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Deletion of Neuronal GLT-1 in Mice Reveals Its Role in
Synaptic Glutamate Homeostasis and Mitochondrial Function
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The glutamate transporter GLT-1 is highly expressed in astrocytes but also in neurons, primarily in axon terminals. We generated a
conditional neuronal GLT-1KO using synapsin 1-Cre (synGLT-1 KO) to elucidate the metabolic functions of GLT-1 expressed in neurons,
here focusing on the cerebral cortex. Both synaptosomal uptake studies and electron microscopic immunocytochemistry demonstrated
knockdown of GLT-1 in the cerebral cortex in the synGLT-1 KO mice. Aspartate content was significantly reduced in cerebral cortical
extracts as well as synaptosomes from cerebral cortex of synGLT-1 KO compared with control littermates. '>C-Labeling of tricarboxylic
acid cycle intermediates originating from metabolism of [U-'’C]-glutamate was significantly reduced in synGLT-1 KO synaptosomes. The
decreased aspartate content was due to diminished entry of glutamate into the tricarboxylic acid cycle. Pyruvate recycling, a pathway
necessary for full glutamate oxidation, was also decreased. ATP production was significantly increased, despite unaltered oxygen con-
sumption, in isolated mitochondria from the synGLT-1 KO. The density of mitochondria in axon terminals and perisynaptic astrocytes
was increased in the synGLT-1 KO. Intramitochondrial cristae density of synGLT-1 KO mice was increased, suggesting increased mito-
chondrial efficiency, perhaps in compensation for reduced access to glutamate. SynGLT-1 KO synaptosomes exhibited an elevated oxygen
consumption rate when stimulated with veratridine, despite a lower baseline oxygen consumption rate in the presence of glucose. GLT-1
expressed in neurons appears to be required to provide glutamate to synaptic mitochondria and is linked to neuronal energy metabolism
and mitochondrial function.
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All synaptic transmitters need to be cleared from the extracellular space after release, and transporters are used to clear glutamate
released from excitatory synapses. GLT-1 is the major glutamate transporter, and most GLT-1 is expressed in astrocytes. Only
5%-10% is expressed in neurons, primarily in axon terminals. The function of GLT-1 in axon terminals remains unknown. Here,
we used a conditional KO approach to investigate the significance of the expression of GLT-1 in neurons. We found multiple
abnormalities of mitochondrial function, suggesting impairment of glutamate utilization by synaptic mitochondria in the neuro-
nal GLT-1 KO. These data suggest that GLT-1 expressed in axon terminals may be important in maintaining energy metabolism
and biosynthetic activities mediated by presynaptic mitochondria. j
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For years only mRNA, but not protein expression, of the gluta- Hediger, 1998), and the existence of any functional glutamate
mate transporter GLT-1 (EAAT2; slcla2) (Pines et al., 1992)
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transporters in axon terminals of excitatory synapses was dis-
puted (Danbolt, 2001; Rimmele and Rosenberg, 2016). GLT-1
was finally shown to be expressed in axon terminals of the hip-
pocampus (Chen et al., 2004; Furness et al., 2008), somatosensory
cortex (Melone et al., 2009), and striatum (Petr et al., 2013; for
review, see Danbolt et al., 2016; Rimmele and Rosenberg, 2016).
An important unanswered question is why neurons express
GLT-1. The concept of glutamate homeostasis includes the role
of glutamate as a neurotransmitter (Waagepetersen et al., 2005;
Sonnewald, 2014; Walls et al., 2015; Borisova, 2016), as a sub-
strate for energy metabolism (McKenna, 2013; Nissen et al., 2015;
Hohnholt et al., 2017, 2018), and for biosynthesis (Palm and
Thompson, 2017; Venneti and Thompson, 2017; Zhang et al.,
2017). It remains to be elucidated whether glutamate transported
by GLT-1 into axon terminals plays a role in any of these aspects
of glutamate homeostasis.

Neurotransmitter glutamate released from neurons is cleared
primarily by GLT-1- and GLAST-mediated uptake in adjacent
astrocytes (Rothstein et al.,, 1996; Danbolt, 2001). Hence, not
surprisingly, nonspecific deletion of GLT-1 results in a lethal
mouse phenotype (Tanaka et al., 1997). Conditional deletion of
GLT-1 in astrocytes has a similar, although less severe, phenotype
(Petr et al., 2015). In contrast, selective GLT-1 deletion in neu-
rons does not impact survival (Petr et al., 2015), and neuronal
GLT-1 KO mice are behaviorally largely normal on a wide variety
of tests, at least up to 1 year of age (Fischer et al., 2018). One
possible role of GLT-1 in axon terminals is to maintain the local
neurotransmitter glutamate pool by simply providing reuptake
of glutamate released from synaptic vesicles. Consistent with this
idea, glutamatergic neurotransmission in hippocampal slices and
cultured neurons was able to persist for hours in the absence of
astrocyte-to-neuron glutamine transfer for repletion of synaptic
glutamate (Kam and Nicoll, 2007; Walls et al., 2015; but see Tani
etal.,2014). Recent studies have confirmed that GLT-1 expressed
in neurons does mediate the uptake of glutamate (Petr et al.,
2015), and could therefore contribute to repletion of transmitter
glutamate after release.

Alternatively, glutamate taken up via GLT-1 in neurons may
be metabolized in mitochondria of axon terminals. If so, gluta-
mate potentially supports metabolic activities to fuel its own re-
lease and reuptake as well as biosynthetic activities of presynaptic
terminals. This possibility is supported by the extensive oxidative
glutamate metabolism observed in glutamatergic neurons in vitro
(Sonnewald and McKenna, 2002; Olstad et al., 2007). Moreover,
a link between mitochondrial energy metabolism and transporter-
mediated glutamate uptake in astrocytes has recently been suggested
(Azarias et al., 2011; McKenna, 2013; Chatton et al., 2016).
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Finally, it has been proposed that GLT-1 expressed in neurons
mediates glutamate release (reverse transport) rather than uptake
(Grewer et al., 2008; Borisova, 2016) potentially to regulate glu-
tamate concentrations in the synaptic cleft (Borisova, 2016).
However, based on studies of excitatory amino acid transporter 3
(EAAT3, EAACI;slclal) (Kanai and Hediger, 1992; Bjords et al.,
1996), it has been suggested that the glutamate binding sites of the
EAATS are optimized for binding of extracellular and not intra-
cellular glutamate, thereby promoting inward transport of gluta-
mate (Watzke and Grewer, 2001; Grewer et al., 2008).

Taking these various lines of evidence together, glutamate
transported by GLT-1 expressed in neurons is likely to be either
recycled for vesicular release, metabolized at the axon terminal,
or both. However, the existence of these two pathways or their
significance for the function of the excitatory presynaptic termi-
nal is unknown. In the present study, we investigated the role of
neuronal glutamate uptake mediated by GLT-1 in energy metab-
olism and glutamate homeostasis.

Materials and Methods

Mice

Male conditional GLT-1 KO mice (SlcIa2"-1Prs, MGI: 5752263), in
which the GLT-1 gene was inactivated in neurons by expression of
synapsin-Cre as described previously (GLT-19¥1°% synapsin-Cre)
(Petr et al., 2015), and littermate controls with normal GLT-1 function
(GLT-11o¥/fo%) were obtained from the founder colony at Boston Chil-
dren’s Hospital. These are referred to in the current paper as synGLT-1
KO and controls, respectively.

Mice were housed in humidity- and temperature-controlled facilities,
on a normal 12/12 h light/dark cycle (7:00 A.M. to 7:00 P.M. light), with
free access to standard chow and water. Animal experiments were con-
ducted at Boston Children’s Hospital and University of Copenhagen
(Copenhagen, Denmark). All animal experiments at Boston Children’s
Hospital were performed in accordance with National Institutes of
Health guidelines, and were approved by the Boston Children’s Hospital
Institutional Animal Care and Use Committee. The experiments at the
University of Copenhagen were approved by the Danish National Ethics
Committee, and were performed according to the European Convention
(ETS 123 of 1986). All experiments were reported according to the
ARRIVE guidelines.

A total of 84 male mice of different ages were used. A first set of
experiments included in vivo assessment of neural metabolism using
33- to 54-week-old mice, and follow-up studies, to confirm and extend
findings in the first set of experiments, were performed on two further
cohorts of mice (8—40 weeks old). The investigators were not aware of
the genotype of the animals during the experiments.

In vivo metabolic mapping

Animal treatment and tissue collection. Seven synGLT-1 KO and 7 control
mice (45-54 weeks of age) were injected intraperitoneally with 0.3 m
[1- 13C]—glucose (543 mg/kg) plus 0.6 M [1,2- 13C]-acetate (504 mg/kg;
Cambridge Isotope Laboratories). Fifteen minutes later, the mice were
killed by focused beam microwave irradiation to the head (Gerling Ap-
plied Engineering Instrument) and decapitated. Cerebral cortex was dis-
sected, and blood was collected and immediately spun to collect plasma,
before both were stored at —80°C until subjected to a water/methanol-
chloroform extraction procedure modified from Le Belle et al. (2002). To
each 50 ul plasma, 100 ul water, 300 ul methanol, and 200 ul chloroform
were added before mixing, centrifugation at 3000 X g at 4°C for 15 min
and collection of top layer (methanol/water phase). This procedure was
repeated once with addition of 400 ul methanol, 300 ul water, and 100 ul
chloroform.

Cerebral cortex samples were homogenized (Vibra Cell sonicator,
model VCX 750, Sonics and Materials) in 500 ul methanol, before being
subjected to a similar water/methanol-chloroform extraction method, as
above: that is, 200 ul water and 200 ul chloroform were added before
mixing, centrifugation was performed at 3000 X gat 4°C for 15 min, and
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top layer (methanol/water phase) was collected. This extraction proce-
dure was repeated three times on the tissue sample and with addition of
(first repeat) 400 ul methanol, 300 ul water, and 100 ul chloroform or
(second repeat) 200 wl methanol and 150 ul water. The methanol/water
phases were combined and proteins removed by two-step precipitation:
that is, (1) addition of 200 wl chloroform and 1500 ul water, mixing,
centrifugation at 3000 X g at 4°C, and collection of top layer; and (2)
addition of 500 ul water and 100 ul methanol to remaining pellet and
bottom layer, mixing, centrifugation at 3000 X g at 4°C, and collec-
tion of top layer. Top layers were combined and kept at —20°C for
further analysis.

Brain and plasma extracts were lyophilized, reconstituted in 200 ul
deuterium oxide, relyophilized, and dissolved in 50 ul deuterium oxide
containing 8 mm [2,2,3,3-d(4)-3- (trimethylsilyl)-propionic acid sodium
salt (Sigma-Aldrich) and 0.2% v/v ethylene glycol (Merck) as internal
standards for quantification using '>C and 'H NMR (see Fig. 14).

Metabolic mapping using °C and 'H nuclear magnetic resonance
(NMR) spectroscopy. "H and '>C NMR spectra were recorded for plasma
and brain samples to assess the amount of total and '*C-labeled metab-
olites, respectively. In particular, from 'H NMR spectra total metabolite
content was determined by integrating the relevant peaks and using eth-
ylene glycol as internal standard. The metabolites quantified were gluta-
mate, aspartate, glutamine, alanine, lactate, phosphocreatine, creatine,
fumarate, tyrosine, succinate, taurine, myo-inositol, N-acetyl aspartate,
and GABA. From the '>C NMR spectra, the content of '*C-labeled glu-
tamate and glutamine was determined using ethylene glycol as an
internal standard with a known amount of '*C. Corrections for nat-
ural abundance as well as nuclear Overhauser enhancement and re-
laxation effects relative to the internal standard were applied to all
relevant integrals from the '>C spectra. Percentage '°C labeling was
derived from the combination of quantitative data obtained from **C
and "H NMR spectra.

Spectra were obtained using a 600 MHz Avance III (Bruker BioSpin)
equipped with cryogenically cooled 1.7 mm inverse TXI-probe. "H NMR
spectra were acquired using a pulse angle of 90°, 12 kHz spectral width
with 64,000 data points, acquisition time of 2.66 s, relaxation delay of
10 s, and 128 scans. Proton decoupled '*C-NMR spectra were obtained
using 30° pulse angle and 30 kHz spectral width with 98,000 data points
using an acquisition time of 1.65 s, a relaxation delay of 0.5 s, and 1024
scans. TopSpin 3.2 software (Bruker BioSpin) was used for acquisition,
processing, and analysis.

Analysis and interpretation of °C labeling data. [1->C]Glucose is
taken up by both neurons and astrocytes (Hassel et al., 1995; Qu et al.,
2000) and reflects neuronal energy metabolism and the formation of
glutamine in astrocytes from glutamate synthesized in neurons (Hassel et
al., 1995; Qu et al.,, 2000; Lundgaard et al., 2015). [1—13C]—glucose is
metabolized to [3- '*C]-pyruvate, which can enter the mitochondria and
be converted to [2-'*C]-acetyl-CoA (see Fig. 1D). Tricarboxylic acid
(TCA) cycle metabolism of [2-'?Clacetyl-CoA gives rise to [2-'°C]
citrate, [4->C]glutamate, and [4- '>C]glutamine (Walls et al., 2014).
Unlike glucose, acetate is primarily metabolized by astrocytes (Son-
newald et al., 1993), the first step being conversion of [1,2- 13CJacetate to
[1,2-*CJacetyl-CoA (see Fig. 1E). TCA cycle metabolism of [1,2-'C]-
acetyl-CoA gives rise to [1,2- °C]-citrate, [4,5- '*C]-glutamate, and [4,5-
’C]-glutamine.

Verification of glutamate and aspartate content by high-performance
liquid chromatography (HPLC). Cerebral cortex was dissected from 5
synGLT-1-KO (GLT-11%1% syn_Cre*) and 4 littermate controls
(GLT-110¥0% gynn_Cre 7), ages 19-20 weeks, and 5 wild-type control
(WT) mice expressing synapsin-Cre (GLT-1 wiw, syn-Cre "), and 7 litter-
mate controls (GLT-1%""; syn-Cre ), ages 36—44 weeks, all male on a
129XC57BL/6] background. Tissue samples were immediately placed in
microcentrifuge tubes and flash frozen with liquid nitrogen. Frozen tis-
sue was weighed and sonicated (1:10 w:v) in ice-cold 0.03N perchloric
acid solution. Protein and cellular debris were cleared by centrifugation
at 20,000 X gat 4°C for 45 min. Pellets were resuspended in 100 ul 0.1N
NaOH, and protein content was measured using a Micro BCA Protein
Assay Kit (Thermo Fisher Scientific). For sample derivatization, 20 mg
o-phthalaldehyde was dissolved in 1 ml methanol, 10 mg N-acetyl-L-
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cysteine, and 9 ml 0.5 M carbonate buffer, pH 10. Stock derivatizing
reagent was stable for 5 d at 4°C. Working reagent was prepared fresh
daily by diluting 1 ml of stock reagent into 4 ml 0.5 m carbonate buffer,
pH 10. Derivatization was performed by mixing 50 ul working reagent
with 50 ul 1:10 tissue sample diluted in water. Samples were injected
using a refrigerated autosampler (System Gold 508, Beckman Coulter)
into an HPLC system consisting of an Atlantis 5 um dC18 4.6 mm X 250
mm chromatographic column, and a coulometric electrochemical detec-
tor (Coulochem III; Thermo Fisher Scientific). Oxidation and reduction
electrode potentials of the analytical cell (6011; Thermo Fisher Scien-
tific), respectively, were set at 150 and 550 mV. The mobile phase con-
sisting of 100 mm Na,HPO,, 22% (v/v) methanol and 3.5% acetonitrile,
pH adjusted to 6.75 with phosphoric acid, was pumped at 0.25 ml/min by
a solvent delivery module (System Gold 125, Beckman Coulter). Aspar-
tate and glutamate content was normalized to sample protein.

Isolated mitochondria

Preparation of isolated mitochondria from mouse brain regions. Cerebral
cortical mitochondria were isolated from 3 synGLT-1 KO and 3 control
mice (820 weeks of age) in tandem. All procedures were performed on
ice or at 4°C. Animals were killed by cervical dislocation, and the brain
was quickly submerged in ice-cold aCSF containing the following (in
mm): NaCl 128, NaHCO; 25, p-glucose 10, KClI 3, CaCl, 2, MgSO, 1.2,
KH,PO, 0.4, pH 7.4. The cerebral cortices were dissected and mitochon-
dria were isolated by a Percoll gradient as described previously (Andersen
et al., 2017a). Protein amounts were determined by the Bradford
method.

Oxygen consumption measurement. The oxygen consumption rate
(OCR, pmol/min) of isolated cerebral cortical mitochondria was assessed
at 37°C using a Seahorse XFe96 analyzer (Seahorse Biosciences). Mito-
chondria were suspended in assay buffer containing the following (in
mM): mannitol 220, sucrose 70, KH,PO, 10, MgCl, 5, HEPES 2, and
0.2% BSA (fatty acid free), pH 7.2; 4 ug of protein was added to each well,
and the plate was centrifuged (2000 X g for 20 min) at 4°C. The mito-
chondria were provided 37°C assay buffer containing 10 mM pyruvate
with 2 mM malate or 10 mm glutamate with 10 mm malate (all final
concentrations) and analyzed immediately. During the course of mea-
surements, four compounds were injected in the following order: ADP
(4 mm), oligomycin A (2.5 pg/ml), carbonyl cyanide-p-trifluorometho-
xyphenylhydrazone (FCCP, 8 um), and antimycin A (8 um), all final
concentrations. OCRs were calculated using the Wave software (Sea-
horse Biosciences). Baseline refers to OCR before addition of com-
pounds. Relative OCR levels were calculated by setting the OCR at the
third baseline measurement to 100%.

ATP production measurement. The ATP synthesis rate (nmol/(min X
mg) of isolated cerebral cortical mitochondria was assessed at 28°C with
a luminescence assay, based on the reaction of ATP and luciferin cata-
lyzed by luciferase, using a NOVOstar plate reader (BMG Labtech). The
isolated mitochondria were diluted in assay buffer, containing the fol-
lowing (in mm): sucrose 250, K,HPO, 15, MgSO, 2, EDTA 0.5, and 0.5%
BSA (fatty acid free), pH 7.2, and 2.5 ug of protein was added to each
well. The wells contained either pyruvate or glutamate, and P1,P5-
diadenosine pentaphosphate, in final concentrations of 5 mm and 10 uMm,
respectively. During the measurement period, three injections were per-
formed: (1) a luciferin-luciferase mixture was injected to establish the
background luminescence; (2) subsequently, 2 mm ADP in combination
with 2.5 mM malate (final concentrations) was injected; and (3) last, 250
uM ATP was injected as an internal standard for determination of the
produced amount of ATP. The apparatus and suspensions were pre-
heated to 28°C for optimal luciferin-luciferase response.

Electron microscopic analysis in cerebral cortical tissue

Cerebral cortical tissue of 3 synGLT-1 KO and 3 controls (P50-P59)
were immunolabeled for GLT-1 using HRP-DAB-osmium as described
previously (Petr et al., 2015). The GLT-1a antibody (gift from Dr. Jeff
Rothstein, Johns Hopkins) was diluted 1:10,000 or 1:30,000, previously
shown to immunolabel presynaptic terminals of excitatory neurons and
astrocytes specifically (Petr et al., 2015). Electron microscopic images
were captured at a magnification of 30,000X, spanning 28.5 pum? per
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micrograph. Imaging was conducted by sweeping across surface-most
portions of immunolabeled vibratome sections systematically and
strictly in the order of encounter, to avoid synaptic reencounters and
ensure random sampling, until the number of profiles of asymmetric
(presumably excitatory) synaptic junctions reached 100 per animal. Be-
cause there were 3 animals per genotype, the total number of excitatory
synapses analyzed per genotype was 300.

Within the neuropil area occupying 100 excitatory synaptic junctions,
the following were assessed (axis denomination for graphical represen-
tation of results in parentheses): (1) averaged number of presynaptic
mitochondrial profiles, per every group of 10 excitatory synaptic profiles
encountered (“presynaptic mitochondria per 10 synapses”); (2) average
number of mitochondrial profiles within perisynaptic astrocytic profiles,
per every group of 10 synapses (“perisynaptic astrocytic mitochondria,
per 10 synapses”); and (3) average number of astrocytic mitochondrial
profiles encountered per unit area of 28.5 pm? spanning the area of one
micrograph (“astrocytic mitochondria, per unit area”). To assess the
efficiency of GLT-1 KO from neurons, the same set of micrographs were
used to determine the frequency of GLT-1 immunoreactivity within
axon terminals forming excitatory synapses, per every group of 10 syn-
apses, the occurrence of tripartite synapses (synapses abutted by astro-
cytic processes at synaptic cleft margins), and the proportion of
synaptically associated astrocytic profiles with GLT-1 immunoreactivity.

To determine whether synGLT1-KO altered efficiency of ATP synthe-
sis by mitochondria, the same set of micrographs were used to analyze
mitochondrial cristae density. This value was assessed by measuring the
distance between two or more adjacent cristae at the point of junction
with the inner mitochondrial membrane, as described by Gomes et al.
(2011). This measurement was repeated for 20 mitochondria per animal,
or 60 mitochondria per genotype group (reported in graph as “Distance
between neighboring cristae”). All values were pooled across tissue de-
rived from the same genotype, for assessing whether the values differed
significantly across the genotypes.

Synaptosomal glutamate uptake and metabolism

Isolation of synaptosomes. Purified cerebral cortical synaptosomes for de-
termination of OCR and glycolytic activity were prepared from 5
synGLT-1 KO and 5 control mice (36 —40 weeks of age), whereas purified
cerebral cortical synaptosomes for incubations with '*C-substrates were
prepared from 5 synGLT-1 KO and 4 control mice (8 -20 weeks of age),
both by using a modification of a previously published Percoll gradient
method (Hohnholt et al., 2017).

For preparation of purified synaptosomes, mice were killed by cervical
dislocation; the cerebral cortex isolated and homogenized in a Teflon/
glass homogenizer (Wheaton). The homogenate was centrifuged at
800 X g for 10 min at 4°C in a precooled JA-20 rotor (Beckman Coulter)
and the supernatant diluted to a final volume of 8 ml with ice-cold
sucrose/EDTA buffer containing 250 um DTT final concentration. The
homogenate was layered on top of a Percoll gradient (3%, 10%, and 23%
in ice-cold sucrose/EDTA buffer containing 250 um DTT) and centri-
fuged at 31,400 X g (5 min, 4°C). The layer above 23% Percoll contains
synaptosomes and was removed with a glass pipette, resuspended in
ice-cold sucrose/EDTA buffer, and centrifuged (20,000 X g, 15 min,
4°C). The pellet was transferred to an Eppendorf tube and carefully re-
suspended in ice-cold sucrose/EDTA buffer. The amount of synapto-
somes was determined by the Bradford protein determination according
to the manufacturer’s instructions (Sigma-Aldrich) using BSA as stan-
dard protein.

Crude synaptosomes were used for glutamate uptake studies. These
were prepared from cerebral cortex of 6 synGLT-1 KO and 6 control mice
(8—10 weeks of age) without sucrose gradient purification, as previously
described (Petr et al., 2015). Mice were anesthetized using ether, and
brains were removed. The cerebral cortex was dissected, weighed, and
homogenized in ice-cold 0.32 M sucrose solution (20 ml solution/g tis-
sue) containing Halt Protease and Phosphatase Inhibitor Mixture
(Thermo Fisher Scientific, catalog #78440). Samples were centrifuged at
800 X gfor 10 min at 4°C. The supernatant was poured into a fresh tube
and centrifuged at 20,000 X g for 20 min at 4°C. The pellet was then
resuspended in ice-cold 0.32 M sucrose (40 ml solution/g tissue) and
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centrifuged at 20,000 X g for 20 min at 4°C. The washed pellet was then
resuspended in ice-cold 0.32 M sucrose (50 ml solution/g pellet) by
homogenization.

Oxygen consumption and glycolytic activity assessment. The OCR
(pmol/min) and extracellular acidification rate (ECAR, mpH/min) of
isolated purified cerebral cortical synaptosomes were assessed at 37°C
using a Seahorse XFe96 analyzer (Seahorse Biosciences) with a protocol
adapted from Choi et al. (2009). Briefly, isolated synaptosomes were
suspended in salt solution containing the following (in mm): NaCl 120,
KCl 3.4, MgSO, 2, CaCl, 1.3, Na,SO, 1.2, KH,PO, 0.4, and 0.4% BSA
(fatty acid free), pH 7.4; 8 ug of protein was added to each well, and the
plate was centrifuged (3400 X g for 20 min) at 4°C. The synaptosomes
were provided 37°C salt solution containing either 5 mm glucose or 5 mm
glucose supplemented with 0.1 mwm glutamate (all final concentrations).
During the course of measurements, four compounds were injected in
the following order: veratridine (5 um), oligomycin A (6 um), FCCP (4
M), and antimycin A in combination with rotenone (2 + 2 um), all final
concentrations. OCR and ECAR were calculated using the Wave software
(Seahorse Biosciences). Baseline refers to OCR and ECAR before addi-
tion of compounds. Relative ECAR levels and OCR levels for veratridine,
oligomycin A, and antimycin A/rotenone conditions were calculated by
setting the second baseline measurement to 100%. Due to decline of
synaptosomal OCR during the measurement period (Hohnholt et al.,
2017), the relative OCR level for the FCCP condition was calculated by
setting the sixth measurement (i.e., the measurement immediately before
FCCP addition) to 100%.

Synaptosomal glutamate uptake. The KO of GLT-1 expression in ax-
onal terminals of cerebral cortex was verified in crude synaptosomes
from synGLT-1 KO and control animals by determining sodium-
dependent transport of L-[ *H]glutamate as previously described (Petr et
al., 2015). The isolated crude synaptosomes in 0.32 M sucrose were kept
on ice and used immediately for the uptake assay. Glass tubes containing
450 ul of buffer [in mm: NaCl 140, or choline chloride 140, KCI 2.5, CaCl,
1.2, MgCl, 1.2, K,HPO, 1.2, glucose 10, 2-amino-2-(hydroxymethyl)
propane-1,3-diol (Tris base) 5, HEPES 10] with 10 um L-glutamate [in-
cluding 0.005 um L—[3H]glutamate (PerkinElmer)] were preincubated
for 5 min at 37°C. Glutamate uptake into synaptosomes was initiated by
adding 50 pl of crude synaptosomes to each tube and incubating at 37°C
for 30 s. To stop uptake activity, 2 ml of ice-cold choline buffer was added
to the tube, which was then vortexed and plunged into an ice-water
slurry. The samples were filtered through Whatman GF/C filter paper
prewetted with 2 ml choline buffer, and the filters were washed three
times with 2 ml ice-cold choline buffer. Radioactivity on the filters was
measured by liquid scintillation counting (Tri-Carb 2200CA, Packard;
Long Island Scientific). The radioactivity taken up by the synaptosomes
in the absence of sodium was subtracted from that taken up in the pres-
ence of sodium to determine the sodium-dependent component of
transport. Glutamate uptake values were determined by normalizing the
radioactivity count by protein concentration of the crude synaptosomes
isolated from each brain region. Protein concentration was quantified
using the DC protein assay (Bio-Rad).

Incubation of synaptosomes with substrates. Purified synaptosomes
from cerebral cortex (0.3 mg synaptosomal protein/condition) were in-
cubated for 45 min at 37°C in incubation medium (DMEM without FCS,
pH 7.4, DMEM) containing 2.5 mm [U-"*C]-glucose and 0.1 mm unla-
beled glutamate or 0.1 mwm [U-'?C]-glutamate and 2.5 mm unlabeled
glucose. The incubation was terminated by centrifugation (1000 X g, 2
min, 4°C), and the synaptosomes were washed once with PBS and ex-
tracted with 70% ice-cold ethanol. The synaptosome extracts and incu-
bation media were lyophilized and stored (—20°C) until further analysis
by gas chromatography coupled to mass spectrometry (GC-MS), HPLC
(Andersen et al., 2017b), and lactate assay kit (R-Biopharm AG). Protein
content was determined using the Pierce bicinchoninic acid protein
assay.

Analysis and interpretation of '°C labeling data. The main cellular con-
stituents of purified synaptosomes are neuronal presynaptic and post-
synaptic vesicular structures. Hence, the '’C labeling in metabolites
detected in purified synaptosomes, subsequent to incubations with
[U-'3C]-glucose or [U-'°C]-glutamate, represents neuronal metabo-



McNair, Andersen et al. @ Neuronal GLT-1 Supports Synaptic Metabolism

lism. [U-13C] -glucose metabolism results in [U- 13C] -pyruvate, alanine,
and lactate following glycolysis, and double-labeled TCA cycle interme-
diates and amino acids during first turn of the TCA cycle. Incubation
with [U-'*C]-glutamate introduces '>C labeling at another point in the
metabolic pathways. In particular, aminotransferase and glutamate de-
hydrogenase (GDH) activity mediates label entry into the TCA cycle
giving rise to quadruple '*C labeling in TCA cycle intermediates (Walls
etal., 2014). GC-MS provides the number of '*C-atoms incorporated in
a metabolite; hence, the designation “metabolite M + 1n” (M: molecular
weight; n: between 1 and the total number of C atoms in the molecule).
The higher sensitivity of GC-MS compared with NMR results in detec-
tion of >C labeling in TCA cycle intermediates and aspartate in addition
to glutamate and glutamine.

Experimental design and statistical analysis

For this study, only male mice were included to avoid potential con-
founding variation introduced by sex differences. Sample sizes were
based on pilot studies and previous experience. Student’s ¢ test was used
when comparing synGLT-1 KO and control, except for the EM data for
which the Kolmogorov—Smirnov test were applied. To reduce the possi-
bility of Type I error, we regarded p < 0.05 (indicated by an asterisk in the
figures) as statistically significant. To correct for multiple comparisons,
we used the Benjamini—-Hochberg procedure with a critical value for false
discovery of 0.10 (Benjamini and Hochberg, 1995). For Student’s ¢ tests,
tvalues, degrees of freedom, and p values are reported. For Kolmogorov—
Smirnov tests, D values and p values are reported. All statistical informa-
tion, including sample sizes for each genotype group (1), are described in
the figure legends or in the main text. All data are represented as mean *
SEM. All statistical analyses were conducted using Prism (GraphPad).

Results

GLT-1 is expressed in axon terminals in the cerebral cortex (Me-
lone et al., 2009, 2011; de Vivo et al., 2010; Capuani et al., 2016;
Zhou et al., 2019). Four types of experiments were conducted to
assess the metabolic function in cerebral cortex of synGLT-1 KO
and littermate control mice: (1) in vivo metabolic mapping to
investigate neuronal and astrocyte energy metabolism; (2) assays
of oxygen consumption and ATP production in isolated mito-
chondria; (3) electron microscopy, to assess mitochondrial prev-
alence within perisynaptic astrocyte processes and neurons; and
(4) assessment of oxygen consumption, glycolytic activity, gluta-
mate uptake, and metabolic '’C labeling experiments in purified
synaptosome preparations to separate out changes specific to

synapses.

In vivo metabolic mapping

Animal and blood plasma measures

Blood plasma was successfully obtained from 10 of the 14 mice (6
synGLT-1 KO and 4 controls). Despite significantly lower body
weight of synGLT-1 KO compared with control mice (32 * 1 and
41 = 2 g, t(4,) = 3.819, p = 0.0024, n = 7), no significant differ-
ences were observed regarding '’C enrichment of the injected
substrates in plasma (27 % 4% and 26 * 4% at glucose C1, t4) =
0.2259, p = 0.8269, n = 4—6; 84 * 1% and 86 = 1% at acetate
CL,2, tg) = 1.234, p = 0.2521, n = 4-6), or in the extracts of
cerebral cortex (27 * 2% and 28 * 2% at glucose Cl1, t,,) =
0.3227, n = 7; 43 * 8% and 36 = 12% at acetate C1,2, ,,) =
0.4707,n = 7). Hence, differences observed in metabolite content
or "°C labeling between synGLT-1 KO and controls are likely to
be caused by the genetic alteration and not a consequence of
differences in plasma concentrations of injected substrates.

Total metabolite concentrations in brain

Tissue from cerebral cortex (167 == 5mg, n = 14) was successfully
collected from 7 synGLT-1 KO and 7 control mice following
injection with [1-'"°C]-glucose/[1,2->Clacetate (Fig. 1A). The
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concentrations of total (labeled and unlabeled) glutamate, glu-
tamine, and aspartate and other metabolites in cerebral cortex
tissue were obtained by 'H-NMR spectroscopy. The concentra-
tion of aspartate in cerebral cortex of synGLT-1 KO mice was
significantly reduced (by ~57%, t(,,, = 2.315, p = 0.04, n = 7;
Fig. 1B) compared with controls, whereas the glutamate level was
maintained in the synGLT-1 KO (9.5 = 0.1 and 9.5 * 0.6 umol/g
tissue, t(;,, = 0.135,p = 0.89,n = 7).

The expression of Cre-recombinase (Cre) is known to pro-
duce a variety of off target effects in eukaryotic cells (Lee et al.,
2006; Schmidt-Supprian and Rajewsky, 2007; Harno et al., 2013;
Huetal., 2013; Stuber etal., 2015). Therefore, it was important to
pursue the possibility that the changes in aspartate content ob-
served in synGLT-1 KO mice were a consequence of expression of
synapsin-Cre in itself. Hence, in another cohort of animals, we
assayed aspartate and glutamate concentrations by HPLC in ex-
tracts of cerebral cortex from 7 WT mice (GLT-1"¥; syn-Cre )
and 5 littermates expressing the synapsin-Cre (GLT-1"""; syn-
Cre ™). In the same experiment, as a positive control, we also
assayed aspartate and glutamate concentrations in 5 synGLT-1
KO mice (GLT-1o¥/flex, syn-Cre ™) and 4 littermate controls
(GLT-11¥/1°%; gyn_Cre ). We confirmed the finding of reduced
aspartate concentration (by ~44%; t,) = 3.599,p = 0.01,n = 4
or 5; Fig. 1C) and maintained glutamate levels (19 = 0.4 and 20 *
1.4 umol/g tissue, ;) = 0.5525, p = 0.598, n = 4 or 5) in the
cerebral cortex of synGLT-1 KO animals (GLT-17¥1% syn-
Cre™) compared with littermate controls (GLT-1¥1%; syn-
Cre ). Importantly, expression of synapsin-Cre in mice of the
same WT GLT-1 background (GLT-1"""; syn-Cre~) versus
(GLT-1%"%; syn-Cre ") had no effect on aspartate (toy = 1.04,
p = 0.323, n = 5-7; Fig. 1C) or glutamate content (20 = 1 and
19 = 2 umol/g tissue, t,4) = 0.8676, p = 0.406, n = 5-7).

All other metabolites measured by "H-NMR (alanine, lactate,
phosphocreatine, creatine, fumarate, tyrosine, succinate, taurine,
myo-inositol, N-acetyl aspartate, glutamine, and GABA) were
not significantly altered in synGLT-1 KO animals (p > 0.05,n =
7; individual p values are stated in Table 1). The lack of effects of
the KO on metabolite pools, other than on aspartate, including
levels of N-acetyl aspartate, which is an indicator of neuronal
health (Moffett et al., 2007), suggests no neurodegeneration or
other deleterious effects on neuronal survival in these mice.

Cerebral metabolism of [1-'°C]-glucose

>C-NMR spectroscopy was performed on brain tissue extracts to
obtain more detailed information about amino acid metabolism
in neurons and astrocytes, and interactions between cellular
compartments. [1- 13C]Glucose-derived metabolites primarily
reflect neuronal energy metabolism and the formation of glu-
tamine in astrocytes from glutamate synthesized in neurons
(Hassel et al., 1995; Qu et al., 2000; Lundgaard et al., 2015). No
significant differences between synGLT-1 KO and control mice
were observed in the '>C labeling of glutamate or glutamine
derived from the first turn of the TCA cycle metabolism of [2- "
C-acetyl-CoA] generated from [1-'°Clglucose, that is, [4-
Clglutamate (tyy = 0986, p = 0.923, n = 7) and [4-
PClglutamine (t,,) = 0.61, p = 0.553, n = 7; Fig. 1D).

First turn of the TCA cycle metabolism of [2- '>C]-acetyl-CoA
also leads to formation of [2-'°C] and [3-'’C]-oxaloacetate
(OAA), which upon second turn of the TCA cycle gives rise to
[2-'*C]glutamate and [3-'’C]glutamate. Hence, the ratio [3-
Clglutamate/[4- '’C]glutamate provides an estimate of TCA
cycle activity (Haberg et al., 1998). This ratio was not significantly
different in brain tissue obtained from the synGLT-1 KO (0.23 =
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Figure 1. In vivo metabolic mapping experiments reveal reduced aspartate concentrations but detect no TCA cycle metabolism changes in cerebral cortex of synGLT-1 KO. A, Mice in which the

GLT-1 gene was knocked out in neurons by expression of synapsin-Cre (synGLT-1 KO; black bars) and littermate controls (gray bars) were injected intraperitoneally with [1- *C]-glucose and
[1,2- (J-acetate to assess neuronal and astrocytic metabolism, respectively, in vivo. Thirty minutes after injection, mice were killed by microwave fixation of the brain, which was then dissected,
and cerebral cortex assayed for its total content of metabolites by "H-NMR spectroscopy (B; and Table 1) and percent ™C labeling by combining with "*C-NMR spectroscopy. The "*C mapping
strategy allows distinction between 3¢ labeling originating from metabolism of [1- 13C]—glucose (D) and [1,2-"(]-acetate (E). D, E, Black and white circles represent BCand ', respectively. C,
In another cohort of animals, total metabolite concentrations were assayed by HPLC in extracts of cerebral cortex from WT mice (GLT-1"*; syn-Cre —; n = 7) and littermates expressing the
synapsin-Cre (GLT-1""*; syn-Cre *; n = 5). As a positive control, synGLT-1 KO mice (GLT-11/™cyn-Cre ™) and littermate controls (GLT-1"¥"*syn-Cre ~) were also included. PDH, Pyruvate
dehydrogenase; AT, aminotransferase; AceCS, acetyl-CoA synthetase; syn-Cre, synapsin-Cre. Data are mean == SEM. *p << 0.05 (Student's ¢ test corrected for multiple comparisons).
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Table 1. Total metabolite concentrations (pumol/g tissue) in extracts of whole
cerebral cortex determined by 'H-NMR”

Metabolite Control synGLT-1KO t(df) p

Alanine 0.43 = 0.04 0.47 = 0.09 0.058 (12) 0.737
Creatine 567 £ 041 521+042 0.787 (12) 0.452
Phosphocreatine 1.81 +0.29 197 =036 0.285 (12) 0.721
Total creatine 748 +0.22 7.18 =030 0.502 (12) 0.440
Fumarate 0.05 % 0.00 0.06 + 0.02 0.028 (12) 0.332
GABA 1.69 = 0.06 1.90 = 0.27 0.355(12) 0.474
Glutamate 9.47 =0.10 9.54 * 0.60 0.135 (12) 0.890
Glutamine 4.88 £ 0.16 4.79 043 0.154 (12) 0.848
Lactate 1.55+0.13 237 £1.05 1.400 (12) 0.454
Myo-inositol 4.83 £ 0.11 498 = 0.22 0.257 (12) 0.559
N-Acetyl aspartate 6.05 * 0.16 6.08 = 0.26 0.058 (12) 0.913
Succinate 0.20 = 0.01 0.17 £ 0.01 0.0507 (12) 0.145
Taurine 19.75 = 1.00 19.55 = 1.09 0.351(12) 0.892
Tyrosine 0.10 = 0.01 0.10 £ 0.01 0.001 (12) 0.951

“This table summarizes concentrations of total (labeled and unlabeled) metabolites in extracts of cerebral cortex
tissue obtained by 'H-NMR spectroscopy. Tissue from cerebral cortex was collected from 7 synGLT-1K0 and 7 control
mice following injection with [ 1-"*C]-glucose/[ 1,2-">(]-acetate. No significant differences were found in the con-
centrations of any metabolite measured, except for aspartate (see Fig. 1). Results are presented as mean = SEM;
n =7.Total creatine = phosphocreatine + creatine.

0.03) compared with controls (0.27 = 0.01; p = 0.204, n = 6).
Hence, despite the significant changes in aspartate concentra-
tions observed in the cerebral cortex of the synGLT-1 KO, we
detected no effect on neuronal energy metabolism and glutamate
transfer to astrocytes.

Cerebral metabolism of [1,2-'°C]-acetate

[1,2-"°C]Acetate is preferentially metabolized by astrocytes;
hence, the resulting metabolite '>C labeling primarily reflects
astrocyte metabolism (Sonnewald et al., 1993). The '*C enrich-
ment (%) in glutamate and glutamine derived from [1,2-'>C]-
acetate following the first turn of the TCA cycle was not
significantly different between the groups (t,,) = 1.783, p =
0.010 and t,,, = 0.3216, p = 0.753, n = 7; Fig. 1E). Hence, the
current method likewise detects no effect of the synGLT-1 KO on
astrocyte metabolism or astrocyte-neuron glutamine transfer.

Oxygen consumption and ATP production in
isolated mitochondria
Glutamate contributes to the TCA cycle intermediate pool and
thereby the capacity of the TCA cycle, and it is possible that the
mitochondrial machinery is affected by the deletion of neuronal
GLT-1. Hence, OCR and ATP production rate were investigated
in mitochondria isolated from cerebral cortex (Fig. 2A).
Mitochondrial respiration was assessed in the presence of
malate, to ensure availability of TCA cycle intermediates. By
combining malate with either pyruvate or glutamate, which enter
the TCA cycle by different metabolic pathways, it is possible to
assess whether certain metabolic steps are affected by the
synGLT-1 KO. In particular, glutamate can enter the TCA cycle
via an aminotransferase or GDH, whereas pyruvate entry is me-
diated by pyruvate dehydrogenase. Mitochondrial respiration,
using malate in combination with pyruvate or glutamate as respi-
ratory substrates, was not significantly different in isolated mito-
chondria from synGLT-1 KO at baseline (pyruvate: ¢,, = 0.894,
p = 0.422; glutamate: t,) = 2.217, p = 0.091; Fig. 2 B, E) or at any
of the conditions (pyruvate: ADP, t,, = 0.155, p = 0.884; oligo-
mycin A, t,y = 2.22, p = 0.090; FCCP, t,, = 0.145, p = 0.892;
antimycin A, t4) = 2.29, p = 0.084; glutamate: ADP, ¢, = 0.829,
p = 0.454; oligomycin A, t,, = 0.108, p = 0.919; FCCP, t,, =
0.083, p = 0.937; antimycin A, t 4y = 0.751, p = 0.494; n = 3; Fig.
2C,F). In contrast, the ATP production was significantly elevated
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only in the presence of glutamate (¢4, = 5.184, p = 0.007, n = 3;
Fig. 2G) and trended toward an increase in the presence of pyru-
vate (t.4) = 2.69, p = 0.055, n = 3; Fig. 2D). Together, these data
suggest that the metabolic machinery of mitochondria is altered
in the synGLT-1 KO mice. Specifically, increased ATP produc-
tion in the face of unchanged oxygen consumption suggests in-
creased mitochondrial efficiency. Moreover, because oxygen
consumption was unaffected by the synGLT-1 KO when mea-
sured in the presence of either glutamate or pyruvate, it is likely
that the pathways mediating glutamate and pyruvate entry into
the TCA cycle are not affected by the KO. Instead, the enzymes
constituting the electron transport chain (ETC) and the ATP
synthase (Fig. 2A) could be affected by GLT-1 deletion in axon
terminals.

Prevalence of mitochondria in astrocytes and neurons
Because our experiments on isolated mitochondria revealed al-
tered mitochondrial metabolism in the synGLT-1 KO, we sought
to use a different experimental approach to obtain evidence for
alteration of mitochondrial function in the synGLT-1 KO. There-
fore, we studied whether mitochondrial prevalence at the tripar-
tite synapses might also be changed.

We first assessed the efficacy of the KO by assessing GLT-1
immunoreactivity using electron microscopy. We found that the
occurrence of axon terminals displaying GLT-1 immunoreactiv-
ity (GT; Fig. 3 A, B) was significantly lower in cerebral cortex of
synGLT-1 KO (2.3 = 0.9%) compared with controls [17.3 =
3.3%; p = 0.0029, D = 0.4667, n = 30 (3 animals per genotype)].
This reduction in GLT-1 immunoreactivity within axon termi-
nals in the synGLT-1 KO is consistent with previous observations
in hippocampus of synGLT-1 KO animals (Petr et al., 2015).
Almost all excitatory synapses in cerebral cortex of both control
(92 = 2%) and synGLT-1 KO (96 = 1%) were tripartite, that is,
associated with astrocytic processes [p = 0.5860, D = 0.2000, n =
30 (3 animals per genotype)]. The proportion of such synapti-
cally associated astrocytic profiles with GLT-1 immunoreactivity
(GA; Fig. 3A, B) was also not significantly different across the two
genotype groups [control: 50 * 3%; synGLT-1 KO: 65 % 5%; p =
0.1344, D = 0.3000, n = 30 (3 animals per genotype)], confirm-
ing the selectivity of the KO. These data indicate that the forma-
tion of the tripartite synapse is not affected, at least at the
ultrastructural level, by the absence of GLT-1 in axon terminals in
the synGLT-1 KO.

Interestingly, mitochondrial profiles within axon terminals
forming excitatory synapses were more prevalent in the
synGLT-1 KO (3.0 = 0.3 per every group of 10 synapses) com-
pared with controls [1.8 * 0.3; p = 0.0354, D = 0.3667,n = 30 (3
animals per genotype); Fig. 3C]. Surprisingly, the occurrence of
mitochondrial profiles in astrocyte processes associated with ex-
citatory synapses was also significantly elevated in the synGLT-1
KO [1.9 = 0.3 mitochondria per every group of 10 synapses vs
0.9 = 0.15 in control; p = 0.0354, D = 0.3667, n = 30 (3 animals
per genotype); Fig. 3D]. Presumably, astrocyte processes lacking
juxtaposition with excitatory synapses within single planes of sec-
tion may be associated with excitatory synapses in other planes.
Accordingly, the frequency of mitochondrial profiles in astro-
cytes, both with and without apparent contact to excitatory syn-
apses, per unit area equal to a single micrograph (28.5 pwm?), was
also significantly elevated in synGLT-1 KO (2.1 % 0.2 per unit
area) compared with controls [0.9 * 0.15; p = 0.0077, D =
0.3478, n = 46 (3 animals per genotype); Fig. 3E].

It has been reported that efficiency of ATP production is re-
lated to the density of mitochondrial cristae (Gomes et al., 2011).
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Figure2. Mitochondria from cerebral cortex of synGLT-1KO mice exhibit increased ATP production rate and unaffected OCR. A, Mitochondria were isolated from cerebral cortex of mice in which

the GLT-1gene was knocked out in neurons by expression of synapsin-Cre (synGLT-1KO; black bars) and littermate controls (gray bars). The inner mitochondrial membrane contains complex |-V and
the ATP synthase, comprising the ETC driven by NADH and FADH, output from TCA cycle metabolism. B, C, E, F, Oxygen consumption was measured in mitochondria in medium containing pyruvate
or glutamate, both with malate, in the presence of (1) ADP to stimulate coupled respiration generating ATP, (2) oligomycin A to inhibit ATP synthase, (3) FCCP to induce proton leakage across the
mitochondrial membrane leading to maximal uncoupled respiration, and (4) antimycin A to inhibit ETC complex lIl. D, G, ADP-stimulated ATP production was assayed in mitochondria in medium
containing pyruvate or glutamate, both with malate. Data are mean == SEM (n = 3). *p < 0.05 (Student’s t test corrected for multiple comparisons).

Because biochemical assays indicated that synGLT-1 KO leads to
increased efficiency in ATP production, we assessed whether
synGLT-1 KO also alters the density of mitochondrial cristae.
Using the same set of electron micrographs used to analyze the
prevalence of mitochondria within axon terminals and astrocytes
forming the synaptic tripartite, we assessed the average distance

among immediately adjacent cristae at the point of junction to
the mitochondrial inner membrane. This measurement revealed
a statistically significant genotype difference, with the average
distance between cristae being 25% less for mitochondria sam-
pled from synGLT-1 KO cerebral cortex, relative to control
[79.7 = 4.6 nm vs synGLT-1 KO: 60.5 = 2.6 nm; p = 0.0013,D =
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Figure 3.  Electron microscopy reveals increased occurrence of mitochondrial profiles within astrocytes and excitatory axon terminals and decreased intercristae distance in cerebral cortex of
synGLT-1KO mice. 4, B, Representative electron microscopy images from cerebral cortical tissue of mice in which the GLT-1 gene was knocked out in neurons by expression of synapsin-Cre (synGLT-1
KO; B), and of littermate control mice (4). Images were captured at a magnification of 30,000 X. GLT-1immunoreactivity is evident, based on the electron dense label that is distributed diffusely
within the cytoplasm. Both genotypes exhibit GLT-1 immunoreactivity within astrocytes (GA), whereas the presence of immunoreactivity within axon terminals forming asymmetric synapses is
more readily apparent within control tissue (GT, A) than in synGLT-1 KO tissue (none shown in the examples; B). UA, Astrocytic profiles not exhibiting GLT-1immunolabeling; UT, axon terminals
forming excitatory axo-spinous synapses not exhibiting GLT-1immunolabeling. Mitochondrial profiles are encountered more frequently within axon terminals forming asymmetric synapses (blue
asterisks over mitochondria in A, B; red arrowheads point to thick postsynaptic densities; quantified in €) and astrocytic profiles (yellow asterisks in B and quantified in D, E) in synGLT-1 KO tissue
thanin control tissue. C, Relative prevalence of mitochondria in axon terminals forming excitatory synapses, per every group of 10 synapses. D, Relative prevalence of mitochondria within astrocytes
associated with excitatory synapses, per every group of 10 synapses. E, Prevalence of mitochondria within astrocytes, whether or not associated with synapses, per unit area equal to the area
spanning one micrograph captured at a magnification of 30,000 X. F, Mean distance between neighboring cristae of mitochondria sampled from control and synGLT-1 KO. The numbers of
micrographs needed to capture 100 excitatory axo-spinous synaptic profiles were 16, 11, and 19 for the control tissue, totaling 46 micrographs spanning 1311 um %, and 18, 12, and 16 micrographs
for the synGLT-1KO tissue, totaling 46 micrographs spanning 1311 wm 2. Gray bars represent controls. Black bars represent synGLT-1K0. All quantitative results are presented as mean + SEM.*p <
0.05 (KolImogorov—Smirnov).
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Figure4. Cerebral cortical synaptosomes of synGLT-1KO mice display enhanced mitochondrial efficiency and glycolytic activity in the presence of glutamate. 4, Synaptosomes were solated from

cerebral cortex of mice in which the GLT-1 gene was knocked out in neurons by expression of synapsin-Cre (synGLT-1KO; black bars) and littermate controls (gray bars). The synaptic OCR and ECAR,
the latter being a measure of glycolytic activity, were assessed by Seahorse XFe analysis. The synaptosomes were provided 5 mm glucose or 5 mm glucose supplemented with 0.1 mu glutamate as
respiratory substrates. Respiration and glycolytic activity were stimulated and inhibited by sequential addition of (1) veratridine inhibiting sodium channel inactivation leading to synaptic
depolarization, (2) oligomycin A inhibiting the ATP synthase, (3) FCCP leading to uncoupled respiration, and (4) antimycin A in combination with rotenone to inhibit complex |1l and | of the ETC,
respectively. Because veratridine induces maximal glycolytic activity, only ECAR for this injection is reported. B—E, Synaptosomal OCR and ECAR were determined with glucose as only respiratory
substrate under both resting (B, D) and stimulated (C, E) conditions. F—I, Synaptosomal OCR and ECAR were also assessed in the presence of glutamate, in addition to glucose, again under both
resting (F, H) and stimulated (G, /) conditions. Data are mean = SEM (n = 5). *p << 0.05 (Student's ¢ test corrected for multiple comparisons).

0.3500, n = 20 (3 animals per genotype); Fig. 3F]. These values
indicate that cristae of mitochondria of synGLT-1 KO cerebral
cortex are packed more closely to one another, enabling greater
efficiency of ATP production.

Together, these EM data are consistent with the hypothesis
that the operation of neuronal GLT-1 is linked to the function of
mitochondria within axon terminals and astrocytic processes
forming tripartite synapses.

Synaptosomal glutamate uptake and metabolism

Oxygen consumption and glycolytic activity

In view of the results suggesting elevated mitochondrial efficiency
(increased rate of ATP production, increased cristae density) and
increased occurrence of mitochondria in presynaptic terminals,
we next sought to investigate neuronal metabolism more specif-
ically. Whereas isolated mitochondria represent a multicellular

preparation, in which effects of the KO on neurons may be
masked by a larger contribution from mitochondria from other
cells, we chose to further investigate metabolism in synapto-
somes, which primarily represent the neuronal compartment of
the source tissue (Fig. 4A).

First, the OCR was determined in synaptosomes from
synGLT-1 KO and control mice. In the presence of glucose as
respiratory substrate, basal respiration was significantly de-
creased in the synGLT-1 KO (by ~20%, t4, = 3.218, p = 0.0123,
n = 5; Fig. 4B). This could either indicate a lower metabolic
capacity of the synGLT-1 KO or that the synaptosomes of the
synGLT-1 KO consume less oxygen during resting conditions
(i.e., enhanced mitochondrial efficiency). In the presence of glu-
tamate, in addition to glucose, no difference in baseline respira-
tion was observed for the synGLT-1 KO (#5) = 0.0084, p = 0.935,
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n = 5; Fig. 4F ), showing that the addition of glutamate stimulates
baseline respiration of the synGLT-1 KO to a level similar to the
control. This could indicate a stronger metabolic response to the
presence of glutamate in the KO preparation, and may suggest
improved mitochondrial efficiency as an explanation of the ob-
served lower baseline respiration in the presence of glucose alone.
It may seem at first glance paradoxical that the synGLT-1 KO
synaptosomes can respond metabolically to extracellular gluta-
mate. However, it is known that the neuronal KO achieved using
synapsin-Cre is incomplete (Taugher et al., 2017; Zhou et al,,
2019), which may be, in part, the explanation for the observation
that the reduction of glutamate uptake into synaptosomes is only
40%-50% (Petr et al., 2015; Danbolt et al., 2016; Rimmele and
Rosenberg, 2016; Zhou et al., 2019).

When the synaptosomes were challenged with veratridine or
uncoupled with FCCP, in the presence of glucose alone, the rel-
ative OCR was significantly increased for the synGLT-1 KO (ve-
ratridine: ~24%, t = 2.873, p = 0.0219, n = 5; FCCP: by
~43%, t = 3.158, p = 0.0134, n = 5; Fig. 4C). In the presence
of glutamate, in addition to glucose, veratridine stimulation gave
rise to a significant increase in OCR (by ~16%, t4) = 3.56, p =
0.0074, n = 5), and a tendency toward an increase was observed
in the presence of FCCP (4, = 2.21, p = 0.0585, n = 5; Fig. 4G).
No changes in OCR were observed in the presence of oligomycin
A (glucose: t5) = 0.1315, p = 0899; glutamate: 5 = 1.158, p =
0.280, n = 5) or antimycin A in combination with rotenone
(glucose: t5) = 0.7875, p = 0.454; glutamate: t5) = 1.758, p =
0.117, n = 5; Fig. 4C,G). Collectively, these data are consistent
with the view that the synGLT-1 KO has increased mitochondrial
capacity.

In parallel, the ECAR was determined as a measure of glyco-
lytic activity. With glucose as the only substrate, no changes in
ECAR were observed during resting conditions (¢4 = 0.032,p =
0.975, n = 5; Fig. 4D) or following stimulation with veratridine
(t) = 0.456, p = 0.661, n = 5; Fig. 4E). Similarly, baseline gly-
colytic activity was unchanged in the synGLT-1 KO in the pres-
ence of glutamate (t5) = 1.22,p = 0.257, n = 5; Fig. 4H ), whereas
veratridine stimulation led to a significantly elevated glycolytic activ-
ity (by ~14%, t .4, = 2.70, p = 0.0270, n = 5; Fig. 4I), suggesting that
glutamate elevates glycolytic activity in the synGLT-1 KO.

Together, these data support our conclusion that GLT-1 ex-
pressed in neurons is important for neuronal mitochondrial
function, and that operation of GLT-1 in neurons modulates
neuronal glycolytic activity.

Glutamate uptake

Previously published studies reported that conditional deletion
of GLT-1 in neurons using synapsin-Cre resulted in a 40% loss of
glutamate uptake in crude synaptosomes from the whole fore-
brain (Petr et al., 2015). We wanted to ascertain whether a similar
deficit in glutamate uptake could be demonstrated in synapto-
somes isolated from the cerebral cortex. We found that glutamate
uptake was significantly reduced in cerebral cortical synapto-
somes from synGLT-1 KO (reduced by ~50%, t(,,) = 2.54, p =
0.029, n = 6; Fig. 5A). This is in remarkable agreement with
recently published results, also obtained in cerebral cortex using a
different conditional GLT-1 KO mouse (Zhou et al., 2019).

Total metabolite concentrations
To dissect out the effects of synGLT-1 KO specifically on synaptic
metabolism, concentrations of metabolites were determined in
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purified synaptosomes of cerebral cortex using HPLC. The incu-
bation media contained 2.5 mm glucose with addition of 0.1 mm
glutamate to provide substrate for GLT-1 and further metabo-
lism. Total aspartate levels were significantly lower [by ~25%,
tas) = 2.378,p = 0.031, n = 7-10 (4 or 5 animals per genotype);
Fig. 5B] in synaptosomes from synGLT-1 KO mice. This finding
is consistent with the previously mentioned in vivo observations
(Fig. 1) and confirms involvement, specifically, of neuronal
GLT-1 in aspartate homeostasis. As found for whole region ex-
tracts of cerebral cortex, no significant differences were observed
for synaptosome glutamate levels [synGLT-1 KO: 46 = 5 vs con-
trol: 43 = 3 nmol/mg protein, t;5, = 0.5945, p = 0.561,n = 7-10
(4 or 5 animals per genotype)], nor the majority of remaining
metabolites measured (glutamine, serine, valine, isoleucine, and
leucine; p > 0.05; individual p values reported in Table 2), except
alanine, which was elevated (synGLT-1 KO: 2.63 * 0.07 vs con-
trol: 2.32 = 0.06 nmol/mg protein, ¢,3, = 3.227, p = 0.007, n =
6-8).

Glutamate metabolism
Purified synaptosomes from cerebral cortex of synGLT-1 KO
animals incubated for 1 h in medium containing unlabeled glu-
cose and [U-"*C]-glutamate (M+5) exhibited ~20% lower in-
tracellular glutamate M+5 labeling (¢, = 2.457, p = 0.044, n =
4 or 5; Fig. 5C), consistent with a loss of functional glutamate
transporters in axon terminals in the synGLT-1 KO. From the
experiments measuring glutamate uptake as well as those inves-
tigating [U-">C]glutamate metabolism, we observed a residual
glutamate uptake which is likely caused by a less than complete
excision mediated by synapsin-Cre in neurons, as has been dem-
onstrated previously (Taugher etal., 2017; Zhou et al., 2019). The
difference between the reduction in glutamate uptake and the
reduction in glutamate M+ 5 labeling is likely due to the different
conditions of the two experiments.

3Clabeling of the TCA cycle intermediates citrate and malate,
and the amino acid aspartate, was decreased to an extent similar
to that of glutamate (n = 4 or 5, citrate: t,) = 3.131, p = 0.017;
malate: ¢,y = 1.666, p = 0.140; aspartate: ¢,y = 3.017, p = 0.019;
Fig. 5C), supporting the hypothesis that glutamate taken up via
GLT-1 expressed in presynaptic terminals is a substrate for syn-
aptic TCA cycle metabolism and provision of energy.

Aspartate production and pyruvate recycling

We observed decreased amounts of aspartate in the cerebral cor-
tex of synGLT-1 KO in both the in vivo and the synaptosome
experiments described above, suggesting a lower aspartate pro-
duction and/or higher aspartate consumption induced by the KO
of GLT-1 in neurons. To assess these two possibilities, the aspar-
tate production rate was calculated as [aspartate M+4]/[malate
M+4] X [aspartate amount], using total amounts determined by
HPLC and percentage '°C labeling from GC-MS measurements
on synaptosomes incubated with [U-"*C]glutamate (calculation
principle adapted from Morken et al., 2014). Aspartate is pro-
duced from OAA; however, the pool of OAA is too small for MS
detection. Because the pools of the TCA cycle intermediates OAA
and malate are in equilibrium, malate ">C labeling was used as a
measure of OAA '°C labeling. The production rate calculated
from data derived from synaptosomes of the synGLT-1 KO ani-
mals was ~41% lower than the rate calculated from data ob-
tained from control animals (f,) = 3.332, p = 0.01,n = 4 or 5;
Fig. 6A). Similarly, aspartate production resulting from gluta-
mate entry into the TCA cycle can be estimated using glutamate
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Synaptosomal glutamate metabolism is altered in cerebral cortex of synGLT-1 KO mice. Synaptosomes were purified from cerebral cortex of mice in which the GLT-1 gene was knocked

out in neurons by expression of synapsin-Cre (synGLT-1 KO; black bars) and littermate controls (gray bars). A, Glutamate uptake into crude synaptosomes from synGLT-1 KO and controls was
determined using L-[ 3H]—glutamate (n = 6). B, C, Synaptic metabolism was assessed by incubating 45 min with 2.5 mm unlabeled glucose in combination with 0.1 mm [U- 13C]—glutamate (M+5)
before determination of total metabolite concentrations by HPLC (B; and Table 2;n = 8 —10) and percentage "Clabeling in metabolites by GC-MS (C;n = 4or5). €, Black and white circles represent
BCand ", respectively. PDH, Pyruvate dehydrogenase; AT, aminotransferase. Data are mean = SEM. *p < 0.05 (Student’s ¢ test corrected for multiple comparisons).

Table 2. Total amino acid concentrations (nmol/mg protein) in extracts of cerebral
cortical synaptosomes determined by HPLC”

Metabolite Control synGLT-1KO t(df) p

Alanine 232 %= 0.06 2,63 = 0.07 3.227 (13) 0.007
Glutamate 46.2 + 522 42,9 +3.48 0.5946 (15) 0.561
Glutamine 3.66 = 0.44 332%033 0.6301 (15) 0.538
Isoleucine 299 =031 274019 0.726 (15) 0.479
Leucine 290 = 0.26 2.71*+0.17 0.6415 (15) 0.531
Serine 3.20 = 0.29 312020 0.2406 (15) 0.813
Valine 3.03 042 283+ 034 0.3541(15) 0.728

“This table summarizes concentrations of total (labeled and unlabeled) metabolites in extracts of synaptosomes
prepared from cerebral cortex obtained by HPLC. No significant differences were found in the concentrations of any
metabolite measured, excluding aspartate (see Fig. 5) and alanine. Results are presented as mean * SEM; n =
7-10 preparations (from 4 control or 5 synGLT-1 KO mice).

3C labeling ([aspartate M+4]/[glutamate M+5] X [aspartate
amount]). A significant reduction of similar magnitude was
estimated using this equation (23 = 5 in KO vs 38 £ 9
nmol/mg protein/h in control; ¢,) = 2.473, p = 0.043). These
results suggest that the lower aspartate concentration mea-
sured in synGLT-1 KO tissue in vivo and in synaptosomes is
likely due to decreased aspartate production. Given the evi-
dence that glutamate taken up by GLT-1 in neurons is metab-
olized in the TCA cycle, we hypothesize that glutamate can

increase the TCA cycle intermediate pool (anaplerosis) and
promote production of aspartate. When anaplerosis from glu-
tamate is reduced by KO of GLT-1 in axon terminals, aspartate
production is decreased.

Reduced anaplerosis is expected to be paralleled by reduced
cataplerosis to maintain carbon homeostasis (Sonnewald, 2014).
Pyruvate recycling entails full oxidation of glutamate and is the
main cataplerotic pathway related to TCA cycle metabolism. The
pathway consists of the conversion of malate to pyruvate via
malic enzyme, followed by pyruvate dehydrogenase-mediated
formation of acetyl-CoA, which finally reenters the TCA cycle by
condensation with OAA to form citrate (Fig. 6C). As accounted
for previously (Nissen et al., 2015), a measure of pyruvate recy-
cling can be derived from '>C labeling data obtained from incu-
bation with [U-'’C]glutamate (e.g., citrate M+6). To account
for the difference in entry of '*>C labeling from glutamate into the
TCA cycle in the synGLT-1 KO and control, the ratio between
citrate M+6 and malate M+4 was used. As predicted, this ratio
was significantly reduced by ~35% in the synGLT-1 KO (¢, =
2.564, p = 0.037, n = 4 or 5; Fig. 6B), suggesting that the meta-
bolic machinery supporting cataplerosis is reduced in response to
synGLT-1 KO. Therefore, GLT-1 in neurons, specifically GLT-1
expressed in axon terminals, appears to supply glutamate for sup-
port of synaptic TCA cycle metabolism.
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multiple comparisons).

Glycolytic activity

Our previously mentioned observations suggested that synGLT-1
KO affects synaptosomal glycolytic activity. Therefore, to further
assess the effect of syn GLT-1 KO on glycolytic activity as well as to
provide a secondary measure of the effects on TCA cycle metab-
olism, we next incubated cerebral cortical synaptosomes with
[U-"3C]-glucose in the presence of unlabeled glutamate. Break-
down of [U-">C]-glucose to [U->C]-pyruvate via glycolysis and
subsequent action of LDH or alanine aminotransferase will lead
to the formation of [U- "*C]-lactate and [U- '*C]-alanine (M +3),
respectively. Hence, the percentage lactate M+3 and alanine
M+3 in synaptosomal preparations incubated with [U-'’C]-
glucose are indicators of glycolytic activity.

In the presence of [U-'>C]-glucose and unlabeled glutamate,
total lactate amounts in medium and extracts of cerebral cortical
synaptosomes from synGLT-1 KO mice were unchanged [me-
dium: t,5, = 0.7888, p = 0.442; extract: t,,, = 0.3778, p = 0.711;
n=6-28 (from4 or 5 animals per genotype); Fig. 7A]. In contrast,
an ~150% higher percentage lactate M+ 3 labeling was observed
in synaptosome extracts (f;) = 2.445, p = 0.044,n = 4 or 5), and
a similar trend was observed for alanine M+3 in synaptosome
extracts (t) = 2.038, p = 0.081, n = 4 or 5; Fig. 7B). Further-
more, an approximate 30% increase was observed for alanine
M+3 in the medium (¢, = 3.702, p = 0.008, n = 4 or 5), which
isin accordance with the observed increased intracellular amount
of alanine in synaptosomes of the synGLT-1 KO. An increase in
lactate M+ 3 in the medium was not observed (¢, = 0.203, p =
0.845 n = 4 or 5; Fig. 7B). Collectively, these data provide addi-
tional evidence that the cerebral cortex of synGLT-1 KO mice can
exhibit higher glycolytic activity in the presence of glutamate as
observed from the assessment of glycolytic activity using the Sea-
horse XFe assay measuring ECAR.

TCA cycle metabolism

Incubation of cerebral cortical synaptosomes with [U- 13CI-
glucose will result in an influx of '>C into the TCA cycle interme-
diate pool, whereas unlabeled glutamate can provide an influx of
unlabeled carbon into the TCA cycle intermediate pool (Fig. 7C).
KO of neuronal GLT-1 reduces input of unlabeled glutamate into

50 *
T
25
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0 0.00 Pyruvate 7 Malate
Pyruvate

Aspartate production and pyruvate recycling are reduced in synaptosomes from cerebral cortex of synGLT-1 mice.
Synaptosomes were purified from cerebral cortex of mice in which the GLT-1 gene was knocked out in neurons by expression of
synapsin-Cre (synGLT-1 KO; black bars) and littermate controls (gray bars). Synaptic metabolism was assessed by incubating 45
min with 2.5 mu unlabeled glucose in combination with 0.1 mm [U- "(]-glutamate (M+5). A, The aspartate production rate was
calculated as [aspartate M+4]/[malate M+4) X [aspartate] using total concentration (nmol/mg protein) of aspartate and
percentage "C labeling in metabolites obtained from HPLC and GC-MS analysis, respectively (n = 4 or 5). B, C, The pyruvate
recycling pathway entails: entry of glutamate into TCA cycle metabolism, synthesis of pyruvate from malate by malic enzyme (ME),
and reentryinto TCA cycle metabolism as acetyl-CoA produced by pyruvate dehydrogenase (PDH). The ratio [citrate M+ 6]/[malate
M-+4] is used as an estimation of pyruvate recycling activity. Data are mean == SEM.*p << 0.05 (Student’s ¢ test corrected for
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the TCA cycle. In turn, this will lead to
decreased formation of unlabeled OAA,
diminishing the probability of unlabeled
OAA condensing with acetyl-CoA M+2
to form citrate M+2. We hypothesized
that the synGLT-1 KO would introduce
decreased percentage M+2 and increased

Acetyl-CoA

TCA

Citrate percentages for the remaining isotopologs
(M+1, M+3, etc.) in TCA cycle interme-
diates derived from consecutive TCA cy-
cle metabolism (for further details, see

Glutamate  Walls et al., 2014). Indeed, the ratio be-

co, tween M+2 and the sum of the remaining
isotopologs, designated “unlabeled TCA
cycle intermediate input,” was signifi-
cantly reduced for malate, citrate, gluta-
mate, and aspartate in the synGLT-1 KO
(malate: t,, = 3.381, p = 0.012; citrate:
tzy = 2.922, p = 0.022; glutamate: t,, =
3.034, p = 0.019; aspartate: ¢, = 4.39,
p = 0.003, n = 4 or 5; Fig. 7D). These
results using [U-'"°C]-glucose as labeled
substrate confirm our previous conclu-
sion from data obtained with [U-'>C]-
glutamate as precursor (Fig. 5; i.e., that
glutamate taken up via GLT-1 in axon terminals is metabolized
by the mitochondria in those terminals).

Discussion

In this study, we used a conditional KO of GLT-1 in neurons to
understand how this glutamate transporter contributes to neu-
ronal metabolism. '"H-NMR spectroscopy revealed a signifi-
cantly reduced aspartate concentration in cerebral cortex of
synGLT-1 KO mice. Assays of oxygen consumption and ATP
production in mitochondria isolated from cerebral cortex to fur-
ther investigate the mitochondrial machinery revealed increased
ATP production and unchanged oxygen consumption in
synGLT-1 KO cerebral cortex. Electron microscopy demon-
strated significantly increased mitochondrial density in neurons
and perisynaptic astrocyte processes as well as increased cristae
density in synaptic mitochondria in the synGLT-1 KO providing
a separate line of evidence suggesting the importance of neuronal
GLT-1 expression for mitochondrial function. Assessment of ox-
ygen consumption, glycolytic activity, glutamate uptake, and
metabolic "°C labeling experiments in synaptosomes from cere-
bral cortex to identify changes specific to synapses confirmed the
expected decrease in GLT-1-mediated glutamate uptake in cere-
bral cortical synaptosomes from synGLT-1 KO animals, and
strongly linked GLT-1 expressed in axon terminals to synaptic
glycolytic activity and mitochondrial TCA cycle metabolism.

Glutamate homeostasis relies on neuronal GLT-1 expression

The current in vivo experiments revealed lower aspartate levels in
extracts of cerebral cortex from synGLT-1 KO mice. The concen-
trations of excitatory amino acids glutamate and aspartate are
both known to be significantly higher in neurons compared with
astrocytes (Ottersen and Storm-Mathisen, 1984, 1985; Storm-
Mathisen et al., 1992; Ottersen et al., 1996), and so changes in
aspartate found in tissue extracts are likely to reflect neuronal
changes in response to synGLT-1 KO. The in vivo findings are
supported by the observation of decreased aspartate levels in pu-
rified synaptosomes from the synGLT-1 KO, and together sug-
gest that neuronal GLT-1 is involved in maintaining neuronal
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Glycolysis and glutamate metabolism is altered in cerebral cortical synaptosomes from synGLT-1KO mice. Synaptosomes were purified from cerebral cortex of mice in which the GLT-1

gene was knocked out in neurons by expression of synapsin-Cre (synGLT-1KO; black bars) and littermate controls (gray bars). Synaptic metabolism was assessed by incubating 45 min with 2.5 mu
[U- "] glucose in combination with 0.1 mm unlabeled glutamate. Metabolism of glucose via glycolysis gives rise to pyruvate, which can be metabolized to acetyl-CoA via pyruvate dehydrogenase
(PDH), alanine via alanine aminotransferase, or lactate via lactate dehydrogenase. A, Total lactate concentrations and (B) percentage B3¢ labeling in lactate and alanine were determined in
synaptosome extracts and the incubation medium (n = 4 or5). €, D, Metabolism of [U- *C]-glucose givesrise to "C labelingin TCA cycle intermediates and amino acids derived thereof (e.g., citrate,
malate, glutamate, and aspartate). Entry of unlabeled glutamate (taken up by neurons via GLT-1) will increase the unlabeled pool of TCA cycle intermediates. This entry of unlabeled glutamate was
assessed as the ratio [M+2]/[sum of other isotopologs] for the metabolites citrate, glutamate, malate, and aspartate. Data are mean == SEM. *p < 0.05 (Student’s t test corrected for multiple

comparisons).

aspartate homeostasis. Comparison of aspartate production rates
in the synGLT-1 KO and controls indicate reduced aspartate pro-
duction in the synGLT-1 KO. Moreover, we found a decline in
pyruvate recycling, a cataplerotic pathway required for full oxi-
dation of glutamate. These findings indicate that the metabolic
pathways supporting aspartate production and pyruvate recy-
cling are suppressed in the synGLT-1 KO. These changes are
likely to be consequences of limited glutamate availability in the
synapse and further suggest that glutamate taken up by GLT-1 in
axon terminals has an anaplerotic function that supports the
TCA cycle intermediate pool and the production of aspartate. In
agreement with this hypothesis, synaptosomes obtained from
mice in which glutamate dehydrogenase, converting glutamate to
a-ketoglutarate, is deleted, exhibit decreased aspartate levels
(Hohnholt et al., 2018). TCA cycle metabolism is a requirement
for de novo aspartate synthesis from glutamate (i.e., the truncated
TCA cycle) (Nissen et al., 2015). Our data support the signifi-

cance of the truncated TCA cycle producing aspartate from glu-
tamate in neurons.

Aspartate has been suggested to provide the amino group for
glutamine formation in astrocytes (Pardo et al., 2011), thereby
potentially supporting neuronal glutamate formation following
astrocyte-neuron glutamine transfer. Hence, it is possible that the
decreased aspartate levels are caused by elevated aspartate con-
sumption and glutamine production to compensate for de-
creased neuronal glutamate uptake and reuse. This would,
however, entail simultaneous increase in astrocyte-neuron glu-
tamine transfer, which based on the in vivo '>C labeling data (Fig.
1), did not appear to be affected in the synGLT-1 KO. Moreover,
"3C labeling data from synaptosome experiments suggested that
the decreased aspartate amounts in the synGLT-1 KO rather re-
sulted from lower aspartate production than increased utiliza-
tion. Interestingly, another group using a different conditional
neuronal GLT-1 KO mouse reported a 15% increase in hip-
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pocampal °C labeling of glutamine from metabolism of >C-
glucose. This finding suggests elevated glutamine transfer in the
hippocampus of the neuronal GLT-1 KO mice and hence the
possibility of regional differences in the role of neuronal GLT-1
(Zhou et al., 2019).

Mitochondrial machinery depends on neuronal

GLT-1 expression

We demonstrate that mitochondria isolated from synGLT-1 KO
mice exhibit unchanged oxygen consumption but increased ATP
production. Interestingly, in experiments using purified synap-
tosomes, representing neuronal metabolism, we measured larger
responses to stimulation of oxygen consumption by veratridine
in the synGLT-1 KO, suggesting an increase in metabolic capacity
in the synGLT-1 KO.

EM studies revealed increased density of mitochondria in
presynaptic axon terminals of excitatory cortical synapses in
synGLT-1 KO mice. These data strongly suggest that expression
of GLT-1 in axon terminals contributes to normal synaptic func-
tion, and specifically, synaptic mitochondrial function. The
increased ATP production/OCR measured in the isolated mito-
chondria could be interpreted as improved mitochondrial effi-
ciency compensating for reduced influx of glutamate. An
underlying mechanism for increased mitochondrial efficiency
could involve assembly of ETC complexes into supercomplexes,
which have been shown to be associated with increased ETC ef-
ficiency in the brain (Lopez-Fabuel et al., 2016). Alternatively, an
increase in mitochondrial membrane potential enhancing ATP
synthesis might underlie the increase in efficiency in the
synGLT-1 KO. Decreased mitochondrial intercristae distance
correlates with increased ATP synthase activity (Gomes et al.,
2011). Significantly reduced distance between neighboring mito-
chondrial cristae was observed in the synGLT-1 KO mitochon-
dria, supporting the hypothesis that GLT-1 expressed in neurons
directly affects mitochondrial efficiency.

Intriguingly, we observed a larger increase in the occurrence
of mitochondria in astrocytic processes (>100%) than in axon
terminals (~50%), in synGLT-1 KO tissue compared with con-
trol. These changes could potentially be induced by an imbalance
in mitochondrial fusion-fission processes as suggested for the
mitochondrial crisis that occurs with aging (Seo et al., 2010). A
recent study in mice reported that astrocytes in response to stroke
and ATP deficiency can release functional mitochondria that
subsequently enter neurons (Hayakawa et al., 2016), a mecha-
nism that may contribute to the findings in the present study.

Neuronal GLT-1 expression is important for synaptic

energy metabolism

Our in vivo metabolic '>C labeling study did not detect any effect
of synGLT-1 KO on neuronal or astrocytic metabolism. In con-
trast, we found reduced glutamate uptake and decreased metab-
olism of glutamate in cerebral cortical synaptosomes from
synGLT-1 KO mice, as well as altered glucose metabolism. It is
important to note that, although the in vivo experiments evalu-
ated neuronal metabolism in extracts of cerebral cortex, thereby
providing information on overall neuronal metabolism, the ex-
periments performed on isolated synaptosomes dissect out me-
tabolism specifically in axon terminals, where GLT-1 expressed
in neurons is primarily localized (Chen et al., 2004).

Our findings extend the well-known role of GLT-1 in medi-
ating glutamate clearance by astrocytes, to include a role in axon
terminals to support mitochondrial function. The importance of
neuronal GLT-1-mediated glutamate uptake for neuronal energy
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metabolism is evident from the observed increase in glycolysis in
synGLT-1 KO synaptosomes.

It could be speculated that the reduced amounts of aspartate
affects the malate-aspartate shuttle activity in the synGLT-1 KO.
Malate-aspartate shuttle activity transfers NADH derived from
glycolysis into the mitochondria, a process essential for mainte-
nance of oxidative glucose metabolism (McKenna et al., 2006).
Another mechanism of reoxidation of cytosolic NADH is
through the generation of lactate. This mechanism might be rel-
evant for our observations of increased synaptosomal glycolytic
activity and lactate production, which could sustain glycolysis,
even with hampered malate-aspartate shuttle activity. We con-
firm previous studies showing that glutamate indeed does enter
the TCA cycle and contributes to energy metabolism in axon
terminals (Erecinska et al., 1988; Sonnewald and McKenna,
2002). We suggest here that neuronal GLT-1, expressed in axon
terminals, is essential for providing glutamate access to axonal
mitochondria.

A role of GLT-1 in axon terminals to provide glutamate for
mitochondrial metabolism is in agreement with the relative af-
finities of the mitochondrial [Aralar, K, = 0.2 mMm (Monné and
Palmieri, 2014)] versus the vesicular [K, = 2 mM (Anne and
Gasnier, 2014)] glutamate transporters. Therefore, transport into
mitochondria might be favored over transport into vesicles.
However, because intraterminal glutamate concentration is esti-
mated to be in the millimolar range, it is unclear why GLT-1-
mediated uptake would be necessary to provide glutamate to
intraterminal mitochondria. It is possible that GLT-1 has a spe-
cial function to convey glutamate to mitochondria in neurons, as
suggested by previous studies restricted to astrocytes (Genda et
al., 2011; Jackson et al., 2014; Robinson and Jackson, 2016).

Bioenergetic failure in synapses has been suggested as playing
an important role in the pathogenesis of chronic neurodegenera-
tive diseases, such as Huntington’s disease, Parkinson’s disease,
and Alzheimer’s disease (Nunnari and Suomalainen, 2012;
Pathak et al., 2013; Devine and Kittler, 2018). Recently, KO of
GLT-1 in neurons was shown to produce age-dependent changes
in expression of a panel of genes also altered in expression in
Huntington’s disease (Laprairie et al., 2019). It will be of substan-
tial interest to determine the long-term neuropathological and
synaptic consequences of the mitochondrial abnormalities in the
neuronal GLT-1 KO reported here, and possible relevance of this
model for understanding human neurodegenerative disorders.
Our results suggest that GLT-1-mediated uptake in axon termi-
nals provides glutamate for mitochondrial energy metabolism
and biosynthetic activities taking place specifically in the presyn-
aptic terminals of excitatory neurons.
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