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SUMMARY

Evolutionary changes in human brain structure and function have enabled our specialized cognitive abilities.
How these changes have come about genetically and functionally has remained an open question. However,
new methods are providing a wealth of information about the genetic, epigenetic, and transcriptomic differ-
ences that set the human brain apart. Combined with in vitro models that allow access to developing brain
tissue and the cells of our closest living relatives, the puzzle pieces are now coming together to yield a
much more complete picture of what is actually unique about the human brain. The challenge now will be link-
ing these observations and making the jump from correlation to causation. However, elegant genetic manip-
ulations are now possible and, when combined with model systems such as organoids, will uncover a mech-
anistic understanding of how evolutionary changes at the genetic level have led to key differences in

development and function that enable human cognition.

INTRODUCTION

Perhaps the most striking trait of Homo sapiens is our cognitive
ability. Humans are the only species on earth to have devel-
oped an impressive array of technologies that enable us to
explore all corners of the planet and even the outer reaches
of the solar system. No other species has acquired the recur-
sive language that enables us to exchange complex ideas
and plan for the future,’ and nowhere else in the animal
kingdom would one find societies with the same degree of
complexity and cooperativity.” Although these behavioral out-
comes rather obviously set our species apart, what is less clear
is how human cognition differs at the biological and mecha-
nistic level to enable these abilities.

Until recently, the only way to examine this question was
through comparative descriptive studies, such as neuroanatom-
ical comparisons across species. These studies have enabled
truly elegant hypotheses of how human brain structure and func-
tion may be different and how such differences have come about
developmentally and evolutionarily. Some such hypotheses,
such as the radial unit hypothesis put forward by Pasko Rakic
over 30 years ago,® have stood the test of time. Yet, when it
comes to the human brain, hypotheses about how differences
unique to our species may have arisen have remained just that,
hypotheses. This is because it is incredibly difficult, if not impos-
sible, to perform the types of functional perturbations in the hu-
man context that would be needed to go from correlation to
causation. Thus, while theories abound, mechanisms are still
largely elusive. However, as described in several recent
outstanding reviews,*® an increasing number of cellular and ge-
netic features have been identified that are unique to our spe-
cies. This review seeks to place this newfound insight within
the context of animal nervous system evolution and highlight
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how new methods will enable a more complete, mechanistic un-
derstanding of human brain evolution.

THE EVOLUTIONARY FOUNDATION OF THE HUMAN
BRAIN

For many decades, it was thought that human cognitive abilities
such as language, self-awareness, and higher-order thinking
were only found in humans. That viewpoint has changed signifi-
cantly in more recent years, with observations that many animals
can in fact demonstrate self-awareness and even theory of mind,
the ability to attribute mental states to others. For example, dol-
phins can recognize themselves in a mirror’ and chimpanzees
have been demonstrated to use their own experiences to infer
another individual’s mental state and anticipate their actions, '°
demonstrating theory of mind. Several animals can also commu-
nicate using symbolic expression,’" with some nonhuman apes
able to construct rather convoluted phrases of several words. '?
These examples demonstrate that the foundation of human
cognition does not appear to be unique to humans and at least
certain aspects can be found in various other animals. An evolu-
tionary perspective may therefore be particularly informative in
untangling the origins and biology behind human cognition.

Origin of the brain

The nervous system first evolved in relatively primitive meta-
zoans and can be found in most animal phyla, including comb
jellies, cnidaria, invertebrates, and vertebrates'® (Figure 1).
Within these clades, nervous tissue varies in its organization
and complexity in ways that hint at when and how particular fea-
tures evolved. Comb jellies, for example, possess a simple nerve
net, but unlike in other animals, it is composed of a continuous
syncytium instead of independent neurons and synapses.'’
(™ |
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Figure 1. Evolution of the brain

Phylogenetic tree (branch lengths not to scale) of selected major metazoan phyla with nervous systems,'* illustrating key evolutionary innovations and illus-
trations of representative organisms: Hydra (cnidaria), octopus (mollusk), Drosophila (arthropoda), tunicate larva (tunicata), mouse (rodent), and human (primate).
lllustrations shown below of differences in neurogenesis in arthropods (left) compared with chordates (right).'® Also shown are illustrations of a cross-section of
the gray matter of mouse and human cortex, based on the data from Beaulieu-Laroche et al.,® showing the six layers. Mouse and human brain, as well as cross-

sections, are shown to scale.

This is a rather surprising turn of events, as it reveals that Golgi’s
reticular theory of the nervous system'® is in fact correct for the
ctenophores, which likely evolved a nervous system indepen-
dently. Cnidaria, such as Hydra and sea anemone, which have
a common ancestor with vertebrates and invertebrates, also
have a distributed neural net'® but in this case made up of inde-
pendent neurons and synapses, suggesting that true neurons
may have first evolved in our common ancestor with cnidaria.
A centralized nervous system, as in a ganglion or brain, can be
found across bilateria, including protostomes such as arthro-
pods and mollusks, and deuterostomes, including vertebrates,
suggesting that it first arose in our common ancestor with worms
and cephalopods. This structural change opened up hierarchical
network topologies, enabling information integration and higher-
order processing. Thus, impressive cognitive and behavioral
abilities can be found in a variety of diverse bilaterians. For
example, octopuses have a range of behaviors that many would
consider to be evidence of intelligence, including tool use,*”
long-term memory,”" and curiosity.?” But not all mollusks exhibit
these abilities, and what seems to set octopodes apart is their
impressive number of neurons, standing at roughly 500 million,**
which is almost 10 times the number in a mouse brain and the
most of any invertebrate. Neuron number thus seems to corre-
late with cognitive ability, even in very distantly related organ-
isms. Given that neurons are the computational units of the brain,
it is perhaps not too surprising that differences in neuron number
and nervous system size are a common theme in brain evolution.

Turning to chordates, including vertebrates, the major nervous
system evolutionary event in this clade was the origination of a

neural tube, the anlage that gives rise to the spinal cord and
brain.?* Unlike other bilateria, where the central nervous system
(CNS) develops from coalescing neurons that form ganglia, the
CNS of chordates forms from a closed tube of epithelium that
spans the anterior-posterior axis and sets up the blueprint of
the brain and spinal cord before producing neurons. The advent
of the neural tube brought with it two major innovations: the
neurogenic neuroepithelium and cerebrospinal fluid (CSF)
(Figure 1). Both represent major deviations from the develop-
mental strategy found in other bilaterians. The evolutionary
advantage of CSF for those first chordates is unclear but may
have related to providing an internal fluid pressure or perhaps
roles in chemical sensation.”® The evolutionary advantage of
the neuroepithelium is more evident, as it provides a founder
stem cell pool from which to draw while maintaining the struc-
tural blueprint of the brain. This epithelial nature is carried for-
ward in the radial glia, the neural stem cells of the vertebrate
brain, which maintain apicobasal polarity and act to guide
neuronal progeny to their destinations in an organized fashion.
Thus, the evolution of a rather simple structure, the neural
tube, brought with it a new degree of organization of the CNS,
providing the blueprint that would enable future innovations in
brain macrostructure.

Vertebrate brain evolution

The vertebrate brain is composed of three main regions: the
prosencephalon (forebrain), the mesencephalon (midbrain),
and the rhombencephalon (hindbrain). These are demarcated
shortly after closure of the rostral neural tube by a combination
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of expansion of the neuroepithelium and morphogenetic move-
ments that produce localized enlargements called vesicles,*®
separated by constrictions called flexures.?” These regions
then further subdivide into additional vesicles, with the prosen-
cephalon separating into the telencephalon, which generates
the two hemispheres of the cerebrum, and the diencephalon,
from which the thalamus and retina derive, while the rhomben-
cephalon separates into the metencephalon, which gives rise
to the pons and cerebellum, and the myelencephalon, which
gives rise to the most posterior portion of the brain, the medulla.

This same basic blueprint is present across vertebrates, from
reptiles and birds to mammals, including humans.”® As such, it
enables all the basic functions—from sensation and movement
to learning and memory—that all vertebrates share. This rough
blueprint, composed of distinct territories that specialize for a
particular set of cognitive abilities, means that each region and
the abilities it affords can exhibit different evolutionary changes.
For example, the retina is tasked with sensing light across all ver-
tebrates, but in animals whose environment has necessitated
greater visual acuity, such as birds of prey, the cytoarchitecture
has evolved to enable much greater packing of photoreceptors
(several times that of humans) and, in some birds, the evolution
of novel photoreceptors to enable greater color discrimination
and even detection of UV light.?**° However, such evolutionary
change does not occur in a vacuum, and in order to confer an
advantage at the behavioral level, it must involve parallel
changes in higher-order processing centers of the brain. Indeed,
recent studies have demonstrated that birds have a high
neuronal density in the telencephalon,®’ comparable with pri-
mates, and certain avian species of corvids and parrots actually
surpass primates in terms of neuronal density. These species
have also been shown to exhibit advanced cognitive abilities
such as tool use.*” This demonstrates again a tendency toward
increased neuron numbers in animals with greater cognition. It is
tempting to speculate that the epithelial nature of the vertebrate
brain, being thus connected through a common tissue of origin
and maintaining that connection throughout development, may
have enabled independent evolutionary change of brain regions
to allow for specialization, while at the same time permitting co-
evolution of related brain regions.

Mammalian brain evolution
The major innovation of mammalian brain evolution is the
appearance of the cerebral neocortex, the largest part of the dor-
sal telencephalon, or pallium, of mammals. All amniotes have a
pallium, but the mammalian cortex exhibits a unique cellular or-
ganization, or cytoarchitecture, with neurons organized in six
layers® (Figure 1). In contrast, birds, for example, have a pallium
that is instead organized into nuclei, with clusters of intercon-
nected neurons.®* This organization is also found elsewhere in
the brain, for example, in the thalamus, where nuclei form local
circuitries to perform specific tasks.*®

These differences in cytoarchitecture are not simply oddities
but reflect important differences in functional network topology.
For example, the avian vocal nuclei are involved in vocalizations
and connect to basal ganglia as part of a loop back to the pal-
lium, which is thought to be key to their extensive vocal
learning.>* Likewise, the six-layered neocortex reflects a specific
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topology, with deeper-layer neurons projecting their axons to
targets outside the cortex while superficial neurons project their
axons to other targets in the cortex, sometimes crossing hemi-
spheres to reach the other side of the brain.*® Like the vocal
nuclei of birds, there are cortical to basal ganglia connections
that form a loop and are similarly involved in motor learning.®*
However, the layered architecture means that similar topology
can be seen in repeating units, called cortical columns or mod-
ules, over the cortex, with different cortical areas being broadly
dedicated to particular cognitive demands, for example, visual
processing in the occipital lobe.®” This change in organization
may have expanded the local processing capability by intro-
ducing additional layers, while at the same time enabling more
distributive processing, which is thought to be an important
part of higher-order cognition.

Primate brain evolution

As we move to more recent evolutionary divergences, the differ-
ences naturally become less pronounced, but not any less
important. The primate brain is a rather typical mammalian brain
in many ways. It too exhibits a six-layered cortex, with areas
dedicated to particular processing needs, including visual
perception, motor control, and learning and memory. But a
closer examination of the cytoarchitecture reveals more
expanded layers compared with the mouse brain. For example,
in the primary visual cortex, the overall thickness of the gray mat-
ter composed of neuronal cell bodies is roughly 2.5 times that of
the mouse, and this expansion seems to disproportionately
affect the more superficial layers, which are expanded more
than 4-fold®® (Figure 1). Add to this the fact that primates exhibit
an increased neuronal density®® and it becomes evident that one
of the major primate innovations was an expansion in cortical
neurons. This expansion is likely an important contributor to
the advanced cognitive skills of primates, including their sophis-
ticated social skills. Thus, again, evolutionary expansion in
neuron number seems to be an important theme in animals
with more advanced cognition.

HINTS AT HUMAN-SPECIFIC NEUROBIOLOGY FROM
COMPARATIVE STUDIES

Although various studies in animals have revealed shared evolu-
tionary and developmental mechanisms, identifying processes
unique to humans is rather more difficult. However, again, evolu-
tionary comparisons are informative, and in this case compari-
sons with our closest living relatives can reveal the specializa-
tions that set humans apart from other primates. Traditionally,
such comparisons have necessarily relied on descriptive ap-
proaches, including neuroanatomical and behavioral studies.
As with other comparisons, it is difficult to find a behavioral or
anatomical feature that is truly unique to humans in a qualitative
sense. For example, baboons in the wild are naturally effective
communicators, using facial expressions and vocalizations to
share information about threats and food sources.*%*" Likewise,
chimpanzees and bonobos, our closest living cousins, commu-
nicate naturally in the wild** and can be trained to use an impres-
sive number of symbolic gestures and to understand human lan-
guage.'? Apes have also been observed using tools in the wild
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and even training subsequent generations,”® much as hu-
mans do.

Comparative neuroanatomy

Like behavior, brain anatomy exhibits little in the way of qualita-
tive differences in humans compared with other primates. Even
when it comes to abilities often attributed only to humans, like
language, the neuroanatomical features necessary for these
abilities, in this case Broca’s and Wernicke's areas, are found
in other primates™ and likewise seem to be important for
communication.*® Similarly, the prefrontal cortex (PFC), an
important site of higher-order thought processes, is found
across primates and rodents; however, the primate PFC seems
to be more elaborate, with a region called the dorsolateral PFC,
as well as a granular layer 4 within the PFC."® Along these lines,
spatial transcriptomic analysis of the macaque cortex revealed
primate-specific cell types within layer 4 not found in rodent,*’
and a comparison of human and mouse cortex using another
spatial technique called multiplexed error-robust fluorescence in
situ hybridization (MERFISH) revealed human differences in cell-
cell interactions.*® Furthermore, recent single-cell sequencing
revealed differences in transcription factor expression, most
notably the broader distribution of FOXP2 expression across
layers 3-6 in primates, whereas this gene is restricted to layer
6 in other mammals.*® Notably, FOXP2 was originally identified
in a large family with a speech and language disorder.*°

These findings highlight the existence of numerous differences
between primates and rodents, which are often captured in com-
parisons between humans and mice. However, comparisons be-
tween humans and other primates often find more similarities
than differences. For example, primate differences in FOXP2
neural expression were shared with human,*® and while there
were certain differences in expression patterns, particularly in
microglia, an immune cell type of the brain, there were no hu-
man-specific neuron types not present in at least one other pri-
mate.*® This is consistent with previous studies, which have
shown that while several instances of potential human-specific
neuron types have been proposed, for example, von Economo
neurons,”’ further investigation has revealed these cells to be
present in other mammals.>”> Recently, a special inhibitory
neuron type called the rosehip neuron was identified in the hu-
man brain,®® but it remains to be determined whether it is hu-
man-specific or rather shared with other primates, as only a
comparison with mouse has so far been carried out. Thus, it is
not yet clear how much the cognitive basis for human intelligence
may come from uniquely acquired regions, cell types, and other
qualitative differences, or from quantitative differences in shared
cell types.

Overall, something about the degree and complexity of
thought may be what sets humans apart. For example, for all
their training, nonhuman apes cannot construct recursive, se-
mantic sentences in which information is embedded within
another representational phrase.®* This added complexity, com-
bined with the sheer number of symbols (words) humans can
learn, makes for infinite possibilities. Furthermore, while sym-
bolic communication is found throughout the animal kingdom,
no other animal, including other apes, has shown the same
endless curiosity and propensity to ask questions that comes
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naturally to a human child.>® Thus, what seems to set human
cognition apart is the degree of thought, curiosity, and commu-
nication, and the combination of all these skills at once. Yet how
such differences may have arisen evolutionarily, and the biolog-
ical mechanism for this increased complexity, remains to be
determined.

There are hints from comparative studies with our closest
cousins, the other great apes. Although humans have a rather
typical primate brain in terms of its organization and neuronal
density,”® it is anything but typical in terms of absolute neuron
number. Thus, even though the number of neurons is typical
for its size,®” that size is precisely what sets it apart. On top of
that, humans have a rather diminutive body size, much smaller
than would be predicted for our brain size. Across mammals,
brain size and body size correlate nicely,’® suggesting that there
are certain hard-wired developmental rules to ensure the two are
matched. Yet, humans seem to break that rule. The human en-
cephalization quotient, essentially a measure of how well the
brain and body size match the general trend across mammals,
is the largest of any mammal®® (Figure 2). Thus, while the number
of neurons in the human brain is predictable given its size, human
brain size is atypical. How body growth and brain growth have
become so uncoupled in human development is a key ques-
tion,%® the answer to which could reveal mechanistic insight
into how this feature has come about.

Looking closer at the cytoarchitectural level, building on the
primate-acquired expansion of cortical layers, great apes exhibit
even thicker cortical gray matter compared with monkeys like
macaques.®” This suggests an evolutionary event in apes that
has enabled even more extensive cortical connectivity through
elaboration, especially of superficial intracortical connections.
Expansion in cortical neuron number seems to have continued
in the human lineage, leading to roughly 2-fold more neurons
than other great apes.®® This equates to an increase of roughly
8 billion neurons. That is a massive increase. To put this into
perspective, if we divide that number by the time it takes to com-
plete neurogenesis (approximately 112 days®), the result is
almost 3 million per hour. Given that cell cycle dynamics within
apes are not thought to be dramatically different, such a stag-
gering increase likely relates to a combination of increased
numbers of progenitors and extended neurogenic period.®®
Despite this overall increase, cortical layering is unchanged in
humans®®°° (Figure 2), and recent comparative transcriptomics
reveals no difference in relative proportions and distribution of
cell types in cortical layers of great apes.’® This suggests that,
instead of increasing the number and diversity of neurons within
cortical columns or modules, rather the number of modules has
increased, with increased number and diversity of cortical
areas.®’ Because such modules are often dedicated to particular
processing tasks, such an increase may allow for more elaborate
processing capability and be an important factor in our increased
cognitive capabilities.

Finer resolution comparisons at the single-cell level have also
uncovered differences in the degree of connectivity. For
example, compared with rodents, human cortical neurons
exhibit much more elaborate dendritic branching and larger
spines,”" the postsynaptic swellings that undergo remodeling
during learning and memory. In addition, due to the large
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Figure 2. Evolution of human-specific brain features

Phylogenetic tree (branches not to scale) of the hominoids, including ancient hominin relatives and the great apes. Shown below selected species are illustrations
of brain and skull shape, cranial capacity (cc, cubic centimeters), and encephalization quotient (EQ). H. habilis, H. erectus, and H. neanderthalensis morphology
data from Bruner and Beaudet,®® present-day and ancient human morphology data from Neubauer et al.,®' and chimpanzee morphology data from Gémez-

Robles et al.®”

EQ and volume data from Williams,*® DeSilva et al.,** and VanSickle et al

1.5 Below the human and chimpanzee are shown illustrations of the cortical

thickness and layering of cortical area VP, based on data from de Sousa et al.,®® with the average of the relative proportions of layers in cortical areas V2 and VP.

expansion of supragranular neurons in primates, there are
increased cortico-cortical connections within the human brain
compared with the rodent.”> Even compared with apes, human
neurons are more branched and dendrites are longer than chim-
panzee in all cortical areas examined’® (Figure 2). This suggests
that, on top of the increased neuron number, the human cortex is
also more interconnected through its much more elaborate
cortical neuronal properties.”” The combination of 4-fold more
dendritic spines per neuron”® with the increase in neuron number
equates to a total increase in cortical synapse number of roughly
14 trillion, which is more than the number of galaxies in the uni-
verse. This is particularly impressive, considering how closely
related humans and chimpanzees are. It is hard to ignore such
a massive increase when considering potential factors contrib-
uting to our advanced cognition, and recent studies of human in-
telligence have revealed a correlation with superficial cortical
thickness and neuronal morphology.”*"*

Comparative omics

The last 20 years has seen an explosion of new technologies that
have revolutionized molecular and cell biology and opened the
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door to evolutionary studies that were previously impossible.
Next-generation sequencing has made it possible to easily and
cheaply sequence the genome of any living species.”” This has
spurred new efforts to catalog the genomes of a diverse set of
animals, with the Darwin tree of life project even aiming to
sequence all eukaryotes in Britain and Ireland.”® These impres-
sive efforts will provide a fountain of data for comparative ge-
netics. By comparing the genomes of related species with diver-
gent characteristics, one can develop hypotheses about which
genetic changes may be responsible for those characteristics
and how they may have evolved.

When it comes to brain evolution, comparative genetics has
unveiled a range of changes in the human genome that are prom-
ising leads. The difficulty arises in wading through the many ge-
netic changes to uncover which are most likely responsible for
our divergence in phenotype. First, although the human genome
is highly similar to that of other apes, exhibiting only ~4% diver-
gence’” (contrasted with the mouse-rat difference’® of more
than 20%), this still equates to more than 35 million single-nucle-
otide variations and over 90 Mb of genomic rearrangements,
including insertions and deletions. Even on a chromosomal level,
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humans have acquired a major rearrangement with the fusion of
two chromosomes to give rise to chromosome 2, which in other
apes is split over chromosomes 2a and 2b.”®

The second difficulty comes in discerning which genetic
changes may have contributed specifically to neurobiological
differences. Phenotypic differences in humans are not only pre-
sent in the brain. Indeed, other tissues and cell types are likely
under much stronger selective pressure, such as reproductive
organs and cells, and immune cells involved in a never-ending
arms race with viruses and other pathogens. Thus, a given ge-
netic change in a mitotic regulator could be responsible for
increased neuron numbers but equally likely could be important
for increased sperm production. For example, in humans, the
gene HYDIN has been specifically duplicated so that humans
have an additional HYDIN2 gene not present in other apes.®’
The parental gene is important for cilia/flagella function and for
sperm motility,®’ but HYDIN2 seems to be more broadly ex-
pressed in the brain, suggesting that it may have been co-opted
for anew role in a different context. However, further mechanistic
insight would be needed to determine what effect this genetic
change has on the phenotypic level.

A solution that addresses both these difficulties is the inte-
gration of comparative genetics with transcriptomics and epi-
genetics. By surveying the expression signatures of various
organs, one can begin to predict where various genes are
likely to play important roles and thus where their genetic
changes may have an influence. This is particularly true for
the vast numbers of genes of unknown function, or the un-
knome.®? Furthermore, by surveying across species and per-
forming comparative multi-omics, we can begin to interpret
the vast numbers of noncoding changes and develop hypoth-
eses about the roles such changes may have on protein
expression or isoform variation.

Add to this the recent development of single-cell technolo-
gies and we are at a point in history where, for the first time,
we can characterize in depth the genetic, epigenetic, and tran-
scriptomic signatures of millions of cells across many organs
and species. It is a truly invigorating moment in scientific his-
tory. Recently, a series of studies produced a wealth of data
on the regulatory and expression landscape across different
cell types and regions of the human brain as well as nonhuman
primate brains.”®®® Perhaps the only downside of these
exciting new approaches is the sheer quantity of data and
finding ways to make sense of the flood of information. But
this is a good problem to have, and through careful, statistically
controlled comparisons, such studies are beginning to highlight
genetic changes with strong evidence for a role in brain
evolution.

One limitation of comparative transcriptomics is that, unlike
the genome, the transcriptome is not static. Thus, these compar-
isons require independent samples for the organ or cell of inter-
est and for the given set of species, not to mention the age or
developmental stage, which can be much more difficult to ac-
quire than a simple cheek swab or other non-invasive genetic
sample. This makes it challenging to perform the extent of com-
parisons necessary to reliably detect species-specific differ-
ences. For example, only comparing two species, such as hu-
man and chimpanzee, makes it impossible to know in which
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species a change in expression was acquired. At the genetic
level, it is easy and common practice to examine a range of spe-
cies and include outgroups, but studies at the transcriptional
level are usually less well powered because of these limitations.
However, as single-cell technologies further improve and combi-
natorial barcoding methods®* enable more cost-effective ways
to scale-up sample sizes, it is likely that broader comparisons
across species, time points, and tissues will become more
commonplace.

METHODS TO REVEAL MECHANISTIC INSIGHT

The combination of comparative neuroanatomy and omics is now providing
compelling possible explanations for the evolutionary origin of human brain
differences. For example, FOXP2, the transcription factor found to exhibit dif-
ferential expression in primate excitatory neurons and microglia,*® and asso-
ciated with speech and language development,*® also exhibits signatures of
potential selection at the genetic level. There are several putative human
accelerated regions (HARs)—highly conserved regions that in humans
exhibit significant change —as well as substitutions that have become fixed
in humans but where Neanderthals carry the ancestral allele.®>%° Epigenetic
comparisons have also uncovered regions of differential accessibility be-
tween humans and chimpanzees.?’” Together, these data suggest the
FOXP2 locus may have undergone substantial selection in humans to enable
a divergent expression pattern and potentially influence language acquisi-
tion. However, while these comparisons reveal a fascinating set of connected
observations, they remain correlative, and without functional studies and ge-
netic perturbations, it is impossible to take candidate genetic changes
beyond hypothesis.

For obvious reasons, genetic perturbation in an intact human brain is not an
option. Thus, scientists must turn to model systems. Although at first glance it
may seem impossible to study human brain evolution in the context of an an-
imal model, elegant studies have recently been carried out using the mouse as
a kind of host genetic background in which to test human-acquired genetic
changes. For example, the gene GADD45G contains a human-specific dele-
tion in an otherwise conserved region (NCONDEL).?® GADD45G is a putative
tumor suppressor gene and is expressed during cortical development, sug-
gesting that such a deletion may influence its activity in this context. To gain
insight into the function of this region, and the effect of its loss in the human
context, McLean et al.®® constructed reporter constructs containing the chim-
panzee sequence with the intact region and injected mouse embryos to inves-
tigate which tissues showed the strongest activity. Consistent with a potential
role in brain development, the hCONDEL near GADD45G showed strong activ-
ity in the forebrain. Such comparative transgenic assays can thus be highly
informative in predicting functional effects of human-acquired genetic
changes.

Similarly, cell lines have been used as a testing ground to explore the po-
tential effects of human-specific genetic changes. To date, thousands of
HARs have been identified,?*°" but whether these represent functional re-
gions is unclear from sequence alone. Likewise, comparative epigenetic
studies have identified thousands of regions in the human genome that
exhibit increased enhancer activity compared with nonhuman primate or
mouse,’” and human-specific genetic divergence can also be observed in
such regions. In order to assess on a large scale whether these numerous hu-
man-acquired genetic changes play a role in activity of the regions in which
they lie, massively parallel reporter assays (MPRAs) have been performed in
human neural stem cells,”® in human and mouse neuroblastoma cell lines,”*
and in human and chimpanzee neural progenitors.95 When comparing the ac-
tivity of the human sequence with that of the chimpanzee, 30%-60% of
tested regions exhibited differential activity, suggesting that the human-ac-
quired genetic changes could be impacting their regulatory roles. However,
linking such changes and their activity to their target genes and to their in
situ functions is much more challenging, and it is likely that only a very small
percentage of such changes play important roles in the context of the human
brain.
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Recently, more advanced in vitro models called brain organoids have been
applied to these evolutionary questions.®®°® Organoids are self-organizing
tissues that develop according to intrinsic developmental and morphoge-
netic programs,®'% similar to their in vivo counterparts. As such, they can
provide a bridge between simpler two-dimensional (2D) cultures and the
in vivo brain.'®" This makes them rather more complex than other in vitro
models, which can make them more technically challenging,'%%'%* meaning
careful quality control and benchmarking are key. % However, these limita-
tions are offset by the fact that they can be generated from human or ape cells
and offer a window into otherwise hidden developing tissues. Initial studies
with brain organoids focused on disease modeling, with the first such disor-
der being a genetic form of microcephaly, or brain undergrowth, caused by a
mutation in CDK5RAP2.°° Because organoids recapitulate the tissue context
of the developing cortex, an abnormality in spindle orientation could be
observed and could explain the undergrowth also seen in the patient-derived
organoids. This demonstrates the power of organoids for performing the
types of studies normally performed in animal models, but in a human
context. Furthermore, the fact that organoids could capture the microce-
phalic phenotype with a level of brain reduction in line with the difference in
brain size between human and chimpanzee points to their potential utility
for evolutionary studies.

POTENTIAL HUMAN-SPECIFIC DEVELOPMENTAL
MECHANISMS

Many of these newly developed, cutting-edge tools are already
beginning to yield exciting new insights —from the earliest stages
of brain development through to neuronal maturation and func-
tion. These insights from development are now uncovering key
differences in the way the human brain grows and matures,
revealing why the final product looks so different. By taking a
developmental approach, the evolutionary differences are also
starting to become clearer.

Brain expansion

Like the comparative neuroanatomical studies of the adult
brain, comparative studies of the developing brain can pro-
vide insights into potential developmental mechanisms. Early
comparisons with accessible nonhuman primates, like ma-
caque monkey, demonstrated that even at the early neuroepi-
thelial stage, the human forebrain is already larger than that of
the monkey, suggesting potential expansion of the founder
neuroepithelium as a mechanism for brain expansion.'®® How-
ever, whether such a mechanism represents a human-specific
difference or one shared with other apes was unknown, and,
therefore, the mechanism for human-specific expansion re-
mained to be determined. Although a comparison with a
nonhuman ape, such as chimpanzee or gorilla, during embry-
onic or fetal stages is not possible due to ethical reasons, or-
ganoids can provide an accessible alternative. Comparison of
human organoids to chimpanzee and gorilla revealed a more
expanded neuroepithelium,’® suggesting that not only are
neuroepithelial founder cells increased in apes but they are
also further expanded in humans. The reason for this expan-
sion seems to be due to a slower transition in human from
the faster-cycling neuroepithelium to the slower-cycling radial
glial stem cell (Figure 3). Hence, in humans, a larger founder
pool is established even before the onset of neurogenesis.
Such a change would increase all subsequent progeny and
is consistent with the observed increase in cortical neurons.
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It would also explain how such an increase could involve no
change in cortical thickness, as is seen between humans
and other apes, but rather an increase in cortical columns or
modules.

To bring these observations to mechanism, genetic insight is
needed. Comparative transcriptomics of human and gorilla or-
ganoids revealed a number of candidate genes with differential
dynamics, consistent with the slowed tempo of neuroepithelial
transition.®® One in particular, ZEB2, seems to be an important
regulator of this process, and perturbation of ZEB2 was able to
phenocopy the species-specific differences in neuroepithelial
transition, suggesting that it may be an important genetic deter-
minant. Supporting this, the ZEB2 locus contains four HARs and
one hCONDEL, a large number of such elements for a single
gene. However, further functional studies of the effects of these
genetic changes are needed to determine whether they, and
ZEB2, are really involved in human-specific neuroepithelial
expansion.

Neural crest differences

Concomitant with neuroepithelial expansion, another important
morphogenetic process occurs very early in neurodevelopment:
the production of the neural crest. The neural crest is a popula-
tion of multipotent stem cells that emerge from the dorsal neural
tube at various sites along the anterior-posterior axis, including
the emerging brain.'®” Neural crest cells arise from an epithelial
to mesenchymal transition of specific neuroepithelial cells that
delaminate and begin migrating to distant locations (Figure 3).
In the case of the cranial neural crest, these cells build the sup-
portive structures of the head, including the skull, cartilage, and
certain ganglia, and therefore are the basis of human head and
face structure.

As with exploration of brain differences, in vitro models can un-
cover potential mechanisms that distinguish the human neural
crest. Comparative epigenetic analysis of cranial neural crest
cells differentiated from human or chimpanzee pluripotent
stem cells revealed a large number of differentially active
enhancers, and transgenic reporters introduced into mouse
embryos demonstrated striking differences in where these en-
hancers were active.'’® For example, the chimpanzee enhancer
near the gene CNTNAP2 was expressed mainly in the olfactory
placode, but the human enhancer showed additional expression
in the nasal pit and eye pit, as well as in the telencephalon and
the future cerebellum. Many of these enhancers affect genes
associated with syndromes involving craniofacial abnormalities,
suggesting that these may be key to the evolution of the human
face. Similarly, the gene BAZ1B is associated with a rare human
condition called Williams-Beuren syndrome, which includes
craniofacial dysmorphism.'’® BAZ1B is a chromatin modifier
that regulates expression of a range of genes important for neu-
ral crest development, many of which exhibit signatures of selec-
tion in modern humans.

Interestingly, many of the genes implicated in human neural
crest evolution also play important roles in brain function and/
or have been implicated in neurodevelopmental or neuropsychi-
atric disorders. For example, Williams-Beuren syndrome is
also associated with neurocognitive deficits'® and, likewise,
CNTNAP2 is associated with autism and schizophrenia.'"®
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Figure 3. Potential human-specific mechanisms

(A) lllustration of human-specific developmental differences. Early neuroepithelium gives rise to neural crest, which contributes to facial structures, while retained
neuroepithelium gives rise to the brain. The telencephalon is particularly expanded, with increased proliferative capacity of the neuroepithelium, shown in a
magnified view, due to delayed transition to radial glia. Radial glia and basal progenitors, including outer or basal radial glia, are highly proliferative in humans. The
transition to astrogliogenesis, represented by orange astrocytes, is delayed, as is the maturation of neurons. A unique subtype of microglia expressing FOXP2° is
represented by the green cell at the right. Key identified genes and their developmental contexts are also shown.

(B) lllustration of the difference between neoteny and bradychrony. Neoteny was originally coined in reference to the axolotl,'°® which retains juvenile features in
adulthood. Below is shown the result of hypothetical neuronal neoteny, which would similarly result in juvenile neurons. Instead, bradychrony results in mature
neurons in adulthood, but because the process is slower, the result is increased complexity.

Further, many neurodevelopmental disorders exhibit craniofacial
abnormalities and several key brain development genes function
in neural crest development as well. Along these lines, ZEB2 is
necessary for proper development of the anterior neural crest,
and mutations in ZEB2 cause Mowat-Wilson syndrome, charac-
terized by defects in the enteric nervous system (which is derived
from the neural crest), craniofacial abnormalities, and intellectual
disability.'"" Given that the neural crest arises from the same
original neuroepithelial primordium as the brain (Figure 3), this
overlap may not be a coincidence. One intriguing possibility is
that a common molecular mechanism may have driven the
evolutionary expansion in brain size and, at the same time, re-
sulted in more diminished craniofacial structures such as the
jaw and brow,"'? compared with other apes and ancient
hominins.

Differences in neurogenesis

Cortical neurogenesis begins when neuroepithelial cells transi-
tion to neurogenic radial glia, the neural stem cells of the brain. '
There are various products of radial glial divisions, but the most
common outcome is a self-renewing asymmetric division giving
rise to another radial glial stem cell and a more differentiated
daughter cell, usually an intermediate or basal progenitor. Basal
progenitors can further proliferate and undergo neurogenesis,
thus expanding the number of neurons produced. As develop-
ment proceeds, neurogenesis becomes more dependent on
these basal progenitors, including a population of radial glial
cells that become displaced from their apical location and
become known as basal, or outer, radial glia."'*'"® Neurons
are produced in a specific temporal order, with deep-layer neu-
rons produced first, followed by superficial-layer neurons. Thus,
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an expansion of basal progenitors disproportionately affects the
production of more superficial-layer neurons."'® Indeed, in pri-
mates and several other large-brained mammals, there is a dra-
matic expansion in these basally located progenitors leading to
the appearance of a progenitor zone called the outer subventric-
ular zone (OSVZ)."'” The OSVZ becomes the major site of neuro-
genesis during mid-neurogenesis in such species, by which
point deep-layer neuron production is complete and superfi-
cial-layer production has taken over. This expansion in basal
progenitors thus explains the thickened cortical gray matter
and increased proportion of superficial layers in primates
compared with small-brained rodents like mice. But what is the
evolutionary genetic mechanism for this expansion, and are
there human-specific differences during neurogenesis that
diverge from other primates and apes?

Recent studies in various model systems are beginning to shed
light on these questions. As with earlier stages, neurogenic stages
of nonhuman ape brain development are not accessible, but
in vitro models can provide a window into this otherwise black
box. Early comparisons of 2D neural rosettes differentiated from
human, chimpanzee, and macaque cells revealed a faster pro-
gression through neurogenesis for macaque compared with ape
cells, which was also seen in three-dimensional (3D) organoids.' '
More recently, single-cell RNA sequencing of human fetal devel-
oping brain, macaque developing brain, human organoids, and
chimpanzee organoids enabled the cross comparison of different
species and the validation of organoids for modeling these pro-
cesses,”” which is especially important for species such as chim-
panzee for which developing brain tissue is unavailable. This re-
vealed highly similar cell types and progression across species
and between in vivo and in vitro samples. Although in vitro organo-
ids exhibited a small subset of gene expression modules associ-
ated with glycolysis, a signature not seen for in vivo samples, over
70% of gene expression modules showed high correlation be-
tween fetal brain and organoids.®” Cross-species comparison re-
vealed a number of differentially expressed genes in human sam-
ples, with several factors involved in mTOR signaling, which was
increased in human radial glial stem cells, particularly those in the
OSVZ. This suggests a potential human-evolved difference in
mammalian target of rapamycin (mTOR) signaling in human radial
glia, though the genetic basis of such a difference is still unclear.

To uncover such a genetic basis, comparative genomics are
providing a window into human-acquired genetic changes, with
strong evidence for involvement in neurogenesis. A HAR in an
enhancer near the FZD8 gene was shown to exhibit stronger ac-
tivity for the human sequence in a transgenic mouse reporter than
the chimpanzee sequence.''® Taking this a step further to a set
of elegant functional studies, transgenic mice overexpressing
FZD8 under the control of the human HAR enhancer exhibited
increased neural progenitor proliferation and a subtle increase
in neocortical size, showing not only a species-specific difference
in enhancer activity but also that this activity has an effect on
development of the neocortex in vivo. Another HAR with differen-
tial activity was identified near the PPP1R17 gene, which showed
primate-specific expression in neocortical basal progenitors.®
Overexpression of PPP1R17 in mouse neural cells led to a pro-
longed cell cycle, in line with the observed slower cell cycle of pri-
mate neural progenitors compared with mouse. However, further
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mechanistic studies are needed to determine whether and how
the human-specific genetic changes at the PPP1R17 locus influ-
ence neural progenitor proliferation.

In addition to evolutionary genetic changes in regulatory re-
gions, several genes have arisen de novo in the human lineage
through genetic duplication events.'?® Although the majority of
duplicated regions do not produce functional proteins, there
are an increasing number of genes that have in recent years
been shown to not only produce functional products but also
have strong evidence for contributing to evolutionary changes
that affect the brain. TMEM14B arose in primates specifically,
and ectopic expression in the developing mouse cortex leads
to increased production of basal radial glia and neurons.'?’
The evolution of apes brought with it additional novel genes,
including TBC1D3 and CROCCP2, both of which similarly lead
to increased basal radial glial progenitors when ectopically ex-
pressed in the mouse developing cortex.'?%12°

Turning to human-specific genetic duplication events, aregion
on the long arm of chromosome 1, 1921, exhibits a large number
of duplications (Figure 4). This region is also associated with a set
of human conditions involving copy-number variations leading to
microcephaly in 72% of those with a deletion, and macrocephaly
in 42% of those with a duplication,'®* suggesting that it may
house genes important for brain development. Among the genes
duplicated at this site, the NBPF genes are the class with the
most expansion in humans, comprising approximately 165 hu-
man-specific versions.'?>'?® Although the exact function of the
proteins encoded by NBPF genes is still unclear, several appear
to be specifically expressed in human neural progenitors and
neurons, '>>'?” and overexpression seems to increase neural
stem cell proliferation.'?’

Also, within the 1921 region, a group of NOTCH-related genes
called NOTCH2NL have been duplicated to give rise to three
novel functional genes in humans, whereas other apes carry a
single nonfunctional version'?® (Figure 4). NOTCH2NL proteins
seem to act on delta receptors in cis to promote NOTCH
signaling and potentiate its proliferative effects.’*® Indeed, over-
expression of NOTCH2NL in the mouse developing cortex, or in
human cortical progenitors, leads to progenitor amplification, '*°
while knockout of two of the NOTCH2NL genes in human cortical
organoids leads to premature neuronal differentiation.'?® These
findings make a highly compelling case for the involvement of
NOTCH2NL duplications in human brain evolution.

Because basal progenitors are so expanded in primates
compared with rodents, recent studies have also explored po-
tential roles for human-specific genes in their biology. By
comparing the transcriptomic signature of human basal radial
glia to those of mouse, ARHGAP11B was shown to be specif-
ically expressed in human progenitors.’>® Overexpression of
ARHGAP11B in the developing mouse cortex increases the pro-
duction of basal progenitors and even leads to the local appear-
ance of folding, reminiscent of gyri, suggesting that ARHGAP11
proteins may be involved in primate brain expansion and gyrifi-
cation. Perhaps even more intriguing, human ARHGAP11B
ectopically expressed through lentiviral integration in the
marmoset, a primate with a small and smooth brain, led to a sub-
tle but significant increase in brain size and the production of a
new gyrus.'®! As in the mouse, basal progenitors were increased
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Figure 4. Unraveling mechanism

Comparative studies reveal species-specific phenotypic differences, such as brain size and neuronal morphology, which can be correlated with genetic dif-
ferences. Shown are a few representative human-specific genetic differences correlated with neurodevelopmental differences. A region of chromosome 1921 is
shown, revealing the large number of novel human genes. HARs at the FZD8 and CUX1 loci are also shown as examples. Below are the homologous chimpanzee
loci with the ancestral NOTCH2NL duplication resulting in a nonfunctional product (denoted by *). Functional studies, such as overexpression or knockout in
model systems provide strong support linking genetics to phenotype. In the future, refined genetic manipulation of model systems, such as organoids or mice, to
mimic the evolutionary changes will reveal whether and how human-specific changes have enabled differences in brain development to give rise to the large and

complex human brain.

and cortical thickness was also increased. Consistent with the
role of basal progenitors primarily in later stages of neurogene-
sis, only superficial-layer neurons were increased. Overall,
ARHGAP11B seems to increase superficial-layer neurogenesis
through its promotion of basal progenitor proliferation. How
this fits with human-specific expansion is still unclear, given
that superficial layers are not increased compared with other
apes. Thus, further studies are needed to investigate how ARH-
GAP11B contributes to human-specific phenotypes.

Glia and other supportive cell types
At the end of neurogenesis, radial glial progenitors switch to glio-
genesis, producing astrocytes and myelinating oligodendro-

cytes. Historically, these cell types have received less attention
than neurons, but it is now clear that glia perform not only vital
supportive roles but also actively participate in nerve transmis-
sion and synapse remodeling to shape the neural circuitry of
the brain.

Once thought to be just one population, astrocytes are now
recognized as encompassing a variety of molecular and
morphological subtypes, and comparative studies in primate
and rodent brains are revealing important evolutionary differ-
ences in these populations. Human astrocytes are much
larger than their rodent counterparts, and additionally include
subclasses not present in the rodent brain."®? Much of this in-
crease in diversity and complexity seems to have been a
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primate-acquired trait, shared between humans and nonhuman
primates'® and playing key roles in primate brain expansion and
folding."®* For example, interlaminar astrocytes, a population
with highly extended processes that contact various neurons
across cortical layers, are greatly expanded in number and are
larger in the monkey cortex compared with mouse, '*° a feature
shared with humans and chimpanzees. Furthermore, in apes, as-
trocytes have further diversified with the appearance of varicose
projection astrocytes, a morphological subclass only found in
hominoids.'*°

Human-specific differences are more subtle, but transcrip-
tome profiling is beginning to reveal important differences in as-
trocytes compared with our ape cousins. Cerebral organoids
and cortical spheroids both revealed a faster switch to gliogen-
esis in chimpanzee compared with human®'®” (Figure 3). To
reveal cis versus trans gene regulatory mechanisms, human
and chimpanzee cells were fused to generate allotetraploids, un-
covering a human allele bias in a set of astrocyte-associated
genes. Furthermore, while the same diversity in astrocyte sub-
types can be found in chimpanzee brain, the size and number
of certain subtypes seem to be increased in humans.'*? In addi-
tion, in vitro-derived astrocytes from human, chimpanzee, and
macaque cells revealed a difference in astrocyte size and
expression of cell-size-related genes'*® that may help explain
the increase in morphological complexity of human astrocytes.

Oligodendrocytes, the myelinating cells of the brain, are a
more recently evolved cell type, present only in vertebrates.
Like astrocytes and neurons, they are generated from radial
glia, but through oligodendrocyte precursor cells—a class of
progenitors that are also maintained in the adult brain and are
increasingly recognized to exhibit diverse subclasses.'*° Recent
transcriptomic studies have revealed that these progenitors
arise from basal radial glia and that they expand exponentially
in the developing human brain to massively increase their
numbers.'*° Furthermore, comparison of human, chimpanzee,
and macaque brains revealed a human-specific change in the
balance of oligodendrocytes to oligodendrocyte precursors’*’
and a human-specific gene network that sets human oligoden-
drocytes apart.'** Finally, single-cell RNA sequencing of human,
chimpanzee, bonobo, and macaque brains'*® revealed the
greatest human-specific differences in molecular signature in as-
trocytes and oligodendrocyte precursor cells. These findings
point to both major glial populations as having undergone key
evolutionary changes in the human brain that warrant further
mechanistic investigation.

Brain function also depends heavily on cell types and influ-
ences that originate from outside the brain. Microglia are an im-
mune cell type highly similar to the tissue-resident macrophages
found elsewhere in the body and, likewise, originating from the
yolk sac of the developing embryo."** Once microglia take up
residence in the brain, they contribute as phagocytic cells,
clearing debris and pathogens but also contributing to synaptic
pruning. As such, microglia are important regulators of brain cir-
cuitry and function. Strikingly, in comparative transcriptomics of
the dorsolateral PFC, only one cell type was found to be unique
to humans: a subtype of microglia expressing FOXP2.%° This
suggests much broader roles for FOXP2 than previously thought
and, combined with the several human-specific genetic
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changes, points to the need for further mechanistic investigation
in the context of microglia.

Brain function is also heavily dependent on CSF, which itself
changes during development as the CSF-producing choroid
plexus matures. Although almost nothing is known about evolu-
tionary differences in the choroid plexus and CSF, the recent
development of human choroid plexus organoids revealed a
number of proteins that seem to be produced and secreted in
human CSF but were not detected in rodent or cow CSF.'**
Further comparative studies are needed in other primates to
determine whether there are any human-specific differences in
this vital fluid and whether there might be genetic divergence
in choroid-plexus-expressed genes.

Neuronal maturation and function

Turning to neurons themselves, several studies are beginning to
highlight potential mechanisms underlying the increased
complexity in neuronal morphology and the slower neuronal
maturation. Targeted mutational sequencing of HARs in an
autism cohort revealed a variant in a HAR at the CUX7 locus
that was found to increase enhancer activity, leading to
increased spine density with more stable synapses.'*® This
combination of comparative and human genetics is a powerful
approach and provides compelling evidence that CUX7 and its
associated HAR may be important in the evolutionary differences
in neuronal morphology.

To investigate mechanisms underlying differences in develop-
mental tempo, recent studies have performed transplantations
of human neurons and progenitors, revealing that the human-
specific delay is maintained even when transplanted into the ro-
dent cortex'*” (Figure 3). Furthermore, comparisons of trans-
planted human and chimpanzee neurons revealed initially slower
dendritic growth in human neurons, but a more complex final
dendritic morphology.'“® Additionally, electrophysiological re-
cordings revealed slower acquisition of mature neuronal activity
in human cells.

The genetic basis of this delay is still unclear, but recent
comparative studies of human and rodent maturing neurons
are beginning to highlight potential pathways. Two studies
comparing human and mouse developmental clocks, one in
the spinal cord and the other examining the segmentation clock,
revealed a roughly 2.5-fold delay in human that was associated
with slower protein turnover.'#®'>° This suggests that protein
stability may be globally more delayed in human compared
with mouse. This difference is intriguing, and while it is not
enough to explain the overall difference between these species
of more than 100-fold in brain developmental tempo and size,
it may represent an important primate feature.

Recently, two sets of studies have compared maturing human
and mouse neurons and revealed other possible global mecha-
nisms involving metabolism and/or epigenetics. By comparing
matched human and mouse developing neurons, lwata et al.
observed differences in mitochondrial morphology as neurons
mature and a switch from glycolysis to oxidative phosphoryla-
tion, but in human this shift occurred more slowly.”' Human
cells could be forced to undergo this metabolic switch earlier
and thus this led to faster neuronal maturation, suggesting that
metabolism can drive maturation speed. In another study, Ciceri
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et al. demonstrated an epigenetic barrier, involving the poly-
comb repressor complex, which prevents neuronal maturation
and is gradually released during neuronal maturation.'>? Prema-
ture release of this break, through the use of inhibitors of poly-
comb members, like EZH2, speeds up neuronal maturation, sug-
gesting that this too can drive maturation speed. These studies
again compared humans and mice, so it is still unknown whether
such mechanisms could explain human-ape differences or
rather represent primate-acquired features.

One possible evolutionary genetic mechanism for the delayed
maturation is a set of duplication events in humans that led to the
acquisition of three new versions of the SRGAP2 gene, a regu-
lator of neurite outgrowth and dendritic spine morphology. > %%
Two of these duplications, SRGAP2B and SRGAP2C, lead to
functional proteins, in both cases a truncated version of the
ancestral SRGAP2, and one of these (SRGAP2B) is located in
the chromosome 1921 region enriched in human duplicated
genes."'®® Overexpression of SRGAP2C in the mouse cortex in-
hibits SRGAP2, and inhibition in cultured mouse neurons or in
the mouse cortex delays neuronal maturation and results in
larger spines and increased spine density. '

Neoteny and “bradychrony”

A common theme throughout developmental stages, from neu-
roepithelial transition to neuronal maturation, seems to be a hu-
man-specific delay in developmental tempo, often referred to as
neoteny.'*® Neoteny was originally coined in relation to the
tadpole-like features of adult axolotl, thus referring to a retention
of juvenile features'°® (Figure 3). However, delayed development
is not necessarily the same as retention of juvenile features. For
example, sensory systems such as vision exhibit critical periods
of experience-dependent plasticity that are prolonged in hu-
mans,'®” but the olfactory system remains plastic throughout
adulthood in mammals in general.'*® The latter is an excellent
example of neoteny, while the former is a delay. Neurons may
take a long time to get there, but most do eventually reach a
mature state. Because humans exhibit various other features
reminiscent of a juvenile state (i.e., fine body hair), it is tempting
to conflate the two, but in other primates where these juvenile
characteristics are not retained, we still see a delayed neurode-
velopmental tempo compared with rodents, suggesting that the
two processes are not necessarily the same. The field is there-
fore in need of clarification. Neoteny is relevant for characteris-
tics that remain immature, but for those traits where develop-
ment completes but with a delayed tempo, “bradychrony”
(meaning “slowed time”) may offer a more precise terminology.
This distinction is important because it helps highlight the type of
mechanism at play. For example, neoteny may not necessarily
increase complexity, while the delay that comes with brady-
chrony would enable a later acquisition of a more complex final
product that nevertheless reaches a mature state (Figure 3).

THE FUTURE OF HUMAN BRAIN EVOLUTIONARY
BIOLOGY

From correlation to causation
Although hints as to how human genetic changes may influence
brain development and evolution are now coming to light, a
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complete mechanistic understanding is still lacking. For many
observed traits, there is strong evidence that humans exhibit
unique cellular and developmental traits, such as bradychrony
and increased complexity. For some of these traits, there is
also compelling genetic correlation with human-specific fea-
tures, such as human-specific gene duplications and genetic
variants in enhancer regions. In certain cases, there are even
functional studies of the identified factors showing their roles in
relevant cell types and stages. However, connecting the dots
to a full understanding has not yet been done, mainly because
the tools to do so are still so new.

To gain a complete mechanistic understanding, with the con-
fidence to say that a particular genetic change is indeed respon-
sible for a human-derived trait, it is necessary to not only perform
functional studies of the encoded genes but also precise genetic
manipulations that mimic as closely as possible the evolutionary
genetic changes (Figure 4). For example, several of the genes
unique to humans show correlated expression patterns during
relevant stages when human-specific phenotypes arise and
have been tested through overexpression studies in mice and
even nonhuman primates. However, ectopic overexpression is
not representative of the evolutionary change that has taken
place in human evolution. Careful genetic manipulation of the
endogenous locus in closely related species would enable ex-
amination of that particular genetic change in its in situ context,
thus more accurately mimicking the actual acquired change. For
example, studies with lentiviral overexpression of ARHGAP11B
in the marmoset brain, and electroporation in human and chim-
panzee organoids,'*® provide strong evidence for a role in basal
progenitor amplification. Such overexpression is informative but
does not reflect the evolutionary change, as it involves introduc-
tion of an ectopic gene with multiple copies. Further studies in
which the locus homologous to the human ARHGAP11B region
is modified to carry the human gene would allow a clearer under-
standing of whether and how ARHGAP11B came to be an impor-
tant novel factor in human brain evolution.

Other realms of human genetics, such as disease genetics'®°
and population genetics, can also provide important insight.
Because of random genetic mutations that occur in a population,
and the number of humans on earth, many of the regions of inter-
est from an evolutionary perspective have had the chance for
spontaneous mutations to arise within them. It is fairly safe to as-
sume that a region that has been key for human brain evolution, if
mutated, would cause a human disorder or, worse, lead to
lethality. Thus, by examining those putative regions for mutations
in human conditions, and/or examining whether healthy individ-
uals exhibit mutations, one can further gain insight into whether
and how a particular gene or enhancer may influence human
brain development and evolution. This data, like perturbations
in animal and in vitro models, provides compelling functional ev-
idence for the importance of human-specific genetic changes.

The investigation of various HARs in an autism cohort'“° pro-
vides strong indication that several of these regions do indeed
play important roles in human brain development and function.
Alternatively, investigation of genes or regions of interest in
healthy human populations to test whether there is an absence
of mutations can also strengthen the evidence for their role.
For example, the Genome Aggregation Database (gnomAD)
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currently covers 76,215 genomes of healthy individuals from
diverse ancestries, providing a quick and easy way to check
whether a given gene is likely to be necessary for normal human
development and physiology.'®" A lack of individuals who are
homozygous null for a particular gene is a strong indication
that the gene is necessary. When it comes to recently acquired
human-specific genes, there are 0 individuals in the database
with homozygous null mutation in NOTCH2NLA, supporting its
necessity. However, there are multiple homozygous null individ-
uals for several of the other human-specific genes, including
NOTCH2NLB, NOTCH2NLC, ARHGAP11B, SRGAP2B, and
SRGAP2C. This certainly does not rule out their importance, as
in many cases several duplicated versions exist, as in the case
of NOTCH2NL and SRGAP2, suggesting redundancy. However,
itis an important piece of evidence to consider and suggests that
single-gene-knockout studies may not be all that informative in
these cases.

Questions that will be answered in the future

It is an exciting time in human evolutionary biology. The combi-
nation of cutting-edge methods promises to uncover truly mech-
anistic insight into how our brains have become so large and
complex. It is only a matter of time before some of the biggest
questions in human biology finally have answers. Here, | list a
few predictions, which may or may not turn out to be true, but
regardless represent areas of intense research that will no doubt
yield exciting discoveries.

What enables the human brain to expand so much
compared with the body?

The human brain is much larger than it should be compared
with the body. Although much attention is focused on brain
development and the neural progenitor behaviors that enable
such a massive expansion, little-to-no attention has been
paid to the rest of the body. Why is the human body not larger
than a gorilla? Given our brain size, we should have a body size
more than 3 times larger than a gorilla. Indeed, body growth in
humans seems to be decreased compared with other mam-
mals.®® An investigation of body growth could take advantage
of in vitro models called gastruloids,'®>'%® which nicely model
the posterior embryo and are composed of the various gastru-
lating germ layers of the body. Comparative studies of such
models, in combination with studies of the brain, could answer
this question.

How are brain and neural-crest evolution
interconnected?

The brain and neural crest are inseparably linked. The two share
a tissue of origin, the neuroepithelium, with their patterning set
up even before the two separate, and they then continue to
develop in close proximity and influence each other.'®” Further-
more, the majority of craniofacial disorders also exhibit cognitive
or neurodevelopmental defects.'®* Finally, in parallel with evolu-
tionary phenotypic changes in the brain, the Homo sapiens head
and face has changed.'" This suggests that similar evolutionary
mechanisms are at play in both. One possibility is the self-
domestication hypothesis,'®® which posits that, as humans, we
have effectively domesticated ourselves by selecting for individ-
uals with traits of domestication, such as decreased aggression
and increased sociability. Wilkins et al.’®® suggested such
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domestication is due to an evolutionary reduction in the neural
crest, as exemplified by the changes in skull shape, tooth size,
and a more flattened lower face and nose, as seen in domesti-
cated animals. However, there are certain inconsistencies with
this hypothesis,’®” and while the neural crest likely does not
explain all aspects of domestication, the fact that face shape in
humans has changed along with changes in brain shape sug-
gests the two may be linked. One possibility is that rather than
the two changing in the same way (i.e., neural crest and brain
reducing together), perhaps there is competition between the
brain and neural crest. Given that the two originate from a com-
mon neuroepithelial origin, if less neuroepithelium delaminates to
form neural crest, then more will be available to contribute to the
brain. Thus, perhaps in humans, the balance has been shifted in
favor of brain. Such a hypothesis would be consistent with the
role of ZEB2 in delamination of neural crest cells and its delayed
expression giving rise to a larger brain neuroepithelium in hu-
mans. However, much more research would be needed to test
this hypothesis.

How is human bradychrony achieved to enable tissue
expansion and increased cellular complexity?

The fact that developmental delay, or bradychrony, isa common
feature of various stages of human neurodevelopment suggests
that there may be a more global process at play. More specif-
ically, rather than independently evolving a slower tempo for
each developmental transition, a genetic change may have
enabled bradychrony across transitions, from early neuroepithe-
lial expansion to dendritic spine maturation and myelination.
Recent studies comparing humans and mice are beginning to
suggest that just such a global mechanism could be at play,
pointing to protein turnover kinetics, metabolism, and epige-
netics as potential players. Although these are exciting possibil-
ities, it remains to be seen whether these processes explain the
bradychrony that distinguishes humans from other apes and
what the evolutionary genetic drivers of these processes may
be. Future comparative ape studies and genetic investigations
will no doubt answer this question.

What are the evolutionary genetic changes responsible
for human-specific adaptations in the brain?

With the advent of CRISPR-Cas9 technology,'®® and the devel-
opment of elegant methods for genetic modification enabling
even very large chromosomal substitutions,'®® scientists are
now in a position to be able to not only functionally perturb and
test putative evolutionary genetic changes but also to even
mimic those evolutionary changes in the endogenous genetic
context. Future studies making use of scarless genome editing
to introduce novel human genes and regulatory changes into
nonhuman primate or ape cell lines will enable conclusions about
causation to be drawn (Figure 4). These experiments are difficult,
and will take time to be carried out properly, but with the avail-
ability of increased numbers of cell lines from various apes, mov-
ing beyond just humans and chimpanzees, such studies would
provide the strongest evidence possible for which genetic
changes are truly responsible for human-specific traits.

Potential new directions
New omics technologies have opened up the ability to charac-
terize and map the various cell types of the human brain and,
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importantly, to compare these with our closest living relatives.
This area has changed our understanding of what defines a
cell type and revealed a richer diversity of neuronal and glial
types than was previously appreciated. Newer methods in
spatial omics'’® are already revealing important primate differ-
ences.””*® Going forward, such comparisons within the pri-
mates and great apes, as well as new methods in single-cell epi-
genetics,'”" will help uncover not only which cells are present but
also where they are and how they got there. This is an exciting
field, with ever more sensitive technologies on the horizon.

In the more distant future, it is likely that scientists will set their
sights on broader evolutionary comparisons. Until recently,
biology has necessarily had to focus on a limited number of
model organisms. But, with the advent of induced pluripotent
stem cells and next-generation sequencing, it is now becoming
possible to investigate the genetics and biology of any
mammal—and even, potentially, any vertebrate or invertebrate.
Given the diversity of mammalian brain phenotypes and behav-
iors, it seems likely that in vitro models such as organoids will be
applied to a greater diversity of animals. Already, rhino-induced
pluripotent stem cells have been used to generate rhino brain or-
ganoids with promising structure and cell-type diversity.'’”® Such
evolutionary comparisons could uncover new insights into the
variety of ways the brain can expand, or evolutionary mecha-
nisms for major differences in cellular diversity and cytoarchitec-
ture, for example, the lack of granular layer IV in whales and dol-
phins.'”® Examining the diversity of brain structures that nature
has produced could reveal new ways of building neural circuitry.

Paleogenomics has now shed light on very recently acquired
changes in the human genome. Although there are still a rather
limited number of archaic hominin genomes available, compari-
son of modern human to Neanderthal or Denisovan genomes
provides a window into our most recent genetic history.'”* Un-
fortunately, it is impossible to know very much about phenotypic
differences between the human and Neanderthal/Denisovan
brain, thus it is difficult to go beyond speculation. However, cra-
nial endocasts can provide some insight into overall brain shape
(Figure 2). These have revealed that the Neanderthal brain was
rather large and had a more oblong shape than a present-day hu-
man brain, with large occipital lobes and a sloping forehead.®’
However, comparison with contemporaneous humans alive at
the same time reveals little-to-no major differences in overall
size or shape. In fact, the smaller size and more rounded shape
of present-day human arose over the past 300,000 years of
Homo sapiens evolution.®® Thus, such differences actually
reflect an ancient-to-modern difference rather than a human-
Neanderthal difference. It is also now believed that Neanderthals
were advanced hominins capable of innovative tool use and
artistic expression.'”® Thus, while genetic differences between
modern humans and Neanderthals are intriguing, studies of ge-
netic changes within Homo sapiens over the past 300,000 years,
and their potential effects on brain development, would be an
exciting direction that has so far remained unexplored.

Although perhaps a long-shot, one exciting possible direction
in the future will be the exploration of differences with our more
distant hominin cousins and predecessors. Recently, a genome
from a mammoth that was more than 1 million years old and pre-
served in the Siberian permafrost was sequenced,’’® suggesting
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that it may even be possible to obtain genomic information from
hominins older than ancient humans and Neanderthals. One
species that we may be relatively more likely to have genetic ac-
cess to is Homo erectus. H. erectus lived between about 2 million
years ago and a little over 100,000 years ago.'’” This puts its
range within grasp of DNA sequencing. However, existing
H. erectus remains are not preserved well enough to obtain intact
genetic material because their range was primarily Africa and
southern Asia. Nonetheless, there is some evidence that
H. erectus may have ventured farther North because the Deniso-
van genome seems to contain traces of a more ancient hominin,
potentially H. erectus.'”®""® Because endocasts of H. erectus
skulls reveal a much smaller brain size, a little over 2/3 the size
of the Homo sapiens brain, genetic information would be
highly informative in unraveling how human brain expansion
came about.

Another area that will likely see further development is in
modeling and applying functional neural circuits in vitro to the
study of evolutionary differences. Studies to date have focused
on cellular and developmental differences, but functional studies
that move beyond simple electrophysiological metrics have not
yet been done for evolutionary comparisons. Although multielec-
trode array recordings of in vitro-derived human and chimpanzee
neurons revealed differences in neuronal firing rate,'“® differ-
ences in network activity have not yet been described. Organo-
ids have been shown to develop complex networks with long-
range connections and hierarchical topology,'®® and it would
be exciting to examine whether differences in this topology are
present between human and other ape organoids. For example,
given the bradychronic nature of human neuronal maturation,
one might expect an initially simpler network architecture in hu-
mans, but eventually a level of connectivity that surpasses the
nonhuman ape to reach a more complex topology.

Finally, in vitro models open up a completely new way of doing
evolutionary neuroscience that is not possible in living organ-
isms: evolution in a dish. An exciting, albeit ambitious, possible
future direction is engineering new phenotypes through directed
evolution.'®' For example, human neural stem cells could be
subjected to mutagenesis and selected for increased prolifera-
tive capacity or their progeny selected for longer range connec-
tivity. Such an approach could be applied as a simple screen but,
likewise, directed evolution using successive rounds of muta-
genesis could be applied by performing repeated reprogram-
ming. This could be done in simple cultures but also even poten-
tially more complex models like organoids. By taking evolution a
step further, it may be possible to uncover new mechanisms and
even engineer new cell types to accomplish tasks not yet
possible in the human brain.

CONCLUSIONS

The secrets of the human brain are still largely hidden, but we are
now at a turning point in evolutionary neurobiology. The advent
of a range of complementary, innovative new methods is open-
ing doors that were previously closed to scientists. We can
now not only observe and describe human-specific differences
but also even perform genetic modifications to find out what
evolutionary changes are really responsible for our large and
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complex brains. The challenge going forward will be prioritizing
candidate genetic changes. There are many millions of human-
acquired variants, the vast majority of which do nothing, and
even most of those that do have a functional role have nothing
to do with the brain. Narrowing in on those that are relevant to
brain evolution is challenging, but elegant comparative omics
and in vitro models will allow us to weed out those with no effect
and to focus on those with stronger evidence for a functional
role. The next 50 years will be exciting, and although the door
to understanding the secrets of human brain evolution is only
slightly ajar, it is about to be swung wide open.

ACKNOWLEDGMENTS

| would like to thank members of my laboratory, who have contributed to
various discussions of the concepts described here. For the purpose of
open access, the MRC Laboratory of Molecular Biology has applied a CC
BY public copyright license to any author accepted manuscript version arising.
The Lancaster laboratory is supported by the Medical Research Council
(MC_UP_1201/9) and a Vallee Scholars Award from the Vallee Foundation.

DECLARATION OF INTERESTS

M.A.L. is an inventor on patents related to brain organoids and is a co-founder
and advisory board member of a:head bio.

REFERENCES

1. Pagel, M. (2017). Q&A: What is human language, when did it evolve and
why should we care? BMC Biol. 15, 64. https://doi.org/10.1186/s12915-
017-0405-3.

2. Boyd, R., and Richerson, P.J. (2009). Culture and the evolution of human
cooperation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 3281-3288.
https://doi.org/10.1098/rstb.2009.0134.

3. Rakic, P. (1988). Specification of Cerebral Cortical Areas. Science 241,
170-176. https://doi.org/10.1126/science.3291116.

4. Vanderhaeghen, P., and Polleux, F. (2023). Developmental mechanisms
underlying the evolution of human cortical circuits. Nat. Rev. Neurosci.
24, 213-232. https://doi.org/10.1038/s41583-023-00675-z.

5. Libé-Philippot, B., and Vanderhaeghen, P. (2021). Cellular and Molecular
Mechanisms Linking Human Cortical Development and Evolution. Annu.
Rev. Genet. 55, 555-581. https://doi.org/10.1146/annurev-genet-
071719-020705.

6. Zhou, Y., Song, H., and Ming, G.L. (2024). Genetics of human brain devel-
opment. Nat. Rev. Genet. 25, 26-45. https://doi.org/10.1038/s41576-
023-00626-5.

7. Pollen, A.A,, Kilik, U., Lowe, C.B., and Camp, J.G. (2023). Human-spe-
cific genetics: new tools to explore the molecular and cellular basis of hu-
man evolution. Nat. Rev. Genet. 24, 687-711. https://doi.org/10.1038/
s41576-022-00568-4.

8. Akula, S.K., Exposito-Alonso, D., and Walsh, C.A. (2023). Shaping the
brain: the emergence of cortical structure and folding. Dev. Cell 58,
2836-2849. https://doi.org/10.1016/j.devcel.2023.11.004.

9. Reiss, D., and Marino, L. (2001). Mirror self-recognition in the bottlenose
dolphin: A case of cognitive convergence. Proc. Natl. Acad. Sci. USA 98,
5937-5942. https://doi.org/10.1073/pnas.101086398.

10. Kano, F., Krupenye, C., Hirata, S., Tomonaga, M., and Call, J. (2019).
Great apes use self-experience to anticipate an agent’s action in a
false-belief test. Proc. Natl. Acad. Sci. USA 116, 20904-20909. https://
doi.org/10.1073/pnas.1910095116.

11. Seyfarth, R.M., Cheney, D.L., and Marler, P. (1980). Monkey Responses
to Three Different Alarm Calls: Evidence of Predator Classification and

5852 Cell 187, October 17, 2024

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Cell

Semantic Communication. Science 270, 801-803. https://doi.org/10.
1126/science.7433999.

. Schoenemann, P.T. (2022). Evidence of Grammatical Knowledge in

Apes: An Analysis of Kanzi’'s Performance on Reversible Sentences.
Front. Psychol. 13, 885605. https://doi.org/10.3389/fpsyg.2022.885605.

. Liebeskind, B.J., Hillis, D.M., Zakon, H.H., and Hofmann, H.A. (2016). ).

Complex Homology and the Evolution of Nervous Systems. Trends
Ecol. Evol. 31, 127-135. https://doi.org/10.1016/j.tree.2015.12.005.

. Northcutt, R.G. (2012). Evolution of centralized nervous systems: Two

schools of evolutionary thought. Proc. Natl. Acad. Sci. USA 709,
10626-10633. https://doi.org/10.1073/pnas.1201889109.

. Hartenstein, V., Omoto, J.J., and Lovick, J.K. (2021). The role of cell line-

age in the development of neuronal circuitry and function. Dev. Biol. 475,
165-180. https://doi.org/10.1016/j.ydbio.2020.01.012.

. Beaulieu-Laroche, L., Brown, N.J., Hansen, M., Toloza, E.H.S., Sharma,

J., Williams, Z.M., Frosch, M.P., Cosgrove, G.R., Cash, S.S., and Harnett,
M.T. (2021). Allometric rules for mammalian cortical layer 5 neuron
biophysics. Nature 600, 274-278. https://doi.org/10.1038/s41586-021-
04072-3.

. Burkhardt, P., Colgren, J., Medhus, A., Digel, L., Naumann, B., Soto-

Angel, J.J., Nordmann, E.-L., Sachkova, M.Y., and Kittelmann, M.
(2023). Syncytial nerve net in a ctenophore adds insights on the evolution
of nervous systems. Science 380, 293-297. https://doi.org/10.1126/sci-
ence.ade5645.

. Golgi, C. (1885). Sulla fina anatomia degli organi centrali del sistema

nervosa (Reggio Emilia Tipi di Stefano Calderini e Compagno).

. Hejnol, A., and Rentzsch, F. (2015). Neural nets. Curr. Biol. 25, R782-

R786. https://doi.org/10.1016/j.cub.2015.08.001.

Finn, J.K., Tregenza, T., and Norman, M.D. (2009). Defensive tool use in a
coconut-carrying octopus. Curr. Biol. 79, R1069-R1070. https://doi.org/
10.1016/j.cub.2009.10.052.

Shomrat, T., Zarrella, I, Fiorito, G., and Hochner, B. (2008). The Octopus
Vertical Lobe Modulates Short-Term Learning Rate and Uses LTP to Ac-
quire Long-Term Memory. Curr. Biol. 18, 337-342. https://doi.org/10.
1016/j.cub.2008.01.056.

Vergara-Ovalle, F., Ayala-Guerrero, F., Rosas, C., and Sanchez-Castillo,
H. (2023). Novel object recognition in Octopus maya. Anim. Cogn. 26,
1065-1072. https://doi.org/10.1007/s10071-023-01753-6.

Hochner, B. (2012). An Embodied View of Octopus Neurobiology. Curr.
Biol. 22, R887-R892. https://doi.org/10.1016/j.cub.2012.09.001.

Holland, L.Z. (2015). The origin and evolution of chordate nervous sys-
tems. Philos. Trans. R. Soc. Lond. B Biol. Sci. 370, 20150048. https://
doi.org/10.1098/rstb.2015.0048.

Adameyko, |. (2023). Evolutionary origin of the neural tube in basal deu-
terostomes. Curr. Biol. 33, R319-R331. https://doi.org/10.1016/j.cub.
2023.03.045.

Ishikawa, Y., Yamamoto, N., Yoshimoto, M., and Ito, H. (2012). The Pri-
mary Brain Vesicles Revisited: Are the Three Primary Vesicles
(Forebrain/Midbrain/Hindbrain) Universal in Vertebrates? Brain Behav.
Evol. 79, 75-83. https://doi.org/10.1159/000334842.

Purves, D., Augustine, G.J., Fitzpatrick, D., Katz, L.C., LaMantia, A.-S.,
McNamara, J.O., and Williams, S.M. (2001). Formation of the Major Brain
Subdivisions. In Neuroscience, Second Edition (Sinauer Associates).

Pessoa, L., Medina, L., Hof, P.R., and Desfilis, E. (2019). Neural architec-
ture of the vertebrate brain: implications for the interaction between
emotion and cognition. Neurosci. Biobehav. Rev. 107, 296-312.
https://doi.org/10.1016/j.neubiorev.2019.09.021.

Ruggeri, M., Major, J.C., Jr., McKeown, C., Knighton, R.W., Puliafito,
C.A,, and Jiao, S. (2010). Retinal Structure of Birds of Prey Revealed
by Ultra-High Resolution Spectral-Domain Optical Coherence Tomogra-
phy. Invest. Ophthalmol. Vis. Sci. 51, 5789-5795. https://doi.org/10.
1167/iovs.10-5633.


https://doi.org/10.1186/s12915-017-0405-3
https://doi.org/10.1186/s12915-017-0405-3
https://doi.org/10.1098/rstb.2009.0134
https://doi.org/10.1126/science.3291116
https://doi.org/10.1038/s41583-023-00675-z
https://doi.org/10.1146/annurev-genet-071719-020705
https://doi.org/10.1146/annurev-genet-071719-020705
https://doi.org/10.1038/s41576-023-00626-5
https://doi.org/10.1038/s41576-023-00626-5
https://doi.org/10.1038/s41576-022-00568-4
https://doi.org/10.1038/s41576-022-00568-4
https://doi.org/10.1016/j.devcel.2023.11.004
https://doi.org/10.1073/pnas.101086398
https://doi.org/10.1073/pnas.1910095116
https://doi.org/10.1073/pnas.1910095116
https://doi.org/10.1126/science.7433999
https://doi.org/10.1126/science.7433999
https://doi.org/10.3389/fpsyg.2022.885605
https://doi.org/10.1016/j.tree.2015.12.005
https://doi.org/10.1073/pnas.1201889109
https://doi.org/10.1016/j.ydbio.2020.01.012
https://doi.org/10.1038/s41586-021-04072-3
https://doi.org/10.1038/s41586-021-04072-3
https://doi.org/10.1126/science.ade5645
https://doi.org/10.1126/science.ade5645
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref18
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref18
https://doi.org/10.1016/j.cub.2015.08.001
https://doi.org/10.1016/j.cub.2009.10.052
https://doi.org/10.1016/j.cub.2009.10.052
https://doi.org/10.1016/j.cub.2008.01.056
https://doi.org/10.1016/j.cub.2008.01.056
https://doi.org/10.1007/s10071-023-01753-6
https://doi.org/10.1016/j.cub.2012.09.001
https://doi.org/10.1098/rstb.2015.0048
https://doi.org/10.1098/rstb.2015.0048
https://doi.org/10.1016/j.cub.2023.03.045
https://doi.org/10.1016/j.cub.2023.03.045
https://doi.org/10.1159/000334842
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref27
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref27
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref27
https://doi.org/10.1016/j.neubiorev.2019.09.021
https://doi.org/10.1167/iovs.10-5633
https://doi.org/10.1167/iovs.10-5633

Cell

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Odeen, A., and Hastad, O. (2013). The phylogenetic distribution of ultra-
violet sensitivity in birds. BMC Evol. Biol. 13, 36. https://doi.org/10.1186/
1471-2148-13-36.

Olkowicz, S., Kocourek, M., Lucan, R.K., Portes, M., Fitch, W.T., Hercu-
lano-Houzel, S., and Némec, P. (2016). Birds have primate-like numbers
of neurons in the forebrain. Proc. Natl. Acad. Sci. USA 113, 7255-7260.
https://doi.org/10.1073/pnas.1517131113.

Boeckle, M., Schiestl, M., Frohnwieser, A., Gruber, R., Miller, R., Sudden-
dorf, T., Gray, R.D., Taylor, A.H., and Clayton, N.S. (2020). New Caledo-
nian crows plan for specific future tool use. Proc. Biol. Sci. 287,
20201490. https://doi.org/10.1098/rspb.2020.1490.

Garcia-Moreno, F., and Molnar, Z. (2020). Variations of telencephalic
development that paved the way for neocortical evolution. Prog. Neuro-
biol. 194, 101865. https://doi.org/10.1016/j.pneurobio.2020.101865.

Jarvis, E.D., Glnturkin, O., Bruce, L., Csillag, A., Karten, H., Kuenzel, W.,
Medina, L., Paxinos, G., Perkel, D.J., Shimizu, T., et al. (2005). Avian
brains and a new understanding of vertebrate brain evolution. Nat.
Rev. Neurosci. 6, 151-159. https://doi.org/10.1038/nrn1606.

Fama, R., and Sullivan, E.V. (2015). Thalamic structures and associated
cognitive functions: relations with age and aging. Neurosci. Biobehav.
Rev. 54, 29-37. https://doi.org/10.1016/j.neubiorev.2015.03.008.

Harris, K.D., and Mrsic-Flogel, T.D. (2013). Cortical connectivity and sen-
sory coding. Nature 503, 51-58. https://doi.org/10.1038/nature12654.

Kaas, J.H. (2013). Evolution of Columns, Modules, and Domains in the
Neocortex of Primates. In In the Light of Evolution. Proc. Natl. Acad.
Sci. USA 109, 10655-10660.

Hutsler, J.J., Lee, D.-G., and Porter, K.K. (2005). Comparative analysis of
cortical layering and supragranular layer enlargement in rodent carnivore
and primate species. Brain Res. 1052, 71-81. https://doi.org/10.1016/j.
brainres.2005.06.015.

Herculano-Houzel, S., Collins, C.E., Wong, P., and Kaas, J.H. (2007).
Cellular scaling rules for primate brains. Proc. Natl. Acad. Sci. USA
104, 3562-3567. https://doi.org/10.1073/pnas.0611396104.

Boé, L.-J., Berthommier, F., Legou, T., Captier, G., Kemp, C., Sawallis,
T.R., Becker, Y., Rey, A., and Fagot, J. (2017). Evidence of a Vocalic
Proto-System in the Baboon (Papio papio) Suggests Pre-Hominin
Speech Precursors. PLoS One 12, e0169321. https://doi.org/10.1371/
journal.pone.0169321.

Dal Pesco, F., and Fischer, J. (2020). On the evolution of baboon greeting
rituals. Philos. Trans. R. Soc. Lond. B Biol. Sci. 375, 20190420. https://
doi.org/10.1098/rstb.2019.0420.

Hobaiter, C., and Byrne, R.W. (2011). The gestural repertoire of the wild
chimpanzee. Anim. Cogn. 14, 745-767. https://doi.org/10.1007/s10071-
011-0409-2.

Musgrave, S., Morgan, D., Lonsdorf, E., Mundry, R., and Sanz, C. (2016).
Tool transfers are a form of teaching among chimpanzees. Sci. Rep. 6,
34783. https://doi.org/10.1038/srep34783.

Cantalupo, C., and Hopkins, W.D. (2001). Asymmetric Broca’s area in
great apes. Nature 474, 505. https://doi.org/10.1038/35107134.

Taglialatela, J.P., Russell, J.L., Schaeffer, J.A., and Hopkins, W.D. (2008).
Communicative Signaling Activates ‘Broca’s’ Homolog in Chimpanzees.
Curr. Biol. 18, 343-348. https://doi.org/10.1016/j.cub.2008.01.049.
Shibata, M., Pattabiraman, K., Lorente-Galdos, B., Andrijevic, D., Kim,
S.-K., Kaur, N., Muchnik, S.K., Xing, X., Santpere, G., Sousa, A.M.M.,
et al. (2021). Regulation of prefrontal patterning and connectivity by ret-
inoic acid. Nature 598, 483-488. https://doi.org/10.1038/s41586-021-
03953-x.

Chen, A,, Sun, Y., Lei, Y., Li, C., Liao, S., Meng, J., Bai, Y., Liu, Z., Liang,
Z., Zhu, Z., et al. (2023). Single-cell spatial transcriptome reveals cell-
type organization in the macaque cortex. Cell 186, 3726-3743.e24.
https://doi.org/10.1016/j.cell.2023.06.009.

Fang, R., Xia, C., Close, J.L., Zhang, M., He, J., Huang, Z., Halpern, A.R.,
Long, B., Miller, J.A., Lein, E.S., et al. (2022). Conservation and diver-

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

¢? CellPress

OPEN ACCESS

gence of cortical cell organization in human and mouse revealed
by MERFISH. Science 377, 56-62. https://doi.org/10.1126/science.
abm1741.

Ma, S., Skarica, M., Li, Q., Xu, C., Risgaard, R.D., Tebbenkamp, A.T.N.,
Mato-Blanco, X., Kovner, R., Krsnik, Z., de Martin, X., et al. (2022). Molec-
ular and cellular evolution of the primate dorsolateral prefrontal cortex.
Science 377, eabo7257. https://doi.org/10.1126/science.abo7257.

Fisher, S.E., Vargha-Khadem, F., Watkins, K.E., Monaco, A.P., and Pem-
brey, M.E. (1998). Localisation of a gene implicated in a severe speech
and language disorder. Nat. Genet. 18, 168-170. https://doi.org/10.
1038/ng0298-168.

Butti, C., Santos, M., Uppal, N., and Hof, P.R. (2013). Von Economo neu-
rons: Clinical and evolutionary perspectives. Cortex 49, 312-326. https://
doi.org/10.1016/j.cortex.2011.10.004.

Butti, C., Sherwood, C.C., Hakeem, A.Y., Allman, J.M., and Hof, P.R.
(2009). Total number and volume of Von Economo neurons in the cere-
bral cortex of cetaceans. J. Comp. Neurol. 515, 243-259. https://doi.
org/10.1002/cne.22055.

Boldog, E., Bakken, T.E., Hodge, R.D., Novotny, M., Aevermann, B.D.,
Baka, J., Bordé, S., Close, J.L., Diez-Fuertes, F., Ding, S.-L., et al.
(2018). Transcriptomic and morphophysiological evidence for a special-
ized human cortical GABAergic cell type. Nat. Neurosci. 27, 1185-1195.
https://doi.org/10.1038/s41593-018-0205-2.

Hurford, J.R. (2004). Human uniqueness, learned symbols and recursive
thought. Eur. Rev. 12,551-565. https://doi.org/10.1017/S106279870400047X.

Premack, D., and Premack, A.J. (1983). The Mind of an Ape, First Edition
(Norton).

Herculano-Houzel, S. (2009). The human brain in numbers: a linearly
scaled-up primate brain. Front. Hum. Neurosci. 3, 31. https://doi.org/
10.3389/neuro.09.031.2009.

Herculano-Houzel, S. (2012). The remarkable, yet not extraordinary, hu-
man brain as a scaled-up primate brain and its associated cost. Proc.
Natl. Acad. Sci. USA 7109, 10661-10668. https://doi.org/10.1073/pnas.
1201895109.

Williams, M.F. (2002). Primate encephalization and intelligence. Med. Hy-
potheses 58, 284-290. https://doi.org/10.1054/mehy.2001.1516.

Roth, G., and Dicke, U. (2005). Evolution of the brain and intelligence.
Trends Cogn. Sci. 9, 250-257. https://doi.org/10.1016/j.tics.2005.
03.005.

Bruner, E., and Beaudet, A. (2023). The brain of Homo habilis: Three de-
cades of paleoneurology. J. Hum. Evol. 174, 103281.. https://doi.org/10.
1016/j.jhevol.2022.103281.

Neubauer, S., Hublin, J.-J., and Gunz, P. (2018). The evolution of modern
human brain shape. Sci. Adv. 4, eaao5961. https://doi.org/10.1126/
sciadv.aao5961.

Godémez-Robles, A., Hopkins, W.D., Schapiro, S.J., and Sherwood, C.C.
(2015). Relaxed genetic control of cortical organization in human brains
compared with chimpanzees. Proc. Natl. Acad. Sci. USA 71712, 14799~
14804. https://doi.org/10.1073/pnas.1512646112.

DeSilva, J., Fannin, L., Cheney, I., Claxton, A., llies, ., Kittelberger, J., Sti-
bel, J., and Traniello, J. (2023). Human brains have shrunk: the questions
are when and why. Front. Ecol. Evol. 17, 1191274. https://doi.org/10.
3389/fev0.2023.1191274.

VanSickle, C., Cofran, Z., and Hunt, D. (2020). Did Neandertals have large
brains? Factors affecting endocranial volume comparisons. Am. J. Phys.
Anthropol. 173, 768-775. https://doi.org/10.1002/ajpa.24124.

de Sousa, A.A., Sherwood, C.C., Schleicher, A., Amunts, K., MacLeod,
C.E., Hof, P.R., and Zilles, K. (2010). Comparative Cytoarchitectural An-
alyses of Striate and Extrastriate Areas in Hominoids. Cereb. Cortex 20,
966-981. https://doi.org/10.1093/cercor/bhp158.

Vinicius, L. (2005). Human encephalization and developmental timing.
J. Hum. Evol. 49, 762-776. https://doi.org/10.1016/j.jhevol.2005.08.001.

Cell 187, October 17, 2024 5853



https://doi.org/10.1186/1471-2148-13-36
https://doi.org/10.1186/1471-2148-13-36
https://doi.org/10.1073/pnas.1517131113
https://doi.org/10.1098/rspb.2020.1490
https://doi.org/10.1016/j.pneurobio.2020.101865
https://doi.org/10.1038/nrn1606
https://doi.org/10.1016/j.neubiorev.2015.03.008
https://doi.org/10.1038/nature12654
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref37
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref37
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref37
https://doi.org/10.1016/j.brainres.2005.06.015
https://doi.org/10.1016/j.brainres.2005.06.015
https://doi.org/10.1073/pnas.0611396104
https://doi.org/10.1371/journal.pone.0169321
https://doi.org/10.1371/journal.pone.0169321
https://doi.org/10.1098/rstb.2019.0420
https://doi.org/10.1098/rstb.2019.0420
https://doi.org/10.1007/s10071-011-0409-2
https://doi.org/10.1007/s10071-011-0409-2
https://doi.org/10.1038/srep34783
https://doi.org/10.1038/35107134
https://doi.org/10.1016/j.cub.2008.01.049
https://doi.org/10.1038/s41586-021-03953-x
https://doi.org/10.1038/s41586-021-03953-x
https://doi.org/10.1016/j.cell.2023.06.009
https://doi.org/10.1126/science.abm1741
https://doi.org/10.1126/science.abm1741
https://doi.org/10.1126/science.abo7257
https://doi.org/10.1038/ng0298-168
https://doi.org/10.1038/ng0298-168
https://doi.org/10.1016/j.cortex.2011.10.004
https://doi.org/10.1016/j.cortex.2011.10.004
https://doi.org/10.1002/cne.22055
https://doi.org/10.1002/cne.22055
https://doi.org/10.1038/s41593-018-0205-2
https://doi.org/10.1017/S106279870400047X
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref55
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref55
https://doi.org/10.3389/neuro.09.031.2009
https://doi.org/10.3389/neuro.09.031.2009
https://doi.org/10.1073/pnas.1201895109
https://doi.org/10.1073/pnas.1201895109
https://doi.org/10.1054/mehy.2001.1516
https://doi.org/10.1016/j.tics.2005.03.005
https://doi.org/10.1016/j.tics.2005.03.005
https://doi.org/10.1016/j.jhevol.2022.103281
https://doi.org/10.1016/j.jhevol.2022.103281
https://doi.org/10.1126/sciadv.aao5961
https://doi.org/10.1126/sciadv.aao5961
https://doi.org/10.1073/pnas.1512646112
https://doi.org/10.3389/fevo.2023.1191274
https://doi.org/10.3389/fevo.2023.1191274
https://doi.org/10.1002/ajpa.24124
https://doi.org/10.1093/cercor/bhp158
https://doi.org/10.1016/j.jhevol.2005.08.001

¢? CellPress

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

OPEN ACCESS

. Balaram, P., and Kaas, J.H. (2014). Towards a unified scheme of cortical
lamination for primary visual cortex across primates: insights from NeuN
and VGLUT2 immunoreactivity. Front. Neuroanat. 8, 81. https://doi.org/
10.3389/fnana.2014.00081.

Dicke, U., and Roth, G. (2016). Neuronal factors determining high intelli-
gence. Philos. Trans. R. Soc. Lond. B Biol. Sci. 377, 20150180. https://
doi.org/10.1098/rstb.2015.0180.

Lewitus, E., Kelava, I., Kalinka, A.T., Tomancak, P., and Huttner, W.B.
(2014). An Adaptive Threshold in Mammalian Neocortical Evolution.
PLoS Biol. 12, €1002000. https://doi.org/10.1371/journal.pbio.1002000.

Jorstad, N.L., Song, J.H.T., Exposito-Alonso, D., Suresh, H., Castro-Pa-
checo, N., Krienen, F.M., Yanny, A.M., Close, J., Gelfand, E., Long, B.,
et al. (2023). Comparative transcriptomics reveals human-specific
cortical features. Science 382, eade9516. https://doi.org/10.1126/sci-
ence.ade9516.

DeFelipe, J. (2011). The Evolution of the Brain, the Human Nature of
Cortical Circuits, and Intellectual Creativity. Front. Neuroanat. 5, 29.
https://doi.org/10.3389/fnana.2011.00029.

Galakhova, A.A., Hunt, S., Wilbers, R., Heyer, D.B., de Kock, C.P.J.,
Mansvelder, H.D., and Goriounova, N.A. (2022). Evolution of cortical neu-
rons supporting human cognition. Trends Cogn. Sci. 26, 909-922.
https://doi.org/10.1016/j.tics.2022.08.012.

Bianchi, S., Stimpson, C.D., Bauernfeind, A.L., Schapiro, S.J., Baze,
W.B., McArthur, M.J., Bronson, E., Hopkins, W.D., Semendeferi, K., Ja-
cobs, B., et al. (2013). Dendritic Morphology of Pyramidal Neurons in the
Chimpanzee Neocortex: Regional Specializations and Comparison to
Humans. Cereb. Cortex 23, 2429-2436. https://doi.org/10.1093/cercor/
bhs239.

Heyer, D.B., Wilbers, R., Galakhova, A.A., Hartsema, E., Braak, S., Hunt,
S., Verhoog, M.B., Muijtiens, M.L., Mertens, E.J., [dema, S., et al. (2022).
Verbal and General IQ Associate with Supragranular Layer Thickness and
Cell Properties of the Left Temporal Cortex. Cereb. Cortex 32, 2343—
2357. https://doi.org/10.1093/cercor/bhab330.

Hotaling, S., Kelley, J.L., and Frandsen, P.B. (2021). Toward a genome
sequence for every animal: Where are we now? Proc. Natl. Acad. Sci.
USA 118, €2109019118. https://doi.org/10.1073/pnas.2109019118.

Darwin Tree of Life Project Consortium (2022). Sequence locally, think
globally: The Darwin Tree of Life Project. Proc. Natl. Acad. Sci. USA
119, €2115642118. https://doi.org/10.1073/pnas.2115642118.

Varki, A., and Altheide, T.K. (2005). Comparing the human and chim-
panzee genomes: searching for needles in a haystack. Genome Res.
15, 1746-1758. https://doi.org/10.1101/gr.3737405.

Somel, M., Liu, X., and Khaitovich, P. (2013). Human brain evolution:
Transcripts, metabolites and their regulators. Nat. Rev. Neurosci. 74,
112-127. https://doi.org/10.1038/nrn3372.

Yunis, J.J., and Prakash, O. (1982). The Origin of Man: A Chromosomal
Pictorial Legacy. Science 215, 1525-1530. https://doi.org/10.1126/sci-
ence.7063861.

Dougherty, M.L., Nuttle, X., Penn, O., Nelson, B.J., Huddleston, J.,
Baker, C., Harshman, L., Duyzend, M.H., Ventura, M., Antonacci, F.,
et al. (2017). The birth of a human-specific neural gene by incomplete
duplication and gene fusion. Genome Biol. 18, 49. https://doi.org/10.
1186/513059-017-1163-9.

Olbrich, H., Schmidts, M., Werner, C., Onoufriadis, A., Loges, N.T., Raidt,
J., Banki, N.F., Shoemark, A., Burgoyne, T., Al Turki, S., et al. (2012).
Recessive HYDIN Mutations Cause Primary Ciliary Dyskinesia without
Randomization of Left-Right Body Asymmetry. Am. J. Hum. Genet. 97,
672-684. https://doi.org/10.1016/j.ajhg.2012.08.016.

Rocha, J.J., Jayaram, S.A., Stevens, T.J., Muschalik, N., Shah, R.D., Em-
ran, S., Robles, C., Freeman, M., and Munro, S. (2023). Functional unk-
nomics: Systematic screening of conserved genes of unknown function.
PLoS Biol. 21, €3002222. https://doi.org/10.1371/journal.pbio.3002222.

5854 Cell 187, October 17, 2024

83.

84.

85.

86.

87.

88.

89.

90.

1.

92.

93.

94.

95.

96.

Cell

Weninger, A., and Arlotta, P. (2023). A family portrait of human brain cells.
Science 382, 168-169. https://doi.org/10.1126/science.adk4857.

Rosenberg, A.B., Roco, C.M., Muscat, R.A., Kuchina, A., Sample, P.,
Yao, Z., Graybuck, L.T., Peeler, D.J., Mukherjee, S., Chen, W., et al.
(2018). Single-cell profiling of the developing mouse brain and spinal
cord with split-pool barcoding. Science 360, 176-182. https://doi.org/
10.1126/science.aam8999.

Maricic, T., Glnther, V., Georgiev, O., Gehre, S., Curlin, M., Schreiweis,
C., Naumann, R., Burbano, H.A., Meyer, M., Lalueza-Fox, C., et al.
(2013). A Recent Evolutionary Change Affects a Regulatory Element in
the Human FOXP2 Gene. Mol. Biol. Evol. 30, 844-852. https://doi.org/
10.1093/molbev/mss271.

Krause, J., Lalueza-Fox, C., Orlando, L., Enard, W., Green, R.E., Bur-
bano, H.A., Hublin, J.-J., Hanni, C., Fortea, J., de la Rasilla, M., et al.
(2007). The Derived FOXP2 Variant of Modern Humans Was Shared
with Neandertals. Curr. Biol. 77, 1908-1912. https://doi.org/10.1016/].
cub.2007.10.008.

Vermunt, M.W., Tan, S.C., Castelijns, B., Geeven, G., Reinink, P., de
Bruijn, E., Kondova, |., Persengiev, S., Netherlands Brain Bank, and Bon-
trop, R., et al. (2016). Epigenomic annotation of gene regulatory alter-
ations during evolution of the primate brain. Nat. Neurosci. 19, 494-
503. https://doi.org/10.1038/nn.4229.

McLean, C.Y., Reno, P.L., Pollen, A.A., Bassan, A.l., Capellini, T.D.,
Guenther, C., Indjeian, V.B., Lim, X., Menke, D.B., Schaar, B.T., et al.
(2011). Human-specific loss of regulatory DNA and the evolution of hu-
man-specific traits. Nature 477, 216-219. https://doi.org/10.1038/
nature09774.

Pollard, K.S., Salama, S.R., Lambert, N., Lambot, M.-A., Coppens, S.,
Pedersen, J.S., Katzman, S., King, B., Onodera, C., Siepel, A., et al.
(2006). An RNA gene expressed during cortical development evolved
rapidly in humans. Nature 443, 167-172. https://doi.org/10.1038/
nature05113.

Prabhakar, S., Noonan, J.P., Pdabo, S., and Rubin, E.M. (2006). Acceler-
ated Evolution of Conserved Noncoding Sequences in Humans. Science
314, 786. https://doi.org/10.1126/science.1130738.

Capra, J.A., Erwin, G.D., McKinsey, G., Rubenstein, J.L.R., and Pollard,
K.S. (2013). Many human accelerated regions are developmental en-
hancers. Philos. Trans. R. Soc. Lond. B Biol. Sci. 368, 20130025.
https://doi.org/10.1098/rstb.2013.0025.

Reilly, S.K., Yin, J., Ayoub, A.E., Emera, D., Leng, J., Cotney, J., Sarro, R.,
Rakic, P., and Noonan, J.P. (2015). Evolutionary genomics. Evolutionary
changes in promoter and enhancer activity during human corticogenesis.
Science 347, 1155-1159. https://doi.org/10.1126/science.1260943.

Uebbing, S., Gockley, J., Reilly, S.K., Kocher, A.A., Geller, E., Gandotra,
N., Scharfe, C., Cotney, J., and Noonan, J.P. (2021). Massively parallel
discovery of human-specific substitutions that alter enhancer activity.
Proc. Natl. Acad. Sci. USA 118, €2007049118. https://doi.org/10.1073/
pnas.2007049118.

Girskis, K.M., Stergachis, A.B., DeGennaro, E.M., Doan, R.N., Qian, X.,
Johnson, M.B., Wang, P.P., Sejourne, G.M., Nagy, M.A,, Pollina, E.A.,,
et al. (2021). Rewiring of human neurodevelopmental gene regulatory
programs by human accelerated regions. Neuron 709, 3239-3251.e7.
https://doi.org/10.1016/j.neuron.2021.08.005.

Whalen, S., Inoue, F., Ryu, H., Fair, T., Markenscoff-Papadimitriou, E.,
Keough, K., Kircher, M., Martin, B., Alvarado, B., Elor, O., et al. (2023).
Machine learning dissection of human accelerated regions in primate
neurodevelopment. Neuron 777, 857-873.e8. https://doi.org/10.1016/j.
neuron.2022.12.026.

Kanton, S., Boyle, M.J., He, Z., Santel, M., Weigert, A., Sanchis-Calleja,
F., Guijarro, P., Sidow, L., Fleck, J.S., Han, D., et al. (2019). Organoid sin-
gle-cell genomic atlas uncovers human-specific features of brain devel-
opment. Nature 574, 418-422. https://doi.org/10.1038/s41586-019-
1654-9.


https://doi.org/10.3389/fnana.2014.00081
https://doi.org/10.3389/fnana.2014.00081
https://doi.org/10.1098/rstb.2015.0180
https://doi.org/10.1098/rstb.2015.0180
https://doi.org/10.1371/journal.pbio.1002000
https://doi.org/10.1126/science.ade9516
https://doi.org/10.1126/science.ade9516
https://doi.org/10.3389/fnana.2011.00029
https://doi.org/10.1016/j.tics.2022.08.012
https://doi.org/10.1093/cercor/bhs239
https://doi.org/10.1093/cercor/bhs239
https://doi.org/10.1093/cercor/bhab330
https://doi.org/10.1073/pnas.2109019118
https://doi.org/10.1073/pnas.2115642118
https://doi.org/10.1101/gr.3737405
https://doi.org/10.1038/nrn3372
https://doi.org/10.1126/science.7063861
https://doi.org/10.1126/science.7063861
https://doi.org/10.1186/s13059-017-1163-9
https://doi.org/10.1186/s13059-017-1163-9
https://doi.org/10.1016/j.ajhg.2012.08.016
https://doi.org/10.1371/journal.pbio.3002222
https://doi.org/10.1126/science.adk4857
https://doi.org/10.1126/science.aam8999
https://doi.org/10.1126/science.aam8999
https://doi.org/10.1093/molbev/mss271
https://doi.org/10.1093/molbev/mss271
https://doi.org/10.1016/j.cub.2007.10.008
https://doi.org/10.1016/j.cub.2007.10.008
https://doi.org/10.1038/nn.4229
https://doi.org/10.1038/nature09774
https://doi.org/10.1038/nature09774
https://doi.org/10.1038/nature05113
https://doi.org/10.1038/nature05113
https://doi.org/10.1126/science.1130738
https://doi.org/10.1098/rstb.2013.0025
https://doi.org/10.1126/science.1260943
https://doi.org/10.1073/pnas.2007049118
https://doi.org/10.1073/pnas.2007049118
https://doi.org/10.1016/j.neuron.2021.08.005
https://doi.org/10.1016/j.neuron.2022.12.026
https://doi.org/10.1016/j.neuron.2022.12.026
https://doi.org/10.1038/s41586-019-1654-9
https://doi.org/10.1038/s41586-019-1654-9

C

97

98

99

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

112.

ell

. Pollen, A.A., Bhaduri, A., Andrews, M.G., Nowakowski, T.J., Meyerson,
0.S., Mostajo-Radji, M.A., Di Lullo, E.D., Alvarado, B., Bedolli, M.,
Dougherty, M.L., et al. (2019). Establishing Cerebral Organoids as
Models of Human-Specific Brain Evolution. Cell 176, 743-756.e17.
https://doi.org/10.1016/j.cell.2019.01.017.

. Benito-Kwiecinski, S., Giandomenico, S.L., Sutcliffe, M., Riis, E.S.,
Freire-Pritchett, P., Kelava, |., Wunderlich, S., Martin, U., Wray, G.A.,
McDole, K., et al. (2021). An early cell shape transition drives evolutionary
expansion of the human forebrain. Cell 184, 2084-2102.e19. https://doi.
org/10.1016/j.cell.2021.02.050.

. Lancaster, M.A., Renner, M., Martin, C.-A., Wenzel, D., Bicknell, L.S.,
Hurles, M.E., Homfray, T., Penninger, J.M., Jackson, A.P., and Knoblich,
J.A. (2013). Cerebral organoids model human brain development and
microcephaly. Nature 507, 373-379. https://doi.org/10.1038/nature12517.

Kelley, K.W., and Pasca, S.P. (2022). Human brain organogenesis: to-
ward a cellular understanding of development and disease. Cell 7185,
42-61. https://doi.org/10.1016/j.cell.2021.10.003.

Chiaradia, ., and Lancaster, M.A. (2020). Brain organoids for the study of
human neurobiology at the interface of in vitro and in vivo. Nat. Neurosci.
23, 1496-1508. https://doi.org/10.1038/s41593-020-00730-3.

Bhaduri, A., Andrews, M.G., Mancia Leon, W., Jung, D., Shin, D., Allen,
D., Jung, D., Schmunk, G., Haeussler, M., Salma, J., et al. (2020). Cell
stress in cortical organoids impairs molecular subtype specification. Na-
ture 578, 142-148. https://doi.org/10.1038/s41586-020-1962-0.

Tanaka, Y., Cakir, B., Xiang, Y., Sullivan, G.J., and Park, I.-H. (2020). Syn-
thetic Analyses of Single-Cell Transcriptomes from Multiple Brain Orga-
noids and Fetal Brain. Cell Rep. 30, 1682-1689.e3. https://doi.org/10.
1016/j.celrep.2020.01.038.

Chiaradia, I., Imaz-Rosshandler, I., Nilges, B.S., Boulanger, J., Pellegrini,
L., Das, R., Kashikar, N.D., and Lancaster, M.A. (2023). Tissue
morphology influences the temporal program of human brain organoid
development. Cell Stem Cell 30, 1351-1367.e10. https://doi.org/10.
1016/j.stem.2023.09.003.

Rakic, P. (1995). A small step for the cell, a giant leap for mankind: a hy-
pothesis of neocortical expansion during evolution. Trends Neurosci. 18,
383-388. https://doi.org/10.1016/0166-2236(95)93934-P.

Kollmann, J. (1885). Das Ueberwintern von europdischen Frosch- und
Tritonlarven und die Umwandlung des mexikanischen Axolotl. Proceed-
ings of the Natural Science Society of Basel 7, 387-398.

Martik, M.L., and Bronner, M.E. (2021). Riding the crest to get a head:
neural crest evolution in vertebrates. Nat. Rev. Neurosci. 22, 616-626.
https://doi.org/10.1038/s41583-021-00503-2.

Prescott, S.L., Srinivasan, R., Marchetto, M.C., Grishina, I., Narvaiza, |.,
Selleri, L., Gage, F.H., Swigut, T., and Wysocka, J. (2015). Enhancer
Divergence and cis-Regulatory Evolution in the Human and Chimp Neu-
ral Crest. Cell 163, 68-83. https://doi.org/10.1016/j.cell.2015.08.036.

Zanella, M., Vitriolo, A., Andirko, A., Martins, P.T., Sturm, S., O’Rourke,
T., Laugsch, M., Malerba, N., Skaros, A., Trattaro, S., et al. (2019).
Dosage analysis of the 7g11.23 Williams region identifies BAZ1B as a
major human gene patterning the modern human face and underlying
self-domestication. Sci. Adv. 5, eaaw7908. https://doi.org/10.1126/
sciadv.aaw7908.

Toma, C., Pierce, K.D., Shaw, A.D., Heath, A., Mitchell, P.B., Schofield,
P.R., and Fullerton, J.M. (2018). Comprehensive cross-disorder analyses
of CNTNAP2 suggest it is unlikely to be a primary risk gene for psychiatric
disorders. PLOS Genet. 14, e1007535. https://doi.org/10.1371/journal.
pgen.1007535.

Hegarty, S.V., Sullivan, A.M., and O’Keeffe, G.W. (2015). Zeb2: A multi-
functional regulator of nervous system development. Prog. Neurobiol.
132, 81-95. https://doi.org/10.1016/j.pneurobio.2015.07.001.

Lacruz, R.S., Stringer, C.B., Kimbel, W.H., Wood, B., Harvati, K., O’Hig-
gins, P., Bromage, T.G., and Arsuaga, J.-L. (2019). The evolutionary his-

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

¢? CellPress

OPEN ACCESS

tory of the human face. Nat. Ecol. Evol. 3, 726-736. https://doi.org/10.
1038/s41559-019-0865-7.

Sun, T., and Hevner, R.F. (2014). Growth and folding of the mammalian
cerebral cortex: from molecules to malformations. Nat. Rev. Neurosci.
15, 217-232. https://doi.org/10.1038/nrn3707.

Fietz, S.A., Kelava, I., Vogt, J., Wilsch-Brauninger, M., Stenzel, D., Fish,
J.L., Corbeil, D., Riehn, A., Distler, W., Nitsch, R., et al. (2010). OSVZ pro-
genitors of human and ferret neocortex are epithelial-like and expand by
integrin signaling. Nat. Neurosci. 13, 690-699. https://doi.org/10.1038/
nn.2553.

Hansen, D.V., Lui, J.H., Parker, P.R.L., and Kriegstein, A.R. (2010).
Neurogenic radial glia in the outer subventricular zone of human
neocortex. Nature 464, 554-561. https://doi.org/10.1038/nature08845.

Stepien, B.K,, Vaid, S., and Huttner, W.B. (2021). Length of the Neuro-
genic Period—A Key Determinant for the Generation of Upper-Layer
Neurons During Neocortex Development and Evolution. Front. Cell
Dev. Biol. 9, 676911. https://doi.org/10.3389/fcell.2021.676911.

Dehay, C., Kennedy, H., and Kosik, K.S. (2015). The Outer Subventricular
Zone and Primate-Specific Cortical Complexification. Neuron 85, 683—
694. https://doi.org/10.1016/j.neuron.2014.12.060.

Otani, T., Marchetto, M.C., Gage, F.H., Simons, B.D., and Livesey, F.J.
(2016). 2D and 3D Stem Cell Models of Primate Cortical Development
Identify Species-Specific Differences in Progenitor Behavior Contrib-
uting to Brain Size. Cell Stem Cell 18, 467-480. https://doi.org/10.
1016/j.stem.2016.03.003.

Boyd, J.L., Skove, S.L., Rouanet, J.P., Pilaz, L.-J., Bepler, T., Gordan, R.,
Wray, G.A., and Silver, D.L. (2015). Human-Chimpanzee Differences in a
FZD8 Enhancer Alter Cell-Cycle Dynamics in the Developing Neocortex.
Curr. Biol. 25, 772-779. https://doi.org/10.1016/j.cub.2015.01.041.

Samonte, R.V., and Eichler, E.E. (2002). Segmental duplications and the
evolution of the primate genome. Nat. Rev. Genet. 3, 65-72. https://doi.
org/10.1038/nrg705.

Liu, J., Liu, W., Yang, L., Wu, Q., Zhang, H., Fang, A., Li, L., Xu, X., Sun, L.,
Zhang, J., et al. (2017). The Primate-Specific Gene TMEM14B Marks
Outer Radial Glia Cells and Promotes Cortical Expansion and Folding.
Cell Stem Cell 27, 635-649.e8. https://doi.org/10.1016/j.stem.2017.
08.013.

Ju, X.-C., Hou, Q.-Q., Sheng, A.-L., Wu, K.-Y., Zhou, Y., Jin, Y., Wen, T,
Yang, Z., Wang, X., and Luo, Z.-G. (2016). The hominoid-specific
gene TBC1D3 promotes generation of basal neural progenitors and in-
duces cortical folding in mice. eLife 5, e18197. https://doi.org/10.7554/
eLife.18197.

Van Heurck, R.V., Bonnefont, J., Wojno, M., Suzuki, I.K., Velez-Bravo,
F.D., Erkol, E., Nguyen, D.T., Herpoel, A., Bilheu, A., Beckers, S., et al.
(2023). CROCCP2 acts as a human-specific modifier of cilia dynamics
and mTOR signaling to promote expansion of cortical progenitors.
Neuron 7711, 65-80.e€6. https://doi.org/10.1016/j.neuron.2022.10.018.

Brunetti-Pierri, N., Berg, J.S., Scaglia, F., Belmont, J., Bacino, C.A., Sa-
hoo, T., Lalani, S.R., Graham, B., Lee, B., Shinawi, M., et al. (2008).
Recurrent reciprocal 1921.1 deletions and duplications associated with
microcephaly or macrocephaly and developmental and behavioral ab-
normalities. Nat. Genet. 40, 1466-1471. https://doi.org/10.1038/ng.279.

Popesco, M.C., MacLaren, E.J., Hopkins, J., Dumas, L., Cox, M., Melte-
sen, L., McGavran, L., Wyckoff, G.J., and Sikela, J.M. (2006). Human
lineage-Specific Amplification, Selection, and Neuronal Expression of
DUF1220 Domains. Science 313, 1304-1307. https://doi.org/10.1126/
science.1127980.

Fiddes, I.T., Pollen, A.A., Davis, J.M., and Sikela, J.M. (2019). Paired
involvement of human-specific Olduvai domains and NOTCH2NL genes
in human brain evolution. Hum. Genet. 138, 715-721. https://doi.org/10.
1007/s00439-019-02018-4.

Keeney, J.G., Davis, J.M., Siegenthaler, J., Post, M.D., Nielsen, B.S.,
Hopkins, W.D., and Sikela, J.M. (2015). DUF1220 protein domains drive

Cell 187, October 17, 2024 5855



https://doi.org/10.1016/j.cell.2019.01.017
https://doi.org/10.1016/j.cell.2021.02.050
https://doi.org/10.1016/j.cell.2021.02.050
https://doi.org/10.1038/nature12517
https://doi.org/10.1016/j.cell.2021.10.003
https://doi.org/10.1038/s41593-020-00730-3
https://doi.org/10.1038/s41586-020-1962-0
https://doi.org/10.1016/j.celrep.2020.01.038
https://doi.org/10.1016/j.celrep.2020.01.038
https://doi.org/10.1016/j.stem.2023.09.003
https://doi.org/10.1016/j.stem.2023.09.003
https://doi.org/10.1016/0166-2236(95)93934-P
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref106
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref106
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref106
https://doi.org/10.1038/s41583-021-00503-2
https://doi.org/10.1016/j.cell.2015.08.036
https://doi.org/10.1126/sciadv.aaw7908
https://doi.org/10.1126/sciadv.aaw7908
https://doi.org/10.1371/journal.pgen.1007535
https://doi.org/10.1371/journal.pgen.1007535
https://doi.org/10.1016/j.pneurobio.2015.07.001
https://doi.org/10.1038/s41559-019-0865-7
https://doi.org/10.1038/s41559-019-0865-7
https://doi.org/10.1038/nrn3707
https://doi.org/10.1038/nn.2553
https://doi.org/10.1038/nn.2553
https://doi.org/10.1038/nature08845
https://doi.org/10.3389/fcell.2021.676911
https://doi.org/10.1016/j.neuron.2014.12.060
https://doi.org/10.1016/j.stem.2016.03.003
https://doi.org/10.1016/j.stem.2016.03.003
https://doi.org/10.1016/j.cub.2015.01.041
https://doi.org/10.1038/nrg705
https://doi.org/10.1038/nrg705
https://doi.org/10.1016/j.stem.2017.08.013
https://doi.org/10.1016/j.stem.2017.08.013
https://doi.org/10.7554/eLife.18197
https://doi.org/10.7554/eLife.18197
https://doi.org/10.1016/j.neuron.2022.10.018
https://doi.org/10.1038/ng.279
https://doi.org/10.1126/science.1127980
https://doi.org/10.1126/science.1127980
https://doi.org/10.1007/s00439-019-02018-4
https://doi.org/10.1007/s00439-019-02018-4

¢? CellPress

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

OPEN ACCESS

proliferation in human neural stem cells and are associated with
increased cortical volume in anthropoid primates. Brain Struct. Funct.
220, 3053-3060. https://doi.org/10.1007/s00429-014-0814-9.

Fiddes, I.T., Lodewijk, G.A., Mooring, M., Bosworth, C.M., Ewing, A.D.,
Mantalas, G.L., Novak, A.M., van den Bout, A., Bishara, A., Rosenkrantz,
J.L., et al. (2018). Human-Specific NOTCH2NL Genes Affect Notch
Signaling and Cortical Neurogenesis. Cell 173, 1356-1369.e22. https://
doi.org/10.1016/j.cell.2018.03.051.

Suzuki, I.K., Gacquer, D., Van Heurck, R.V., Kumar, D., Wojno, M., Bil-
heu, A., Herpoel, A., Lambert, N., Cheron, J., Polleux, F., et al. (2018). Hu-
man-Specific NOTCH2NL Genes Expand Cortical Neurogenesis through
Delta/Notch Regulation. Cell 7173, 1370-1384.e16. https://doi.org/10.
1016/j.cell.2018.03.067.

Florio, M., Albert, M., Taverna, E., Namba, T., Brandl, H., Lewitus, E.,
Haffner, C., Sykes, A., Wong, F.K., Peters, J., et al. (2015). Human-spe-
cific gene ARHGAP11B promotes basal progenitor amplification and
neocortex expansion. Science 347, 1465-1470. https://doi.org/10.
1126/science.aaal1975.

Heide, M., Haffner, C., Murayama, A., Kurotaki, Y., Shinohara, H., Okano,
H., Sasaki, E., and Huttner, W.B. (2020). Human-specific ARHGAP11B
increases size and folding of primate neocortex in the fetal marmoset.
Science 369, 546-550. https://doi.org/10.1126/science.abb2401.

Oberheim, N.A., Takano, T., Han, X., He, W., Lin, J.H.C., Wang, F., Xu, Q.,
Wyatt, J.D., Pilcher, W., Ojemann, J.G., et al. (2009). Uniquely Hominid
Features of Adult Human Astrocytes. J. Neurosci. 29, 3276-3287.
https://doi.org/10.1523/JNEUROSCI.4707-08.2009.

Oberheim, N.A., Wang, X., Goldman, S., and Nedergaard, M. (2006). As-
trocytic complexity distinguishes the human brain. Trends Neurosci. 29,
547-558. https://doi.org/10.1016/j.tins.2006.08.004.

Rash, B.G., Arellano, J.l., Duque, A., and Rakic, P. (2023). Role of intra-
cortical neuropil growth in the gyrification of the primate cerebral cortex.
Proc. Natl. Acad. Sci. USA 7120, e2210967120. https://doi.org/10.1073/
pnas.2210967120.

Falcone, C., Penna, E., Hong, T., Tarantal, A.F., Hof, P.R., Hopkins, W.D.,
Sherwood, C.C., Noctor, S.C., and Martinez-Cerdefio, V. (2021). Cortical
Interlaminar Astrocytes Are Generated Prenatally, Mature Postnatally,
and Express Unique Markers in Human and Nonhuman Primates. Cereb.
Cortex 317, 379-395. https://doi.org/10.1093/cercor/bhaa231.

Falcone, C., McBride, E.L., Hopkins, W.D., Hof, P.R., Manger, P.R., Sher-
wood, C.C., Noctor, S.C., and Martinez-Cerdefio, V. (2022). Redefining
varicose projection astrocytes in primates. Glia 70, 145-154. https://
doi.org/10.1002/glia.24093.

Agoglia, R.M., Sun, D., Birey, F., Yoon, S.-J., Miura, Y., Sabatini, K.,
Pasca, S.P., and Fraser, H.B. (2021). Primate cell fusion disentangles
gene regulatory divergence in neurodevelopment. Nature 592, 421-
427. https://doi.org/10.1038/s41586-021-03343-3.

Ciuba, K., Piotrowska, A., Chaudhury, D., Dehingia, B., Dunski, E., Behr,
R., Soroczynska, K., Czystowska-Kuzmicz, M., Abbas, M., Figiel, I., et al.
(2023). Molecular signature of primate astrocytes reveals pathways and
regulatory changes contributing to the human brain evolution. Preprint
at bioRxiv. https://doi.org/10.1101/2023.12.12.570426.

Kamen, Y., Pivonkova, H., Evans, K.A., and Karadéttir, R.T. (2022). A
Matter of State: Diversity in Oligodendrocyte Lineage Cells. Neuroscien-
tist 28, 144-162. https://doi.org/10.1177/1073858420987208.

Huang, W., Bhaduri, A., Velmeshev, D., Wang, S., Wang, L., Rottkamp,
C.A., Alvarez-Buylla, A., Rowitch, D.H., and Kriegstein, A.R. (2020). Ori-
gins and Proliferative States of Human Oligodendrocyte Precursor Cells.
Cell 182, 594-608.e11. https://doi.org/10.1016/j.cell.2020.06.027.

Caglayan, E., Ayhan, F., Liu, Y., Volimer, R.M., Oh, E., Sherwood, C.C.,
Preuss, T.M., Yi, S.V., and Konopka, G. (2023). Molecular features driving
cellular complexity of human brain evolution. Nature 620, 145-153.
https://doi.org/10.1038/s41586-023-06338-4.

5856 Cell 187, October 17, 2024

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Cell

Berto, S., Mendizabal, I., Usui, N., Toriumi, K., Chatterjee, P., Douglas,
C., Tamminga, C.A., Preuss, T.M., Yi, S.V., and Konopka, G. (2019).
Accelerated evolution of oligodendrocytes in the human brain. Proc.
Natl. Acad. Sci. USA 7116, 24334-24342. https://doi.org/10.1073/pnas.
1907982116.

Khrameeva, E., Kurochkin, I., Han, D., Guijarro, P., Kanton, S., Santel, M.,
Qian, Z., Rong, S., Mazin, P., Sabirov, M., et al. (2020). Single-cell-
resolution transcriptome map of human, chimpanzee, bonobo, and ma-
caque brains. Genome Res. 30, 776-789. https://doi.org/10.1101/gr.
256958.119.

Epelman, S., Lavine, K.J., and Randolph, G.J. (2014). Origin and Func-
tions of Tissue Macrophages. Immunity 41, 21-35. https://doi.org/10.
1016/j.immuni.2014.06.013.

Pellegrini, L., Bonfio, C., Chadwick, J., Begum, F., Skehel, M., and Lan-
caster, M.A. (2020). Human CNS barrier-forming organoids with cerebro-
spinal fluid production. Science 369, eaaz5626. https://doi.org/10.1126/
science.aaz5626.

Doan, R.N., Bae, B.-I., Cubelos, B., Chang, C., Hossain, A.A., Al-Saad,
S., Mukaddes, N.M., Oner, O., Al-Saffar, M., Balkhy, S., et al. (2016). Mu-
tations in Human Accelerated Regions Disrupt Cognition and Social
Behavior. Cell 167, 341-354.e12. https://doi.org/10.1016/j.cell.2016.
08.071.

Linaro, D., Vermaercke, B., lwata, R., Ramaswamy, A., Libé-Philippot, B.,
Boubakar, L., Davis, B.A., Wierda, K., Davie, K., Poovathingal, S., et al.
(2019). Xenotransplanted Human Cortical Neurons Reveal Species-
Specific Development and Functional Integration into Mouse Visual Cir-
cuits. Neuron 104, 972-986.e6. https://doi.org/10.1016/j.neuron.2019.
10.002.

Marchetto, M.C., Hrvoj-Mihic, B., Kerman, B.E., Yu, D.X., Vadodaria,
K.C., Linker, S.B., Narvaiza, |., Santos, R., Denli, A.M., Mendes, A.P.,
et al. (2019). Species-specific maturation profiles of human, chimpanzee
and bonobo neural cells. eLife 8, e37527. https://doi.org/10.7554/el -
ife.37527.

Matsuda, M., Hayashi, H., Garcia-Ojalvo, J., Yoshioka-Kobayashi, K.,
Kageyama, R., Yamanaka, Y., lkeya, M., Toguchida, J., Alev, C., and Ebi-
suya, M. (2020). Species-specific segmentation clock periods are due to
differential biochemical reaction speeds. Science 369, 1450-1455.
https://doi.org/10.1126/science.aba7668.

Rayon, T., Stamataki, D., Perez-Carrasco, R., Garcia-Perez, L., Barring-
ton, C., Melchionda, M., Exelby, K., Lazaro, J., Tybulewicz, V.L.J., Fisher,
E.M.C., et al. (2020). Species-specific pace of development is associated
with differences in protein stability. Science 369, eaba7667. https://doi.
org/10.1126/science.aba7667.

lwata, R., Casimir, P., Erkol, E., Boubakar, L., Planque, M., Gallego
Lépez, I.M., Ditkowska, M., Gaspariunaite, V., Beckers, S., Remans,
D., et al. (2023). Mitochondria metabolism sets the species-specific
tempo of neuronal development. Science 379, eabn4705. https://doi.
org/10.1126/science.abn4705.

Ciceri, G., Baggiolini, A., Cho, H.S., Kshirsagar, M., Benito-Kwiecinski,
S., Walsh, R.M., Aromolaran, K.A., Gonzalez-Hernandez, A.J., Munguba,
H., Koo, S.Y., et al. (2024). An epigenetic barrier sets the timing of human
neuronal maturation. Nature 626, 881-890. https://doi.org/10.1038/
s41586-023-06984-8.

Guerrier, S., Coutinho-Budd, J., Sassa, T., Gresset, A., Jordan, N.V.,
Chen, K., Jin, W.-L., Frost, A., and Polleux, F. (2009). The F-BAR Domain
of srGAP2 Induces Membrane Protrusions Required for Neuronal Migra-
tion and Morphogenesis. Cell 738, 990-1004. https://doi.org/10.1016/j.
cell.2009.06.047.

Charrier, C., Joshi, K., Coutinho-Budd, J., Kim, J.-E., Lambert, N., de
Marchena, J., Jin, W.-L., Vanderhaeghen, P., Ghosh, A., Sassa, T.,
et al. (2012). Inhibition of SRGAP2 Function by Its Human-Specific Paral-
ogs Induces Neoteny during Spine Maturation. Cell 749, 923-935.
https://doi.org/10.1016/j.cell.2012.03.034.


https://doi.org/10.1007/s00429-014-0814-9
https://doi.org/10.1016/j.cell.2018.03.051
https://doi.org/10.1016/j.cell.2018.03.051
https://doi.org/10.1016/j.cell.2018.03.067
https://doi.org/10.1016/j.cell.2018.03.067
https://doi.org/10.1126/science.aaa1975
https://doi.org/10.1126/science.aaa1975
https://doi.org/10.1126/science.abb2401
https://doi.org/10.1523/JNEUROSCI.4707-08.2009
https://doi.org/10.1016/j.tins.2006.08.004
https://doi.org/10.1073/pnas.2210967120
https://doi.org/10.1073/pnas.2210967120
https://doi.org/10.1093/cercor/bhaa231
https://doi.org/10.1002/glia.24093
https://doi.org/10.1002/glia.24093
https://doi.org/10.1038/s41586-021-03343-3
https://doi.org/10.1101/2023.12.12.570426
https://doi.org/10.1177/1073858420987208
https://doi.org/10.1016/j.cell.2020.06.027
https://doi.org/10.1038/s41586-023-06338-4
https://doi.org/10.1073/pnas.1907982116
https://doi.org/10.1073/pnas.1907982116
https://doi.org/10.1101/gr.256958.119
https://doi.org/10.1101/gr.256958.119
https://doi.org/10.1016/j.immuni.2014.06.013
https://doi.org/10.1016/j.immuni.2014.06.013
https://doi.org/10.1126/science.aaz5626
https://doi.org/10.1126/science.aaz5626
https://doi.org/10.1016/j.cell.2016.08.071
https://doi.org/10.1016/j.cell.2016.08.071
https://doi.org/10.1016/j.neuron.2019.10.002
https://doi.org/10.1016/j.neuron.2019.10.002
https://doi.org/10.7554/eLife.37527
https://doi.org/10.7554/eLife.37527
https://doi.org/10.1126/science.aba7668
https://doi.org/10.1126/science.aba7667
https://doi.org/10.1126/science.aba7667
https://doi.org/10.1126/science.abn4705
https://doi.org/10.1126/science.abn4705
https://doi.org/10.1038/s41586-023-06984-8
https://doi.org/10.1038/s41586-023-06984-8
https://doi.org/10.1016/j.cell.2009.06.047
https://doi.org/10.1016/j.cell.2009.06.047
https://doi.org/10.1016/j.cell.2012.03.034

Cell

155.

156.
157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Dennis, M.Y., Nuttle, X., Sudmant, P.H., Antonacci, F., Graves, T.A., Ne-
fedov, M., Rosenfeld, J.A., Sajjadian, S., Malig, M., Kotkiewicz, H., et al.
(2012). Evolution of Human-Specific Neural SRGAP2 Genes by Incom-
plete Segmental Duplication. Cell 749, 912-922. https://doi.org/10.
1016/j.cell.2012.03.033.

Gould, S.J. (1977). Ontogeny and Phylogeny (Harvard University Press).

Kiorpes, L. (2015). Visual development in primates: Neural mechanisms
and critical periods. Dev. Neurobiol. 75, 1080-1090. https://doi.org/10.
1002/dneu.22276.

Coppola, D.M., and White, L.E. (2019). Forever young: Neoteny, neuro-
genesis and a critique of critical periods in olfaction. J. Bioenerg. Bio-
membr. 57, 53-63. https://doi.org/10.1007/s10863-018-9778-4.

Fischer, J., Fernandez Ortuiio, E., Marsoner, F., Artioli, A., Peters, J.,
Namba, T., Eugster Oegema, C., Huttner, W.B., Ladewig, J., and Heide,
M. (2022). Human-specific ARHGAP11B ensures human-like basal pro-
genitor levels in hominid cerebral organoids. EMBO Rep. 23, €54728.
https://doi.org/10.15252/embr.202254728.

Claussnitzer, M., Cho, J.H., Collins, R., Cox, N.J., Dermitzakis, E.T.,
Hurles, M.E., Kathiresan, S., Kenny, E.E., Lindgren, C.M., MacArthur,
D.G., et al. (2020). A brief history of human disease genetics. Nature
577, 179-189. https://doi.org/10.1038/s41586-019-1879-7.

Chen, S., Francioli, L.C., Goodrich, J.K., Collins, R.L., Kanai, M., Wang,
Q., Alfoldi, J., Watts, N.A., Vittal, C., Gauthier, L.D., et al. (2024). A
genomic mutational constraint map using variation in 76,156 human ge-
nomes. Nature 625, 92-100. https://doi.org/10.1038/s41586-023-
06045-0.

van den Brink, S.C., Baillie-Johnson, P., Balayo, T., Hadjantonakis, A.-K.,
Nowotschin, S., Turner, D.A., and Martinez Arias, A. (2014). Symmetry
breaking, germ layer specification and axial organisation in aggregates
of mouse embryonic stem cells. Development 741, 4231-4242. https://
doi.org/10.1242/dev.113001.

Moris, N., Anlas, K., van den Brink, S.C., Alemany, A., Schroder, J., Ghi-
mire, S., Balayo, T., van Oudenaarden, A., and Martinez Arias, A. (2020).
An in vitro model of early anteroposterior organization during human
development. Nature 582, 410-415. https://doi.org/10.1038/s41586-
020-2383-9.

Junaid, M., Slack-Smith, L., Wong, K., Bourke, J., Baynam, G., Calache,
H., and Leonard, H. (2022). Association between craniofacial anomalies,
intellectual disability and autism spectrum disorder: Western Australian
population-based study. Pediatr. Res. 92, 1795-1804. https://doi.org/
10.1038/s41390-022-02024-9.

Benitez-Burraco, A., Clay, Z., and Kempe, V. (2020). Editorial: Self-
Domestication and Human Evolution. Front. Psychol. 11, 2007. https://
doi.org/10.3389/fpsyg.2020.02007.

Wilkins, A.S., Wrangham, R.W., and Fitch, W.T. (2014). The “Domestica-
tion Syndrome” in Mammals: A Unified Explanation Based on Neural
Crest Cell Behavior and Genetics. Genetics 797, 795-808. https://doi.
org/10.1534/genetics.114.165423.

Johnsson, M., Henriksen, R., and Wright, D. (2021). The neural crest cell
hypothesis: no unified explanation for domestication. Genetics 279,
iyab097. https://doi.org/10.1093/genetics/iyab097.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

¢? CellPress

OPEN ACCESS

Doudna, J.A., and Charpentier, E. (2014). Genome editing. The new fron-
tier of genome engineering with CRISPR-Cas9. Science 346, 1258096.
https://doi.org/10.1126/science.1258096.

Wang, K., Fredens, J., Brunner, S.F., Kim, S.H., Chia, T., and Chin, J.W.
(2016). Defining synonymous codon compression schemes by genome
recoding. Nature 539, 59-64. https://doi.org/10.1038/nature20124.

Marx, V. (2021). Method of the Year: spatially resolved transcriptomics.
Nat. Methods 78, 9-14. https://doi.org/10.1038/s41592-020-01033-y.

Bartosovic, M., Kabbe, M., and Castelo-Branco, G. (2021). Single-cell
CUT&Tag profiles histone modifications and transcription factors in com-
plex tissues. Nat. Biotechnol. 39, 825-835. https://doi.org/10.1038/
s41587-021-00869-9.

Zywitza, V., Frahm, S., Kruger, N., Weise, A., Goritz, F., Hermes, R.,
Holtze, S., Colleoni, S., Galli, C., Drukker, M., et al. (2022). Induced plurip-
otent stem cells and cerebral organoids from the critically endangered
Sumatran rhinoceros. iScience 25, 105414. https://doi.org/10.1016/].
isci.2022.105414.

Butti, C., Raghanti, M.A., Sherwood, C.C., and Hof, P.R. (2011). The
neocortex of cetaceans: cytoarchitecture and comparison with other
aquatic and terrestrial species. Ann. N. Y. Acad. Sci. 1225, 47-58.
https://doi.org/10.1111/j.1749-6632.2011.05980.x.

Paabo, S. (2014). The Human Condition—A Molecular Approach. Cell
157, 216-226. https://doi.org/10.1016/j.cell.2013.12.036.

Hoffmann, D.L., Standish, C.D., Garcia-Diez, M., Pettitt, P.B., Milton,
J.A., Zilhdo, J., Alcolea-Gonzdlez, J.J., Cantalejo-Duarte, P., Collado,
H., de Balbin, R., et al. (2018). U-Th dating of carbonate crusts reveals
Neandertal origin of Iberian cave art. Science 359, 912-915. https://
doi.org/10.1126/science.aap7778.

van der Valk, T., PecCnerovd, P., Diez-del-Molino, D., Bergstrom, A., Op-
penheimer, J., Hartmann, S., Xenikoudakis, G., Thomas, J.A., Dehasque,
M., Saglican, E., et al. (2021). Million-year-old DNA sheds light on the
genomic history of mammoths. Nature 591, 265-269. https://doi.org/
10.1038/s41586-021-03224-9.

Rizal, Y., Westaway, K.E., Zaim, Y., van den Bergh, G.D., Bettis, E.A.,
Morwood, M.J., Huffman, O.F., Grin, R., Joannes-Boyau, R., Bailey,
R.M., et al. (2020). Last appearance of Homo erectus at Ngandong,
Java, 117,000-108,000 years ago. Nature 577, 381-385. https://doi.
org/10.1038/s41586-019-1863-2.

Roberts, P., and Stewart, B.A. (2018). Defining the ‘generalist specialist’
niche for Pleistocene Homo sapiens. Nat. Hum. Behav. 2, 542-550.
https://doi.org/10.1038/s41562-018-0394-4.

Rogers, A.R., Harris, N.S., and Achenbach, A.A. (2020). Neanderthal-De-
nisovan ancestors interbred with a distantly related hominin. Sci. Adv. 6,
eaay5483. https://doi.org/10.1126/sciadv.aay5483.

Giandomenico, S.L., Mierau, S.B., Gibbons, G.M., Wenger, L.M.D., Ma-
sullo, L., Sit, T., Sutcliffe, M., Boulanger, J., Tripodi, M., Derivery, E., et al.
(2019). Cerebral organoids at the air-liquid interface generate diverse
nerve tracts with functional output. Nat. Neurosci. 22, 669-679. https://
doi.org/10.1038/s41593-019-0350-2.

Veerapandian, V., Ackermann, J.O., Srivastava, Y., Malik, V., Weng, M.,
Yang, X., and Jauch, R. (2018). Directed Evolution of Reprogramming
Factors by Cell Selection and Sequencing. Stem Cell Rep. 17, 593—
606. https://doi.org/10.1016/j.stemcr.2018.07.002.

Cell 187, October 17, 2024 5857



https://doi.org/10.1016/j.cell.2012.03.033
https://doi.org/10.1016/j.cell.2012.03.033
http://refhub.elsevier.com/S0092-8674(24)01018-3/sref156
https://doi.org/10.1002/dneu.22276
https://doi.org/10.1002/dneu.22276
https://doi.org/10.1007/s10863-018-9778-4
https://doi.org/10.15252/embr.202254728
https://doi.org/10.1038/s41586-019-1879-7
https://doi.org/10.1038/s41586-023-06045-0
https://doi.org/10.1038/s41586-023-06045-0
https://doi.org/10.1242/dev.113001
https://doi.org/10.1242/dev.113001
https://doi.org/10.1038/s41586-020-2383-9
https://doi.org/10.1038/s41586-020-2383-9
https://doi.org/10.1038/s41390-022-02024-9
https://doi.org/10.1038/s41390-022-02024-9
https://doi.org/10.3389/fpsyg.2020.02007
https://doi.org/10.3389/fpsyg.2020.02007
https://doi.org/10.1534/genetics.114.165423
https://doi.org/10.1534/genetics.114.165423
https://doi.org/10.1093/genetics/iyab097
https://doi.org/10.1126/science.1258096
https://doi.org/10.1038/nature20124
https://doi.org/10.1038/s41592-020-01033-y
https://doi.org/10.1038/s41587-021-00869-9
https://doi.org/10.1038/s41587-021-00869-9
https://doi.org/10.1016/j.isci.2022.105414
https://doi.org/10.1016/j.isci.2022.105414
https://doi.org/10.1111/j.1749-6632.2011.05980.x
https://doi.org/10.1016/j.cell.2013.12.036
https://doi.org/10.1126/science.aap7778
https://doi.org/10.1126/science.aap7778
https://doi.org/10.1038/s41586-021-03224-9
https://doi.org/10.1038/s41586-021-03224-9
https://doi.org/10.1038/s41586-019-1863-2
https://doi.org/10.1038/s41586-019-1863-2
https://doi.org/10.1038/s41562-018-0394-4
https://doi.org/10.1126/sciadv.aay5483
https://doi.org/10.1038/s41593-019-0350-2
https://doi.org/10.1038/s41593-019-0350-2
https://doi.org/10.1016/j.stemcr.2018.07.002

	Unraveling mechanisms of human brain evolution
	Introduction
	The evolutionary foundation of the human brain
	Origin of the brain
	Vertebrate brain evolution
	Mammalian brain evolution
	Primate brain evolution

	Hints at human-specific neurobiology from comparative studies
	Comparative neuroanatomy
	Comparative omics

	Methods to reveal mechanistic insight
	Potential human-specific developmental mechanisms
	Brain expansion
	Neural crest differences
	Differences in neurogenesis
	Glia and other supportive cell types
	Neuronal maturation and function
	Neoteny and “bradychrony”

	The future of human brain evolutionary biology
	From correlation to causation
	Questions that will be answered in the future
	What enables the human brain to expand so much compared with the body?
	How are brain and neural-crest evolution interconnected?
	How is human bradychrony achieved to enable tissue expansion and increased cellular complexity?
	What are the evolutionary genetic changes responsible for human-specific adaptations in the brain?

	Potential new directions

	Conclusions
	Acknowledgments
	Declaration of interests
	References


