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ABSTRACT

Among primates the human brain is the largest in size, exhibiting a higher neuronal density and connectivity. The prolonged
expansion and subsequent connectome reorganization of the human brain have been suggested to promote higher cognitive and
behavioral abilities. The notable variations in cognitive functions between human and nonhuman primates do not exclusively re-
side in neuronal abundance and connectivity but are also linked to a higher complexity in glial cells' morphology and functions at
earlier time points, during embryonic brain development. Here we discuss two features of the human brain and their reciprocal
connection. One feature is the high metabolic need of the developing and adult human brain. The other is its prolonged matura-
tion, also known as neoteny. Even though the human brain occupies only a small percentage of the body mass, it is the highest
consumer of glucose and oxygen. Among all brain cells, neurons have a great energy demand. Comparative studies suggest that
increased glucose consumption and energy metabolism are positively correlated with higher cognitive abilities in humans. In
line with the essential role of metabolism as a regulator of brain functions, recent breakthrough works have uncovered the cor-
relation between metabolism and the timing of brain and neuron maturation during evolution. In this review, we specifically
focus on the role of time in the evolution of the human brain and its synapses, focusing on the involvement of tissue, cellular, and
subcellular metabolism.

1 | Introduction Human Genome Project, we managed to trace our lineage back

to the common ancestor shared with chimpanzees, about 7-13

1.1 | From Great Apes to Human Lineage

Humans stand out for their impressive cognitive abilities and
singular behaviors. The recognition of the core features that
define our uniqueness has fascinated researchers throughout
history, therefore directing the study of the human brain in its
evolutionary aspects. Syntactic-grammatical language, abstrac-
tive thought, planning skills, individual reminiscence, cultural
and technological heritage transmission are some of the most
compelling aspects that set us apart from the African great apes,
our closest taxonomically living relatives [1].

Through the analysis of nonhuman primate's genome, whose
sequencing started only a few years after the completion of the

million years ago (Figure 1) [2]. This analysis also allowed the
estimation of Neanderthals—Modern Humans splitting times,
that approximately happened 400-800 thousand years ago
(Figure 1) [3, 4].

Granted that higher refined and sophisticated conceptual and
emotional processing embody the fundamental attribute of our
species, we must consider that its functional bases have evolved
from the cognitive frameworks inherited from our ancestors
[5]. The identification of similarities and differences between
human and non-primates’ nervous systems will uncover the
neurobiological structural and functional features that made
human lineaging possible, delving deeper into human neurode-
velopment and disease.
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FIGURE 1 | Illustration of the evolutionary tree showing the split-
ting of chimpanzee, neanderthal and human (modified from Mora-
Bermudez et al. 2022).

1.2 | Timing and Brain Evolution

A key concept in understanding differences and similarities be-
tween human and non-human primates is heterochrony, the
evolutionary change in timing or rate of developmental and matu-
ration events. Humans exhibit a prolonged period of juvenile-like
features, which is particularly relevant if we consider the central
nervous system maturation process. The entire brain, especially
associative regions of the neocortex, requires a longer time to ma-
ture [6]. This implies that humans are susceptible to environmen-
tal stimuli to a more considerable extent compared to their living
relatives, contributing to a more sophisticated shaping of cogni-
tive, emotional, and social skills [6]. This feature might represent
a two-sided coin. It might be beneficial as it enables humans to
better integrate external stimuli over time, shaping a more com-
plex and adaptive brain. However, it might have made our brain
more sensitive to external insults, and therefore more prone to de-
velop environment-dependent diseases and alterations. Two phy-
logenetic windows are relevant when considering human history.
The first deals with the comparison of humans with apes, and the
second with the comparison of modern humans with ancient and
extinct humans, like Neanderthals and Denisovans.

We will here review what has been discovered regarding the role
of metabolism as regulator of human brain development and evo-
lution. The review will cover (i) general considerations regarding
brain metabolism with a focus on (ii) metabolism in the develop-
ing brain, (iii) the emerging role of mitochondria as regulators of
the timing of brain development and function, (iv) synapse evolu-
tion, and (v) the role of astrocytes. We decided to focus specifically
on humans and apes. As for the comparison between humans and
other mammals (notably rodents), the reader can refer to the ex-
cellent reviews and original papers by colleagues cited in the text.

1.3 | Human Nervous System Structure: An
Evolutionary Perspective

The human brain is the largest among extant taxa, about
three times the size of chimpanzees' [7], boasting the higher

neuronal density and consequently leading to the highest
neuronal count [8]. The allometric expansion of the human
brain likely promoted the reorganization of the connectome,
as highlighted by considerable changes in gyral anatomy,
thereby resulting in amplified computational abilities and
promoting behavioral skills [9]. Differential evolutionary scal-
ing of specific brain regions, including prefrontal associative
areas, may have supported enhanced connectivity with high-
order networks and the emergence of specialized cognitive
functions [10].

There are notable variations in terms of morphology and dis-
tribution of brain cells between primate species, concerning
both neurons and glia. While interneuron subtypes are con-
served across species, significant differences exist in their
gene-expression profiles, relative abundance, and laminar dis-
tribution; variations that [11, 12] could affect circuits integration
and species-specific computational properties. Glial cells also
show evolutionary divergencies, as highlighted by transcrip-
tomic profiling [13]. Human astrocytes exhibit a higher archi-
tectural complexity and functional differences in modulating
signal transmission and neuronal plasticity [14-16]. Given that
glial cells represent a significant portion of the mammalian
brain, their role in evolution is critical and warrants thorough
investigation.

In the field of comparative neurobiology, pyramidal neurons have
been a focal point of study due to their essential role in higher
cognitive functions. Human pyramidal neurons display more
extensively branched dendrites, as well as greater spine density
compared to those of nonhuman primates, thus bearing the high-
est density of synaptic inputs per dendritic segment (Figure 3)
[17-20]. Additionally, spines themselves exhibit an increased size
of their head and neck, features possibly related to different func-
tional properties [20, 21]. Of note, the most significant increase
in length occurs in the apical dendrites of both upper-layer and
deep-layer pyramidal neurons [17]. This characteristic is linked
with diverse compartmentalization of electrical signals, under-
lying distinct synaptic integration capabilities. These are some
of the numerous phenotypic features that make humans differ
from nonhuman primates, and it is likely that many of them arise
during brain development. To focus on these early stages is thus
essential to highlight what makes the human brain unique.

1.4 | Metabolome Divergence in the Primate
Lineage

A key difference in the primate lineage has been observed in
the brain metabolome. The Khaitovich group has reported that
the metabolome of human and apes diverges most dramatically
in the muscle and brain tissue, likely reflecting differences in
motor and cognitive abilities between human and great apes. In
addition, the metabolic differences in the brain are more pro-
nounced in the prefrontal cortex compared to the cerebellum.
Of note, the cerebellum is crucial for motor control, while the
prefrontal cortex is the seat of higher cognitive functions, and
it is the brain area that underwent the biggest change during
evolution. These data suggest that metabolic rewiring might be
associated with the evolution of the brain and the development
of higher cognitive functions [22].
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1.5 | The Metabolic Demands
of the Developing Brain

The brain is a highly energy-demanding organ, consuming ap-
proximately 20% of the body's oxygen, despite accounting for
only 2.5% of total body weight. Its profoundly elaborate cellular
architecture relies on a finely tuned array of regulatory mecha-
nisms that ensure the precise spatio-temporal delivery of energy
substrates in an activity-dependent manner [23]. This energy de-
pendence is most evident during development, a prolonged and
metabolically intensive process that extends over two decades
in humans.

During early neurodevelopment, the central nervous system un-
dergoes extensive remodeling. Cortical neurogenesis proceeds
at a remarkable pace, with approximately 3.8 million neurons
generated per hour, while synaptogenesis, the formation of syn-
aptic connections, advances as rapidly, with up to 42.3 million
synapses per minute in the late fetal and early postnatal neocor-
tex [6]. These processes impose massive bioenergetic demands,
sustained by metabolic pathways whose species-specific charac-
teristics set the timing of neurodevelopment [24, 25].

Interspecies comparisons have revealed distinctive mitochon-
drial features during early neuronal differentiation [24, 25].
However, the metabolic shifts underlying later stages, such as
synaptogenesis, are only partially understood. In the following
sections, we will first explore the molecular mechanisms under-
lying brain evolution with a focus on mitochondria.

1.6 | Developmental Mechanisms Underlying
Evolution

All neurons forming the neocortex are generated from neural
stem and progenitor cells during embryonic brain development.
The differences in the final number of neurons in the adult
brain are therefore determined by the number and variety of
neural stem and progenitor cells (NPCs), by their proliferation
and differentiation potential and by the sheer duration of the
neurodevelopmental process. In line with that, animals with a
larger brain—such as humans—show a protracted neurogenesis
process, and so more progenitor cells can take part in the neo-
cortex growth: this is reflected at the tissue level by an increase
in the size and complexity of the outer subventricular zone in the
human neocortex [26].

Compared to other primates, the greater expansion of the
human cortex is enabled at the cellular level by more diverse
populations of NPCs, with an increased proliferative potential
[27-29]. Interestingly, proliferating and self-renewing progeni-
tors show striking differences in metabolism, with proliferating
progenitors showing higher glycolysis with lactate production
and lower OXPHOS compared to self-renewing and differentiat-
ing progenitors and neurons. OXPHOS is also present in cancer
cells. These findings suggest that the molecular and metabolic
programs supporting proliferation during evolution and devel-
opment can be hijacked in pathological contexts.

The differences discussed so far most likely reside in human-
specific transcriptional changes during brain development and

maturation. A key gene showing modern human-specific amino
acid (aa) substitution is transketolase-like 1 (TKTL1). A single
aa substitution conferred modern as opposed to ancient-human
TKTLI the ability to amplify basal radial glia, an event that in
turn increases the number of upper-layer neurons generated
during neurogenesis. Interestingly, the ability of TKTL1 to affect
neurodevelopment is strictly dependent on the ability to regulate
its pentose phosphate pathway and to increase the synthesis of
fatty acids. Fatty acids are known as neurodevelopment regula-
tors, and alterations of this pathway are linked to several neuro-
developmental manifestations, including microcephaly. From a
cell biological point of view, the relevance of fatty acids might be
linked to the fact that neural progenitor cells in mammals (and
notably in humans) are highly polarized epithelial cells. Fatty
acids, which are essential components of membranes, might af-
fect brain development by regulating membrane composition,
architecture, and in turn function. In that respect, it would be
interesting to understand if, and which, signaling pathways are
affected by changes in the membrane's fatty acid composition.

ARHGAPI11B was one of the first genes reported to affect the
abundance of basal radial glia cells (bRGss) and in turn to induce
brain folding [30]. Of note, human ARHGAP11B was found to
be a mitochondrial protein affecting the proliferation potential
of neural stem cells by inducing metabolic rewiring by favoring
glutaminolysis, a metabolic pathway that converts glutamine to
glutamate to a-ketoglutarate [31].

The function of the human-specific ARHGAP11 is amplified by
the functional interaction with the ape-specific GLUD2 (gluta-
mate dehydrogenase, a mitochondrial protein). This evolution-
ary synergy favors the production of aspartate from glutamate
and alpha ketoglutarate [32]. Aspartate is an essential amino
acid for the de novo nucleotide synthesis, and its synthesis and
availability represent a limiting step in proliferative cells, such
as bRG during the development of the primate neocortex.

As illustrated by the two examples above, the mitochondrion,
in its role of metabolic hub, is taking central stage as regulator
of brain functions in both neural progenitors and neurons (see
below). Differences have been observed in the morphology of
mitochondria between proliferating and differentiating neural
progenitor cells and among different species. Mitochondrial
morphology is known to correlate with its metabolic activity:
progenitors committed to differentiation show fragmented
mitochondria while proliferating progenitors show elongated
mitochondria. This correlates with the known tendency of frag-
mented mitochondria to undergo high OXPHOS, in contrast to
elongated mitochondria that typically show lower OXPHOS.

1.7 | Mitochondria as Central Players in
Neurodevelopment

Mitochondria are central to the regulation and maintenance of
energy homeostasis, apoptosis, lipid biogenesis, and calcium
buffering. They are highly dynamic organelles, whose plas-
ticity aligns seamlessly with the ever-changing physiological
demands of neurons. The integration of a mature neuron into a
functional brain circuit requires a finely tuned balance between
mitochondrial fusion and fission, as well as precise regulation
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of mitochondrial transport and anchoring [33, 34]. As neurons
mature, mitochondrial biogenesis is progressively upregulated,
leading to a marked increase in mitochondrial content within
the cell. This expansion is not merely quantitative: mitochondria
undergo profound morphological remodeling: enhanced cristae
reorganization associated with the assembly of electron trans-
port chain (ETC) super-complexes, ultimately boosting oxygen
consumption rates (Figure 2) [35, 36].

Mitochondrial shape, size and positioning reflect the metabolic
needs of the specific subcellular compartment they occupy.
Notably, mitochondrial biogenesis predominantly occurs in the
perisomatic region, necessitating their active transport along
microtubules via kinesin and dynein motor proteins to ensure
their proper distribution and turnover across the neuronal
arbor. Mitochondria anchoring in specific sites promotes axonal
branching, and their dwelling at the growth cone influences ini-
tial synapse formation. Moreover, their sustained positioning at
active synapses reflects local energy demands and promotes sta-
bilization, maturation and long-term maintenance of synaptic
connections (Figure 2) [33, 34, 37, 38].

Given their multifaceted role in supporting neurite outgrowth
and branching, synapse formation, and activity-dependent
synaptic plasticity, mitochondria have become a cellular sub-
strate for human brain evolution. While the core machinery
of mitochondrial dynamics is broadly conserved across spe-
cies, the regulatory pathways modulating mitochondrial traf-
ficking, ultrastructure, and metabolic configuration diverge
across cell types and organisms [35, 39, 40]. In humans, mi-
tochondrial maturation unfolds over a protracted timeline
compared to rodents, contributing to a delayed but more elab-
orate and refined neuronal maturation [24, 41]. The neoteny of
human neurons has been linked to increased dendritic com-
plexity, as in the case of cortical pyramidal neurons, providing
a higher degree of connectivity, and thus enhanced integrative
capacity [19, 42-45].

Such cellular architecture is mirrored by evolutionary adapta-
tions at the synaptic level. When compared to chimpanzees or
macaques, human cortical neurons unveil a higher spine den-
sity, with an increase of about 40% in the number of synapses
per dendritic segment [20, 21]. Additionally, compared to those

Dendritic spines formation

and stabilization

Mitochondria anchoring at specific
sites promotes axonal branching

Q(\D/D
/

T Mitochondrial biogenesis

T Cristae remodelling

T ETC super-complexes assembly
T OXPHOS

Ca buffering
ATP supply
NADH supply

L Glycolysis

Sustained position at active synapses
promotes stabilization, maturation and
long-term mantainance

FIGURE 2 | Schematic representation of the mitochondrial role in neuronal maturation, highlighting distinct subcellular compartments and the

specific contributions of mitochondria to their structural development: Dendritic spine maturation (green box), regulation of dendritic branching
(light-blue box), and presynaptic development (orange box). The figure also illustrates the specific role of mitochondria in at the synaptic level (or-
ange callout) and how their physiological processes are regulated throughout neuronal maturation, together with associated metabolic shifts (pink

callout).
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FIGURE3 | Schematic representation of human and chimpanzee cortex and of neuronal branching and dendritic spines maturation in time com-

paring human and nonhuman primates.

of mice, human dendritic spines are larger, with longer spine
necks, corresponding to altered functionalities of excitatory syn-
apses in their integrational abilities in human cortical neurons
[21, 46].

The emergence of these advanced synaptic features in humans
is tightly linked to the protracted course of synaptogenesis
and pruning unique to our species. This process is under-
pinned by the flexible contributions of mitochondria, whose
roles in energy provision and calcium buffering are essential
for synaptic development and plasticity, as discussed in the
following section.

1.8 | Unique Properties of Neuronal Mitochondria
and Their Role in Synaptogenesis

A functional synapse relies on a continuous and substantial
energy supply to sustain its physiological activities: membrane
potential restoration, neurotransmitter synthesis and storage, as
well as trafficking and recycling of synaptic vesicles. These de-
manding processes are largely sustained by mitochondria, stra-
tegically localized in both pre- and postsynaptic compartments,

where they serve distinct but complementary roles. Mitochondria
ensure a constitutive ATP supply and play a critical role in buff-
ering the intracellular calcium influx that occurs during syn-
aptic activity. Regulating calcium concentration is essential
to maintain the synapse conducive for vesicle-mediated neu-
rotransmitter release—especially upon high-frequency stimula-
tion—but also to promote ATP synthesis under increased energy
demands. Calcium promotes the activation of mitochondrial de-
hydrogenases to ensure higher NADH supply, and through the
stimulation of the ATP synthase activity (Figure 2) [47].

The increase of synaptic calcium does not only meet enhanced
ATP requirements but also expands the area of ATP produc-
tion by recruiting mitochondria from the soma to the synaptic
periphery, where they are subsequently halted in metabol-
ically active sites. This strategic redistribution reflects the
refined dynamic adaptation of the mitochondrial network
in response to local energy demands, concerning continuous
remodeling through fission and fusion events. Disruptions of
this balance have been shown to affect dendritic spine density:
experimental inhibition of mitochondrial fission in dendrites
reduces mitochondrial content in dendrites by approximately
40%, impairing postsynaptic bouton formation. On the other
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hand, the promotion of fission increases both mitochondrial
density and thus the number of functional boutons [48, 49].
Moreover, mitochondrial morphology influences calcium
buffering capacity, critically shaping synaptic calcium fluctu-
ations, which in turn affect local protein synthesis and ulti-
mately synaptic plasticity.

In humans, the early years of life are marked by an intense pe-
riod of synapse formation, peaking in mid-childhood (around
the age of 5), followed by a pruning phase that extends until
the third decade of life. In primates, particularly in macaques,
the higher synaptic density occurs around 3 months of age,
with the pruning process concluding by adolescence. Notably,
chimpanzees exhibit a longer synaptogenic timeline than ma-
caques, extending into the late juvenile period [19]. This sug-
gests that the evolutionary delay in neocortical development
and enhanced neuronal plasticity occurred before the diver-
gence of human and chimpanzees' lineages, aligning with the
outcome of enhanced social learning and group-specific be-
haviors [50].

Furthermore, synaptic overproduction prior to pruning is more
pronounced in the supragranular layers, especially concern-
ing pyramidal neurons of cortical association areas, than in
sensory ones [18, 50]. Increased synapse number provides the
groundwork for a more elaborate cortico-cortical connectivity
throughout human evolution. The definition of a mature syn-
apse is itself activity dependent, relying on the incorporation of
pre- and postsynaptic components [51]. Mitochondria, by regu-
lating both energy supply and calcium dynamics, are central to
synaptic potentiation and long-term plastic changes that mod-
ulate information processing. Synapses throughout the whole
lifespan undergo structural and functional changes. This aligns
their strength to the specific physiological responsiveness re-
quired for processing the information they are conveying [52].
Mitochondria influence this process by enabling sophisticated
circuit wiring that characterizes mammalian brain function and
is uniquely advanced in humans.

The most significant evolutionary gain lies in the extended
duration of the synaptic pruning process, which enables for a
prolonged period of circuit refinement, increasing dendritic
compartmentalization and fine-tuning of inhibitory control
[42]. A higher number of synapses at the outset entails more
sophisticated shaping of the central nervous system, expanding
the range of possible final conformations. This extended period
is closely tied to the greater variety of external stimuli humans
experience, which, combined with the inherent flexibility and
plasticity of neural circuits, is believed to underpin humans’
exceptional cognitive abilities. In adulthood, human pyrami-
dal neurons engage roughly twice as many synaptic contacts as
those in nonhuman primates [18]. This suggests a sustained mi-
tochondrial effort to meet the energetic and regulatory need of
these enhanced synaptic networks.

The high vulnerability of the human brain to mitochondrial
dysfunction—highlighted in various neurodevelopmental and
neurodegenerative disorders—further emphasizes the mito-
chondrial central role in brain physiology [53, 54]. A deeper
understanding of how mitochondria contribute to synapto-
genesis and plasticity throughout evolution could not only

shed light on the foundations of human cognitive uniqueness
but also clarify the pathogenesis of human-specific neurolog-
ical disorders.

1.9 | Timing of Neuronal Maturation and Brain
Metabolism

The study of how human species accomplished the higher cog-
nitive abilities and functions compared to nonhuman primates
is fundamental to understanding the biological bases of the
development of highly complex cultures that are unique to our
species. This brings to a crucial question about the human con-
dition: what made possible this type of human-specific develop-
ment [1, 55, 56]?

At the cellular level, human cortical neurons are characterized
by a prolonged process of dendritic and synaptic maturation, as
well as synaptic elimination compared to nonhuman primate
neurons [43, 44]. This results in a higher complexity in den-
dritic branches and a higher spine density in human compared
to chimpanzee (Figure 3) [19]. The specific human neuronal
morphology and network function have been proposed to be
correlated with human-specific increase and changes in tran-
scriptional and metabolism complexity [57-59].

In the specific case of the human cortex, the changes in
mRNA expression during development are prolonged com-
pared to the faster changes seen in chimpanzees [60, 61]. This
is specifically highlighted in the case of synaptic gene expres-
sion where the transcriptional complexity of synaptic-related
genes follows a similar trajectory in human, chimpanzee and
macaque. However, in humans this is shifted by four years,
underlying an important temporal delay [62]. MEF2A, a fun-
damental regulator of synaptic formation and maturation,
has been characterized as one of the regulators that drive the
human-specific transcriptional delay. However, analyzing
human adult brains, it is more abundant compared to chim-
panzee brain [62]. This indicates the split between human
and nonhuman primate lineages as the emergence of higher
cognitive functions. These findings were also reported by
comparative studies based on in vitro systems, providing sim-
pler models to study human brain evolution [43]. The human
brain needs more energy (20% of total energy compared to
13% in great apes) [63]. Interestingly, besides the changes in
energy metabolites such as lactate and creatine, also synaptic
neurotransmission-related metabolites, namely choline, glu-
tamate, and glycine, are different between species and during
brain development. Moreover, it has been shown that these
metabolic changes go hand-in-hand with previously reported
transcriptional changes in neuronal and brain maturation, as
the same pathways are involved [57].

1.10 | Synapse Formation and Lipid Metabolism:
An Evolutionary Perspective

Lipids comprise more than half of the human brain volume, and
they are instrumental for the flow of information in the central
nervous system (CNS) [64]. The crucial role of lipid synthesis
and metabolism in synaptic maturation and function became
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clearer in recent years [65]. The strong correlation between
synaptic lipid composition and long-term potentiation, synaptic
formation and maturation has been shown in the mouse brain
[66-68]. However, species-specific differences during evolution
are poorly understood, and it is unclear whether the different
lipid composition in synaptic membranes has a significant role
in human neuronal neoteny. Despite the increasing interest in
neurons and synapses lipidomics, only a few studies focus on the
relationship between lipids and brain evolution. In 2015, Bozeck
et al. performed a comparative study of species such as mouse,
macaque, chimpanzee and human, on the organization and
evolution of brain lipidome, highlighting two important aspects
(i) the brain compared with nonneural tissues shows a highly
specialized lipidome; (ii) humans present a distinctive enrich-
ment of brain-specific lipids that in turn leads to an acceleration
of lipidome evolution in neocortical regions compared to non-
human primates [69]. Looking into a specific brain region, the
analysis of the lipidome of human and chimpanzee prefrontal
cortex identifies the peak of differential lipid brain composition
during adulthood (between 20 and 35years—human age), as
the human brain, at this life stage, presents a higher lipid vari-
ability and complexity [70]. These findings add a puzzle piece to
explain the emergence of higher cognitive functions in human
evolution.

1.11 | Astrocytes as New Players in Brain
Evolution

Glial cells, in particular astrocytes, play a crucial role in mediat-
ing and fine tuning the flow of nutrients from the blood to neu-
ral cells and ultimately neuronal function.

As mentioned, the human brain represents only 2.5% of the body
mass, but it consumes about 20% of the body's oxygen and 25%
of the glucose to accomplish all the cerebral functions. Glucose
is the main energy source of the brain; neurons are the cells that
have the highest energy demand, and they use this energy for
information processing and signaling.

Many evolutionary studies demonstrated that higher cognitive
functions in humans are associated with an increased glucose
consumption and higher expression of genes related to energy
metabolism [71]. Indeed, the chimpanzee brain uses less than
10% of the body's metabolic resources [72].

The pioneering studies conducted by Sokoloff and colleagues
[73] in awake human beings demonstrated that glucose is al-
most fully oxidized in the brain, where it represents the oblig-
atory energy substrate. More recently, however, other studies in
awake patients demonstrated that under conditions like fasting,
uncontrolled diabetes, and maternal milk diet in new-borns, the
energetic requirements of the brain can be sustained not only by
glucose but also by ketone bodies and lactate [71, 74].

Both astrocytes and neurons can fully oxidize glucose and lac-
tate [75]. However, as they differentially express genes involved
in energy metabolism, in physiological conditions they use
different metabolic pathways [76-78]. Oxidative pathways are
predominant in neurons, whereas glycolysis is mostly used in
astrocytes. Neurons and astrocytes are thus characterized by

complementary metabolic profiles, which reflect their extensive
metabolic cooperativity.

Astrocytes occupy 25%-50% of the brain volume. Indeed, the
astrocyte-neuron ratio is steadily increasing in evolution with
very low values in invertebrates (1:25), higher values in verte-
brates and mammals (1:6 and 1:3 in rat and mouse brain, re-
spectively), and reaching a peak in the human cortex where it
is estimated to be 3:2 [79, 80]. In the human brain, astrocytes
also display several distinct anatomical characteristics. Human
protoplasmic astrocytes have larger cell bodies (roughly three
times larger) and many more (tenfold), and more elaborate pri-
mary processes than astrocytes in other mammalian brains,
including primates [15, 81]. These long processes span symmet-
rically from the cell body, defining broad astrocyte domains.
There is only a limited overlap between adjacent astrocyte do-
mains; however, this is significantly broader than the overlap
between domains in rodents [16]. Considering the density of
synapses in the human cortex, and the volume of these do-
mains, each astrocyte can support, tune and coordinate the
activity of up to two million synapses. The increased complex-
ity and functional relevance of these glio-neuronal units along
mammalian evolution might have contributed to boosting the
processing power of the human brain beyond those of all other
species [82].

The cortex of primates and humans contains two highly differ-
entiated classes of astrocytes, namely interlaminar astrocytes
and varicose projection astrocytes (VP-astrocytes).

The cell bodies of interlaminar astrocytes are localized in layer
1 of the cortex and their long processes extend into layers 2-4,
thus ensuring long distance intercellular coordination across
cortical layers. Interestingly, the number and length of the in-
terlaminar processes correlate with the increased columnar
structure of the cortex characterizing apes and humans [83].
Interlaminar astrocytes were considered to be primate-specific
[84], but further studies have demonstrated that, although less
differentiated, these astrocytes are also present in rodents
(83, 85].

Varicose projection astrocytes are described as GFAP-positive
cells with cell bodies localized in layers 5 and 6 of human and
chimpanzee cortex. They are characterized by few long pro-
cesses with many varicosities. These long processes expand in
all directions within the same layer, crossing diverse astrocytic
domains and often contacting blood vessels [16]. VP-astrocytes
are only present in apes and human cortex, being absent in
lower primates and other mammals [85] (Figure 4).

While human and mouse astrocytes mostly express conserved
sets of genes, there are significant differences in the expression
of genes involved in functions like metabolism and defense re-
sponses. Genes involved in mitochondrial respiration and me-
tabolism are highly expressed in rodents while genes involved
in antioxidant defense response and intercellular signaling (i.e.,
cytokines) are upregulated in humans [86]. Interestingly, Li
and colleagues also observed several differences between mice
and human astrocytes, concerning mitochondrial respiration.
Despite the difference in size (see above), the basal respiration
(measured as oxygen consumption rate) of mouse astrocytes is
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FIGURE 4 | Astrocytes and brain evolution: schematic representation of the evolution in size, number, and type of astrocytes that are present
within invertebrate, rodent (rat and mouse), and primate brains. See text and references therein for details (the value 3:2 is related to human cortex).

twice as high compared to that of humans. This difference can
be attributed to a different use of glucose. It was hypothesized
that, in basal conditions, mouse astrocytes use most of the glu-
cose for oxidative phosphorylation to sustain their own ener-
getic demand, while human astrocytes use a larger proportion of
glucose for lactate production. Lactate will then be used by neu-
rons as energy substrate [86]. This different use of glucose from
astrocytes might reflect a generalized difference in the overall
metabolic demand of the brain in the two species., In rat brains,
it was recently shown that glucose is sufficient, as an energy
substrate, not only for basal neuronal activity but also to sustain
neuronal activity when the animals are exposed to easy learn-
ing tasks requiring a moderate level of plasticity. Conversely,
when animals are exposed to more challenging learning tasks,
needing extensive cognitive loads, the energy substrate used by
neurons is shifted to glycogen-derived lactate, produced and re-
leased from astrocytes [87].

In the attempt to understand which are the metabolic profiles
of the different brain cells in apes and humans, Zintel et al. per-
formed several RNA-seq analyses on neural progenitors, neu-
rons, and astrocytes differentiated from induced pluripotent
stem cells from chimpanzees and humans. They found that the
most significant differences in gene expression between chim-
panzee and human brain cells occur in astrocytes. This differ-
ential expression mostly involves genes controlling glucose and
lactate transmembrane transport, pyruvate processing, and oxi-
dative phosphorylation [72].

Taken together all these observations indicate that in primates
and humans, astrocytes are not only responsible for the neuro-
vascular and metabolic coupling needed to support neuronal
activity and plasticity but, importantly, through their increased
number and specialization they are able to contribute to the
acquisition of higher cognitive functions like information pro-
cessing, and eventually consciousness in human brains, by mod-
ulating and coordinating their dense and sophisticated synaptic
network [79].

2 | Conclusions

In this review we examined the role of metabolism in the regu-
lation of human brain evolution and development. We focused
on those aspects which are markedly different between human
and nonhuman primate brains. We concentrated our analysis
on papers describing the metabolism in the developing brain,
the peculiar characteristics of neurons and astrocytes in human
brain evolution and, finally, on mitochondria as regulators of
the timing of brain development. Mitochondria are key players
in tuning the development and function of neural progenitors
and neurons. Mitochondrial functions support all aspects of
brain development, from progenitors’ proliferation to neuronal
differentiation, maturation and function, including synapse
formation and activity-dependent plasticity. Their uniqueness
in human neural cells strongly suggests that they play a crucial
role in boosting human brain evolution and the acquisition of
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all those characteristics and skills which are exclusive to the
human brain.

Astrocytes are equally central to this process. They dynamically
regulate neurogenesis, synaptic maturation, and circuit refine-
ment through metabolic coupling and signaling interactions
with neurons. Their ability to integrate multiple signals and
adjust neuronal network function is critical for brain adaptabil-
ity. As reviewed here, astrocytes are among the most divergent
cell types between apes and humans at the transcriptomic level,
pointing to their potential role in human-specific features of
brain plasticity and adaptability.

Further elucidating the mechanisms controlling neuronal
network formation and synaptogenesis in primates will be
essential to define the cellular and metabolic foundations of
human brain specialization. A critical next step will be to
integrate structural and metabolomic data from postmortem
studies of human and nonhuman primates’ brain with inno-
vative species-specific pluripotent stem cells-based models.
Co-culture systems, organoids and in vivo xenotransplan-
tation offer unprecedented opportunities to dissect the
species-specific contributions of distinct cell types to brain
development, providing complementary layers of complexity
to unravel metabolic and cell-autonomous divergencies that
have emerged during evolution.
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