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Abstract

A glutamate-sensitive inward current (Iglu) is described in rat cerebel-
lar granule neurons and related to a glutamate transport mechanism.
We examined the features of Iglu using the patch-clamp technique. In
steady-state conditions the Iglu measured 8.14 ± 1.9 pA. Iglu was
identified as a voltage-dependent inward current showing a strong
rectification at positive potentials. L-Glutamate activated the inward
current in a dose-dependent manner, with a half-maximal effect at
about 18 µM and a maximum increase of 51.2 ± 4.4%. The inward
current was blocked by the presence of dihydrokainate (0.5 mM),
shown by others to readily block the GLT1 isoform. We thus speculate
that Iglu could be attributed to the presence of a native glutamate
transporter in cerebellar granule neurons.
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Introduction

Neurotransmitters are stored in and re-
leased from vesicles in the narrow space of
the synaptic cleft. When released they bind
to their postsynaptic receptors, causing bio-
physical and metabolic changes, and their
rapid removal is essential for fast synaptic
transmission reliability. In the glutamatergic
synapse, the estimated peak of glutamate in
the cleft during a synaptic event is estimated
to be of the order of 1-3 mM, and glutamate
is removed with a time constant of 1-2 ms
(1). Two mechanisms are thought to be re-

sponsible for this clearance: a) constricted
diffusion and b) the buffering capacity of
glutamate transporters (1,2). Glutamate can
affect extrasynaptic receptors even in neigh-
boring neurons, an event known as “spill-
over” neurotransmission (3,4). Reuptake of
extrasynaptic glutamate is then crucial to
prevent a continuous rise in glutamate con-
centration, which may lead to neurotoxic
effects (5,6).

It has been established that glial Na+-
dependent glutamate transporters have an
important role in the clearance of the synap-
tically released glutamate (7,8). Although
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neurons also express glutamate transporters
(9,10), in most cases they seem to play a
small role in removing the extracellular glu-
tamate (11). The mossy fiber-cerebellar gran-
ule neuron-Golgi cell synapse is encapsu-
lated by surrounding astrocytes in a special
structure called glomerulus (12), which is
supposed to enhance the “spillover” trans-
mission, at least for GABA (13,14; see also
15). The astrocyte processes lining the den-
dritic trees on the glomerulus have a high
density of glutamate transporters of the
GLT-1 and GLAST subtypes. Inhibition of
these transporters has little effect on the
duration of the non-N-methyl-D-aspartate
excitatory postsynaptic current (non-NMDA
EPSC) component (16). Conversely, the in-
hibition has been shown to prolong the non-
NMDA EPSC at the level of the auditory
nerve synapse in the nucleus magnocellula-
ris and of the cerebellar parallel and climb-
ing fiber synapses, and during repetitive stim-
ulation of the cerebellar mossy fiber synapse
when α-amino-3-hydroxy-5-methylisoxa-
zole-4-propionic acid receptor desensitiza-
tion is blocked (17-19). In addition, gluta-
mate uptake determines the duration of the
NMDA component of the EPSC at the level
of the cerebellar mossy fiber synapse and
cultured hippocampal synapses (19,20).
Since the presence of glutamate transporters
has been suggested in cerebellar granule neu-
rons by immunoblotting techniques (21), we
were interested in examining if cerebellar
granule neurons could be used as a model to
study the native glutamate transport, since
most studies make use of heterologous ex-
pression systems which may lack a physi-
ological component.

In the present study, we report data sup-
porting the functional expression of a glial-
subtype glutamate transporter in neuronal
cells. First, we demonstrate the presence of a
transporter current evoked by extracellular
perfusion of L-glutamate. Second, we show
that this current does require extracellular
Na+. Finally, we show that the current is

blocked by dihydrokainate, a well-known
glial-subtype glutamate transporter (EAAT2/
GLT1).

Material and Methods

Drugs and reagents

All chemicals used in this study were
obtained from Sigma (St. Louis, MO, USA),
Gibco-Life Technologies (Gaithersburg, MD,
USA) and Tocris Neurochemicals (dihydro-
kainate; Langford, Bristol, UK).

Cell culture

Cells were cultured as described else-
where (15). Briefly, newborn Wistar rats
(postnatal day 5) were killed by decapitation
following the Institutional Guidelines for
Animal Experimentation. Cerebella were
dissected and placed in Hanks’ solution of
the following composition: 136.9 mM NaCl,
5.3 mM KCl, 0.44 mM KH2PO4, 0.33 mM
Na2HPO4, 4 mM NaHCO3, 5.5 mM glucose,
adjusted to pH 7.4 with 1 M NaOH. We then
added 50 µg/ml penicillin/streptomycin. The
tissue was enzymatically digested with 2.5
mg/ml trypsin for 4 min and mechanically
dissociated in Hanks’ solution containing
12 mM MgCl2 and 1 U/ml DNase using
Pasteur pipettes of different diameters. The
cells were plated onto poly-D-lysine-coated
glass coverslips and maintained in culture
(37ºC, 5% CO2) in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal
bovine serum, 100 mg/l transferrin and 25
mg/l insulin. After 48 h in culture, the medi-
um was changed and 4 mM cytosine arabi-
noside was added to stop glial cell prolifera-
tion.

Electrophysiology

Before recording, the culture medium
was exchanged with standard Tyrode solu-
tion: 120 mM NaCl, 5 mM KCl, 2 mM
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CaCl2, 1 mM MgCl2, 10 mM glucose, and 5
mM HEPES-NaOH, pH 7.4. The recording
chamber was filled with Tyrode solution at
room temperature (23º-28ºC). Individual cer-
ebellar granule neurons were visually identi-
fied by their distinctive size (~5 µM in diam-
eter) and shape (a round to oval bipolar
neuron). Whole-cell recordings were carried
out with 5- to 10-MΩ resistance micropi-
pettes (22).

The capacity current was canceled using
the computer-assisted facility of the patch-
clamp amplifier (HEKA-EPC9, Lambrecht/
Pfalz, Germany). Membrane currents were
usually filtered at 2.5 kHz and sampled at 10
kHz. The pipette solution contained 120 mM
KCl, 5 mM NaCl, 10 mM tetraethylammo-
nium chloride (TEACl), 5 mM EGTA, and 5
mM HEPES, and was adjusted to pH 7.2
with KOH. The extracellular bath test solu-
tion contained 120 mM NaCl, 5 mM KCl, 10
mM glucose, 2 mM CaCl2, 20 mM TEACl, 5
mM 4-aminopyridine (4-AP), 1 mM CdCl2,
0.1 µM tetrodotoxin (TTX), 1 µM ouabain,
50 µM 6-cyano-7-nitroquinoxaline 2,3 dione
(CNQX), D (-)-2-amino-5-phosphono-pen-
tanoic acid (AP5), and 5 mM HEPES, and
was adjusted to pH 7.4. TEACl and 4-AP
were used to block voltage-dependent K+

channels, TTX is a well-known Na+ channel
blocker, cadmium inhibits Ca2+ channels,
ouabain blocks Na/K ATPase, and CNQX
and AP5 are inotropic glutamate receptor
antagonists. Both control and test solutions
were applied through a perfusion pipette
using a gravity-driven device controlled by a
microsolenoid valve.

To record changes in the holding current
the cerebellar granule neurons were held at a
membrane potential of -60 mV and the gluta-
mate-induced current was recorded. To avoid
any misinterpretation due to variations in the
holding current not caused by the external
application of glutamate, we compared the
change of the slope of the voltage-ramp in-
duced-currents in response to the applica-
tion of L-glutamate.

Data analysis

Dose-response data were fitted to the
Michaelis-Menten equation, I = Imax[Glu]/
([Glu] + Km), where I is the glutamate-elic-
ited current, Imax is the maximal current acti-
vated by glutamate, [Glu] is the substrate,
and Km is the concentration of substrate that
generates a half-maximal current increase.
All values are reported as means ± SEM and
data were analyzed statistically by the two-
tailed Student t-test. The data were analyzed
using a combination of Pulse-Fit (HEKA),
and SigmaPlot (Jandel Scientific, Chicago,
IL, USA) softwares.

Results

L-Glutamate-elicited currents in cerebellar
granule neurons

To determine whether granule neurons
express functional glutamate transporters,
whole-cell recordings were obtained from cells
that had been maintained in culture for at least
5 days. External application of 1 mM gluta-
mate produced an inward shift of the holding
current at -60 mV (Figure 1A). During periods
as long as 50 s the presence of glutamate
produced little or no macroscopic desensitiza-
tion or inactivation under the recording condi-

Figure 1. L-Glutamate-elicited current in granule neurons. A, Whole-cell current evoked by
1 mM L-glutamate in neurons held at -60 mV. The record represents the mean current from
eight cells. The continuous line was drawn by eye. B, Bar graph showing the mean steady-
state amplitude of whole-cell currents evoked in eight cells by 1 mM L-glutamate (dark gray
column) and after washing out (light gray column). Error bars indicate SEM. *P < 0.01
compared to washout cells (two-tailed Student t-test).
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tions employed (Figure 1A). This allowed us
to study the voltage dependence of the gluta-
mate-induced current by applying voltage
ramps during the steady-state phase current
responses. Figure 1B presents the composite
data showing a mean current value of 8.14 ±
1.9 pA (N = 8, P < 0.01). At this point we
concluded that cerebellar granule neurons re-
spond to the application of glutamate by gen-
erating an inward current that could not be
attributed to the simple activation of glutamate

receptors, since we were using a cocktail of
specific blockers. We then raised the possibil-
ity that the observed inward current could be
due to the presence of a glutamate transport
mechanism. We therefore decided to look first
at the electrophysiological features of that glu-
tamate-induced current. By using a voltage-
ramp protocol as a way to obtain fast re-
sponses to glutamate application, we designed
an experiment to establish if there was concen-
tration dependence for the observed current.

As shown in Figure 2A, as we increased
glutamate concentration from 10 to 1000
µM an increasing inward current was ob-
served at membrane potentials negative to
-25 mV. The I-V relationship is similar to
that reported previously by others (23,24).
Figure 2B shows the dose-response curve
for the composite data. The current size was
taken at -100 mV and it could be well fitted
by a Michaelis-Menten-type dependence on
[Glu]o with an estimated Km of 18.3 ± 0.9 µM
and a maximum increase of 51.2 ± 4.4%
(N = 5). The Km value was close to those
found previously for EAAT2/GLT1 in dif-
ferent expression systems (25,26).

Extracellular Na+ removal abolishes the
glutamate-elicited current

The glutamate-elicited inward current was
completely abolished when extracellular
Na+ was replaced by N-methyl-D-glucamine
(Figure 3A, N = 5), consistent with the well-
established idea that glutamate transport re-
quires Na+. Figure 3B shows the pooled data
obtained at different voltages, showing that
there was no difference between groups.
This evidence leads us to suggest that cer-
ebellar granule neurons express a Na+-de-
pendent glutamate transporter.

Dihydrokainate inhibited the glutamate-
induced current

We next asked which subtype was being
expressed. As indicated by McIllvain et al.

Figure 2. Dose- and voltage-dependent currents due to the perfusion of granule neurons
with L-glutamate. A, I-V relationships for L-glutamate-sensitive currents measured during
100-ms voltage ramps from -100 to +25 mV. L-Glutamate concentration was 1) 10 µM, 2)
100 µM, 3) 300 µM, and 4) 1000 µM. B, Average dose-response curve for the L-glutamate-
sensitive current in five cells. The smooth curve is the best-fit: maximum percent increase
= 51.2 ± 4.4% and Km = 18.3 ± 0.9 µM (N = 5).

Figure 3. Dependence of L-glutamate-evoked currents on external Na+ in granule neurons.
A, Representative I-V relationships obtained when N-methyl-D-glucamine (NMDG) was
substituted for Na+ in a granule neuron. The result is the difference in current obtained by
subtracting the current during perfusion of L-glutamate (1 mM) from the current in the
absence of L-glutamate. Five different cells were used and all presented the same result.
B, Bar graph showing the composite data for five cells. There was no statistically significant
difference among the potentials examined. Data are reported as means ± SEM.
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(21) using immunoreactivity analysis, the
cerebellar granule neurons expressed the
EAAT2 and EAAT3 isoforms. Following
this rationale we decided to determine if
dihydrokainate, a glutamate analog that binds
specifically to EAAT2/GLT1 (25,26), would
have an effect. In most of the cells studied,
like the cell in Figure 4A, the glutamate-
induced current was partially blocked (trac-
ing No. 2). On average, the response to 1 mM
glutamate was reduced by 25.05 ± 8.4% by
500 µM dihydrokainate (Figure 4C, N = 5).
Figure 4B shows the response of a typical
cell when dihydrokainate concentration was
doubled and L-glutamate concentration was
decreased by half of that previously used. As
one would expect for a competitive inhibi-
tor, dihydrokainate completely blocked the
response to L-glutamate (N = 5).

Discussion

The data presented here characterize the
voltage and Na+ dependence, and the phar-
macology of the glutamate-induced current
in cerebellar granule neurons. Immunoreac-
tivity to the GLT1, GLAST, EAAT1 and
EAAT4 subtypes of glutamate transporters
was described in the developing rat cerebel-
lar cortex (8,27) but very few electrophysi-
ological data characterizing the presence of
an electrogenic glutamate transporter in cer-
ebellar granule neurons are available.

Our results provide evidence that granule
neurons exhibit an inward current activated
by glutamate (Figure 1A). The macroscopic
currents were measured under conditions of
glutamate receptor blockade. The current
amplitude varied from 5 to 20 pA when
measured under steady-state conditions with
the membrane potential held at -60 mV (Fig-
ure 1B). The current activated by glutamate
was voltage dependent, showing a strong
inward rectification (Figure 2A). In a certain
number of cells we noticed an outward com-
ponent (Figure 4A) that could be the result of
Cl- ion influx into the cell due to the activa-

tion of anion conductance in the carrier struc-
ture. Another possibility is that during gluta-
mate transport the accumulation of Na+ ions
into the cell caused the reversed operation of
the transporter (28).

The transport of L-glutamate is driven in
part by the thermodynamically coupled co-
transport of Na+ ions down their electro-
chemical gradient (29). Thus, removal of
Na+ from the extracellular medium elimi-
nates glutamate transport. We did replace
extracellular Na+ with N-methyl-D-gluca-
mine and we eliminated both the inward and
outward currents elicited by L-glutamate (Fig-
ure 3A), suggesting that the current is prob-
ably generated by a Na+-dependent mechan-
ism. Furthermore, replacing Na+ with Li+

eliminated the glutamate-induced current as
well, showing that the current was not due to
some residual unblocked inotropic receptor
(data not shown).

The calculated Km was comparable to the
values obtained with other transporter sub-
types in different preparations (25,26,30),
suggesting that the expression of a high af-
finity glutamate transporter in cerebellar gran-
ule neurons may allow them to act efficiently
during the glutamate clearance.

We observed a partial block of the cur-
rent activated by glutamate in cerebellar gran-
ule neurons by dihydrokainate, which is a
transporter inhibitor (Figure 4A,C). Since
dihydrokainate has been reported to inhibit
glutamate transport competitively, we used
1 mM dihydrokainate and observed a total
block of the current activated by 500 µM
glutamate (Figure 4B,D). The pharmacolo-
gical signature we found for glutamate trans-
port in cerebellar granule neurons matches
that reported for the cloned EAAT2/GLT1
transporters (25). Based on the above obser-
vations, we suggest that cerebellar granule
neurons express predominantly the EAAT2/
GLT1 glutamate transporter subtype.

Several authors agree about the localiza-
tion of glutamate transporters. EAAC1 and
EAAT4 are selectively localized in neurons
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(9), whereas GLT1 and GLAST are astroglial
transporters (10). However, controversies are
emerging about the exclusively glial local-
ization of the GLT1 subtype. Mice lacking
the GLT1 transporter revealed a drastic de-
crease in synaptosomal transport, suggesting
the possibility of neuronal expression of
GLT1 (6). Although glial contamination can-
not be ruled out, there are some reports
describing detectable levels of GLT1 ex-
pression in glial-poor cultures of cortical
neurons and a significant contribution of
dihydrokainate-sensitive transport to neu-
ronal glutamate uptake (31).

The present findings are important as the
first electrophysiological demonstration that
cerebellum neurons express the functional
EAAT2/GLT1 glutamate transporter. How-
ever, we cannot rule out the possibility of a

novel neuronal glutamate transporter that
shows sensitivity to dihydrokainate. We still
do not know exactly how glutamate is re-
turned to the presynaptic terminal after syn-
aptic release. Compelling evidence exists
for a glutamine/glutamate cycle with the con-
comitant participation of astrocytes that take
up the glutamate released and convert it to
glutamine, which can then be transferred to
neurons to be used. An alternate possibility
is that glutamate may be transported by the
presynaptic terminal itself and in this way
help to reduce the possibly toxic glutamate
concentration. Clearly, further studies are
needed to elucidate the molecular basis of
the transport activity described in this study,
which may play an important role in the
normal and abnormal physiology of the cer-
ebellum.
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