 1.25 NaH2PO4,
2 CaCl2, and 10 μM pyruvic acid. All recordings (single
and dual patch-clamp) were performed near physio-
logical temperature at 34◦C using a temperature control
system (Bath-controller V, Luigs & Neumann, Ratingen,
Germany) and slices were continuously superfused at
2–3 ml min−1 with the extracellular solution. Indeed,
it has been reported that temperature was critical for
the activity of glutamate transporters (Bergles & Jahr,
1998). Individual neurons and glial cells were identified
using infrared-differential interference contrast micro-
scopy (BX51, Olympus, Rungis, France) with CCD camera
(Hamamatsu C2400-07; Hamamatsu, Japan). Signals were
amplified using an EPC10-2 amplifier (HEKA Elektronik,
Lambrecht, Germany). Current-clamp recordings were
filtered at 2.5 kHz and sampled at 5 kHz and voltage-clamp
recordings were filtered at 5 kHz and sampled at 10 kHz
using the program Patchmaster v2x32 (HEKA Elektronik).
The series resistance was compensated at 75–80%. The
distance ranges between neuron–glial cell pairs were
between 20 and 50 μm and between astroctyte–astrocyte
pairs were between 10 and 20 μm. Cells were typically
located at a similar depth within the slice, about 40–50 μm.
In control condition, recordings were performed without
any pharmacological treatments or ionic modifications to
preserve the local striatal microcircuits involved in cortico-
striatal transmission.

6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX,
10 μM) (Tocris, Ellisville, MO, USA), DL-2-amino-
5-phosphono-pentanoic acid (D-AP5, 50 μM) (Tocris),
dihydrokainic acid (DHK, 300 μM) (Tocris), nipecotic
acid (Nip, 500 μM) (Sigma, Saint Quentin, France),
bicuculline methiodide (BMI, 10 μM) (Sigma) and
L-trans-pyrrolidine-2,4-dicarboxylic acid (PDC, 300 μM)
(Sigma) were dissolved directly in the extracellular
solution and bath applied. Cyclothiazide (CTZ, 100 μM)
(Tocris) and picrotoxin (Px, 50 μM) (Sigma) were
dissolved in DMSO and ethanol, respectively, and then
added in the external solution at a final dilution of
DMSO and ethanol of 1/1000. BAPTA (10 mM) (Sigma)
was dissolved directly into the intracellular solution and
applied via the patch-clamp pipette.

We tested the effects of DHK and nipecotic acid on
MSN and astrocyte resting membrane potential (RMP).
In the whole-cell configuration, DHK (300 μM) induced
a significant variation of injected current needed to
maintain constant the RMP in MSNs but not in astrocytes
(�I injected in MSNs: −93.6 ± 11.5 pA, P < 0.0001, n = 22,
and �I injected in astrocytes: −20.9 ± 21.4 pA, P > 0.05,
n = 11). Recordings were made in voltage-clamp mode,
and therefore MSN RMP was held at a constant value
(i.e. their RMP in control condition) during DHK
treatment. Nipecotic acid (500 μM) did not have any
significant effect on MSN or astrocyte RMP (�I injected

in MSNs: −7.6 ± 3.9 pA, P > 0.05, n = 22, and �I injected

in astrocytes: −18.5 ± 16.3 pA, P > 0.05, n = 17). Lastly,
we recorded fast-spiking GABAergic interneurons in the
presence of DHK (300 μM); only one out of five displayed
a firing activity during DHK application.

Biocytin filling and histochemistry

Biocytin (Sigma) 5 mg ml−1 was dissolved into the
patch-clamp pipette solution and cells were filled during
20 min of recording (performed at 34◦C). Subsequently,
slices were fixed overnight in 2% paraformaldehyde
at 4◦C. Biocytin-filled cells were visualized using the
avidin–biotin–horseradish peroxidase reaction (ABC Elite
peroxidase kit; Vector Laboratories, Burlingame, CA,
USA) according to the instructions of the manufacturer,
or in a 1/1600 diluted streptavidin–Alexa 555 (Invitrogen,
Carlsbad, CA, USA), incubated 2 h at room temperature.
NG2 immunostaining was performed by incubation of
the slices in a 1/500 diluted rabbit anti-NG2 mono-
clonal antibody (Chemicon) overnight at 4◦C. Goat
anti-rabbit secondary antibody, coupled to Alexa 488 (IgG
Invitrogen) was incubated at dilution 1/1000, 2 h at room
temperature.

Cortical stimulations and paired-pulse protocols

Electrical stimulations were performed with a bipolar
electrode (Phymep, Paris, France) placed in the super-
ficial part of the layer 5 of the somatosensory cerebral
cortex by applying a monophasic and constant current
(duration: 100–150 μs) (ISO-Flex stimulator controlled
by a Master-8, A.M.P.I., Jerusalem, Israel) (Fino et al. 2005,
2008). Repetitive control stimuli were applied at 0.1 Hz, a
frequency for which neither short- nor long-term synaptic
efficacy changes in EPSC amplitudes were induced (Fino
et al. 2005). Inter-stimulus intervals (ISIs) for paired-pulse
experiments ranged from 4 ms to 10 s. For ISIs of ≤10 ms
for MSNs and ISIs of ≤25 ms for astrocytes, a single
stimulation was performed 10 s before each paired pulse to
serve as the control. Indeed, for these short duration ISIs,
the second EPSC or STC affected the proper measurement
of the first EPSC or STC.

Drugs were applied in the bath, after recording at least
5 min of baseline in control. In these conditions, drugs
were allowed to diffuse into the bath for at least 5 min
before starting the recording for the 10 min duration in
which their effects were estimated.

Series resistance and input resistance (Ri) were
monitored throughout the experiments and a variation
of more than 20% led to the rejection of the experiment.
Ri was calculated from the response to a hyperpolarizing
potential step (−5 mV in neurons and NG2+ cells, and
−2 mV in astrocytes) during each sweep.
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Data analysis

Off-line analysis was performed using Igor-Pro 6.0.3
(Wavemetrics, Lake Oswego, OR, USA) and Mini Analysis
6.0.7 software (Synaptosoft, Fort Lee, NJ, USA). All results
were expressed as means ± SEM and statistical significance
was assessed using Student’s t test or Wilcoxon’s
non-parametric signed-rank test where appropriate at
the significance level (P) indicated. EPSC or STC mean
amplitudes were the average of 30 evoked EPSCs or
STCs. Paired-pulse ratio was calculated by the mean
(EPSC2 amplitude/EPSC1 amplitude) for MSNs and the
mean (STC2 amplitude/STC1 amplitude) for astrocytes;
averages were of 12 EPSC2/EPSC1 or 12 STC2/STC1. Inter-
cellular variability of paired-pulse plasticity was estimated
by classifying cells depending on their paired-pulse ratio
(PPR) values into three groups: PPR <95%, 95–105% and
>105%.

Spontaneous phasic and tonic GABAA currents
were measured in a subset of experiments using
a Cs+–high-chloride based intracellular solution (see
composition above). Phasic and tonic GABAergic
components were estimated after inhibition of ionotropic
glutamatergic receptors by adding D-AP5 (50 μM) and
CNQX (10 μM) at the beginning of the experiment.
Phasic and tonic components were analysed during 10 s
recording segments before and after pharmacological
treatments. Concerning phasic current, spontaneous
IPSCs (sIPSCs) were identified using semi-automated
amplitude threshold based detection software (Mini
Analysis 6.0.7 program) and were visually confirmed.
Concerning tonic current, we sampled the holding
current every 100 ms for a 10 s period preceding drug
application and discarded points landing on IPSCs.
The corresponding distribution, not skewed by synaptic
events, was fitted by a Gaussian and the peak indicated
the mean holding current (Ihold) required to maintain the
membrane potential at −80 mV. After pharmacological
treatment, we determined a new Ihold, and �Ihold

corresponded to the tonic component affected by the
drug. Picrotoxin was systematically added at the end of
the experiment to estimate the magnitude of the tonic
GABAergic inhibition.

Results

Characterization of striatal output neurons,
astrocytes and NG2+ cells

MSNs were identified based on electrophysiological
properties (Kawaguchi, 1993; Venance et al. 2004;
Fino et al. 2005). Briefly, MSNs displayed a hyper-
polarized RMP (−74.2 ± 0.3 mV, n = 250), a high Ri

(275 ± 7.8 M�), an inward rectifying I–V curve, a long
delay to first spike (387 ± 5 ms, for 500 ms depolarizing

pulses) evoked at rheobase and a medium firing rate
(14.7 ± 0.3 Hz at +30 pA above rheobase) (Fig. 1A).
As previously described (Adermark & Lovinger, 2006;
Même et al. 2009), astrocytes were distinguished from
neurons by their small (5–10 μM) oval shaped somata and
by electrophysiological features: a hyperpolarized RMP
(−75.3 ± 0.3 mV, n = 201), a low Ri (51.2 ± 3.0 M�), a
linear I–V relationship and an absence of action potentials
in response to depolarizing current injections (Fig. 1Ba).
Moreover, in voltage-clamp mode, the lack of typical large
off-set currents allows the distinguishing of astrocytes
from oligodendrocytes and glial precursors (Chvatal
et al. 1995). To assess the occurrence of gap junctional
communication, astrocytes (n = 17) were filled with
biocytin, a low molecular weight tracer that permeates gap
junction channels. After 20 min of whole-cell recording,
biocytin was systematically detected (n = 17) in a large
number of surrounding cells (222 ± 41 cells) (Fig. 1Bb)
indicating an extensive network of connected astrocytes
in the striatum (Adermark & Lovinger, 2008).

Besides astrocytes, other glial cells, the NG2+ cells,
identified by the specific expression of NG2, a chondroitin
sulfate proteoglycan, were observed in various areas of
the brain (Nishiyama et al. 2002). Electrophysiologically,
these cells are referred to as complex glial cells because
of their non-linear I–V relationship (Zhou & Kimelberg
2000). Among all the recorded glial cells, we observed
18% (n = 43) of complex glial cells and immuno-
histochemistry demonstrated their NG2+ phenotype (see
online Supplemental Material, Suppl. Fig. 1). Briefly, the
NG2+ cells were characterized by an outward rectifying
I–V relationship, a high Ri (157.4 ± 12.1 M�, significantly
different from the astrocyte Ri, P < 0.0001), a very hyper-
polarized RMP (−79.3 ± 0.9 mV; Fig. 1Ca) and a lack of
junctional communication (n = 14 NG2+ cells injected
with biocytin) (Fig. 1Cb).

Cortical activity triggers robust inward currents
in striatal glial cells

Using paired recordings of MSN–astrocyte, we recorded
the responses evoked in the dorsal striatum by the electrical
stimulation in layer 5 of the somatosensory cortex
(Fig. 2A). Cortical stimulations evoked glutamatergic
excitatory postsynaptic currents (EPSCs) (inhibited by
CNQX 10 μM and D-AP5 50 μM, n = 5) in MSNs with
a success rate of 93% (n = 250) (Fig. 2B). Transmission
was monosynaptic since latency SD was less than 1 ms
(0.33 ± 0.03 ms, n = 43). A single cortical stimulation
evoked simultaneously an EPSC in MSN and a robust
inward current in a neighbouring astrocyte with an
occurrence of 78% (n = 201). Once the corticostriatal
transmission occurred, no failure was observed in MSNs
or astrocytes indicating very reliable and efficient inward
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current responses. MSN–astrocyte paired recordings also
allowed us to control the strength of the cortical
stimulation and kept MSN at a subthreshold state in
order to record evoked responses in astrocytes without
overstimulating. The astrocytic inward current had a
rapid onset (latency: 4.2 ± 0.2 ms, n = 69), rose to a
peak (60 ± 5 pA, n = 69) in 11.7 ± 0.4 ms (n = 69) and
decayed with a fast phase (298 ± 46 ms, n = 17) followed
by a slow component (7.8 ± 0.6 s, n = 17) representing
32.1 ± 4.0% of the peak amplitude (Fig. 2B and D). The
cortically evoked inward current (fast and slow phases) in
astrocytes was strictly action potential dependent since

it was totally blocked by tetrodotoxin (TTX, 0.5 μM,
n = 4) (Fig. 2B). In addition, bath application of kynurenic
acid (0.5–1 mM, n = 5) had no significant effect on
either the latency (2.9 ± 0.4 ms in control vs. 2.7 ± 0.3 ms
with kynurenic acid) or the amplitude (49.0 ± 9.5 pA
in control vs. 44.5 ± 11.4 pA with kynurenic acid) of
cortically evoked inward current at astrocytes (Suppl.
Fig. 2), excluding a putative neuronal field component that
would contaminate the recording of astrocytes.

Cortical stimulations evoked an inward current in
NG2+ cells with a success rate of 48% (n = 40). Latency,
rise time and amplitudes displayed narrow distributions

Figure 1. Characterization of striatal output neurons, astrocytes and NG2+ cells
A, electrophysiological characteristics of MSNs: a hyperpolarized RMP, an inward rectification (illustrated by the
steady-state I–V relationship, right panel) and a long depolarizing ramp to the action potential threshold leading to
a delayed spike discharge. Raw traces show voltage responses to 500 ms current pulses from −130 pA to +140 pA
with 30 pA steps (left panel) and to +30 pA above rheobase (middle panel). Ba, characteristic membrane properties
of an astrocyte in voltage and current clamp modes. Hyperpolarizing and depolarizing steps (raw traces show
individual responses to series of 500 ms voltage or current pulses from −200 pA or −90 mV with 100 pA or 30 mV
increasing steps) activated large time- and current/voltage-independent membrane voltages/currents that resulted
in a linear steady-state I–V relationship typical of astrocytes (right panel). Bb, example of biocytin intercellular
coupling between astrocytes. An electrophysiologically identified astrocyte located in the dorsal striatum was filled
with an intercellular tracer (biocytin) that diffused into a large number of neighbouring cells (326 cells in this
example) through gap junctions (scale bar: 50 μm). Ca, membrane properties of a NG2+ cell: a hyperpolarized
RMP, a high input resistance, an outward rectification (illustrated in the steady-state I–V relationship, middle panel)
and a lack of spiking activity. Raw traces show individual voltage responses to series of 500 ms current pulses from
−130 pA to +170 pA with 30 pA increasing current steps (left panel) or current responses to series of 500 ms
pulses from −80 mV to +130 mV with 30 mV increasing voltage steps (right side). Cb, high-magnification view
of an electrophysiologically identified complex cell filled with biocytin (scale bar: 50 μm); note the characteristic
absence of dye-coupling. Complex cell showing a small cell body with restricted ramifications (inset, scale bar:
20 μm).
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centred on 2.7 ± 0.2 ms, 2.0 ± 0.2 ms and 41.5 ± 11.0 pA
(n = 12), respectively (Fig. 2C). Cortical stimulation
evoked an AMPA receptor-activation-dependent EPSC in
NG2+ cells since it was abolished by CNQX (10 μM, n = 5)
(Fig. 2C) (Steinhäuser & Gallo, 1996). The fast kinetic
characteristics of NG2+-cell-evoked responses differed
considerably from those recorded in astrocytes but were
similar to those evoked in MSNs. Namely, latency and
rise time were significantly shorter from those recorded
in cortically evoked responses in astrocytes (P < 0.0001
in both cases) but not significantly different from MSN
EPSC latency and rise time (Fig. 2D). The aim of this study
was the analysis of the contribution of neurotransmitters
transport by glial cells on neurotransmission. Because
NG2+ cells lacked detectable transport current, we focused
our investigation on involvement of astrocytes in neuro-
transmitter uptake.

Electrogenic activities of GLT-1 and GATs underlie
cortically evoked currents in astrocytes

Synaptically activated transporter currents (STCs)
generated by the activation of electrogenic carriers
responsible for glutamate and GABA transport present
a rectifying inward current (at peak), large at negative
potentials, reduced on polarizing to positive potentials,
but with no reversal of current (Brew & Attwell, 1987;
Cammack & Schwartz, 1993; Bergles & Jahr, 1997;
Barakat & Bordey, 2002). Therefore, we investigated
the voltage dependence of the cortically evoked inward
current in astrocytes by gradually changing the holding
potential of the recorded astrocytes from −100 to +40 mV
(n = 6) while applying single electrical stimulation in the
cortex repeated at low frequency (0.1 Hz) (Fig. 3A). The
rectifying inward current (at peak) was large at negative
potentials and reduced on polarizing to positive potentials,
but no reversal of current was observed. Such a voltage

relationship of the cortically evoked inward current in
astrocytes suggests that the inward currents are STCs.

Because of the glutamatergic nature of the cortico-
striatal pathway, we first tested if the inward current in
astrocytes was due to the electrogenic activity of GLT-1, a
glutamate transporter highly expressed by astrocytes and
responsible for the largest proportion of total glutamate
uptake in the forebrain (Rothstein et al. 1996; Tanaka
et al. 1997; Bergles & Jahr, 1997; Bergles et al. 1999;
Schousboe et al. 2004). GLT-1 is essential for maintaining
low extracellular glutamate. For this purpose, we applied
dihydrokainate (DHK, 300 μM), a glutamate analogue that
binds selectively to GLT-1 but is not transported across
membrane (Pines et al. 1992; Arriza et al. 1994; Rothstein
et al. 1994). The inward currents were significantly reduced
by DHK (−31.2 ± 4.6%, n = 13, P < 0.0001) (Fig. 3B
and D). Beside GLT-1, astrocytes also expressed GLAST
but at a lower level (Rothstein et al. 1994). Indeed,
L-trans-pyrrolidine-2,4-dicarboxylic acid (PDC, 300 μM),
a non-specific competitive inhibitor of glutamate trans-
porter, decreased significantly the amplitude of the STCs,
when applied after DHK treatment, by 24.8 ± 2.3% (n = 4,
P < 0.005). Co-application of DHK and PDC inhibited
the STCs by 54.0 ± 6.5% (n = 9, P < 0.0001) (Fig. 3B and
D). DHK did not affect significantly (−14.5 ± 11.3%,
n = 13, P > 0.05) the slow component of STC amplitude,
while PDC alone or co-applied with DHK exerted a
significant decrease (−24.3 ± 3.8%, n = 4, P < 0.0001 and
−58.0 ± 5.9%, n = 8, P < 0.0001, respectively).

Striatum is mainly composed of GABAergic cells, MSNs
and GABAergic interneurons (Kawaguchi, 1993), which
are contacted monosynaptically by cortical pyramidal cells
(Fino et al. 2008, 2009). Cortical stimulations efficiently
recruit striatal GABAergic microcircuits. Therefore, we
investigated the involvement of GATs in the STCs.
Astrocytes express GAT-1/2/3 subtypes (Borden, 1996;
Conti et al. 2004). Nipecotic acid (500 μM), a competitive
inhibitor of GAT-1/2/3 subtypes (Schousboe et al.

Figure 2. Cortically evoked responses at MSNs, astrocytes and NG2+ cells
A, shematic view of the horizontal corticostriatal slice preparation. The stimulation electrode was placed in the layer
5 of the somatosensory cerebral cortex and double patch-clamp recordings were performed in the functionally
related dorsal striatum. R, C, L and M: rostral, caudal, lateral and median. B, dual patch-clamp recordings of MSN
EPSCs and astrocyte inward currents evoked by cortical layer 5 (Cx-L5) stimulations. Black trace represents the
average of 10 consecutive raw traces. Latency and rise time distributions (well fitted by Gaussian curves centred
on 2.2 and 3.6 ms, respectively) of 30 EPSCs recorded in the same MSN shown in the left panel. Latency SD
distribution was centred on 0.33 ms (n = 31 MSNs). Latency, rise time and amplitude distributions (well fitted by
Gaussian curves centred on 5.3 and 12.0 ms and 23.8 pA, respectively) of astrocyte evoked responses. Note the
short latency centred on 5.3 ms and the very low variability of response amplitudes. TTX treatment inhibited EPSCs
as well as astrocyte evoked responses. C, cortically evoked responses in NG2+ cells. Inset: NG2+ cells EPSCs were
entirely AMPA receptor mediated because they were totally inhibited by CNQX (10 μM). Latency, rise time and
amplitude distributions (centred around 1.8 ms, 2.0 ms and 93 pA, respectively). D, surimposition of latency and
rise time of MSNs (n = 43), astrocytes (n = 68) and NG2+ (n = 12) cells. Horizontal lines illustrate the experimental
procedures: a single stimulation (vertical line) was imposed in the cortex layer 5 (Cx-L5) while recording MSNs and
astrocytes hold at their resting membrane potential (RMP).
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1979; Liu et al. 1993), significantly inhibited STCs by
37.2 ± 4.6% (n = 16, P < 0.0001) (Fig. 3C and D). This
indicates an efficient transport of GABA in astrocytes
following a single cortical activation. Co-application of
nipecotic acid and DHK, or nipecotic acid, DHK and PDC
inhibited STCs by 50.5 ± 5.3% (n = 6, P < 0.0001) and
69.2 ± 3.4% (n = 12, P < 0.0001), respectively (Fig. 3C
and D). Nipecotic acid alone, or co-applied with DHK
and PDC, reduced significantly the slow component
of STC amplitude (−15.1 ± 5.5%, n = 15, P < 0.05 and
−61.2 ± 3.4%, n = 11, P < 0.0001, respectively).

We investigated the involvement of other channels
or receptors in cortically evoked STCs. No significant
inhibition of residual STCs was observed with a fast Ca2+

buffer, BAPTA (10 mM), applied intracellularly through

the patch-clamp pipette (residual STC: 30.8 ± 3.4%,
n = 12, in control vs 38.6 ± 13.7%, n = 5, with BAPTA)
or with bath applied CNQX (10 μM) (+3.6 ± 10.9%,
n = 6), or with bicuculine (20 μM) (+8.0 ± 13.3%, n = 7).
Therefore, glutamate and GABA transport represents most
of the cortically evoked STCs.

STCs report changes in presynaptic evoked
glutamate release

We tested if STCs were reliably sensitive to changes in
glutamate release as previously reported in hippocampus
(Diamond et al. 1998; Luscher et al. 1998). For this
purpose, we performed three standard manipulations that
alter the number of releasing site or the probability of

Figure 3. Synaptically activated
transporter currents (STCs) were generated
by the activation of glutamate and GABA
transporters
A, cortically induced currents in astrocytes
recorded at different holding potentials from
−100 to +40 mV. A representative I–V curve
illustrates the voltage dependence of the
cortically evoked inward current in astrocytes.
Between −100 and +40 mV, the cortically
evoked current at astrocytes was rectifying,
strictly inward and no reversal of current was
observed. This suggests the activities of
electrogenic carriers. B, representative
recordings of the inhibition of STCs after DHK
(300 μM) treatments and DHK–PDC (300 μM)
co-applications. The contribution of glutamate
uptake currents to the fast and slow
components of STCs is, respectively, 39 and
38% (DHK), and 60 and 71% (DHK and PDC).
C, GATs are involved in STCs. Nipecotic acid
(500 μM) reduced significantly STCs. The
contribution of GABA and glutamate uptake
currents to the fast and slow components of
STCs is, respectively, 37 and 17% (nipecotic
acid), 62 and 58% (nipecotic acid and DHK)
and 83 and 84% (nipecotic acid, DHK and
PDC). D, glutamate transporters underlie
53.3 ± 5.8% (DHK+PDC, n = 10) of STCs.
Nipecotic acid (500 μM, n = 17) reduced
significantly STCs in control conditions
(−37.2 ± 4.6%, n = 17). ∗∗∗P < 0.001. Thus,
glutamate and GABA transport represents most
of the cortically evoked STCs.
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release. First, electrical stimulation strength was gradually
increased (in a subthreshold range for MSNs) to recruit
more synapses and evoked responses were recorded in
MSN–astrocyte pairs. Both MSN EPSCs and astrocytic
STCs increased linearly (r = 0.90, n = 7 pairs) (Fig. 4A).

Second, decreasing presynaptic release by lowering the
Ca2+:Mg2+ ratio from 2:1 to 0.5:2.5 diminished both
EPSCs and STCs (EPSCs: −59.6 ± 7.6% and STCs:
−68.0 ± 3.4%, n = 6) (Fig. 4B). Third, paired-pulse
facilitation, which occurred for paired-pulse intervals of

Figure 4. STCs report changes in
presynaptic evoked glutamate release
A, MSN EPSCs and astrocytic STCs increased
linearly upon increasing cortical stimulation
strength (n = 7 MSN–astrocyte pairs; each
symbol represents one MSN–astrocyte pair). B,
lowering the external Ca2+ (ratio Ca2+:Mg2+
from 2:1 to 0.5:2.5) significantly decreased the
amplitude of MSNs EPSCs and astrocytic STCs
(n = 6 MSNs and 4 astrocytes). C, paired-pulse
intervals of 25 and 50 ms induced EPSC
facilitation (n = 21 MSNs), as well as a
significant increase of STCs (n = 6 astrocytes).
∗P < 0.05, ∗∗∗P < 0.001.
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25 and 50 ms, was observed in both MSN EPSCs and
astrocytic STCs. Indeed, EPSCs increased 1.15 ± 0.04-
and 1.10 ± 0.04-fold (n = 21) and STCs 1.23 ± 0.02-
and 1.18 ± 0.03-fold (n = 6) (Fig. 4C). Altogether, these
results indicate that the STC amplitude is a reliable reporter
of changes in the amount of glutamate release due to
changes in either the number of releasing sites or the
probability of release.

Glutamate and GABA transports by astrocytes control
corticostriatal transmission

We investigated the relative impact of astrocytic glutamate
and GABA uptake on corticostriatal transmission by
blocking either GLT-1 or GATs. When astrocytic
glutamate transport was blocked with DHK (300 μM),
we observed a significant decrease of the mean value of
the EPSC amplitude (−26.4 ± 8.0%, n = 12, P < 0.01)
(Fig. 5A). Corticostriatal activity produces predominantly
AMPA receptor mediated EPSCs in MSNs. Indeed,

the AMPA:NMDA current ratios were 89.3 ± 5.0%,
(n = 15) at MSN resting membrane potential. AMPA
receptors desensitize within a few milliseconds in the
sustained presence of glutamate (Trussell et al. 1988).
The excess of glutamate in the synaptic cleft, induced
by the blockade of GLT-1, could greatly increase
the AMPA receptor desensitization process. To test
this hypothesis, we applied cyclothiazide (CTZ), a
blocker of AMPA receptor desensitization (Partin et al.
1996). CTZ (100 μM) treatment increased corticostriatal
EPSC duration (151 ± 16%, n = 8, P < 0.05), consistent
with the ability of CTZ to prevent desensitization of
AMPA receptors, but did not affect significantly EPSC
amplitude (122.7 ± 12.8%, n = 9, P > 0.05) (Fig. 5A)
(Akopian & Walsh, 2007). DHK, when co-applied with
CTZ, did not decrease significantly EPSC amplitudes
(98.7±12.7%, n = 9, P > 0.05). In conclusion, the
glutamate accumulation due to GLT-1 blockade increased
the AMPA receptor desensitization and therefore led to a
significant decrease of the corticostriatal transmission.

Figure 5. Blockade of GLT-1 or GATs decreased the magnitude of corticostriatal glutamatergic trans-
mission
A, MSN–astrocyte double patch-clamp recording illustrates the decrease of corticostriatal EPSCs as well as STCs
when GLT-1 was blocked with DHK (300 μM) treatment. Indeed, DHK induced a significant decrease of the
EPSC amplitude (−26.4 ± 8.0%, n = 12, P < 0.01 when compared to control). CTZ (100 μM), which prevents
the desensitization of AMPA receptors, totally abolished the effect of DHK on corticostriatal transmission (n = 9).
Indeed, no significant effect of DHK was observed anymore in the presence of CTZ. Note that CTZ alone increased
the duration of corticostriatal EPSCs but did not alter significantly corticostriatal EPSC amplitude (n = 9). B, dual
patch-clamp recording of a MSN–astrocyte pair illustrating the decrease of corticostriatal EPSCs as well as STCs
when GATs were blocked with nipecotic acid (500 μM). Nipecotic acid induced a significant decrease of cortico-
striatal EPSC amplitude (−29.2 ± 5.6%, n = 16, P < 0.0001 when compared to control). Pretreatment with
bicuculline (BMI) (10 μM), which did not displayed significant effects by itself on EPSCs (n = 7), totally prevented
the effects induced by nipecotic acid (n = 7). Indeed, in the presence of bicuculline and nicecotic acid, EPSCs were
not significantly different from those recorded in control condition. ns: not significant, ∗∗P < 0.01, ∗∗∗P < 0.001.
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The blockade of GATs with nipecotic acid (500 μM)
induced a significant decrease of corticostriatal EPSC
amplitude (−29.2 ± 5.6%, n = 16, P < 0.0001) (Fig. 5B).
When nipecotic acid was applied after bicuculline (10 μM)
pretreatment, no significant modification of cortico-
striatal transmission could be observed (EPSC amplitude:
93.4 ± 5.2%, n = 7, P > 0.05) (Fig. 5B). Bicuculline alone
had no significant effect on the EPSC average amplitude
(92.1 ± 7.5%, n = 7). Therefore, the blockade of GATs
induces a GABA accumulation responsible for the
activation of GABAA receptors and a decrease of cortico-
striatal transmission. In the corticostriatal pathway,
GABAA receptors are located postsynaptically, in MSNs
(Galvan et al. 2006). Co-application of nicopetic acid and
DHK induced a significant decrease of corticostriatal EPSC
amplitude (−60.7 ± 1.6%, n = 4, P < 0.0001).

GABAA receptors can be activated either phasically
or tonically depending on the concentration of ambient
GABA (Farrant & Nusser, 2005; Glykys & Mody, 2007).
GATs have been shown to modulate both tonic and
phasic GABAergic signalling (Overstreet et al. 2000;

Nusser & Mody, 2002; Rossi et al. 2003; Semyanov
et al. 2003). Accordingly, we aimed at deciphering
the impact of phasic and tonic GABAergic signalling,
modified by nipecotic acid, at corticostriatal trans-
mission. Spontaneous GABAergic events, isolated after
application of antagonists of ionotropic glutamatergic
receptors (D-AP5 50 μM and CNQX 10 μM), were blocked
by picrotoxin (50 μM, n = 12) (Fig. 6A). Nipecotic acid
induced a significant decrease of the spontaneous IPSC
mean frequency (−64.8 ± 12.9%, P < 0.005, n = 12) but
did not affect significantly the mean amplitude of the
remaining spontaneous IPSCs. As previously reported
(Kirmse et al. 2008), nipecotic acid induced a significant
increase of the SD of the synaptic noise (before nipecotic
acid: 3.8 ± 0.5 pA, and after: 5.6 ± 1.1 pA, P < 0.05,
n = 11) with a significant increase of the tonic GABAA

receptor-mediated conductances (�Ihold: +33 ± 14 pA,
n = 11, P < 0.05) (Fig. 6B). Ambient GABA can generate
tonic inhibition at high-affinity extrasynaptic GABAA

receptors composed by the α5-subunit in striatum (Ade
et al. 2008). Inhibition of α5-GABAA receptors with

Figure 6. Increased tonic GABA inhibition is not responsible for the effect of nipecotic acid on cortico-
striatal transmission
A, the phasic and tonic GABAergic components were estimated, respectively, after inhibition of the ionotropic
glutamatergic (D-AP5, 50 μM, CNQX, 10 μM) and GABAergic (picrotoxin, 50 μM) conductances. Nipecotic acid
increased the tonic component as illustrated by a larger current injected to maintain the Em and by a reduction
of the synaptic noise. B, bar graphs show the significant increase of the average values of the injected current
necessary to maintain the MSN at −80 mV, when nipecotic acid (500 μM) was applied. Application of nipecotic acid
induced a significant increase of the SD of the synaptic noise (denoting an increase of the tonic inhibition), which
was significantly reduced by picrotoxin (denoting the abolition of the tonic inhibition). C, when tonic inhibition
was blocked by L655,708 (10 μM), the corticostriatal transmission could still be significantly reduced by nipecotic
acid (n = 6). This indicates that phasic and not tonic inhibition was involved in the decrease of the corticostriatal
transmission induced by nipecotic acid. Note that inhibition of α5-GABAA receptors with L655,708 did not induce
significant effect on corticostriatal transmission (n = 11). ns: not significant, ∗P < 0.05, ∗∗P < 0.01.
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Figure 7. EPSCs and STCs exhibit, respectively, a triphasic and biphasic short-term plasticity
A, representative experiments of paired-pulse stimulation in the cortex at 6, 50 and 500 ms ISIs illustrate the
triphasic (MSN EPSCs) and biphasic (astrocyte STCs) short-term plasticity in a representative MSN–astrocyte pair.

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society



J Physiol 589.9 Astrocytic glutamate and GABA transport 2313

L655,708 (10 μM) did not have a significant effect on
corticostriatal transmission (EPSC mean amplitude in
control: 127 ± 9 pA vs. in L655,708: 132 ± 13 pA, n = 11,
P > 0.05). In the presence of L655,708, nipecotic acid
could still decrease significantly the EPSC amplitude
(−26.7 ± 9.7%, n = 6, P < 0.05) (Fig. 6C). This implies
that the increase of the tonic GABAergic signalling did not
cause the decrease of the corticostriatal transmission.

EPSCs and STCs displayed, respectively, a triphasic
and biphasic short-term plasticity

In vivo, MSNs receive distributed discharges with a wide
range of frequencies from cortical areas that will not be
integrated similarly. Indeed, a strong feature of MSNs is
that they act as detectors and integrators of cortical activity
(Graybiel et al. 1994). We explored evoked responses
for very short inter-stimulus intervals (ISIs), from 4 to
10 ms, to test specifically synchronized cortical inputs.
To estimate the frequency dependence of corticostriatal
synaptic transmission and STCs, we recorded EPSCs
and STCs evoked by paired-pulse stimulations at various
frequencies with MSN–astrocyte patch-clamp recordings
(n = 21) (Fig. 7). There exist some medial-to-lateral
differences in expression of paired-pulse plasticity in
the striatum (Partridge et al. 2000; Smith et al. 2001).
To avoid such a source of variation, we recorded
MSNs and astrocytes in a restricted area located in
the caudal and dorsolateral part of the striatum. MSN
EPSCs were depressed at most paired-pulse frequencies
tested except for two ISIs (25 and 50 ms) for which
a significant facilitation could be observed (Fig. 7). No
significant paired-pulse plasticity was observed for ISIs of
>1 s. Therefore, MSNs displayed triphasic paired-pulse
plasticity: first, a depression (for 4–10 ms ISI), and
then a brief facilitation (25 and 50 ms) followed by a
depression for longer ISIs (250 ms to 1 s). Astrocytic
STCs displayed similar short-term plasticity to MSN
EPSCs, with the notable exception of an extended
facilitation (for 4–10 ms ISI), while MSN EPSCs showed
depression. Similar to MSN EPSCs, for ISIs of >1 s no
more significant paired-pulse plasticity was observed.
STCs displayed, therefore, biphasic paired-pulse plasticity.
Interestingly, although STC magnitude depends on

presynaptic release, paired-pulse plasticity of STCs
displayed facilitation for ISIs of <25 ms, while EPSCs
displayed a marked depression for ISIs of <25 ms.
Then, we investigated the origin of STC facilitation
observed for ISIs of 4–10 ms. Such an increase could arise
from a greater presynaptic release of glutamate leading
to AMPA receptor desensitization or from a genuine
paired-pulse facilitation of STCs allowing a greater
uptake of glutamate that may account for the observed
paired-pulse EPSC depression. For 4 and 6 ms ISIs, a
significant paired-pulse depression of EPSCs was still
observed with CTZ (100 μM) (Fig. 7C). This indicates that
the paired-pulse depression of EPSCs did not originate
from a desensitization of postsynaptic AMPA receptor
but from a genuine paired-pulse facilitation of astrocytic
glutamate uptake. Accordingly, STC plasticity could
participate in the coincidence detection strength operated
by MSNs. For ISI = 50 ms, CTZ increased significantly
the facilitation observed in control (P < 0.001, n = 5)
(Fig. 7C). Therefore, the magnitude of the facilitation is
diminished by a desensitization of AMPA receptors in
control conditions. Lastly, the depression observed for
ISIs of 250 and 500 ms was not due to a desensitization of
AMPA receptors because CTZ did not affect it significantly
(n = 5 for ISI of 250 ms and n = 5 for ISI of 500 ms).
In conclusion, depression observed for ISIs of <25 ms
and ISIs of >100 ms was not due to a desensitization
of postsynaptic AMPA receptor, whereas facilitation was
significantly dismished by such desensitization.

To estimate the intercellular variability of the
paired-pulse plasticity, cells were categorized as displaying
EPSC or STC facilitation (paired-pulse ratio, PPR
>105%), no change (PPR of 95–105%) or depression
(PPR <95%). When compared to depression, EPSC
facilitation occurrence varied considerably between MSNs
studied (Fig. 7D). Indeed, even though a significant
facilitation was observed for ISIs of 50 ms, 62% of the
MSNs (n = 21) showed a facilitation while 33% exhibited
a depression. Depression appeared more reliable since
94% of the MSNs displayed a depression for ISIs of
500 ms. Concerning astrocyte short-term plasticity, STCs
seemed to be much more reliable (Fig. 7D). Indeed, there
is almost no intercellular variability, since the plasticity
of STCs was always oriented in one direction (facilitation

Current traces represent the average of 15 consecutive EPSCs and STCs raw traces. B, MSN and astrocytes
displayed marked paired-pulse plasticity. Patch-clamp recordings of striatal MSN–astrocyte pairs (n = 17) showed
the occurrence of the triphasic short-term plasticity of MSN EPSCs and a biphasic paired-pulse plasticity of the
astrocyte STCs. C, CTZ pretreatment (100 μM) did not impair significantly the paired-pulse depression of MSN
EPSCs observed for 4 and 6 ms ISIs (n = 4 and 7, respectively) or for depression for ISIs of 250 ms (n = 5) and
500 ms (n = 5). Note that facilitation observed for ISI = 50 ms was significantly increased by CTZ (n = 5). D,
occurrence of short-term plasticity (PPR < 95% indicated a depression, PPR 95–105% an absence of short-term
plasticity and PPR > 105% a facilitation) in MSNs and astrocytes for 6, 50 and 500 ms ISIs. ns: not significant,
∗∗P < 0.01, ∗∗∗P < 0.001.
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or depression) with very few failures (PPR of 95–105%).
Therefore, short-term plasticity of astrocytic STCs appears
to be more reliable than EPSC paired-pulse plasticity.

Glutamate and GABA uptakes control EPSC
and STC paired-pulse plasticity

We demonstrated that glutamate and GABA trans-
porters significantly controlled the corticostriatal trans-
mission. Therefore, we explored their contribution to
the short-term plasticity, by blocking GLT1 or GATs.
Blockade of either GLT-1 (DHK 300 μM, n = 8) or GATs
(nicopetic acid 500 μM, n = 7) increased significantly
EPSC paired-pulse depression (for 4 and 6 ms ISIs) and
facilitation (for 50 ms ISIs) (Fig. 8A). Namely, synaptic
depression was increased for ISIs of 4 ms (2.1- and 1.8-fold,
for DHK and nipecotic acid, respectively) and 6 ms (1.7-
and 2.2-fold, for DHK and nipecotic acid, respectively).
Synaptic facilitation at ISI = 50 ms was increased 2.6-
and 3.8-fold, for DHK and nipecotic acid, respectively.
In addition, DHK and nipecotic acid treatment induced
EPSC facilitation for ISI = 100 ms (+20.8 ± 6.6% and
+17.3 ± 6.1%, for DHK and nipecotic acid, respectively);
note that in control, a paired-stimulation at ISI = 100 ms
did not induce any significant short-term plasticity
(−3.1 ± 3.4%). In conclusion, blockade of GLT-1 or GATs
increased the magnitude of the short-term plasticity for
ISIs subject to the most prominent depression (ISIs of 4
and 6 ms) or facilitation, while the other ISIs remained
unaffected.

Incomplete clearance of glutamate before the second
release of neurotransmitter could accentuate the
desentization of AMPA receptors and contribute to
paired-pulse depression. We tested this hypothesis for
short ISIs, of 4 and 6 ms, by reducing the AMPA
receptor desensitization with CTZ (100 μM). Such short
ISIs would correspond to synchronized cortical activities
leading to MSN activation. Paired-pulse depression
was significantly increased when we blocked glutamate
clearance with DHK (Fig. 8B). Coapplication of CTZ
with DHK totally abolished the paired-pulse depression
previously observed for 4 and 6 ms ISIs since the
paired-pulse ratio was +31.2 ± 8.3% (n = 7, P < 0.001)
in control and −9.1 ± 7.0% (n = 9, P > 0.05) after CTZ
and DHK co-application.

In conclusion, it appears that astrocytes, via the uptake
of neurotransmitters, increased the strength of filtering
operated by MSNs to extract relevant information from
the cortical background noise.

Discussion

Basal ganglia are involved in procedural learning and
motor habit formation (Graybiel, 2005; Yin & Knowlton,
2006). MSNs act as detectors of cortical activity and
have the ability to extract relevant information from the
background noise. MSNs, very hyperpolarized at rest,
display a low level of spontaneous activity explained
by non-linear electrical membrane properties. These

Figure 8. Effects of GLT-1 or GATs blockade on paired-pulse plasticity
A, paired-pulse plasticity of MSN EPSCs recorded in control (n = 17), with DHK (300 μM, n = 8) and nipecotic
acid (500 μM, n = 7). Both treatment DHK and nipecotic acid increased significantly EPSC depression for 4 and
6 ms ISIs and facilitation for ISI = 50 ms. DHK and nipecotic acid induced facilitation (which was not induced in
control) for ISI = 100 ms. EPSC depression, for ISIs from 250 ms to 1 s, was not significantly affected by DHK or
nipecotic acid treatments. B, effect of desensitization of AMPA receptors induced by DHK was investigated for
4 and 6 ms ISIs, by reducing the AMPA receptor desensitization with CTZ (100 μM). Paired-pulse depression was
significantly increased when glutamate clearance was blocked with DHK (n = 8). CTZ (n = 7 and 9 for ISI of 4 and
6 ms, respectively) totally abolished the paired-pulse depression. ns: not significant, ∗∗P < 0.01, ∗∗∗P < 0.001.

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society



J Physiol 589.9 Astrocytic glutamate and GABA transport 2315

intrinsic MSN properties allow an efficient filtering of
the small and uncorrelated synaptic events (Calabresi
et al. 1987; Nisenbaum et al. 1994). The strength of the
detection operated by MSNs is strongly modulated by local
inhibitory networks (Tepper et al. 2008) and the clearance
of neurotransmitters by astrocytes as demonstrated in this
study.

We reported here that corticostriatal STCs evoked in
astrocytes by single cortical stimulation (even at low
frequencies of stimulation, 0.1 Hz) displayed fast kinetics
and large amplitude, denoting an important expression of
transporters in the striatum (Furuta et al. 1997). Here we
showed that corticostriatal STCs mainly originated from
glutamate and GABA transporter activities. The residual
current, insensitive to glutamatergic or GABAergic trans-
porter inhibitors, could arise from cortically evoked release
of neuromodulators such as dopamine, serotonine or
choline (Inazu et al., 1999, 2001, 2005). Here, we report
for the first time in the striatum a large STC under-
lain by astrocytic GABA transport. This observation
is in accordance with the GABAergic nature of the
striatum since all striatal neurons (except the 2% that
are cholinergic interneurons) are GABAergic and directly
contacted by cortical pyramidal cells (Kawaguchi, 1993;
Tepper et al. 2008). Astrocytes potentially express all
GAT subtypes (Schousboe et al. 2004). Nipecotic acid
(500 μM) blocks all GABA transporters, which allowed
us to characterize the effect of GABA transport in
general, but it did not permit determination of the
GAT subtype that could be preferentially involved in
this astrocytic GABA uptake. Concerning glutamate
uptake, we demonstrated pharmacologically that GLT-1
and GLAST were responsible for the glutamate uptake
operated by astrocytes. GLT-1 is highly expressed in
astrocytes and is in charge of most of the clearance of
glutamate from the synaptic cleft (Rothstein et al. 1996;
Tanaka et al. 1997). We observed very large glutamatergic
STCs in astrocytes denoting a high expression of glutamate
transporters. Indeed, GLT-1 is particularly expressed
in striatum when compared to other brain structures
(Rothstein et al. 1994; Lehre et al. 1995; Furuta et al. 1997).

The inward current generated by the uptake of one
molecule of glutamate or GABA relies on the entry of
two and one positive charges, respectively (Kanner &
Schuldiner, 1987; Kavanaugh et al. 1992; Zerangue &
Kavanaugh, 1996; Danbolt, 2001; but see Guastella et al.
1990 and Loo et al. 2000 for different GAT stoechiometry).
The clearance of GABA and glutamate appears to be
extremely efficient since inhibition of either decreases
significantly the corticostriatal transmission. We now
consider the number and density of transporters involved
in corticostriatal STCs and therefore the potentiality of
this system. Astrocyte STCs exhibited a mean value of
60 pA while MSN EPSC amplitude was ∼400 pA. Based
on our results, on average GLT-1 electrogenic activity

represents 31% of STCs and thus 19 pA current. Similarly,
32 pA out of 60 pA can be attributed to the astrocytic
glutamate clearance operated by both GLT-1 and GLAST.
Note that the GLT-1 ratio is probably underestimated
because PDC, although unspecific, has a greater affinity
for GLT-1 than DHK (Arriza et al. 1994; Wang et al. 1998).
For two charges entering per carrier cycle (Zerangue &
Kavanaugh, 1996; Danbolt, 2001), and a cycle time of
15 s−1 at −80 mV (close to astrocyte RMP) (Wadiche
et al. 1995), our data imply that there are 4.0 × 106

GLT-1 and 6.8 × 106 GLT-1/GLAST transporters involved
in cortically evoked STCs. Concerning GABA transport,
if we assumed that GABA uptake is accompanied by one
charge entering per carrier cycle (Kanner & Schuldiner,
1987; Kavanaugh et al. 1992) and display a cycle time
of 5.8 s−1 at −80 mV (Mager et al. 1993), our data imply
that there are 24.0 × 106 GATs involved in astrocytic STCs.
Note that these values were obtained for non-saturating
glutamate and/or GABA concentration. When single
cortical stimulation strength was increased (from ∼2 to
6 μA), STCs could reach amplitudes of ∼650 pA. In these
conditions, 43 × 106 GLT-1, 70 × 106 GLT-1/GLAST and
260 × 106 GATs transporters were involved in cortically
evoked STCs denoting a high capacity of the astrocytes for
glutamate and GABA clearance at corticostriatal synapses.
Lastly, we evaluated the density of glutamatergic trans-
porters involved in cortically evoked STCs. Considering
the maximal glutamatergic STCs recorded during a single
cortical stimulation (∼350 pA; the present study), the
neuropilar volume occupied by an astrocyte (66×10−3

μm3; Bushong et al. 2002) and the astroglial surface
density (1.4 μm2/μm3; Lehre & Danbolt, 1998), we
estimated a density of 760 active glutamatergic trans-
porters per μm2. However, a saturating concentration of
glutamate revealed that density of glutamate transporters
in hippocampus is 3.3-fold higher (2500 glutamate trans-
porters per μm2; Bergles & Jahr, 1997). This suggests that
glutamatergic clearance of striatal astrocytes is potentially
3.3-fold higher than that observed in the present study,
meaning a glutamatergic STC of 1.2 nA. Such large
glutamate clearance is consistent with in vivo data showing
that a very high concentration of glutamate (30 mM) is
required to activate MSNs (Chevalier et al. 1985).

Interestingly, both glutamate and GABA astrocytic
transports have a permissive effect on corticostriatal trans-
mission, since their inhibition lead to a significant decrease
of this transmission. Indeed, excess of glutamate in the
synaptic cleft induced a desensitization of AMPA receptors
while GABA accumulation caused an activation of post-
synaptic GABAA receptors. Because bicuculline restored
the whole corticostriatal transmission, we can exclude the
alternative hypothesis that nipecotic acid could reduce the
quantal size of glutamatergic events because there is less
GABA that can be used to support glutamate synthesis. A
recent study reported that DL-threo-β-benzyloxyaspartate

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society



2316 V. Goubard and others J Physiol 589.9

(TBOA), a broad spectrum inhibitor of glutamate trans-
porters, induced an increase of corticostriatal transmission
and the authors concluded that neuronal glutamate trans-
porters, rather than glial, shape EPSCs (Beurrier et al.
2009). The discrepancy with our study may arise from the
use of TBOA, since with DHK they observed a decrease
of corticostriatal EPSCs. DHK induces significant changes
in MSN holding current. To counteract such an effect,
MSNs were recorded in voltage-clamp mode to hold
their resting membrane potential at a constant value.
Depending on the brain structures, blockade of astrocytic
glutamate or GABA transporters affects synaptic trans-
mission differently (for example see Hestrin et al. 1990
in hippocampus and Gonzalez-Burgos et al. 2009 in
cortex). Such effects could rely on various structures of
the tripartite synapse. Namely, the contribution of neuro-
transmitter uptake to synaptic transmission depends on
the extent of astrocyte ensheatment of synapses, and the
nature and location of neuronal receptors and astrocytic
transporters vary a lot among CNS structures.

The paired-pulse plasticity determines the neuronal
responses to patterned presynaptic activities, and thus
is crucial in understanding the basic principles of
information processing. Depending on the frequency of
cortical activity, astrocytes behave as followers of pre-
synaptic release or play an active role in neurotransmitter
clearance. Indeed, EPSCs and STCs showed similar
paired-pulse plasticity, with the notable exception of ISIs
of 4–10 ms where EPSCs displayed a depression while
STCs exhibited a facilitation. Such opposite paired-pulse
plasticity of EPSCs and STCs could be explained by a
genuine facilitation of glutamate uptake leading to less
glutamate available for postsynaptic activation. Indeed,
when desensitization of AMPA receptors was prevented
with CTZ, the depression of MSN EPSCs was not
impaired. MSNs select synchronized cortical events,
corresponding to high frequency signals. It is pre-
cisely for high frequencies (100–250 Hz) that astrocytes
display a marked facilitation of neurotransmitter uptake.
Accordingly, astrocytes might reinforce the strength of
the detection of cortical activity operated by MSNs. End-
ogenous molecules affecting neurotransmitter transport,
such as arachidonic acid or adenosine (Volterra et al.
1992; Cristovao-Ferreira et al. 2009), or diseases modifying
the transporter expression in striatum (Huntington and
Parkinson’s diseases) (Arzberger et al. 1997; Dervan et al.
2004) should therefore alter the detection properties of
cortical events by MSNs.
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