
Vol.:(0123456789)1 3

Neurochemical Research (2019) 44:147–153 
https://doi.org/10.1007/s11064-018-2467-1

ORIGINAL PAPER

Glutamate Dehydrogenase as a Neuroprotective Target Against 
Neurodegeneration

A Young Kim1,2 · Eun Joo Baik1,2

Received: 25 August 2017 / Revised: 3 January 2018 / Accepted: 5 January 2018 / Published online: 22 January 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Regulation of glutamate metabolism via glutamate dehydrogenase (GDH) might be the promising therapeutic approach for 
treating neurodegenerative disorders. In the central nervous system, glutamate functions both as a major excitatory neuro-
transmitter and as a key intermediate metabolite for neurons. GDH converts glutamate to α-ketoglutarate, which serves as 
a TCA cycle intermediate. Dysregulated GDH activity in the central nervous system is highly correlated with neurological 
disorders. Indeed, studies conducted with mutant mice and allosteric drugs have shown that deficient or overexpressed 
GDH activity in the brain can regulate whole body energy metabolism and affect early onset of Parkinson’s disease, Alz-
heimer’s disease, temporal lobe epilepsy, and spinocerebellar atrophy. Moreover, in strokes with excitotoxicity as the main 
pathophysiology, mice that overexpressed GDH exhibited smaller ischemic lesion than mice with normal GDH expression. 
In additions, GDH activators improve lesions in vivo by increasing α-ketoglutarate levels. In neurons exposed to an insult 
in vitro, enhanced GDH activity increases ATP levels. Thus, in an energy crisis, neuronal mitochondrial activity is improved 
and excitotoxic risk is reduced. Consequently, modulating GDH activity in energy-depleted conditions could be a sound 
strategy for maintaining the mitochondrial factory in neurons, and thus, protect against metabolic failure.
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Regulation of glutamate dehydrogenase (GDH) activity in 
the human brain could be a promising therapeutic approach 
for treating neurodegenerative diseases [1–4]. This concept 
arose from evolutionary studies of the human GLUD2 gene 
[5–7]. The acquisition of the human GLUD2 gene in pyrami-
dal cortical neurons enhanced the capacity for glutamate 
metabolism in the brain, which is thought to increase the 
excitatory transmission that contributes to locomotion and 
higher cognitive functions [5, 6]. GDH catalyzes the revers-
ible interconversion of glutamate to α-ketoglutarate (α-KG). 
This conversion requires cofactors, NADP(H) and NAD(H), 
for oxidative deamination of glutamate to α-KG and reduc-
tive amination of α-KG to glutamate [8]. The direction of 
the reaction may be determined by conditions at the moment 
[9]. In addition to conversion by GDH, neuronal glutamate 

can be metabolized to α-KG by transamination; aminotrans-
ferases target specific amino acid; thus glutamate can be 
metabolized by aspartate, alanine, and branched aminotrans-
ferases [10, 11]. Among them, aspartate aminotransferase 
(AAT) has been well-studied for glutamate metabolism 
in astrocytes though AAT in neurons rather participates 
in highly active malate-aspartate shuttle [10, 12, 13]. The 
contribution of GDH and AAT in glutamate metabolism 
requires further investigation.

GDH1 functions as an energy switch, because its activ-
ity can fuel the TCA cycle, depending on energy status. 
Elevated GTP acts as an allosteric inhibitor and ADP is 
an activator of GDH1 [14]. Thus, the activity of GDH1 is 
tightly regulated by these metabolic intermediates. In the 
brain, both GDH1 and GDH2 are mainly expressed in the 
astrocytes. Compared to GDH1, GDH2 localized in corti-
cal neurons has little basal catalytic activity and a lower 
optimal pH; moreover it is resistant to inhibition by GTP, 
highly responsive to activation by ADP and/or leucine, and 
more thermolabile than GDH1 [7, 15, 16]. The characteris-
tics of GDH2 might provide metabolic advantages, due to 
the uniquely high metabolic demand for neurotransmission, 
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furthermore it might be possible to use the modulatory 
potential of GDH activity for addressing human neurode-
generative processes.

GDH has been classified as both membrane-bound and 
soluble, although mammalian GDH is mainly localized in 
the mitochondrial matrix [17, 18]. Extramitochondrial GDH 
functions as a serine protease or an ATP-dependent tubulin-
binding protein [19, 20]. Moreover, GDH with hexameric 
structures, which include multiple regulatory binding sites, 
can participate in transient heteroenzyme complexes. These 
so-called ‘metabolons’ can alter enzymatic kinetics and ulti-
mately influence metabolism [21]. Thus, although modifi-
cations of GDH activity, including allosteric regulation of 
GDH, have been studied, the regulatory roles of GDH activ-
ity are likely to be extensive.

In the brain, the delicate regulation of glutamate metab-
olism via GDH is important both for energy homeostasis 
and for excitatory transmission [2, 7, 22]. In conditions of 
adequate energy status, with low ADP levels, high GTP lev-
els, and sufficient supply of glucose, GDH is inactive [7]. 
However, in conditions of increased energy demand, with 
high ADP levels and low GTP levels, GDH metabolizes glu-
tamate to α-KG [7], which fuels the TCA cycle to produce 
energy. This was shown in mice with a CNS-specific GDH 
knockout (CnsGlud1−/−). The respiration fueled by gluta-
mate in CnsGlud1−/− mice was significantly lower than that 
fueled in wild type mice [23]. With the ablation of GDH-
dependent glutamate oxidation, CnsGlud1−/− mice exhibited 
fasting-like central energy deprivation and activated energy 
sensor, including elevations in hypothalamic ADP/ATP ratio 
and AMPK phosphorylation [24]. This study showed that 
central GDH played roles in the regulation of whole-body 
energy homeostasis.

Previously mentioned, decreased GDH activity in 
CnsGlud1−/− mice modified the metabolic handling of 
glutamate; however, it did not alter synaptic transmission 
[25]. On the other hand, transgenic (Tg) mice that overex-
pressed Glud1 in CNS neurons showed moderately elevated 
glutamate release in the CNS, which consequently induced 
neuronal loss in select brain areas [26]. In addition, tran-
scriptomic analysis showed age-associated neuronal loss in 
Tg mice, although the expression of genes associated with 
neuronal growth and synaptic formation increased [27]. 
Glud1 overexpression appeared to cause premature brain 
aging, based on the hippocampus transcriptome; this finding 
suggested that glutamate dysregulation in the brain might 
contribute to aging or neurodegenerative disease [28].

The machinery of GDH in astrocytes is well established 
[12, 29]. Astrocytes take up and metabolize most of the 
extracellular glutamate released from presynaptic neurons, 
which efficiently removes excess glutamate from synaptic 
clefts [30]. GDH is enriched in the regions of dense gluta-
matergic innervation; thus, a GDH deficiency in astrocytes 

impairs the removal of glutamate from synaptic clefts, and, 
excessive extracellular glutamate accumulation leads to 
excitotoxic neuronal degeneration [31]. Astroglial gluta-
mate transporters, GLT-1 and GLAST, can take up about 
90% of synaptic glutamate [32]; these transporters are cou-
pled to many energy-generating systems, including the Na+/
K+-ATPase, the Na+/Ca2+-exchanger, glycogen metaboliz-
ing enzymes, glycolytic enzymes and mitochondria. These 
mechanisms provide fuel for removing extracellular glu-
tamate [33]. A loss-of-function study showed that GDH 
mainly worked in the direction of oxidative deamination, not 
reductive amination [34]. The GDH-deficient astrocytes with 
siRNA-mediated knock down up-regulated the compensa-
tory metabolic pathways for the reduced oxidative metabo-
lism, which involved in maintaining the amount of TCA 
cycle intermediates such as pyruvate carboxylation as well 
as utilizing alternative substrates such as branched chain 
amino acids [35]. In addition, astrocytes in human GDH2 
expressing transgenic mice increased capacity for uptake and 
oxidative metabolism of glutamate, particularly during aug-
mented workload and aglycemia [36]. GDH plays roles to 
maintain energy metabolism and spare glucose metabolism 
during intense glutamatergic activity. Therefore, in astro-
cyte, GDH serves important roles in proper neurotransmis-
sion in synapse and replenishment of TCA cycle intermedi-
ates in metabolism.

GDH dysfunction plays various roles in human neuro-
degenerative disorders [4, 18, 37–39]. In 1950s, GDH defi-
ciency in patients with olivopontocerebellar atrophy (OPCA, 
multisystemic neurological disorders) was characterized by 
juvenile parkinsonism, bulbar palsy, cerebellar ataxia, amyo-
trophy and peripheral neuropathy. However, the activities 
of other dehydrogenases were not altered significantly [40]. 
In addition, a human GDH2 gain-of -function hastened the 
onset of hemizygous Parkinson’s disease [41]. Alterations 
in either the expression or activity of GDH are found in 
many neurologic disorders, including Alzheimer’s disease, 
schizophrenia and temporal lobe epilepsy [37, 38, 42, 43]. A 
GDH gain-of function mutation was correlated with familial 
hyperinsulinism and hyperammomia syndrome, which has a 
seizure phenotype [44]. In epilepsy, GDH overactivity might 
alter the GABA concentration and sustain neuronal depolari-
zation, due to a malfunction in the ATP-sensitive potassium 
channels [45]. Thus, GDH is an important regulator of neu-
ronal excitability [45, 46]. Therefore, modulation of GDH 
activity can be a potential target in metabolic treatment of 
epilepsy and in the development of new anti-epileptic drugs 
[3, 47, 48].

Cancer cells require high aerobic glycolytic activity to 
support more active mitosis rates. In these cells, which 
are highly dependent on glutamine metabolism, GDH has 
atypical characteristics [49, 50]. Glutamine is initially 
deamidated to glutamate and ammonia by glutaminase, 
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and then, the glutamate is converted to α-KG via GDH [51, 
52]. Downregulation of GDH activity results in decreased 
glutamine catabolism, which render cancer cells more 
dependent on glycolysis and vulnerable to stress condition 
[53]. In human cancers, GDH is commonly upregulated; 
this upregulation is important for redox homeostasis in 
cancer cells, because it allows control of α-KG level [54]. 
Thus, GDH regulation is important in the bioenergetic 
homeostasis of cancer cells [55].

In stroke, a main cause of neuronal death is excitotox-
icity, due to prolonged exposure to extracellular gluta-
mate. To avoid excitotoxicity, the level of glutamate must 
be maintained at actually low concentration (0.5–5 µM) 
in the extracellular fluid, but at very high concentration 
(100 mM) in the synaptic vesicles [56, 57]. There is an 
ongoing debate about why sustained activation of extra-
synaptic N-Methyl-d-aspartate acid receptors (NMDARs) 
signaling leads to neurotoxicity, but, stimulation of syn-
aptic signaling through NDMARs can contribute to neu-
roprotection [58, 59]. Several studies have shown that, the 
concentration gradients of glutamate in both intracellular 
and extracellular space must be tightly regulated by potent 
transport systems and glutamate metabolism in neurons, 
astrocytes, and synaptic vesicles. In stoke models, redistri-
bution of glutamate is observed after metabolic inhibition 
[1, 60–62]. Glutamate redistribution may occur by disrupt-
ing the glutamate uptake and release system, by enhancing 
glutamate catabolism, and by reducing glutamate synthesis 
from glucose [63, 64]. During the early phase of energy 
deprivation, vesicular release of glutamate is increased, 
which contributes to extracellular glutamate accumulation; 
simultaneously, net glutamate uptake via excitatory amino 
acid transporters is rapidly reduced [65–68]. With severe 
ATP depletion, synaptic vesicles spill their glutamate into 
the cytoplasm, and the vesicular glutamate release path-
way malfunctions [60]. In these conditions, a large portion 
of glutamate release is probably due to the reversed opera-
tion of glutamate transporter in presynaptic terminals and 
in neuronal somata [60, 69, 70]. The cystine/glutamate 
antiporter might be a source of glutamate release during 
oxygen and glucose deprivation; indeed, inhibition of the 
antiporter attenuated anoxic depolarization and neuronal 
death [71]. In general, to reduce glutamate excitotoxic-
ity, released glutamate must be promptly cleared from the 
extracellular space. Therefore, prompt glutamate removal 
from the synaptic cleft is a much-needed therapeutic 
approach for treating neurodegeneration [72].

Many studies have investigated methods for avoiding 
glutamate excitotoxicity to protect against stroke, includ-
ing blocking glutamate receptor activation, enhancing the 
expression of glutamate transporters and their activities, 
enzymatic glutamate degradation, or regulating intracellular 
calcium [71, 73–77].

To reduce excitotoxicity, we suggest using GDH activa-
tors during acute neuronal injury conditions [1]. GDH acti-
vators improve the intracellular energy state, and ultimately, 
they protect against cerebral ischemia–reperfusion induced 
neuronal death. GDH activators increase the levels of intra-
cellular α-KG for TCA cycling and subsequent ATP produc-
tion, which results in neuronal survival [1]. In an in vitro 
neuronal culture model, we applied iodoacetate, a known 
glycolytic inhibitor, as a metabolic challenge. Iodoacetate 
effectively reduced the production of ATP and α-KG [1]. 
Although iodoacetate blocked energy generation at the gly-
colysis step with mitochondrial dysfunction, GDH activa-
tors, like 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid 
(BCH) or β-lapachone (β-LA) could activate mitochondrial 
GDH to increase the influx of α-KG into a TCA cycle. In 
addition, GDH activation concomitantly reduced the level 
of extracellular glutamate [1]. In mice that over-expressed 
GDH, the lesions caused by infarction were smaller than 
those observed in wild-type mice [78]. Interestingly, a 
quantitative proteomics study showed that GDH expres-
sion increased after ischemia [79]. In our ischemia–rep-
erfusion model, we showed that GDH activity increased 
during ischemia; however, its activity decreased during the 
following reperfusion episode, and at that time, the ATP 
level was completely depleted. This decline in GDH activity 
after reperfusion caused the cessation of further oxidative 
glutamate metabolism. In contrast, adding the GDH activa-
tors, BCH and β-LA, restored the decreased GDH activity 
and improved the intracellular ATP levels in brain. In the 
reperfusion phase, astrocytic TCA cycle metabolism signifi-
cantly improved, and these cells could interact metabolically 
with adjacent neurons in the penumbra [80]. However, in the 
ischemic core, TCA cycle activity significantly declines in 
both neurons and astrocytes. Neuronal survival in the core 
was determined by mitochondrial activity and utilization of 
substrates provided by astrocytes [80]. Therefore, during 
a damage-mediated energy crisis, the GDH activator can 
increase tissue viability in the environment which ultimately 
reduces the size of the infarcted lesion [1]. Compared to 
astrocytes, neurons are more vulnerable to energy failure 
injury, probably due to their high energy-consumption and 
less ability to adapt to alternative energy production mech-
anisms. In high energy-demand condition, GDH-mediated 
glutamate oxidation occurs more in astrocytes than in neu-
rons [31, 81]. However, neurons with low levels of GDH 
expression are vulnerable to stress conditions, because neu-
ronal GDH activity is critical for increasing respiration when 
the energy demand is elevated [23, 82, 83]. Therefore, the 
abundance of glutamate in neurons for intracellular utiliza-
tion through GDH activity has major clinical implications, 
particularly in emergency conditions, such as stroke [1].

The illustration in Fig.  1 represents the metabolic 
pathway in cerebral ischemia and reperfusion. During 
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reperfusion after ischemia, despite normal blood flow, 
glucose availability is reduced [84]. With energy deple-
tion, the normal vesicular glutamate release is blocked, 
and glutamate is released from all over the cellular sur-
face by glutamate-Na+ co-transporter working in reverse 
mode [60]. Thus, intracellular glutamate is depleted, and 
extracellular glutamate is accumulated [1, 60]. The dimin-
ished intracellular glutamate cannot replenish the amount 
of TCA cycle intermediates by GDH-mediated conversion 
to α-KG. GDH activators can enhance the influx of gluta-
mate into the TCA cycle, and can improve the intracellu-
lar energy production. These positive energy balance with 
glutamate catabolism can maintain the neuronal homeosta-
sis with reducing extracellular glutamate release.

In conclusion, glutamate is an abundant, primary excit-
atory neurotransmitter in neurons. Glutamate also func-
tions as an energy substrate via GDH in mitochondria. 
Dysregulation of glutamate metabolism is correlated with 
many neurological disorders. In energy-depleted con-
ditions, enhanced GDH activation can rescue neurons 
from glutamate excitotoxicity and simultaneously main-
tain mitochondrial activity. Therefore, modulating GDH 
activity represents a promising therapeutic approach for 
protecting against neurodegeneration at least during acute 
stress crises.

Acknowledgements  This study was supported by the Korean 
Research Foundation grant from the Korean government 
(2012R1A2A01011417), and the Chronic Inflammatory Disease 
Research Center (NRF-2012R1A5A2048183).

Compliance with Ethical Standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

References

	 1.	 Kim AY, Jeong KH, Lee JH, Kang Y, Lee SH, Baik EJ (2017) 
Glutamate dehydrogenase as a neuroprotective target against brain 
ischemia and reperfusion. Neuroscience 340:487–500. https://doi.
org/10.1016/j.neuroscience.2016.11.007

	 2.	 Plaitakis A, Kalef-Ezra E, Kotzamani D, Zaganas I, Spanaki C 
(2017) The glutamate dehydrogenase pathway and its roles in 
cell and tissue biology in health and disease. Biology. https://doi.
org/10.3390/biology6010011

	 3.	 Rasgado LA, Reyes GC, Diaz FV (2015) Modulation of brain 
glutamate dehydrogenase as a tool for controlling seizures. Acta 
Pharm 65(4):443–452. https://doi.org/10.1515/acph-2015-0033

	 4.	 Plaitakis A, Zaganas I, Spanaki C (2013) Deregulation of gluta-
mate dehydrogenase in human neurologic disorders. J Neurosci 
Res 91(8):1007–1017. https://doi.org/10.1002/jnr.23176

	 5.	 Shashidharan P, Plaitakis A (2014) The discovery of human of 
GLUD2 glutamate dehydrogenase and its implications for cell 

Fig. 1   Metabolic pathway in cerebral ischemia and reperfusion 
(I–R). During ischemia and reperfusion, when glucose availability 
is reduced, GDH cannot restore the depleted TCA cycle intermedi-
ates and ATP is reduced. Most glutamate in the cytoplasm is released 

by the glutamate transporter working in reverse mode. With GDH 
activators, glutamate metabolized to α-KG, which serves as an inter-
mediate into the TCA cycle; simultaneously, extracellular glutamate 
release is reduced

https://doi.org/10.1016/j.neuroscience.2016.11.007
https://doi.org/10.1016/j.neuroscience.2016.11.007
https://doi.org/10.3390/biology6010011
https://doi.org/10.3390/biology6010011
https://doi.org/10.1515/acph-2015-0033
https://doi.org/10.1002/jnr.23176


151Neurochemical Research (2019) 44:147–153	

1 3

function in health and disease. Neurochem Res 39(3):460–470. 
https://doi.org/10.1007/s11064-013-1227-5

	 6.	 Spanaki C, Kotzamani D, Kleopa K, Plaitakis A (2016) Evo-
lution of GLUD2 glutamate dehydrogenase allows expression 
in human cortical neurons. Mol Neurobiol 53(8):5140–5148. 
https://doi.org/10.1007/s12035-015-9429-2

	 7.	 Zaganas IV, Kanavouras K, Borompokas N, Arianoglou G, 
Dimovasili C, Latsoudis H, Vlassi M, Mastorodemos V (2014) 
The odyssey of a young gene: structure-function studies in 
human glutamate dehydrogenases reveal evolutionary-acquired 
complex allosteric regulation mechanisms. Neurochem Res 
39(3):471–486. https://doi.org/10.1007/s11064-014-1251-0

	 8.	 Arce C, Canadas S, Oset-Gasque MJ, Castro E, Gonzalez MP 
(1990) Glutamate dehydrogenase: some properties of the rat 
brain enzyme from different cellular compartments. Comp Bio-
chem Physiol C 97(2):265–267

	 9.	 Bailey J, Bell ET, Bell JE (1982) Regulation of bovine gluta-
mate dehydrogenase. The effects of pH and ADP. J Biol Chem 
257(10):5579–5583

	10.	 Hertz L, Rothman DL (2017) Glutamine-glutamate cycle flux 
is similar in cultured astrocytes and brain and both glutamate 
production and oxidation are mainly catalyzed by aspartate ami-
notransferase. Biology. https://doi.org/10.3390/biology6010017

	11.	 McKenna MC, Tildon JT, Stevenson JH, Huang X (1996) New 
insights into the compartmentation of glutamate and glutamine 
in cultured rat brain astrocytes. Dev Neurosci 18(5–6):380–390

	12.	 McKenna MC, Stridh MH, McNair LF, Sonnewald U, Waage-
petersen HS, Schousboe A (2016) Glutamate oxidation in astro-
cytes: roles of glutamate dehydrogenase and aminotransferases. 
J Neurosci Res 94(12):1561–1571. https://doi.org/10.1002/
jnr.23908

	13.	 McKenna MC, Waagepetersen HS, Schousboe A, Sonnewald 
U (2006) Neuronal and astrocytic shuttle mechanisms for 
cytosolic-mitochondrial transfer of reducing equivalents: cur-
rent evidence and pharmacological tools. Biochem Pharmacol 
71(4):399–407. https://doi.org/10.1016/j.bcp.2005.10.011

	14.	 Kovacevic Z, McGivan JD (1983) Mitochondrial metabolism 
of glutamine and glutamate and its physiological significance. 
Physiol Rev 63(2):547–605

	15.	 Plaitakis A, Metaxari M, Shashidharan P (2000) Nerve tis-
sue-specific (GLUD2) and housekeeping (GLUD1) human 
glutamate dehydrogenases are regulated by distinct allosteric 
mechanisms: implications for biologic function. J Neurochem 
75(5):1862–1869

	16.	 Shashidharan P, Clarke DD, Ahmed N, Moschonas N, Plaitakis 
A (1997) Nerve tissue-specific human glutamate dehydrogenase 
that is thermolabile and highly regulated by ADP. J Neurochem 
68(5):1804–1811

	17.	 Colon AD, Plaitakis A, Perakis A, Berl S, Clarke DD (1986) 
Purification and characterization of a soluble and a particu-
late glutamate dehydrogenase from rat brain. J Neurochem 
46(6):1811–1819

	18.	 Plaitakis A, Berl S, Yahr MD (1984) Neurological disorders asso-
ciated with deficiency of glutamate dehydrogenase. Ann Neurol 
15(2):144–153. https://doi.org/10.1002/ana.410150206

	19.	 Bunik V, Artiukhov A, Aleshin V, Mkrtchyan G (2016) Multiple 
forms of glutamate dehydrogenase in animals: structural deter-
minants and physiological implications. Biology. https://doi.
org/10.3390/biology5040053

	20.	 Rajas F, Rousset B (1993) A membrane-bound form of gluta-
mate dehydrogenase possesses an ATP-dependent high-affinity 
microtubule-binding activity. Biochem J 295(Pt 2):447–455

	21.	 McKenna MC (2011) Glutamate dehydrogenase in brain mito-
chondria: do lipid modifications and transient metabolon forma-
tion influence enzyme activity? Neurochem Int 59(4):525–533. 
https://doi.org/10.1016/j.neuint.2011.07.003

	22.	 Schousboe A (2017) A tribute to Mary C. McKenna: glutamate 
as energy substrate and neurotransmitter-functional interaction 
between neurons and astrocytes. Neurochem Res 42(1):4–9. 
https://doi.org/10.1007/s11064-015-1813-9

	23.	 Hohnholt MC, Andersen VH, Andersen JV, Christensen SK, 
Karaca M, Maechler P, Waagepetersen HS (2017) Glutamate 
dehydrogenase is essential to sustain neuronal oxidative energy 
metabolism during stimulation. J Cereb Blood Flow Metab. 
https://doi.org/10.1177/0271678X17714680

	24.	 Karaca M, Frigerio F, Migrenne S, Martin-Levilain J, Skytt DM, 
Pajecka K, Martin-del-Rio R, Gruetter R, Tamarit-Rodriguez 
J, Waagepetersen HS, Magnan C, Maechler P (2015) GDH-
dependent glutamate oxidation in the brain dictates peripheral 
energy substrate distribution. Cell Rep 13(2):365–375. https://
doi.org/10.1016/j.celrep.2015.09.003

	25.	 Frigerio F, Karaca M, De Roo M, Mlynarik V, Skytt DM, 
Carobbio S, Pajecka K, Waagepetersen HS, Gruetter R, Muller 
D, Maechler P (2012) Deletion of glutamate dehydrogenase 1 
(Glud1) in the central nervous system affects glutamate handling 
without altering synaptic transmission. J Neurochem 123(3):342–
348. https://doi.org/10.1111/j.1471-4159.2012.07933.x

	26.	 Bao X, Pal R, Hascup KN, Wang Y, Wang WT, Xu W, Hui 
D, Agbas A, Wang X, Michaelis ML, Choi IY, Belousov AB, 
Gerhardt GA, Michaelis EK (2009) Transgenic expression of 
Glud1 (glutamate dehydrogenase 1) in neurons: in vivo model 
of enhanced glutamate release, altered synaptic plasticity, and 
selective neuronal vulnerability. J Neurosci 29(44):13929–13944. 
https://doi.org/10.1523/JNEUROSCI.4413-09.2009

	27.	 Michaelis EK, Wang X, Pal R, Bao X, Hascup KN, Wang Y, Wang 
WT, Hui D, Agbas A, Choi IY, Belousov A, Gerhardt GA (2011) 
Neuronal Glud1 (glutamate dehydrogenase 1) over-expressing 
mice: increased glutamate formation and synaptic release, loss 
of synaptic activity, and adaptive changes in genomic expres-
sion. Neurochem Int 59(4):473–481. https://doi.org/10.1016/j.
neuint.2011.03.003

	28.	 Wang X, Patel ND, Hui D, Pal R, Hafez MM, Sayed-Ahmed MM, 
Al-Yahya AA, Michaelis EK (2014) Gene expression patterns in 
the hippocampus during the development and aging of Glud1 
(Glutamate Dehydrogenase 1) transgenic and wild type mice. 
BMC Neurosci 15:37. https://doi.org/10.1186/1471-2202-15-37

	29.	 McKenna MC (2013) Glutamate pays its own way in astrocytes. 
Front Endocrinol 4:191. https://doi.org/10.3389/fendo.2013.00191

	30.	 McKenna MC, Stevenson JH, Huang X, Hopkins IB (2000) Dif-
ferential distribution of the enzymes glutamate dehydrogenase 
and aspartate aminotransferase in cortical synaptic mitochondria 
contributes to metabolic compartmentation in cortical synaptic 
terminals. Neurochem Int 37(2–3):229–241

	31.	 Aoki C, Milner TA, Sheu KF, Blass JP, Pickel VM (1987) 
Regional distribution of astrocytes with intense immunoreac-
tivity for glutamate dehydrogenase in rat brain: implications for 
neuron-glia interactions in glutamate transmission. J Neurosci 
7(7):2214–2231

	32.	 Hu YY, Li L, Xian XH, Zhang M, Sun XC, Li SQ, Cui X, Qi J, Li 
WB (2017) GLT-1 upregulation as a potential therapeutic target 
for ischemic brain injury. Curr Pharm Des. https://doi.org/10.217
4/1381612823666170622103852

	33.	 Robinson MB, Jackson JG (2016) Astroglial glutamate transport-
ers coordinate excitatory signaling and brain energetics. Neuro-
chem Int 98:56–71. https://doi.org/10.1016/j.neuint.2016.03.014

	34.	 Skytt DM, Klawonn AM, Stridh MH, Pajecka K, Patruss Y, 
Quintana-Cabrera R, Bolanos JP, Schousboe A, Waagepetersen 
HS (2012) siRNA knock down of glutamate dehydrogenase in 
astrocytes affects glutamate metabolism leading to extensive accu-
mulation of the neuroactive amino acids glutamate and aspar-
tate. Neurochem Int 61(4):490–497. https://doi.org/10.1016/j.
neuint.2012.04.014

https://doi.org/10.1007/s11064-013-1227-5
https://doi.org/10.1007/s12035-015-9429-2
https://doi.org/10.1007/s11064-014-1251-0
https://doi.org/10.3390/biology6010017
https://doi.org/10.1002/jnr.23908
https://doi.org/10.1002/jnr.23908
https://doi.org/10.1016/j.bcp.2005.10.011
https://doi.org/10.1002/ana.410150206
https://doi.org/10.3390/biology5040053
https://doi.org/10.3390/biology5040053
https://doi.org/10.1016/j.neuint.2011.07.003
https://doi.org/10.1007/s11064-015-1813-9
https://doi.org/10.1177/0271678X17714680
https://doi.org/10.1016/j.celrep.2015.09.003
https://doi.org/10.1016/j.celrep.2015.09.003
https://doi.org/10.1111/j.1471-4159.2012.07933.x
https://doi.org/10.1523/JNEUROSCI.4413-09.2009
https://doi.org/10.1016/j.neuint.2011.03.003
https://doi.org/10.1016/j.neuint.2011.03.003
https://doi.org/10.1186/1471-2202-15-37
https://doi.org/10.3389/fendo.2013.00191
https://doi.org/10.2174/1381612823666170622103852
https://doi.org/10.2174/1381612823666170622103852
https://doi.org/10.1016/j.neuint.2016.03.014
https://doi.org/10.1016/j.neuint.2012.04.014
https://doi.org/10.1016/j.neuint.2012.04.014


152	 Neurochemical Research (2019) 44:147–153

1 3

	35.	 Nissen JD, Pajecka K, Stridh MH, Skytt DM, Waagepetersen HS 
(2015) Dysfunctional TCA-cycle metabolism in glutamate dehy-
drogenase deficient astrocytes. Glia 63(12):2313–2326. https://
doi.org/10.1002/glia.22895

	36.	 Nissen JD, Lykke K, Bryk J, Stridh MH, Zaganas I, Skytt DM, 
Schousboe A, Bak LK, Enard W, Paabo S, Waagepetersen HS 
(2017) Expression of the human isoform of glutamate dehydro-
genase, hGDH2, augments TCA cycle capacity and oxidative 
metabolism of glutamate during glucose deprivation in astrocytes. 
Glia 65(3):474–488. https://doi.org/10.1002/glia.23105

	37.	 Burbaeva G, Boksha IS, Tereshkina EB, Savushkina OK, 
Starodubtseva LI, Turishcheva MS (2005) Glutamate metaboliz-
ing enzymes in prefrontal cortex of Alzheimer’s disease patients. 
Neurochem Res 30(11):1443–1451. https://doi.org/10.1007/
s11064-005-8654-x

	38.	 Malthankar-Phatak GH, de Lanerolle N, Eid T, Spencer DD, 
Behar KL, Spencer SS, Kim JH, Lai JC (2006) Differential glu-
tamate dehydrogenase (GDH) activity profile in patients with 
temporal lobe epilepsy. Epilepsia 47(8):1292–1299. https://doi.
org/10.1111/j.1528-1167.2006.00543.x

	39.	 Owen JB, Di Domenico F, Sultana R, Perluigi M, Cini C, Pierce 
WM, Butterfield DA (2009) Proteomics-determined differences 
in the concanavalin-A-fractionated proteome of hippocampus and 
inferior parietal lobule in subjects with Alzheimer’s disease and 
mild cognitive impairment: implications for progression of AD. J 
Proteome Res 8(2):471–482. https://doi.org/10.1021/pr800667a

	40.	 Plaitakis A, Flessas P, Natsiou AB, Shashidharan P (1993) Gluta-
mate dehydrogenase deficiency in cerebellar degenerations: clini-
cal, biochemical and molecular genetic aspects. Can J Neurol Sci 
20(Suppl 3):S109–S116

	41.	 Plaitakis A, Latsoudis H, Kanavouras K, Ritz B, Bronstein JM, 
Skoula I, Mastorodemos V, Papapetropoulos S, Borompokas N, 
Zaganas I, Xiromerisiou G, Hadjigeorgiou GM, Spanaki C (2010) 
Gain-of-function variant in GLUD2 glutamate dehydrogenase 
modifies Parkinson’s disease onset. Eur J Hum Genet 18(3):336–
341. https://doi.org/10.1038/ejhg.2009.179

	42.	 Burbaeva G, Boksha IS, Turishcheva MS, Vorobyeva EA, Savush-
kina OK, Tereshkina EB (2003) Glutamine synthetase and glu-
tamate dehydrogenase in the prefrontal cortex of patients with 
schizophrenia. Prog Neuropsychopharmacol Biol Psychiatry 
27(4):675–680

	43.	 Sherwin A, Quesney F, Gauthier S, Olivier A, Robitaille Y, 
McQuaid P, Harvey C, van Gelder N (1984) Enzyme changes in 
actively spiking areas of human epileptic cerebral cortex. Neurol-
ogy 34(7):927–933

	44.	 Balasubramaniam S, Kapoor R, Yeow JH, Lim PG, Flanagan S, 
Ellard S, Hussain K (2011) Biochemical evaluation of an infant 
with hypoglycemia resulting from a novel de novo mutation of the 
GLUD1 gene and hyperinsulinism-hyperammonemia syndrome. 
J Pediatr Endocrinol Metab 24(7–8):573–577

	45.	 Bahi-Buisson N, El Sabbagh S, Soufflet C, Escande F, Boddaert 
N, Valayannopoulos V, Bellane-Chantelot C, Lascelles K, Dulac 
O, Plouin P, de Lonlay P (2008) Myoclonic absence epilepsy with 
photosensitivity and a gain of function mutation in glutamate 
dehydrogenase. Seizure 17(7):658–664. https://doi.org/10.1016/j.
seizure.2008.01.005

	46.	 Raizen DM, Brooks-Kayal A, Steinkrauss L, Tennekoon GI, 
Stanley CA, Kelly A (2005) Central nervous system hyperexcit-
ability associated with glutamate dehydrogenase gain of function 
mutations. J Pediatr 146(3):388–394. https://doi.org/10.1016/j.
jpeds.2004.10.040

	47.	 Eid T, Gruenbaum SE, Dhaher R, Lee TW, Zhou Y, Danbolt NC 
(2016) The Glutamate-glutamine cycle in epilepsy. Adv Neurobiol 
13:351–400. https://doi.org/10.1007/978-3-319-45096-4_14

	48.	 Vega Rasgado LA, Ceballos Reyes G, Vega-Diaz F (2012) Anti-
convulsant drugs, brain glutamate dehydrogenase activity and 

oxygen consumption. ISRN Pharmacol 2012:295853. https://doi.
org/10.5402/2012/295853

	49.	 DeBerardinis RJ, Mancuso A, Daikhin E, Nissim I, Yudkoff M, 
Wehrli S, Thompson CB (2007) Beyond aerobic glycolysis: trans-
formed cells can engage in glutamine metabolism that exceeds 
the requirement for protein and nucleotide synthesis. Proc Natl 
Acad Sci USA 104(49):19345–19350. https://doi.org/10.1073/
pnas.0709747104

	50.	 Xiang Y, Stine ZE, Xia J, Lu Y, O’Connor RS, Altman BJ, Hsieh 
AL, Gouw AM, Thomas AG, Gao P, Sun L, Song L, Yan B, 
Slusher BS, Zhuo J, Ooi LL, Lee CG, Mancuso A, McCallion 
AS, Le A, Milone MC, Rayport S, Felsher DW, Dang CV (2015) 
Targeted inhibition of tumor-specific glutaminase diminishes 
cell-autonomous tumorigenesis. J Clin Invest 125(6):2293–2306. 
https://doi.org/10.1172/JCI75836

	51.	 Campos-Sandoval JA, Martin-Rufian M, Cardona C, Lobo C, 
Penalver A, Marquez J (2015) Glutaminases in brain: multiple 
isoforms for many purposes. Neurochem Int 88:1–5. https://doi.
org/10.1016/j.neuint.2015.03.006

	52.	 Zhu L, Ploessl K, Zhou R, Mankoff D, Kung HF (2017) Meta-
bolic imaging of glutamine in cancer. J Nucl Med 58(4):533–537. 
https://doi.org/10.2967/jnumed.116.182345

	53.	 Yang C, Sudderth J, Dang T, Bachoo RM, McDonald JG, 
DeBerardinis RJ (2009) Glioblastoma cells require glutamate 
dehydrogenase to survive impairments of glucose metabolism 
or Akt signaling. Cancer Res 69(20):7986–7993. https://doi.
org/10.1158/0008-5472.CAN-09-2266

	54.	 Jin L, Li D, Alesi GN, Fan J, Kang HB, Lu Z, Boggon TJ, Jin P, Yi 
H, Wright ER, Duong D, Seyfried NT, Egnatchik R, DeBerardinis 
RJ, Magliocca KR, He C, Arellano ML, Khoury HJ, Shin DM, 
Khuri FR, Kang S (2015) Glutamate dehydrogenase 1 signals 
through antioxidant glutathione peroxidase 1 to regulate redox 
homeostasis and tumor growth. Cancer Cell 27(2):257–270. 
https://doi.org/10.1016/j.ccell.2014.12.006

	55.	 Zhang J, Wang G, Mao Q, Li S, Xiong W, Lin Y, Ge J (2016) 
Glutamate dehydrogenase (GDH) regulates bioenergetics and 
redox homeostasis in human glioma. Oncotarget. https://doi.
org/10.18632/oncotarget.7657

	56.	 Cooper AJ, Jeitner TM (2016) Central role of glutamate metabo-
lism in the maintenance of nitrogen homeostasis in normal and 
hyperammonemic brain. Biomolecules. https://doi.org/10.3390/
biom6020016

	57.	 Featherstone DE, Shippy SA (2008) Regulation of synaptic 
transmission by ambient extracellular glutamate. Neuroscientist 
14(2):171–181. https://doi.org/10.1177/1073858407308518

	58.	 Hardingham GE, Bading H (2010) Synaptic versus extrasyn-
aptic NMDA receptor signalling: implications for neurodegen-
erative disorders. Nat Rev Neurosci 11(10):682–696. https://doi.
org/10.1038/nrn2911

	59.	 Wroge CM, Hogins J, Eisenman L, Mennerick S (2012) Syn-
aptic NMDA receptors mediate hypoxic excitotoxic death. 
J Neurosci 32(19):6732–6742. https://doi.org/10.1523/
JNEUROSCI.6371-11.2012

	60.	 Madl JE, Royer SM (1999) Glutamate in synaptic terminals is 
reduced by lack of glucose but not hypoxia in rat hippocampal 
slices. Neuroscience 94(2):417–430

	61.	 Torp R, Andine P, Hagberg H, Karagulle T, Blackstad TW, 
Ottersen OP (1991) Cellular and subcellular redistribution of 
glutamate-, glutamine- and taurine-like immunoreactivities dur-
ing forebrain ischemia: a semiquantitative electron microscopic 
study in rat hippocampus. Neuroscience 41(2–3):433–447

	62.	 Zeevalk GD, Davis N, Hyndman AG, Nicklas WJ (1998) Origins 
of the extracellular glutamate released during total metabolic 
blockade in the immature retina. J Neurochem 71(6):2373–2381

	63.	 Thoren AE, Helps SC, Nilsson M, Sims NR (2006) The metabo-
lism of C-glucose by neurons and astrocytes in brain subregions 

https://doi.org/10.1002/glia.22895
https://doi.org/10.1002/glia.22895
https://doi.org/10.1002/glia.23105
https://doi.org/10.1007/s11064-005-8654-x
https://doi.org/10.1007/s11064-005-8654-x
https://doi.org/10.1111/j.1528-1167.2006.00543.x
https://doi.org/10.1111/j.1528-1167.2006.00543.x
https://doi.org/10.1021/pr800667a
https://doi.org/10.1038/ejhg.2009.179
https://doi.org/10.1016/j.seizure.2008.01.005
https://doi.org/10.1016/j.seizure.2008.01.005
https://doi.org/10.1016/j.jpeds.2004.10.040
https://doi.org/10.1016/j.jpeds.2004.10.040
https://doi.org/10.1007/978-3-319-45096-4_14
https://doi.org/10.5402/2012/295853
https://doi.org/10.5402/2012/295853
https://doi.org/10.1073/pnas.0709747104
https://doi.org/10.1073/pnas.0709747104
https://doi.org/10.1172/JCI75836
https://doi.org/10.1016/j.neuint.2015.03.006
https://doi.org/10.1016/j.neuint.2015.03.006
https://doi.org/10.2967/jnumed.116.182345
https://doi.org/10.1158/0008-5472.CAN-09-2266
https://doi.org/10.1158/0008-5472.CAN-09-2266
https://doi.org/10.1016/j.ccell.2014.12.006
https://doi.org/10.18632/oncotarget.7657
https://doi.org/10.18632/oncotarget.7657
https://doi.org/10.3390/biom6020016
https://doi.org/10.3390/biom6020016
https://doi.org/10.1177/1073858407308518
https://doi.org/10.1038/nrn2911
https://doi.org/10.1038/nrn2911
https://doi.org/10.1523/JNEUROSCI.6371-11.2012
https://doi.org/10.1523/JNEUROSCI.6371-11.2012


153Neurochemical Research (2019) 44:147–153	

1 3

following focal cerebral ischemia in rats. J Neurochem 97(4):968–
978. https://doi.org/10.1111/j.1471-4159.2006.03778.x

	64.	 Yang Y, Li Q, Miyashita H, Yang T, Shuaib A (2001) Different 
dynamic patterns of extracellular glutamate release in rat hip-
pocampus after permanent or 30-min transient cerebral ischemia 
and histological correlation. Neuropathology 21(3):181–187

	65.	 Jabaudon D, Scanziani M, Gahwiler BH, Gerber U (2000) Acute 
decrease in net glutamate uptake during energy deprivation. Proc 
Natl Acad Sci USA 97(10):5610–5615

	66.	 Lee SY, Kim JH (2015) Mechanisms underlying presynaptic Ca2 
+ transient and vesicular glutamate release at a CNS nerve ter-
minal during in vitro ischaemia. J Physiol 593(13):2793–2806. 
https://doi.org/10.1113/JP270060

	67.	 Estrada-Sanchez AM, Montiel T, Massieu L (2010) Glycolysis 
inhibition decreases the levels of glutamate transporters and 
enhances glutamate neurotoxicity in the R6/2 Huntington’s 
disease mice. Neurochem Res 35(8):1156–1163. https://doi.
org/10.1007/s11064-010-0168-5

	68.	 Sopjani M, Alesutan I, Dermaku-Sopjani M, Fraser S, Kemp 
BE, Foller M, Lang F (2010) Down-regulation of Na+-coupled 
glutamate transporter EAAT3 and EAAT4 by AMP-activated 
protein kinase. J Neurochem 113(6):1426–1435. https://doi.
org/10.1111/j.1471-4159.2010.06678.x

	69.	 Ottersen OP, Laake JH, Reichelt W, Haug FM, Torp R (1996) 
Ischemic disruption of glutamate homeostasis in brain: quantita-
tive immunocytochemical analyses. J Chem Neuroanat 12(1):1–14

	70.	 Rossi DJ, Oshima T, Attwell D (2000) Glutamate release in 
severe brain ischaemia is mainly by reversed uptake. Nature 
403(6767):316–321. https://doi.org/10.1038/35002090

	71.	 Soria FN, Perez-Samartin A, Martin A, Gona KB, Llop J, Szc-
zupak B, Chara JC, Matute C, Domercq M (2014) Extrasynaptic 
glutamate release through cystine/glutamate antiporter contributes 
to ischemic damage. J Clin Invest 124(8):3645–3655. https://doi.
org/10.1172/JCI71886

	72.	 Limpert AS, Cosford ND (2014) Translational enhancers of 
EAAT2: therapeutic implications for neurodegenerative disease. 
J Clin Invest 124(3):964–967. https://doi.org/10.1172/JCI74608

	73.	 Fontana AC (2015) Current approaches to enhance glutamate 
transporter function and expression. J Neurochem 134(6):982–
1007. https://doi.org/10.1111/jnc.13200

	74.	 Karklin Fontana AC, Fox DP, Zoubroulis A, Valente Mortensen 
O, Raghupathi R (2016) Neuroprotective effects of the gluta-
mate transporter activator (R)-(-)-5-methyl-1-nicotinoyl-2-pyra-
zoline (MS-153) following traumatic brain injury in the adult 

rat. J Neurotrauma 33(11):1073–1083. https://doi.org/10.1089/
neu.2015.4079

	75.	 Matthews CC, Zielke HR, Wollack JB, Fishman PS (2000) Enzy-
matic degradation protects neurons from glutamate excitotoxicity. 
J Neurochem 75(3):1045–1052

	76.	 Rothstein JD, Dykes-Hoberg M, Pardo CA, Bristol LA, Jin L, 
Kuncl RW, Kanai Y, Hediger MA, Wang Y, Schielke JP, Welty DF 
(1996) Knockout of glutamate transporters reveals a major role for 
astroglial transport in excitotoxicity and clearance of glutamate. 
Neuron 16(3):675–686

	77.	 Verma R, Mishra V, Sasmal D, Raghubir R (2010) Pharmaco-
logical evaluation of glutamate transporter 1 (GLT-1) mediated 
neuroprotection following cerebral ischemia/reperfusion injury. 
Eur J Pharmacol 638(1–3):65–71. https://doi.org/10.1016/j.
ejphar.2010.04.021

	78.	 Badawi Y, Pal R, Hui D, Michaelis EK, Shi H (2015) Ischemic 
tolerance in an in vivo model of glutamate preconditioning. J Neu-
rosci Res 93(4):623–632. https://doi.org/10.1002/jnr.23517

	79.	 Datta A, Jingru Q, Khor TH, Teo MT, Heese K, Sze SK (2011) 
Quantitative neuroproteomics of an in vivo rodent model of focal 
cerebral ischemia/reperfusion injury reveals a temporal regulation 
of novel pathophysiological molecular markers. J Proteome Res 
10(11):5199–5213. https://doi.org/10.1021/pr200673y

	80.	 Haberg A, Qu H, Sonnewald U (2006) Glutamate and GABA 
metabolism in transient and permanent middle cerebral artery 
occlusion in rat: importance of astrocytes for neuronal survival. 
Neurochem Int 48(6–7):531–540. https://doi.org/10.1016/j.
neuint.2005.12.025

	81.	 Mastorodemos V, Zaganas I, Spanaki C, Bessa M, Plaitakis A 
(2005) Molecular basis of human glutamate dehydrogenase reg-
ulation under changing energy demands. J Neurosci Res 79(1–
2):65–73. https://doi.org/10.1002/jnr.20353

	82.	 Choi MM, Kim EA, Huh JW, Choi SY, Cho SW, Yang SJ (2008) 
Small-interfering-RNA-mediated silencing of human glutamate 
dehydrogenase induces apoptosis in neuroblastoma cells. Bio-
technol Appl Biochem 51(Pt 2):107–110. https://doi.org/10.1042/
BA20070190

	83.	 Plaitakis A, Shashidharan P (2000) Glutamate transport and 
metabolism in dopaminergic neurons of substantia nigra: impli-
cations for the pathogenesis of Parkinson’s disease. J Neurol 
247(Suppl 2):II25–I35

	84.	 Sims NR, Muyderman H (2010) Mitochondria, oxidative metabo-
lism and cell death in stroke. Biochim Biophys Acta 1802(1):80–
91. https://doi.org/10.1016/j.bbadis.2009.09.003

https://doi.org/10.1111/j.1471-4159.2006.03778.x
https://doi.org/10.1113/JP270060
https://doi.org/10.1007/s11064-010-0168-5
https://doi.org/10.1007/s11064-010-0168-5
https://doi.org/10.1111/j.1471-4159.2010.06678.x
https://doi.org/10.1111/j.1471-4159.2010.06678.x
https://doi.org/10.1038/35002090
https://doi.org/10.1172/JCI71886
https://doi.org/10.1172/JCI71886
https://doi.org/10.1172/JCI74608
https://doi.org/10.1111/jnc.13200
https://doi.org/10.1089/neu.2015.4079
https://doi.org/10.1089/neu.2015.4079
https://doi.org/10.1016/j.ejphar.2010.04.021
https://doi.org/10.1016/j.ejphar.2010.04.021
https://doi.org/10.1002/jnr.23517
https://doi.org/10.1021/pr200673y
https://doi.org/10.1016/j.neuint.2005.12.025
https://doi.org/10.1016/j.neuint.2005.12.025
https://doi.org/10.1002/jnr.20353
https://doi.org/10.1042/BA20070190
https://doi.org/10.1042/BA20070190
https://doi.org/10.1016/j.bbadis.2009.09.003

	Glutamate Dehydrogenase as a Neuroprotective Target Against Neurodegeneration
	Abstract
	Acknowledgements 
	References


