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Abstract
Human evolution is characterized by brain expansion and up-regulation of genes involved in energy metabolism and synaptic 
transmission, including the glutamate signaling pathway. Glutamate is the excitatory transmitter of neural circuits sub-serving 
cognitive functions, with glutamate-modulation of synaptic plasticity being central to learning and memory. GLUD2 is a 
novel positively-selected human gene involved in glutamatergic transmission and energy metabolism that underwent rapid 
evolutionary adaptation concomitantly with prefrontal cortex enlargement. Two evolutionary replacements (Gly456Ala and 
Arg443Ser) made hGDH2 resistant to GTP inhibition and allowed distinct regulation, enabling enhanced enzyme function 
under high glutamatergic system demands. GLUD2 adaptation may have contributed to unique human traits, but evidence 
for this is lacking. GLUD2 arose through retro-positioning of a processed GLUD1 mRNA to the X chromosome, a DNA 
replication mechanism that typically generates pseudogenes. However, by finding a suitable promoter, GLUD2 is thought 
to have gained expression in nerve and other tissues, where it adapted to their particular needs. Here we generated GLUD2 
transgenic (Tg) mice by inserting in their genome a segment of the human X chromosome, containing the GLUD2 gene 
and its putative promoter. Double IF studies of Tg mouse brain revealed that the human gene is expressed in the host mouse 
brain in a pattern similar to that observed in human brain, thus providing credence to the above hypothesis. This expres-
sional adaptation may have conferred novel role(s) on GLUD2 in human brain. Previous observations, also in GLUD2 Tg 
mice, generated and studied independently, showed that the non-redundant function of hGDH2 is markedly activated during 
early post-natal brain development, contributing to developmental changes in prefrontal cortex similar to those attributed to 
human divergence. Hence, GLUD2 adaptation may have influenced the evolutionary course taken by the human brain, but 
understanding the mechanism(s) involved remains challenging.
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Abbreviations
BAC	� Bacterial artificial chromosome
EDTA	� Ethylenediaminetetraacetic acid
FITC	� Fluorescein isothiocyanate
GFAP	� Glial fibrillary acidic protein
hGDH1	� Human glutamate dehydrogenase isoenzyme
hGDH2	� Human glutamate dehydrogenase isoenzyme 2
IDH1	� Isocitrate dehydrogenase 1
IF	� Immunofluorescence
mGDH1	� Mouse glutamate dehydrogenase 1
MTS	� Mitochondrial targeting sequence
Tg	� Transgenic
Wt	� Wild-type
WB	� Western blot
TCA​	� Tricarboxylic acid cycle
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Introduction

Human evolution is characterized by brain expansion and 
acquisition of unique traits, including language function, 
symbolic thought and other complex cognitive processes. 
There is disproportional enlargement of the prefrontal 
cortex (PFC), the excitatory pyramidal neurons of which 
exhibit increased dendritic branching and synaptic spine 
density [1]. In addition, human PFC displays increased 
neuropil space (to accommodate synapses and dendritic 
processes) and a high density of glial cells relative to neu-
rons [2]. This adaptation is thought to reflect increased 
metabolic demands arising from the high neuronal activity 
that characterizes the human brain [2–4]. To meet these 
demands, a rapid metabolic evolution has taken place [3, 
4], with large-scale mRNA analyses of human brain having 
shown up-regulation of genes involved in synaptic trans-
mission and energy metabolism [5].

While the underlying molecular-genetic mechanisms 
that drive these adaptations remain unclear, glutamater-
gic transmission is a major player with glutamate release 
and recycling thought to consume about 60–80% of 
energy supplied by glucose [3, 4]. Energy demands are 
even greater in the developing nervous system, with fetal 
brain consuming about 65% of the body’s total metabolic 
energy [3]. Glutamate, by activating a subclass of gluta-
mate receptors and calcium influx, can induce long-last-
ing modification of synapses associated with structural 
plasticity, including increased dendritic spine density [6]. 
This ability of synapses to change their strength, known 
as “synaptic plasticity”, is thought to represent the “cellu-
lar correlate of long-term memory” [7]. Such experience-
dependent plasticity may promote the sculpting of neural 
circuits in response to environmental influences [8, 9], 
thus contributing to a synergy between nature and nur-
ture, processes of fundamental importance in human brain 
evolution [8, 9].

In support of these considerations, comparative stud-
ies on the brain of primates have shown that the gluta-
matergic signaling pathway is the primary target of human 
brain evolution [10]. Specifically, there is up-regulation 
of genes encoding proteins involved both in pre-synaptic 
glutamatergic mechanisms (glutamate storage and release) 
and in post-synaptic excitatory transmission (glutamate 
receptors, synaptic scaffolding proteins and calcium sign-
aling proteins) [10]. However, the genetic determinants 
of this up-regulation remain largely unknown, with DNA 
analyses providing no evidence for accelerated evolution 
of genes and their regulatory elements that encode the 
above proteins [11].

While it has proven difficult to assign evolutionary 
genomic changes to specific human traits, several genes 

expressed in human brain underwent positive Darwinian 
selection, a process indicative of adaptive DNA sequence 
evolution [12]. Such positive selection is known to gener-
ate new phenotypes from existing ones [13] and can lead 
to the development of new genes in an environment shaped 
by social and cultural influences [9]. To this end, a number 
of genes involved in brain size, neurotransmission, vision, 
memory and neural cell metabolism are shown to have 
evolved under positive Darwinian selection [12, 14, 15].

GLUD2 is a novel gene [16] that evolved in the human 
lineage under positive selection and that underwent rapid 
evolutionary adaptation, concomitantly with pre-frontal 
cortex expansion [15]. It encodes the hGDH2 isoform of 
glutamate dehydrogenase, an enzyme involved both in glu-
tamatergic transmission and in energy metabolism, two 
processes pivotal to human brain evolution. There is tan-
talizing evidence that birth and adaptation of GLUD2 may 
have contributed to human brain development and perhaps 
to acquisition of cognitive capabilities [15, 17] possibly by 
enhancing glutamatergic transmission and the bioenergetic 
and biosynthetic function of the TCA cycle [17].

GLUD2 was born through gene duplication, a process 
thought to have played a major role in the evolution of eukar-
yotes [13]. Thus, duplicated genes often undergo positive 
selection, which as noted above, can lead to sequence, func-
tion and/or expression divergence [18]. Whereas new genes 
typically arise through genomic duplication or gene conver-
sion events [19], GLUD2 was born through retro-positioning 
of a processed GLUD1 mRNA, a process known to generate 
pseudogenes [19]. It has been hypothesized, however, that, 
by finding a suitable promoter, GLUD2 gained expression 
in nerve and other tissues where it adapted to their specific 
metabolic needs [15, 19]. To test this hypothesis, we gen-
erated GLUD2 transgenic (Tg) mice by inserting in their 
genome a 176.6 Kb segment of human X chromosome, con-
taining the GLUD2 gene and its putative regulatory elements 
(including its promoter). Using antibodies that specifically 
recognize hGDH2 (encoded by the GLUD2 gene) or GDH1 
(encoded by the endogenous mouse Glud1 gene), we studied 
the expressional pattern of the human gene in the host brain. 
Results obtained were then compared with those derived 
from the study of human brain, as described below.

Materials and Methods

Reagents

A human BAC clone (RP11-610G22) was obtained from 
ImaGenes, GmbH and used for constructing the GLUD2 
transgenic mice. Nitrocellulose membrane (Porablot NCP) 
was from Macherey–Nagel. The anti-hGDH1-specific 
antibody was obtained from Aviva Systems Biology. The 
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anti-hGDH2-specific antibody was raised in rabbits as 
previously described [20]. Other primary antibodies used 
included mouse raised anti-NEUN (Millipore 1:400) and 
anti-GFAP (Sigma-Aldrich; 1:2000) antibodies. Secondary 
antibodies used included fluorescein- and rhodamine-con-
jugated donkey cross-affinity purified secondary antibodies 
(Jackson ImmunoResearch, 1:100), biotinylated anti-rabbit 
and anti-mouse IgG (Vector Laboratories; 1:200), streptavi-
din/FITC (Dako; 1:800).

The Anti‑hGDH1 and Anti‑hGDH2 Antibodies

For specifically detecting the hGDH2 protein, we used a 
polyclonal antibody raised in rabbits using a 12-amino acid 
long hGDH2-specific peptide containing the Arg443Ser evo-
lutionary replacement that induces drastic changes in the 
enzyme’s behavior, including its migration in SDS-PAGE 
[20]. The antibody has been previously characterized [20]. 
It specifically recognizes hGDH2 without interacting with 
hGDH1 [20]. For detecting the endogenous mouse GDH1 
we used a polyclonal antibody raised in rabbits (Aviva Sys-
tems Biology) against a 50 amino acid-long hGDH1-specific 
peptide that contains three amino acid residues evolutionary 
replaced in hGDH2 [21]. Characterization of this antibody 
showed that it specifically recognizes hGDH1 without inter-
acting with hGDH2 [21].

Generation of GLUD2 Transgenic Mice

The above BAC clone, containing a segment of the human X 
chromosome that encompasses the GLUD2 gene and 40 kb 
of upstream and 135 kb of downstream DNA sequences, 
was used to construct the transgenic mice. A  NotI fragment 
of 176,610 bp was isolated from the above BAC clone and 
microinjected into the pronuclei of fertilized (C57BL/6J × 
CBA/J) F2 oocytes as previously described [22, 23]. Micro-
injections and embryo implantations were carried out by the 
Transgenics & Gene Targeting Facility at the Biomedical 
Sciences Research Center ‘Alexander Fleming’. The result-
ing offspring, first obtained in May 2013, were genotyped 
by PCR using the primers described below.

DNA Analysis

Mouse tail DNA was extracted using the phenol/chloroform 
method. Founders were identified by PCR analysis using 
primers specific for coding sequences of the GLUD2 gene 
(F: 5′-TGA​ATG​CTG​GAG​GAGT GACA-3′and R: 5′-TGG​
ATT​GAC​TTG​TTG​AGA​ATGG-3′). Founders were crossed 
with C57BL/6 mice. F1 offspring were genotyped to iden-
tify germ line transmission using the same method. Trans-
genic offspring, used to maintain the transgenic line, were 
bred under specific pathogen-free conditions in the animal 

facility at the Institute of Molecular Biology and Biotechnol-
ogy (IMBB) of FORTH, Crete, Greece. The presence of the 
transgene was monitored throughout the course of the study 
by PCR from tail genomic DNA using the above primers. 
To produce heterozygous transgenic lines, GLUD2 Tg mice 
were crossed with wild-type C57BL/6 animals. The control 
mice that were used in our experiments were wild-type litter-
mates of the GLUD2 Tg animals. The animals were housed 
4 mice per cage in standard cages, with a sawdust bedding, 
at constant temperature (23 + 2 °C), humidity (55 + 5%) and 
under normal 12 h light/dark cycle (lights on from 7:00 to 
19:00). Food and water were available ad libitum.

All experimental procedures were approved by the local 
ethics committee for animal experiments and met the gov-
ernmental guidelines. All efforts were made to minimize 
the number of animals and their suffering. Two GLUD2 Tg 
strains (lines Tg13 and Tg32) showing comparable levels 
of hGDH2 expression in the brain were used and studied 
in parallel.

Western Blot Analyses

Crude Brain Extract Preparation

About 50–100  mg of nerve tissue from different CNS 
regions (for olfactory bulbs about 20 mg) of young adult 
Tg and Wt mice was dissected and homogenized (glass to 
glass) in 10 mM Tris–HCl (pH 7.4) containing 0.1 mM 
EDTA, 0.5 M NaCl, 1% Triton X-100, and protease inhibi-
tors. Crude extracts obtained by centrifugation (11,000×g 
for 10 min) of the cell lysates were used.

Western Blots

Tissue extracts, obtained as described above, were run on 
an 8.5% SDS-PAGE gel. Proteins were transferred on a 
nitrocellulose membrane and incubated with the primary 
anti-hGDH1 or the primary anti-hGDH2 specific antibody 
described above. Proteins bands were visualised with the 
use of the ChemiLucent Detection System kit (Chemicon).

Immunofluorescence Studies

Brain Slice Preparation of Tg Mice

All animals were deeply anesthetized using pentobarbital 
sodium (60 mg/kg, i.p) and then perfused with 30 ml PBS 
followed by 30 ml 4% paraformaldehyde (PFA). After suc-
cessful perfusion, the brains were removed immediately and 
fixed in 4% PFA for 40 min. Upon fixation, tissues were 
sucrose cryoprotected (30% sucrose in phosphate buffer, 
pH 7.4) and embedded in gelatin (7.5% gelatin/15% sucrose 
in phosphate buffer, pH 7.4) and then were snap-frozen 
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by exposure to isopentane. Coronal serial sections were 
obtained via cryotome and transferred to gelatin coated 
glass slides (or in positively charged SuperFrost slides, Ther-
moFischer Scientific).

Preparation of Human Brain Slices

Postmortem human brain samples from donors, not suffering 
from a neurologic disorder while alive, were provided to us 
by the UK Multiple Sclerosis Society Tissue Bank as previ-
ously described [21] (http://www.ukmst​issue​bank.imper​ial.
ac.uk). These were collected after informed donor consent 
approved by the UK Ethics Committee (08/MRE09/31). Tis-
sues had been frozen, unfixed or fixed (in 4% PFA for a mini-
mum of 4 h), cryo-protected in 30% sucrose/PBS and stored 
at − 80 °C. Sequential cryostat sections of 10-µm thickness 
from frontal, parietal and temporal lobes were obtained and 
processed for immunofluorescence (IF).

Double Immunofluorescence Staining

Brain sections were fixed in acetone for 8 min. Non-specific 
binding sites were blocked at RT for 40 min in 5% BSA 
in 0.5% Triton x-100 PBS and then incubated at 4 °C for 
18 h with rabbit primary antibodies recognizing either the 
hGDH1 or hGDH2 protein and with mouse primary anti-
bodies for NEUN or GFAP. After three washes in PBS, 
incubation with fluorescence-labeled secondary antibodies 
was performed with biotinylated goat anti-rabbit secondary 
antibody followed by Streptavidin FITC or goat anti-mouse 
Alexa Fluor 555 secondary antibody. Nuclei were visualized 
with TOPRO. Images were obtained using a Leica Confocal 
microscope.

Results

Generation of GLUD2 Transgenic Mice

Two lines of GLUD2 transgenic mice (T13 and T32), 
constructed independently, were obtained. Similar breed-
ing rates were observed between the Tg and control mice. 
Moreover, Tg mice from our two lines passed their develop-
mental milestones at about the same time as their wild-type 
littermates. All studies described here were performed using 
male Tg mice and their male wild-type (Wt) littermates. No 
differences in physical health measures, food consump-
tion, posture, physical condition of the fur and home cage 
behaviors, were detected between Wt and Tg animals. Also, 
irregular spontaneous behaviors such as excessive grooming, 
digging, rearing, or stereotypies were not different between 
the two groups.

Immunoblotting

Western blot analyses revealed that the anti-hGDH1 anti-
body recognized the endogenous mouse GDH1 (mGDH1) 
with the same affinity as with the hGDH1 (used as Stand-
ard), without recognizing the expressed hGDH2 (Fig. 1). 
These results are expected, as hGDH1 and mGDH1 are 
essentially identical, having been conserved via purifying 
selection. Conversely, our anti-hGDH2 antibody recognized 
the expressed hGDH2 protein without interacting with the 
endogenous mGDH1 enzyme. Immunoblots of brain extracts 
revealed that hGDH2 is expressed in all CNS regions of the 
Tg mice studied and that this expression did not affect the 
levels of the endogenous mouse GDH1 (Fig. 1, upper panel). 
Analyses of brain extracts from our two Tg lines by WB 
yielded similar results.

Double Immunofluorescence

IF experiments, using cerebral cortical tissue from the 
GLUD2 Tg mice, revealed a dense hGDH2-specific expres-
sion in the neuropil, where it co-localized with GFAP 
(Fig. 2a–c). Specifically, hGDH2-specific punctate-like 
stain was detected in GFAP-positive astrocytes and their pro-
cesses (Fig. 2a–c). As previously described for human brain 
[20, 21], the endogenous GDH1 mouse enzyme was also 
co-expressed in astrocytes (data not shown). Examination of 
human cortical sections by IF also revealed a dense hGDH2-
specific expression in the neuropil, where it co-localized 
with GFAP (Fig. 2d–f). As shown in Fig. 2d–f, human astro-
cytes, labelled by the anti-hGDH2 and anti-GFAP antibodies 
are substantially larger and exhibit a much greater degree 
of arborisation than mouse astrocytes. In addition, the anti-
hGDH2 antibody labelled a subpopulation of large cortical 

Fig. 1   GLUD2 expression in the central nervous system of Tg mice. 
Immunoblots were performed in brain extracts from 6-month old 
male Tg32 and Wt mice. Tissue extracts (50  µg protein) from vari-
ous CNS regions were run on a 8.5% SDS-PAGE gel, transferred 
to a nitrocellulose membrane and incubated with the primary anti-
hGDH1 or anti-hGDH2-specific antibody (dilutions 1:5000 and 
1:2000 respectively). Proteins bands were visualised with the use 
of the ChemiLucent Detection System kit (Chemicon), Recombi-
nant human GDH1 and GDH2 were used as standards. GLUD2 Tg 
mice show specific hGDH2 expression in spinal cord (SC), cerebel-
lum (CER), cerebral hemispheres (HEM) and olfactory bulb (OB). 
The endogenous mouse GDH1 is detected at comparable levels in all 
brain regions of both Tg and Wt mice. WB analyses of the CNS from 
the second (T13) transgenic line yielded similar findings

http://www.ukmstissuebank.imperial.ac.uk
http://www.ukmstissuebank.imperial.ac.uk
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neurons with pyramidal morphology, with hGDH2-positive 
“puncta” observed in the peripheral cytoplasm of these neu-
rons (Fig. 3a–c, e, f). These structures are similar to hGDH2-
positive “puncta” observed on the cytoplasmic membrane 
of human cortical neurons (Fig. 3g–i) and may represent 
clusters of hGDH2-positive mitochondria in presynaptic 
nerve terminals [21]. As shown in Fig. 3j–l, the periph-
ery of a large hGDH2-positive neuron was delineated by 
GFAP-specific staining of astrocytic processes enwrapping 
excitatory synapses [21]. In this neuron, large “puncta” lie 
in close proximity (but do not co-localize with) to the GFAP 
positive structures on the cell membrane (Fig. 3j–l). In con-
trast, the hGDH1 antibody did not label any neurons of the 
host mouse brain. These results accord those obtained in 
human brain, which showed that cortical neurons are devoid 
of hGDH1-specific expression [21].

Implications of the Expressional GLUD2 Adaptation

The present morphological studies on GLUD2 Tg mice 
revealed that expression of hGDH2 in the host brain is 
very similar to that of human brain. This involves dense 

expression in the perikaryon of astrocytes and their pro-
cesses and in the peripheral cytoplasm of large cortical 
neurons of pyramidal morphology. In these neurons, large 
hGDH2 “puncta” that may represent clusters of hGDH2-pos-
itive mitochondria of pre-synaptic nerve endings, were found 
on the cell membrane in close proximity to GFAP-labeled 
labeled astrocytic structures. In contrast, the endogenous 
GDH1 was expressed only in astrocytes. As shown here, 
human astrocytes are larger than the host mouse astrocytes 
and exhibit increased arborisation. These results accord 
observations by Oberheim et al. [24] showing that human 
protoplasmic astrocytes are 2.6-fold larger in diameter and 
extend tenfold more GFAP-positive primary processes than 
rodent astrocytes. There is increasing evidence that astro-
cytes are involved in synaptic transmission and plasticity, 
including LTP emergence and maintenance [25].

As we have obtained comparable morphological data on 
both of our Tg lines (T13 and T32), the present findings can-
not be attributed to alterations of the mouse genome induced 
by the random (stochastic) insertion of the human DNA seg-
ment. Because our Tg mice were constructed using a seg-
ment of the human X chromosome that contains the GLUD2 

Fig. 2   hGDH2 expression in cerebral cortical astrocytes. IF images of 
snap frozen fixed brain sections from the cerebral cortex of a 6-month 
old male GLUD2 Tg13 mouse (a–c) and of a neurologically normal 
human subject (d–f) immunostained with a mouse monoclonal anti-
body against GFAP (1:2000; red) and our rabbit anti-hGDH2 spe-
cific antibody (1:2000; green). In both tissues there is punctate-like 
GDH2-specific immunoreactivity in the perinuclear cytoplasm and 

along the proximal and distal processes of GFAP-positive astrocytes. 
Human astrocytes are larger showing more extensive arborization 
than mouse astrocytes. These results are consistent with previous 
observations on human brain [20, 21]. Similar results were obtained 
using brain tissue from the Tg32 line. Images obtained using a Leica 
confocal microscope (×40). (Color figure online)
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gene and its regulatory elements, the observed cellular dis-
tribution of hGDH2 in the host brain represents an expres-
sional adaptation driven by the gene’s new promoter. Under 
the influence of this promoter, the duplicated GLUD2 gene 
may have diversified its roles in human brain and perhaps in 
other tissues where is expressed. While the precise role(s) of 

hGDH2 in brain remain to be better understood, endowment 
of human cortical astrocytes and some of pyramidal neurons 
and their terminals with enhanced glutamate metabolizing 
capacity by hGDH2 expression is thought to strengthen 
cortical excitatory transmission [21]. Previous studies have 
shown that transgenic expression of GDH1 in the neurons of 

Fig. 3   hGDH2 expression in cerebral cortical neurons. IF images of 
snap frozen fixed cerebral cortical sections from a 6-month old male 
GLUD2 Tg13 mouse (a–c) and a 6-month old male GLUD2 Tg32 
mouse (d–f) immunostained with a mouse monoclonal antibody 
against NeuN (1:400; red) and our rabbit antiserum against hGDH2 
(1:2000; green). g–l IF images of unfixed human cerebral cortical 
sections from a neurologically normal male subject obtained using 
the same protocol. There is punctate hGDH2-specific immunoreac-
tivity in the peripheral cytoplasm of large NEUN-positive neurons 
of Tg13 (arrow) and Tg32 mice cerebral cortex, and of human cer-
ebral. Blue staining in C represents TOPRO labelled nuclei. Images 

obtained using a Leica Confocal microscope (×80). j–l Compos-
ite figure of superimposed consecutive confocal images of unfixed 
human cortex immunostained with a mouse antibody against GFAP 
(1:2000; red) and our rabbit antiserum against hGDH2 (1:2000; 
green). As shown here, the periphery of a large hGDH2-positive neu-
ron is delineated by GFAP-positive astrocytic-end feet enwrapping 
excitatory synapses on the cell membrane. These lie in close prox-
imity (but do not co-localize with) to large hGDH2-specific “puncta” 
that may represent clusters of hGDH2-positive mitochondria of pre-
synaptic nerve terminals as previously described [21]. Figures g–l are 
reproduced with permission from [21]. (Color figure online)
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Tg mice increases pre-synaptic glutamate release [26, 27]. In 
addition to this expressional diversification, GLUD2 under-
went rapid sequence adaptation acquiring novel properties 
that include resistance to GTP control and development of a 
novel mechanism for activity regulation. These major func-
tional adaptations permit enhanced hGDH2 function in the 
nervous system, where GTP levels are greater than those 
found in other tissues. Given the observed close similarities 
between the animal and the human brain in hGDH2 expres-
sion, the GLUD2 Tg mice are expected to serve as a useful 
model for studying the role of this novel, positively selected, 
gene in human evolution.

The thesis that GLUD2 is a functional, non-redundant, 
human gene is supported not only by its unique expressional 
and functional profile, by also by extensive sequencing data 
involving > 1000 normal humans of diverse genetic back-
ground showing that the gene did not accumulate any disa-
bling mutations, as typically seen in pseudogenes [28]. Also, 
highly consistent sequence data have been obtained in over 
a 1000 subjects of diverse genetic background affected by 
neurodegenerative disorders. However, a rare normal poly-
morphism (Leu445Ser) interacted significantly with age at 

disease onset in Parkinson’s disease patients [28]. These 
results accord phylogenetic data showing that the structure 
of the human GLUD2 gene has been preserved by purifying 
selection [15].

Functional and Molecular Adaptation of GLUD2

Functional Properties of the Ancestral Glutamate 
Dehydrogenase 1

Mammalian housekeeping GDH1 catalyzes the reversible 
conversion of glutamate to α-ketoglutarate and ammonia 
while reducing NAD(P)+ to NAD(P)H. The enzyme shows 
dual co-enzyme specificity, being able to utilize either 
NAD+ or NADP+ for catabolic and synthetic reactions, 
respectively [17]. Also, mammalian GDH1 is subject to 
strong allosteric regulation as described below. Structur-
ally, mammalian GDH1 is a hexameric molecule com-
posed of six identical subunits, each of which consists of 
505 amino acids (molecular mass: ~56 kDa). Three func-
tional domains have been identified: the NAD+ binding, 
the glutamate binding and the regulatory domain (Fig. 4a). 

Fig. 4   Structural models and functional consequences of amino 
acid replacements in the regulatory domain of hGDH1. Shown in 
a is a cartoon diagram of human GDH in open conformation in the 
absence of ligands based on X-ray crystallographic data (PDB entry 
ILIF) showing the three functional domains of the enzyme. For sim-
plicity only two of the six subunits (painted in different color). The 
regulatory domain consists of “antenna” and the “pivot helix”. The 
antenna is composed of an ascending alpha-helix and a descending 
random coil that terminates in a small alpha-helix (a, b). The anten-
nas of adjacent subunits are intertwined mediating allostery [29]. 
Interaction of Ser409 in the ascending alpha-helix with Arg443 in the 
small N terminal a-helix in the wild-type hGDH1 permits the enzyme 
to maintain basal activity (-activator)  that is 30–40% of maximal 
and to be stimulated by l-leucine (4.5 mM) and ADP (1.0 mM) (b). 
The Ser409-Arg443 interaction is affected in the wild-type hGDH2 

via the evolutionary substitution of Ser for Arg-443. This results in 
major functional consequences as described in the text. As shown in 
b replacement of Ser409 by Arg (S409R-1) results in loss of basal 
activity (-activator)  and abrogation of l-leucine stimulation. Also, 
replacement of Arg443 by Ser (R443S-1) resulted in similar func-
tional consequences, while a swap mutant (S409R-1/R443S-1) 
restored basal activity and regulation. Molecular dynamics simula-
tion predicted that Ser409 and Arg443 (as in wild type hGDH1) come 
in close proximity in the open conformation and that introduction of 
Ser443 (as in the wild-type hGDH2) or of Arg409 (in the S409-R-1 
mutant) causes them to separate with the swap mutant re-instating 
this proximity [30]. The cartoon diagrams were created using the Pol-
yMOL Molecular Graphics System, Version 1.4, Schrodinger, L.L.C. 
Fig. 4b reproduced with permission from [30]. (Color figure online)
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The latter consists of the pivot helix and the “antenna”, 
a 48 amino acid-long structure composed of an ascend-
ing α-helix, a random coil and a small C-terminal α-helix 
(Fig. 4a, b). The antennas of adjacent subunits are inter-
twined with this subunit communication thought to medi-
ate allosteric regulation [29]. Mastorodemos et al. [30] 
recently showed that interaction between Ser409 in the 
ascending α-helix of the antenna with Arg443 in the termi-
nal small α-helix of the adjacent subunit is of importance 
for catalysis, regulation and pH dependency (Fig. 4b). It 
is of particular interest that this interaction was the tar-
get of the evolutionary adaptation of the GLUD2 gene as 
described below.

There is increasing evidence that GDH1 functions both 
in the metabolism of neurotransmitter glutamate and in 
TCA cycle anaplerosis, as noted above. The neurotrans-
mitter role is supported by immunohisto-chemical studies 
on rat brain showing that the enzyme is densely expressed 
in the mitochondria of astrocytes, the regional distribu-
tion of which corresponds to glutamatergic pathways [32]. 
In these glial cells, GDH1 attains very high levels (up to 
10 mg/ml of mitochondrial matrix) [33], thus endowing 
these cells with high glutamate metabolizing capacity. The 
role of GDH1 in energy metabolism and in TCA anaplero-
sis is supported by several lines of evidence [34–38]. Spe-
cifically, astrocytes isolated from normal mice generated 
ATP on glutamate exposure in a GDH1-dependent man-
ner [35], while astrocytes from mice with brain-specific 
deletion of Glud1 exhibited deficient glutamate oxidation 
and handling [36]. Also, siRNA knock down of GDH1 in 
cultured astrocytes was associated with a dysfunctional 
TCA cycle [37].

In spite of high GDH1 expression levels, early observa-
tions on cultured astrocytes showed little glutamate flux 
through this pathway [39], suggesting that the enzyme is 
highly regulated in vivo. In this regard, previous in vitro 
studies on GDH1, purified from various sources, had 
established that the enzyme is subject to strong allosteric 
regulation, with chemically diverse compounds (ADP, 
GTP, NADH, l-leucine, steroid hormones and neuroleptic 
agents) found to influence its velocity [17]. GTP, gener-
ated by TCA cycle, serves as the main negative modula-
tor, whereas ADP as the main endogenous activator. As a 
result, GDH1 function is thought to depend primarily on 
the opposing actions of ADP and GTP. This energy sens-
ing mechanism, permits glutamate flux through this path-
way according to cellular energy requirements [17, 31]. 
Thus, under conditions of adequate energy charge, asso-
ciated with low ADP levels, GTP generated by an active 
TCA cycle exerts a powerful inhibitory effect on GDH1. 
In contrast, when low energy states prevail, GTP levels 
decrease while those of ADP increase allowing glutamate 
to fuel the TCA cycle [31].

Evolutionary Adaptation of Glutamate 
Dehydrogenase 2

As noted above, after achieving expression in the nerve and 
other tissues, GLUD2 evolved rapidly by adapting to the 
particular needs of these tissues. The cloning of GLUD2 
gene [16] and the ancestral housekeeping GLUD1 gene 
[40], allowed us to study pure hGDH2 and hGDH1 enzymes 
obtained in recombinant form. When assayed in the pres-
ence of 1.0 mM ADP, both hGDH1 and hGDH2 showed 
comparable catalytic activities and kinetic properties (Vmax 
and Km for α-ketoglutarate, NADPH and ammonia) [41]. 
However, hGDH2 differed markedly from hGDH1 in its 
regulation profile. Thus, while hGDH1 is potently inhibited 
by GTP, hGDH2 is resistant to this compound [41]. By dis-
sociating its function from GTP control, hGDH2 permits 
glutamate flux independently of the rate of GTP production 
by the TCA cycle. However, to prevent unregulated activity 
from perturbing cell metabolism, hGDH2 downregulated 
its basal activity while remaining remarkably responsive 
to activation by ADP/l-leucine. Thus, physiological levels 
of ADP (0.05–0.25 mM) induced a proportionally greater 
enhancement of hGDH2 (up to 1300%) than of hGDH1 (up 
to 150%) activity. Similarly, l-leucine activated hGDH2 by 
1600% and hGDH1 by 75% [31]. While l-leucine concen-
trations required for this activation (5–10 mM) are substan-
tially higher than those found in mammalian tissues, low 
concentrations of ADP (0.01–0.05 mM) permitted enzyme 
activation by physiologically relevant levels of l-leucine 
(synergistic effect) [31]. Also, hGDH2 is more sensitive than 
hGDH1 to inhibition by steroid hormones, spermidine and 
neuroleptic agents [42, 43]. In addition, hGDH2 shows a 
lower optimal pH than hGDH1 [41], an adaptation that may 
facilitate enzyme function under conditions of acidification 
that prevail in astrocytes following transmitter glutamate 
uptake [44].

To understand the role of these amino acid replacements 
in hGDH2 function, we carried out mutagenesis studies on 
the GLUD1 gene at sites that underwent evolutionary change 
in GLUD2. As hGDH2 differs from hGDH2 primarily in its 
regulation profile, our initial efforts were concentrated on 
the regulatory domain of the protein. Two changes located 
in the “antenna” (M415L and R443) and another two in the 
“pivot helix” (G456A and R470V) were studied. Results 
revealed that substitution of Ala for Gly456 in hGDH1 made 
the enzyme markedly resistant to GTP inhibition without 
altering its catalytic properties [45]. On the other hand, 
replacement of Arg443 by Ser in hGDH1 diminished basal 
activity, abrogated activation by l-leucine and provided 
sensitivity to steroid hormones and neuroleptic agents [42, 
43, 46]. In addition, the Arg443Ser mutation made hGDH1 
thermo-sensitive, concentration-dependent and shifted its 
migration in SDS-PAGE and its optimal pH from 8.0 to 7.0 
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[46]. Molecular modeling suggested that Arg443Ser inter-
rupts hydrogen bonds between the 443 residue (in the small 
helix of the descending part of the antenna) of one monomer 
and the 409 residue (in the ascending helix of the antenna) of 
the opposing monomer leading to closed enzyme conforma-
tion [30] (Fig. 4b). The Arg443Ser mutation, however, does 
not disrupt the tertiary structure of the protein as revealed 
by native gradient PAGE analyses, which showed that the 
molecular weight of the Arg443Ser mutant (360 kDa) is 
comparable to that of the wild-type hGDH1 and wild-type 
hGDH2 [47]. This molecular size is consistent with the hex-
americ structure of these proteins. Although the Arg443Ser 
substitution was a crucial event in GLUD2 evolution, its 
introduction in hGDH1 as single mutant is too disruptive, 
rendering the mutant enzyme non-functional. Hence, other 
amino acid substitutions, acquired during hGDH2 evolu-
tion, must act in concert to moderate the functional con-
sequences of Arg443Ser. Indeed, additional evolutionary 

substitutions, acquired by GLUD2 evolution, are shown to 
affect hGDH2 function (Fig. 5), thus providing its unique 
functional properties.

In sharp contrast to the evolutionary adaptation of 
GLUD2, the housekeeping GLUD1 gene has been conserved 
via strong purifying selection. Indeed, GLUD1 accumulated 
no amino acid substitutions after the duplication event. As 
a result, alignment of the human GLUD1 sequence with 
mouse, rat or bovine Glud1 sequences reveals less diver-
gence than alignment of GLUD1 with the GLUD2 sequence.

Molecular Evolution of GLUD2 in the Ape Lineages

Phylogenic evidence suggest that the Arg443Ser and 
Gly456Ala evolutionary mutations occurred soon after 
the birth of the GLUD2 gene, along with the Glu34Lys, 
Asp142Glu, Ser174Asn and Asn498Ser changes (Fig. 5). 
These are thought to be under positive natural selection 

Fig. 5   Evolutionary amino acid substitutions acquired by hGDH2 and 
their functional consequences. Shown here is evolutionary adaptation 
of the GLUD2 gene on the ape lineages. Mya: approximate diver-
gence in millions of years. As shown here, evolutionary substitution 
of Ala for Gly456 made hGDH2 resistant to GTP, thus dissociating 
its function from this energy switch. On the other hand, evolutionary 

substitution of Ser for Arg443 diminished basal activity, abrogated 
l-leucine sensitivity and shifted the optimal pH from 8.0 to 7.0. The 
drastic effects of the Arg443Ser change are modified by the opposing 
action of the Arg39Gln, Ser174Asn Met370Leu and Gly456Ala evo-
lutionary changes, thus providing the unique functional properties of 
the wild-type hGDH2. Reproduced with permission from [48]
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[15]. Moreover, the Ser331Thr, Met370Leu and Arg470His 
mutations, which occurred just before the separation of the 
human from the orangutan lineage (Fig. 5), may have also 
been positively selected [15]. As shown in Fig. 5, five amino 
acid changes occurred in the orangutan lineage after its sepa-
ration from the common ancestor of the gorilla, chimpanzee 
and human. Also, four amino acid changes occurred in the 
gorilla lineage after its split from the common ancestor of 
the humans and chimpanzees. Additionally, since the human 
and the chimpanzee lineages diverged about 4.6–6.2 million 
years ago, two amino acid changes occurred in the human 
lineage (one was a recurrent mutation) and two changes 
occurred in the chimpanzee lineage (Fig. 5). As a result, the 
chimpanzee GDH2 differs from the human by four amino 
acid residues, whereas the gorilla and orangutan GDH2 dif-
fer from the hGDH2 and chimpanzee GDH2 by 6 and 10 
amino acid residues, respectively. Also, gorilla GDH2 differs 
from orangutan GDH2 by 12 amino acid changes. These 
phylogenetic data accord evidence that molecular evolution 
rates were slower in humans and chimpanzees than in goril-
las and orangutans, probably due to longer generation times 
and improved mechanisms of DNA repair and genome integ-
rity maintenance [8]. In addition, the cleavable mitochon-
drial targeting sequence (MTS) of hGDH2 evolved under 
positive selection acquiring a higher positive charge than 
that of hGDH1 [49]. Whether this enhanced mitochondrial 
targeting of hGDH2 facilitates the import of the protein into 
astrocytic mitochondria, the inner membrane potential of 
which is lower than that of hepatic cells [50], it remains to 
be further studied.

Putative Role of GLUD2 in Human Brain 
Development

Whereas, humans and chimpanzees share 98% of their DNA 
sequence [51, 52], human brain is larger and shows a greater 
degree of complexity. Also, a substantial expansion of inter-
neuronal connections and a formation of new neuronal cir-
cuits occur early in human post-natal life [1]. Phylogenetic 
data suggest that genesis and adaptation of the GLUD2 gene 
coincided with the time period of increased structural and 
functional complexity of ape brain (Fig. 6), suggesting that 
the novel gene contributed to these processes [15]. That 
GLUD2 may have helped the divergence of humans from the 
chimpanzees, is supported by data showing that human new-
borns have higher levels of expression of GLUD2 than chim-
panzee newborns [4]. Moreover glutamate levels are lower 
in the human brain than in non-human primates indicative of 
an increased glutamate turnover [4]. While the mechanisms 
underlying these changes have not been understood, endow-
ment of human cortical astrocytes and neurons with GLUD2 
expression could have played a role by providing these cells 
with a non-redundant pathway for enhancing glutamatergic 

mechanisms and TCA cycle efficiency. Whether GLUD2 
adaption has contributed to the high neuronal activity and 
energy consumption that characterize the human brain [4] 
or even to cognitive human abilities remains to be further 
investigated. As Glud1 is one of genes upregulated during 
memory formation in the rat [53], it is likely that emergence 
and evolution of GLUD2 has resulted from selective pres-
sures on the genome related to the expanding role of gluta-
matergic transmission in ape brain.

Fig. 6   Schematic representation of GDH evolution from prokaryotes 
to lower eukaryotes, animals and the great apes. Yellow boxes display 
the appearance of major allosteric characteristics. As shown here, the 
antenna first emerged in the Ciliophora, enabling enzyme activation 
by ADP and partial inhibition by fatty acids. However, the GDH of 
ciliates is not sensitive to activation by l-leucine or inhibition by GTP 
inhibition [54]. In subsequent evolutionary steps, GDH1 acquired 
additional properties linking enzyme function with energy metabo-
lism [55]. The novel hGDH2 isoenzyme was born through retro-
positioning in the hominoid ancestor and evolved in the ape linages. 
It underwent rapid evolutionary adaptation concomitantly with brain 
expansion and acquisition of unique traits. It is likely that emergence 
and evolution of GLUD2 resulted from selective pressures on the 
genome that probably relate to the increased glutamatergic transmis-
sion demands of the expanding ape brain. Evolution of GDH1 regula-
tion in Ciliates and in Vertebrates has been described by Allen et al. 
[54] and Banerjee et al. [55] respectively. (Color figure online)
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Evidence favoring a role of GLUD2 in human brain 
development was recently provided by Li et al. [56] who 
generated independently GLUD2 transgenic mice by insert-
ing in their genome the above described BAC clone con-
taining the GLUD2 gene and its regulatory elements. Large 
scale analyses of polyA-plus RNA isolated from the brain 
of these mice revealed that the developmental expression 
trajectory of GLUD2 in Tg mouse brain was distinct from 
that of GLUD1, but it was strikingly similar to the devel-
opmental expression trajectory of GLUD2 in human PFC 
[56]. The differential effects of the GLUD2 gene were mostly 
prominent during early post-natal development, affecting the 
expression of several genes, some of which encode transcrip-
tion factors involved in neural development. A large diver-
gence (between the GLUD2 Tg and the wild-type mice) was 
detected in the developing PFC with these changes being 
similar to those that distinguish human from macaque brain 
[56]. Moreover, metabolomic analyses revealed that GLUD2 
expression affected pathways surrounding the TCA cycle. 
Li et al. [56] accordingly concluded that a non-redundant 
GLUD2 metabolic function supports early brain develop-
ment. The authors further hypothesized that, since hGDH2 
function in isocitrate dehydrogenase 1 (IDH1) mutant 
glioma cells (see below) provides α-ketoglutarate for the 

oxidative generation of citrate through the TCA cycle, 
GLUD2 may influence early brain development by promot-
ing the synthesis of lipids [56].

Obviously, these important observations raise a number 
of issues: First, shunting of glutamate-derived carbons via 
GLUD2 to citrate synthesis, as observed in IDH1 mutant 
glioma, represents a metabolic reprogramming of neoplastic 
cells (needed for their survival), necessitated by the inabil-
ity of the mutant IDH1 to synthesize α-ketoglutarate from 
isocitrate [57]. Whether this pathway is activated in devel-
oping human brain expressing the wild-type (non-mutant) 
IDH it remains to be established. As shown in Fig. 7, oxida-
tive deamination of glutamate α-ketoglutarate by GDH1/2 
enhances the bioenergetic and biosynthetic function of the 
TCA cycle, leading to formation of several compounds of 
importance for cell growth. Moreover, dividing cells need 
to maintain high levels of α-ketoglutarate required by the 
nuclear α-ketoglutarate ketoglutarate-dependent dioxyge-
nases [58]. Efforts to explain the observed biological effects 
of GLUD2 on the basis of its metabolic functions should 
take into consideration the specificity of the GLUD2 related 
changes for the prefrontal lobe.

Second, the high non-redundant activity of GLUD2, 
detected during the early post-natal period, coincides with 

Fig. 7   The GDH pathway and TCA cycle function. Oxida-
tive deamination of glutamate by hGDH1 and hGDH2 generates 
α-ketoglutarate, ammonia and NADH or NADPH. α-ketoglutarate 
enters the TCA cycle enhancing its bio-energetic and biosynthetic 
functions. GTP, synthesized at the succinyl-CoA/succinate step, 
serves as a potent inhibitor of hGDH1. This control links hGDH1 
function to the rate of the TCA cycle. On the other hand, hGDH2 
can operate independently of GTP control and therefore of TCA 
cycle rate. Both enzymes are activated by ADP and l-leucine (acting 
synergistically), with this activation being proportionally greater for 

hGDH2 than hGDH1 [41]. Fumarate, generated after succinate, can 
stimulate glutathione peroxidase 1, thus contributing to homeostasis 
against oxidative stress [59]. As shown here, α-ketoglutarate metabo-
lism via the TCA cycle can boost lactate production [60]. Also, cit-
rate, generated by the TCA cycle can support the biosynthesis of 
lipids. Lastly, NADPH resulting from glutamate oxidation can be 
used for various biosynthetic reactions requiring reducing equivalents 
[61]. There is evidence that glutamate flux through hGDH1/2 is used 
by different cells to serve some of their unique functions [61]. Repro-
duced from [17]
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the burst of synaptogenesis and new nerve circuit formation, 
processes mediated by transmitter glutamate. Indeed previ-
ous studies have shown that NMDA glutamate receptor acti-
vation and Ca2+ influx is crucial to neurogenesis, survival 
of neurons, neuronal migration and synapse formation [27, 
62–65]. Nissen et al. [37] grew astrocytes from the brain of 
7 day old Tg mice, constructed by Li et al. [56], expressing 
GLUD2 and found that these cells had an increased capac-
ity for uptake and oxidative metabolism of glutamate, par-
ticularly during intense glutamatergic activity and glucose 
deprivation. It is well established that strong glutamatergic 
stimulation, induced by high-frequency stimuli, results in 
potentiation of synaptic responses or long-term potentia-
tion (LTP) [6, 7]. As such, the ability of hGDH2 to sup-
port intense glutamatergic activity suggests an important 
role of the new enzyme in brain plasticity. Hence, given the 
complexities of the metabolic pathways served by GLUD2 
as well as the complexities of the developmental processes 
influenced by neurotransmitter glutamate, identifying the 
mechanisms by which a highly activated GLUD2 promotes 
the early postnatal development and the human-specific 
differentiation of PFC represents challenging experimental 
question.

Evolutionary Adaptation GLUD2 Confers hGDH2 
a Non‑redundant Glioma IDH1 Promoting Property

Since the pioneering work of Warburg demonstrating that 
cancer cells use alternate pathways to compensate for lack 
of nutrients or oxygen, metabolic reprogramming has been 
recognized as the defining characteristic of these cells. Thus, 
when glucose supply is limited, glutaminolysis is activated 
generating glutamate. This is turn is converted (either by 
GDH1/2 or by GOT1/2) to α-ketoglutarate which enters 
the TCA cycle providing anabolic carbons for the biosyn-
thesis of amino acids, nucleotides and lipids, in addition 
to leading to ATP synthesis [57]. There is increasing evi-
dence that oxidative deamination of glutamate by GDH 
(rather than transamination by GOT) is the main pathway for 
α-ketoglutarate production with up-regulation of hGDH1/2 
expression shown to occur in various cancers, including gli-
omas [66]. Recently, somatic mutations in IDH1, an enzyme 
that inter-converts isocitrate to α-ketoglutarate, were identi-
fied in the vast majority (70–90%) of low grade glioma and 
secondary glioblastoma multiform [67]. The IDH mutants 
aberrantly reduce α-ketoglutarate to D-2-hydroxyglutarate, 
which accumulates at high concentrations in glioma cells 
acting as oncometabolite [67]. Because the IDH mutants 
cannot convert isocitrate to α-ketoglutarate, glioma cells up-
regulate alternative metabolic pathways, including hGDH1 
and hGDH2 [66]. Chen et al. [68] showed that over expres-
sion of GLUD2 (but not GLUD1) promoted tumor expansion 
in IDH1 mutant glioma. Labeling studies further revealed 

that glutamate flux through hGDH2 provides α-ketoglutarate 
for oxidative generation of citrate through the Krebs cycle 
[68]. More recently, Waitkus et al. [69] showed that hGDH2 
expression non-redundantly increases several TCA cycle 
substrates (including α-ketoglutarate, citrate and aconitate) 
through glutamate-dependent anaplerosis [69]. Importantly, 
using site directed mutagenesis the authors showed that the 
two evolutionary substitutions (Arg443Ser and Gly456Ala) 
in the regulatory domain of hGDH2 that provide novel func-
tional properties to hGDH2 (as described above) conferred 
the glioma-supporting ability of hGDH2 [69]. Specifically, 
when Ser443 and Ala456 were mutated back to Arg443 
and Gly456, the effect on glioma growth was attenuated. 
As such, the ability of hGDH2 to supply TCA substrates 
in glioma cells, a process disrupted by IDH1 mutations, is 
conferred by the adaptive evolution of the allosteric domain 
of hGDH2. This property is not shared by hGDH1. These 
observations on a neoplastic system that requires a high glu-
tamate flux confirms the above described model according to 
which, while hGDH1 function is subject to control by GTP 
generated by the TCA cycle, hGDH2 is freed of this control 
owing to the Arg443Ser and Gly456Ala evolutionary amino 
acid changes.

The Glutamate Dehydrogenase Pathway and Species 
Evolution

The GDHs of Prokaryotes and Lower Eukaryotes

The GDH pathway is present in all domains of life. Study 
of early life forms revealed that GDHs from different spe-
cies are involved in two metabolic pathways: one in glu-
tamate catabolism (generally NAD+-dependent, EC 
1.4.1.2) and another in ammonia assimilation (generally 
NADP+-dependent, EC 3.4.1.4). In Pseudomonas aer-
uginosa and Neurospora crassa tetrameric (“catabolic”) 
and hexameric (“anabolic”) GDH forms exist [70] that 
acquired NAD+ or NADP+ specificity through independ-
ent evolutionary processes [71]. In the yeast Saccharomy-
ces cerevisiae, two NADP-specific (ScGDH1 and ScGDH3) 
and one NAD+-specific (sGDH2) isoforms, all of which 
are extra-mitochondrial, have been described [72]. The 
NAD+-specific enzyme (sGDH2) functions in the oxida-
tive deamination of glutamate, while the NADP+-specific 
isoforms (ScGDH1 and ScGDH3) in glutamate synthesis 
under either fermentative or respiratory conditions [73].
The ScGDH3 and ScGDH1 genes arose from whole genome 
duplication and evolved under selective pressure to sustain 
glutamate production under different metabolic conditions 
[74]. In lower eukaryotes, cytosolic, nuclear and mitochon-
drial localizations have been reported [75]. In plants, the 
catabolic NAD+-specific GDH isoform that localizes to the 
mitochondria predominates [76]. However, in the presence 
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of high ammonium concentrations, enzyme activity is 
detected in the cytosol. On the other hand, low activities of 
NADP+-depended GDHs have been demonstrated in a range 
of higher plants, including Arabidopsis and Oryza. These 
NADP+-specific GDHs localize to the chloroplasts, probably 
involved in the assimilation of the photo-respiratory NH3 
into glutamate [77]. In prokaryotes and lower eukaryotes 
GDH activity is not regulated, with regulation being accom-
plished at the transcription level.

The Animal GDHs

In contrast to prokaryotes and lower eukaryotes in which GDH 
exists in distinct NAD+ and NADP+-specific forms, most ani-
mals possess a single GDH with dual co-enzyme specificity, 
the activity of which is subject to strong regulation as noted 
above. There is evidence that this regulation evolved concomi-
tantly with the evolution of the antenna thus enabling control 
of GDH activity according to the cell’s energy needs (Figs. 4, 
6). The antenna first appeared in ciliates, permitting a primi-
tive regulation of GDH in these protozoans by fatty acids and 
coinciding with a gradual transfer of fatty acid oxidation from 
peroxisomes to mitochondria [54, 55]. Control of enzyme 
activity by Palmitoyl CoA is retained in mammalian GDH 
[17]. Moreover, further evolution of the antenna equipped 
mammalian GDH1 with a sophisticated allosteric regulation 
profile as noted above. Interestingly, evolutionary adaptation 
of the novel hGDH2 isoenzyme that first appeared in the apes 
targeted the regulatory domain of the enzyme as described 
above. During animal evolution oxidative metabolism was 
transferred to the mitochondria with mammalian GDH hav-
ing acquired a MTS needed for import of the enzyme into the 
mitochondrial matrix [78, 79]. The use of the yeast mitochon-
dria import system, in conjunction with studies on mammalian 
cell lines, permitted detailed structure/function investigations 
of the MTS of hGDH1 and hGDH2. These studies revealed 
that the 53 amino acid long MTS represents a highly efficient 
mitochondrial import system. This is due to the positive charge 
and to a complex interplay between two amphipathic α helices 
predicted by these pre-sequences [79]. Although all mammals 
possess a single GDH (hGDH1 in the human) humans and 
other great apes have acquired through duplication a novel 
hGDH2 isoenzyme with distinct regulation and tissue expres-
sion profile as noted above. Phylogenetic evidence suggests 
that this duplication event occurred in the hominoid ancestor 
and as such is found in all members of the hominoid radia-
tion (Figs. 5, 6). As described above, all mammals except for 
the apes possess a single GDH-specific gene (GLUD1 in the 
human) that appears to suffice for their metabolic needs. Dele-
tion of the single Glud1 in mice was found to alter energy 
metabolism without affecting glutamatergic transmission, 
suggesting that in the absence of GDH1 alternative metabolic 
pathways or mechanisms compensate allowing glutamatergic 

transmission to proceed. This is consistent with the model 
described above that hGDH1 function is essentially controlled 
by GTP which acts as an energy switch.

Future Perspectives

As detailed here, GLUD2 is a novel human gene that, driven 
by positive selection, underwent rapid evolutionary adapta-
tion concomitantly with neocortical brain expansion. Its emer-
gence may thus reflect selective pressures on the genome aris-
ing from increased primate brain demands in glutamatergic 
transmission and energy metabolism. As hGDH2 functions 
mainly during intense excitatory transmission (needed for 
LTP formation), the novel gene may have enabled the glu-
tamatergic signaling pathway to amplify its role in synaptic 
plasticity and cognitive processes. These exciting possibilities 
and whether GLUD2 evolution has provided humans with a 
genetic/molecular basis for expanding experience-dependent 
formation of new neural circuits remain to be further investi-
gated. Additional morphological, neurochemical and electro-
physiological investigations, using this Tg model, are expected 
to shed light on these important questions. A crucial experi-
mental aim is to evaluate whether transgenic expression of the 
human gene modulates long-lasting modification of excitatory 
synapses (LTP) and structural plasticity (dendritic spine den-
sity). Moreover, the animal model can be used to test whether 
brain areas involved in cognitive functions are specifically 
targeted by GLUD2 expression and whether this is associated 
with behavioral changes. Lastly, as there is increasing evidence 
that astrocytes can modulate LTP dynamics (formation and 
maintenance), the Tg model may prove useful to investigate 
whether adaptation in the astrocytic metabolism, induced by 
hGDH2 expression, affects synaptic transmission and plastic-
ity. Understanding the precise role of the novel gene in human 
evolution and brain biology represents a challenging and excit-
ing endeavor expected to yield useful information.
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