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Abstract
GLAST is the predominant glutamate transporter in the cerebellum and contributes substantially
to glutamate transport in forebrain. This astroglial glutamate transporter quickly binds and clears
synaptically released glutamate and is principally responsible for ensuring that synaptic glutamate
concentrations remain low. This process is associated with a significant energetic cost.
Compartmentalization of GLAST with mitochondria and proteins involved in energy metabolism
could provide energetic support for glutamate transport. Therefore, we performed
immunoprecipitation and co-localization experiments to determine if GLAST might co-
compartmentalize with proteins involved in energy metabolism. GLAST was immunoprecipitated
from rat cerebellum and subunits of the Na+/K+ ATPase, glycolytic enzymes, and mitochondrial
proteins were detected. GLAST co-localized with mitochondria in cerebellar tissue. GLAST also
co-localized with mitochondria in fine processes of astrocytes in organotypic hippocampal slice
cultures. From these data, we hypothesized that mitochondria participate in a macromolecular
complex with GLAST to support oxidative metabolism of transported glutamate. To determine the
functional metabolic role of this complex, we measured CO2 production from radiolabeled
glutamate in cultured astrocytes and compared it to overall glutamate uptake. Within 15 minutes,
9% of transported glutamate was converted to CO2. This CO2 production was blocked by
inhibitors of glutamate transport and glutamate dehydrogenase, but not by an inhibitor of
glutamine synthetase. Our data support a model in which GLAST exists in a macromolecular
complex that allows transported glutamate to be metabolized in mitochondria to support energy
production.
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1. Introduction
Glutamate is the major excitatory neurotransmitter in the central nervous system. Synaptic
glutamate must be kept at low levels (approximately 25 nM) because excessive extracellular
glutamate is excitotoxic (Choi, 1992; Frandsen et al., 1989; Herman and Jahr, 2007). A
family of plasma membrane glutamate transporters is responsible for clearing extracellular
glutamate (Danbolt, 2001). The astrocytic glutamate transporters, GLAST and GLT-1, are
enriched in perisynaptic astrocyte processes and are responsible for the vast majority of
glutamate uptake in the central nervous system (Chaudhry et al., 1995; Danbolt, 2001;
Robinson, 1998; Sheldon and Robinson, 2007). GLT-1 is the predominant transporter in the
forebrain, whereas GLAST is the predominant transporter in the cerebellum.

Glutamate transporters use the Na+-electrochemical gradient maintained by the Na+/K+

ATPase to drive glutamate clearance. This process is energetically costly because 3 Na+ ions
must be co-transported with each glutamate molecule, glutamate is transported against a
steep gradient, and transport occurs in spatially restricted processes. The Na+/K+ ATPase is
physically and functionally coupled to glutamate transporters (Rose et al., 2009). Our
laboratory recently demonstrated that GLT-1 exists in a macromolecular complex that
includes the Na+/K+ ATPase, most of the enzymes involved in glycolysis, and mitochondria
(Genda et al., 2011). This work lead us to hypothesize that these proteins/organelles may
exist in a complex with glutamate transporters in order to maintain the Na+-electrochemical
gradient necessary to drive glutamate uptake.

Classically, it is believed that once transported into astrocytes, glutamate is converted to
glutamine by glutamine synthetase (Norenberg and Martinez-Hernandez, 1979; Palmada and
Centelles, 1998; Waniewski and Martin, 1986). Glutamine is then transported back into the
presynaptic neuron and converted to glutamate, creating a glutamate-glutamine cycle.
However, alternative metabolic pathways for glutamate are also described (Schousboe et al.,
1993; Westergaard et al., 1995). Glutamate can be converted to alpha-ketoglutarate by
transaminases or by glutamate dehydrogenase (Plaitakis et al., 2011). Alpha-ketoglutarate is
a tricarboxylic acid (TCA) cycle intermediate involved in oxidative phosphorylation. Thus,
the glutamate carbon backbone can be broken down to produce ATP and CO2. This pathway
would be energetically favorable because oxidation of glutamate could potentially offset
some of the energetic cost of glutamate transport. In contrast, conversion of glutamate to
glutamine requires additional energy in the form of ATP.

We hypothesize that a macromolecular complex exists between GLAST, mitochondria,
glycolytic enzymes, and the Na+/K+ ATPase. We performed coimmunoprecipitations to
determine if mitochondrial proteins, glycolytic enzymes, and the Na+/K+ ATPase might be
physically coupled to GLAST. We performed immunofluorescence experiments to
determine whether GLAST co-localizes with mitochondria in vivo. We transfected
astrocytes in hippocampal slice cultures with fluorescently labeled GLAST and a
fluorescently labeled mitochondrial protein to determine whether co-localization of GLAST
and mitochondria can occur within individual astrocytic processes. We hypothesize that this
complex might exist to metabolically support glutamate transport within the spatially
restricted space of these processes. To determine the metabolic role of a complex involving
both GLAST and mitochondria, we adapted an assay to measure CO2 produced in cultured
astrocytes.
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2. Methods
2.1. Immunoprecipitation

Immunoprecipitations of GLAST were performed using Pierce crosslink
immunoprecipitation columns (Thermo Scientific, Rockford, IL). Antibody (10-15 μg) was
cross-linked to the column resin per manufacturer's instructions. Cerebellar tissue was
harvested from adult male Sprague-Dawley rats after euthanasia by decapitation, to avoid
potential effects of anesthetic agents, and homogenized in immunoprecipitation buffer (150
mM NaCl, 1 mM EDTA, 100 mM Tris HCl, pH 7.4, 1% Triton-X-100, and 1% sodium
deoxycholate) plus protease and phosphatase inhibitors (1 μg/mL leupeptin, 260 μM PMSF,
1 μg/mL aprotinin, 1 mM iodoacetamide, 10 mM NaF, and 1 mM sodium orthovanadate)
(18.5 mL/g wet weight). Homogenates were rotated on a shaker for 1 hr at 4°C and then
cleared of cellular debris by centrifugation at 13,000 × g for 30 min at 4°C. One mL of the
supernatant was precleared with 40 μL protein A control resin (Thermo Scientific,
Rockford, IL) at 4°C for 1 hr. After analyses of protein (bicinchoninic acid protein assay kit
Thermo Scientific, Rockford, IL), an aliquot of the resulting supernatant containing 750 μg
of total protein was applied to the column and rotated overnight at 4°C. Columns were
washed with manufacturer supplied buffers: IP Lysis/Wash Buffer (0.025 M Tris, 0.15 M
NaCl, 0.001 M EDTA, 1% NP40, 5% glycerol, pH 7.4), then a neutral pH Conditioning
Buffer (Thermo Scientific, Rockford, IL). Antigens were eluted using 35 μL of a low pH
(2.8) elution buffer per manufacturer's instructions (Thermo Scientific, Rockford, IL). After
elution, 35 μL of SDS-PAGE loading buffer was incubated with the eluate for 30 min at
25°C prior to gel loading.

Immunoprecipitations of UQCRC2 were performed by incubating 15 μg mouse anti-
UQCRC2 antibody (AbCam, Cambridge, MA) with precleared cerebellar tissue (prepared as
described above) overnight at 4°C. This suspension was then incubated with protein A
agarose beads (Invitrogen, Grand Island, NY) for 2 hr at 4°C. After centrifugation,beads
were washed 3 times, and proteins were eluted with SDS-PAGE loading buffer at 25°C for
45 min.

2.2. Western Blotting
Proteins (including rainbow molecular weight marker, Amersham) were resolved using 8%
or 10% SDS-polyacrylamide gels and transferred to Immobilon FL polyvinylidene fluoride
membranes (Millipore, Bedford, MA). After blocking for 1 hr at 25°C in TBS (50 mM Tris,
pH 8.0, 150 mM NaCl) containing 5% nonfat dry milk, membranes were probed with the
appropriate primary antibody. Mouse anti-β1 subunit of the Na+/K+ ATPase (1:200), rabbit
anti-GLAST(1:200), and goat anti-NADH ubiquinone oxidoreductase complex 1 (NDUFS1)
(1:200) were from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse anti-hexokinase
(1:1000), mouse anti-α1 subunit of the Na+/K+ ATPase (1:2000), mouse anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:200), and rabbit anti-α2 subunit of
the Na+/K+ ATPase (1:1000) were from Millipore (Temecula, CA). Mouse anti-ubiquinol-
cytochrome-c reductase complex core protein 2 (UQCRC2) (1:5000) was from Abcam
(Cambridge, MA). Membranes were washed in TBS-T (50 mM Tris, pH 8.0, 150 mM NaCl,
0.1% Tween 20) and then incubated with fluorescently conjugated anti-rabbit, anti-mouse,
or anti-goat antibodies (1:10,000 LiCor Biosciences, Lincoln, NE). Blots were scanned
using an Odyssey Infrared Imager (LiCor Biosciences, Lincoln, NE).

2.3. Immunofluorescence
Adult rats (10-12 weeks) were anesthetized with isofluorane and transcardially perfused
with ice-cold PBS followed by 4% paraformaldehyde in phosphate buffered saline (PBS),
pH 7.4. Brains were post-fixed overnight (4°C), equilibrated in 30% sucrose, flash frozen in
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isopentane (-50°C), and stored at -80°C. After cutting coronal sections (40 μm) on a
microtome, free-floating sections were subject to antigen retrieval (10 mM citrate buffer pH
8, 80°C, 30 min). Sections were blocked in PBS containing 5% normal serum and 0.4%
Triton X-100 for 1 hr and then incubated with rabbit anti-EAAT1 (Abcam, 1:100) and/or
mouse anti-UQCRC2 (Abcam, 1:100) overnight at 4°C. After 3 rinses, they were incubated
in secondary antibody (either Alexa Fluor 488 or 633; 1:400) overnight at 4°C. Sections
were mounted on pre-coated slides, cover-slipped with a DNA counterstain, 4',6-
diamidino-2-phenylindole (DAPI), and stored at 4°C until analysis. Controls for each
experiment included incubations to confirm the species specificity of secondary antibodies
and to confirm that signal was dependent on the presence of primary antibodies. Sections
were visualized on a Fluoview 1000 confocal microscope (Olympus, Center Valley, PA)
equipped with a PlanApo 60x objective (numerical aperture = 1.4). All images were
collected in sequential scan mode to minimize cross-contamination of fluorophores.

2.4. Preparation of cDNA constructs
Monomeric red fluorescent protein (mRFP) was a gift from Dr. Roger Tsien (University of
California at San Diego)(Campbell et al., 2002). mRFP-C3 was obtained by replacing eGFP
with mRFP in pEGFP-C3 (Clontech, Mountain View, CA) (see Genda et al 2011). mRFP-
GLAST was generated in two steps. The coding region of GLAST was amplified from
GLAST (pCDNA 3.1+) adding restriction sites for Bgl II and Sal I. The PCR product was
gel purified and ligated into pCR2.1 using a Topo TA cloning kit (Invitrogen, Grand Island,
NY). The coding sequence was restricted from pCR2.1 using Bgl II and Sal I and
subsequently ligated into pmRFP-C3. Mito-EGFP encodes a fusion of EGFP with the
mitochondrial targeting sequence of subunit VIII of cytochrome c oxidase and was a
generous gift from Dr. Stanley Thayer (University of Minnesota, Minneapolis, MN) (Wang
et al., 2003). The resultant fusion construct was sequenced to confirm identity.

2.5. Hippocampal slice culture
Hippocampal slices (300 μm) were prepared from rat pups between 6 and 10 days of age
using a McIlwain tissue chopper (Brinkman Instruments, Westbury, NY) and placed in
Millicell Culture Inserts (0.4 μm pore size) (Millipore, Bedford, MA) in six-well plates as
previously described (Kayser et al., 2006). Slices were maintained in a humidified incubator
with 5% CO2 at 37°C in 1 mL of medium containing: 50% Neurobasal medium, 25% Hank's
buffered saline solution, 25% horse serum, supplemented with 10 mM HEPES, 36 mM
glucose, 2 mM glutamine, penicillin (10 U/mL) and streptomycin (100 μg/mL), pH 7.2-7.3.
After two days in vitro, hippocampal slice cultures were transduced using a Helios Gene
Gun (Bio-Rad, Hercules, CA) (McAllister, 2004). cDNAs (10 μg) were combined with 10
μg of 1.0 μm gold particles in a solution with 0.02 mg/mL polyvinylpyrrolidone 20
(PVP-20), 0.05 M spermidine, and 1 M CaCl2. This suspension was used to coat Teflon
tubing. Tubing was cut into cartridges and loaded into the Gene Gun, and gold particles
were shot with high-pressure helium (100-120 psi) into cultured slices in inserts sitting on
warmed agarose slabs. Under these conditions, astrocytes are selectively transduced
(Benediktsson et al., 2005; Genda et al., 2011).

Two days post-transduction, slices were fixed on the membrane inserts in a solution of 4%
paraformaldehyde in PBS for 15 min at room temperature. Tissues were rinsed in PBS and
gently removed from their membrane support with a spatula. Some tissues were processed
as free-floating sections for subsequent immunostaining. These sections were extracted
overnight in a solution of PBS containing 1% Triton-X-100 at 4°C. Sections were blocked in
5% goat serum for 1 hr at room temperature and incubated with rabbit anti-glial fibrillary
acidic protein (GFAP) polyclonal antibody (1:300; Sigma, St. Louis, MO) overnight at 4°C
in PBS containing 1% Triton-X-100 and 5% goat serum. Sections were rinsed 3 × 15 min in
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PBS and incubated overnight with secondary antibody (goat anti-rabbit Alexa Fluor 350;
Invitrogen, Grand Island, NY). Slices were rinsed 3 × 15 min in PBS before mounting on
pre-coated slides (Superfrost Plus; Fisher, Pittsburgh, PA).

Images were collected using an Olympus Fluoview 1000 (Center Valley, PA) laser scanning
confocal microscope that was equipped with 405, 488, 546, and 633 nm laser lines. All
images were collected in sequential scan mode to limit cross-contamination of fluorescence.
For 3D reconstruction of cells in slices, 40-80 optical sections were taken at an interval of
0.5 μm in the z-direction using a 40x UPlanFL objective (numerical aperture = 1.3).

2.6. Puncta Analysis
Co-clustering of RFP-GLAST with mito-EGFP was conducted as described previously
(Genda et al., 2011). Briefly, images were background corrected and filtered using a
Gaussian filter (σ = 1). Mitochondria and GLAST were identified by locally thresholding
each channel (r = 8). The resulting images were converted into binary images. We measured
the length of each punctum and the length of each process. Co-clustering of puncta was
defined as >1 pixel (0.155 μm per pixel) of overlap between the two channels and expressed
as a percentage of the puncta that overlapped with at least one punctum of the opposite type.

2.7. Intensity correlation/intensity co-localization quotient analysis
Single optical sections were background corrected and filtered using a Gaussian filter (σ =
1). All image analysis was conducted using NIH ImageJ software
(http://rsb.info.nih.gov/ij/). Images were automatically thresholded and the Intensity Co-
localization Quotient (ICQ) values calculated using the intensity correlation analysis (ICA)
plug-in to the McMaster Biophotonics Facility ImageJ collection. The ICQs were calculated
as described by Li et al., 2004; results were compared to zero using a one-sample t test.

2.8. Astrocyte cultures
Astrocyte cultures were prepared from cortex of P0-P3 Sprague Dawley rats as previously
described (Garlin et al., 1995). After dissection and removal of meninges, cortices were
trypsinized for 20 min at 37°C in 5% CO2 and washed in Hanks’ buffered saline solution.
The tissue was triturated in warm media (10% heat-inactivated fetal bovine serum, 10%
Ham's F-12 medium, and 80% Dulbecco's modified Eagles’ medium with 0.24% penicillin/
streptomycin), and cells were plated onto T75 flasks (BD Falcon, Franklin Lakes, NJ). To
remove A2B5 positive cells, cultures were incubated with anti-A2B5 antibody and rabbit
complement for 45 min. Cultures were then replated onto 12-well plates (BD Falcon,
Franklin Lakes, NJ).

2.9. Glutamate Uptake
Astrocytic sodium-dependent transport activity was measured in triplicate. Plates were
placed in a 37°C water bath. Cells were rinsed twice with 1 mL of warm artificial
cerebrospinal fluid (ACSF) (130mM NaCl, 3mM KCl, 1.25mM NaH2PO4, 26mM NaHCO3,
10mM dextrose, 1mM MgCl2, 2mM CaCl2, bubbled with 95% O2, 5% CO2 mixture for at
least 30 min) and then incubated with 1 μM L-[3H]-glutamate for 5 or 15 min. After halting
uptake of radioactive glutamate with 3 washes with ice-cold ACSF, the cells were
solubilized in 1 mL of 0.1 N sodium hydroxide, and samples were taken for analysis of
radioactivity using a Beckman LS 6500 scintillation counter (Beckman Coulter,
Indianapolis, IN). Uptake was defined as the difference in radioactivity accumulated in the
presence and absence of excess (10 mM) non-radioactive glutamate. The amount of
radioactivity observed in the presence of excess glutamate was < 1.5% of that observed in
the absence of excess glutamate (mean of 3 experiments).
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2.10. CO2 measurements
Production of CO2 from an astrocyte monolayer was measured using an adaptation of
methods previously described (MacDonnell and Greengard, 1975; Yu et al., 1982). CO2
measurements were performed in duplicate in 12 well plates (BD Falcon, Franklin Lakes,
NJ) at 37°C in a water bath. Wells were washed 3 times with ACSF bubbled with 5% CO2,
95% O2. After addition of 1 mL ACSF containing 1 μM L-[1-14C]- glutamate, they were
sealed with polyvinyl chloride tubing and a rubber sleeve stopper (see Figure 1). After 5 or
15 minutes, the reaction was stopped by injection of 1N HCl (500 μL). In order to
trap 14CO2, Carbosorb-E base (300 μL)(Perkin-Elmer, Waltham, MA) was injected into a
cup (center well, Kimble Chase, Vineland, NJ) suspended above the well, and the wells
remained sealed for an additional hour to allow all CO2 to be trapped. Cups were removed,
placed in vials containing scintillation fluid (Permafluor E+,Perkin-Elmer, Waltham, MA),
and radioactivity was analyzed using a scintillation counter. Enzyme dependent CO2
production was defined as the difference in radioactivity accumulated in the presence and
absence of excess (10 mM) non-radioactive glutamate.

3. Results
To determine whether GLAST interacts with proteins involved in energy metabolism, we
immunoprecipitated GLAST from rat cerebellum and performed Western blot analysis for
candidate interacting partners. Immunoprecipitates of GLAST from rat cerebellum
contained subunits of the Na+/K+ ATPase, glycolytic enzymes, and mitochondrial proteins
(Figure 2). Specifically, we detected the α1, α2, and β1 subunits of the Na+/K+ ATPase in
GLAST immunoprecipitations. The glycolytic enzymes GAPDH, and hexokinase were also
detected. We also detected the inner mitochondrial membrane proteins NDUFS1 and
UQCRC2 in the GLAST immunoprecipitates. All of the co-immunoprecipitated proteins
were enriched in the GLAST immunoprecipitates compared to IgG controls. To address the
possibility that GLAST antibody nonspecifically immunoprecipitates these proteins in the
absence of GLAST protein, we performed immunoprecipitations using antibody against
UQCRC2, and tested for the presence of GLAST. Immunoprecipitates of UQCRC2 were
enriched in GLAST compared to IgG controls.

As detection of inner mitochondrial membrane proteins in an immunoprecipitation of a
plasma membrane protein could be explained by post-solubilization aggregation, we tested
for co-localization of GLAST and the mitochondrial protein, UQCRC2, in cerebellar tissue.
If two proteins are part of the same complex, then their staining intensities should co-vary.
Conversely if the proteins are part of different complexes or structures, then their staining
patterns should display segregated staining. We calculated Intensity Co-localization
Quotients (ICQ) for GLAST and UQCRC2 in both the molecular and granular layers of the
cerebellum (Genda et al., 2011; Li et al., 2004). This measure describes the extent of
correlation of the staining intensities for two proteins. ICQ values are distributed between
-0.5 and +0.5. Positive ICQ values indicate that the relative intensities are correlated and
consistent with co-localization. Conversely, negative ICQ values indicate that the proteins
are segregated. ICQ values not significantly different from zero indicate random staining.
We found no evidence of co-localization in the molecular layer of the cerebellum (ICQ =
-0.02 ± 0.03; mean ± S.E.M, n = 9), but there was significant co-variance of signal for
GLAST and UQCRC2 in the granular layer of cerebellum (ICQ = 0.1 ± 0.02, p < 0.001, n =
8) (Figure 4A-K).

While immunofluorescence allowed us to determine the extent of overlap between GLAST
and UQCRC2 in native tissue, the resolution (~200nm) is not sufficient to determine
whether the overlap is a result of co-localization within individual astrocytic processes. To
address this concern, astrocytes in hippocampal slice cultures were biolistically transduced
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with mitochondrially targeted EGFP (Mito-EGFP) and an RFPGLAST fusion protein
(mRFP-GLAST) (Figure 4L-Q). Slices were immunolabeled for glial fibrillary acidic
protein (GFAP), a commonly used marker for astrocytic lineage (Figure 4L). All transduced
cells co-localized with GFAP. The length of each process (52 ± 4 μm, n = 33 from 10
different cells analyzed from 4 independent experiments), the sizes (lengths) of GLAST
puncta (1.5 ± 0.1 μm; n = 399), and the lengths of the mitochondria (1.9 ± 0.1 μm; n = 294)
were measured. The average densities of GLAST and mitochondria (i.e., the portion of the
process covered by either particle) were similar, 0.37 ± 0.17 and 0.34 ± 0.19, respectively.
GLAST puncta were frequently overlapped by mitochondria and vice versa. Across all
processes 52.5 ± 3.3% of GLAST puncta were overlapped by mitochondria, and 67.6 ±
3.5% of mitochondria were overlapped by GLAST puncta.

Co-compartmentalization of GLAST with the Na+/K+ ATPase, glycolytic enzymes and
mitochondria could have several functional consequences. Mitochondria, glycolytic
enzymes, and the Na+/K+ ATPase can provide energy (ATP and Na+ gradient) to drive
uptake. Mitochondria could also buffer Na+ and H+ that are co-transported with glutamate.
Finally, mitochondria provide an alternate route for glutamate metabolism via oxidation (see
Figure 5A). As primary astrocyte cultures only express the glutamate transporter GLAST
(Schlag et al., 1998; Swanson et al., 1997) and express no glutamic acid decarboxylase, this
is an ideal model system in which to examine the metabolic fate of glutamate transported by
GLAST. Earlier studies have documented both conversion of glutamate to glutamine and
glutamate oxidation in astrocytes. In order to determine the percentage of transported
glutamate that is converted to CO2, the amount of glutamate accumulated in astrocytes and
the amount of CO2 generated from L-[1-14C] glutamate were measured in parallel (Figure
5B-E). After 5 minutes, 5 ± 0.9% of transported glutamate was converted to CO2. After 15
minutes, the percentage of glutamate converted to CO2 was significantly greater (9 ± 0.7%;
p < 0.05). Both glutamate transport and CO2 production were completely blocked by the
general inhibitor of Na+-dependent transport systems, DL-threo-β-benzyloxyaspartic acid
(TBOA, 1 mM). To test whether these measures are dependent upon the enzyme glutamate
dehydrogenase, which catalyzes the conversion of glutamate to alpha-ketoglutarate, the
glutamate dehydrogenase inhibitor epigallocatechin gallate (EGCG, 1 mM) was used (Li et
al., 2006). Both glutamate transport and CO2 production were inhibited by EGCG. The
glutamine synthetase inhibitor methionine sulfoximine (MSO, 5 mM) inhibited neither
glutamate uptake nor CO2 production.

4. Discussion
It is increasingly apparent that proteins and organelles compartmentalize within cells to
support specific functions (de Brito and Scorrano, 2008; Garcia-Perez et al., 2008; Sheng,
2001). We found that subunits of the Na+/K+ ATPase, glycolytic enzymes and
mitochondrial proteins co-immunoprecipitate with GLAST. We also found that GLAST co-
localizes with mitochondria in cerebellum and in fine processes of astrocytes in
hippocampal slice cultures. To the best of our knowledge, prior to this work, only 6 GLAST
interacting proteins have been identified: NHERF-1, NHERF-2, ezrin, septin 2, GFAP, and
the α2 subunit of the Na+/K+ ATPase (Kinoshita et al., 2004; Lee et al., 2007; Ritter et al.,
2011; Rose et al., 2009; Sullivan et al., 2007). In this study, we identified 6 additional
proteins that co-immunoprecipitate with GLAST. Consistent with the interaction between
the Na+/K+ ATPase and GLAST, we found that in addition to the α2 subunit, the α1 and β1
subunits of the ATPase also co-immunoprecipitate with GLAST. Additionally, we
demonstrate that mitochondrial proteins, UQCRC2 and NDUFS1, and glycolytic enzymes,
hexokinase and GAPDH, co-immunoprecipitate with GLAST. We recently demonstrated
that GLT-1 is part of a similar complex (Genda et al., 2011).
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While we find it unlikely that co-immunoprecipitations paired with co-localization are the
result of a post-solubilization aggregation, we cannot rule out this possibility. Another
potential confounding factor could be the presence of GLAST in mitochondrial membranes
rather than the plasma membranes of astrocytes. GLAST has been detected in mitochondria
of cardiac myocytes (Ralphe et al., 2005; Ralphe et al., 2004). In those studies, the authors
observed complete overlap of GLAST with mitochondria. It is possible that the high
metabolic demands of cardiac myocytes result in close coupling of GLAST to mitochondria
in this system. In brain, several different studies have failed to detect GLAST in
mitochondria using electron microscopy (Chaudhry et al., 1995; Lehre et al., 1995; Rinholm
et al., 2007). In the present study, we detected incomplete overlap of GLAST puncta with
mitochondria (fluorescence for the mitochondrial marker frequently extends beyond GLAST
fluorescence within a single mitochondrion, see Figure 4P-Q for examples), indicating that
this overlap is not due to targeting of GLAST to mitochondria. Furthermore, the fact that
there was no significant co-localization between GLAST and UQCRC2 in the molecular
layer of the cerebellum provides additional evidence that GLAST is not targeted to
mitochondria.

In order for the inner mitochondrial membrane proteins UQCRC2 and NDUFS1 to interact
with GLAST, there must be a scaffold of several proteins that link them. Linkages of
proteins that span multiple membranes are not unprecedented. Hexokinase is constitutively
associated with mitochondria in the brain (Sui and Wilson, 1997). Hexokinase interacts with
the outer mitochondrial membrane protein voltage-dependent anion channel (VDAC) (Abu-
Hamad et al., 2008; Sui and Wilson, 1997). VDAC, in turn, interacts with the adenine
nucleotide translocase (ANT) which resides in the inner mitochondrial membrane (Beutner
et al., 1998; Crompton et al., 1998). ANT interacts with prohibitin in the inner mitochondrial
matrix (Osman et al., 2009). Therefore it is possible that these proteins can be connected
through a series of linking proteins. This will need to be tested in future studies.

Granule cells are the only glutamatergic cells in the cerebellum. Their cell bodies are located
in the granular layer, and they project to the molecular layer where GLAST is most
abundant. Both GLAST and UQCRC2 were present at higher levels in the molecular layer
than in the granular layer, yet we only detected significant co-localization in the granular
layer. The lack of co-localization in the molecular layer may simply be attributed to the fact
that both proteins were significantly more abundant in this region, and co-variance may be
less likely detected in regions of high expression. It is also possible that this differential co-
localization reflects an intrinsic mechanism to regulate formation of the complex.
Alternatively, this may suggest that transport energetics are supported differently in these
two areas. In the molecular layer, glutamate can easily be bound and buffered by GLAST
because it is abundantly expressed by Bergmann glia, and thus may not need energetic
support to quickly transport glutamate. In the granular layer which is densely populated with
neuronal cell bodies, quick transport may be necessary to remove glutamate because the
buffering capacity is decreased. Despite its low expression level in the granular layer,
GLAST is primarily responsible for limiting the time course of synaptic transmission at
granule cell synapses (Overstreet et al., 1999). Alternatively, the difference in co-
localization could be attributable to regional heterogeneity in subpopulations of
mitochondria. Mitochondria can differ in levels of alpha-ketoglutarate dehydrogenase
(Waagepetersen et al., 2006), and mitochondria in astrocytes of the granular layer contain
more glutamate-dehydrogenase reactive particles than mitochondria in astrocytes of the
molecular layer (Rothe et al., 1994). Thus, it is possible that GLAST preferentially
associates with mitochondria in the granular layer that express higher levels of enzymes
required for glutamate flux through the TCA cycle. In any case, our data suggest that there
are regional differences in the coupling of glutamate transport to this complex.
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After transport into astrocytes, glutamate can be converted into glutamine by glutamine
synthetase or converted to alpha-ketoglutarate by transaminase or glutamate dehydrogenase
(Palmada and Centelles, 1998; Schousboe et al., 1993; Waniewski and Martin, 1986;
Westergaard et al., 1995). Alpha-ketoglutarate can then be converted into succinyl CoA and
CO2 by alpha-ketoglutarate dehydrogenase (Figure 5A). In this study we measured the
stoichiomentry of CO2 produced from transported glutamate. Previous studies using
astrocytes (Farinelli and Nicklas, 1992; McKenna et al., 1996; Rao and Murthy, 1993; Skytt
et al., 2010; Sonnewald et al., 1997; Waniewski and Martin, 1986; Yu et al., 1982),
synaptosomes (Yudkoff et al., 1994), and brain slices (El Hage et al., 2011) have examined
the catabolism of glutamate and its conversion to CO2 with conflicting results. Some studies
found a relatively small portion of glutamate flux through the tricarboxylic acid (TCA)
cycle, whereas others found a large portion of glutamate entering the TCA cycle. The
pathway by which glutamate is metabolized appears to depend on glutamate concentration,
with high concentrations of glutamate favoring its flux through the TCA cycle (McKenna,
2007; McKenna et al., 1996; Sonnewald et al., 1997). We used a relatively low
concentration of glutamate (1 μM), which would favor low TCA cycle flux and thus
relatively low levels of CO2 production. Another variable that could influence CO2
production is incubation time. In behaving rats, the rate of glutamate oxidation increased
greatly at about 45 minutes in hippocampus (Zielke et al., 1998). In the current study, the
percentage of glutamate converted to CO2 nearly doubled between 5 and 15 min. It is
possible that CO2 production might increase further at longer incubation times; however,
glutamate uptake would cease to be linear.

Several studies have also used pharmacological agents to study flux of glutamate through
metabolic pathways. Yu et al. used aminooxyacetic acid to block transaminase and found no
inhibition of CO2 production, suggesting that glutamate dehydrogenase is responsible,
consistent with our EGCG results (Yu et al., 1982). We believe ours is the first study using
EGCG to block glutamate dehydrogenase while measuring CO2 production. EGCG did
block CO2; however, it also blocked uptake. Our experiments did not test the mechanism
through which EGCG blocked CO2 production. Since uptake was blocked, the simplest
explanation for the reduction in CO2 is a decrease in intracellular glutamate as a precursor
for CO2. The decrease in glutamate uptake could be a result of EGCG acting on targets
besides glutamate dehydrogenase, or it might suggest that flux of glutamate through this
pathway provides energy to support glutamate uptake. In future studies it will be important
to determine the mechanism through which EGCG inhibits glutamate uptake (e.g.
competitive vs. noncompetitive inhibitor). It will also be interesting to determine the effects
of new pharmacological agents that have been identified to inhibit glutamate dehydrogenase
(Li et al., 2011).

Glutamate uptake is energetically demanding, and the fate of transported glutamate could
determine the energetic cost of this process. Glutamate that is oxidized through the TCA
cycle results in the production of ATP, whereas conversion to glutamine requires
expenditure of ATP. Glutamate uptake into astrocytes may additionally affect metabolism
through the stimulation of glycolysis (Bittner et al., 2011; Pellerin and Magistretti, 1994)
and glucose transport (Loaiza et al., 2003). Compartmentalization of GLAST with glycolytic
enzymes could potentially support the stimulation of glycolysis. In addition to supporting
energetic demand, mitochondria may localize near GLAST and the Na+/K+ ATPase to
buffer changes in ion concentrations. Mitochondria near GLAST can sense and buffer Na+

(Bernardinelli et al., 2006), and mitochondria in astrocytes buffer protons during glutamate
uptake (Azarias et al., 2011).

It is possible that formation of this complex is regulated. One potential regulator could be
extracellular glutamate. There are several lines of evidence to support this hypothesis.
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Application of glutamate to astrocytes causes clustering of GLT-1 (Nakagawa et al., 2008)
and moves mitochondria near the plasma membrane (Kolikova et al., 2006). Glutamate also
increases glutamate uptake (Munir et al., 2000) and relative CO2 production in astrocytes
(McKenna, 2007; McKenna et al., 1996). The complex could also be regulated by activity of
the Na+/K+ ATPase. ATPase inhibitors alter distribution of GLAST (Nguyen et al., 2010),
which could potentially disrupt this complex. Determining the factors that influence this
complex could provide therapeutic targets for developing treatments for diseases at the
crossroads of energetics and excitotoxicity such as Alzheimer's disease, Parkinson's disease,
and amyotrophic lateral sclerosis.

Based on our findings, we propose a model in which GLAST compartmentalizes with
mitochondria, glycolytic enzymes, and the Na+/K+ ATPase. We propose that the complex of
GLAST with the Na+/K+ ATPase, glycolytic enzymes, and mitochondrial proteins exists to
support local glutamate uptake. Glycolytic enzymes and mitochondria provide ATP to fuel
the ATPase, the ATPase provides the sodium gradient to support glutamate uptake, and
GLAST transports glutamate, which stimulates glycolysis and provides a TCA cycle
substrate in mitochondria.
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Figure 1. Device used to capture CO2
Astrocytes were cultured in 12-well plates. ACSF containing L-[1-14C]-glutamate was
added to the well, and the well was immediately plugged with PVC tubing and a stopper. A
center well containing cotton was suspended by the stopper. The reaction was stopped by
injection of HCl through a 1.5 inch needle, and then CO2 was trapped by injection of a
scintillation fluid-compatible base into the center well with a 1 inch needle.
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Figure 2. Immunoprecipitation of GLAST from cerebellar lysates
Anti-GLAST antibody or IgG was used for immunoprecipitations from rat cerebellar lysates
(750 μg protein). In all cases, the lysates were analyzed in the same Western blots. Some
blots were cropped. Immunoprecipitation of GLAST was confirmed in every
immunoprecipitation and one example is presented. Data are representative of at least 3
independent experiments.
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Figure 3. Immunoprecipitation of UQCRC2 from cerebellar lysates
Anti-UQCRC2 antibody or IgG was used for immunoprecipitations from rat cerebellar
lysates (500 μg protein). Lysates were analyzed in the same Western blots. Data are
representative of 2 independent experiments. Note: GLAST monomers migrate at about 60
kDa.
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Figure 4. Co-localization of GLAST with mitochondria in cerebellum (A-K) and in biolistically
transduced astrocytes in organotypic hippocampal slice cultures (L- Q)
A-C. Representative images from adult rat cerebellum immunostained with antibodies
against UQCRC2 (A; red) and GLAST (B; green). C. Merged image of GLAST and
UQCRC2 immunofluorescence. Scale bar = 300 μm. D-K. Higher magnification views of
the molecular layer (D, E) and granular layer (H, I) of the cerebellum immunostained for
UQCRC2 (red; D, H) and GLAST (green; E, I) and merged (F, J). Scale bar = 10 μm. G,
K. Pseudocolor representatations of PDM values for the image pairs (D:E and H:I), where
pixel intensity is equal to the PDM value at that location. Images with positive PDM value
are displayed in yellow, while those with negative values are displayed in violet. L-Q. Co-
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localization of mitochondria and GLAST in the processes of astrocytes in slice culture.
Representative images of astrocytes in slice culture immunostained for glial fibrillary acidic
protein (L; GFAP; blue) and transfected with the cDNAs encoding Mito-GFP (M, green)
and mRFP-GLAST (N, red) and a merged image (O). P, Q. Binary, higher magnification
view of astrocyte processes. Overlapping pixels are indicated in white.
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Figure 5. Stoichiometry of CO2 production from L-[1-14C] glutamate in cortical astrocyte
cultures
Glutamate uptake and CO2 production were measured in cortical astrocyte cultures at 5 or
15 minutes in the absence or presence of TBOA (1 mM), EGCG (1 mM), or MSO (5 mM).
A. Potential Glutamate Pathways: Glutamate that has been transported into astrocytes can be
converted into glutamine by glutamine synthetase or converted to alpha-ketoglutarate by
transaminase or glutamate dehydrogenase. Alpha-ketoglutarate can then be converted into
succinyl CoA and CO2 by alpha ketoglutarate dehydrogenase. Radiolabeled carbon in the
number 1 position of glutamate is depicted in red. TBOA inhibits glutamate transporters
(red). EGCG inhibits glutamate dehydrogenase (blue). MSO inhibits glutamine synthetase
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(green). B. Glutamate uptake at 5 minutes incubation. C. Glutamate uptake at 15 minutes
incubation. D. CO2 production at 5 minutes incubation. E. CO2 production at 15 minutes
incubation. Note: None of the measures in B-E were normalized to time. Data are the mean
± SEM of 3 independent observations and were compared by ANOVA. * p < 0.05; ** p <
0.01; *** p < 0.001.
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Figure 6. Schematic of a potential macromolecular complex for GLAST
GLAST and the Na+/K+ ATPase are in the plasma membrane, and mitochondria containing
UQCRC2 and NDUFS1 in the inner membrane co-localize with GLAST near the plasma
membrane.
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