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ABSTRACT: The roles of high- and low-affinity AMPA
receptors in modulating extracellular glutamate in the cere-
bellum remain unclear. Altered glutamatergic neurotransmis-
sion is involved in neurological alterations in hyperammonemia,
which differently affects high- and low-affinity AMPA receptors.
The aims were to assess by in vivo microdialysis (a) the effects
of high- and low-affinity AMPA receptor activation on
extracellular glutamate in the cerebellum; (b) whether chronic
hyperammonemia alters extracellular glutamate modulation
by high- and/or low-affinity AMPA receptors; and (c) the
contribution of NMDA receptors and EAAC1 transporter to
AMPA-induced changes in extracellular glutamate. In control
rats, high affinity receptor activation does not affect extra-
cellular glutamate but increases glutamate if NMDA receptors are blocked. Low affinity AMPA receptor activation increases
transiently extracellular glutamate followed by reduction below basal levels and return to basal values. The reduction is associated
with transient increased membrane expression of EAAC1 and is prevented by blocking NMDA receptors. Blocking NMDA
receptors with MK-801 induces a transient increase in extracellular glutamate which is associated with reduced membrane
expression of EAAC1 followed by increased membrane expression of the glutamate transporter GLT-1. Chronic hyper-
ammonemia does not affect responses to activation of low affinity AMPA receptors. Activation of high affinity AMPA receptors
increases extracellular glutamate in hyperammonemic rats by an NMDA receptor-dependent mechanism. In conclusion, these
results show that there is a tightly controlled interplay between AMPA and NMDA receptors and an EAAC1 transporter in
controlling extracellular glutamate. Hyperammonemia alters high- but not low-affinity AMPA receptors.
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Glutamate modulates cognitive and motor functions
through the activation of ionotropic (iGluRs) and meta-

botropic glutamate receptors. There are three main types of
iGluRs: NMDA, AMPA and kainate receptors. AMPA receptors
are composed of four types of subunits (GluR1-GluR4). Acti-
vation of AMPA receptors allows the entry of Na+. Receptors
lacking GluR2 subunits are also permeable to Ca2+.1,2 There are
high- and low-affinity AMPA receptors in the brain which seem
to be interconvertible states of the same receptors.3,4 Most
AMPA receptors are of the low affinity type4 and contain the
GluR2 subunit,5 which prevents Ca2+transport. In agreement
with this, Cabrera-Pastor et al.6 suggested that in the cerebellum
in vivo high affinity AMPA receptors transport Na+, K+, and Ca2+,
while low affinity receptors transport mainly Na+ and K+ but not
Ca2+. Moreover, Cabrera-Pastor et al.6 also showed that in the
cerebellum in vivo lowAMPA concentrations (0.1mM) are enough
to nearly completely activate Ca2+-permeable AMPA receptors,
which have higher affinity for AMPA than Ca2+-impermeable

receptors.6 AMPA receptor activation may lead to NMDA receptor
activation.6−8

Activation of NMDA or AMPA receptors increases extra-
cellular glutamate.9−17 However, excessive or sustained
activation of iGluRs is neurotoxic, and extracellular glutamate
must be rapidly reduced. Glutamate transporters terminate the
excitatory signal by rapid glutamate uptake into cells. There are
three main glutamate transporters: GLAST and GLT-1
(astrocytic) and EAAC1 (neuronal). EAAC1 seems to play a
main role in the rapid modulation of glutamatergic synaptic
transmission.18,19 For example, Levenson et al.20 showed that
induction of long-term potentiation in the CA1 region of the
hippocampus is associated with an NMDA receptor-dependent
translocation of the EAAC1 glutamate transporter to the plasma
membrane and increased uptake of glutamate. Waxman et al.19

reported a dual modulation of the glutamate transporter EAAC1
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by NMDA receptors. Under basal conditions, NMDA receptors
enhance EAAC1 membrane expression, which is also enhanced
by mild activation of NMDA receptors (i.e., with 10 μM
NMDA). However, robust activation of NMDA receptors (i.e.,
with 100 μM NMDA) or AMPA receptors (i.e., with 100 μM
AMPA + cyclothiazide) reduces membrane expression of
EAAC1.
To make compatible rapid neurotransmission with keep-

ing properly low glutamate levels, there is a rapid interaction
between iGluRs activation and surface expression of EAAC1.19

The sequence of events would be activation of NMDA and/or
AMPA receptors, increased extracellular glutamate, increased
EAAC1 surface expression, increased glutamate uptake, and
rapid decrease of extracellular glutamate. This allows a transient
increase of glutamate and a rapid return to low levels while
maintaining proper glutamatergic neurotransmission.
Altered glutamatergic neurotransmission is involved in

cognitive and motor alterations in many pathological situations
including chronic hyperammonemia and hepatic encephalop-
athy.21−26 Patients with chronic liver diseases have reduced
capacity to eliminate ammonia in the liver and, as a consequence,
show hyperammonemia, which increases ammonia levels in
the brain and is a main contributor to the cognitive and motor
alterations in patients with hepatic encephalopathy.27 Altered
glutamatergic neurotransmission due to hyperammonemia con-
tributes to the neurological alterations in hepatic Encephalo-
pathy.21,25 Clarifying the mechanisms by which hyperammonemia
alters glutamatergic neurotransmission may identify targets to
improve neurological function in hepatic encephalopathy.24

Hyperammonemia impairs the glutamate-nitric oxide (NO)-
cGMP pathway in the cerebellum in vivo, which is responsible
for the reduced ability to learn a Y maze task.28−30 The function
of this pathway is modulated by different neurotransmitter
receptors including GABAA

30 and high and low affinity AMPA
receptors.31,6 Hyperammonemia affects differently high- and
low-affinity AMPA receptors. Hyperammonemia reduces acti-
vation of Ca2+-permeable AMPA receptors but increases Na+

entering through high affinity AMPA receptors, resulting in
NMDA receptor activation.6

The modulation of extracellular glutamate by AMPA receptors
has not been studied in the cerebellum in vivo even in normal
rats.
The aims of this work were to assess (a) the effects of acti-

vation of high- and low-affinity AMPA receptors on extracellular
glutamate in the cerebellum in vivo; (b) whether chronic hyper-
ammonemia alters the modulation of extracellular glutamate by
high- and/or low-affinity AMPA receptors; and (c) the contri-
bution of NMDA receptors and EAAC1 transporter to AMPA-
induced changes in extracellular glutamate.

■ RESULTS
Time Course of the Modulation of Extracellular

Glutamate and the Membrane Expression of EAAC1 by
the Activation of Low Affinity AMPA Receptors. The
activation of low affinity AMPA receptors was achieved by using
0.3 mM AMPA in the in vivo microdialysis studies and 2 mM
AMPA in the studies on membrane expression of EAAC1
in cerebellar slices. In control rats, administration of AMPA
(0.3 mM) through the microdialysis probe induced a significant
increase in extracellular glutamate, reaching 158−189% of basal
levels in the two fractions after AMPA administration (fractions
5−6 in Figure 1A). This increase was transient and was followed
by a reduction of extracellular glutamate below the basal levels

before AMPA administration. Glutamate levels were maintained
at 47−50% of basal levels in fractions 8−11 (fractions 4−7 after
AMPA administration) (Figure 1A). After this period, extra-
cellular glutamate returned to basal values in fractions 12−13
(Figure 1A).
Hyperammonemia did not affect the transient increase in

glutamate or the subsequent decrease and normalization induced
by 0.3 mM AMPA (Figure 1A). The basal levels of extracellular
glutamate were significantly (p < 0.01) higher in hyper-
ammonemic rats (0.32 ± 0.04 μM) than in control rats (0.22 ±
0.02 μM). To assess whether activation of NMDA receptors
contributes to the increase or the decrease in extracellular
glutamate induced by 0.3 mM AMPA, we tested whether these
changes are prevented by blockingNMDAreceptors withMK-801
(0.5 μM).
As shown in Figure 1B, addition of MK-801 induced per se a

rapid transient increase in extracellular glutamate, which reached
323 ± 108% of basal levels in control rats and was not different
(275 ± 124%) in hyperammonemic rats. This transient increase
was also followed by a transient decrease below basal levels in
fraction 3 after MK-801 administration (fraction 7 in Figure 1B),
reaching 51 ± 7% and 41 ± 7% of basal levels in control and
hyperammonemic rats, respectively.
Blocking of NMDA receptors with MK-801 did not prevent

the increase in glutamate induced by 0.3 mM AMPA, which
reached similar levels in the presence (Figure 1B) and the
absence (Figure 1A) of MK-801. This indicates that it is not
mediated by a NMDA receptor activation. However, the
sustained reduction of extracellular glutamate below basal levels
induced in fractions 4−6 after 0.3 mM AMPA administration
(fractions 8−11 in Figure 1A) was completely prevented in the
presence of MK-801, both in control and hyperammonemic rats
(Figure 1B). This suggests that it is mediated by NMDA receptor
activation.
To assess its possible contribution to the changes in extra-

cellular glutamate, we analyzed the time course of the effects
of activation of low affinity AMPA receptors on membrane
expression of EAAC1 in cerebellar slices by adding 2 mMAMPA.
At early stages (8 min), AMPA induced a decrease in the
membrane expression of EAAC1 to 49 ± 14% of basal levels,
followed by an increase at 15 min to 186 ± 24% of basal levels,
and returned to basal values (125 ± 15% of basal) at 30 min
(Figure 1C).
To assess whether activation of NMDA receptors contributes

to the increase in EAAC1 membrane expression induced by
0.3 mM AMPA at 15 min, we tested whether this change is
prevented by blocking NMDA receptors withMK-801 (0.5 μM).
As shown in Figure 1C, MK-801 prevented the increase in
membrane expression of EAAC1 at 15 min, which remained at
91 ± 21% of basal levels. This suggests that it is mediated by
NMDA receptor activation.
As is the case for extracellular glutamate, the effects of 2 mM

AMPA or MK-801 in slices from hyperammonemic rats were
similar to those from control rats. As shown in Figure 1C, under
basal conditions, the membrane expression of EEAC1 is lower
(62 ± 9% of controls, p < 0.05) in hyperammonemic rats than
that in control rats. This was associated with a significant (p <
0.05) 39% increase in extracellular glutamate to 0.32 ± 0.04 μM
compared to 0.23 ± 0.02 μM in control rats.

Activation of High Affinity AMPA Receptors Induces a
Transient Increase in Extracellular Glutamate through
Activation of NMDAReceptors in Hyperammonemic Rats
but Not in Control Rats. Activation of high affinity AMPA
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receptors was achieved by using 0.1 mM AMPA in the in vivo
microdialysis studies and 0.3 mM AMPA in the studies on
membrane expression of EAAC1 in cerebellar slices. In the
microdialysis studies, the effects of hyperammonemia and the
responses to activation of AMPA receptors are completely
different when 0.1 mM AMPA was used instead of 0.3 mM.
Perfusion of 0.1 mM AMPA induced a strong increase in

extracellular glutamate in hyperammonemic rats but not in
control rats. In hyperammonemic rats, glutamate reached 368−
254% of basal levels (p < 0.001) in the two fractions after the
addition of AMPA. However, in control rats 0.1 mM AMPA
did not increase extracellular glutamate, which remained at 112−
92% of basal levels in the two fractions after the addition of
AMPA (Figure 2A). AMPA at 0.1mMdid not induce the delayed
reduction of glutamate below basal values induced by 0.3 mM
AMPA.
We also assessed the possible contribution of NMDA

receptors to glutamate increase by blocking them with MK-801
(Figure 2B). As also occurs in Figure 1B, MK-801 induced a
transient increase in extracellular glutamate, which was similar in
control and hyperammonemic rats.
The response to 0.1 mM AMPA was completely different in

the presence than in the absence of MK-801, both in hyper-
ammonemic and in control rats. In hyperammonemic rats,
MK-801 completely prevented the increase in glutamate induced
by 0.1 mM AMPA. Glutamate remained at 90−94% of basal
values before AMPA addition. In control rats, in the presence

of MK-801, 0.1 mM AMPA induces a strong increase in
extracellular glutamate, reaching 304−159% of basal levels in the
3 fractions after AMPA administration.
It seems that the more plausible explanation for the different

effects on extracellular glutamate of 0.1 and 0.3 mM AMPA and
the different mechanisms involved in these effects are that 0.1
and 0.3 mM AMPA activate different forms of AMPA receptors.
As described in the first section there are high and low affinity
AMPA receptors. It seems therefore likely that 0.1 mM AMPA
activates high affinity (GluR2 lacking) AMPA receptors, while
0.3 mM AMPA activates low affinity (GluR2-containing) AMPA
receptors.
To assess its possible contribution to the changes in extra-

cellular glutamate, we analyzed the effects of activation of high
affinity AMPA receptors on membrane expression of EAAC1
in cerebellar slices by adding 0.3 mM AMPA. At early stages
(8 min), AMPA induced a slight increase in the membrane
expression of EAAC1 to 123 ± 7% of basal values, followed
by a further increase at 15 min to 180 ± 32% of basal values
(Figure 2C). The effects were similar in hyperammonemic rats
(Figure 2C).

Effects of Blocking NMDA Receptors with MK-801 on
Membrane Expression of EAAC1 and GLT-1 Glutamate
Transporters. To assess whether the transient increase of
extracellular glutamate induced by MK-801 (Figures 1B and 2B)
is due to reduced uptake by EAAC1, we assessed the effects of
MK-801 on membrane expression of EAAC1. Treatment of the

Figure 1. Effects of activation of low affinity AMPA receptors on extracellular glutamate and on membrane expression of EAAC1 in control and
hyperammonemic rats. (A,B) Microdialysis was performed in the cerebellum in vivo in male rats. Perfusion was carried out in the absence (A) or the
presence (B) of MK-801 (0.5 μM). The solid short lines indicate the fraction during which AMPA (0.3 mM) was applied. The longer lines indicate the
application of MK-801. The dotted line indicates the basal levels. Data are presented asa percentage of basal values (mean of fractions 1−4). Values are
the mean ± SEM of 8−14 rats per group. (C and D) Cerebellar slices from control or hyperammonemic (HA) rats were incubated with 2 mM AMPA
during 8, 15, and 30 min, 20 μM MK-801 (MK), or its mixture, and the amount of EAAC1 present in the membrane was quantified as described in
Methods and is expressed as a percentage of control slices. Values are the mean ± SEM of 7−13 rats. Values significantly different from basal values are
indicated by a (p < 0.05), aa (p < 0.01), or aaa (p < 0.001). Values significantly different from control values are indicated with asterisks: *(p < 0.05),
** (p < 0.01), and *** (p < 0.001). Values significantly different between incubation time 8 and 15 min are indicated by bb (p < 0.01).

ACS Chemical Neuroscience Research Article

DOI: 10.1021/acschemneuro.5b00212
ACS Chem. Neurosci. 2015, 6, 1913−1921

1915

http://dx.doi.org/10.1021/acschemneuro.5b00212


slices with MK-801 reduces (p < 0.01) membrane expression of
EAAC1 in control rats to 62± 9% and 36± 13% of basal values at
15 and 30 min, respectively (Figures 1C and 3A). This would
contribute to the transient peaks of glutamate shown in fraction
5 of Figures 1B and 2B following the addition of MK-801.
However, the decrease of extracellular glutamate below basal
levels shown in fraction 7 of the same Figures may not be
explained by the change in EAAC1.
We therefore assessed the effects of MK-801 on membrane

expression of another main glutamate transporter, GLT-1
(astrocytic). As shown in Figure 3B, MK-801 increases GLT-1
in the membrane of control rats to 183 ± 43% and 141 ± 15%
of basal values at 15 and 30 min, respectively. This increase in

GLT-1 would contribute to the decrease of extracellular glu-
tamate in fraction 7 of Figures 1B and 2B.
In hyperammonemic rats, the amounts of EAAC1 and GLT-1

present in the membrane under basal conditions are significantly
lower than those in control rats, reaching 61 ± 7% (p < 0.05)
of controls for EAAC1 and 57 ± 8% (p < 0.001) for GLT-1.
MK-801 did not affect membrane expression of EAAC1 at
15 min and increased it at 30 min to levels similar to basal levels
in control rats (126 ± 25%). MK-801 also increased the
membrane expression of GLT-1 to 108± 25% and 180± 28% of
basal levels in controls at 15 and 30 min, respectively. These
increases in EAAC1 andGLT-1 would contribute to the decrease
of extracellular glutamate in fraction 7 of Figures 1B and 2B.

■ DISCUSSION
Mechanisms Involved in the Changes in Extracellular

Glutamate Induced by MK-801. The results show that
blocking NMDA receptors with MK-801 induces a transient
increase in extracellular glutamate both in control and hyper-
ammonemic rats. A similar increase in extracellular glutamate by
NMDA receptor antagonists has been reported in the cortex,
although the mechanisms involved may be different in the
cerebellum and cortex.32−35

As summarized in Figure 4, in control rats the mechanisms by
which blocking NMDA receptors enhance extracellular gluta-
mate would involve reduction of glutamate uptake due to
reduced surface expression of EAAC1 (Figure 3A), resulting in
increased extracellular glutamate. This glutamate increase would
be eliminated by reuptake through GLT-1 transporters, whose
membrane expression is increased by MK-801 (Figure 3B),
leading to the reduction of extracellular glutamate. The final
equilibrium is reached at the same initial extracellular glutamate,
indicating a tight control of the process (Figures 1B and 2B). It
should be noted that NMDA receptors are mainly present in
postsynaptic neurons but are also present in presynaptic neurons
and in astrocytes.36,37 This mechanism (Figure 4) would explain
the changes induced by MK-801 in extracellular glutamate in
normal rats. However, in hyperammonemic rats MK-801 did not
decrease membrane expression of EAAC1 (Figure 3A). This
suggests that in pathological situations such as hyperammonemia
other mechanisms may also contribute to the modulation of ex-
tracellular glutamate. One possibility is that in hyperammonemia
MK-801 could affect other glutamate transporters (e.g., GLAST)
which may mediate the increase in extracellular glutamate.
Another possibility is that in hyperammonemia MK-801 could
stimulate glutamate release without affecting its uptake, thus
resulting in increased extracellular levels.
As shown in Figure 4, EAAC1 is present mainly in neuronal

membranes, while GLT-1 is present mainly in glial cells. This
indicates that there is an interplay between different receptors
(AMPA and NMDA) and transporters (EAAC1 and GLT-1)
in different cell types (neurons and glia) to tightly control the
extracellular concentration of glutamate. This is essential to allow
rapid neurotransmission without inducing excitotoxic effects.

Mechanisms Involved in the Effects of Activation of
High Affinity AMPA Receptors. Effects in Control Rats.
AMPA receptor activation may induce glutamate release both by
Na+- and Ca2+-mediated mechanisms.38−40 In many systems,
AMPA-induced glutamate release seems mainly due to Na+-
dependent mechanisms.39−41 This is not surprising as most
AMPA receptors are Ca2+-impermeable.42

In control rats, 0.1 mM AMPA is enough to activate nearly
completely Ca2+-permeable AMPA receptors in the cerebellum

Figure 2. Effects of activation of high affinity AMPA receptors on
extracellular glutamate and on membrane expression of EAAC1 in
control and hyperammonemic rats. Experiments were performed as in
Figure 1 but adding 0.1 mM instead of 0.3 mM AMPA in microdialysis
experiments and 0.3 mM instead of 2mMAMPA in slices. Values are the
mean ± SEM of 6−13 rats per group. Values significantly different from
basal values are indicated by a (p < 0.05) or aa (p < 0.01). Values
significantly different from control values are indicated with asterisks:
*(p < 0.05), ** (p < 0.01), and *** (p < 0.001).
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in vivo.6 AMPA 0.1 mM induces a slight increase in the
expression of EAAC1 in membranes (Figure 2C) but does not
increase extracellular glutamate in control rats (Figure 2A),
suggesting that the glutamate released by activation of Ca2+-
permeable AMPA receptors is compensated for by rapid gluta-
mate uptake through EAAC1 (Figure 5A). Uptake of glutamate
by EAAC1 would compensate for the release of glutamate
induced by the activation by 0.1 mM AMPA of Ca2+-permeable
AMPA receptors, resulting in no net change in extracellular
glutamate (Figure 5A).
In the presence of MK-801, EAAC1 expression in the mem-

brane is reduced (Figure 3A). This would reduce glutamate
uptake, which, under these conditions, would not be enough to
compensate for the release induced by 0.1 mM AMPA, result-
ing in a net increase in extracellular glutamate in control rats
(Figures 5B and 2B).
Effects in Hyperammonemic Rats. Chronic hyperammone-

mia increases the content of the GluR2 subunit of AMPA
receptors in the cerebellum.6 AMPA receptors containing
the GluR2 subunit are calcium-impermeable, and its activation
increases intracellular Na+. Cabrera-Pastor et al.6 suggest that in
hyperammonemic rats activation of high affinity AMPA recep-
tors with 0.1mMAMPA induces only amild calcium increase but
a strong Na+ increase.6 This would potentiate NMDA receptor
activation due both to reduced inhibition by calcium and
enhanced activation by sodium.7 In control rats, with lower levels
of GluR2-containing AMPA receptors calcium influx reduces
NMDA receptor activation by different mechanisms.43−45 When
the sodium increase is low, the inhibitory effect of calcium
prevails leading to reduced NMDA receptor activation. This
Ca2+-induced inhibition of NMDA receptors is overcome by
large increases in intracellular sodium, leading to increased
NMDA receptor activation.7 This would be the case in hyper-
ammonemic rats; the larger amount of GluR2-containing AMPA
receptors would lead to higher increase in sodium and lower
increase in calcium than those in control rats, resulting in
enhanced activation of NMDA receptors (Figure 5C).
Activation of NMDA-receptors leads to glutamate release.9−12

Therefore, in hyperammonemic rats the sequence of events
following perfusion of 0.1 mM AMPA would be a large increase
in Na+, NMDA receptor activation, and a large release of
glutamate, which cannot be compensated for by uptake through
EAAC1 (Figure 5C). According to this sequence, blocking

NMDA receptors with MK-801 completely prevents the NMDA
receptor-mediated increase of glutamate induced by 0.1 mM
AMPA (Figure 2B and Figure 5D).

Mechanisms Involved in the Effects of Activation of
Low Affinity AMPA Receptors. Effects in Control Rats,
without MK-801. These effects are summarized in Figure 6A. In
control rats, activation of low affinity AMPA receptors induces a
rapid decrease in membrane expression of EAAC1 (Figure 1C,
8 min), reducing the uptake of glutamate and leading to
increased extracellular glutamate (Figure 1A). The increased
extracellular glutamate, together with the mild depolarization of
neurons, activates NMDA receptors (Figure 6A) which in turn
increases membrane expression of EAAC1 above basal levels
(Figure 1C, 15 min). This results in a strong uptake of glutamate,

Figure 3. Time course of the effects of MK-801 on membrane expression of EAAC1 and GLT-1 transporters in cerebellar slices from control or
hyperammonemic rats. Experiments were performed as in Figure 1C but adding 20 μMMK-801 during 15 and 30 min. Values are the mean ± SEM of
7−13 rats per group. Values significantly different from basal values are indicated by a (p < 0.05) or aaa (p < 0.001). Values significantly different from
control values are indicated with asterisks: *(p < 0.05), ** (p < 0.01), and *** (p < 0.001).

Figure 4. Possible mechanism of the changes in extracellular glutamate
induced by MK-801. MK-801 induces a decrease in membrane
expression of EAAC1 in neurons (see Figure 3C), increasing the
extracellular glutamate followed by an increase in membrane expression
of GLT-1 in glia which would mediate the decrease of extracellular
glutamate.
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Figure 5. Possible mechanism of the changes in extracellular glutamate induced by activation of high affinity AMPA receptors in control and
hyperammonemic rats. Role of NMDA receptors. (A) Control rats. AMPA (0.1mM) induces a release of glutamate which is compensated by an increase
in membrane expression of the EAAC1 transporter, resulting in no net change in extracellular glutamate. However, in the presence of MK-801, EAAC1
membrane expression is lower and is not enough to compensate for the release of glutamate induced by 0.1 mM AMPA, resulting in a net increase in
extracellular glutamate. (B) Hyperammonemic rats, without MK-801. In hyperammonemic rats, perfusion of 0.1 mM AMPA would induce a large
increase in Na+ and activation of NMDA receptors, leading to a large release of glutamate which cannot be compensated for rapidly by the increase in
membrane expression of EAAC1 also induced by 0.1 mM AMPA. (C) Hyperammonemic rats with MK-801. Blocking NMDA receptors with MK-801
prevents the NMDA receptor-mediated increase of glutamate by 0.1 mM AMPA, resulting in no net change in extracellular glutamate.
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which decreases below basal levels (Figure 1A), reducing acti-
vation of NMDA receptors and membrane expression of EAAC1
to basal levels (Figure 1C, 30 min). This in turn also restores
extracellular glutamate to basal levels (Figures 1A and 6A)
Effects in Control Rats, with MK-801. According to this

sequence of events, the release of glutamate induced by 0.3 mM
AMPA does not depend on NMDA receptors, and it is therefore
not affected by MK-801. However, the sustained reduction of
glutamate observed after the third fraction following the addition
of 0.3 mM AMPA in Figure 1A would be mediated by enhanced
membrane expression of EACC1 and glutamate uptake as a
consequence of NMDA receptor activation. Blocking NMDA
receptors with MK-801 reduces this NMDA-induced increase of
EAAC1 membrane expression, which is lower at 15 min in the
presence than in the absence of MK-801 (Figure 1C). This
reduces glutamate uptake, thus preventing the decrease in
extracellular glutamate below basal levels and maintining it at
basal levels (Figures 1B and 6B).
Effects in Hyperammonemic Rats, without or with MK-801.

The effects of the activation of low affinity AMPA receptors are
similar in hyperammonemic rats and in control rats. Chronic
hyperammonemia does not affect the modulation of extracellular
glutamate by low affinity AMPA receptors. However, it strongly
alters its modulation by high affinity AMPA receptors (activated
by 0.1 mM AMPA). The altered modulation of extracellular
glutamate by high affinity AMPA receptors would contribute to the
altered glutamatergic neurotransmission in chronic hyperammone-
mia, which in turn21−26 is involved in the cognitive and motor alter-
ations in chronic hyperammonemia and hepatic encephalopathy.
This report therefore shows that there is complex cross-talk

between AMPA and NMDA receptors with EAAC1 and GLT-1
transporters to tightly modulate extracellular glutamate concen-
tration to allow for proper function of neurotransmission and
to rapidly return to lower levels to prevent excitotoxicity.

Alterations of these processes in pathological situations such as
hyperammonemia would lead to altered neurotransmission which
may contribute to the associated cognitive and motor impair-
ments. It should be noted that in the rat model of chronic
hyperammonemia used in the present work the levels of ammonia
in blood are similar to those present in patients with liver cirrhosis
and that ammonia increase in the brain is also mild, reaching
around 0.4mM.46,47 It is therefore very likely that alterations in the
modulation of extracellular glutamate by high affinity AMPA
receptors and by NMDA receptors similar to those reported here
may also occur in the brain of cirrhotic patients with minimal
hepatic encephalopathy. These alterations could contribute to the
cognitive and motor alterations present in these patients.24

■ METHODS
Model of Chronic Hyperammonemia in Rats. Male Wistar rats

(120−140 g, Charles River, France) were made hyperammonemic by
feeding them an ammonium-containing diet for 4−6 weeks as in Felipo
et al.48 The experiments were approved by the Comite ́ de Ética de
Experimentacioń Animal of the Centro de Investigacioń Prińcipe Felipe
and carried out in accordance with the European Communities Council
Directive (86/609/EEC).

In VivoMicrodialysis. Rats were anesthetized using halothane, and
a microdialysis guide (CMA, Stockholm, Sweden) was implanted in the
right cerebellar lobule, in the molecular layer of the cerebellar cortex
(coordinates AP −10.2, ML −1.6, and DV −1.2 according to Paxinos
andWatson,49 as previously reported in ref 50). The probes were placed
in the external part of the cerebellum to minimize the damage produced
by the microdialysis probe. After 48 h, a microdialysis probe (CMA/12;
3 mm long) was implanted in a freely moving rat. Probes (CMA,
Stockholm, Sweden) were perfused (3 μL/min) with artificial cere-
brospinal fluid (in mM): NaCl, 145; KCl, 3.0; CaCl2, 2.26; buffered
at pH 7.4 with 2 mM phosphate. After 2−3 h of stabilization period,
five samples (30 min each) were collected to measure basal levels
of glutamate. Then, the different compounds tested were perfused
through the microdialysis probe for the times indicated in each Figure.

Figure 6. Possible mechanism of the changes in extracellular glutamate induced by activation of low affinity AMPA receptors in control and
hyperammonemic rats. Role of NMDA receptors. AMPA (0.3 mM) induces a rapid reduction in membrane expression of EAAC1, resulting in increased
extracellular glutamate which led to enhanced activation of NMDA receptors (A), thus enhancing membrane expression of EAAC1, which strongly
reduces extracellular glutamate below basal levels. This reduces activation of NMDA receptors andmembrane expression of EAAC1, restoring glutamate
levels to basal levels. Blocking NMDA receptors with MK-801 (B) prevents this NMDA-induced increase of EAAC1 and extracellular glutamate
decrease below basal levels.
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The compounds used were the following: AMPA (100 μM) to activate
high affinity AMPA receptors; AMPA (300 μM) to activate low affinity
AMPA receptors; and MK-801 ((+)-5-methyl-10,11-dihydro-5H-
dibenzo[a,d] cyclohepten-5,10-imine maleate) (0.5 μM) to block
NMDA receptors. Samples were stored at −80 °C until analysis.
We have shown that recovery of cGMP though the microdialysis

probe is 11%.50 A similar recovery has been used for AMPA and NMDA,
for example, by Bhardwaj et al.51 Taking this into account, the concen-
tration of AMPA achieved in the extracellular fluid in the cerebellum
would be around 10 and 30 μMwhen 0.1 or 0.3 mM AMPA are applied
through the microdialysis probe.
Determination of Glutamate. Glutamate in the microdialysis

samples were analyzed using a Waters reverse-phase HPLC system with
fluorescence detection and precolumn o-phtalaldehyde derivatization
(Waters), as previously described.52

Membrane Surface Expression of the EAAC1 and GLT-1
Transporters by Cross-Linking with BS3. Membrane surface
expression of the EAAC1 and GLT-1 transporters by cross-linking
with BS3 in cerebellar slices was analyzed as described by Boudreau and
Wolf.53 Control and hyperammonemic rats were decapitated and their
brains transferred into ice-cold Krebs buffer (in mmol/L); NaCl 119,
KCl 2.5, KH2PO4 1, NaHCO3 26.2, CaCl2 2.5, and glucose 11, aerated
with 95% O2 and 5% CO2 at pH 7.4. Cerebellums were dissected and
transverse slices (400 μm) were obtained using a vibrotome (LEICA,
Vt1000s), transferred to incubation wells and incubated for 30 min at
35.5 °C in Krebs buffer. AMPA (0.3 or 2 mM) and MK-801 (20 μM)
were added and the incubation continued for 20 min. The concentra-
tion used in slices was higher than that in vivo because our experience
shows that there is a dilution effect in this system and that higher
concentrations are required to induce similar effects (e.g., see ref 54).
Slices were added to tubes containing ice-cold standard buffer with or
without 2 mM BS3 (Pierce, Rockford,IL) and incubated for 30 min at
4 °C. Cross-linking was terminated by adding 100 mM glycine (10 min,
4 °C). The slices were homogenized by sonication for 20 s. Samples
treated or not with BS3 were analyzed by Western blot using anti-
EAAC1 (MAB1587; Millipore, dilution 1:250) and anti-GLT-1 (Tocris
bioscience, Cat.No.2063, 1:4000). The surface expression of EAAC1 or
GLT-1 was calculated as the difference between the intensity of the bands
without BS3 (total protein) and with BS3 (nonmembrane protein).
Statistical Analysis.Results are expressed as themean± SEM. Data

were analyzed by analysis of variance (ANOVA) followed by Dunnett’s
posthoc test. When only 2 values were compared, an unpaired Student’s
t test was used. Significance levels were set at α = 0.05.
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(35) Loṕez-Gil, X., Artigas, F., and Adell, A. (2009) Role of different
monoamine receptors controlling MK-801-induced release of serotonin
and glutamate in the medial prefrontal cortex: relevance for
antipsychotic action. Int. J. Neuropsychopharmacol. 12 (4), 487−99.
(36) Rossi, B., and Collin, T. (2013) Presynaptic NMDA receptors act
as local high-gain glutamate detector in developing cerebellar molecular
layer interneurons. J. Neurochem. 126 (1), 47−57.

(37) Conti, F., DeBiasi, S., Minelli, A., and Melone, M. (1996)
Expression of NR1 and NR2A/B subunits of the NMDA receptor in
cortical astrocytes. Glia. 17 (3), 254−8.
(38) Bezzi, P., Carmignoto, G., Pasti, L., Vesce, S., Rossi, D., Rizzini, B.
L., Pozzan, T., and Volterra, A. (1998) Prostaglandins stimulate calcium-
dependent glutamate release in astrocytes. Nature 391 (6664), 281−
285.
(39) Smith, J. P., Cunningham, L. A., and Partridge, L. D. (2000)
Coupling of AMPA receptors with the Na+/Ca2+ exchanger in cultured
rat astrocytes. Brain Res. 887 (1), 98−109.
(40) Zamalloa, T., Bailey, C. P., and Pineda, J. (2009) Glutamate-
induced post-activation inhibition of locus coeruleus neurons is
mediated by AMPA/kainate receptors and sodium-dependent potas-
sium currents. Br. J. Pharmacol. 156 (4), 649−661.
(41) Dumuis, A., Sebben, M., Fagni, L., Preźeau, L., Manzoni, O.,
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