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The glutamate– glutamine cycle is thought to be integral in continuously replenishing the neurotransmitter pool of glutamate. Inhibiting
glial transfer of glutamine to neurons leads to rapid impairment in physiological and behavioral function; however, the degree to which
excitatory synaptic transmission relies on the normal operation of this cycle is unknown. In slices and cultured neurons from rat
hippocampus, we enhanced the transfer of glutamine to neurons, a fundamental step in this cycle, by adding exogenous glutamine.
Although raising glutamine augments synaptic transmission by increasing vesicular glutamate, access to this synthetic pathway by
exogenously applied glutamine to neurons is delayed and slow, challenging mechanisms linking the rapid effects of pharmacological
inhibitors to decreased vesicular glutamate. We find that pharmacological inhibitors of glutamine synthetase or system A transporters
cause an acute depression of basal synaptic transmission that is rapidly reversible, which is unlikely to be attributable to the rapid loss of
vesicular glutamate. Furthermore, release of vesicular glutamate remains robust even during the prolonged removal of glutamine from
pure neuronal cultures. We conclude that neurons have the capacity to store or produce glutamate for long periods of time, independently
of glia and the glutamate– glutamine cycle.
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Introduction
Excitatory neurons use the amino acid glutamate as a neurotrans-
mitter in the mammalian CNS. To sustain chemical transmis-
sion, these neurons accumulate high concentrations of glutamate
in synaptic vesicles. All cells synthesize glutamate from interme-
diates in the tricarboxylic acid (TCA) cycle (Stryer, 1995). How-
ever, glutamate biosynthesis through the TCA cycle is thought to
be insufficient to support the neurotransmitter pool, because ex-
clusive supply of glutamate through this pathway would deplete
the TCA cycle of key intermediates (Hertz and Zielke, 2004).
Neurons lack enzymes (e.g., pyruvate carboxylase) present in
other cells that serve to replenish the TCA cycle (Shank et al.,
1985). Neurons, then, apparently cannot maintain both energy
production and a neurotransmitter pool independently. Instead,
neuronal glutamate, or its synthetic precursor, may originate
from an exogenous source.

A cycle in which glutamate and glutamine are exchanged be-
tween neurons and glia arose from studies of neuronal metabo-
lism (van den Berg and Garfinkel, 1971; Benjamin and Quastel,

1975). In the glutamate– glutamine cycle, glutamate released dur-
ing synaptic transmission is transported into glia by the EAAT2
(excitatory amino acid transporter 2) family of plasma mem-
brane glutamate transporters (Danbolt, 2001). Glutamine syn-
thetase, an enzyme found in astrocytes and other glia, converts
glutamate into glutamine (Martinez-Hernandez et al., 1977).
Glutamine is then transported by system N transporters from glia
into the extracellular space where it is retrieved by neuronal sys-
tem A neutral amino acid transporters (Chaudhry et al., 2002). In
neurons, phosphate-activated glutaminase (PAG) deaminates
glutamine, producing glutamate (Kvamme et al., 2000). Finally,
glutamate is transported into synaptic vesicles by vesicular gluta-
mate transporters, thus completing the cycle (Fremeau et al.,
2004).

Although many of the molecular components of the cycle
have been identified, the physiological role of the glutamate–
glutamine cycle in synaptic transmission is poorly understood
(Rothman et al., 2003). Models based on estimates of metabolic
rates in bulk tissue suggest that astrocytes contribute significantly
to neuronal metabolism and support astrocytes as the site of
glutamate to glutamine conversion (Gruetter et al., 2001). Inhi-
bition of glutamine synthetase in hippocampal slice cultures de-
creases immunogold labeling of astrocytic glutamine and neuro-
nal glutamate, while increasing labeling of astrocytic glutamate
(Laake et al., 1999). This redistribution further supports an es-
sential role for astrocytic glutamine synthetase in the generation
of nerve terminal glutamate.

In fact, it has been suggested that uninterrupted transfer of
glutamine from astrocytes to neurons is necessary for synaptic
function. Inhibition of glutamine synthetase causes an acute de-
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pression in retinal function (Winkler et al., 1999; Barnett et al.,
2000) as well as an acute impairment in performance on a learn-
ing task in chicks (Hertz et al., 1996). Given these dramatic ef-
fects, we sought to assay synaptic transmission directly in rat
hippocampal slices and dissociated neuronal cultures under con-
ditions in which the glutamate– glutamine cycle was perturbed.
We show that pharmacological inhibition of the glutamate–
glutamine cycle fails to abolish synaptic transmission, even dur-
ing intense synaptic activation. Our findings indicate that even in
the absence of glial support, neurons can maintain a releasable
pool of vesicular glutamate for long periods of time.

Materials and Methods
Primary hippocampal culture. Hippocampi from postnatal day 0 (P0) rats
were dissociated in HBSS with papain/EDTA (Worthington Biochemi-
cal, Lakewood, NJ) for 15 min at 37°C, treated with trypsin inhibitor for
5 min, washed in Neurobasal A (Invitrogen, Eugene, OR) containing 5%
FBS (Invitrogen), and triturated. After trituration, the cells were plated
on poly-D-lysine-coated coverslips at a density of 100,000 per 12 mm
coverslip. After 1 d, the medium was replaced with Neurobasal A con-
taining 5% FBS, 2% B27 supplement (Invitrogen), 1% penicillin-
streptomycin, and 1 mM L-glutamine (Invitrogen). Ten micromolars
fluoro-deoxy uridine in 1/5 volume of fresh medium were added on day
2–3 to inhibit glial growth, and one-half volume fresh medium was ex-
changed on day 9.

Banker culture. The cortex from postnatal day 0 (P0) to P2 was disso-
ciated in HBSS with papain/EDTA for 10 min at 37°C, treated with tryp-
sin inhibitor, triturated, and resuspended in MEM with Earle’s contain-
ing 10% FBS. After resuspension, cells were plated in 75 mm flasks. One
day and 4 d after plating, fresh medium was added. After 7 d, the flask was
shaken vigorously overnight to remove contaminating glia, fibroblasts,
and neurons. After agitation, HBSS with papain/EDTA was added and
cells were plated in MEM with Earle’s containing 10% FBS at a density of
25,000 per well in a six-well plate. Two to 5 d after plating, serum medium
was replaced with Neurobasal containing 10% FBS, 4% B27 supplement,
1% penicillin-streptomycin, and 1 mM glutamine.

Dissociated hippocampal neurons derived from embryonic day 16
(E16) to E18 rats using the above procedure were plated on poly-D-
lysine-coated coverslips with paraffin dots at a density of 100,000 per 12
mm coverslip. Cells were left to settle on the coverslips overnight before
the coverslips were flipped over into the wells containing the glial feeder
layer. Two to 5 d after plating, 10 �M fluoro-deoxy uridine was added in
1/5 volume fresh medium.

Electrophysiology. Transverse hippocampal slices (300 – 400 �m) were
prepared from Sprague Dawley rats (12–24 d old) as described previ-
ously. The slices were maintained in a submerged chamber for both
recovery (at least 1 h) and recording at room temperature (24 –28°C).
Perfusion medium contained (in mM) 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.4
MgSO4, 1 NaH2PO4, 26.2 NaHCO3, and 11 glucose, saturated with 95%
O2-5% CO2. The perfusion rate was 2 ml/min.

Field EPSPs (fEPSPs) were evoked in the CA1 stratum radiatum by
stimulation of Schaffer collaterals with glass pipettes filled with either 1 M

NaCl or extracellular recording solution, and were recorded with 3–5
M� glass pipettes filled with either 1 M NaCl or extracellular recording
solution using the Axopatch-1D amplifier (Molecular Devices, Union
City, CA). fEPSPs were filtered at 2 kHz, digitized at 10 kHz, and stored
on computers using IgorPro (Wavemetrics, Lake Oswego, OR). Test
stimuli consisted of 100 �s pulses of constant voltage delivered by stim-
ulus isolation units (A.M.P.I., Jerusalem, Israel). The baseline stimula-
tion rate was 0.1 Hz for all experiments. For input– output experiments,
slices from control and glutamine incubated groups were interleaved. In
hyperkalemic conditions, slices were perfused with solution containing
(in mM) 29 NaCl, 90 KCl, 26 NaHCO3, 10 glucose, 1 NaH2PO4, 1.3
MgSO4, and 2.5 CaCl2, saturated with 95% O2-5% CO2. Data points
obtained during hyperkalemic stimulation and stimulus artifacts were
blanked for clarity. Control conditions were made iso-osmotic with the
experimental condition using sucrose to avoid osmolarity artifacts. Pic-
rotoxin was included in all solutions to isolate glutamatergic transmis-

sion. D-(�)-2-Amino-5-phosphonopentanoic acid (D-APV) was
included except when indicated to prevent NMDA-dependent plasticity.

Somatic whole-cell voltage-clamp recordings in acute slices were ob-
tained from visually identified CA1 pyramidal cells using 2.5–5 M� glass
electrodes filled with (in mM) 107.5 Cs-gluconate, 20 HEPES, 0.2 EGTA,
8 Na-gluconate, 8 tetraethylammonium-Cl, 4 Mg-ATP, 0.3 Na-GTP, and
5 QX-314, pH 7.27, 280 mOsm. Cells in which the series or input resis-
tance varied by 20% during the experiment were discarded. Stimulus
artifacts were blanked. mEPSCs were measured in the presence of 0.5 �M

TTX and were recorded and analyzed off line with customized software,
using an amplitude threshold of 6 pA. Entries in cumulative distribution
histograms ranged from 90 to 330 events.

For cultured neurons, the extracellular recording solution contained
(in mM) 140 NaCl, 2.4 KCl, 4 CaCl2, 4 MgSO4, 10 HEPES, and 10 glucose.
The pH was adjusted with NaOH to 7.27. In Na �-free incubation solu-
tion, the NaCl was replaced with choline chloride and the pH was ad-
justed with KOH. For high-K � stimulation, the neurons were placed in a
solution containing (in mM) 52.4 NaCl, 90 KCl, 10 HEPES, 10 glucose, 4
CaCl2, and 4 MgSO4.

Averaged data represent the mean � SEM. Statistical significance was
determined using the Student’s t test at a significance level of p � 0.05
unless otherwise indicated.

D-APV, �-D-glutamylglycine (�-DGG), DL-threo-�-benzyloxyaspartic
acid (DL-TBOA), and tetrodotoxin were obtained from Tocris (Ellisville,
MO). All other compounds were obtained from Sigma (St. Louis, MO).

Results
Glutamine synthetase inhibition depresses synaptic
transmission acutely, but not through a glutamate– glutamine
cycle block
Glial synthesis of glutamine from synaptically released glutamate
initiates the return of this neurotransmitter back to presynaptic
terminals. L-Methionine sulfoximine (MSO) inhibits this con-
version by blocking glutamine synthetase (Lamar and Sellinger,
1965; Manning et al., 1969). Application of MSO (10 mM) in rat
hippocampal slices acutely decreased the fEPSP recorded in stra-
tum radiatum area CA1 to 73.91 � 2.36% of control; however,
exogenous glutamine (4 mM) did not offset the inhibitory effect
of MSO, which reduced the fEPSP to 79.41 � 1.66% of control in
the presence of glutamine (n � 9 slices; p � 0.05, compared with
MSO alone) (Fig. 1A). Therefore, the acute depression cannot be
related to decreased glutamine synthesis, rather it may be attrib-
utable to a nonspecific MSO effect. In some preparations, MSO
requires hours of incubation to inhibit glutamine synthetase
completely. Incubating slices in MSO (40 mM) for 1– 6 h and then
returning the slices to control solutions did not specifically affect
basal synaptic transmission (Fig. 1B), suggesting that glutamine
synthetase is not necessary for maintaining the vesicular pool of
glutamate at Schaffer collateral synapses.

Inhibition of glutamine uptake produces a rapidly reversible,
acute depression
Although glutamine synthetase may not generate the glutamine
that serves as the biosynthetic precursor of vesicular glutamate,
neurons may still import glutamine from other sources through
neutral amino acid transporters. Glutamine entry into neurons
through system A transporters can be prevented by
�-(methylamino)isobutyric acid (MeAIB), a competitive sub-
strate used to define this family of transporters (Reimer et al.,
2000; Sugawara et al., 2000; Varoqui et al., 2000; Yao et al., 2000).
Acute application of MeAIB (25 mM) produced a small decrease
in the fEPSP slope that was rapidly reversible, suggesting a role for
extracellular glutamine in maintaining excitatory synaptic trans-
mission (Fig. 2A). To determine whether long-term restriction of
glutamine entry produces a persistent depression in synaptic
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transmission, input– output curves were collected in slices incu-
bated in MeAIB (25 mM) for 1– 6 h. We hypothesized that, with
spontaneous glutamate release ongoing while the slices are in the
incubating chamber, blocking the glutamate– glutamine cycle for
an extended period of time would eventually deplete vesicular
glutamate; however, basal synaptic transmission was unaffected
by the prolonged incubation, similar to MSO-incubated slices
(Fig. 2B).

Enhancing extracellular glutamine increases vesicular
glutamate release
To avoid nonspecific effects, slices incubated in MSO and MeAIB
were recorded in a solution lacking these inhibitors. Our data
suggest that relieving inhibition of glutamine synthetase or sys-
tem A transport may allow rapid replenishment of glutamine and
vesicular glutamate. If this were the case, glia should be able to
restore glutamine to neurons very quickly and neurons should be
able to convert that glutamine to vesicular glutamate in minutes.
Thus, enhancing the transfer of glutamine to neurons should
increase vesicular glutamate with the same efficiency. To test this
hypothesis, we exposed neurons to increased extracellular glu-
tamine concentrations. Extracellular glutamine is estimated to be
between 200 and 900 �M in vivo (Gjessing et al., 1972; Lerma et
al., 1986), but may be absent in tissue slices (Kapetanovic et al.,

1993). Hippocampal slices incubated in physiological concentra-
tions of glutamine do not show any difference in quantal ampli-
tude (control, �9.95 � 0.50 pA; 900 �M glutamine, �10.70 �
0.55 pA; n � 9 for each; p � 0.05) or frequency (control, 0.69 �
0.21 Hz; 900 �M glutamine, 0.58 � 0.21 Hz; n � 9 for each; p �
0.05) compared with slices incubated in our standard extracellu-
lar solution. Incubating hippocampal slices in 4 mM glutamine
resulted in an increase in the input– output relationship of the
fEPSP mediated by AMPA receptors when compared with con-
trol slices (Fig. 3A). fEPSPs mediated by NMDA receptors in
glutamine-incubated slices were similarly augmented (Fig. 3B).
Increases in the ratio of both AMPA and NMDA postsynaptic
potentials to the presynaptic fiber volley in glutamine-treated
slices indicate a presynaptic change in release.

To determine whether the presynaptic change is caused by an
increase in probability of release or an increase in the vesicular
concentration of glutamate, we measured quantal size in
glutamine-treated slices. Surprisingly, miniature EPSC (mEPSC)
amplitude (control, �11.22 � 0.70 pA, n � 9; 4 mM glutamine,
�10.89 � 0.32 pA, n � 10; p � 0.05) and frequency (control,
0.84 � 0.35 Hz, n � 9; 4 mM glutamine, 0.48 � 0.12 Hz, n � 10;
p � 0.05) were unaffected in slices incubated in glutamine for up
to 4 h (Fig. 4A). When slices were exposed to the same concen-
tration of glutamine for longer than 4 h, an increase in quantal
amplitude (control, �10.73 � 0.54 pA, n � 7; 4 mM glutamine,

Figure 1. MSO causes an acute decrease in synaptic transmission that appears to be inde-
pendent of glutamate– glutamine cycle inhibition. A, fEPSPs recorded in stratum radiatum of
CA1 in rat hippocampal slices (n � 9) are inhibited by MSO (10 mM); however, glutamine (Gln;
4 mM) does not prevent the effect. B, Input– output relationships in slices incubated in MSO (40
mM; n � 11) or control solution (n � 9) for �4 h are not significantly different ( p � 0.05 for
all fiber volley amplitudes). Representative traces at three fiber volley amplitudes are shown to
the right for a control slice (top) and a MSO incubated slice (bottom). FV, Fiber volley. Calibra-
tion: 0.5 mV, 10 ms.

Figure 2. MeAIB produces a rapidly reversible acute depression of synaptic transmission. A,
Depression of fEPSPs recorded in stratum radiatum of CA1 is observed after MeAIB (25 mM)
application (n � 7). B, Incubation in MeAIB (25 mM) for more than 4 h does not change the
input– output curve (control, n � 16; MeAIB, n � 14; p � 0.05 for all fiber volley amplitudes).
Representative traces in control slices (top) and MeAIB-incubated slices (bottom) are shown to
the right. FV, Fiber volley. Calibration: 0.5 mV, 10 ms.
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Figure 3. Increasing extracellular glutamine enhances synaptic transmission and vesicular
glutamate content in hippocampal slice. A, Input– output relationship of the AMPA-mediated
fEPSPs in hippocampal slices incubated in 4 mM glutamine (n � 16) compared with a 4 mM

sucrose osmotic control (n � 15) are statistically greater at all fiber volley amplitudes ( p �
0.05). Sample fEPSPs at different fiber volley amplitudes from each group are shown to the
right. Calibration: 0.5 mV, 10 ms. B, Input– output curve of NMDA-mediated fEPSP in 4 mM

glutamine-incubated slices (n � 13) is significantly enhanced over control slices (n � 12).
Representative traces from three fiber volley amplitudes are shown to the right for glutamine-
incubated (top) and control (bottom) slices. Calibration: 0.1 mV, 10 ms. C, Inhibition of evoked
EPSCs by the low-affinity AMPA receptor antagonist �-DGG (0.5 mM) is reduced in 4 mM

glutamine-incubated slices (n � 12) relative to control (n � 10; * p � 0.05). However, the
high-affinity antagonist CNQX (400 nM) produces similar inhibition in both control (n � 7) and
glutamine-incubated slices (n � 6; p � 0.05). Inset, Sample traces before (black traces) and
after (gray traces) �-DGG and CNQX application. Calibration: 25 pA, 10 ms.

Figure 4. Prolonged incubation in glutamine increases quantal amplitude through a system
A-dependent mechanism. A, Quantal amplitude does not change in slices incubated in glu-
tamine (Gln; 4 mM) for �4 h. Cumulative distribution function of amplitudes are not different
between glutamine (n � 7) and control slices (n � 9; p � 0.05, Kolmogorov–Smirnov test).
Sample recordings from control (top) and glutamine-incubated (bottom) cells. Calibration: 10
pA, 100 ms. B, After more than 4 h of glutamine incubation, quantal amplitude is increased.
Cumulative distribution function of amplitudes are significantly increased in glutamine (n � 8)
slices over control slices (n � 7; p � 0.05, Kolmogorov–Smirnov test). Sample recordings from
control (top) and glutamine-incubated (bottom) cells are shown. Calibration: 10 pA, 100 ms. C,
Glutamine enhancement relies on system A transporters. Cumulative distribution function of
amplitudes is reduced in slices incubated in glutamine and MeAIB (n � 18) relative to slices
incubated in glutamine alone (n � 18; p � 0.05, Kolmogorov–Smirnov test). Sample recordings
from glutamine-incubated (top) and glutamine-incubated (bottom) cells. Calibration: 10 pA, 100 ms.
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�14.29 � 1.12 pA, n � 8; p � 0.05) was observed with no change
in frequency (control, 0.45 � 0.16 Hz, n � 7; 4 mM glutamine,
0.47 � 0.18 Hz, n � 8; p � 0.05) (Fig. 4B). This increased vesic-
ular glutamate originated from extracellular glutamine that had
entered through system A transporters because incubation of
slices in both glutamine and MeAIB prevented the augmentation
in mEPSC amplitude (4 mM glutamine, �13.16 � 0.67 pA, n �
18; 4 mM glutamine plus 25 mM MeAIB, �11.48 � 0.55 pA, n �
18; p � 0.05) with no change in frequency (4 mM glutamine,
0.27 � 0.03 Hz, n � 18; 4 mM glutamine plus 25 mM MeAIB,
0.39 � 0.07 Hz, n � 18; p � 0.05) (Fig. 4C).

The glutamate– glutamine cycle has also been proposed to
support inhibitory transmission mediated by GABA. In this
model, GABAergic neurons use glutamic acid decarboxylase
(GAD) to convert glutamate generated from exogenous glu-
tamine into GABA (Bak et al., 2006). The amplitude (control,
10.71 � 0.51 pA, n � 10; 4 mM glutamine, 11.08 � 0.32 pA, n �
17; p � 0.05) and frequency (control, 0.69 � 0.10 Hz, n � 10; 4
mM glutamine, 0.71 � 0.08 Hz, n � 17; p � 0.05) of spontaneous
miniature IPSCs mediated by GABA, however, were unaffected
by incubation of slices in 4 mM glutamine for more than 4 h.
These results are consistent with GABA synthesis relying, instead,
on direct uptake of extracellular glutamate (Mathews and Dia-
mond, 2003).

To determine whether the amount of vesicular glutamate is
increased in glutamine incubated slices, we used the low-affinity
AMPA receptor antagonist, �-DGG, to assay the concentration of
synaptic glutamate (Watkins et al., 1990; Liu et al., 1999; Wadiche
and Jahr, 2001; Christie and Jahr, 2006). In control slices, �-DGG
(0.5 mM) decreased the evoked AMPA EPSC recorded in whole-
cell mode by 50%. After glutamine incubation, �-DGG inhibi-
tion was reduced, indicating an increase in synaptically released
glutamate (Fig. 3C). In contrast, inhibition by the high-affinity
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) was
not significantly different between control slices and slices incu-
bated in 4 mM glutamine for more than 4 h (Fig. 3C).

The delay in glutamine-induced augmentation of synaptic
transmission might be attributable to an inability of glutamine to
access transporters in the slice preparation. Dissociated hip-
pocampal neurons are grown in a monolayer and are readily
accessible to exogenously applied substances. Incubating cul-
tured hippocampal neurons in high glutamine concentrations for
up to 4 h at 34°C also did not produce an increase in quantal
amplitude (control, �14.23 � 1.09 pA, n � 16; 4 mM glutamine,
�14.55 � 0.64 pA, n � 19; p � 0.05) or frequency (control,
1.67 � 0.60 Hz, n � 16; 4 mM glutamine, 1.95 � 0.54 Hz, n � 19;
p � 0.05) (Fig. 5A). To increase our ability to detect changes in
vesicular glutamate release, we locally perfused 500 mM sucrose
to engage the readily releasable pool of vesicles (Rosenmund and
Stevens, 1996). Sucrose-evoked currents in cultures exposed to
high glutamine for less than 4 h did not differ from control cul-
tures (Fig. 5C). If cultures were exposed to glutamine for longer
than 4 h, mEPSC amplitude did increase (control, �13.42 � 0.82
pA, n � 16; 4 mM glutamine, �18.53 � 1.60 pA, n � 16; p �
0.05), although the frequency was not significantly different
(control, 2.95 � 1.36 Hz, n � 16; 4 mM glutamine, 3.30 � 0.73
Hz, n � 16; p � 0.05) (Fig. 5B). The sucrose-evoked current
increased as well, although not significantly (Fig. 5C). Thus, the
delay in the enhancement must arise either from a delay in glu-
tamine uptake or conversion.

The time course of the glutamine-induced increase in vesicu-
lar glutamate was monitored directly by stimulating the Schaffer
collateral pathway in the presence of high glutamine. The fEPSP

Figure 5. Glutamine enhances quantal amplitude in dissociated hippocampal culture with
the same time course as in hippocampal slices. A, Cumulative distribution function of ampli-
tudes is not different between 4 mM glutamine (Gln)-incubated (n � 18) and control cultures
(n � 20; p � 0.05, Kolmogorov–Smirnov test). Sample recordings from control (top) and
glutamine-incubated (bottom) cells. Calibration: 10 pA, 100 ms. B, Cumulative distribution
function of amplitudes is different between 4 mM glutamine-incubated (n � 15) and control
cultures (n � 14; p � 0.05, Kolmogorov–Smirnov test). Sample recordings from control (top)
and glutamine-incubated (bottom) cells. Calibration: 10 pA, 100 ms. C, Current evoked by
sucrose (500 mM) does not differ between cultures incubated in 4 mM glutamine (�4 h, n � 19;
�4 h, n � 16) relative to control coverslips (�4 h, n � 16; �4 h, n � 16; p � 0.05). Inset,
Representative traces show sucrose-evoked currents. Black bars indicate application of 500 mM

sucrose. Calibration: 400 pA, 1 s.
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slope was unchanged for �1 h. The slope then gradually in-
creased over the next 3 h (Fig. 6A). Whereas the augmentation
appeared sooner than in unstimulated slices, a 1 h delay re-
mained. Given the slow effects of exogenously applied glutamine,
rapid recovery after either glutamine synthetase or system A in-
hibition (Figs. 1, 2) seems unlikely.

The difference in time before glutamine augmentation be-
tween spontaneously active slices and stimulated slices could re-
flect resolution of the assay (quantal event vs population re-
sponse) or a role for activity in regulating the access of
extracellular glutamine to vesicular glutamate. To distinguish be-
tween these two possibilities, we monitored the recovery of
fEPSPs after hyperkalemic stimulation. Potassium depolariza-
tion has been shown to rapidly turn over a large percentage of the
recycling pool of vesicles (Ryan et al., 1993; Klingauf et al., 1998;
Kuromi and Kidokoro, 1999). In control slices, application of 90
mM K� for 5 min results in an acute depression followed by
recovery of the fEPSP slope (Fig. 6B). Kynurenic acid, a low-
affinity antagonist of ionotropic glutamate receptors, was present
during the high K� to protect against excitotoxicity in the slice.
When glutamine was added after stimulation, the fEPSP slope
increased immediately, remained higher through the recovery,
and overshot baseline responses (Fig. 6B). The enhancement de-
pends on glutamine entry through system A transporters because
adding glutamine and MeAIB together after hyperkalemic stim-
ulation mitigates the enhanced recovery and abolishes the long-
lasting enhancement (Fig. 6C).

If high activity improves utilization of the glutamate–
glutamine cycle, adding inhibitors may produce a more persis-
tent hyperkalemic decrease in glutamatergic transmission. MSO
and MeAIB were added after 5 min high K� application. The rate
and level of recovery in the presence of glutamate– glutamine
cycle blockers was not statistically different from control slices
after hyperkalemic stimulation (Fig. 6D). Thus, tissue slices can
sustain synaptic transmission in the absence of glutamate–
glutamine cycling, even after intense stimulation.

Synaptic transmission remains robust during
metabolic restriction
The inability to affect synaptic transmission in hippocampal
slices after interfering with the glutamate– glutamine cycle was
surprising given the reported profound effects of MSO alone on
glutamate release, visual function, and behavior. One explana-
tion is that apposition of glia and neurons in tissue slices may be
too intimate to interrupt the cycle pharmacologically. Banker
cultures (Goslin et al., 1998), which suspend neurons above a
confluent layer of glia, physically separate neurons from glia and
allow for experimental intervention in the cycle. After allowing
neurons to grow in the presence of a glial monolayer for 8 –14 d in
medium containing 1 mM glutamine, pure neuronal cultures
(with no glia) were placed in a different well in the presence or
absence of 1 mM glutamine. Removal of glutamine from pure
neuronal cultures did not affect quantal amplitude (control,
�13.66 � 1.06 pA, n � 33; without glutamine, �12.43 � 0.92

Figure 6. Glutamine enhancement of synaptic transmission is activity-dependent. A, Time
course of glutamine enhancement shows that population activity does not increase appreciably
until 1 h after application. Sample traces in control (top) and 4 mM glutamine (Gln)-incubated
(bottom) slices at baseline, 1, 2, 3, and 4 h after glutamine application. Calibration: 0.5 mV,

4

10 ms. B, Application of hyperkalemic solution results in an immediate increase in fEPSP slope in
the presence of 4 mM glutamine (n � 11) relative to control (n � 6) and produces an enhance-
ment over baseline after 60 min. C, Immediate enhancement by 4 mM glutamine (n � 7) after
hyperkalemic stimulation is lessened by addition of 25 mM MeAIB (n � 8), whereas the persis-
tent enhancement after 60 min is abolished. D, Recovery of synaptic transmission after intense
hyperkalemic stimulation does not differ in the presence of 40 mM MSO and 25 mM MeAIB (n �
7) relative to control (n � 5) slices.
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pA, n � 28; p � 0.05), quantal frequency (control, 2.57 � 0.47
Hz, n � 33; without glutamine, 3.19 � 0.85 Hz, n � 28; p � 0.05),
or the sucrose-evoked current (control, 0.79 � 0.13 nC, n � 20;
without glutamine, 1.06 � 0.29 nC, n � 18; p � 0.05) even after
more than 4 h without glutamine. The absence not only of glu-
tamine, but also glia, suggests that neurons can function for a
considerable time independently of glia and the glutamate–
glutamine cycle.

Having stripped neurons of all exogenous sources of gluta-
mate postulated by the glutamate– glutamine cycle, we tested the
hypothesis that glutamate could be taken up directly through
plasma membrane glutamate transporters as is the case at inhib-
itory nerve terminals (Mathews and Diamond, 2003). Pure neu-
ronal cultures were exposed to 5 min of hyperkalemic stimulation
followed by incubation in a glutamine-free medium containing
100 �M DL-TBOA, a glutamate transporter inhibitor. These neu-
rons still displayed robust sucrose evoked responses (control,
1.92 � 0.44 nC, n � 11; 100 �M DL-TBOA, 1.53 � 0.24 nC, n �
13; p � 0.05), as well as similar quantal size (control, �14.99 �
2.49 pA, n � 13; 100 �M DL-TBOA, �14.20 � 1.72 pA, n � 14;
p � 0.05) and frequency (control, 2.64 � 1.16 Hz, n � 13; 100 �M

DL-TBOA, 2.53 � 0.62 Hz, n � 14; p � 0.05) that did not differ
from DL-TBOA-free cultures.

Discussion
It is generally accepted that the neurotransmitter pool of gluta-
mate is maintained by the glutamate– glutamine cycle (Kandel et
al., 2000). Although the time scale at which this cycle operates is
unclear, it has been proposed to replenish activity-dependent loss
of glutamate rapidly. Our results indicate that even when the
nerve terminal is supplied by exogenous glutamine, it takes many
hours to access the glutamate– glutamine cycle. Furthermore, at-
tempts to acutely deplete the neurotransmitter pool of glutamate
failed to demonstrate necessity of the glutamate– glutamine cycle
for many hours.

Pharmacology of glutamate– glutamine inhibition
The acute, rapidly reversible effects of MSO and MeAIB on exci-
tatory synaptic transmission are inconsistent with inhibition of
the glutamate– glutamine cycle. Specific glutamine synthetase in-
hibition can only be ascertained if exogenous glutamine is able to
mitigate the effects of MSO, which was not the case in our prep-
aration. MSO has been shown to have nonspecific effects at much
lower concentrations than those used here and in previous papers
(Zielinska et al., 2004). At millimolar concentrations, MSO in-
duces glutamate release and excitotoxicity independent of glu-
tamine synthetase inhibition in cortical tissue slices (Shaw et al.,
1999). At higher millimolar concentrations, MSO actually in-
creases extracellular glutamine content by blocking glutamine
uptake into glia and neurons (Albrecht and Norenberg, 1990).

Involvement of system A transporters in supporting excita-
tory synaptic transmission has been offered from hippocampal
neuron– glia cocultures. A rapid depression of mEPSC amplitude
was observed minutes after perfusion of 25– 40 mM MeAIB in
cocultures, but not in pure neuronal cultures (Armano et al.,
2002). This mild decrease in quantal amplitude was accompanied
by a paradoxical increase in quantal frequency, which was attrib-
uted to increased symport of Na� through system A producing
an increase in intracellular Ca 2� through Na�/Ca 2� exchange
(Armano et al., 2002). Alternatively, application of MeAIB, a
competitive, nonmetabolizable substrate for system A transport-
ers, at high concentrations could result in transport and mem-
brane depolarization through the electrogenic system A trans-

porter (Chaudhry et al., 2002). The acute effect seen here on
fEPSPs might be attributed to membrane depolarization rather
than acute disruption of glutamine entry into neurons. Support-
ing the nonspecific effect of both drugs was the lack of a persistent
decrease after many hours of incubation in contrast to the pro-
longed potentiation of synaptic transmission in high extracellular
glutamine.

Re-evaluating the glutamate– glutamine cycle
Several previous studies also suggest that the glutamate–
glutamine cycle may not play a central role in directly maintain-
ing the vesicular glutamate pool. In the retina, direct uptake of
released glutamate accounts for a significant contribution to ve-
sicular glutamate at photoreceptors (Winkler et al., 1999; Hase-
gawa et al., 2006). Plasma membrane glutamate transporters are
also present at bipolar cell terminals (Palmer et al., 2003). Pre-
venting the conversion of glutamine to glutamate by genetically
deleting PAG has little effect on quantal size (Masson et al., 2006).
In these mice, synaptic transmission is only impaired under in-
tense stimulation and, even then, is not completely abrogated;
although, these effects do lead to deficits in basic behavior. How-
ever, in a separate study using a spatial learning paradigm, glu-
tamine synthetase inhibition by MSO did not decrease perfor-
mance relative to control mice (Blin et al., 2002).

Cellular and subcellular distribution of glutamate– glutamine
cycle components also argues against vesicular glutamate being
responsive to interruptions in glutamine influx. Immunolocal-
ization of system A transporters in neurons finds only rare puncta
at axon terminals. Instead, the majority of staining is found in the
somatodendritic compartment, consistent with slow access of
transported glutamine to vesicles at presynaptic terminals (Conti
and Melone, 2006).

Regional differences in glutamate– glutamine cycle utilization
Additional analysis shows substantial heterogeneity in the cellu-
lar distribution of PAG. Labeling in pontine neurons that project
mossy fibers onto granule cells in the cerebellum is much denser
than that of granule cells and their parallel fiber terminals, as well
as climbing fiber terminals (Laake et al., 1999).

The heterogeneity identified in the cerebellum indicates that
neuronal reliance on the glutamate– glutamine cycle may depend
on regional differences in the functional properties of synaptic
transmission. Effects of glutamate– glutamine cycle inhibition
have been demonstrated most convincingly in the retina (Pow
and Robinson, 1994; Pow and Crook, 1996; Barnett et al., 2000).
The peculiar metabolic demands of the photoreceptor-bipolar
cell synapse may require a more substantial astrocytic role. Pho-
toreceptors release glutamate tonically in a graded manner in
response to a reduction in light levels (Sterling, 1998). This tonic
release may require higher levels of glutamate than can be pro-
duced de novo by the cell from glucose.

Differences in the anatomical relationship between neurons
and glia may be related to the degree to which neurons rely on the
glutamate– glutamine cycle. The photoreceptor– bipolar cell syn-
apse is ensheathed by Müller cells, large glial cells spanning the
inner retina. In contrast, only 40% of synapses in area CA1 of
hippocampus are closely apposed to astroglia (Ventura and Har-
ris, 1999). The low association between glia and neurons may
reflect the reduced transmission needs of CA3 pyramidal cells,
which fire phasically at a maximum of 10 Hz. Whether metabolic
demands, anatomical relationships, or some other factor deter-
mine the degree to which particular neurons depend on the
glutamate– glutamine cycle remains unknown.
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Alternative sources of vesicular glutamate
What, then, allows neurons, in which glutamate– glutamine cy-
cling is not necessary, to maintain a neurotransmitter pool of
glutamate? Cytoplasmic glutamate has been estimated at 1–10
mM (Carlson et al., 1989; McMahon and Nicholls, 1991) whereas
mitochondrial glutamate has also been estimated at 5–10 mM

(Roberg et al., 1999). Glutamate concentrations in vesicles, how-
ever, are estimated to be in the hundreds of millimolars range
(Maycox et al., 1988; Carlson et al., 1989). If we estimate that each
vesicle contains �2,300 molecules of glutamate based on a 40 nm
diameter vesicle (Takamori et al., 2006) and concentration of 150
mM (Burger et al., 1989), and the total vesicle pool contains 200
vesicles (Sudhof, 2000), then the number of glutamate molecules
stored in vesicles is �5 	 10 5. A lower bound estimate of the
cytoplasmic pool of glutamate, assuming a cytoplasmic volume
of 1.5 pl (Peet et al., 2004) and a glutamate concentration of 1 mM

(Maycox et al., 1988; Carlson et al., 1989), yields 9 	 10 8 mole-
cules of glutamate. The total cytoplasmic pool of glutamate, if
able to contribute solely to the neurotransmitter pool of gluta-
mate, could act as a significant reservoir for synaptic transmis-
sion. Whether hyperkalemic stimulation accesses the reserve
pool of vesicles is unclear, leaving another possible store of glu-
tamate. Either reserve could temporarily buffer synaptic trans-
mission against acute insult or deprivation.

In addition to a possible store of glutamate, neurons might
also be able to use glutamate that has been synthesized de novo,
while still maintaining TCA cycle intermediates. Pyruvate car-
boxylation, which had been thought to be restricted to astrocytes,
has been observed previously in neurons, although the signifi-
cance of this observed flux is in dispute (Hassel and Brathe, 2000;
Waagepetersen et al., 2001). Glutamine entry through system A
transporters could enter a distinct metabolic pool (Rae et al.,
2003; Shokati et al., 2005). Exogenous glutamine could serve an
anaplerotic function, replenishing TCA cycle intermediates as
opposed to the neurotransmitter pool of glutamate. An increase
in glutamate synthesized de novo from glucose could result from
this increased anaplerotic glutamine. The shunt of glutamine
away from glutaminase and into the TCA cycle could account for
the delay in augmentation of synaptic transmission and vesicular
glutamate. Finally, a ready supply of extracellular glucose could
be sufficient to maintain the basic energetic and metabolic needs
of neurons, and also satisfy the additional demands for generat-
ing a neurotransmitter pool of glutamate. We are currently un-
able to distinguish between a reduction in vesicular glutamate
and an inability to generate ATP, which prevents filling of vesicles
with glutamate, exocytosis or endocytosis of synaptic vesicles, or
other ATP-dependent processes in synaptic transmission. We
speculate that the ability of a neuron to maintain synaptic trans-
mission may be intimately tied to its energy use.

Based on our results, the neuronal TCA cycle seems capable of
maintaining the neurotransmitter pool of glutamate, as well as
meeting basic energetic demands for several hours in the absence
of known exogenous sources. Rather than an exclusive flow of
carbons from vesicle to astrocyte and back, we support a model in
which neurons are also capable of de novo synthesis of glutamate
from TCA cycle intermediates, which can then be replenished
from glutamine, glucose, or any other source of carbons that can
be transported into the cell. Multiple biosynthetic pathways en-
sure a robust supply of vesicular glutamate to support synaptic
transmission in neurons.
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