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Cellular/Molecular

Glutamine Is Required for Persistent Epileptiform Activity in
the Disinhibited Neocortical Brain Slice

Hiroaki Tani, Chris G. Dulla, John R. Huguenard, and Richard J. Reimer
Department of Neurology and Neurological Sciences, Stanford University School of Medicine, Stanford, California 94305

The neurotransmitter glutamate is recycled through an astrocytic-neuronal glutamate- glutamine cycle in which synaptic gluta-
mate is taken up by astrocytes, metabolized to glutamine, and transferred to neurons for conversion back to glutamate and
subsequent release. The extent to which neuronal glutamate release is dependent upon this pathway remains unclear. Here we
provide electrophysiological and biochemical evidence that in acutely disinhibited rat neocortical slices, robust release of gluta-
mate during sustained epileptiform activity requires that neurons be provided a continuous source of glutamine. We demonstrate
that the uptake of glutamine into neurons for synthesis of glutamate destined for synaptic release is not strongly dependent on the
system A transporters, but requires another unidentified glutamine transporter or transporters. Finally, we find that the attenu-
ation of network activity through inhibition of neuronal glutamine transport is associated with reduced frequency and amplitude
of spontaneous events detected at the single-cell level. These results indicate that availability of glutamine influences neuronal
release of glutamate during periods of intense network activity.

Introduction

While presynaptic reuptake systems recycle most neurotrans-
mitters, ~70% of released glutamate is recycled through an
astrocytic—neuronal glutamate—glutamine cycle (Lieth et al.,
2001; Sibson et al., 2001). In this pathway (Fig. 1), astrocytes
take up and metabolize synaptically released glutamate to
glutamine, which is transferred to neurons for conversion back
to glutamate (Broman et al., 2000). Molecular segregation estab-
lishes directional flow: glutamate release mechanisms are
confined to presynaptic neurons; astrocytic transporters clear
released glutamate from the synapse; and glutamine syn-
thetase and phosphate-activated glutaminase, the primary
metabolic enzymes of the cycle, are expressed in astrocytes and
neurons, respectively (Kvamme, 1998; Kaneko, 2000; Danbolt,
2001). Glutamate can also be derived from other sources, most
significantly the TCA cycle intermediate a-ketoglutarate
(Kvamme, 1998; McKenna, 2007). Net synthesis of TCA cycle
intermediates (anaplerosis) from glucose, however, requires
pyruvate carboxylase, an enzyme expressed in astrocytes, but
not neurons (Shank et al., 1985). Thus, glutamate derived
from glucose is produced predominantly in astrocytes and
must be metabolized by glutamine synthetase and transit
through part of the cycle before contributing to the neuro-
transmitter pool.
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Due to the complex multicellular nature of the cycle, much of
what is known about its role comes from studies in living animals
and humans: radiotracer and NMR studies have demonstrated
that the majority of synaptic glutamate is derived from the cycle
(Kvamme, 1998; Rothman et al., 2003), and pharmacological and
genetic manipulations have demonstrated that blocking the cycle
causes behavioral deficits (Gibbs et al., 1996; Masson et al., 2006).
Acutely isolated brain slices should be a useful adjunct—they
retain complex anatomical and functional intercellular connec-
tivity, but permit pharmacological manipulation and synaptic
level analysis with electrophysiology. Although slice studies
have demonstrated that glutamine influences glutamate levels
(Kapetanovic et al., 1993; Rae et al., 2003), direct analyses of
synaptic transmission with the glutamate—glutamine cycle dis-
rupted have failed to uncover marked effects (Masson et al., 2006;
Kam and Nicoll, 2007). This may be explained, in part, by in-
creased de novo synthesis of glutamate in response to the de-
mands of neuronal activity (Oz et al., 2004; Henry et al., 2007).

To address discrepancies between in vivo and slice studies, we
took advantage of the increased demand on glutamate synthetic
pathways during epileptiform activity (Bacci et al., 2002; Otsuki
etal., 2005; Giove et al., 2006; Tani et al., 2007) to create a depen-
dence on the cycle. Using pharmacologically disinhibited neocor-
tex, a simple model in which electrically evoked activity can be
modulated by the intensity of the stimulus (Courtney and Prince,
1977; Gutnick et al., 1982) and epileptiform events can be ana-
lyzed as a readout of neuronal activity (Aram and Lodge, 1988),
we demonstrate that synthesis of glutamine in astrocytes and its
transfer to neurons are essential for sustained excitatory neu-
ronal activity. We also show that uptake of glutamine into
neurons for synthesis of glutamate is not dependent on system
A transporters, but requires another unidentified glutamine
transporter, and that blocking glutamine transport reduces
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Figure 1. Synthesis and metabolism of synaptically released glutamate. In the glutamate— glutamine shuttle (outlined in ~ ISI. A Neuro-CCD camera (RedShirtImaging)

dashed blue line), released glutamate is taken up by astrocytes and metabolized to glutamine, which is then transferred back to
neurons. The transmitter is cleared from the synapse by astrocytic excitatory amino acid transporters (EAATs; E), and GS in
astrocytes rapidly metabolizes glutamate to glutamine. Efflux of glutamine from astrocytes is thought to be mediated by the
system N transporters SNAT3 and SNAT 5 (N), while the system A transporters SNATT and SNAT2 (A) are thought to mediate
neuronal uptake of glutamine, but other unidentified non-system A glutamine transporters (?) may also contribute. Within
neurons, phosphate-activated glutaminase (PAG) resynthesizes glutamate from glutamine to complete the cycle. Glutamate can
also be synthesized from glucose in astrocytes through the conversion of the TCA cycle intermediate c-ketoglutarate by the activity
of amino transferases (AT). Net synthesis of TCA cycle intermediates from glucose requires pyruvate carboxylase (PC), an enzyme
expressed in astrocytes, but not detected in neurons. For glucose-derived glutamate to contribute to the neurotransmitter pool, it
must, therefore, enter the cycle at the level of GS and be transferred to neurons as a glutamine intermediate. Inhibitors in this study
areinindicated in red (MeAlIB inhibits system A transporters; AlB is a nonspecificinhibitor of glutamine transporters; AOAA inhibits

amino transferases; MSO inhibits glutamine synthetase).

frequency and amplitude of spontaneous events, suggesting
that glutamine availability influences synaptic glutamate re-
lease during periods of intense activity.

Materials and Methods

Preparation of brain slices. Briefly, following all guidelines of Stanford
University’s Institutional Animal Care and Use Committee, Sprague
Dawley rats (3-7 weeks) were anesthetized (55 mg/kg pentobarbital
through intraperitoneal injection) and decapitated, and the brains were
rapidly removed and placed in chilled (4°C) low-Ca’>*, low-Na ™ slicing
solution consisting of the following (in mm): 234 sucrose, 11 glucose, 24
NaHCO;, 2.5 KCl, 1.25 NaH,PO,, 10 MgSO,, and 0.5 CaCl,, equili-
brated with a mixture of 95% O, and 5% CO,. The brain was glued to the
slicing stage of a Leica VT1200 sectioning system and slices (400 wm for
field recordings or 300 wm for whole-cell recordings) were cut in a coro-
nal orientation. The slices were then incubated for 1 h in 32°C oxygen-
ated artificial CSF (aCSF) consisting of the following (in mm): 126 NaCl,
26 NaHCO;, 3 KCl, 1.25 NaH,PO,, 2 MgCl,, 2 CaCl,, and 10 glucose.

Field recordings. Slices were placed in an interface chamber maintained
at 34°C and superfused with oxygenated aCSF at 2 ml/min and stimu-
lated with a concentric bipolar electrode at layer VI-white matter bound-
ary with 300-500 A, 500 ws pulses at 5 s intervals (unless otherwise
indicated) delivered by a stimulus isolator (World Precision Instru-
ments). Electrophysiological data were recorded from glass micropi-
pettes electrodes ~1 M) filled with aCSF using an Axon Multiclamp
700A amplifier and Digidata 1322A digitizer with pClamp software (Mo-
lecular Devices).

Whole-cell recordings. Slices were placed in submerged chamber main-
tained at 34°C and superfused with oxygenated aCSF at 2 ml/min and
stimuli were applied as described in the Field recordings section above.
Electrophysiological voltage-clamp data were obtained from glass mi-
cropipettes electrodes ~3 M(} filled with a low-chloride internal solution
(Eq) = Epordgine = —60 mV) consisting of (in mm) 130 K-gluconate, 10
KCl, 2 NaCl, 10 HEPES, and 10 EGTA. Spontaneous activity was ana-
lyzed using custom software (wdectecta).

was used to collect imaging data at 500 Hz.
Emission signals first passed through a 455
DCLP dichroic mirror to eliminate excitation
fluorescence and then separated into two chan-
nels using a Photometrics Dual-View two
channel imaging system to isolate CFP and Ve-
nus signals. Ratiometric images of CFP/Venus
signals were then created and further analyzed.
Pixels with glutamate biosensor ratio values of
0.65 or greater were considered to be above
threshold.

Amino acid analysis. After field recording ex-
periments, cortical slices were removed from
the rig and washed three times in ice-cold
aCSF. The hippocampi and other noncorti-
cal structures were removed, and the resulting cortical strips were
placed in 400 ul of heated (90°C) 75% ethanol in a screw-capped tube,
shaken vigorously, and then incubated for 10 min at 90°C followed by
transfer to ice. After centrifugation at 10,000 X g for 10 min the
supernatant was removed and lyophilized, resuspended in 100 ul of
150 mm NaCl, and submitted to the Stanford University Mass Spec-
trometry facility for amino acid analysis.

Radiotracer studies. To generate cortical slices for radiotracer studies a
vertical scalpel incision was made on a block-mounted rat brain at the
midline followed by a transsagittal cut. Coronal slices (350 um thick)
were trimmed in ice-cold slicing chamber to remove the hippocampus
and other noncortical structures and transferred to oxygenated aCSF in a
32°C for 1 h. Slices were then transferred to oxygenated nominally
Mg?*-free aCSF and incubated for 30 min at room temperature. Indi-
vidual slices were then transferred with a small spatula to 1.5 ml conical
tubes containing 1 ml of oxygenated Mg**-free aCSF with 1-(2,3,4-
3H]glutamine (1 nCi), 200 uMm TBOA, and indicated concentrations of
aminoisobutyric acid (AIB) or methylaminoisobutyric acid (MeAIB)
and then incubated at 32°C for the specified times. To terminate the
reaction slices were washed three times in ice-cold aCSF and then placed
in 400 pl of 75% ethanol in a screw cap tube preheated to 90°C, shaken
vigorously, incubated for 1 min at 90°C, and transferred to ice. To deter-
mine glutamine uptake, aliquots of the ethanol homogenate were diluted
in scintillation fluid (CytoScint, ICN) for analysis on Beckman LS6000SC
gamma counter. To measure production of [ *H]glutamate, after centrif-
ugation to remove insoluble material, the glutamate fraction of the eth-
anol extract was isolated by ion exchange chromatography (Darmaun et
al., 1985). Briefly, ion exchange columns (Biorad AG 1-X8 formate resin)
were equilibrated with 0.1 M borate buffer, pH 9.0, and the samples were
applied. After extensive washing with the borate buffer, glutamate was
eluted using 1 M acetic acid. To measure glutamate release, slices were
incubated with [ *H]glutamine and TBOA with or without AIB or MeAIB
for 30 min, washed three times in Mg 2*_free aCSF, and then incubated in
Mg“—free aCSF with TBOA with or without AIB or MeAIB for 20 min,
at which time the incubation media was removed and subjected to ion
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Figure 2.  Evoked field potential size and glutamate release correlate directly with interstimulus interval in pharmacologically disinhibited neocortical slices. A, Representative traces of EFPs
recorded from an electrode (rec) in layer V in a GBZ/CGP-treated slice with a stimulating electrode (stim) placed at the layer VI-white matter interface at ISIs of 2.5, 5 10, 15, and 30 s demonstrate
qualitatively larger fields with longer ISIs. B, A plot of evoked field potential area (in millivolt - milliseconds) over time from a representative experiment demonstrates rapid changes in evoked
potential area with incremental increases in ISI. Arrowheads indicate time at which the ISI was changed. Initial ISI at time 0 was 2.5 s. At ~7 min into the recording, the GBZ/CGP was added to the
superfusion solution and at 10 min epileptiform responses ensued as seen as a transient increase in EFP amplitude to near 1500 mV - ms and a subsequent decay to <<500 mV - ms. At 14 min, the
ISIwas switched to 55, and the responsesincreased in amplitude, as also occurred with each subsequent increase in IS1. Restoration to the original IS at 34 min resulted in reduction of EFPs to original
2.5 levels. C, Evoked field potential area measured in several slices over the range of ISIs demonstrates consistency of ISl effect on EFPs (F = 146.09; p << 0.001; n = 6). For each slice, 10 sweeps
were averaged 2 min following each ISI change to allow for stabilization. D, Examples of glutamate biosensor signal changes in a cortical slice at 5 and 10 s ISIs indicate a large increase in the area
of cortex recruited into the network with longer ISIs. Pseudo-color scale for the biosensor signal (inverse of the FRET ratio) is shown (inset in D). The box in the diagram in A approximates the imaged
region with the same orientation (pial surface at top) along with the location of stimulating (#) and recording (*) electrodes. £, Example evoked field potentials (bottom traces) and number of pixels
above threshold (>0.65) for biosensor (top traces) for the two conditions in D. Both EFPs and glutamate signal increased as the IS was increased from 5 s (gray) to 10's (black). F, A similar, but more
dramatic, change in the glutamate biosensor signal is seen as the ISl is increased from 5 to 30 5. G, A marked prolongation of the evoked field potential (bottom traces) and the glutamate biosensor
transient (top traces) is associated with increasing the ISl from 5 s (gray) to 30's (black). H, There was a direct correlation between the ISl and the area of cortex in which glutamate release is detected
(F=17.00; p < 0.0001). Due to photobleaching of the sensor, data were collected at 5 s IS and one additional ISI only in each slice. Values were normalized to the 5 s ISI to permit slice-to-slice

comparison.

exchange chromatography as above. Fractions of the acetic acid eluate
containing glutamate were identified by previous experiments in which
[ 3H]glutama’(e was added to amino acid extracts or incubation media of
naive slices. These fractions were diluted in scintillation fluid and ana-
lyzed as described above.

Drugs and reagents. All salts and glucose for use in buffers were ob-
tained from Sigma-Aldrich. In addition the following reagents were also
obtained from Sigma-Aldrich: MeAIB (M2383), L-methionine sulfoxi-
mine (MSO; M5379), glutamate (G1501), and aminooxyacetic acid
(AOAA; C13408). 1-glutamine, histidine, and alanine were obtained
from Alfa Aesar. AIB (A0323) was obtained from TCI America. GABA-
zine (1262) and CGP54626 (1088) were obtained from Tocris Bioscience.
[*H]glutamine was obtained from American Radiolabeled Chemicals.
The following stock solutions were made at the indicated concentrations
in H,O, frozen in liquid nitrogen, and stored at —20°C: MeAIB, 1 m;
MSO, 50-100 mu; L-glutamine, 250 my; alanine, 1 M; glutamate, 250
muM; GABAzine, 10 my; and CGP54626, 100 pM. All other reagents were
dissolved directly in aCSF. All reagents were used at the concentrations
indicated. For experiments in which reagents were added to aCSF, unless
otherwise indicated, the reagent was first diluted in 3 ml of H,O and then
added to 100 ml of aCSF.

To rule out effects of osmolarity changes associated with addition of
high mwm concentrations of MeAIB and AIB, we tested the effects of hyper-
tonicity by using mannitol at equivalent concentrations (20—50 mm). This

produced only modest effects on evoked field potential amplitude and no
effect on probability of evoking an epileptiform field potential (supplemen-
tal Fig. 1, available at www.jneurosci.org as supplemental material).

Statistics. Statistical comparisons between two groups were deter-
mined using Student’s unpaired and paired ¢ test as appropriate. Com-
parisons between three groups were done using one-way ANOVA
followed by Tukey pairwise tests. For each experiment, slices from a
minimum of three animals were used.

Results

Epileptiform responses are directly correlated with extent of
glutamate release and are partially refractory

Epileptiform activity can be readily elicited in pharmacologically
disinhibited rat neocortical slices (Courtney and Prince, 1977;
Aram and Lodge, 1988). To induce disinhibition, we bathed
slices with 10 um GABAzine [an inhibitor of GABA, receptors
(Mienville and Vicini, 1987)] and 10 nmM CGP54626 [an inhibitor
of GABAj, receptors (Brugger et al., 1993)]; together, these are
referred to as GBZ/CGP. Electrical stimulation of layer VI/white
matter boundary in GBZ/CGP-treated slices evoked field poten-
tials recorded in the same column, directly above, in layer V (Fig.
2 A, inset) that were prolonged and polyphasic. The probability of
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most direct correlate, especially under
conditions of disinhibition in which syn-
aptically released glutamate is the only
ionotropic neurotransmitter that can par-
ticipate in the network activation. If true,
then changes in EFP area could be used as
a surrogate measure of synaptically re-
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changes in EFP area correspond to
changes in glutamate release, we used a
recently described FRET-based biosensor
to monitor extracellular glutamate levels
(Dulla et al., 2008). This FRET-based bio-
sensor is a chimeric protein composed of
the bacterial periplasmic glutamate
binding protein YbeJ with cyan fluores-
cent protein (CFP) inserted into the
N-terminal region of the protein and the
yellow fluorescent protein (YFP) variant
Venus attached to the carboxy terminus of
the glutamate binding protein (Deuschle
etal., 2005). When the purified bacterially
produced sensor is applied to slices,
evoked release of glutamate can be readily

200 ms

Figure 3.

inducing such epileptiform field potentials (EFPs) depended on
the strength of the electrical stimulus. Near-threshold stimuli
failed to uniformly elicit polyphasic EFPs; intermingled failures
and success were commonly present. With increased stimulus
strength (either duration and/or amplitude), however, EFPs were
evoked with nearly every stimulus. After a short stabilization pe-
riod at suprathreshold intensities, robust EFPs were elicited that
were remarkably similar in amplitude and duration for a given
ISI. Varying the ISI led to EFPs with amplitudes that directly
correlated with ISI (Fig. 2A). Plotting the evoked field areas (in
mV - ms) over time demonstrated a large increase in field area
soon after wash in of GBZ/CGP and then a decrease to a plateau
within minutes (Fig. 2 B). Subsequent stepwise increases in ISI
from 2.5 to 30 s led in each case to increased evoked field areas.
With a return to the initial ISI of 2.5 s, the field area again de-
creased, but no failures occurred. This pattern was consistent
from slice to slice with an approximately eightfold difference in
the areas of evoked potentials at 2.5 and 30 s ISIs (Fig. 2C). This
association of briefer and smaller EFPs with shorter ISIs suggests
that there is a time-sensitive factor (or factors) limiting the propaga-
tion of network activity as suggested by previous studies demonstrat-
ing a direct correlation between interstimulus interval and the
probability of eliciting an epileptiform discharge in pharmacologi-
cally disinhibited cortex (Prince, 1966; Courtney and Prince, 1977).
In the disinhibited cortex, a number of variables might affect
the extent of field depolarization and hence the total evoked po-

baseline

The system A transport system inhibitor MeAIB reduces size, but not probability of epileptiform field potentials.
A, Time course of evoked field potential area in a GBZ/CGP-treated slice as the Il is increased from 2.5 to 30 s in the absence and
presence of MeAIB demonstrates a small reduction in area associated with addition of 20 mm MeAIB. Note, however, that large field
potentials are robustly elicited (i.e., with every stimulus) in the presence of MeAIB. B, Representative traces in the absence (red)
and presence (black) of MeAIB at ISls from 2.5 to 30 s illustrate the effect of MeAIB. Tracings were collected beginning 2 min
following ISI change to allow for stabilization. C, Paired analyses of total area at 5 s IS| before and 10 min after the addition of 20 mm
MeAIB show a small but consistent reduction in evoked field potential area (23.3 == 4.8%; n = 4; p << 0.03).

detected in pharmacologically disinhib-
ited slices (Dulla et al., 2008). Character-
ization of the biosensor-treated slices
demonstrated that larger EFPs were asso-
ciated with longer ISIs, indicating that the
biosensor did not grossly alter neocortical
physiology (see also Dulla et al., 2008).
Analysis of the glutamate-dependent
FRET signal in these slices showed that
increasing the ISI from 5 to 10 s resulted in
a marked increase in the area of cortex
with detectable glutamate signal (Fig. 2D, E). Similar but larger
changes were seen in a different slice as the ISI was increased from
5 to 30 s (Fig. 2F,G). Since photobleaching of the sensor pre-
cluded testing a range of ISIs in a single slice, we examined the
signal in each slice at a reference ISI of 5 s and then a single test ISI
of2.5, 10, 15, or 30 s. By normalizing the signal to that detected at
the ISI of 5 s, we are able to compare the pixels above threshold
over the range of ISIs. This analysis revealed a direct correlation
between glutamate biosensor signal and the ISI (Fig. 2 H), sup-
porting the conclusion that EFP area can be used to estimate
glutamate release in the disinhibited slice.

MeAIB

Neither glutamine replenishment nor system A-dependent
glutamine transport are necessary to maintain epileptiform
activity in disinhibited cortical slices

To begin to determine how different factors might contribute to
the relationship between the ISI and the amount of glutamate
released, we assessed the effect of different manipulations on
EFPs. Since glutamine is an immediate metabolic precursor of
glutamate (Hamberger et al., 1979) and is present in CSF at ~0.5
mM (Lerma et al., 1986), but absent from typical aCSF prepara-
tions, we sought to determine whether availability of glutamine
limits propagation of EFPs. Addition of physiological levels of
glutamine (0.5 mMm) to the aCSF for periods of >15 min did not
significantly alter the peak amplitude or duration of EFPs in dis-
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Figure 4.

Partial EFP failure associated with the glutamine synthetase inhibition is reversed by exogenous glutamine. A, Sample tracings (top) and time course of evoked field potential area

(bottom) demonstrate, that after addition of GBZ/CGP to a neocortical slice preincubated with the glutamine synthetase inhibitor MSO, intermittent epileptiform field potentials are elicited atan IS
of 5 swith approximately half of the stimuli leading to polyphasic activity. Within ~6 min after the subsequent addition of 500 wum glutamine to the perfusate, every stimulus leads to an epileptiform
field potential. The percentage of stimuli leading to epileptiform field potentials for the different conditions is noted next to sample tracings. B, Paired analysis of the probability of evoking an
epileptiform field potential (P;p) at baseline (10 min after addition of GBZ/CGP) and 15 min after the addition of 500 wm glutamine indicates the consistency of this finding (n = 7; p <<0.0001).

Slices were preincubated with 5 mm MSO for 20 — 60 min before recording.

inhibited slices, while addition of 5 mm glutamine routinely led to
spreading depression-like events (data not shown).

A potential explanation for a lack of effect with the addition of
physiological concentrations of glutamine is that endogenous
glutamine is already saturating neuronal glutamine transporters,
thus limiting the effect of additional glutamine. It has been sug-
gested that the system A transporters SNAT1 and SNAT?2 are the
primary mediators of neuronal glutamine uptake (Chaudhry et
al., 2002), and we have previously shown that in the neocortical
undercut model of posttraumatic epilepsy that methylamin-
oisobutyric acid (MeAIB), a nonmetabolized amino acid that
specifically inhibits the system A neutral amino acid transporters
(Christensen et al., 1965; Mackenzie and Erickson, 2004), blocks
generation of epileptiform fields (Tani et al., 2007). In addition,
glutamine-induced recurrent epileptiform discharges in hip-
pocampal slices from pilocarpine-treated chronic epileptic rats
are blocked by MeAIB (Sandow et al., 2009). We therefore tested
the effect of MeAIB on the generation of EFPs in the acutely
disinhibited slices. Addition of up to 10 mm MeAIB had no effect,
while 20 mm MeAIB induced a slight reduction in field duration
without substantially affecting the peak amplitude at a variety of
ISIs (Fig. 3A,B). At 5 s ISI, there was a small but consistent
(23.3 = 4%) reduction in EFP area (Fig. 3C). However in contrast
to results with slices from injured neocortex (Tani et al., 2007) the
probability of evoking EFPs remained at 100%. These results
suggest that system A transporters modulate epileptiform activity
to some extent, but are not necessary to maintain prolonged
excitatory network activity in pharmacologically disinhibited
neocortical slices. Further, the greater effect of MeAIB on epilep-
tiform activity previously reported with the models of chronic
hyperexcitability may reflect compensatory changes, including
the upregulation of the system A transporters SNAT1 and SNAT2
(Tani et al., 2007).

Glutamine synthetase activity is necessary for persistent
epileptiform activity

Since glutamine is thought to be a primary precursor of synapti-
cally released glutamate our findings were unexpected. We de-
cided to use another approach to assess the role of glutamine in
the maintenance of epileptiform activity in the acutely disinhib-

ited slice. The majority of endogenous glutamine is thought to be
produced by glutamine synthetase (GS), an enzyme that catalyzes
the condensation of glutamate and ammonia to produce glu-
tamine and is expressed at levels >40-fold higher in astrocytes
than in neurons (Martinez-Hernandez et al., 1977; Albrecht et al.,
2007; Cahoy et al., 2008). To determine whether glutamine de-
rived from GS is necessary for maintaining the epileptiform
fields, we examined the effects of MSO, an irreversible inhibitor
of GS (Lamar and Sellinger, 1965; Manning et al., 1969). Shortly
after addition of GBZ/CGP to slices preincubated with MSO (5
mM for 1 h), EFPs were elicited by electrical stimulus, as was the
case for slices not treated with MSO (Fig. 4A). Subsequent stim-
uli, however, led to incrementally smaller fields, and then a series
of repeated failures followed by a number of evoked EFPs. This
on—off pattern repeated and stabilized within ~10 min (Fig. 4A)
and without further intervention did not change over time (sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental
material). To confirm that failures were a result of lack of glu-
tamine synthesis, we added 0.5 mm glutamine to MSO-treated
slices after a stable failure pattern developed. As a measure of
response, we determined the probability that stimuli would elicit
an EFP (Pgpp). The addition of glutamine led to an increase in
Pppp in all slices tested after 15 min (Fig. 4 B). In some slices the
full effect of glutamine was seen as early as 5 min after adding
glutamine. The mean time to full recovery (with 100% of stimuli
leading to EFPs, i.e., Pgpp = 1) was 12.8 = 9.7 min (n = 7). The
robust response to glutamine in the MSO-treated slices is consis-
tent with inhibition of astrocytic glutamine synthetase as the pri-
mary effect of MSO.

Non-system A transport system contributes to neuronal
glutamine uptake

The effect of MSO in inducing failures of epileptiform events was
dramatic and indicated that astrocytic glutamine synthesis is nec-
essary for maintenance of polyphasic network activity in disin-
hibited cortical slices. It follows that glutamine transfer to
neurons should also be required for sustained epileptiform fields.
However, in our experiments MeAIB at 20 mM [a concentration
that completely inhibits system A transport (Mackenzie and
Erickson, 2004)] had only a subtle effect on the size of EFPs and
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Figure 5.  The neutral amino acid analog AIB decreases the probability of evoking epileptiform field potentials. 4, Comparison
of area of evoked field potentials of GBZ/CGP-treated slices at 2.5—30 s Il in the absence of (baseline, open bars) and 10 min after
the addition of 20 mm AIB (black bars) indicates a marked reduction with AIB treatment at all ISIs (n = 4). B, Scatter plots of EFP
areas (as a percentage of the baseline EFP area in slices stimulated at 5 s ISI) indicate that the residual fields potentials are
significantly smaller in the presence of AIB than MeAIB (24 == 13% and 77 == 5%, respectively; n = 4in each group; p << 0.0003).
EFPs were measured 10 min after addition of 20 mmMeAIB or AIB to the perfusate. €, Example traces of evoked field potentials (top)
and time course of evoked field potential area (bottom) from a single cortical slice demonstrate the sequential development of
large field potentials with GBZ/CGP; a reduction in size of the fields with 20 mm AIB; followed by intermittent fields with 30 mm AIB;
and restoration of the responses (100% successes) with glutamine but not isotonic alanine. The percentage of stimuli leading to
epileptiform field potentials for the different conditions is noted next to the sample traces. D, Paired analysis of P, in GBZ/CGP-
treated slices at baseline and 5 min after addition of 30 mm AIB demonstrates a consistent reduction in probability with AIB (n =
6; p < 0.0001). E, Paired analysis of P, demonstrates that addition of 1.5 mm glutamine to AlB-treated slices with intermittent
epileptiform field potentials leads to a consistent increase in g (n = 6; p << 0.0008). F, In contrast, addition of 1.5 mmalanine is
not associated with a significant change in P (n = 4; p = 0.47). Evoked field potentials were analyzed 5 min after the addition
of either alanine or glutamine.
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1962). Similar to MeAIB, AIB is a nonme-
tabolized neutral amino acid analog that is
readily transported into mammalian cells,
but AIB lacks the a-methyl substitution
that confers selective inhibition of system
A transport (Christensen, 1962; Chris-
tensen et al., 1965; Appelgren et al., 1982).
We found that 20 mMm AIB significantly
reduced the area of EFPs at all ISIs (Fig.
5A). A comparison of the effect of adding
20 mM MeAIB to that of adding 20 mm
AIB on EFP area during stimulation with
an ISI of 5 s indicates a far greater effect
with AIB (Fig. 5B). Addition of 30 mm AIB
induced intermittent failures similar to
what was seen with MSO (Fig. 5C,D). If
the effect of AIB was due to competitive
inhibition of endogenous glutamine, then
addition of exogenous glutamine at supra-
physiological concentrations should over-
come the effect of AIB. Indeed, we found an
increase in the probability of evoking an EFP
with the addition of 1.5 mm glutamine (Fig.
5E), but not 1.5 mm alanine (Fig. 5F).

To confirm the predicted biochemical
and metabolic effects of AIB treatment,
we examined amino acid levels and glu-
tamine metabolism using mass spectrom-
etry and radiotracer studies. After 30 min
of electrophysiological analysis with our
standard stimulation protocol, slices were
removed from the recording rig and the
neocortex isolated. Mass spectrometry
was then used to determine the amino
acid concentrations in ethanol extracts of
the tissues samples. As expected, preincu-
bation with MSO was associated with
markedly decreased glutamine levels in
the neocortex (Fig. 6A). AIB incubation
lead to a smaller, but also significant, de-
crease in glutamine levels while MeAIB
had no effect on glutamine (Fig. 6 A). The
greater effect with MSO compared to AIB
is consistent with AIB blocking neuronal
uptake of glutamine released from astro-
cytes, while not affecting the larger astro-
cytic pool of glutamine that is targeted by
inhibition of glutamine synthetase with
MSO (Fonnum, 1993). Somewhat sur-

did not alter the probability of epileptiform events, raising the
possibility that another glutamine transporter might be involved
in maintaining astrocyte to neuron glutamine transfer. We
therefore tested the effect of histidine and alanine—small neu-
tral amino acids that are substrates and competitive inhibitors
for a number of glutamine transporters (Broer and Brookes,
2001). When either of these amino acids was added to the perfus-
ate (at 10 mm), the size and frequency of the EFPs was reduced
(supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material), but spreading depression-like events (SD) in-
variably followed and limited further analysis.

Since SD could result from entry of these amino acids into
intracellular metabolic pathways, we tested the effect of AIB, a
broad spectrum inhibitor of amino acid transport (Christensen,

prisingly, we found little effect on glutamate levels with the MSO
or AIB treatment (Fig. 6 B). The lack of correlation between the
effect on bulk glutamine and glutamate levels may reflect the fact
that the neurotransmitter pool of glutamate is much smaller than
the larger general metabolic pool (Erecifiska and Silver, 1990).
To test whether inhibiting glutamine uptake with AIB could
reduce glutamate available for synaptic release, we next examined
the fate of exogenously supplied radiolabeled glutamine in slices.
For these experiments, neocortical slices were incubated in oxy-
genated Mg > -free ACSF without perfusion, an incubation con-
dition that leads to frequent spontaneous epileptiform events
(data not shown) and approximates the activity level of the elec-
trically stimulated GBZ/CGP-treated slices used in our electro-
physiology analyses. As expected, AIB caused a reduction of
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released.

AIBinhibits uptake of glutamine destined for glutamate synthesis. A, Glutamine content of neocortex from slices after
30 min of standard stimulation while perfused with aCSF containing GBZ/CGP with no additional treatment (control), with 1 h

preincubation in MSO, with 30 mm AIB or 30 mm MeAIB coincubation. B, Glutamate levels of slices as described in A. €, Uptake of

De novo synthesis is necessary for the

maintenance of epileptiform activity

The results of MSO and AIB inhibition
suggest that transfer of astrocyte-derived
glutamine to neurons is necessary to
maintain polyphasic network activity. Al-
though synaptically released glutamate
taken up by astrocytes provides some of
the GS substrate, astrocytes are also capable of de novo synthesis
of glutamate (Kvamme, 1998; McKenna, 2007). A primary pathway
for this is the amino transferase catalyzed amination of
a-ketoglutarate, an intermediate in the TCA cycle. Because astro-
cytes express pyruvate carboxylase, they are capable of anaplero-
sis (McKenna, 2007), the net synthesis of TCA intermediates. As
a result astrocytes can generate a-ketoglutarate (and therefore
glutamate) from glucose. Neurons, however, lack appreciable
levels of pyruvate carboxylase (Shank et al., 1985; McKenna,
2007) and have a limited capacity for de novo glutamate synthesis.
The de novo anaplerotic pathway for glutamate synthesis in astro-
cytes may contribute up to 50% to the pool of synaptically re-
leased glutamate in vivo (Oz et al., 2004). In the perfused slice,
there may be greater reliance on this pathway as some synapti-
cally released glutamate is washed out (Kapetanovic et al., 1993).
It has been noted that the extracellular space of hippocampal
tissue fixed after slicing is greater than that of perfusion-fixed
hippocampal tissue (Furness et al., 2008). This suggests that an
increase in extracellular volume could contribute to the ineffi-
ciency of the glutamate—glutamine cycle and a greater depen-
dence on anaplerosis for releasable glutamate in slices. However,
diffusion measurements of the extracellular volume in 400 wm
slices indicate that the relative extracellular space is similar to that
for intact brain (Hrabetova and Nicholson, 2000; Sykové and
Nicholson, 2008). To determine whether de novo synthesis con-

[ *Hlglutamine (1 wCi/slice) into neocortical slices incubated in Mg > -free aCSF (control) orin Mg 2 * -free aCSF with 30 mu AIB or
30 mum MeAIB. Incubations were terminated at 10 min by rapidly washing the slices in ice-cold ACSF three times, homogenizing the
slices, and determining retained radioactivity by scintillation counting. D, [ *H]Glutamate isolated from slices in Cby ion exchange
chromatography. E, [ *H]glutamate isolated by ion exchange chromatography of incubation media of slices subjected to a pulse-
chase protocol consisting of a 30 min pulse incubation in media spiked with [ *Hlglutamine (1 Ci/slice) followed by washing and
then a chase incubation in radioisotope-free incubation media for 20 min. For each group, n = 4 — 6. Values are plotted as the mean
and SEM. One-way ANOVA was applied to all datasets followed by Tukey pairwise tests. *p << 0.05; **p << 0.01; ***p << 0.001.

tributes to glutamate release, we next tested the effect of AOAA, a
broad spectrum inhibitor of amino transferases (Geng et al.,
1997), on EFPs. Cortical slices were either preincubated or per-
fused with 1-5 mm AOAA for ~1 h. Following AOAA treatment
and the further addition of GBZ/CGP, no EFPs were obtained
with a typical (150 wA) stimulation. Increasing stimulus current
led to the induction of large EFPs that diminished progressively
until failures were elicited (Fig. 7A). Further increasing the stim-
ulus intensity led to the induction of large EFPs, but again failures
ensued soon after. In contrast to the effects of MSO or AIB,
AOAA eventually led to an almost complete lack of evoked EFPs.
Addition of 500 uM alanine did not increase Pggp (Fig. 7B), but
500 uMm glutamine consistently increased Pypp within 15 min (Fig.
7C). Full recovery was noted in all slices treated with glutamine
(11.2 = 4.1 min to recovery, n = 11). These results suggest that de
novo glutamate synthesis through the anaplerotic pathway is nec-
essary for maintaining excitatory network in the slice when glu-
tamine is absent from the perfusate.

Entry of exogenous glutamate into the neurotransmitter pool
requires a glutamine intermediate

The effect of MSO and AIB on EFPs and the reversibility of the
effect with glutamine suggest that neuronal glutamine uptake is
necessary to maintain hyperexcitability. The observation that
EFPs were completely depleted in AOAA further suggests that
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Figure7. Theamino transferase inhibitor AOAA markedly reduces probability of evoking EFPs. A, Sample traces (top) and time course of evoked field potential area (bottom) from field

recordings of a cortical slice continuously treated with AOAA for 1 h before the recording and throughout the recording period. No EFPs were obtained with a typical (150 A) stimulation,
even after wash-in of GBZ/CGP. Increasing stimulus current (indicated by arrowheads) led to transient generation of EFPs with a large initial field potential followed by successively
smaller field potentials and ultimately failures [second set of sample tracings at top; 10 consecutive sweeps with position in order of sweeps indicated by numbers—the first sweep (1)
was the first epileptiform field potential, and the last (10) was a failure]. Subsequent addition of 500 wm alanine had no effect, but addition of 500 wm glutamine led to consistent
epileptiform field potentials with each stimulus. B, Paired analysis demonstrates no significant effect of alanine on P, in AOAA-treated slices (n = 4; p = 0.39). C, Glutamine (500 um)

produced a robust increase in Py;p in all slices (n = 11; p < 0.00001).

glutamate recycling is inefficient. Although the glutamine rescue
of EFPs in the AOAA-treated slices confirms that neuronal glu-
tamine uptake can maintain epileptiform activity in the absence
of de novo glutamate synthesis, it is unclear whether the entire
glutamate—glutamine cycle is functionally intact in the slice. If
glutamate that is removed from the synapse by astrocytes can be
recycled and released, then addition of exogenous glutamate
should rescue EFPs in AOAA-treated slices. Conversely, since
glutamate is primarily taken up by astrocytes (Danbolt, 2001)
and a glutamine intermediate is required for transfer to neurons
(Chaudhry et al., 2002), glutamate should not rescue MSO-
treated slices. To test whether exogenous glutamate enters the glu-
tamate—glutamine cycle, we applied 250 um glutamate to the
perfusate of AOAA-treated slices. The addition of glutamate to
the perfusate increased Pgpp to 100% in all slices (21.8 = 7.6 min,
n = 10) (Fig. 8A,B). In contrast, with MSO-treated slices, Pypp
remained unchanged when glutamate was added (Fig. 8C,D). In
some cases, addition of glutamate to MSO-treated slices was as-
sociated with a small reduction in the size of evoked fields during
the “on” periods, suggesting the possibility of glutamate receptor
desensitization or activation of other mechanisms that down-
regulate glutamate signaling. However, the invariable appearance
of EFPs in the AOAA-treated slices after addition of glutamate
indicates that any such effect does not preclude the generation of
evoked epileptiform activity. Further, we have previously dem-
onstrated that glutamate is efficiently taken up in the neocortical
slice by TBOA-sensitive transporters and that adding glutamate
at this concentration has little effect on bulk steady-state extra-
cellular levels (Dulla et al., 2008). The lack of an effect on Pgpp
with addition of glutamate to MSO-treated slices suggests that
neuronal presynaptic glutamate uptake, if present, is not suffi-
cient to maintain high levels of synaptic glutamate release re-
quired for EFPs and that conversion to glutamine in astrocytes is

required. It follows that the incorporation of exogenously added
glutamate to the neurotransmitter pool in the AOAA-treated
slices requires neuronal uptake of astrocyte-derived glutamine.
Further supporting this, blocking glutamine transport with addi-
tion of the broad spectrum glutamine uptake antagonist histidine
(10 mM) inhibited the glutamate rescue of EFPs in AOAA-treated
slices (supplemental Fig. 5A, B, available at www.jneurosci.org as
supplemental material). In these experiments addition of histi-
dine did not lead to SD, suggesting that the activity of the amino
transferases inhibited by AOAA is necessary for inducing SD with
histidine.

Attenuation of epileptiform fields by AIB is associated with a

reduction in frequency and amplitude of spontaneous EPSCs

To begin to address whether inhibition of neuronal glutamine
uptake is associated with a reduction in glutamate release at a
synaptic level, we recorded from layer V pyramidal neurons in
disinhibited slices. Whole-cell voltage-clamp recordings in the
presence of GBZ/CGP exhibited a pattern of intracellular cur-
rents similar to the extracellular field recordings, with both short
latency and late, prolonged polysynaptic components (Fig. 9A,
top traces). The amplitude of whole-cell voltage-clamp responses
was plotted as area (charge of EFP associated synaptic current
responses) versus time as previously done with EFPs (Fig. 9A,
bottom). To disrupt glutamate—glutamine cycle, we chose AIB
because its effect was readily reversible. When AIB was added to
GBZ/CGP-treated slices, the large evoked intracellular currents
began to exhibit the intermittent (on—off) pattern seen with ex-
tracellular field recordings under the same conditions, showing
that the synaptic inputs onto layer V neurons reflect the networks
that are monitored with the field recordings. The early fixed la-
tency response occurring within 8 ms after the stimulus artifact,
which likely reflects the monosynaptic inputs onto the patched
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cell, was markedly reduced with addition
of AIB (Fig. 9B, top and middle tracings).
This resolved with washout (Fig. 9B, bot-
tom tracing). AIB reduces the peak ampli-
tude to 52.90 * 7.28% of the GBZ/CGP
baseline (Fig. 9C) (n = 8; p < 0.00001)
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Figure 8.

Discussion

Although it is a well established metabolic
pathway in the vertebrate brain, the neces-
sity of the glutamate—glutamine cycle for
excitatory neurotransmission remains controversial (Rothman
et al., 2003; Kam and Nicoll, 2007). In this study, we provide
evidence that a fundamental part of the cycle, the transfer of
astrocyte-derived glutamine to neurons, is essential for sustained
epileptiform activity in acutely disinhibited neocortical slices. We
demonstrate that the cycle contributes to excitatory neurotrans-
mission in our slices and that exogenously supplied glutamate
can enter the cycle. However, we find that in addition to the cycle,
de novo synthesis, which is occurring predominantly in astro-
cytes, is required for maintaining high levels of glutamate release
in our in vitro system. We also find, in contrast to previous sugges-
tions, that the cycle can function independently of system A trans-
porters and uses an, as of yet, unidentified neuronal glutamine
transporter or transporters. Finally we find that the attenuation
of network activity through inhibition of glutamine transport is
associated with reduced frequency and amplitude of spontaneous
events detected at the single-cell level, suggesting that availability
of glutamine influences neurotransmitter release at excitatory
synapses during periods of intense network activity.

Although the majority of synaptically released glutamate is
derived from the glutamate—glutamine cycle both in vivo and in
vitro (Lieth et al., 2001; Sibson et al., 2001), glutamate can be
derived from a number of other precursors which could explain

slices (n = 4; p = 0.40).

25 30 baseline  glutamate
Time (min)

Glutamate rescues EFP responses in AOAA- but not MSO-treated slices. A, Sample traces (top) and time course
of evoked field potential area (bottom) from recordings of a cortical slice treated with AOAA and GBZ/CGP demonstrates
that the initial absence of large evoked epileptiform field potentials is reversed by the addition of 250 m glutamate to the
perfusate. Numbers near tracings indicate the percentage of stimuli that evoked an epileptiform field potential. B, Paired
analysis of Pgep before and 15 min after addition indicates a consistent increase with glutamate (n = 10; p < 0.0001).
€, In contrast, sample traces (top) and time course of evoked field potential area (bottom) from recordings of a cortical slice
treated with MSO and GBZ/CGP show no consistent change with addition of 250 wm glutamate. Numbers near tracings
again indicate the percentage of stimuli that evoked EFPs. D, Paired analysis of Py, at baseline (10 min after the addition
of GBZ/CGP) and 15 min after addition of glutamate demonstrates a failure of glutamate to rescue EFPs in MSO-treated

the limited effect of disrupting the cycle pharmacologically or
genetically on behavior and synaptic transmission (Blin et al.,
2002; Masson et al., 2006; Kam and Nicoll, 2007). While likely
crucial for periods of increased neuronal activity (Oz et al,,
2004), these other pathways complicate the characterization of
the glutamate—glutamine cycle, particularly in ex vivo prepa-
rations. The acutely disinhibited rat neocortical slice provides
us with a system in which the influence of the glutamate—
glutamine cycle on excitatory synaptic transmission can be
assessed in a physiologically intact system, and under condi-
tions in which potentially confounding effects on metabolism
of the inhibitory neurotransmitter GABA are rendered
irrelevant.

Our finding of a marked reduction in epileptiform activity
when slices are treated with MSO coupled with the minimal effect
of MeAIB indicates that system A transport is not necessary for
neuronal uptake of glutamine. This is consistent with previous
studies that have suggested that the system A transporters SNAT1
and SNAT? are unlikely to play a crucial role in the glutamate—
glutamine cycle and evidence for system A-independent neuro-
nal glutamine transport (Rae et al.,, 2003; Conti and Melone,
2006). However, a recent study suggests that MeAIB-sensitive
transport is a major pathway for neuronal glutamine uptake in
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Figure 9.  Frequency and amplitude of spontaneous events are reduced with addition of AIB to GBZ (GP-treated neocortical
slices. A, Sample traces (top) and time course (bottom) of charge transfer detected through intracellular voltage-clamp recording
of alayer V pyramidal neuron demonstrate findings that parallel field recordings. Note increased response duration with GBZ/CPG
wash-in and reduction following addition of AIB. Also note that after washout of AIB each stimulus is associated with a prolonged
polyphasic current (100% successes), while with addition of AIB intermittent polyphasic currents (~30—40% successes) were
noted. Bars indicate times of drug perfusion. Inset shows voltage responses to hyperpolarizing and depolarizing intracellular
currentinjections. This cell and all others in this set of intracellular experiments demonstrated typical features of layer V pyramidal
neurons, including adapting spike rates and hyperpolarization-induced membrane potential sag. B, Sample tracings of short
latency responses demonstrate a reduction in the current with addition of AIB (middle tracing) compared to GBZ/CGP alone (top
tracing) and after washout (bottom tracing). Dashed lines indicate fixed latency of onset (left line) and peak (right line) of
postsynaptic current, consistent with monosynaptic events. €, Comparison of peak amplitudes of the short latency responses after
addition of 30 mm AIB indicates a reduction to 52.90 == 7.28% of the responses in GBZ/CGP alone (n = 8, p << 0.0001). With
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vivo (Kanamori and Ross, 2006). In addi-
tion, we and others have demonstrated
that in models of chronic hyperexcitabil-
ity system A transport is required for sus-
tained epileptiform activity (Tani et al.,
2007; Sandow et al., 2009), suggesting that
with chronic hyperexcitability, system A
transporters contribute more significantly
to the glutamate—glutamine cycle. The
demonstration that MeAIB attenuates ep-
ileptiform activity in acutely disinhibited
hippocampal slices (Bacci et al., 2002),
also suggests that the role of system A
transport in the glutamate—glutamine cy-
cle varies from brain region to brain
region.

The molecular identity of the MeAIB-
insensitive transporter or transporters is
unknown. Unfortunately, AIB, alanine,
and histidine, which all appear to disrupt
the cycle, broadly inhibit glutamine trans-
porters (Christensen, 1962; Broer and
Brookes, 2001). MeAIB-insensitive neu-
ronal glutamine transport in neurons and
synaptosomes has been described (Su et
al., 1997; Tamarappoo et al., 1997; Rae et
al., 2003), but further biochemical and
molecular studies will be needed to more
completely characterize this step in the
glutamate—glutamine cycle.

The rapid run down of evoked epilep-
tiform fields in AOAA-treated slices indi-
cates that recycling alone cannot maintain
the level of glutamate release required for
epileptiform field generation in our sys-
tem. The rescue of the epileptiform fields
in these slices with glutamate does, how-
ever, confirm that the glutamate—glu-

<«

washout the peak amplitude was similar to that of the GBZ/
(GP baseline (89.82 == 27.86%; n = 8; p = 0.37). D, Current
recordings from a single cell collected from the 3 s before the
next stimulus during a 0.2 Hz stimulation paradigm demon-
strate spontaneous activity after addition of GBZ CGP (left) and
less frequent and smaller events in the same cell with subse-
quent addition of AIB to the perfusate (right). Recordings are
from the same cell depicted in 4, and asterisk and double as-
terisk indicate time points at which these tracings were ob-
tained. E, Plot of the frequency of spontaneous events
normalized to GBZ/CGP conditions demonstrates a marked
and reversible reduction by 30 mm AIB (AIB: 24.25 == 13.39%
of control and washout: 49.50 == 26.52% of control; n = 10
p <<0.0001 and p << 0.03, respectively). F, Cumulative histo-
gram of spontaneous events recorded from the cell depicted in
A shows a reduction in the median amplitude of events after
addition of AIB. G, Paired analysis from single-cell recordings
demonstrates a consistent decrease in the mean amplitude of
the spontaneous events with the addition of AIB (GBZ/CGP,
9.89 pA; +30 mm AIB, 8.97 pA; difference, 0.92 pA; n = 10;
p << 0.05). To maintain consistent solution osmolarity
throughout the intracellular recordings, a modified aCSF with
reduced NaCl (111 mm), and either 30 mm mannitol or 30 mm
AIB was used.
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tamine cycle is intact in our slices. The far greater expression
level of pyruvate carboxylase, an enzyme required for anaple-
rosis, in astrocytes compared to neurons suggests that most de
novo synthesis occurs in astrocytes and that the glutamate is
converted to glutamine and then transferred to neurons
(Shank et al., 1985). However, if glutamine synthetase and the
neuronal glutamine transport systems are completely inhib-
ited by MSO and AIB, then the more complete response to
AOAA (e.g., the absence of intermittent epileptiform events)
suggests in addition that some de novo synthesis occurs in
neurons where glutamate can be packaged directly into vesi-
cles without going through a glutamine intermediate. This
interpretation would be consistent with the capacity of cul-
tured neurons to sustain glutamate release in the absence ex-
ogenous glutamine (Kam and Nicoll, 2007).

Our field recording data suggest that disruption of the glutamate—
glutamine cycle attenuates glutamatergic neurotransmission. This
presumably results from a limited availability of glutamate. With
less glutamate available for vesicular packaging, it follows that the
amount in each vesicle (e.g., quantal size) will be reduced, and in
the extreme case, vesicles will contain no detectable glutamate
(Wolosker et al., 1996). This would be tested most directly by
measuring miniature EPSPs in the presence of tetrodotoxin (Katz
and Miledi, 1965). However, the requirement for frequent acti-
vation of neuronal networks in our system precludes the use of
tetrodotoxin. Our alternative approach, analyzing spontaneous
synaptic events with whole-cell voltage-clamp recordings, re-
vealed a reduction in amplitude and a far greater decrease in
frequency of events. The reduction in amplitude of spontaneous
events is consistent with a decrease in miniature excitatory
postsynaptic events and therefore quantal size (Min and Appen-
teng, 1996). However, the small reduction (~10%) would not
explain the more marked effect on epileptiform events or even
the monosynaptic early evoked responses recorded from the
same cells.

The reduction in spontaneous EPSC frequency (~75%) with
AIB is more consistent with the effect on epileptiform events and
the reduction in the early evoked responses. The simplest expla-
nation for the reduction in frequency of spontaneous events is a
decreased probability of release (Katz, 1962). Unfortunately, the
need for consistent intermittent stimulation in our system pre-
cludes the use of standard measures of release probability and
vesicle fusion such as paired-pulse ratio and FM1-43 destaining
kinetics (Katz and Miledi, 1968; Pyle et al., 1999). Further, it is not
directly obvious how AIB would cause a reduction in probability
of vesicle fusion. An alternative explanation for the reduced
frequency of spontaneous events is that some terminals that
form synapses onto the recorded cell are recruited into the
activated network and are readily depleted of glutamate when
neuronal glutamine transport is blocked. Vesicles from these
terminals would continue to fuse with the same probability,
but no detectable glutamate would be released. The spontane-
ous events and persisting monosynaptic evoked responses that
are detected in the presence of AIB could arise from terminals
that are perhaps less activated by the recurrent activity of the
epileptiform event.

Can disrupting the glutamate—glutamine cycle be used to
treat epilepsy? Our data and that of others suggest that it can
(Bacci et al., 2002; Tani et al., 2007; Eid et al., 2008). However,
recent work has demonstrated that cycle activity is impaired in
epileptic tissue (Pan et al., 2008). These contradictory findings
may be explained, in part, by the system being studied and which
step in the cycle is disrupted. Blocking the cycle after the synaptic

Tani etal. o Glutamine Is Required for Epileptiform Activity

release of glutamate but before synthesis of glutamine would lead
to a paradoxical increase in excitability as synaptic glutamate will
not be efficiently cleared from the extracellular space (Rothstein
et al., 1996; Tanaka et al., 1997). Indeed inhibiting astrocytic
glutamate transporters increases epileptiform activity (Dulla
etal., 2008). In addition, MSO leads to seizures when given to
rodents (Rowe and Meister, 1970), and cases of human tem-
poral lobe epilepsy have been associated with a reduction in
astrocytic expression of glutamine synthetase (Eid et al.,
2004). The absence of a similar effect in our slices treated with
MSO may reflect the fact that synaptic glutamate does not
readily build up in perfused brain slices. Disrupting the cycle
after glutamine synthesis, but before glutamate release (either
at the intercellular transfer of glutamine, synthesis of gluta-
mate, or vesicular packaging and release), should lead to a
decrease in synaptic levels of the neurotransmitter. Inhibiting
neuronal glutamine uptake is particularly appealing as the
primary metabolic effect would be an increase in extracellular
glutamine. While blocking neuronal glutamine uptake might
also inhibit synthesis of GABA (Liang et al., 2006; Fricke et al.,
2007), an undesirable effect when trying to treat hyperexcit-
ability, our data suggest that MeAIB-sensitive transporters,
which appear to be important in GABA synthesis, are not
essential to the glutamate—glutamine cycle. Thus identifying
and targeting the MeAlIB-insensitive neuronal glutamine
transporters in the cycle may be of particular importance.
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