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Abstract

Multiple types of neural progenitor cells (NPCs) contribute to the development of the neocortex, a brain region
responsible for our higher cognitive abilities. Proliferative capacity of NPCs varies among NPC types, developmental
stages, and species. The higher proliferative capacity of NPCs in the developing human neocortex is thought to
be a major contributing factor why humans have the most expanded neocortex within primates. Recent studies
have shed light on the importance of cell metabolism in the neocortical NPC proliferative capacity. Specifically,
glutaminolysis, a metabolic pathway that converts glutamine to glutamate and then to a-ketoglutarate, has been
shown to play a critical role in human NPCs, both in apical and basal progenitors. In this review, we summarize
our current knowledge of NPC metabolism, focusing especially on glutaminolysis, and discuss the role of NPC
metabolism in neocortical development, evolution, and neurodevelopmental disorders, providing a broader

perspective on a newly emerging research field.
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Introduction

The mammalian neocortex is a recent evolutionary struc-
ture that has been linked to the higher cognitive abilities
of humans. Neocortical size and shape vary among mam-
malian species, even within primates (Herculano-Houzel
2019; Rakic 2009; Zilles and others 2013). During the
evolution toward modern human, the human acquired the
most expanded and convoluted neocortex compared with
other primates (Rakic 2009).

Neocortical expansion depends on the proliferative
capacity of neural stem and progenitor cells (NPCs), and
the subsequent neuron production (Céardenas and Borrell
2020; LaMonica and others 2012; Namba and Huttner
2017; Rash and others 2019; Sun and Hevner 2014; Fig.
1). NPCs can be divided into two major classes, apical
progenitors (APs), which mainly consist of apical radial
glia (aR@G, also known as ventricular radial glia, vRG),
and basal progenitors (BPs) comprising basal intermedi-
ate progenitors (bIPs) and basal radial glia (bRG, also
known as outer radial glia, o0RG). APs and BPs are located
in the ventricular (VZ) and subventricular zone (SVZ) of
the developing neocortex, respectively. aRG mainly
expand their number during early development of the
neocortex, and then start producing BPs at mid to late
developmental stages (Cardenas and Borrell 2020;
Namba and Huttner 2017; Sun and Hevner 2014). Since

only a small part of aRG directly produce neurons and the
rest of them give rise to BPs, which divide and finally
differentiate into neurons, the BPs are thought to be the
main progenitor cells responsible for neuron production.
In species with a larger neocortex, such as human and
nonhuman primates, there is an abundance of bRG and
bIPs during development, both of which are known to
possess high proliferative capacity in these species
(Cardenas and Borrell 2020; LaMonica and others 2012;
Namba and Huttner 2017; Sun and Hevner 2014). The
SVZ of those species is enlarged to accommodate the
expanded BP pool and further subdivided into the inner
and outer SVZ (ISVZ and OSVZ, respectively; Smart
2002). In contrast, the developing neocortex of species
with a small neocortex, such as mouse, generally contains
a smaller number of bRG and few proliferative bIPs
(Cardenas and Borrell 2020; LaMonica and others 2012;
Namba and Huttner 2017; Sun and Hevner 2014), making
the SVZ relatively thin. Therefore, the expansion of the
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Figure |. Development of the neocortex in gyrencephalic (human) and lissencephalic (mouse) species. (A) Cartoons of human
neocortex at early (9 weeks post conception [wpc], left), mid (15 wpc, middle), and late (22 wpc, right) neurogenesis, which

are enlarged representative images of the boxed areas in the coronal brain sections (bottom). The right most coronal section

is adult brain. (B) Cartoons of mouse neocortex at early (embryonic day [E] 12.5, left), mid (EI4.5, middle), and late (E16.5,
right) neurogenesis, which are enlarged representative images of the boxed areas in the coronal brain sections (top). The apical
progenitors (APs), mainly consisting of apical radial glia (aRG/VRG), are located in the ventricular zone (VZ), and produce basal
progenitors (BPs) in the subventricular zone (SVZ). In the human neocortex at mid to late neurogenesis, both basal intermediate
progenitors (bIP) and basal/outer radial glia (-(RG/oRG) are multiplied to expand the SVZ into two distinct layers, inner and outer
SVZ (ISVZ and OSVZ, respectively). In contrast, the expansion of BP in mouse neocortex is smaller, and there are very few
bRGs. The right most coronal sections are adult brains. Blue and black areas in the coronal sections indicate the gray matter and
the lateral ventricle, respectively. Scale bars of 10 mm and | mm apply to human and mouse coronal brain sections, respectively.

bRG and blPs, due to their high proliferative capacity, is
the main driving force of the evolutionary expansion of
the neocortex (Fig. 1).

Understanding the mechanisms of the BP expansion
in human evolution is important for neuroscientists
studying not only physiological brain development but
also brain development in pathological conditions such
as microcephaly and megalencephaly (Juric-Sekhar and
Hevner 2019). Recent advances in comparative genom-
ics and transcriptomics allow us to identify genes that

are potentially responsible for the BP expansion. The
translated proteins of those genes are known to regulate
extra cellular signal sensing (e.g., HTR2A, PDGFRB,
NOTCH2NL), cell morphology (PALMD), cell cycle
progression (e.g., MTOR, TMEMI14B), and gene
expression (e.g., HOPX, SOX9, TBCID3, YAP;
Andrews and others 2020; Florio and others 2018;
Giiven and others 2020; Ju and others 2016; Kalebic and
others 2019; Kostic and others 2019; Liu and others
2017; Lui and others 2014; Nowakowski and others
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2017; Suzuki and others 2018; Vaid and others 2018;
Xing and others 2020).

Another cellular process, cell metabolism, has recently
been identified as a regulator of human neocortical BP
expansion (Namba and others 2020). Human BPs
expressing a human-specific mitochondrial protein
ARHGAPI1I1B utilize glutaminolysis, a metabolic path-
way that converts glutamine to a-ketoglutarate (aKG)
via glutamate, to expand their number. Interestingly,
another recent study showed that glutaminolysis is also
regulated by a microcephaly-associated gene MCPHI
(Journiac and others 2020), suggesting that an impair-
ment of glutaminolysis could lead to microcephaly. These
findings prompt us to review and discuss how glutami-
nolysis regulates human BP expansion, and thereby the
evolutionary enlargement of the human neocortex. This
review does not cover morphological dynamics of mito-
chondria, which is another important aspect of NPC
metabolism. Readers interested in this topic may kindly
refer to recent seminal review articles (Iwata and
Vanderhaeghen 2021; Khacho and others 2019).

Cell Metabolism in Neural Stem and
Progenitor Cells: An Overview

Most of our knowledge regarding metabolic pathways
in NPCs has been obtained from studies using mice. It
has been shown that different NPC types exhibit distinct
metabolic activities. To provide an overview of the met-
abolic pathways in NPCs, we shall start from an exten-
sively studied metabolic pathway, glycolysis, to the
tricarboxylic acid (TCA) cycle, which supplies oxida-
tive phosphorylation (OXPHOS) with metabolites to
produce ATP (Fig. 2).

Glycolysis

The most well studied and widely utilized energy source
for cells is glucose. Glucose is taken up into cells through
glucose transporters and then catabolized through the
process called glycolysis. The first step of glycolysis is
glucose phosphorylation by hexokinase. This phosphory-
lation produces glucose 6-phosphate, which is processed
further in the glycolytic pathway.

As a result of glycolysis, one glucose is finally con-
verted into two pyruvates. In this process, cells con-
sume two ATP to produce four ATP. Pyruvate is then
transported to the mitochondria where it is converted
to acetyl-CoA, which fuels the TCA cycle. Under
anaerobic conditions, pyruvate is converted into lac-
tate. Pyruvate to lactate conversion can also happen in
rapidly dividing cells, like cancer cells, under aerobic
conditions (referred to as the Warburg effect; Lunt and
van der Heiden 2011).

Mouse neocortical aRG show higher glycolytic lactate
production compared with bIPs (Khacho and others
2016). The relatively high glycolytic lactate production in
aRG is presumably due to a hypoxic environment of the
VZ (Komabayashi-Suzuki and others 2019; Lange and
others 2016b). Since the onset of angiogenesis in the VZ
is slightly later than the onset of aRG expansion, the aRG
initially undergo symmetric proliferative division in a
hypoxic environment (Komabayashi-Suzuki and others
2019; Lange and others 2016b). Interestingly, even after
the onset of angiogenesis, the VZ has lower blood vessel
density compared with the SVZ, suggesting that the lower
oxygen availability primes aRG to exhibit higher glyco-
lytic lactate production throughout neocortical develop-
ment. Sustained expression of hypoxia inducible factor
la (HIF-1a), a transcription factor stabilized by hypoxia,
in the aRG throughout corticogenesis supports this notion
(Komabayashi-Suzuki and others 2019; Lange and others
2016a). While the cell soma of aRG is always located in
the VZ, the basal process spans from the VZ to the pia.
Therefore, the oxygen availability is likely different
between the cell soma and the basal process, suggesting
that aRG might have distinct glycolytic activities within
one cell.

A pathological condition has been described, in which
reduced angiogenesis could potentially lead to thinning of
the cortices and microcephaly-associated disorders.
Specifically, deficiency of MFSD7¢, an endothelial trans-
porter of the brain blood vessels, results in decreased growth
of blood vessels in the VZ and SVZ. In addition, mouse
embryos lacking this protein exhibited severe hypoxia and
neuronal cell death, potentially leading to reduced brain
growth and microcephaly-associated disorders (Kalailingam
and others 2020; Meyer and others 2010).

Glucose 6-phosphate is a crossroad of different meta-
bolic pathways. In addition to glucose, glucose 6-phosphate
is also provided by a catabolic pathway called glycogenoly-
sis. This pathway is particularly interesting because aRG
are known to be enriched in glycogen (Gressens and Evrard
1993). Furthermore, glucose 6-phosphate is diverted to
the pentose phosphate pathway (PPP), which consists of
the oxidative and the nonoxidative phase, and produces
glyceraldehyde 3-phosphate and fructose 6-phosphate
while generating NADPH. Silencing of transketolase, a
key enzyme of the nonoxidative branch of PPP, reduces
cell proliferation of hippocampal NPCs (Zhao and others
2009) and tumor cells (Xu and others 2016), suggesting that
PPP might be important for neocortical NPCs as well.

TCA Cycle

Pyruvate, a final product of glycolysis, is transported into
the mitochondria by mitochondrial pyruvate carriers
(MPC1 and MPC2). Pyruvate is then converted
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Figure 2. Metabolic pathways in NPCs. Metabolic pathways relevant to the NPC proliferation are color-coded as follows:
turquoise, glycolysis; yellow, pentose phosphate pathway; purple, serine synthesis; blue, fatty acid synthesis; brown, cholesterol
synthesis; red, amino acid and nucleotide synthesis; magenta, glutaminolysis; green, the three-quarter TCA cycle. The mitochondrial
compartment is indicated in light green. aKG, a-ketoglutarate; CoA-SH, coenzyme A; Fructose 6P, fructose 6-phosphate; GA3P,
glyceraldehyde 3-phosphate; Glc, glucose; Glc IP, glucose |-phosphate; Glc 6P, glucose 6-phosphate; OAA, oxaloacetate; PEP,
phosphoenolpyruvic acid; TPP, thiamine pyrophosphate. Proteins important for glutaminolysis are indicated in red.

into acetyl-CoA by pyruvate dehydrogenase. Acetyl-CoA
transfers its own two carbons to oxaloacetate (OAA), which
originates from pyruvate or amino acids, to form citrate
(Fig. 2). Citrate is then converted into o-ketoglutarate
(aKG) via isocitrate. The conversion of aKG to succinyl-
CoA by a-ketoglutarate dehydrogenase (KGDH) complex
is an important step in the TCA cycle for brain development
since this is where the interchange of the TCA cycle and
glutaminolysis occurs (see below). Succinyl-CoA is then
converted into OAA through multiple intermediate metabo-
lites, that is, succinate, fumarate, and malate (Fig. 2).
While the major role of the TCA cycle is to provide
NADH and FADH, for OXPHOS (see below), each inter-
mediate metabolite of the TCA cycle is also important for
anabolic pathways (Berg and others 2002). For example,

citrate is used for the synthesis of lipids and o KG is used
to produce nonessential amino acids. In addition, path-
ways starting from oxaloacetate can produce glucose
(gluconeogenesis), amino acids, and nucleotides. To sus-
tain the efflux of these TCA intermediates (cataplerosis),
the cells must replenish them with a similar influx
(anaplerosis). An important anaplerotic source is the
amino acid glutamine and its metabolism, a process
called glutaminolysis (DeBerardinis and others 2008;
Lunt and van der Heiden 2011).

Oxidative Phosphorylation

Oxidative phosphorylation (OXPHOS), also known as
the electron transport chain, is the main source of energy



Gkini and Namba

181

under aerobic conditions. During OXPHOS, NADH and
FADH, from the TCA cycle transfer electrons to O, while
generating ATP (Berg and others 2002). In principle, one
NADH and one FADH, generate three and two ATP,
respectively; thus, one glucose can provide the OXPHOS
with NADH and FADH,, through glycolysis and the TCA
cycle, to generate 34 ATP. The other possible source of
NADH and FADH, is beta oxidation of fatty acids
(Cooper 2000). It has been shown that OXPHOS activity
gradually increases along with neuronal differentiation
(Khacho and others 2016). In the mouse embryonic neo-
cortex, bIPs exhibit higher OXPHOS activity than aRG
(Khacho and others 2016). Since impairment of Cptl and
trimethyllysine dioxygenase (TMLHE), key molecules of
the beta oxidation of fatty acids, mainly affects aRG
abundance (Bankaitis and Xie 2019; Knobloch and others
2017; Xie and others 2016), bIPs may utilize NADH and
FADH,, which are produced by the TCA cycle.

As discussed above, the higher OXPHOS activity of
the bIPs might be a response to the relatively higher
oxygen availability from the blood in the SVZ
(Komabayashi-Suzuki and others 2019; Lange and oth-
ers 2016a). These differences are also observed in the
adult mouse hippocampus (Knobloch and Jessberger
2017). Quiescent neural stem cells show lower OXPHOS
and exhibit higher glycolysis than the intermediate pro-
genitor cells in the adult mouse hippocampus, suggest-
ing that the changes in OXPHOS and glycolysis activity
along with neuronal differentiation are commonly
observed in NPCs at various developmental stages. In
contrast to NPCs in the embryonic neocortex, these two
types of hippocampal NPCs are localized in the same
germinal zone, namely, subgranular zone, thus their
oxygen availability should not be different. It is interest-
ing to understand alternative mechanisms, other than
oxygen availability, which regulate the balance of
OXPHOS versus glycolysis in NPCs.

Other important molecules produced by OXPHOS are
the peroxides superoxide and hydrogen peroxide, known
as reactive oxygen species (ROS). In a classical view,
ROS are cytotoxic molecules causing oxidative stress, for
example, DNA damage and oxidation of protein and lip-
ids (Sies and Jones 2020). Recent studies, however,
revealed a new role of ROS as signal molecules (Bigarella
and others 2014). In mouse embryonic neocortex, mito-
chondrial ROS production is higher in bIPs relative to
aRG (Khacho and others 2016). The mitochondrial ROS
production in bIP induces the expression of genes that
lead to neuronal differentiation (Khacho and others
2016), suggesting that ROS produced in the mitochondria
are exported out of the mitochondria to exert their func-
tion. Indeed, inhibition of ROS leakage from mitochon-
dria, so called ROS flash, promotes NPC proliferation
(Hou and others 2012).

Taken together, NPCs need to maintain a balance of
glycolysis, TCA cycle, and OXPHOS activity, in order to
produce enough ATP and other metabolites for cell prolif-
eration, while keeping moderate ROS levels. Because
higher lactate-producing glycolysis can suppress the
activity of the TCA cycle, this metabolic balance might
require an additional fuel source, that is, glutaminolysis.

Glutaminolysis in Neocortical
Development, Evolution, and
Disorders

Glutaminolysis in Neocortical Development
and Evolution

Glutaminolysis is the process by which glutamine is con-
verted to glutamate and then to aKG (Yang and others
2017, Fig. 2). Recent studies have shown that glutami-
nolysis is crucial to neocortical development (Journiac
and others 2020; Molinari and others 2009; Namba and
others 2020), and interestingly its activity varies among
species. Glutaminolysis is present both in mouse and
human aRG (Journiac and others 2020), whereas only
human BPs, not mouse BPs, exhibit glutaminolysis
(Namba and others 2020). Pharmacological inhibition of
glutaminolysis in both human fetal BPs and mouse early
aRG reduces their proliferative capacity, showing that
glutaminolysis is required for NPC expansion (Journiac
and others 2020; Namba and others 2020). In conclu-
sion, glutaminolysis contributes to two different events:
aRG expansion at an early stage of neocortical develop-
ment and BP expansion at mid to late stages. However, in
mice, glutaminolysis acts only in the aRG expansion.
Therefore, the evolutionary expansion of BPs can be
partly attributed to glutaminolysis. In this section, we
use the term BP to indicate both bIP and bRG, since it
remains to be addressed which BP subtypes exhibit glu-
taminolysis in the human fetal neocortex. However, we
can infer that at least bRG might exhibit promoted gluta-
minolysis since aRG and bRG share gene/protein expres-
sion profiles in the human fetal neocortex, including
ARHGAPI11B and MCPHI, as described below (Florio
and others 2015; Journiac and others 2020; Namba and
others 2020).

What mechanisms drive glutaminolysis in NPCs?
Here we will introduce two independent, yet mechanisti-
cally interconnected pathways controlling glutaminolysis
in NPCs: pathways involving ARHGAP11B and MCPH1/
Mcphl. ARHGAP11B is a mitochondrial matrix protein
that is encoded by the human-specific gene ARHGAP11B
(Florio and others 2015; Namba and others 2020) and
regulates BP expansion (reviewed in Namba and Huttner
2017). During human evolution, an ancestral (evolution-
arily conserved) gene ARHGAPI114 underwent partial
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Figure 3. Mitochondrial calcium ion regulation and
glutaminolysis in NPCs. Endoplasmic reticulum (ER)-
mitochondrial coupling mediated by IP3R, GPR75, VDACI,
and MCPH | induces Ca?" influx to mitochondria through
MCU. The mitochondrial permeability transition pore
(mPTP) works with VDACI and ANT for Ca?* efflux from
mitochondria. ARHGAPI IB inhibits mPTP through an
interaction with ANT. As a consequence, the mitochondrial
Ca?" concentration is increased, thereby KGDH is activated.
The activated KGDH consumes a-ketoglutarate (aKG) and,
in turn, induces glutaminolysis, which finally leads to NPC
expansion. Outer and inner mitochondrial membrane (OMM
and IMM, respectively).

gene duplication followed by a mutation in a splice donor
site (Florio and others 2016). The partial gene duplica-
tion, which happened just after the lineage split between
human and chimpanzee (around 5 million years ago),
resulted in an ancestral isoform of ARHGAP11B (Florio
and others 2016). The molecular function of the ancestral
ARHGAPI11B appears to be similar to ARHGAPI1A. It
exhibits nuclear localization, a GTPase-activating protein
(GAP) activity, and no effect on BP expansion (Florio
and others 2016). Thereafter, the splice donor site muta-
tion occurred on the ancestral ARHGAPIIB, and this
mutation generated modern ARHGAP11B, which lost the
molecular features of ARHGAP11A (Florio and others
2016), while exhibiting novel subcellular localization and
functions (Namba and others 2020). While both
ARHGAPI11A and ancestral ARHGAP11B are localized
in nuclei, modern ARHGAP11B is found in mitochondria
(Namba and others 2020). In mitochondria, ARHGAP11B
binds to adenine nucleotide translocators (ANTS).
ARHGAP11B does not affect the ADP-ATP exchanging
ability of ANT; however, it inhibits opening or assembly
of the mitochondrial permeability transition pore (mPTP),
which regulates mitochondrial Ca?* concentration by
releasing Ca?* from mitochondria to cytosol (Doczi and

others 2016; Halestrap and Richardson 2015). Its inhibi-
tion by ARHGAP11B increases mitochondrial Ca>* con-
centration (Fig. 3). Ca®>" is a known regulator of various
enzymes driving the TCA cycle (Denton and others 1972;
Williams and others 2015). Of those enzymes, the KGDH
complex activity in NPCs, but not in neurons, is known to
be increased by mitochondrial Ca?* concentration due to
distinct splicing isoforms (Zheng and others 2016).
Therefore, an increase in mitochondrial Ca®>" concentra-
tion by ARHGAP11B might activate the KGDH com-
plex. This in turn accelerates o KG consumption and,
consequently, induces compensatory aKG production
through glutaminolysis (Fig. 3).

The other pathway controlling glutaminolysis in
NPCs is regulated by MCPH1/Mcphl, a microcephaly-
associated protein (Journiac and others 2020). MCPH1/
Mcphl is expressed both in aRG and bRG in human
fetal neocortex, but only in aRG in mouse embryonic
neocortex (Journiac and others 2020). In the early neu-
rogenic period, aRG produce a limited number of neu-
rons but mainly expand their number by symmetric
division (Namba and Huttner 2017). A recent study has
shown that glutaminolysis in early aRG in mouse neo-
cortex depends on Mcphl. While Mcphl was originally
identified to be linked to the centrosome during cell
cycle (Gruber and others 2011; Thornton and Woods
2009), it has been shown to be localized at mitochondria
as well (Journiac and others 2020). Mcph1 binds to volt-
age-dependent anion-selective channel 1 (VDACI), a
mitochondrial outer membrane protein, and G-protein
coupled receptor 75 (GPR75), which bridges VDACI to
inositol-triphosphate receptor (IP3R) on endoplasmic
reticulum (ER; Fig. 3). Since Mcphl interacts with both
VDACI1 and GPR75, it might facilitate the indirect
interaction between VDACT1 and IP3R, thereby strength-
ening ER-mitochondria coupling. The ER-mitochondrial
coupling allows Ca’* influx from the ER into mitochon-
dria (Szabadkai and others 2006); therefore, Mcphl-
expressing mitochondria  exhibit  higher  Ca?*
concentration. As described above, elevated mitochon-
drial Ca®* concentration might lead to an activation of
glutaminolysis. Interestingly, VDACI is a known com-
ponent of mPTP (Karch and Molkentin 2014). If
ARHGAPI11B could inhibit an assembly of mPTP, the
presence of ARHGAP11B might increase the proportion
of VDACI acting on the ER-mitochondrial coupling
rather than participating in mPTP.

These two proteins, ARHGAP11B and MCPHI1, con-
trol mitochondrial Ca?" concentration, and thereby gluta-
minolysis, through two distinct mechanisms: inhibiting
Ca’" release from mitochondria and promoting Ca’*
influx into mitochondria (Fig. 3). During the normal neo-
cortical development, these two mechanisms might coop-
erate to maximize their effects on mitochondrial Ca?*
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concentration. Compromising their cooperation might
potentially lead to abnormal development of neocortex
(see below). These results suggest that mitochondrial
Ca’* concentration is a key regulator of NPC prolifera-
tion. Notably, increased mitochondrial Ca>* concentra-
tion in cancer cells promotes cell proliferation when
mPTP is inhibited (Marchi and others 2019); thus, this
mechanism seems to be shared among highly proliferat-
ing cells.

How does glutaminolysis regulate cell proliferation?
The final product of glutaminolysis, aKG, is utilized by
multiple cellular processes including the TCA cycle
(Abla and others 2020; Maus and Peters 2017; Yang and
others 2017). Cells exhibiting higher glutaminolysis fuel
the TCA cycle with aKG, which in turn could produce
more ATP. Concurrently, the TCA cycle could become
less reliant on the acetyl-CoA supply from glycolysis. As
a consequence, the cycle may stop at oxaloacetate, which
is a starting metabolite for nucleotide and amino acid
synthesis, as well as gluconeogenesis. This incomplete
TCA cycle, which we have named the 3% TCA cycle
(Namba and others 2021), allows glycolysis to produce
critical metabolites for various anabolic pathways rather
than fueling the TCA cycle. One example is 3-phospho-
glycerate, an intermediate metabolite of glycolysis
important for serine synthesis. Mutations in enzymes
regulating serine synthesis from 3-phosphoglycerate are
known to cause microcephaly (Acuna-Hidalgo and oth-
ers 2014). Given that microcephaly is mainly attributed
to an impairment of NPC proliferation, the serine synthe-
sis from 3-phosphoglycerate might regulate NPC prolif-
erative capacity.

Besides the TCA cycle, aKG is involved in amino
acid biosynthesis, as well as lipid, especially fatty acid,
metabolism. Fatty acid synthesis is particularly important
for NPC proliferation since imbalanced fatty acid synthe-
sis, triggered by a fatty acid synthase (FASN) whose
mutant is associated with intellectual disability
(Najmabadi and others 2011), reduced aRG proliferation
in human cerebral organoids (Bowers and others 2020).
Furthermore, a regulator of intracellular fatty acid traf-
ficking, fatty acid binding protein 7 (FABP7; also known
as brain lipid binding protein, BLBP; Kagawa and others
2019), has been shown to be crucial for both neuroepithe-
lial cells/early aRG proliferation and their morphology
(Arai and others 2005). Interestingly, both aRG and bRG,
but not bIP, express FABP7. Since the elongated mor-
phology of aRG and bRG is known to be a prerequisite of
their higher proliferative capacity (Kalebic and Huttner
2020; Kalebic and Namba 2021), fatty acid metabolism
might regulate aRG morphology which in turn influences
their proliferative capacity.

Moreover, it acts as a co-substrate for the oaKG-
dependent dioxygenases, which are responsible for

epigenetic regulations (Abla and others 2020; Herr and
Hausinger 2018; Islam and others 2018). The role of
oKG in epigenetics is well studied in tumorigenesis.
Several mutations have been identified in isocitrate dehy-
drogenases (IDH), which are encoded by the /DHI and
IDH?2 genes (Pirozzi and Yan 2021). The wild type IDH
catalyzes isocitrate to o KG in the TCA cycle. In contrast,
the oncogenic mutations endow IDH to possess a novel
function, that is, mediating aKG to D-2-hydroxyglutarate
(D-2HG) conversion. Because of the structural similarity
between aKG and D-2HG, D-2HG inhibits oKG-
dependent dioxygenases, such as histone demethylases,
which demethylate histones, and Ten-eleven transloca-
tion (TET) enzymes, which convert DNA methylation
from 5-methyl-cytosine to 5-hydroxy-methylcytosine. As
a consequence of the inhibition, cells exhibited an altered
epigenetic status, which may inhibit proper cell differen-
tiation (Pirozzi and Yan 2021). Conversely, increased cel-
lular aKG level is known to induce differentiation of
human pluripotent stem cells by altering histone methyla-
tion (TeSlaa and others 2016). These studies suggest that
glutaminolysis regulates the balance of cell proliferation
versus differentiation through aKG production followed
by epigenetic modification. Since epigenetic regulation is
known to control NPC proliferation versus differentiation
as well (Albert and others 2017; Hirabayashi and Gotoh
2010), it is particularly interesting to study the relation-
ship between glutaminolysis and epigenetics, and its role
in the evolutionary expansion of human fetal BPs.

The intermediate metabolite of glutaminolysis, gluta-
mate, plays an important role in cell proliferation through
glutathione synthesis (Lisowski and others 2018).
Glutathione is a tripeptide consisting of glutamate, cyste-
ine, and glycine, and exists in reduced and oxidized states
that are important for exhibiting its antioxidative activity.
Glutathione is synthesized in the cytosol and then trans-
ported into the mitochondria. Glutathione neutralizes
ROS by oxidizing itself to prevent excessive oxidation of
mitochondrial proteins, lipids, and DNA. In addition, as
we have discussed above, transient efflux of ROS from
mitochondria promotes NPC differentiation (Hou and
others 2012). Therefore, neutralization of ROS by gluta-
thione can maintain the stemness of NPCs.

Where Does Glutamine Come From?

As we discussed above, glutamine appears to be an
important metabolite for NPC proliferative capacity, but
from where do the NPCs obtain glutamine? We propose
three possible sources: cerebrospinal fluid (CSF), blood,
and astrocytes. CSF fills the lateral ventricle and is known
to be enriched in various metabolites (Wishart and others
2008). The apical membrane of aRG faces the lateral ven-
tricle, and therefore can take various metabolites from the
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CSF. Since the onset of angiogenesis in the VZ is later
than the period when aRG exhibit glutaminolysis, the
major source of glutamine in the VZ might be the CSF.

The second possibility is blood. While glutamine in
blood does not cross the blood-brain barrier (BBB) in
adult brain, glutamine can permeate the brain paren-
chyma of early fetus because the BBB is still immature
(Goasdoué and others 2017). Therefore, at the time when
aRG are expanding their pool, they are possibly utilizing
glutamine from blood. However, the structure of the
human BBB becomes indistinguishable from that of the
adult one by 16 weeks post conception (wpc; Goasdoué
and others 2017). Therefore, by the time the OSVZ is
fully established, the BBB is fully matured and does not
allow glutamine to cross the barrier.

The third possible source is astrocytes. In the adult
brain, astrocytes take in various metabolites (e.g., glu-
cose), which cross the BBB and convert them to metabo-
lites for other brain cells (Garcia-Caceres and others
2019). In contrast to the mouse neocortex, in which astro-
gliogenesis occurs only during the perinatal to neonatal
period and overlaps with neurogenesis very little, human
astrogliogenesis starts around 16 wpc and overlaps with
neurogenesis until the neurogenesis ends around 28 wpc
(van den Ameele and others 2014). As there are many
astrocytes observed in the OSVZ (Yang and others 2021),
they may supply glutamine for BPs. The importance of
astrocytes in neocortical expansion has been suggested in
the macaque monkey (Rash and others 2019).

Glutaminolysis in Neurodevelopmental
Disorders Associated with Abnormal Brain
Size

Studying the etiology of neurodevelopmental disorders is
a powerful way to understand the relevance of glutami-
nolysis to human neocortical development. Of several
neurodevelopmental disorders, primary (congenital)
microcephaly and megalencephaly are the ones caused by
impaired or excessive NPC expansion, respectively
(Juric-Sekhar and Hevner 2019; Mirzaa and others 2004;
Pinson and others 2019; Verloes and others 1993; Zhang
and others 2020). Since both malformations affect higher
cognitive functions, developing brain with proper size,
not too small nor too large, is important. Here we focus
on microcephaly and megalencephaly-associated neuro-
developmental disorders, which are linked directly to
glutaminolysis.

Mutations in asparagine synthetase (ASNS), which
converts glutamine to glutamate along with the conver-
sion of aspartate to asparagine, cause microcephaly in
human (Ruzzo and others 2013). The mutations (A6E
and F362V) lead to destabilization of the protein, and
thus the protein expression is significantly reduced,

suggesting that loss of ASNS protein is the cause of
microcephaly. This finding is corroborated by an Asns
knockout mouse, which exhibits smaller brain size
(Ruzzo and others 2013).

Since MCPH1/Mcphl has been shown to control
mitochondrial Ca?* concentration, and thereby glutami-
nolysis (Journiac and others 2020), dysregulation of
mitochondrial Ca?>* homeostasis might contribute to the
etiology of microcephaly. Extracellular Ca’** enters the
mitochondrial intermembrane space through VDACI in
the outer membrane, and then it moves into the matrix
through a Ca’?* channel in the inner membrane called
mitochondrial Ca?*  uniporter (MCU; Fig. 3).
Dysregulation of MCU activity caused by mutations in
mitochondrial calcium uptake 1 (MICU1), a regulatory
component of the channel, leads to abnormal brain devel-
opment including microcephaly (Logan and others 2014).

Mitochondrial Ca’* concentration regulates the
KGDH complex activity. The KGDH complex needs a
coenzyme, thiamine pyrophosphate (TPP), to exhibit its
activity. Mutations in a gene encoding the mitochondrial
TPP carrier, SLC25419, have been identified as a cause
of microcephaly (Bottega and others 2019; Kelley and
others 2002; Rosenberg and others 2002); thus, the
KGDH activity may be important for the proliferative
capacity of NPCs.

Another type of cortical malformation associated with
brain size is megalencephaly, which shows overgrowth of
brain. Genetic mutations affecting the mTOR signaling
pathway in the developing brain have been linked to mega-
lencephaly (Barker and Houlston 2003; Poduri and others
2012; Vanhaesebroeck and others 2012). Since mTOR sig-
naling is known to be regulated by cell metabolism and vice
versa (Mossmann and others 2018), there might be an
involvement of cell metabolism in the etiology of megalen-
cephaly. Interestingly, it has been shown that glutaminoly-
sis activates mTOR signaling in mammalian cells (Duran
and others 2012), suggesting that increased activation of
glutaminolysis can lead to over-expansion of NPCs, which
causes a pathologically bigger brain.

Perspectives

Comparative Analysis of Neural Stem/
Progenitor Cell Metabolism

Heretofore our view about NPC metabolism in evolu-
tion has been obtained mainly by comparing two evolu-
tionary fairly distant species, human versus mouse. To
draw a roadmap of the evolutionary metabolic adapta-
tion in NPCs, we need to compare nonhuman primates
with human. To this end, brain organoids would be the
best practical option (Benito-Kwiecinski and others
2021), though there are some potential disadvantages to
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consider. (1) A previous study suggests that human brain
organoids exhibit increased glycolysis compared to the
human fetal neocortex (Bhaduri and others 2020; Pollen
and others 2019). This metabolic shift might hinder the
understanding of the physiological NPC metabolism.
(2) Cells located inside the organoids can only utilize
metabolites produced by their surrounding cells and
those that permeate from the culture medium to the
parenchyma.

To overcome this problem, several studies have tried
to vascularize brain organoids (Cakir and others 2019;
Daviaud and others 2018; Mansour and others 2018; Shi
and others 2020). Interestingly, these vascularized brain
organoids are integrated into the host circulatory system
upon xenotransplantation to postnatal mouse brain
(Daviaud and others 2018; Mansour and others 2018; Shi
and others 2020). Alternatively, the vascularized brain
organoids can be cultured in a millifluidic chip (Homan
and others 2019; Nashimoto and others 2017), which may
provide a “pseudocirculation” to the vasculature system.
Another way to increase availability of metabolites and
oxygen to the cells located inside the organoids is sliced
organoid methods (Giandomenico and others 2019; Qian
and others 2020). These methodological improvements
will enable us to analyze the NPC metabolism in multiple
species in a physiologically relevant environment.

Neural Stem and Progenitor Cell Metabolism
beyond Brain

Recent studies shed light on the role of cell metabolism in
the evolutionary expansion of human neocortex. Since
cell metabolism largely depends on metabolites and oxy-
gen availability (so-called metabolic microenvironment),
it is essential to study NPC metabolism in the context of
cell-to-cell and maternal-fetal communications.

Owing to the development of BBB, neocortical NPCs,
especially BPs, are unable to take essential metabolites
directly from the blood (Garcia-Céceres and others 2019).
The metabolism of NPCs largely relies on a metabolite
supply from endothelial cells and astrocytes (Garcia-
Céceres and others 2019). In addition to these cells, there
is a possibility that other cell types in the OSVZ, such as
neurons and BPs themselves, compose the metabolic
microenvironment. It is well known that highly prolifer-
ating tumor cells exhibit a high level of glycolysis-derived
lactate production, and the lactate is transported out to
extracellular spaces to form a microenvironment that
favors tumor growth (Parks and others 2020).

Metabolite availability in the fetal blood is controlled
by the maternal fetal communication happening in the
placenta. The placenta forms the placenta barrier, which
controls the exchange of molecules between maternal

blood and fetal blood. Fetal circulation, a characteristic
unique to fetuses, consists of blood from the placenta that
bypasses the liver and flows directly to the brain, mean-
ing that metabolite availability in fetal blood is mainly
determined by the placenta (Bowman and others 2021).
Thus, the maternal metabolic status significantly influ-
ences fetal metabolism, and thereby can affect fetal NPC
behavior. Indeed, neocortical development in mouse
embryos is known to be influenced by maternal factors
(Stepien and others 2020). It has been shown that mater-
nal diabetes induced by high-fat diet leads to abnormal
expansion of NPCs and reduction of their neuronal dif-
ferentiation in the mouse embryonic neocortex (Rash and
others 2018), suggesting that maternal diet is a factor that
can influence fetal NPC proliferation and neocortical
development.

During human evolution, dietary availability acted as
a strong selective pressure (Andrews and Johnson 2020;
Cunnane and Crawford 2014; Luca and others 2010).
Ancestral apes are thought to have been as frugivorous as
present-day apes, such as chimpanzees (Andrews and
Johnson 2020; Cunnane and Crawford 2014; Luca and
others 2010). Due to constant climate changes, that hap-
pened around 5-3 million years ago (MYA), the avail-
ability of fruits in the habitat of early hominins
(Ardipithecus and Australopithecus) was gradually
decreased, and as a consequence, the early hominins
adapted to eat a harder and more fibrous diet, such as
roots (Andrews and Johnson 2020; Cunnane and
Crawford 2014; Luca and others 2010). Thereafter around
2 MYA, early Homo, such as Homo habilis, became
omnivorous, including meat, and could utilize tools and
fire to process food to be more digestible (Andrews and
Johnson 2020; Cunnane and Crawford 2014; Luca and
others 2010; Fig. 4). When we take the changes in brain
size into consideration, the brain size expansion hap-
pened only in early Homo, who presumably also ate meat,
but not in the early hominins, suggesting a relationship
between meat diet and brain size expansion. Interestingly,
this timeline appears to coincide with the evolution of the
ARHGAP11B gene: ancestral ARHGAP11B, which does
not stimulate the BP expansion, was generated around 5
MYA, and the modern ARHGAP11B arose sometime
between 5-0.5 MYA (Florio and others 2016; Fig. 4).
Meat, a rich source of protein and fat, can influence the
maternal nutriture, and thereby the metabolite supply to
the fetal brain. In turn, this may have allowed BPs to take
advantage of an evolutionary adapted metabolism,
involving glutaminolysis, at highest efficiency.

Studying NPC metabolism will help us understand
how cells, tissues, organisms, and environment interact
with each other to develop our brain, and ultimately, what
makes us human.
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