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Loss of mitochondrial enzyme GPT2 leads ==

to reprogramming of synaptic glutamate
metabolism
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Abstract

Recessive loss-of-function mutations in the mitochondrial enzyme Glutamate Pyruvate Transaminase 2 (GPT2)

cause intellectual disability in children. Given this cognitive disorder, and because glutamate metabolism is tightly
regulated to sustain excitatory neurotransmission, here we investigate the role of GPT2 in synaptic function. GPT2
catalyzes a reversible reaction interconverting glutamate and pyruvate with alanine and alpha-ketoglutarate, a TCA
cycle intermediate; thereby, GPT2 may play an important role in linking mitochondrial tricarboxylic acid (TCA) cycle
with synaptic transmission. In mouse brain, we find that GPT2 is enriched in mitochondria of synaptosomes (isolated
synaptic terminals). Loss of Gpt2 in mouse appears to lead to reprogramming of glutamate and glutamine metabo-
lism, and to decreased glutamatergic synaptic transmission. Whole-cell patch-clamp recordings in pyramidal neurons
of CA1 hippocampal slices from Gpt2-null mice reveal decreased excitatory post-synaptic currents (mEPSCs) with-
out changes in mEPSC frequency, or importantly, changes in inhibitory post-synaptic currents (mIPSCs). Additional
evidence of defective glutamate release included reduced levels of glutamate released from Gpt2-null synaptosomes
measured biochemically. Glutamate release from synaptosomes was rescued to wild-type levels by alpha-ketoglu-
tarate supplementation. Additionally, we observed evidence of altered metabolism in isolated Gpt2-null synapto-
somes: decreased TCA cycle intermediates, and increased glutamate dehydrogenase activity. Notably, alterations

in the TCA cycle and the glutamine pool were alleviated by alpha-ketoglutarate supplementation. In conclusion, our
data support a model whereby GPT2 mitochondrial activity may contribute to glutamate availability in pre-synaptic
terminals, thereby highlighting potential interactions between pre-synaptic mitochondrial metabolism and synaptic
transmission.
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Introduction

Glutamate is the main excitatory neurotransmitter in the
central nervous system (CNS) [1, 2]. In addition, gluta-
mate serves as a metabolite involved in a number of cru-
cial cellular functions, including the tricarboxylic acid
(TCA) cycle [3, 4], nitrogen balance [5, 6], protein syn-
thesis [7], glutathione synthesis [8], and gamma-amin-
obutyric acid (GABA) synthesis, the major inhibitory
neurotransmitter in the brain [9]. Glutamate metabo-
lism is interwoven with synaptic transmission and vari-
ous pathways maintain metabolic supply at the synapse.
Notably, the glutamate-glutamine cycle has been pro-
posed to ensure continuous glutamate availability for
excitatory neurotransmission; however accumulating evi-
dence suggests that glutamate metabolism may interact
with the tricarboxylic acid (TCA) cycle to support ener-
getics in both astrocytes and neurons via transamination
or deamination [10].

Human genetic mutations offer a powerful opportunity
to identify metabolic pathways required for cognition.
Previously, we reported autosomal recessive, loss-of-
function mutations in the mitochondrial enzyme Glu-
tamate Pyruvate Transaminase 2 (GPT2) that lead to a
neurodevelopmental disorder involving cognitive dis-
ability [11]. GPT2 catalyzes a reversible transamination,
transferring an amino group from glutamate to pyruvate
synthesizing alanine and alpha-ketoglutarate, a TCA
cycle intermediate. GPT2 is localized to the mitochon-
dria while its paralog, GPT1 catalyzes the same reaction
in the cytoplasm [11, 12]. GPT2 has been studied in the
context of cancer wherein it has been reported to play
an essential role in cell growth through replenishment of
TCA cycle intermediates, a process known as anaplerosis
[13-16]. The function of GPT2 in the nervous system is
not well understood. GPT?2 is enriched in the brain and
upregulated during postnatal brain development, a time
of prominent synaptogenesis [11, 17]. The contributions
of GPT?2 to synaptic transmission are unknown.

In this study, we report that GPT2 is enriched in the
mitochondria of synaptosomes (isolated synaptic ter-
minals). We also provide evidence to indicate that loss
of GPT2 may lead to decreased glutamate availability
for synaptic transmission, as well as altered glutamate
and glutamine metabolism in synaptosomes. GPT2 pro-
duces glutamate with alanine and alpha-ketoglutarate
as precursors, and through electrophysiology, we find
that glutamatergic transmission in mouse brain slices
is impaired. Also, using biochemical techniques, we
observed reduced glutamate levels released from Gpt2-
null synaptosomes. In addition, we find evidence for
altered glutamate and glutamine metabolism in isolated
synaptic terminals, including increases in glutamine lev-
els, and increased activity of glutamate dehydrogenase.
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Importantly, we demonstrate that alpha-ketoglutarate
was able to raise glutamate levels and correct measures
of altered glutamine metabolism in Gpt2-null synapto-
somes. Finally, we find deficits in the TCA cycle, such as
reduced TCA cycle intermediates, in Gpt2-null synap-
tosomes, although glutamine entry into the TCA cycle
remains intact and indicators of energetics appear largely
unchanged. Reduced levels of TCA cycle intermediates
is again rescued by alpha-ketoglutarate supplementation
in Gpt2-null synaptosomes. Overall, our results suggest
that GPT2 plays a role in sustaining neurotransmitter
availability, and in the absence of GPT2, glutamatergic
synaptic transmission and energetics appear to be partly
compensated by reprogrammed glutamate metabo-
lism which may be ameliorated by alpha-ketoglutarate
supplementation.

Materials and methods

Ethics statement

All experiments that involved mice were done in accord-
ance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals [18] and approved
by the Brown University Institutional Animal Care and
Use Committee.

Animals

Gpt2-null animals were obtained from Knockout
Mouse Project at University of California, Davis (RRID:
MMRRC_047980-UCD), genotyped and maintained as
described previously [11]. The background of all mice
was C57BL6/J (Jackson Laboratory Strain No. 664, RRID:
IMSR_JAX:000664). The mice were maintained under a
12-h light/dark cycle (lights on at 7 am and off at 7 pm).
The mice had ad libitum access to feed and water. All
experiments were conducted on mice at postnatal day 18
(P18).

Synaptosome preparation

The protocol was adapted from [19] and [20]. Immedi-
ately after cervical dislocation, the brain was removed at
an angle with double-ended surgical spatula so that the
midbrain, pons, medulla, and cerebellum were excluded
(Fig. 1A). Olfactory bulb was also excluded. The tissue
was rinsed in ice-cold 1X brain homogenization buffer
(0.32 M sucrose, 1 mM EDTA, 5 mM Tris, pH 7.4). Fresh
1X brain homogenization buffer (10 mL/g) was added,
and the brain was cut into small pieces with surgical scis-
sors. A Kimble pestle was used to homogenize the tissue
with 12 strokes (each 4 s). The tube was spun at 1300x g
for 3 min at 4 °C. The first supernatant was stored on ice
and the pellet was re-suspended in half starting volume
with 1X brain homogenization buffer. The pellet was
homogenized with a Kimble pestle with 8 strokes (each
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Fig. 1 GPT2 s the primary glutamate pyruvate transaminase in isolated synaptic terminals. A Fractionation of the mouse brain into fractions
containing myelin and other membranes, synaptosomes (isolated synaptic terminals) and mitochondria. Note that the synaptosomes are extracted
from brain tissue containing only the forebrain, excluding olfactory bulb, midbrain and the brain stem. B Metabolic pathways relevant to GPT2

and glutamate metabolism in synaptosomes including pre-synaptic neuron, post-synaptic neuron and astrocytic components. Ala: alanine, a-keto:
alpha-ketoglutarate, Glu: glutamate, GIn: glutamine, Pyr: pyruvate, GDH: glutamate dehydrogenase, GLS: glutaminase, GLUL: glutamine synthetase.
C GPT2 is enriched in synaptosomes and mitochondria. Western blotting of the homogenate, cytosolic, myelin and membranes, synaptosomes
and mitochondria fractions obtained from a wild-type mouse at postnatal day 18 (P18) for GPT2, GPT1, MTCO1 (mitochondrial marker, subunit 1

of complex IV cytochrome ¢ oxidase), SYN1 (synapsin 1), LSD1 (nuclear marker, lysine-specific demethylase 1), GDH (glutamate dehydrogenase),
GFAP (glial fibrillary acidic protein) and GAPDH (cytosolic marker, glyceraldehyde 3-phosphate dehydrogenase). D GPT2 is enriched in mitochondria
of synaptosomes. Western blotting of synaptosomes that were fractionated further into synaptic membrane, synaptic cytosol and synaptic vesicles
obtained from a wild-type mouse at P18 for GPT2, SV2 (synaptic vesicle protein 2), VGLUT1 (vesicular glutamate transporter 1), VGAT (vesicular GABA
transporter), GLT1 (glutamate transporter 1, astrocytic), GRIAT (AMPA receptor subunit 1), ACTIN, GAPDH. E Overall GPT enzyme activity in Gpt2-null
is greatly reduced in Gpt2-null synaptosomes at P18. Each dot represents the total enzymatic activities of GPT2 and GPT1 in synaptosome samples
obtained from different wild-type (black) or Gpt2-null (red) mice. The enzymatic activities are expressed as mU/mg per protein. P<0.0001. F
Glutamine cannot be used as a precursor for alanine in Gpt2-null synaptosomes at P18. Isotope tracing in wild-type (black) and Gpt2-null (red)
synaptosomes at P18 using glutamine labeled with heavy nitrogen at the amine position. Each dot represents fractional enrichment of labeled
pool of alanine in synaptosome from a different animal, expressed as percentage of total alanine pool. For pellet, **P=0.006 and for medium,
***P=0.00016. G Alanine and alpha-ketoglutarate can be used as precursors for glutamate in wild-type but not in Gpt2-null synaptosomes at P18.
Isotope tracing in wild-type (black) and Gpt2-null (red) synaptosomes at P18 using heavy nitrogen labeled alanine. Each dot represents fractional
enrichment of labeled pool of glutamate in synaptosome from a different animal, expressed as percentage of total glutamate pool. For pellet

and medium, ***P <0.0001

4 s). The tubes were spun at 1300 X g for 3 min at 4 °C. The
first and second supernatants were combined, and the
sample was spun at 10,000 g for 10 min at 4 °C with a
Sorvall RC6Plus centrifuge using the SS34 rotor. The pel-
let was re-suspended in 10 mL per gram of original tis-
sue with 15% Percoll (Percoll, Cytiva 17089102, prepared
in 1X brain homogenization buffer). The suspension was
carefully layered onto a Percoll gradient (23—-40%) and
the tube was spun at 22,000x g for 10 min at 4 °C. The
top layer contains myelin and associated membranes,
the middle layer contains synaptosomes and associated

membranes and the bottom layer contains the mitochon-
drial fraction. After carefully removing the upper layer,
the synaptosomes were aspirated and re-spun with 4 vol-
umes of 1X brain homogenization buffer, at 16,000 x g for
10 min at 4 °C. The supernatant was carefully removed,
and 4 volumes of Krebs-like buffer (118 mM NaCl, 5 mM
KCl, 1 mM MgCl,, 1.2 mM CacCl,, 0.1 mM Na,HPO,.
H,O, 20 mM HEPES, 10 mM glucose, pH 7.4) was
added. The tube was spun at 18,000xg for 10 min at
4 °C. The final pellet was flash frozen in liquid nitrogen
for experiments in which baseline metabolite levels were
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determined. For all other experiments, the final pellet
was re-suspended in the Krebs-like buffer with 0.5 mM
glutamine (Invitrogen, 25030081).

For isolation of synaptic vesicles, after the synapto-
somes were washed with 4 volumes of Krebs-like buffer,
the pellet was re-suspended in 450 pl ice-cold ddH,O.
The pellet was homogenized by pipetting. 4.95 ul 1 M
HEPES (pH7.4, with NaOH) was immediately added
and the mixture was incubated on ice for 30 min. The
mixture was spun at 43,100 x g with SS-34 rotor at 4 °C
for 15 min. The supernatant was distributed equally to
TLA 120.1 (Beckman Coulter) rotor thick-walled poly-
carbonate tubes (Beckman Coulter, 343776). The tubes
were spun at 165,000x g at 4 °C for 1 h. The pellet was
re-suspended in 30 pl RIPA buffer (50 mM Tris, 0.15 M
NaCl, 1 mM EDTA, 1% TritonX-100, 0.5% (w/v) sodium
deoxycholate, 0.1% SDS) with 1X PhosStop and 1X PIC
for Western blotting.

Western blotting

Tissues were homogenized in RIPA buffer (50 mM Tris,
0.15 M NaCl, 1 mM EDTA, 1% TritonX-100, 0.5% (w/v)
sodium deoxycholate, 0.1% SDS) with 1X PhosStop
and 1X PIC. Protein samples (20 pg) were incubated in
1X NuPage Sample buffer (Invitrogen, NP0007) and 1X
NuPage reducing agent (Invitrogen, NP0004) at 70 °C
for 10 min and immediately placed on ice. The samples
were run in NuPage 4-12% Bis-Tris gel (Invitrogen,
NPO0321) at 170 V until the dye front was at the end of
the gel. The gel was transferred to a nitrocellulose mem-
brane (Invitrogen, LC2000) in 1X FisherScientific Pierce
Western Blot Transfer Buffer (35040) with 20% methanol
at 30 V for 1 h. The blot was blocked with Li-Cor Block-
ing Buffer (Li-Cor Biosciences, 927-50000) for 30 min
and permeabilized for 5 min in TBST (FisherScientific,
BP2411) with 0.05% Tween20 (Sigma-Aldrich, P7949).
The blot was incubated with primary antibodies in Li-
Cor Intercept Antibody Diluent (Li-cor Biosciences, 927-
65001) at 4 °C overnight. The blot was washed 3 x5 min
with TBST, incubated with secondary antibodies diluted
in TBST for 1 h, washed with TBST and finally placed
in TBS. The blot was imaged using the Li-Cor Odyssey
CLx Imaging System (resolution: 84 pm, background
subtraction: median) and analyzed using Image Stu-
dio Lite software (RRID:SCR_013715). Protein amount
in each sample was determined using the bicinchoninic
acid (BCA) assay (ThermoScientific Pierce, P123227). Pri-
mary antibodies used in the study: mouse anti-ACTIN
(Sigma, A3853, RRID:AB_262137, 42 kDa, 1:2000),
mouse anti-GAPDH (Sigma, G8795, RRID:AB_1078991,
37 kDa, 1:40,000), rabbit anti-GDH (Invitrogen, PA5-
29492, RRID:AB_2546968, 55 kDa, 1:2000), rabbit anti-
GLS1 (Proteintech, 20170-1-AP, RRID:AB_10665373,
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66 kDa, 1:500), mouse anti-GLT1 (Millipore, MAB2262,
RRID:AB_10615610, 62 kDa, 1:1000), mouse anti-GLUL
(BD Biosciences, 610517, RRID:AB_397879, 42 kDa,
1:2000), mouse anti-GOT1 (Invitrogen, MA5-36093,
RRID:AB_2890416, 45 kDa, 1:500), rabbit anti-GOT2
(Sigma, HPAO018139, RRID:AB_1849903, 45 kDa,
1:1000), mouse anti-GPT1 (Sigma, SAB1412234,
RRID:AB_2885183, 55 kDa, 1:1000), rabbit anti-
GPT2 (Proteintech, 167571-AP, RRID:AB_2112098,
58 kDa, 1:600), rabbit anti-GRIA1 (abcam, ab31232,
RRID:AB_2113447, 100 kDa, 1:1000), rabbit anti-LSD1
(CellSignaling, 2184, RRID:AB_2070132, 110 kDa,
1:1000), mouse anti-MTCO1 (abcam, ab14705,
RRID:AB_2084810, 40 kDa, 1:2000), mouse anti-SV2
(DSHB, SV2, RRID:AB_2315387, 90 kDa, 1:1000), rabbit
anti-SYNAPSINI (Millipore, AB1543P, RRID:AB_90757,
77&80 kDa, 1:1000), guinea pig anti-VGAT (Synaptic-
Systems, 131,004, RRID:AB_887873, 50 kDa, 1:1000),
guinea pig anti-VGLUT1 (SynapticSystems, 135304,
RRID:AB_887878, 50 kDa, 1:1000). Secondary antibod-
ies used in the study: goat anti-Rabbit IRDye 680RD
(Li-Cor Biosciences, 926-68071, RRID:AB_10956166,
1:20,000), goat anti-Rabbit IRDye 800CW (Li-Cor Bio-
sciences, 925-32211, RRID:AB_2651127, 1:20,000),
goat anti-Mouse IRDye 680RD (Li-Cor Biosciences,
925-68070, RRID:AB_2651128, 1:20,000), goat anti-
Mouse IRDye 800CW (Li-Cor Biosciences, 926-32210,
RRID:AB_621842, 1:20,000), donkey anti-Guinea
pig IRDye 680RD (Li-Cor Biosciences, 925-68077,
RRID:AB_2814914, 1:20,000), donkey anti-Guinea
pig IRDye 800CW (Li-Cor Biosciences, 925-32411,
RRID:AB_2814905, 1:20,000).

GPT enzyme activity assay

GPT activity assay was performed using the Alanine
Aminotransferase (ALT) Assay Kit (Sigma-Aldrich,
MAKO052) according to the manufacturer’s manual. Syn-
aptosomes were resuspended in 1X ALT Assay buffer.
5 pg protein sample was used. Protein amount in each
sample was determined using the BCA assay (Thermo-
Scientific Pierce, P123227). BioTek Cytation5 plate reader
was used to detect fluorescence; Gen5 software was used
to analyze the data (RRID:SCR_017317).

Metabolite detection by liquid chromatography—mass
spectrometry (LC-MS)

For all experiments in which metabolites were detected
in synaptosomes without any additional supplements,
synaptosomes were collected as above and the final
pellet was flash frozen in liquid nitrogen. The pellet
was homogenized in 400 pL of 80% (vol/vol) methanol
cooled to -80 °C with Kimble pestle and motor, then
vortexed for 1 min, incubated at — 80 °C for 4 h. The
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samples were spun at 14,000 X g for 10 min at 4 °C and
the pellet was resuspended in 400 pL of 80% methanol
while the supernatant was stored at — 80 °C. The sus-
pension was incubated at — 80 °C for 30 min and then
spun at 14,000 X g for 10 min at 4 °C. The supernatants
were combined and re-spun at 14,000xg for 10 min
at 4 °C. The supernatants were concentrated using a
Savant SpeedVac vacuum concentrator (Thermo Sci-
entific) at ambient temperature in 1.5-mL Eppendorf
tubes. Liquid chromatography with tandem mass spec-
trometry was done at Beth Israel Deaconess Medical
Center Mass Spectrometry Facility. The samples were
re-suspended in liquid chromatography (LC) / mass
spectrometry (MS)-grade water and run-in tandem
LC-MS/MS. Samples were injected into hydrophilic
interaction liquid chromatography (HILIC) at high
pH using HPLC coupled to a 5500 QTRAP mass spec-
trometer (AB/SCIEX). Selected Reaction Monitoring
(SRM) mode for 300 transitions with positive/nega-
tive polarity switching fragmented precursor ions and
selected for product ions. Peak areas for each detected
metabolite were integrated using MultiQuant software
(AB/SCIEX). All data were normalized by median nor-
malization of at least 100 metabolite peaks. Unpaired
Student’s t-test assuming equal variance was used to
generate a p-value.

For all experiments that involve additional supplement
with 1.6 mM alanine (Sigma, A7627) and 1.6 mM alpha-
ketoglutarate (Sigma, 75890), synaptosomes in all condi-
tions were incubated in Krebs-like buffer with 0.5 mM
glutamine for 15 min at 37 °C. For evoked glutamate
release, a final concentration of 50 mM KCI was added,
and the suspension was incubated for 1 min at 37 °C. The
pellet was spun immediately after at 16,000xg at 4 °C
for 1 min. LC—MS analysis for soluble metabolites was
achieved on the Q Exactive PLUS hybrid quadrupole-
orbitrap mass spectrometer (Thermo Scientific) coupled
with hydrophilic interaction chromatography (HILIC).
To perform the LC separation, an XBridge BEH Amide
column (150 mm X 2.1 mm, 2.5 pm particle size, Waters,
Milford, MA) was used with a gradient of solvent A
(95%:5% H,O: acetonitrile with 20 mM ammonium ace-
tate, 20 mM ammonium hydroxide, pH 9.4), and solvent
B (100% acetonitrile). The gradient was 0 min, 85% B;
2 min, 85% B; 3 min, 80% B; 5 min, 80% B; 6 min, 75% B;
7 min, 75% B; 8 min, 70% B; 9 min, 70% B; 10 min, 50% B;
12 min, 50% B; 13 min, 25% B; 16 min, 25% B; 18 min, 0%
B; 23 min, 0% B; 24 min, 85% B; 30 min, 85% B. The flow
rate was 150 pyL/min; the injection volume was 10 pL;
the column temperature was 25 °C. MS full scans were
in negative ion mode with a resolution of 140,000 at m/z
200 and scan range of 75-1000 m/z. The automatic gain
control (AGC) target was 1 x 10°.
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Isotope Labeling in Synaptosomes. Synaptosome metab-
olite pool was labeled with 0.5 mM [a-'°N]-glutamine
(Sigma-Aldrich, 486809), 0.5 mM [U-'3C]-glutamine
(Sigma-Aldrich, 605166) or 1.6 mM [a-'°N]-alanine
(Cambridge Isotope Laboratories, NLM-454) for 15 min
at 37 °C. All conditions had labeled or unlabeled 0.5 mM
glutamine in Krebs-like buffer.

Brain slice preparation and electrophysiological recordings
Coronal slices (250 um) were prepared from anesthetized
mice at postnatal day 18, as described previously [21].
Briefly, the brain was immediately extracted and placed
in a vibratome (Leica, VT1000). Slices were cut in ice-
cold oxygenated artificial cerebrospinal fluid (ACSE, in
mM): 119 NaCl, 2.5 KCl, 2.5 CaCl,.2H,0, 1.0 NaH,PO,.
H,0, 1.3 MgSO,.7H,0, 26.0 NaHCO,, 11 glucose. Slices
were recovered in the same oxygenated ACSF solution
at room temperature for 1 h and then transferred to a
recording chamber where they were continuously sub-
merged in ACSF at 28 °C with a flow rate of 1-2 ml/min.

Whole cell recordings of CA1 pyramidal neurons were
performed using a MultiClamp 700B Amplifier (Molecu-
lar Devices). Signals were low-pass filtered at 3 kHz and
digitized at 10 kHz via a Digidata 1550 digitizer (Molecu-
lar Devices). Patch electrodes were fabricated from boro-
silicate glass capillaries (Sutter Instruments) using a P-97
micropipette puller (Sutter Instruments). Patch pipettes
had a resistance of 3-8 MOhm. For determining intrin-
sic cell properties, the patch pipette internal solution
consisted of (in mM): 125.0 KCl, 2.8 NaCl, 10.0 HEPES,
2.0 MgCl,, 2.37 ATP-Mg, 0.32 GTP-Na, 0.6 EGTA, (pH
7.23-7.28, 270-278 mOsm). Capacitance and membrane
resistance were calculated from voltage response during
injection of -100 pA.

For measuring miniature synaptic currents, the patch
pipette internal solution consisted of (in mM): 125.0
CsCl, 2.8 NaCl, 10.0 HEPES, 2.0 MgCl,, 2.37 ATP-
Mg, 0.32 GTP-Na, 0.6 EGTA, (pH 7.23-7.28, 270-
278 mOsm). At least 80 events were detected in ASCF
with 1 uM TTX (Tocris, 1078) and 33 uM Bicuculline
(Tocris, 0130) for miniature excitatory synaptic currents
or with 1 pM TTX and 10 pM DNQX (Sigma, D0540)
for miniature inhibitory synaptic currents, while the cell
was voltage-clamped at — 80 mV. The series resistance
was monitored throughout the recording and the cell
was excluded from analysis if it changed by 20%. Minia-
ture events with multiple consecutive peaks or “shoul-
ders” were counted for frequency but excluded from
amplitude calculations. For miniature excitatory currents
only: the traces were low-pass (Gaussian) filtered with a
-3 dB cutoff frequency of 1000 Hz for better visualization
of miniature events with smaller amplitudes. The min-
iature events were detected using a template compiled
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from each recording individually in Clampfit software
(SCR_011323).

For paired pulse ratio analysis, the patch pipette inter-
nal solution consisted of (in mM): 125.0 KCl, 2.8 NaCl,
10.0 HEPES, 2.0 MgCl,, 2.37 ATP-Mg, 0.32 GTP-Na, 0.6
EGTA, 5 mM QX-314 (Tocris, 2313) (pH 7.23-7.28, 270-
278 mOsm). The external solution consisted of ASCF
with 50 uM d-APV (Tocris, 0106) and 100 uM picrotoxin
(Sigma, P1675). CA3 was surgically removed from the
slice to minimize epileptic activity. To stimulate Schaf-
fer collaterals, bipolar stainless steel microelectrodes
with 2-5 MOhm impedance (FHC, UESMEGSEKNNM)
were gently placed approximately 200 um away from the
recorded pyramidal neuron. Paired pulses, 50 ms apart,
were used to achieve a stable current response of approx-
imately 150—300 pA. Paired pulse ratio was calculated by
dividing the peak amplitude of the second response to
that of the first. All electrophysiological recordings were
analyzed using Clampfit software.

Glutamate measurement by enzymatic method

Free glutamate levels in the cytosolic fraction, that is
the supernatant obtained along with the pellet that was
subsequently re-suspended in Percoll (see Synaptosome
Preparation), were determined by enzymatic method
using glutamate dehydrogenase. Protein concentration
was quantified by the bicinchoninic acid (BCA) assay
(ThermoScientific Pierce, PI23227). 100 pg of each sam-
ple was added to their respective wells in a black clear-
bottom 96-well plate (Greiner Bio-One, 655,090) and the
final volume was completed to 200 pl with Krebs-like
buffer. NADP* (Sigma, N5755) at a final concentration
of 1 mM was added to each well. After 6 min of equili-
bration, five units of glutamate dehydrogenase (Sigma,
G2626) was added to each well. The excitation and emis-
sion filters were 340 and 460 nm, respectively. All read-
ings were taken at 37 °C. Glutamate standard (Sigma,
G1251) was used for calibration.

To validate the viability of synaptosomes, 50 mM KCI
was added to synaptosomes immediately after the fluo-
rescence reached a plateau following glutamate dehydro-
genase addition.

Electron microscopy

The animals were perfused with 1X PBS and then
2.5% glutaraldehyde, 2% paraformaldehyde, 2 mM cal-
cium chloride in 0.15 M sodium cacodylate buffer.
The 100 pum thick tissue sections were obtained using
a vibratome and fixed in glutaraldehyde/paraformal-
dehyde/calcium chloride/sodium cacodylate buffer for
3 h at 4 °C. The sections were washed in cold 0.15 M
sodium cacodylate with 2 mM calcium chloride for
3 min, 5 times and then in filtered ddH,O for 3 min,
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5 times. The sections were placed in filtered thiocar-
bohydrazide (TCH) solution (10 mg/ml in ddH,O)
for 20 min. The sections were rinsed with ddH,O
for 3 min, 5 times. The sections were treated with 2%
osmium oxide for 30 min and then washed with ddH,O
for 3 min, 5 times. The sections were placed in 1% (w/v)
uranyl acetate at 4 °C overnight. The tissue was washed
with ddH,O for 3 min, 5 times and then placed in lead
aspartate solution (6.6 mg/ml, pH 5.5) at 60 °C for
30 min. The tissues were washed in ddH,O for 3 min,
5 times and then dehydrated in increasing concentra-
tion of ethanol (70%, 90%, 95%, 20 min once each and
then 100% for 10 min, 3 times.). Epon embedding was
performed with Embed-812 (Electron Microscopy Sci-
ences, 14,120), Araldite 502 (Electron Microscopy Sci-
ences, 13,900), DDSA (Electron Microscopy Sciences,
13,700), DMP-30 (Electron Microscopy Sciences,
13,600) in Chien molds and the tissues were left to
polymerase overnight at 60 °C overnight. The electron
micrographs were obtained using Philips EM 410 trans-
mission electron microscope. Fiji was used for electron
micrograph image analysis. For synaptic vesicles, only
clearly visible vesicles were counted and their areas
were measured using freehand selection tool. Post-
synaptic density length was measured with freehand
line tool. Asymmetric spines and mitochondria were
counted per 21000X magnification image; only mito-
chondria that were visible as a whole were counted, i.e.
those that appeared cut along the edges/borders of the
image were excluded.

Glutamate dehydrogenase activity assay

300 pg protein of synaptosomes prepared in Krebs-
like buffer were used. Final concentrations of glutamate
(Sigma, G1251) and NADP (Sigma, N5755) were 1 mM
each. Total final volume per well in the black clear-bot-
tom 96-well plate (Greiner Bio-One, 655090) was 200 pl.
Immediately after addition of NADP, the readings were
collected at 37 °C. Cytation 5 plate reader detected flu-
orescence every 45 s for 1 h, with excitation and emis-
sion wavelengths of 340 and 460 nm, respectively. The
data were analyzed using Gen5 software. The slope (rate
of product formation) was determined from the linear
phase of the fluorescence curve. For the standard curve,
various concentrations of glutamate dehydrogenase
(Sigma, G2626) were used.

Glutaminase activity assay

5 pg protein of synaptosomes prepared in Krebs-like
buffer were used. The assay was carried out according to
the manufacturer’s manual (BioVision, K455).
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Aspartate aminotransferase activity assay

5 ug protein of synaptosomes prepared in Krebs-like
buffer were used. The assay was carried out according to
the manufacturer’s manual (Sigma, MAK455).

ATP assay in synaptosomes

In addition to LC-MS/MS, ATP levels in wild-type and
Gpt2-null synaptosomes at P18 were quantified with ATP
Assay Kit (abcam, 83,355, lot: GR3299138) according to
the manufacturer’s instructions. The samples were depro-
teinized by PCA/KOH method as recommended by the
manual. Protein amount in each sample was determined
using the BCA assay (ThermoScientific Pierce, P123227).

Experimental design and statistical analyses

All data in the Figures and the Results section are pre-
sented as average +standard error of the mean, unless
otherwise noted. The statistical test for comparisons of
two groups was unpaired two-tailed Student t-test unless
otherwise noted. All statistical analyses were compiled
using GraphPad Prism software (RRID:SCR_002798).

Results

GPT2 is the primary glutamate pyruvate transaminase

in isolated synaptic terminals.

To understand the contribution of GPT2 to glutamate
metabolism at the synapse, we conducted studies in slice
electrophysiology in parallel with biochemical studies in
synaptosomes. Synaptosomes are isolated synaptic ter-
minals that form during homogenization and medium-
speed centrifugation of mouse nervous tissues in a
sucrose-based solution (Fig. 1A) [20]. GPT2 was enriched
both in synaptosomes and mitochondria (Fig. 1C). GPT1,
the cytosolic paralog of GPT2, was enriched in the cyto-
solic fraction but virtually absent in both synaptosomal
and mitochondrial fractions. In western blotting of the
different subcellular fractions, we also confirmed the
presence of some of the proteins involved in glutamate
and glutamine metabolism in synaptosomes (Fig. 1B&C).
We fractionated synaptosomes further into synaptic
membranes, cytosol and vesicles, and GPT2 was not
enriched in any of these fractions indicating that GPT2
is enriched in the mitochondria situated in synaptosomes
(Fig. 1D). Methods and characterization of synaptosome
preparations have been previously detailed [19, 20, 22].
Importantly, while synaptosomes are enriched in pre-
and post-synaptic neuronal elements [such as synapsin I
(SYNI), synaptic vesicle protein 2 (SV2), vesicular GABA
transporter (VGAT), vesicular glutamate transporter
(VGLUT1), glutamate ionotropic receptor AMPA Type
Subunit 1 (GRIA1)], these isolated synaptic preparations
also include astrocyte remnants found at synaptic termi-
nals, as has been noted previously [22-25]. Astrocytic
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components are reflected by presence of glial fibrillary
acidic protein (GFAP) and astrocytic glutamate trans-
porter (GLT1); however, exceedingly low levels of GFAP
(Fig. 1C) suggest that astrocytic cytosolic components
are quite low, while GLT1 levels may be constituted by
astrocytic synaptic membranes as well as neuronal GLT1
[25] (Fig. 1D). Therefore, synaptosomes are used here as
an experimental model for isolated synapses; however,
this is not meant to indicate that these synaptic prepa-
rations are completely devoid of astrocytic components.
The model based on our data and the substantial prior
literature is illustrated in Fig. 1B.

In agreement with the enrichment of GPT2 as com-
pared to GPT1 in synaptosomes, we found only residual
GPT enzyme activity in Gpt2-null synaptosomes com-
pared to the wild-type controls (Fig. 1E). To further con-
firm absence of GPT activity in Gpt2-null synaptosomes
and assess the function of metabolic pathways that uti-
lize GPT2, we conducted isotope labeling experiments
with heavy isotope labeled tracers (Fig. 1F). From amine
nitrogen-labeled glutamine ([a-!°N]-glutamine), alanine
was not labeled at all in Gpt2-null synaptosome pellets
or medium indicating that glutamine could not act as a
precursor for alanine in the absence of GPT2. Interest-
ingly, the alanine pool that was released from wild-type
synaptosomes into the medium originated from [a-'°N]-
glutamine more than the alanine pool that remained in
the pellet (Fig. 1F, left). Akin to a GPT enzyme activity
assay, an excess supply of heavy nitrogen labeled alanine
(1.6 mM) and unlabeled alpha-ketoglutarate (1.6 mM)
resulted in 41.7 +2.4% labeling in glutamate of wild-type
synaptosomal pellets as well as in 47.2+2.3% of the glu-
tamate pool released into the medium, suggesting that
alanine along with alpha-ketoglutarate can be used as
substrates for glutamate in our wild-type synaptosome
preparations (Fig. 1F, right). On the other hand, Gpt2-
null synaptosomal pellet or medium showed very low
heavy nitrogen labeling in glutamate (5.1+0.4% in pel-
let; 4.9 +0.4% in medium). Thus, we conclude that GPT2
is the main alanine aminotransferase in synaptosomes,
and that GPT2 can produce a significant fraction of glu-
tamate (approximately 40%) in these isolated synaptic
preparations.

Electrophysiological recordings suggest decreased
glutamatergic transmission in Gpt2-null hippocampus

To assess the role of GPT2 in synaptic transmission and
modulation of glutamate, we conducted whole-cell patch-
clamp recording experiments in pyramidal neurons of
CA1 hippocampal slices (Fig. 2A). We first character-
ized the electrophysiological properties of the Gpt2-null
pyramidal neurons. The resting membrane potential of
Gpt2-null pyramidal neurons was slightly depolarized
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(Wild-type: -63.8+1.9 mV vs Gpt2-null: -59.8+1.0 mV)
(Fig. 2B) and the membrane resistance was increased
(Wild-type: 122.7+7.3 MOhm vs Gpt¢2-null: 160.5+9.5
MOhm) (Fig. 2C). The capacitance was reduced (Wild-
type: 121.7+6.7 pF vs Gpt2-null: 92.7 +4.8 pF) (Fig. 2D),
suggesting that Gpt2-null CAl pyramidal neurons are
smaller in soma size, consistent with our prior stud-
ies of Gpt2-null neurons [17]. Slight depolarization and
increased membrane resistance in Gpt2-null pyramidal
neurons are visible in the representative traces in Fig. 2A.
Overall, the electrophysiological properties of Gpt2-null
neurons were significantly altered.

Miniature post-synaptic currents are indirect measures
of neurotransmitter levels in synaptic quanta, individual
synaptic vesicles [26, 27]. We recorded miniature post-
synaptic excitatory currents (mEPSCs) from Gpt2-null
CA1 pyramidal neurons voltage-clamped at -80 mV. The
mEPSC frequency was unchanged (Fig. 2F, Wild-type:
0.12+0.01 Hz vs Gpt2-null: 0.13+0.01 Hz); however,
the mEPSC peak amplitude was decreased in Gpt2-null
pyramidal neurons (Fig. 2E&G, Wild-type: 13.7£0.5 pA
vs Gpt2-null: 11.6+0.3 pA). The cumulative probability
histogram of mEPSC peak amplitudes of all miniature
excitatory events was shifted to the left in a representa-
tive Gpt2-null pyramidal neuron compared to its wild-
type control (Fig. 2H, Kolmogorov—Smirnov D value:
0.2386). Overall, these results are consistent with a model
that glutamate levels are reduced in synaptic vesicles

(See figure on next page.)
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of excitatory afferents on Gpz2-null CAl pyramidal
neurons.

To test whether the GABAergic input onto GPT2
pyramidal neurons was similarly affected, we recorded
miniature post-synaptic inhibitory currents (mIPSCs)
from Gpt2-null CA1 pyramidal neurons voltage-clamped
at -80 mV (Fig. 2I-K). Both mIPSC frequency (Fig. 2J)
and peak amplitude (Fig. 2K) were unchanged in Gpt2-
null CAl pyramidal neurons (Wild-type: 4.04+1.03 Hz
vs Gpt2-null: 3.3+0.65 Hz; Wild-type: 35.5£3.0 pA vs
Gpt2-null: 33.1+1.9 pA, respectively). The cumulative
probability histogram of mIPSC peak amplitudes had
a similar distribution in the wild-type control (Fig. 2L).
Together, these results suggest that GABA levels remain
the same in synaptic vesicles at inhibitory synapses on
Gpt2-null CA1 pyramidal neurons.

To rule out any changes in synaptic release probability,
we examined paired pulse ratios in CA1 pyramidal neu-
rons. The paired pulse facilitation remained the same
in Gpt2-null pyramidal neurons (Fig. 2M, Wild-type:
1.41+0.05 vs Gpt2-null: 1.51+0.05) suggesting that the
synaptic release probability is unchanged.

Released glutamate levels are reduced in Gpt2-null
synaptosomes

To determine the extent to which vesicular glutamate
levels were decreased in Gpt2-null synaptosomes and
to corroborate the electrophysiology data, we measured

Fig. 2 Glutamatergic transmission is diminished in Gpt2-null CA1 hippocampus pyramidal neurons. A Schematic of the hippocampal slice
preparation and a CA1 pyramidal neuron (red) and recording pipette. The representative whole-cell recordings of wild-type (left, black)

and Gpt2-null (right, red) CA1 pyramidal neurons in current clamp mode at postnatal day 18 (P18). Current steps of 20 pA were used to depolarize
or hyperpolarize the neuron. B Resting membrane potentials of Gpt2-null CA1 pyramidal neurons are slightly depolarized. The resting membrane
potential of CA1 neurons from wild-type (black) and Gpt2-null (red) mice at P18 was obtained immediately after breaking into the cell in current
clamp mode. n=4-5 mice/4-5 slices/8-12 cells. *P=0.02. C Gpt2-null CA1 pyramidal neurons have greater membrane input resistance. Each

dot represents a different cell recording from wild-type (black) and Gpt2-null (red) mice at P18. n=4-5 mice/4-5 slices/8-12 cells. *P=0.01.D
Gpt2-null CAT pyramidal neurons have lower capacitance. Each dot represents a different cell recording from wild-type (black) and Gpt2-null (red)
mice at P18. **P=0.002. E Representative traces of miniature excitatory synaptic currents (mEPSC) from whole-cell recordings in CA1 pyramidal
neurons of wild-type (top, black) and Gpt2-null (bottom, red) mice at P18. Averaged mEPSCs from one representative cell from wild-type (black)

and Gpt2-null (red) cells at P18 are shown on the right. F mEPSC frequency is not changed in Gpt2-null CA1 pyramidal neurons. Each dot represents
a different cell recording from wild-type (black) and Gpt2-null (red) mice at P18. n=4-6 mice/4-6 slices/8-9 cells. P=0.52. G mEPSC peak amplitude
is reduced in Gpt2-null CA1 pyramidal neurons. Each dot represents a different cell recording from wild-type (black) and Gpt2-null (red) mice at P18.
n=4-5 mice/4-5 slices/8-12 cells. **P=0.004. H Cumulative probability histogram of mEPSC peak amplitudes from representative wild-type
(black) and Gpt2-null (red) CA1 pyramidal neurons at P18. Kolmogorov—-Smirnov test was conducted, 4 neurons from each genotype were used

to construct the curves; total MEPSC events, wild-type: 799 and Gpt2-null: 793. ***P < 0.0001; d=0.24. | Representative traces of miniature inhibitory
synaptic currents (mIPSC) from whole-cell recordings in CA1 pyramidal neurons of wild-type (top, black) and Gpt2-null (bottom, red) mice at P18.
Averaged mIPSCs from one representative cell from wild-type (black) and Gpt2-null (red) CA1 pyramidal neurons at P18 are shown on the right.

J mIPSC frequency is not changed in Gpt2-null CA1 pyramidal neurons. Each dot represents a different cell recording from wild-type (black)

and Gpt2-null (red) mice at P18. n=4-6 mice/4-6 slices/8-9 cells. P=0.56. K mIPSC peak amplitude is not changed in Gpt2-null CA1 pyramidal
neurons. Each dot represents a different cell recording from wild-type (black) and Gpt2-null (red) mice at P18. n=4-6 mice/4-6 slices/8-9 cells.
P=0.5. L Cumulative probability histogram of mIPSC peak amplitudes from representative wild-type (black) and Gpt2-null (red) CA1 pyramidal
neurons at P18. Kolmogorov-Smirnov test was conducted, 4 neurons from each genotype were used to construct the curves; total mEPSC events,
wild-type: 800 and Gpt2-null: 800. P=0.1960; D=0.054. M Paired pulse ratios were unchanged as recorded in Gpt2-null CA1 pyramidal neurons

at P18. Each dot represents a different cell recording from wild-type (black) and Gpt2-null (red) mice at P18. n=7-9 mice/17 slices/17 cells. P=0.16
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glutamate release upon depolarization by liquid chro-
matography/mass spectrometry (LC/MS). We initially
confirmed the viability of our synaptosome preparations
by observing increased levels of glutamate released after
depolarization with 50 mM KCI in Krebs-like buffer
compared to the release at baseline (Fig. 3A). Overall
glutamate levels in the cytosolic fraction of the Gpr2-
null forebrain obtained during synaptosome preparation
were significantly reduced as determined by enzymatic
detection (Fig. 3B). Overall glutamate levels in total
Gpt2-null synaptosome preparations were also reduced
compared to their wild-type controls (Fig. 3C). We then
tested glutamate release and discovered that levels of glu-
tamate released upon KCI stimulation were reduced in
Gpt2-null synaptosomes (Fig. 3D). In contrast, released
GABA levels were unchanged (Fig. 3E) which agrees with
the unchanged mIPSC amplitudes in CA1 hippocampal

slices (Fig. 2K). We also tested for changes in protein
levels of vesicular glutamate transporter (VGLUT1) and
vesicular GABA transporter (VGAT) in Gpt2-null synap-
tosomes (Fig. S1). Interestingly, we see increases in both
VGLUT1 and VGAT in Gp¢2-null synaptosomes suggest-
ing that decreases of glutamate release are unlikely to be
due to changes in protein levels of vesicular transporters.

Glutamate metabolism is influenced strongly by glu-
taminase [3], which converts glutamine into glutamate
in the mitochondria and by the most abundant ami-
notransferase in the brain, aspartate aminotransferase
[28], which catalyzes a reversible transamination to
interconvert aspartate to glutamate. Given this influ-
ence on glutamate, we checked whether any alterations
in enzyme activity or protein levels of these enzymes
may contribute to the decreases in glutamate. Aspar-
tate levels in Gp¢2-null synaptosomes were unchanged
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Fig. 3 Glutamate released upon depolarization is reduced in Gpt2-null synaptosomes. A Schematic of the synaptosomes and evoking

glutamate release from synaptic vesicles with 50 mM KCl. A representative trace of relative fluorescence intensity across time is shown (collected
at excitation and emission wavelengths of 340 and 460 nm, respectively). Viability of synaptosomes was confirmed by adding 50 mM KCl

to synaptosomes and comparing baseline (black) and evoked (red) glutamate levels in wild-type synaptosomes obtained at postnatal day 18 (P18).
B Overall glutamate levels in the cytosolic fraction are reduced in Gpt2-null mice. Cytosol fraction of the forebrain was obtained by separating

the supernatant from the crude synaptosomal pellet. Glutamate was detected by enzymatic method and expressed as umol per mg of protein.
Each dot represents a different synaptosome sample obtained from wild-type (black) or Gpt2-null (red) mice at P18. *P=0.02. C Overall glutamate
levels are reduced in Gpt2-null synaptosomes. Each dot represents a different synaptosome sample obtained from wild-type (black) or Gpt2-null
(red) mice at P18.*P=0.037. D Glutamate levels released upon depolarization are reduced in Gpt2-null synaptosomes. Each dot represents

a different synaptosome sample obtained from wild-type (black) or Gpt2-null (red) mice at P18. *P=0.01. E Released GABA levels were unchanged
in Gpt2-null synaptosomes. Each dot represents a different synaptosome sample obtained from wild-type (black) or Gpt2-null (red) mice at P18.

P=0.44

(Fig. S2A) as well as aspartate aminotransferase
enzyme activity (Fig. S2B). There were no changes in
5N labeling in aspartate using [a-'°N]-glutamine as
tracer (Fig. S2C), however, expectedly, zero 5N labe-
ling in aspartate was observed when [a-!°N]-alanine
was used as tracer as this route would be unavail-
able due to the loss of GPT2 (Fig. S2C). Similarly, glu-
taminase enzyme activity in Gpt2-null synaptosomes
was unaltered (Fig. S2D). Protein levels of aspartate
aminotransferase and glutaminase in Gp¢2-null hip-
pocampus tissue were similar to those of their wild-
type controls (Fig. S2E). Overall, the data suggests that
alterations of glutamate in Gpt2-null synaptosomes
were not primarily caused by changes in either aspar-
tate aminotransferase or glutaminase activity.

Increased synaptic vesicle size in Gpt2-null CA1 stratum
radiatum

To investigate whether ultrastructural changes may be
associated with the decreased glutamatergic transmission
(Fig. 2), we examined glutamatergic synapses based on
the identification of asymmetric spines in Gpz2-null CA1
stratum radiatum by electron microscopy (Fig. 4 and S3).
Interestingly, we observed approximately 10% increase
in area of individual synaptic vesicles in Gpz2-null CA1l
asymmetric spine synapses (Wild-type: 1361+3.1 nm?
vs. Gpt2-null: 1535+ 8.7 nm?, P=0.0013) (Fig. 4B). Num-
ber of synaptic vesicles per synapse (Fig. 4C) and post-
synaptic density length (Fig. 4D) were similar to the
wild-type controls. Spine counts as well as mitochon-
dria counts per image were unchanged in Gp¢2-null CA1l
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Fig.4 Synaptic vesicle area is increased in Gpt2-null CA1 stratum radiatum while number of synaptic vesicles per spine remains unchanged.

A Representative images of spines in wild-type (top) and Gpt2-null (bottom) CA1 stratum radiatum at P18. Scale bar: 0.1 um. B Quantification

of the area of synaptic vesicles. Each dot represents the averaged area of synaptic vesicles in spines obtained from one animal. A minimum

of 25 micrographs were used for each animal. **P=0.001. C. Quantification of the number of synaptic vesicles per spine. Each dot represents

the averaged number of synaptic vesicles obtained from one animal. A minimum of 25 micrographs were used for each animal. D Quantification
of the post-synaptic density length. Each dot represents the averaged post-synaptic density length obtained from one animal. A minimum of 25

micrographs were used for each animal

stratum radiatum (Fig. S3B&C). Overall, the electron
micrographs indicate that the ultrastructural morphol-
ogy in Gpt2-null CA1l stratum radiatum was intact, albeit
with a significant increase in synaptic vesicle size.

Amelioration of glutamate release by alpha-ketoglutarate
supplementation in Gpt2-null synaptosomes

We hypothesized that synaptic glutamate release may be
ameliorated by alpha-ketoglutarate. This hypothesis is
based in part on prior observations that TCA cycle inter-
mediates, particularly, alpha-ketoglutarate have been
shown to be precursors for synaptic glutamate via sev-
eral metabolic reactions [29-32]. Therefore, we sought
to rescue the decreases in synaptic glutamate levels seen
in Gpt2-null synaptosomes by supplementing with alpha-
ketoglutarate. When supplemented with alpha-ketogluta-
rate, released glutamate levels of Gpz2-null synaptosomes

were restored to the wild-type levels (Fig. 5A). Alanine,
another major product of the GPT2 reaction, failed to
correct the synaptic glutamate levels (Fig. 5B). Alpha-
ketoglutarate combined with alanine also corrected the
glutamate levels in Gpt2-null synaptosomes; however,
to near equivalent levels to alpha-ketoglutarate alone
(Fig. 5C). In contrast, released GABA levels in Gpt2-
null synaptosomes were unchanged as compared to the
wild-type, with or without alpha-ketoglutarate or ala-
nine supplementation (Fig. 5D—F). As a control, we also
demonstrated that alanine and alpha-ketoglutarate read-
ily enter synaptosomes (Fig. S4A—D). Notably, baseline
alpha-ketoglutarate levels were unchanged but alanine
levels were reduced in Gpt2-null synaptosomes (Fig. S4A-
D) in corroboration of our previous finding that alanine
levels in the whole Gpt2-null brain were reduced [11, 33].
Overall, these results indicate that alpha-ketoglutarate
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Fig. 5 Decreases in released glutamate are restored by alpha-ketoglutarate in Gpt2-null synaptosomes. A Glutamate levels are restored

by alpha-ketoglutarate in Gpt2-null synaptosomes. Each dot represents a different synaptosome sample obtained from wild-type (black)

or Gpt2-null (red) mice at P18. Wild-type vs. Gpt2-null no supplement: ***P < 0.001; + alpha-ketoglutarate: ***P < 0.001. Wild-type no supplement

vs. Gpt2-null +alpha-ketoglutarate: P=0.99. Wild-type no supplement vs. wild-type +alpha-ketoglutarate: ***P < 0.001. Wild-type vs.
Gpt2-null+alpha-ketoglutarate: ***P < 0.001. n.s.=statistically non-significant. A two-way ANOVA was performed with Tukey's multiple comparison
correction and the reported p-values are adjusted p-values. B Glutamate levels are not restored by alanine in Gpt2-null synaptosomes. Each dot
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supplementation in Gpt2-null synaptosomes. Each dot represents a different synaptosome sample obtained from wild-type (black) or Gpt2-null
(red) mice at P18. Wild-type vs. Gpt2-null no supplement: ***P < 0.001. Wild-type vs. Gpt2-null +alanine + alpha-ketoglutarate: ***P < 0.001. Wildtype
no supplement vs. Gpt2-null +alanine + alpha-ketoglutarate: P=0.84. Wild-type no supplement vs.+alanine + alpha-ketoglutarate: ***P <0.001.
Gpt2-null no supplement vs. +alanine +alpha-ketoglutarate: **P < 0.001. n.s.=statistically non-significant. A two-way ANOVA was performed

with Tukey’s multiple comparison correction and the reported p-values are adjusted p-values. D Released GABA levels were unchanged

with or without alpha-ketoglutarate in Gpt2-null synaptosomes. Each dot represents a different synaptosome sample obtained from wild-type
(black) or Gpt2-null (red) mice at P18. Wild-type vs. Gpt2-null no supplement: P=0.59. Wild-type vs. Gpt2-null +alpha-ketoglutarate: P=0.23.

A two-way ANOVA was performed with Tukey’s multiple comparison correction and the reported p-values are adjusted p-values. E Released GABA
levels with or without alanine. Each dot represents a different synaptosome sample obtained from wild-type (black) or Gpt2-null (red) mice at P18.
Wild-type vs. Gpt2-null no supplement: P=0.59. Wild-type vs. Gpt2-null+alanine P=0.63. A two-way ANOVA was performed with Tukey’s multiple
comparison correction and the reported p-values are adjusted p-values. F Released GABA levels with or without alanine and alpha-ketoglutarate
combined supplementation. Each dot represents a different synaptosome sample obtained from wild-type (black) or Gpt2-null (red) mice at P18.
Wild-type vs. Gpt2-null no supplement: 0.87. Wild-type vs. Gpt2-null+alanine +alpha-ketoglutarate P=0.69. A two-way ANOVA was performed
with Tukey's multiple comparison correction and the reported p-values are adjusted p-values. Data in panel A&B&D&E were derived from the same
cohort of animals, and data in panel C&F were derived from a separate cohort of animals
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was able to rescue glutamate levels and that a metabolic
intervention was sufficient to correct glutamate defi-
ciency in Gpt2-null synaptosomes.

Glutamine metabolism is altered in Gpt2-null
synaptosomes and rescued by alpha-ketoglutarate
supplementation

Glutamate is replenished in neurons primarily by the glu-
tamate-glutamine cycle at the tripartite synapse, formed
by the pre-synaptic neuron, post-synaptic neuron and
astrocyte compartments [34] (Fig. 6A). We observed
changes in glutamine metabolism in Gpt2-null synapto-
somes which we predict are compensatory reflecting loss
of GPT2 enzyme activity. First, we observed increased
glutamine levels in Gpt2-null synaptosomes (Fig. 6B).
Second, we discovered an increased fraction of double
heavy nitrogen labeled glutamine (Fig. 6C) that is glu-
tamine with a heavy nitrogen in both amine and amide
groups. Increased double labeled glutamine suggested
upregulation of glutamate metabolizing enzymes, specifi-
cally glutamate dehydrogenase and glutamine synthetase.
Given the rescue of glutamate levels by alpha-ketogluta-
rate, we tested if alpha-ketoglutarate would correct this
alteration in glutamine metabolism, particularly since
alpha-ketoglutarate as a substrate has been shown to
suppress glutamate dehydrogenase activity [35]. Indeed,
we observed that the fractional enrichment of double-
labeled glutamine was reduced back to wild-type levels
by alpha-ketoglutarate supplementation in Gp¢2-null
synaptosomes (Fig. 6C). In contrast, alanine failed to
reduce double labeling of glutamine in Gpt2-null synap-
tosomes. Glutamine entry into synaptosomes was not
affected by alpha-ketoglutarate as evident in unchanged
glutamine levels (Fig. S5A) as well as in unchanged frac-
tional enrichments of single heavy nitrogen labeled

(See figure on next page.)
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glutamine (Fig. S5B) and glutamate (Fig. S5C) compared
to the no supplement condition. This suggests that the
action of alpha-ketoglutarate in decreasing the fractional
enrichment of double-labeled glutamine was not caused
by decreases in glutamine entry but by changes in glu-
tamine metabolism. With alanine supplementation, over-
all glutamine levels were decreased approximately by 40%
in both wild-type and Gpz2-null synaptosomes (Fig. S5A).
While glutamine entry may be affected by alanine, as they
compete for the same neutral amino acid transporters
[36], this led to only modest decreases in the fractional
enrichment of single heavy nitrogen labeled glutamine
(Fig. S5B) and glutamate (Fig. S5C). This is also reflected
by the observation that glutamate levels were unchanged
with alanine supplementation (Fig. 5B). Furthermore,
alanine supplement did not result in any changes in
fractional enrichment of double labeled glutamine in
Gpt2-null synaptosomes (Fig. 6C). Overall, these results
suggest that the reductions in double-labeled glutamine
are feasible by alpha-ketoglutarate and not alanine.
Double-labeled glutamine can be formed by the con-
certed actions of glutamate dehydrogenase and glu-
tamine synthetase (Fig. 6A). We hypothesized that
expression and activity of these metabolic enzymes
could be upregulated in Gpt2-null synaptosomes and
that this upregulation can explain the increases in frac-
tional enrichment of double-labeled glutamine in Gpt2-
null synaptosomes. We performed western blotting in
synaptosomes (Fig. 6D) for these metabolic enzymes.
We find increases of glutamate dehydrogenase and glu-
tamine synthetase in Gpt2-null synaptosomes. These
results suggest that increased protein levels of gluta-
mate dehydrogenase and glutamine synthetase may
lead to increases in double-labeled glutamine. Com-
plementary to western blotting, we directly tested

Fig. 6 Glutamine metabolism is altered in Gpt2-null synaptosomes and rescued by alpha-ketoglutarate. A Metabolic pathways relevant

to glutamate/glutamine metabolism and isotope labeling patterns originating from exogenous amine nitrogen labeled glutamine

in synaptosomes. GLS: glutaminase, GDH: glutamate dehydrogenase. GLUL: glutamine synthetase. B Baseline glutamine levels are increased

in Gpt2-null synaptosomes. Each dot represents synaptosome samples obtained from different wild-type (black) or Gpt2-null (red) mice at P18.
Wild-type vs. Gpt2-null **P=0.009. C Fractional enrichment of double-labeled glutamine is increased in Gpt2-null synaptosomes and restored
by alpha-ketoglutarate. Each dot represents a different synaptosome sample obtained from wild-type (black) or Gpt2-null (red) mice at P18.
Wild-type vs. Gpt2-null no supplement: ***P < 0.001;+ alpha-ketoglutarate: ***P <0.001; +alanine: ***P < 0.001; Wild-type no supplement vs.

Gpt2-null+alpha-ketoglutarate: P=0.31. A two-way ANOVA was performed with Tukey’s multiple comparison correction and the reported p-values
are adjusted p-values. D Glutamate dehydrogenase (GDH) and glutamine synthetase (GLUL) protein levels are increased in Gpt2-null synaptosomes.
Western blotting of wild-type and Gpt2-null synaptosome protein lysates collected at P18. Note that GPT2 is absent in Gpt2-null (MUT) but present
in wild-type (WT) protein lysates. Each dot represents a different protein lysate sample from wild-type (black) or Gpt2-null (red) mice. Each protein
band is normalized to its corresponding intensity of the actin band. Wild-type vs. Gpt2-null: *P (GDH, glutamate dehydrogenase)=0.02; *P (GLUL,
glutamine synthetase)=0.01. E Glutamate dehydrogenase enzymatic activity is increased in Gpt2-null synaptosomes. Chemical reaction catalyzed
by glutamate dehydrogenase (GDH) is shown on top. The enzyme activity assay detects fluorescence with excitation and emission wavelengths

of 340 and 460 nm, respectively. Gpt2-null synaptosomes display higher GDH activity compared to wild-type controls. The fluorescence of NAPDH
(product) over time is shown on the left. The enzymatic activity is determined by the slope of the linear phase, shown on the right. Each dot
represents a synaptosomes sample obtained from a different animal. *P=0.03
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Fig. 6 (Seelegend on previous page.)

glutamate dehydrogenase activity by an enzyme activ-
ity assay (Fig. 6E, Fig. S6). Gpt2-null synaptosomes had
significantly more glutamate dehydrogenase activity
compared to wild-type controls (Fig. 6E). This find-
ing is in agreement with the increased protein levels of
glutamate dehydrogenase and the increased fractional
enrichment of double-labeled glutamine in Gp¢2-null
synaptosomes.

TCA cycle deficits in Gpt2-null synaptosomes are rescued
by alpha-ketoglutarate supplementation

GPT2 and glutamate dehydrogenase not only modulate
glutamate levels but also replenish the tricarboxylic acid
(TCA) cycle by augmenting alpha-ketoglutarate [37].
Loss of GPT2 leads to deficits in the TCA cycle interme-
diates in the mouse brain, likely through impaired ana-
plerosis [11, 38]. We investigated whether similar TCA
cycle deficits were present in Gpt2-null synaptosomes
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(Fig. 7). We observed decreases in baseline levels of
malate and fumarate (Fig. 7A). In a separate experiment,
we tested whether alpha-ketoglutarate would be able to
rescue deficits in malate (Fig. 7B). Malate levels were cor-
rected by alpha-ketoglutarate in Gpt2-null synaptosomes.

We also tested for glutamine as a precursor for the
TCA cycle intermediates in Gpt2-null synaptosomes
(Fig. 7C). Given the loss of GPT2, a decreased fractional
enrichment of labeled TCA cycle intermediates using
[U-13C]-glutamine as precursor was expected (Fig. 7C,
left). However, the fractional enrichments for the TCA
cycle intermediate measured were unchanged in Gpt2-
null synaptosomes (Fig. 7C, right). These results indicate
that glutamine may be used by Gp¢2-null synaptosomes
to supplement the TCA cycle. Finally, we also tested for
other metrics of energetics such as ATP levels as well as
NAD to NADH and NADP to NADPH ratios (Fig. 7D—
G). All remained unchanged in Gpt2-null synaptosomes.
Overall, these results on TCA cycle suggest that the TCA
intermediates are decreased; however, energetics may
be approximately maintained. This compensation may
be due to upregulation of metabolic enzymes (Fig. 6),
such as glutamate dehydrogenase, which may provide an
alternative carbon source to the TCA cycle in Gpz2-null
synaptosomes.

Discussion

Glutamate metabolism is maintained and tightly regu-
lated by a concert of metabolic enzymes and substrate
transporters [37, 39-42]. An imbalance of substrates or
proteins involved in glutamate metabolism often leads
to a compensatory mechanism that takes advantage of
alternative metabolic pathways [43-48]. This flexibility

(See figure on next page.)
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of the metabolome related to glutamate is realized by 44
distinct enzymes that consume or produce glutamate, as
curated in Kyoto Encyclopedia of Genes and Genomes
(KEGG) [49]. Here, we report that loss of glutamate
pyruvate transaminase 2 (GPT2) may cause impaired glu-
tamatergic transmission and compensatory changes in
proteins related to glutamate and glutamine metabolism.
The observed defect in glutamate release from synapto-
somes and other metabolic defects, such as in glutamine
and TCA metabolism, were alleviated by alpha-ketoglu-
tarate supplementation. While the glutamate-glutamine
cycle has garnered substantial study as mechanisms
that ensures glutamate availability for excitatory neuro-
transmission, our study of Gpt2-null mice and a growing
literature draw attention to the interplay between pre-
synaptic mitochondrial TCA cycle metabolism and glu-
tamatergic synaptic transmission [10]. In addition, our
study has potential relevance to the origin of cognitive
disability in children with GPT2 Deficiency.

We demonstrate that GPT2 is the primary gluta-
mate pyruvate transaminase in synaptosomes, and that
GPT?2 is localized to mitochondria and enriched in syn-
aptosomes (Fig. 8). GPT2 supports cellular growth by
allowing glutamate oxidation in mitochondria thereby
enhancing biosynthesis and energetics (Fig. 8A) [11,
33, 50, 51]. In agreement with this, GPT2 deficiency
results in smaller soma sizes and slightly depolarized
CA1 pyramidal neurons (Fig. 2) as well as microcephaly
in both mice and human patients with GPT2 mutations
as previously demonstrated [11]. Glutamate, the major
excitatory neurotransmitter, is an excellent source of car-
bon for the TCA cycle in mitochondria 3, 4, 52, 53]. We
find deficits in the TCA cycle of Gpt2-null synaptosomes

Fig. 7 TCA cycle intermediates are reduced but glutamine entry into the TCA cycle is intact in Gpt2-null synaptosomes. A Baseline malate

and fumarate levels are reduced in Gpt2-null synaptosomes. Each dot represents a different sample from wild-type (black) or Gpt2-null (red)
mice at P18. Baseline wild-type vs. Gpt2-null malate: *P=0.03; fumarate: *P=0.03. B Malate levels are rescued by alpha-ketoglutarate in Gpt2-null
synaptosomes. Each dot represents a different sample from wild-type (black) or Gpt2-null (red) mice at P18. Malate wild-type vs. Gpt2-null

no supplement: **P=0.003; wild-type no supplement vs.+alpha-ketoglutarate: **P=0.002; Gpt2-null no supplement vs.+alpha-ketoglutarate:
**P=0.002; Wild-type no supplement vs. Gpt2-null +alpha-ketoglutarate: P=0.84. A two-way ANOVA was performed with Tukey's multiple

comparison correction and the reported p-values are adjusted p-values. C Fractional enrichments of carbon labeled TCA cycle intermediates using
the uniformly carbon labeled [U-'3C]-Glutamine precursor is unchanged in Gpt2-null synaptosomes. The metabolic pathways that label the carbons
of TCA cycle intermediates are shown on the left. Fractional enrichments of m+4 (4 heavy carbons) as a percentage are given on the right. Each dot
represents synaptosome samples obtained from different wild-type (black) or Gpt2-null (red) mice at P18. Wild-type vs. Gpt2-null malate: P=0.83;
fumarate: P=0.88. A two-way ANOVA was performed with Tukey’s multiple comparison correction and the reported p-values are adjusted p-values.
D ATP levels are unchanged in Gpt2-null synaptosomes. Each dot represents synaptosome samples obtained from different wild-type (black)

or Gpt2-null (red) mice at P18. ATP levels were enzymatically determined. Wild-type vs. Gpt2-null: P=0.35. E ATP levels as determined by LC-MS.
Each dot represents synaptosome samples obtained from different wild-type (black) or Gpt2-null (red) mice at P18. ATP levels were enzymatically
determined. Wild-type vs. Gpt2-null: P=0.12. F NAD to NADH ratio is unchanged in Gpt2-null synaptosomes. Each dot represents normalized

peak intensities of synaptosome samples obtained from different wild-type (black) or Gpt2-null (red) mice at P18 as determined by LC-MS.
Wild-type vs. Gpt2-null: P=0.31. G NADP to NADPH ratio is unchanged in Gpt2-null synaptosomes. Each dot represents normalized peak intensities
of synaptosome samples obtained from different wild-type (black) or Gpt2-null (red) mice at P18 as determined by LC-MS. Wild-type vs. Gpt2-null:
P=0.23
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including decreases in malate and fumarate levels
(Fig. 8B, event 2). Loss of GPT2 may lead to upregula-
tion of other metabolic enzymes that allow for intact glu-
tamine entry into the TCA cycle in the absence of GPT2.
In Gpt2-null synaptosomes, we observe increased protein
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-
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o
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=
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and activity levels of glutamate dehydrogenase (GDH),
which deaminates glutamate forming alpha-ketoglutarate
and ammonia (Fig. 8B, event 3), along with increases in
glutamine synthetase (GLUL) protein levels which allows
for efficient ammonia fixation. This may explain the



Baytas et al. Molecular Brain

(2024) 17:87

Malate
GDH
Fumarate

a-keto+Ala = Glu+Pyr

Page 17 of 21

GILIcose

|
Pyr

Malate
Fumarate

Glu ce o + a-keto
4 6 supplement

Fig. 8 Loss of GPT2 leads to decreased pre-synaptic glutamate and synaptic transmission which is ameliorated by alpha-ketoglutarate
supplementation. Based on the data, we propose the following model: (1) GPT2 is the main alanine aminotransferase and the main mediator

of glutamine to alanine and glutamate to alanine interconversions (Fig. 1). (2) Loss of GPT2 leads to decreased TCA cycle intermediates

in synaptosomes (Fig. 7). (3) Glutamate dehydrogenase (GDH) activity is increased (Fig. 6), likely to compensate for the deficit in the TCA cycle

and to increase the flow of glutamate back into the TCA cycle. Double heavy nitrogen labeled glutamine pool is enriched (Fig. 6), likely to clear extra
ammonia resulting from increased GDH activity, and concomitantly total glutamine levels are increased in Gpt2-null synaptosomes (Fig. 6). (4) We
observe decreases in total glutamate in Gpt2-null synaptosomes as well as decreased glutamate levels released upon stimulation (Figs. 3 and 5).

(5) We see increases in VGLUT1 protein levels in synaptosomes (Fig. S1) and the average size of synaptic vesicles in asymmetric glutamatergic
spines in Gpt2-null CA1 stratum radiatum was also increased (Fig. 4), possibly to allow more glutamate entry into the synaptic vesicles. (6)
Alpha-ketoglutarate supplementation in Gpt2-null synaptosomes increases released glutamate upon stimulation back to wild-type levels (Fig. 5)

increases in fractional enrichment of double heavy nitro-
gen labeled glutamine and in overall glutamine levels.
GDH catalyzes practically an irreversible reaction that
favors glutamate deamination, and thus once glutamate
is consumed by this enzyme, it is fixed to its keto acid,
alpha-ketoglutarate [47, 54, 55]. Elevations of glutamate
dehydrogenase activity may provide an explanation as to
why glutamate levels tend to decrease in Gpt2-null brain
tissue.

There are anaplerotic pathways (i.e. resulting in a net
yield of TCA cycle products), other than GDH and GPT2,
that may support the TCA cycle in the absence of GPT2
such as pyruvate carboxylase (PC) and other aminotrans-
ferases that produce alpha-ketoglutarate from glutamate
including branched-chain amino acid aminotransferases
[56, 57]. All these processes likely contribute to sustain
the TCA cycle in Gpt2-null brain as long as they are
able; however, each process has certain complications.
For example, PC exists mainly in astrocytes and utilizes
ATP to make oxaloacetate [53, 58]. GDH is found both in

neurons and astrocytes but depends on NADP availabil-
ity [59]. Aminotransferases that degrade essential amino
acids usually work in the direction of producing gluta-
mate and not alpha-ketoglutarate [60]. In contrast, GPT2
is an equilibrium enzyme [61] and depends neither on
ATP nor NADP availability, thereby conferring a unique
anaplerotic ability to the cell. Levels of GPT2 and GPT1
protein have been shown to increase in models of oxida-
tive phosphorylation deficits induced by mitochondrial
DNA mutations [44] and disrupted mitochondrial fusion
dynamics [43]. GPT2 may provide a non-redundant sup-
port of the TCA cycle that may enhance both energetics
and biosynthesis to sustain cell growth.

Our data may suggest decreases in glutamate in pre-
synaptic terminals and in synaptic vesicles (Fig. 8B,
event 4). Evidence in support of this includes decreased
mEPSCs amplitudes, and decreased release of glutamate
from synaptosomes upon biochemical measurements.
However, these data must be considered in context with
other findings, such as increases in membrane resistance
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of CA1l pyramidal neurons. While none of our experi-
ments alone can conclude that the glutamate pool is
decreased specifically in neurons, the collection of our
independent approaches supports this interpretation,
including that there is also a reduction in overall gluta-
mate levels in the cytosolic fraction of Gpt2-null fore-
brain (Fig. 3). It is difficult to bridge electrophysiological
and biochemical data especially when it is hard to quan-
tify glutamate levels in individual synaptic vesicles within
synaptosomes, especially as the preparation involves
using a hypoosmotic solution (ice-cold water). Structur-
ally, we did not find changes in the number of synaptic
vesicles per spine or number of spines per image area by
electron microscopy. We do observe increases in synap-
tic vesicle area (Fig. 8B, event 5) and this could be due to
compensatory increases in VGLUT1 protein expression
as has been proposed to occur in similar situations [62].

In our studies, alpha-ketoglutarate rescues gluta-
mate levels and augments the TCA cycle intermediates
(Fig. 8B, event 6). It is yet unclear whether alpha-ketoglu-
tarate exerts its effects through other transaminases or by
blocking glutamate dehydrogenase, or both. Neverthe-
less, by a metabolic intervention, i.e. alpha-ketoglutarate
supplementation, it was possible to correct both gluta-
mate levels and alterations in the glutamine metabolism
in Gpt2-null synaptosomes. Notably, decreases in alpha-
ketoglutarate have been linked to decreased glutamater-
gic transmission [63]. Alanine on the other hand had
minimal effect on glutamate levels and glutamine metab-
olism. It is possible that there was potentially a modest
effect of alanine supplementation on glutamate levels in
synaptosomes (p-value of 0.109) (Fig. 3). This is possible
through the residual GPT1 in synaptosomes, however
alanine failed to increase glutamate to wild-type levels
and it failed to correct increased enrichment of double-
labeled glutamine unlike alpha-ketoglutarate. Reduc-
tion in fraction of double-labeled glutamine most likely
occurs through substrate inhibition of GDH by alpha-
ketoglutarate [35].

Importantly, released GABA levels do not change in
Gpt2-null synaptosomes. Glutamine and glutamate have
been shown to be a major precursor for GABA whereas
alpha-ketoglutarate is preferentially converted into glu-
tamate and not GABA [31, 64, 65]. Our synaptosomes
preparations contain not only glutamatergic but GABAe-
rgic synaptic terminals and presence of glutamate decar-
boxylase which irreversibly converts glutamate into
GABA [66] possibly accounts for the unchanged GABA
levels in Gpt2-null synaptosomes. We also observe
increases in vesicular GABA transporter (VGAT) protein
levels in Gpt2-null synaptosomes and this may indicate
compensatory mechanisms acting on GABAergic syn-
apses as well. Overall, we do not see changes in inhibitory
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synaptic transmission at the level of mIPSCs in hip-
pocampal slices from Gpt2-null brain.

Synaptosomes, isolated synaptic terminals, are artifi-
cial organelles that may reflect both neuronal and astro-
cytic metabolism [20]. While we detected glutamine
synthetase (GLUL), we do not observe a major common
microtubule filament protein, GFAP in our synaptosome
preparations. GLUL is found within astrocytic processes
immediately next to excitatory spines by immuno-
electron microscopy [67] and GLUL enzyme activity is
demonstrated in synaptosome preps using Ficoll density
gradient (similar to Percoll) despite reductions in glial
membranes [23]. In addition, as our synaptosome prepa-
rations were obtained from a combination of cerebral
cortex and hippocampus, it is not possible to correlate
the findings in synaptosomes to one or the other of these
specific brain regions; however, all of our electrophysiol-
ogy data are conducted in hippocampus. Tripartite syn-
apses (presynaptic terminals, postsynaptic spines and
associated astrocyte components) exist only in approxi-
mately 50% of all spines in the stratum radiatum of the
CA1 hippocampus [34]. Overall, the causal origin of the
synaptic glutamate decreases has to be interpreted with
caution. It is yet unclear whether GPT2 would have more
profound effects on glutamatergic synapses that do not
rely on astrocytic processes. Given our data, GPT2 may
provide additional contributions to the TCA cycle at
non-tripartite synapses in vivo.

Our prior work suggests that GPT2 is mainly neuronal
and GPT1 is astrocytic. Compartmentation of metabolic
enzymes and metabolites is a fundamental feature of the
glutamine-glutamate cycle [10]. The consensus is that
the glutamate pool is larger in neurons than glia [37] and
given that GPT2 is an equilibrium enzyme [61], it is likely
that GPT2 preferentially catalyzes the reaction in favor
of alanine and alpha-ketoglutarate formation in neurons,
thereby contributing to the TCA cycle metabolites in
neurons. Moreover, there is evidence that alanine is pref-
erentially released by neurons, to be subsequently taken
in by astrocytes [68]. Most likely, the functions of the two
glutamate pyruvate aminotransferase isozymes are not
redundant and their individual importance arises from
differences in expression in various cell types, subcellular
localization and ranges of substrate metabolite pools in
those cells.

GPT2 belongs to the protein family of pyridoxal
phosphate (PLP)-dependent aspartate aminotrans-
ferase superfamily [69]. Aspartate aminotransferase 2
(GOT?2) has been found to localize in both mitochon-
dria and synaptic vesicles [70]. Localization to synaptic
vesicles has been proposed as a mechanism to locally
synthesize glutamate to be loaded into synaptic vesi-
cles [71]. GPT2 does not appear in synaptic vesicles
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(Fig. 1D) and thus appears to modulate glutamate levels
from within mitochondria; however, it is possible that
the alpha-ketoglutarate rescue of glutamate release may
function in part through GOT2 activity on synaptic
vesicles [70, 71].

Processes related to glutamate metabolism may have
major differences across species. Most notably, GPT1
seems to be absent in the human brain and GPT2 is
the sole alanine aminotransferase detected [72, 73]
whereas GPT1 expression is observed in murine brain
tissue, particularly in astrocytes [74]. Another notable
example is glutamate dehydrogenase. The GDH gene
has seen a recent duplication event in humans and
non-human primates, that is absent in rodents [75].
Therefore, caution must be taken when extrapolating
interpretations of metabolic changes across species.

While it is possible that a peripheral mechanism
may impose a long-standing effect on brain even after
removed from the in vivo situation, there are several
lines of evidence that support brain autonomous mech-
anisms based on: first, one of the promising results is
that acute administration of alpha-ketoglutarate both
augments glutamate release and brings down double
heavy nitrogen labeling in glutamine in Gp¢2-null syn-
aptosomes. This effect is demonstrated ex vivo, outside
any influence of peripheral tissues. Second, we have
recently published that GPT2 is enriched in neurons as
compared to astrocytes, and the conditional deletion
of Gpt2 in neuronal cells using Synapsinl-Cre driver
results in a similar phenotype as the germline Gpt2-
null whereas astrocyte-specific deletion of Gpt2 using
Gfap-Cre driver did not result in any overt phenotype
[17]. However, a study of cell-specific deletions of Gpt2
in the context of glutamate metabolism is warranted in
the future.

In conclusion, here we report the contributions of
GPT2 to glutamate metabolism and the functional
consequences of GPT2 deficiency (Fig. 8). GPT2 loss
results in impaired glutamatergic transmission in hip-
pocampal slices. Decreased glutamate levels and altered
glutamine metabolism in Gpt2-null synaptosomes can
partly be alleviated by alpha-ketoglutarate. Compensa-
tory mechanisms including upregulation of metabolic
enzymes may act in lieu of GPT2 to sustain energetics
and neurotransmitter availability. In sum, we find that
GPT2 is a mitochondrial enzyme that links TCA cycle
metabolism with glutamate metabolism and thereby
influences glutamatergic synaptic transmission. Our
work identifies GPT2 as a mitochondrial enzyme that
modulates synaptic glutamate, and alpha-ketoglutarate
supplementation as a potential therapeutic in human
patients with GPT2 deficiency.
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