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Thebrain of modern humans has evolved remarkable computational
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cortex, whichis thought to have resulted from evolutionary changes
inthe mechanisms of cortical development. Convergent progress in
evolutionary genomics, developmental biology and neuroscience has
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most aspects of corticogenesis, from the timing and complexity of
cortical neurogenesis to synaptogenesis and the assembly of cortical
circuits. Mutations of human-specific genetic modifiers of corticogenesis
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evidence for their physiological relevance and suggesting potential
relationships between the evolution of the human brainand its sensitivity
to specific diseases.
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Introduction

Approximately six million to eight million years ago, the common
ancestor of great apes (chimpanzees and bonobos) and species of the
Homolineagelivedin Africa. Following the divergence of hominins, one
branch, through multiple radiation (in which new species emerge) and
extinction events, gave rise to Homo sapiens approximately 300,000
years ago'. As a result of this evolution, the brain of modern humans
displays remarkable cognitive abilities that enable functions such as
elaborate working memory, self-awareness, advanced forms of com-
munication, complex tool making and cultural development®’. The
mechanisms underlying the evolutionary emergence of human cogni-
tive abilities constitute along-standing topic of interest in neurosci-
ence that has recently been transformed by the coalescence of major
advances in comparative genomics, developmental neurobiology
and new experimental models to study humanneural development and
function (Box 1).

Here, we present an overview of these recent advances linking
developmental mechanisms with the evolution of human neural cir-
cuits. We focus onthe cerebral cortex, arguably the most complex and
amongthe most divergent of the brainstructures of humans, compared
withthe other species. We first describe some of the most notable quali-
tative and quantitative differences between the human cortex and the
cortex of other animals at the cellular level. We then review the cellular
mechanisms that underlie specific features of human corticogenesis
and their molecular links with upstream human-specific genomic
changes. Finally, we illustrate how the identification of human-specific
modifiers of cortical development and function could lead to the
discovery of previously unknown aspects of human brain structure,
function and disease.

Human-specific brain features

The staggering structural and functional complexity of brain organi-
zation can be studied at multiple scales*. Atamacroscopic scale, neu-
ral circuits are organized in interconnected networks of neurons by
short-range and long-range axonal projections. At amicroscopicscale,
neurons connect to each other via precise synaptic connections. One
main goal of neuroscienceis tounderstand how variation at these dif-
ferentlevels underlies the brain’s functional properties and ultimately
shapesbehaviour. Studying this challenging problem is essential if we
are to decipher the mechanisms that mediated the emergence of the
cognitive capacities of modern humans®.

Cellular composition

More cortical neurons. The human brain contains approximately
85 billion neurons, each forming thousands of individual synapses
with other neurons®®’. The numbers of neuronal and non-neuronal
cells in specific brain structures in 41 mammalian species have been
estimated, leading the authors of those studies to the conclusion that
the brain of modern humans can be considered a “scaled-up primate
brain™’. However, two brain structures have expanded significantly
more than others (in terms of neuron number) among primates and
particularly in humans: the cerebral cortex (Fig. 1a) and the cerebel-
lum®”. With 16 billion neurons, the human cerebral cortex contains
a larger number of neurons than that of our closest relative, the
chimpanzee (6 billion neurons), or the more distantly related rhesus
macaque (1.7 billion neurons)®. Asacomparison, the neocortex of the
mouse and the neocortex of the rat (two mammalian species often
used in neuroscience) contain approximately 14 million and 31 million
neurons, respectively®’.

Altered cortical neuron composition and diversification. Beyond
absolute cell number, a key substrate of the complexity of the human
cortex is its cell composition and diversity (Fig. 1b). The neocortex
is composed of six layers containing both long-distance-projecting,
excitatory pyramidal neurons and locally projecting, inhibitory
interneurons. These broad neuronal classes can be further divided into
several dozen subclasses and subtypes, each of which displays specific
molecular, cellular and hodological features®’. Some subtypes are par-
tially specific to particular cortical layers: for instance, deep-layer (DL)
neurons (those foundinlayers 5and 6) mostly send long-range projec-
tionsto subcortical targets, whereas upper-layer (UL) neurons (found
in layers 2 and 3) project mostly locally and to other cortical areas.
Finally, layer 4 neurons receive most of the monosynaptic connections
from the thalamus that relay sensory information from the periph-
ery' (Fig. 1b). Although these basic principles are largely conserved
inallmammals, important cellular features that display divergencein
humans have been uncovered. For example, thalamo-recipient cortical
layer 4 is expanded in humans and non-human primates compared with
non-primate species and displays amore complex cytoarchitecture.

One key human feature is a significant expansion of the fraction
of cortical neurons that are UL pyramidal neurons: these neurons
constitute more than40% of the neurons in the human cerebral cortex,
whereas their proportion is around 25% in the mouse cerebral cortex
(with intermediate values for non-human primates including great
apes)" ™ (Fig. 1b). Recent multimodal analyses combining single-cell
transcriptomic, electrophysiological and morphological profiling have
revealed more heterogeneity and diversity among UL neurons in the
human cortex, where at least five UL subtypes have been identified,
compared with threeinthe mouse (Fig. 1b). Interestingly, the two addi-
tional UL subtypes foundin humans display patterns of gene expression
that are reminiscent of DL neurons'*". The resulting increase in the pro-
portion oflong-range projecting neurons in external ULs of the cortex™
could be an important substrate of the increased corticocortical
connectivity found in the human brain* (Fig. 1b).

Beyond UL neurons, single-cell transcriptomic comparisons of
adult human cortical neurons with their mouse and non-human primate
counterparts haverevealed considerable gene expression divergence
in homologous cell subtypes in each species, as well as changes in
their relative proportion™"®, For example, Betz neurons, a subtype
of DL corticospinal neuronsthat connect to the spinal cord to mediate
fine motor control, are enriched in primates”. Von Economo neurons
are a neuronal subtype characterized primarily by bitufted dendritic
morphology and found primarily in the anterior cingulate cortex and
frontal cortex of several higher mammals, including humans. Recent
work identified some of the transcriptional and electrophysiological
signatures of von Economo cells, which suggest that this cell type is
transcriptionally homologous to extratelencephalic excitatory neurons
that project to subcortical targets™.

Orthogonal toits laminar organization, the cerebral cortexis par-
celled into numerous cortical areas populated by neurons displaying
specific patterns of gene expression and connectivity’>”. Although
areas subserving first-order motor control and sensory processing are
well conserved in mammals, the number of cortical areas has consider-
ably expanded inthe primate lineage, rising from approximately 20 in
the mouse to more than150 in humans®2*, In particular, there hasbeen
a diversification of association areas??*. The cortical areas involved
in language processing and production are present in both humans
and non-human primates, but their long-range input and output con-
nectivity are divergent, which might explain human-specific linguistic
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Box 1

New experimental paradigms to study human brain development
and evolution

The study of human corticogenesis has entered a new era, enabled and cortical plate’. Three dimensional (3D) cultures of cortical
by the development of new tools and experimental models. Each of cells, also known as neural or cortical organoids, leverage the
these tools and models (illustrated in the figure) has both advantages  remarkable self-organizing properties of neural cells to recapitulate
and limitations, but their successful combination has led to novel some of the key aspects of the in vivo spatial organization of cortical
insights into the mechanisms underlying human-specific features progenitors and neurons, including a highly patterned ventricular
of brain development. zone-like structure. However, the generation of properly patterned
The simplest in vitro models of corticogenesis that have been neuronal layers remains difficult to achieve robustly**?". Organoids
developed are adherent two-dimensional (2D) cultures of cortical are also amenable to functional screening, at least at early stages
progenitors and neurons, generated from pluripotent stem cells and can include assemblies of excitatory and inhibitory neuronal
(PS cells; either embryonic stem cells (ES cells) or induced PS cells populations (assembloids) that reflect some aspects of cortical
(iPS cells)) derived from humans, macaques or chimpanzees. Despite circuits®™. Neural organoids have been maintained in culture for long
their simplicity, these models enable one to faithfully recapitulate periods (more than 1year); however, it remains challenging to keep
many aspects of cortical neurogenesis, including the sequential differentiated neurons healthy in these relatively large structures,
generation of cortical pyramidal neurons with identities corresponding  and in vitro culture can lead to metabolic stress*®. PS cell-derived
to those present in the six layers of the human brain’>**", These (or fetal cortex-derived) cortical cells grown in 2D culture or as
models are particularly well suited for high-throughput genetic or organoids can also be studied in vivo thanks to xenotransplantation
chemical screening or for single-cell experiments, such as those in the neonatal mouse brain. This enables us to follow neuronal
involving live imaging or clonal analyses. However they generate outer ~ development for months-long periods without metabolic stress
radial glial cells and upper-layer neurons in a much lower proportion and allows the cells to develop into functional neurons that can
than occurs in vivo and do not allow us to study key cytoarchitecture display higher-order properties, such as robust synaptic plasticity
features such as the ventricular zone, outer subventricular zone and even physiologically tuned responses to sensory stimuli™.
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HAR, human accelerated region; HGE, human gained enhancer; HSGD, human-specific gene duplication.
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(continued from previous page)

Xenotransplantation experiments are thus ideally suited to the study
of higher-order properties of human neurons in vivo; however, they
remain a low-throughput method that is time-consuming compared
with in vitro approaches.

The mouse is the main in vivo tool for the study of cortical
development, because of its associated genetic and embryology
toolbox (including transgenesis and in utero electroporation), which
can be used to study in vivo the effects of human genes or regulatory
elements. One major caveat of this approach, however, is that the
genes are studied in a cellular context that may lack key species-
specific features. Other mammalian models (such as the ferret,
marmoset or macaque) are much less versatile than the mouse but
enable us to study human-specific genes in a context that is closer
to the human context. In addition, non-mammalian models (ranging
from invertebrates such as Drosophila to vertebrates such as reptiles,

capacities”. Most importantly, the size of the human prefrontal cortex
(PFC), whichiis involved in complex social behaviours and executive
planning?®, is larger than that of non-human primates** (although
whether this reflects an absolute increase in size or an increase rela-
tive to the size of other areas is still debated®’). The increase in the size
of the PFC also reflects an increase in the size and/or number of its
subdivisions (Fig.1a). The developmental mechanisms underlying the
diversification of association and PFC areas remain largely unknown.
However, proposed mechanisms include changes in morphogen sig-
nalling® (seelater) and the ‘untethering’ of cortical neuron patterning
from the constraining influence of local signalling centres, due to the
significant expansion of the cortical surface’.

Despite the significant progress achieved through multimodal
single-cell analyses, the field is only starting to evaluate the degree
of cortical neuron diversity in different species. More work is needed
to explore further the relationship between areal diversity, connec-
tome properties and specific developmental programmes underlying
neuronal diversification. Nevertheless, current data indicate that the
human cortex is characterized by an expansion and diversification
of UL and PFC neurons. Both of these sets of neurons make extensive
corticocortical connections, which are correspondingly increased
in the non-human primate cortex and the human cortex (Fig. 1b,c).
Intriguingly, ULand PFC neurons are also characterized by their delayed
generation and/or development: UL neurons are the last to be gener-
ated during neurogenesis, and PFC areas are the last to reach mature
patterns of structural and functional connectivity®. This is consistent
with animportantinfluence of extended developmental timing on the
evolution of the human cortex (see later).

Altered interneuron composition. Approximately 20% of rodent
cortical neurons are locally projecting interneurons; however, the
proportionisgreater in the human cortex (approximately 25-30%)".
Corticalinterneurons canbe subdivided into at least 25 subtypes onthe
basis of their morphology, connectivity, electrophysiological proper-
tiesand gene expression profiles’. These subtypes appear to be largely
conserved in miceand humans, at least on the basis of transcriptomic
profiling®***. However, there are significant species differences in the
repertoire of genes expressed in each interneuron subtype and alsoin
their relative abundance and laminar position®**. For instance, rosehip

fish and birds) are crucial for the identification of new molecular,
cellular and developmental mechanisms relevant for human brain
evolution.

Access to ex vivo samples of fetal and adult human cortex and the
ability to perform not only molecular but also cellular and physiological
experiments on these preparations provides opportunities to study
the human cortex, despite the scarcity of the available material.
Finally, human genetics and comparative genomics enable the
identification of candidate genes and genomic elements linked
to cortical development and evolution as well as mutations leading to
neurodevelopmental disorders®”. These candidate genomic elements
can then be tested, alone or in combination, for their cellular and
molecular impact on cortical development and function, using a
combination of in vivo animal models, in vitro human cellular models
and xenotransplantation.

interneurons, characterized by their specialized axon arborization
that targets the dendrites of pyramidal neurons, have been found in
the human cortex but not in the mouse cortex*. Future studies should
assess whether the qualitative and/or quantitative distribution of
interneuron subtypes differs between humans and non-human pri-
mates and/or is a feature conserved in other mammals. It will also be
important to determine how differences in interneuron composition
affect circuit properties in a species-specific manner.

Altered glial cell-type composition. The cortex also contains non-
neuronal celltypes, including astrocytes, oligodendrocytes and micro-
glial cells. However, only afew studies have explored whether these cell
typesdifferin their transcriptional profile, morphology or functionin
the brain of various types of mammals***. Comparison between several
non-human primates and humans revealed that three main types of
cortical astrocytes (interlaminar, protoplasmic and fibrous) display dis-
tinct morphological features®®*’ and vary in abundance depending on
their laminar position and gene expression profile**””. Recent single-cell
RNA sequencing also revealed asignificant degree of subtype diversity
among microglial cells, especially in humans*®*, Many differences in
glial cell gene expression profiles have been reported between humans
and chimpanzees'®, and several studies have also suggested that glial
cells constitute a larger proportion of the total number of cells found
inthe human brain than in the brains of other mammalian species***.
Arecentstudy used acombination of cell fate mapping, morphological
analysis and gene expression profiling toillustrate the diversity of the
astrocyte lineage and cell composition in the human cortex®. Future
investigations willundoubtedly document whether these differences
are observed in non-human primates and whether they play a role in
human-specifictraits of brain development and/or adult brain function.

Cellular properties

Increased neuronal size, complexity and connectivity. All mam-
malian cortical pyramidal neurons have some generic morphological
features, including a single axon that projects towards the white mat-
ter, an apical dendrite that is oriented towards the cortical surface
and basal dendrites that branch extensively (with all dendrites being
decorated by dendritic spines)**. However, human pyramidal neurons
display some additional species-specific properties. Their dendrites are
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longer and more branched than their mouse, macaque and chimpanzee
counterparts* ™, Moreover, they bear a higher density of spines than
macaque, marmoset and mouse cortical pyramidal neurons*** and
more spines than cortical pyramidal neurons in any other primates,
including great apes such as chimpanzees and bonobos*~° (Fig. 1c).
The average size of the spines (including the length of spine neck)
is also greater in human pyramidal neurons, suggesting distinctive
functional properties**.

As aresult of their greater dendritic length and increased spine
density, human pyramidal neurons receive more synapticinputs than
those of non-human primates or other mammalian species (approxi-
mately 30,000 synapses for human pyramidal neurons versus approxi-
mately 9,000-15,000 in the mouse and the rat)*>*”*. A recent study
estimated that human pyramidal neurons receive approximately twice
as many synapses per neuron as those of any other primate’°. Interest-
ingly, electron microscopy studies revealed that the ratio between the
number of excitatory synapses and the number of inhibitory synapses
received by pyramidal neuronsin the humancortex and therat cortexis
constant (approximately 9:1). Thisindicates that there has been a simi-
larincreaseinbothtypes of synapse in humans, leading to aremarkable
conservation of the excitation-inhibition balance®".

The emergence of new approaches to study connectomes and to
create single-neuronreconstructions from human post-mortembrain
samples will enable us to determine whether there are variationsin the
number of excitatory and inhibitory synaptic connections received by
individual neuronal subtypes in different cortical layers and areas. This
information could then further inform computational approaches to
model theimpact of such variationin synaptic connectivity on circuit
function.

Altered functional and circuit properties. Several recent studies,
taking advantage of live biopsies of healthy human cortical tissue,
have compared the functional properties of human and rodent cortical
pyramidal neurons. Multiple features that differ between humans and
other mammalian species and lead to differences in neuronal excit-
ability or input-output relationships have been identified**¢4552-5¢,
Theseresults suggest that the biophysical properties of the dendrites of
humanlayer 5and layer2/3 pyramidal neurons are specialized compared
with those of other mammals.

Human UL and DL pyramidal neurons both display a much
increased apical dendrite length, which might — depending on the
degree of passive attenuation and the extent of active conductance
mechanisms within these dendrites — contribute toincreased electri-
cal compartmentalization (defined as the ability of distal synaptic
inputs to influence dendritic and somatic spiking) and thus affect
synapticintegration® (Fig.1c).Indeed, local depolarization of the distal
dendrites of human layer 5 pyramidal neurons was shown to provide
limited excitation to the soma, compared with rat pyramidal neurons™.
This increased compartmentalization was accompanied by reduced
inducibility of dendritic spikes, which could result from decreased
ion channel densities. This is supported by biophysical modelling: if
itisassumed that thereis no change in the expression levels of theion
channels that propagate synaptic potentials or in the levels of voltage-
gatedion channels, then their density per unit membrane surface will
decrease as dendriticarbor size increases™. However, even for human
DL pyramidal neurons, there seems to be considerable variability in the
electrophysiological properties of different cell types. For example,
arecent study showed that a subset of molecularly identified layer 5
pyramidal neurons in the human temporal cortex exhibit increased

inducibility of dendritic spiking compared with other layer Sneurons’®.
Studies that aim to identify the electrophysiological properties char-
acterizing human pyramidal neurons will need not only to integrate
their morphological variations but also to examine these properties
inmolecularly defined subtypes, which remains challenging.

Another distinctive feature of some classes of human pyrami-
dal neurons compared with those of several other species, including
non-human primates®>*, is a reduction in their intrinsic excitabil-
ity, which could critically affect information processing and neural
circuit plasticity. Another study showed that /;, channels (mediating
hyperpolarization-activated cation currents) are expressed at higher
levelsin human UL pyramidal neurons thaninmouse UL pyramidal neu-
rons, conferring the human pyramidal neurons with distinct dendritic
processing properties®. Moreover, it has been shown that human UL
pyramidal neurons display calcium-mediated dendritic spikes that are
triggered only by selective classes of stimuli that drive both bottom-up
inputs (driven by sensory afferents) and top-down inputs (driven by
mixed selectivity feedback corticocortical projections)**. More work
is needed to determine whether these dendritic spikes are mediated
by the molecular effectors that drive the dendritic calcium spikes
observed in DL cortical and CAl hippocampal pyramidal neurons in
other mammalian species™. It will also be important to test, by both
experimental and computational approaches, whether the putative
increased functional compartmentalization of human UL pyramidal
neuronsalters their dendritic integration properties and the functional
propertiesof cortical circuits® .. This hasbeensuggested by biophysical
modelling, but remains unclear on the basis of rodent studies.

Finally, compared with rodent cortical neurons, human cortical
neurons display distinctive synaptic features: some synapses between
human pyramidal neurons and interneurons are remarkably strong and
plastic®> %, and synapses between human pyramidal neurons display
properties enabling them to relay information during periods of par-
ticularly high frequency synchrony (which could change the modali-
ties of information that can be transferred through corticocortical
connections)®. The results of these comparative studies should be
carefully calibrated with recordings from non-human primates, but
they suggest that human pyramidal neurons may have evolved unique
input-output integration properties that could underlie enhanced
information processing.

From where could the increased connectivity of human UL and
DL pyramidal neurons originate? Evidence suggests that it is likely to
have arisen, at least in part, from the increased number of pyramidal
neurons, as well as from the increase in total surface area and number
of cortical areas characterizing the human neocortex. Cortical circuits
exhibit several canonical organizational principles®*® (Fig. 1b). UL
neurons transform and relay the sensory information that they receive
locally to other UL pyramidal neurons (viarecurrent excitation), to DL
pyramidal neurons that provide feedforward projections to subcortical
brainregions and to UL pyramidal neurons in more distant associative
cortical areas (vialong-range feedforward projections).Inturn, the UL
pyramidal neurons receive feedback inputs fromlocallayer 5 pyramidal
neurons and fromlong-range feedback corticocortical inputs (Fig. 1c).
Thus, one emerging model suggests that the dendrites of human UL
pyramidal neurons integrate and perform complex dendritic computa-
tions on the inputs they receive. By contrast, these computations are
thought to be restricted to DL pyramidal neurons in rodents®. The
increasein corticocortical connectivity in human cortical circuits, espe-
cially between areas such as the PFC and the parietal cortex, could thus
be a critical substrate for the evolution of higher cognitive functions
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Fig.1]| Cortical circuit evolution. a, The expansion of cortical areasize that has
occurred in the human brain compared with the mouse brain. The expanded

size of the human neocortex isaccompanied by anincrease in the number of
cortical areas driven by the emergence of new cortical areas (such as Wernicke’s
area and Broca’s area). In addition there has been anincrease in the size of certain
cortical areas, including a pronounced expansion of the prefrontal cortex (PFC)
compared with its putative homologous regions (PFC-like regions) in the mouse.
b, Inmammals, cortical neurons are organized in six layers that are generated
inaninside-first, outside-last manner: early-born neurons generate deep-layer
(layers 5and 6) pyramidal neurons (blue), then thalamo-recipient layer 4 neurons
(green) and finally upper-layer (layers 2 and 3) pyramidal neurons (shades of red).
Deep-layer pyramidal neurons project mostly to subcortical targets such as the
dorsal thalamus (from layer 6) and the striatum, spinal cord and other subcortical
targets (fromlayer 5). Upper-layer pyramidal neurons project mostly locally to

layer 5and to other cortical areas (via feedforward corticocortical projections).
Upper-layer pyramidal neurons receive inputs from long-range feedback
projections from other cortical areasin layer 1. The human cortex is characterized
by anincreased number of feedforward and feedback corticocortical connections
(indicated by thicker lines in the right panel)®. ¢, Upper-layer pyramidal neurons
inthe human cortex are larger, are more complex (increased branching) and have
alonger apical dendrite than those present in mice and other mammals (including
non-human primates)*~*, It has been proposed that the longer apical dendrite of
upper-layer pyramidal neurons in the human cortex leads to increased dendritic
compartmentalization because the apical tuftis located further away from the
soma, although the evidence for this remains controversial (indicated by the
question mark)***>*, Human upper-layer pyramidal neurons also receive more
excitatory synapses and inhibitory synapses than upper-layer pyramidal neurons
in other mammals®>*°. MT, middle temporal area.

in humans®. Importantly, theincreased contribution of corticocortical
connectivity might be linked to evolutionary changes in the patterns
of cortical neurogenesis.

Evolution of corticogenesis mechanisms

What are the developmental mechanisms underlying human-specific
features of cortical organization? Corticogenesis involves a highly
complex developmental choreography, from the early steps of neuro-
genesis to the final stages of cortical circuit formation and refine-
ment. Although most of the underlying mechanisms are conserved
in all mammals, some striking features have diverged significantly in
non-human primates and humans.

Changes in neurogenesis

Neurogenesis determines how many and which subtypes of neurons are
generated. Studies using the mouse as amodel, together with human
neuroembryology, genetics and pluripotent stem cell (PS cell)-based
modelling (Box 1), have identified several features of cortical neuro-
genesis that underwent specific evolutionin non-human primates and
humans (Fig. 2). As these were reviewed recently and extensively’* 7>,
they are only summarized here.

Cortical neurogenesis starts with the expansion of neuroepithelial
cells (NECs), which divide symmetrically without further differentia-
tion. This step is thought to have a crucial influence on brain size by
determining the initial size of the cortical neural progenitor pool.
NECs later convert into radial glial cells (RGCs), which then start gen-
erating cortical neurons. Cortical neurogenesis from RGCs typically
occurs through asymmetrical divisions that enable them to restore
the progenitor pool while expanding neuronal production and leads
to the formation of a ventricular zone, from which the cortical neurons
migrate to form the cortical plate (Fig. 2a,b).

These key steps of neurogenesis are highly conserved among
mammals, with the exception of one crucial point: timing. NEC ampli-
fication lasts about1day in the mouse but up to 2 weeks in primates’.
Similarly, cortical neurogenesis takes 1week in the mouse, 2 monthsin
the macaque and almost 4 monthsin humans™ (Fig. 2a—d). By allowing
anincreased number of NEC and RGC divisions to occur, this prolonged
human neurogenesis is likely to constitute a key substrate of cortical
expansion. Moreover, as UL neurons are the last to be generated, the
prolonged neurogenesis may favour their expansion. However, fur-
ther experimental testing of this idea is needed and will require the
determination of the mechanisms underlying the timing differencesin
human neurogenesis. Importantly, the timing of cortical neurogenesis

in humansis largely conserved in human cortical cellsin vitro””°, even

whenthey are co-cultured with macaque cells or transplanted into the
mouse brain™’%, indicating that the underlying mechanisms are largely
intrinsic to human cortical progenitors (see the discussion later). The
timing of other eventsimportant for neurogenesisis also extended in
humans compared with mice, ina cell-intrinsic fashion. These include
alonger cell cyclelength, which could influence neurogenic fate speci-
fication®>®', and alonger critical period during which cell fate remains
plasticimmediately after RGC division®.

Another feature of non-human primate and human cortical neuro-
genesisis the expansion of specific populations of progenitors located
outside the ventricular zone, known collectively as basal progeni-
tors. Some basal progenitors, called ‘intermediate progenitor cells’,
are found in large numbers in the mouse embryonic cortex, but are
increased in number in higher mammals (including primates), where
they are thought to have contributed to cortical expansion®. More-
over, another population of basal progenitors, called ‘outer radial
glial cells’ (0RGCs; also known as basal RGCs), are barely present in
the mouse cortex but are strikingly expanded innumber in the human
cortex®* (Fig. 2). oRGCs have distinctive features that are critical to
their contributionto human cortex expansion: they display remarkable
self-renewing capacities (in vitro clonal experiments have revealed that
single oRGCs can generate hundreds of neurons®), and their expan-
sionoccurs at late stages of corticogenesis, coinciding with UL neuron
generation. Inthe human cortex, oRGCs are thus thought to constitute
the main progenitor source of origin for UL neurons® (Fig. 2).

Although the relative contribution of each mechanism to cortical
expansion remains to be determined, it can be hypothesized that pro-
longed NEC amplification, prolonged neurogenesis and amplification of
0oRGCs, together synergize to increase cortical surface area (thus allow-
ing more diversification of cortical areas to occur) and the generation
of UL neurons (thus providing an ideal substrate for the expansion of
corticocortical connectivity; Fig.2). Indeed, in arecent study in which
UL neuron generation was enhanced pharmacologically in the mouse
visual cortex”, mice displaying a 20% increase in UL neuron number
showed enhanced functional correlations among UL neuron assem-
blies, more functionally clustered neuronal ensembles and increased
perceptual discrimination.

Changes in neuronal differentiation

Following neurogenesis, neurons undergo several major cellular and
moleculartransitions, leading to the growth and patterning of axons and
dendrites. This is followed by synapse formation and pruning, leading
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a Mouse cortical neurogenesis (6-7 days)

b Human cortical neurogenesis (3-4 months)
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Fig.2|Species-specific features of human cortical development. a, Mouse
cortical neurogenesis lasts approximately 1 week***°°, Following amplification
of neuroepithelial cells (NECs), radial glial neural progenitors (also known as
radial glial cells (RGCs)) in the ventricular zone (VZ) divide symmetrically to
expand their pool (step 1) or divide asymmetrically to generate neurons (step 2).
Following the migration of the neurons along the radial glia scaffold, this
generates first the deep-layer (DL) neurons destined to reside in layers 5and 6
and to project subcortically. In later steps of neurogenesis, mainly through the
generation of intermediate progenitor cells (IPCs) in the subventricular zone
(SVZ), additional DL neurons (step 3) and the upper-layer (UL) neurons destined
toresideinlayers2 and 3 (step 4) and to form corticocortical projections are
produced. A specialized type of radial glial progenitor called an ‘outer radial
glial cell’ (0RGC), whichloses its apical attachment at the ventricular surface
but keeps its basal endfeet at the pial surface, is found in the mouse cortex but
isextremely rare. b, In the human cortex, neurogenesis lasts approximately

4 months, with amore prolonged period of neuronal generation’. oRGCs are
found inincreased numbers in non-human primates, and in particular in the
human cortex, contributing to the increased generation of layer 2/3 UL neurons
in these species®. ¢,d, Comparison of the time frame of the sequential events
that characterize mouse and human corticogenesis’. In the human cortex all the
developmental events shown — including neurogenesis, gliogenesis (formation
of astrocytes), synaptogenesis and the myelination of axons by oligodendrocytes
—are highly neotenic’. In the human cortex, synaptogenesis (which includes
synapse formation and pruning) is not complete until approximately 15 years
after birth. e,f, In xenotransplantation experiments, cortical neurons derived
from pluripotent stem cells (PS cells) of various species are transplanted into

the neonatal cortex of immunodeficient mice, followed by their analysis

inthe months following transplantation (panel e). These studies have revealed
the intrinsically slow and neotenic features of human induced PS cell-derived
or embryonic stem cell-derived pyramidal neurons compared with pyramidal
neurons derived from ape or mouse stem cells. When mouse or ape PS cell-
derived cortical pyramidal neurons are transplanted into the mouse neonatal
cortex, they develop mature morphological features in about 1 month, thus
following the timeline of mouse cortical neurons’. However, when human

PS cell-derived cortical pyramidal neurons are transplanted into mouse cortex,
their differentiation occurs over months (9-12 months for maximal dendritic
spine density, for instance) (panel f), mimicking the protracted maturation

of cortical neurons in the developing human cortex”". The chartin panel g
illustrates the timeline of dendrite and synapse maturation observed in vivo
for the indicated species compared with cortical neurons transplanted

from the corresponding species into mouse cortex'". Results from these
xenotransplantation experiments indicate that transplanted neurons from
each species differentiate at a pace similar to that of their in vivo equivalents,
suggesting that the mechanisms controlling the species-specific timing of
development are largely intrinsic to the neurons. CP, cortical plate; E, embryonic
day; GW, gestational week; ISVZ, inner subventricular zone; 1Z, intermediate
zone; L, layer; mpt, months post-transplantation; MZ, marginal zone; OSVZ;
outer subventricular zone; P, postnatal day; SP, subplate; wpt, weeks post-
transplantation. The mouse transplanted neuronimage in panel fis adapted
fromref.”, Springer Nature Ltd. The human transplanted neuron images in
panel fare adapted with permission fromref.”, Elsevier. The mouse and human
dendritic spine images in panel fare adapted with permission fromref. ', Elsevier.

to the formation of functional neural circuits that are further refined
by various plasticity mechanisms. Although these steps are widely
conserved, their developmental timeline is strikingly different across
species, taking weeks inthe mouse, monthsinthe macaque and yearsin
humans (Fig. 2c,d). Themost prolonged steps of neuronal development
in humans include dendritic outgrowth, dendritic spine and synapse
formation (taking months to several years) and synaptic pruning (taking
up to two decades in the PFC)°**°. The resulting human brain neoteny
(retention of juvenile features ina mature organism) is one of the most
specific and functionally relevant features of humanbrain development
and is likely to underlie the prolonged periods of motor, sensory and
cognitive development that characterize the humanspecies. Moreover, it
couldleadtolonger critical periods (stages of development during which
experience-dependent plasticity, thought to be crucial for the acquisi-
tion of higher cognitive features, occurs)*'°°. Disruption of this timeline
of cortical development could lead to brain pathology: for instance,
accelerated brain development has been associated with autism spec-
trumdisorder (ASD)'*"'°2, Notably, one study reported prolonged corti-
cal neuron development in the chimpanzee, suggesting that neotenic
features of cortical development might be graded among great apes'®.

Anintriguing aspect of human brain neoteny is that it appears
to be cell type dependent, with UL and PFC neurons being the most
neotenic”™'**, Theresulting differencesin the rate of maturation between
corticallayers and cortical areas could have asignificantimpact on cor-
tical circuit development'®'°, Moreover, the differentiation of some
corticalinterneurons is even more prolonged: humaninterneurons con-
tinue to migrate and integrate during the first few postnatal monthsin
the PFC'”, and other forebrain regions such as the amygdala may contain
immature neurons for years postnatally'®®, Finally, non-neuronal cells,
moststrikingly oligodendrocytes, also display protracted development
in humans'*’, leading to heterochrony of myelination that could also be

important for the timing of human brain circuit assembly™°.

What are the mechanisms underlying human brain neoteny?
Important hints have come from xenotransplantation experiments.
Mouse pyramidal neurons transplanted into the neonatal mouse brain
develop along their physiological timeline’, whereas human cortical
pyramidal neurons transplanted into the mouse cortex take up to
11 months to mature”™™ (Fig. 2e-g). Interestingly, one study showed
thatalthough transplanted human neurons at 9 months display electro-
physiological features that are similar to those of adult neurons, they
still display less-mature patterns of morphogenesis, consistent with the
fact that human cortical neurons may take several years to reach full
maturity’* . An even more prolonged development is observed for
transplanted human cortical interneurons”*'>, Remarkably, despite
this protracted timeline of development, transplanted human pyrami-
dal neurons integrate functionally into the host cortical circuits and
display physiological responses to sensory stimuli (such as visual
tuning): thus, they are notstalled in the unusual host environment, but
instead develop physiologically at the pace characterizing the human
braininvivo™. Xenotransplanted human neurons develop over months
even when transplanted as single neurons into mouse cortical tissue
toallow optimal cellular and synaptic integration™ (Fig. 2e,f) orwhen
faster maturation isinduced by molecular reprogramming™*, and trans-
planted chimpanzee PS cell-derived cortical neurons develop at a faster
pace than humanneurons'™ (Fig. 2g). Similarly expanded timelines of
human cortical neuron maturation compared with non-human primate
cortical neuron maturation are also observed in in vitro systems’>"™*,
Overall these data suggest that the mechanisms underlying neoteny
of cortical neuron maturation are largely cell intrinsic (see the further
discussion later).

Another striking feature of non-human primate and human corti-
cal neuron development is the expansion of transient populations of
neurons that are present and functional only during development.
These include Cajal-Retzius neurons, which are found at the surface
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of the cortex, and subplate neurons, which are located below the cor-
tical plate, both of which play a crucial role in the assembly of mature

cortical circuits™.

Genetic substrates of cortical evolution

Three maintypes of genetic changes are thought tolead to alterationsin
gene expression and/or protein functionrelevant to evolution (Fig. 3a):
base-pair substitutionsin non-coding enhancer and promoter regions
that canalter generegulatory networks; non-synonymous substitutions
incodingregions of genesleading to amino acid changes that resultin
modified protein function (Fig. 3b); and the emergence of new genes,
mostly through large segmental duplications"”"® (Fig. 3¢). All three
mechanisms have been involved in the emergence of human-specific
traits of brain development and circuit function.

Generegulatory changes

Functionally relevant evolutionary changes in the genome are often
linked to gene regulatory mechanisms', Identifying human or non-
human primate genomic evolutionary changes, and linking them to
generegulation during human brain development, has proved a huge
challenge because of the high degree of conservation of gene regula-
tory programmes during mammalian neural development'®. However,
many human-specific cis-regulatory elements (CREs) and upstream
transcriptional regulators (trans mechanisms), including long-range
enhancers, have been identified that are uniquely regulated during
human corticogenesis, leading potentially to human-specific control
of gene expression (Fig. 3 and Table 1).

Cis-regulatory mechanisms. Comparative genomics identified human
accelerated regions (HARs): DNA sequences that are very strongly
conserved in mammals or vertebrates but display sequence changes
in the human genome only?"'*2, Mouse transgenics'> suggests that

a Regulatory sequences

most HARs correspond to regulatory elements, although some (such as
HAR1) aretranscribed to produce long non-coding RNAs expressed in
developing neuronsin the fetal and adult cortex'?. HARs are enriched
in the vicinity of genes involved in neural and/or cortical develop-
ment, suggesting their importance for gene regulation during corti-
cogenesis'®'?*? Supporting this, the enhancer activity of more than
3,000 HARs was recently tested in vitro by massively parallel reporter
assays"° 2, More than half of the HARs tested displayed enhancer
activity in neural progenitor cells, and this activity was, in most cases,
either increased or decreased in human HARs when compared with
their ancestor sequences. When tested in mouse and human cells,
most HARs displayed similar levels of activity, further pointing to cis
variation as the main driver of HAR evolutionary changes"*"*, Most
HARs were mapped to genomic loci that are transcriptionally active
in cortical progenitors or postmitotic neurons during fetal develop-
ment, further pointing to their prominent regulatory role during all
stages of corticogenesis.

The HARS element was the first of these elements to be func-
tionally explored in the context of cortical neurogenesis (Fig. 3a and
Table1). HARS lies upstream of the FZD8gene, which encodes arecep-
tor for WNT proteins (the mediators of a pathway that controls the
balance between self-renewal and differentiation in cortical progeni-
tors™***), With use of a mouse transgenic model in which the Fzd8
coding sequence was placed under the control of HARS variants, human
HARS5 was shown to enhance the expression of Fzd8 and the prolifera-
tion of RGCs (resulting in increased cortical size), whereas chimpan-
zee HARS did not have these effects'. Several other genes, including
PPPIR17,whichencodesa cell cycle regulator, are similarly controlled
by HAR elements that have a selective influence on their expressionin
human cortical progenitors®.

Beyond neurogenesis, the involvement of HARs in cortical neu-
ron development and maturation is supported by human genetic

b coding sequences
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Fig. 3| Genetic modifiers of human brain evolution. a, Human-specific base-pair
substitutions are often found in regulatory regions (enhancers and promoters),
where they can alter spatiotemporal patterns of gene expression. b, Another class
of human-specific genetic modifiers is non-synonymous base-pair substitutions
inexons that resultin changes in amino acid compositionin the corresponding
protein-coding region specifically in the human genome. ¢, Human-specific

gene duplications can lead to the production of new gene paralogues. These
duplications canlead to anew (A’), nearly identical gene copy thatincreases

e GE—

gene dosage (redundancy), cause the copied gene to lose its function, becoming
apseudogene (because of aloss in regulatory sequences or transcription start
site) or produce a gene that has acquired a new function through truncation or
fusion with other coding sequences (neofunctionalization). Asillustrated in
Table 1, anumber of genetic modifiers in each of these classes have been shown
experimentally to resultinalterationsin cellular functions in the developing
oradultbrain.
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Table 1| Examples of human-specific genetic modifiers affecting gene expression and/or protein function

Gene Modification type Species Molecular effects Phenotypic outcome Refs.
specificity
Gene regulatory changes
FZD8 HARS (enhancer) Human Human HARS5 increased Increased RGC proliferation ==
expression of Fzd8 in and increased cortical size
mouse RGCs
EPHA7 HSL Human Increased expression of Dendritic remodelling 145
EPHA7 in human subplate
cortical neurons
OSTN Gain of binding sites for ~ Primate Activity-dependent Activity-dependent dendritic 7o
the transcription factor expression of OSTN remodelling
MEF2 in primate brain
CBLN2 Loss of binding sites Hominid Increased expression Increased synapse formation 165
for transcription factor of CBLNZ2 in PFC neurons and connectivity in the PFC
SOX5
PLXNAT Loss of binding sites for ~ Primate Decreased expression of Decreased axonal pruning of direct 168
the transcription factor PLXNA1 in cortical neurons corticospinal projections
FEZF2
Protein coding changes
FOXP2 Changes in the coding Human Two non-synonymous amino  Increased dendritic growth in human 181
sequence acid substitutions presentin  medium spiny striatal neurons
human FOXP2
New human-specific genes
NOTCH2NLA/NOTCH2NLB/ Human-specific gene Human Increased Notch signallingin  Prolonged neurogenesis and increased D
NOTCH2NLC duplication human cortical progenitors cortical neuron number
CNVs in these genes are associated
with microcephaly/macrocephaly
ARHGAP11B Human-specific gene Human Increased calcium signalling  Increased amplification of basal 22207
duplication in mitochondria progenitors and increased cortical
neuron number
CROCCP2 Human-specific gene Hominid Decreased ciliary dynamics  Increased amplification of basal 194
duplication and increased mTOR progenitors and increased cortical
signalling in cortical neuron number
progenitors
SRGAP2C Human-specific gene Human Inhibition of all functions of ~ Neotenic synaptic maturation (2220028

duplication

the protein encoded by the
ancestral gene (postsynaptic
SRGAP2A)

Increased corticocortical connectivity
Changes in sensory coding
Improved behavioural performance

See also Fig. 3. CNV, copy number variant; HARS, human accelerated region 5; HSL, human-specific loop; PFC, prefrontal cortex; RGC, radial glial cell.

studies'*

.Sequence analysis of HARs revealed that these elements are

therepertoire of transfactors that bind to HAR elements and how it is

often highly invariant in the human population, suggesting the func-
tionalimportance of their ultraconserved structure. Moreover, several
rare HAR variants are found in individuals with neurodevelopmental
disorders'*. Some of these pathogenic HAR variants were studied
in the mouse, revealing their impact on the expression patterns of
genes required for cortical neuron development. Consistent with the
potential role of HARs in human cortical circuit evolution, one class of
HAR-linked genes is also preferentially expressed in association cortical
areasin the adult brain'*®,

Overall, these data point to HARs as potentially important mole-
cular effectors of human cortical evolution. Future studies should con-
siderinserting the human version of these regions into the endogenous
ancestral locus in the mouse or other non-humans to circumvent the
pitfalls of the viral and transgenic assays (including massively parallel
reporter assays) that have been used so far to study these elements.
Mostimportantly, new approaches should be developed to determine

affected by human-specific substitutions.

Comparative epigenetic profiling of humans, macaques and mice
atearly stages of corticogenesis has identified another class of interest-
ing CREs, called ‘human gained enhancers’ (HGEs), that have gained
activity in humans'®. Massively parallel reporter assays revealed dif-
ferential transactivation activity of a third of the tested HGEs in human
neural stem cells versus chimpanzee neural stem cells™. Like HARs,
HGEs are enriched in the vicinity of genes related to corticogenesis,
including genes preferentially expressed in oRGCs"’. HGEs are also
enriched in the vicinity of genes encoding proteins involved in the
Notch pathway™®, which promotes clonal expansion and prolonged
neurogenesis of human RGCs and oRGCs®**"**'*°, These genes include
HEY2, for which nearby HGE sequence variants were associated with
changesin cortical surface area''. Similar comparative annotation of
CREs in the adult brain also revealed a large number of elements that
are more active in humans than in non-human primates, including a
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few that are not present in chimpanzees'”. Some HGEs even display

H. sapiens-specific changes in sequence that are not found in the
genome of Neanderthals'*, suggesting a contribution to the most
recent evolutionary changes in human corticogenesis.

The 3D nuclear organization of DNA and chromatin structures
associated with complex gene regulation — such astopology-associated
domains and chromatin loops'** — has also been shown to have human-
specific features during corticogenesis"*'*. For example, hundreds
of topology-associated domains and chromatin loops are present in
humans and not found in macaques and mice'®. The boundaries of
topology-associated domains and anchors of the loops were found
to often be enriched in HARs and other enhancers that are specifi-
cally active in human cortical cells. Among these, one enhancer was
found that interacts with the promoter of EPHAZ, which encodes an
axon guidance factor involved in corticogenesis'*®. Disruption of this
enhancerinhumanneuronsinvitroled to decreased EPHA7 expression
andincreased dendritic outgrowth',

Finally, in addition to the point mutation mechanisms described
above, the human-specific loss or gain of entire CREs has also been
described in the human genome, compared with non-human homi-
nids, and in some cases could be linked to changesin the regulation of
associated genes during cortical development'*"1%,

Thereis thusarich repertoire of CREs that regulate gene expres-
sionduring corticogenesis by influencing transcription factor binding
and/or chromatin structure, pointing to aneed to study their biological
impact on human corticogenesis and their relation to human evolu-
tion. Aninnovative approach was recently described in which PS cells
derived from different species were fused"**"*°. Fused chimpanzee-
human induced PS cells were differentiated into cortical organoids,
followed by transcriptome profiling, leading to the identification of
genes uniquely upregulated in human astrocytes'’. The use of compos-
ite cell lines of different species, associated with a direct comparison
with contributor cells of origin, will constitute apromising tool to study
the relative contribution of trans versus cis mechanisms of control of
gene expression during corticogenesis.

Trans mechanisms and transcriptomics. In parallel with studies of
cis-regulatory mechanisms, comparative transcriptomics of the devel-
oping cortex in mice, humans and other primates and corresponding
PS cell-derived cortical organoid models have been used to examine
human-specific patterns of gene expression’** %3, Although the stud-
iesrevealed overall highly conserved patterns of gene expression, they
suggest an ‘hourglass’ pattern of species-specific differences in gene
expression, with greater divergence at embryonic to mid-fetal stages,
and to a lesser extent during adolescence/young adulthood, and less
divergence during late fetal stages™ ',

The analyses also revealed a consistent protracted pattern of
‘immature’ gene expression in humans, consistent with the neotenic
nature of neurogenesis and neuronal differentiation””*. Although
the mechanisms upstream of cortical transcriptional heterochrony
inhumans remain unclear, some leads have started to emerge. Tran-
scriptome profiling of human and non-human hominid cortical orga-
noids revealed delayed expression of the transcription factor ZEB2
in the human organoids, which was linked functionally to delayed
transition from NECs to RGCs (and thereby potentially to increased
size of the initial progenitor pool)’. Comparative transcriptom-
ics in the human cortex versus the non-human primate cortex also
revealed quantitative differences in genes involved in signalling
pathways functionally relevant to neurogenesis. These include the

PDGF pathway, whichis upregulated in the primate cortex compared
with the mouse and promotes RGC proliferation in the human (but
not the mouse) fetal cortex’**, and the mTOR pathway, which is selec-
tively upregulated in human oRGCs and controls their morphology
and migration properties>>"°. A final interesting case is the KRAB
zinc-finger protein family, which are the largest group of transcrip-
tion factors in mammalian genomes and are considerably ampli-
fied in non-human primate and human genomes'’. Although these
transcription factors are mostly involved in transposable element
repression, they also control the expression of endogenous genes,
particularly during neural development***°, For instance, the KRAB
zinc-finger protein ZNF558 is expressed in human neural progenitors
but not chimpanzee neural progenitors, and its loss of function in
neural organoids leads to a dysregulation of gene expression that
is compatible with the more precocious neurogenesis observed in
non-human primates™s,

Finally, beyond transcription factor-related mechanisms, several
microRNAs'**"' and primate and/or hominid-specific long non-coding
RNAs'“*%* are expressed specifically during non-human primate or
human corticogenesis, some of whichhave beenlinked to the regulation
of cortical progenitor proliferation and self-renewal.

Divergent gene regulatory mechanisms in human cortical neu-
rons and glia. It has been more challenging to explore conserved
and divergent transcriptomic patterns during later stages of human
cortical neuron and circuit development than in the early stages of
corticogenesis. Neurons are typically harder to profile than progenitors
using single-cell transcriptomics, and the postnatal stages of human
development (which are the most relevant to neuronal differentiation
and circuit formation) are among the least accessible for molecular or
cellularanalyses. Nevertheless, recent studies have started successfully
to link divergent transcriptional regulation to cortical neuron con-
nectivity (Fig. 3 and Table 1). A striking example is provided by CBLN2
(whichencodes cerebellin 2), agene that regulates synaptogenesis in
many brain areas, whichwas found to be more broadly expressedin the
primate PFC thanin the mouse PFC'*. This upregulation waslinked to
theloss of aregulatory binding site for the transcription factor SOX5,
akey repressor during corticogenesis, and this was found to directly
impact the development of neuronal connectivity inthe mouse PFC'®>.
Moreover, retinoic acid signalling was found to regulate the expression
of CBLN2,and was shownto beincreased and expanded in the primate
PFC at early stages and to drive PFC expansion in the mouse cortex™
and in human'® cortical organoids. Together with single-cell RNA
sequencing efforts that have started to uncover the developmental
dynamics of gene expression across the human fetal cortex'”, these
dataprovideimportant hints about the species-specific transcriptional
mechanisms that might participate in the development of connectivity
in particular cortical areas.

Another interesting example linked to the patterning of connec-
tivity is provided by the species-specific regulation of the plexin Al
guidance receptor gene, PLXNAI (ref. *®) (Fig. 3 and Table 1). In pri-
mates, but not rodents, motor area-derived corticospinal pyramidal
neurons make abundant synapses with motor neurons, which might
underlie increased dexterity. Juvenile mouse corticospinal neurons
alsodevelop these connections but they are pruned at adult stages, in
large part through the action of semaphorinrepellent guidance cues'®s.
The sempahorin receptor plexin Al was found to be strongly expressed
in corticospinal neurons in the mouse, but not human motor cortex,
and the lack of expression of PLXNA1 in the human cortex was linked
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Box 2

Human cortex evolution and disease

Many neurological and psychiatric diseases alter cognitive and social
brain functions that are particularly enhanced in humans, and the
human brain seems particularly sensitive to specific neurological
conditions. Moreover, many of these diseases appear to have a
developmental origin, suggesting the fascinating possibility that
their pathogenic mechanisms involve human-specific genomic and
developmental mechanisms.

Some neurodevelopmental disorders appear to be directly caused
by genetic disruption of human-specific genes or mechanisms.
These include mutations in human accelerated regions (HARs)'**
and also mutations in human-specific gene duplicates, many of
which are found within loci that are the locations of pathogenic copy
number variants®®. Among these, the 1921.1 locus is enriched in many
human-specific genes, including the NOTCH2NL gene human-
specific paralogues. This suggests that the phenotypic expression
of neurodevelopmental disorders arising from mutations in this
region (such as 1921.1 deletion) might be, in part, human specific.
Microdeletions in the 1g21.1 locus are associated with microcephaly
and schizophrenia, whereas microduplication of this region is
associated with macrocephaly and autism spectrum disorder
(ASD)?™. Notably, some of the copy number variant breakpoints
within the 1921.1 locus are provided by the NOTCH2NL genes, which
can then be deleted or duplicated™*?*°, Increased NOTCH2NL
gene expression and copy number amplification have also been
associated with increased proliferative properties of glioblastoma
cells®”, and mutations in these genes were found in cases of
neurodegeneration?>?%,

Conversely, some well-conserved disease genes may exert
their pathogenic effects through human-specific mechanisms.

For instance, the protein encoded by the causative gene in fragile
X syndrome, FMRP, was found to bind to different sets of mRNAs
in humans compared with other species?“?**. Among the human-
specific targets of FMRP is NOS1, and levels of NOS1 are affected

to primate-specific changes in upstream enhancer regions that confer
binding to the transcription repressor FEZF2 (ref.'®).

Following circuit formation, neurons undergo synaptic plasticity
in response to changes in activity. The specific gene regulatory pro-
grammesinvolved in this plasticity'*® were shown to display significant
differences between human and non-human neurons"°"”2, For exam-
ple, OSTNencodes a well-conserved secreted protein thatis expressed
in muscle and bone in mice and humans but is expressed also in the
brain only in humans and macaques”’. OSTN expressionis induced in
anactivity-dependent mannerinlayer 4 of the macaque primary visual
cortex'. Loss of function of OSTNin human neurons invitro increased
dendritic outgrowth, suggesting that it acts as a negative modulator
ofactivity-dependent dendritic branching (although more functional
exploration is needed to determine its biological functions in vivo).
The activity-dependent expression of OSTN in human neurons could
be linked to the presence, in primates but not in other mammals, of
binding sites for MEF2 transcription factors"®. Interestingly, MEF2A

by the mutation that causes fragile X syndrome in human neurons but
not mouse neurons®*?%,

It is also possible that human corticogenesis is more sensitive
to specific diseases than corticogenesis in other animals because
the pathophysiological mechanisms underlying these disorders
are rooted in developmental events that display human-specific
features. These include the prolonged neotenic timeline of cortical
development, which could be particularly relevant for ASD and
schizophrenia (two neurodevelopmental disorders that affect
critical periods of development and plasticity)??. At least some
forms of ASD could be linked to accelerated neurogenesis or
neuronal development. Synapse and dendritic spine formation are
increased precociously in individuals with ASD?’, and early postnatal
brain overgrowth is found in many forms of ASD'”"'%?, Moreover,
transcriptome analysis identified genes displaying delayed ‘neotenic’
expression in humans versus non-human primates and showed
that this pattern appears to be accelerated in some individuals with
ASD?%, Studies using pluripotent stem cell models suggest that there
are temporal shifts in cells derived from individuals with ASD, with
these cells displaying accelerated neuronal maturation (which could
be primed in neural progenitor states?’) and differentiation®®.

Finally, the prolonged development of human cortical circuits
makes the human brain particularly sensitive to postnatal disruptions,
whether of intrinsic or environmental origin®’. For instance,
schizophrenia has long been associated with excessive synapse
pruning, leading to decreased connectivity at adolescent or young
adult stages (when symptoms typically arise”°), perhaps as a
result of the human neotenic pattern of synaptic pruning. On the
other hand, even diseases occurring at much later stages, such as
Alzheimer disease, could display human specificity linked to neuronal
development. For instance, human (but not mouse) cortical neurons
are sensitive to amyloid plaque toxicity following transplantation in

mouse models of Alzheimer disease®'.

(and downstream genes) was previously identified as displaying a
‘neotenic’ pattern of expression in the human cortex'. Together with
the identification of HARs upstream of MEF2C that are mutated in
specificneurodevelopmental disorders'?, thisindicates that the MEF2
family and its downstream regulatory network are an attractive target
for the evolution of cortical neuronal development programmes.
Human-specific gene regulation has also been identified in
interneurons and glial cells. For example, a recent study performed
in human PS cell-derived cortical interneurons identified human-
specific or primate-specific regulatory sequences responsive to
neuronal activity”* that are enriched in genes associated with neuro-
developmental or psychiatricdisorders, including the ASD-linked genes
SHANK3and FMRI. Another interesting example involves secretagogin
(SCGN), acalcium-binding proteinthatis strongly expressed inasubset
of interneurons in primates but not in mice'””. Forced expression of
SCGNinmouseinterneuronsledtoincreased dendritic complexity, sug-
gesting that SCGN functionsinthe development of asubtype of primate
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cortical interneurons. Finally, a recent study documented hominin-
specific changes in regulatory elements affecting gene expression in
oligodendrocytesthat are dysregulatedin the brainof individuals with
ASD"®. However, more work is required to test their cellular functions
and determine how they might impact circuit development and/or
function.

Improved behavioural performance
in a sensory-discrimination task

Protein-coding changes

Genome sequencing of many mammalian species has uncovered
human-specificamino acid substitutionsin approximately 100 genomic
loci with a size of approximately 100 kb, representing thousands
of protein-coding genes””"7%, From use of stringent criteria, non-
synonymous substitutions that show strong positive selection in
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Fig. 4 | Example of ahuman-specific modifier of cortical development and
function. a,b, SRGAP2 (known as SRGAP2A in humans) is a postsynaptic protein
that contains three functional domains. SRGAP2 is located at both excitatory
and inhibitory synapses inmammalian cortical pyramidal neurons, where

it promotes the maturation of the synapses while limiting their density™.

A human-specific truncated paralogue of this protein, SRGAP2C, binds to
andinhibits all known functions of SRGAP2A, leading to neotenic synaptic
development and increased synapse density (as shown on the right side of the
figure) when expressed in mouse pyramidal neurons'***°, ¢, The introduction of
SRGAP2Cinto mouse layer 2/3 pyramidal neurons drives anincrease in the number
of excitatory synapses as aresult of a specificincrease in corticocortical (CC)

synaptic connections from both feedforward and feedback projections (shown
inblue, withincreased connections indicated by a thicker line) but not from
subcortical (SC) inputs (showninred)**. d, The changes in circuit architecture
induced in mice transgenically expressing SRGAP2Cin all cortical pyramidal
neurons lead to increased reliability of sensory coding, illustrated here as the
fraction of action potentials that are induced during sensory stimulations
(showningrey) inlayer 2/3 pyramidal neurons. Mice expressing SRGAP2C

also show improved learning compared with wild type (WT) littermatesina
whisker-based sensory discrimination task’”’. GAP, GTPase-activating protein;
L, layer; SH3, SRC homology 3 domain. Figure adapted from ref. *°, CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

human exons, compared with exons of 29 other mammals (includ-
ing chimpanzees), represent approximately 15,000 sites in around
4,400 proteins'’. Surprisingly, however, the functional impact of
these human-specific substitutions on human brain evolution has
been explored for only very few of them.

Notable exceptions include the human-specific amino acid sub-
stitutions affecting the transcription factor FOXP2. FOXP2is mutated
in individuals with a monogenic speech disorder’*°, and human
FOXP2 contains human-specific non-synonymous base pair substi-
tutions leading to changes in two amino acids at the protein level'".
A mouse transgenic model that displays these two substitutions in
mouse Foxp2 exhibited changes in dopamine concentrations in multi-
plebrainregions (including the striatum and frontal cortex), decreased
exploratorybehaviours, altered ultrasonic vocalizations and increased
neurite outgrowth and synaptic plasticity of striatal projection neu-
rons™ (Table 1). These results linked human-specific changes in the
FOXP2 amino acid sequence with alterations in cortex-basal ganglia
circuits that might have played arole inthe evolution of speech produc-
tion'®, Future experiments should explore whether human-specific
coding substitutions in other genes are relevant to the emergence of
human-specific traits.

Of particular interest for future exploration are about 100 pro-
teinsthat display amino acid substitutions that are specificto humans
when compared with the closer hominins Neanderthals and Deniso-
vans'®. Some of these proteins (namely, CASC5, KIF18A and SPAGS) are
expressed inneural progenitors, whereas others (SLITRK1and LRTM2)
areinvolved in synaptogenesis, making them potentially relevant for
evolutionary changes in several aspects of human corticogenesis.

New genes
Animportantsource of evolutionary innovation canbe provided by new
genes, which typically emerge as a result of large segmental genomic
duplications or retrotransposition® (Fig. 3 and Table 1). Some human-
specific genes resulting from retrotransposition are expressed during
corticogenesis'®, but recent evidence indicates that species-specific
large segmental gene duplications are animportant source of genomic
innovation during human evolution. The human genome contains
approximately 30 gene families that show human-specific duplication
patterns'®***>, For most, both the ancestral copy of these genes and their
human-specific paralogues are expressed throughout human fetal corti-
cogenesis'*. Since these genes are often located in hotspots for genomic
recombination, human-specific large segmental duplications can dis-
play a variable degree of conservation in copy number in the human
population, which caninturnbe used to estimate selection pressure'®.
Several human-specific duplicated genes have been studied func-
tionally during cortical neurogenesis, revealing their contributions to

human cortical progenitor expansion and prolonged neurogenesis.
The NOTCH2NL genes constitute a family of human-specific partial
gene duplicates of NOTCH2, which encodes akey receptorinthe Notch
signalling pathway. Three NOTCH2NL genes are present only in the
human genome®**°, and they are located in a genomic region that is
associated with changesinbrainsize' (see later). Experiments combin-
ing gain of function and loss of function of these genes in the mouse
embryonic cortex and in human PS cell models of corticogenesis have
revealed that the NOTCH2NL genes are human-specific activators of
the Notch pathway, driving RGC expansion, prolonged neurogenesis
andincreased cortical neuron production™**%*¥ Clinical human genet-
ics further supports the importance of NOTCH2NL genes in human
biology and disease (Box 2).

Asurprisingly large number of human-specific gene duplications
seemto have contributed to the evolutionary expansion of the cortical
anlage (Box 2), including ARHGAPI1B, TBCID3, TMEM14B and CROCCP2,
which all promote basal progenitor (including oRGC) expansion'®7%,
Amongthese, CROCCP2-encoded protein was found toactasahuman-
specificmodifier of mTORsignalling"*, whichis selectively upregulated
in human oRGCs”.

Several human-specific gene duplicates are also selectively
expressed in developing or mature postmitotic neurons, suggesting
theirinvolvementin cortical circuit assembly and function. For exam-
ple, the gene encoding SLIT-ROBO Rho GTPase-activating protein 2
(SRGAP2)™ is expressed in postmitotic cortical pyramidal neurons,
as well as other neuronal subtypes, throughout development and
in the adult brain'*®. The ancestral gene, called ‘SRGAP2A’, encodes
a multifunctional protein that is highly conserved among all mam-
mals'”. SRGAP2A has undergone a series of large segmental duplica-
tions leading to two partial duplications (SRGAP2B and SRGAP2C) that
contain only the first nine exons of SRGAP2A'™%'%, SRGAP2C emerged
approximately 2.4 million years ago (at the birth of the Homo lineage)
and exhibits a highly conserved copy number among human popula-
tions, suggesting strong positive selection'®. SRGAP2C encodes a
truncated protein that can bind to and inhibit all known functions of
SRGAP2A72% (Fig. 4a).

Functional studies in vivo demonstrated that SRGAP2A is a post-
synaptic protein that promotes the maturation of excitatory and
inhibitory synapses in cortical pyramidal neurons and, at the same
time, limits the total number of synapses formed by cortical layer 5
and cortical layer 2/3 pyramidal neurons'*®*°°, Induction of SRGAP2C
expressionin mouse cortical layer 2/3 pyramidal neurons phenocopies
apartialloss of function of SRGAP2A and leads to asignificant delay in
synaptic maturation and anincrease in the density of synapses (Fig. 4a),
mimicking two important features of human pyramidal neurons’.
Recent results demonstrate that transgenic expression of SRGAP2C
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Glossary

Association areas

A class of cortical areas defined by their
opposition to primary areas (cortical
regions receiving direct inputs from

the dorsal thalamus). Association areas
are where different sensory and/or
motor modalities combine and where
complex cognitive processes such

as attention, planning and memories
are encoded.

Connectome

A description of all the synaptic
connections between neurons found
within a brain region or the entire
nervous system of an organism.

Cortical organoids
Self-organized 3D multicellular
structures that can be patterned to
mimic the neocortex.

Cell fate mapping

A range of techniques aimed at
genetically labelling the progeny

of individual classes of progenitors,
thereby reconstructing the lineage
linking dividing progenitors and all the
cells they generate.

Chromatin loops

The situation in which stretches of
genomic sequence that lie on the same
chromosome (configured in cis) are in
closer physical proximity to each other
than they are to intervening sequences.

cis-regulatory elements
Portions of genes containing the
promoter and other regulatory
elements controlling levels of gene
transcription.

Comparative genomics

A subfield of biology involving the
analysis of DNA sequence divergence
and conservation between different
organisms.

Dendritic processing

The receipt, integration and processing
of many synaptic inputs by dendrites.
This processing takes the form of
changes in membrane potential,
which can — depending on the density
and distribution of passive or active
jonotropic channels — differentially
affect the generation of action
potentials at the level of the soma.

Dendritic spines

Micron-long protrusions present in
specific neuronal subtypes, such as
cortical pyramidal neurons, at the

tip of which is located an excitatory
synapse. Spines play important roles

in electrically and biochemically
isolating the postsynaptic compartment
from the dendrite shaft. Experimentally,
morphologically identified dendritic
spines represent a close approximation
to measuring number or density of
excitatory synapses received by a
neuron.

Epigenetic profiling

Molecular biology technique combined
with biochemistry to monitor the post-
translational modifications and physical
interaction of DNA and chromatin and

how they impact gene expression in cells.

Heterochrony

Changes in the relative timing of a
developmental event when different
species or brain regions are being
compared.

Large segmental genomic
duplications

Large segments (more than 1kb) of the
genome that have been duplicated in
another position in the genome.

Long non-coding RNAs
RNAs longer than 200bp that are not
translated into protein.

Massively parallel reporter
assays

A molecular biology technique used

to simultaneously test the activity of
multiple candidate genetic regulatory
elements in a high-throughput manner.

Morphogen

One of a class of extracellular cues that
can act at a distance from its source and
regulate gene expression in receiving
cells and tissues and thereby play a
central role in cell type specification or
tissue patterning.

Neurogenesis

The generation of postmitotic neurons
by specialized classes of dividing
progenitors.

Single-cell RNA sequencing
A high-throughput sequencing
technique used to determine the
sequences of MRNA expressed in
single cells, also referred to as the
transcriptional profile of single cells.

Topology-associated domains
Large self-interacting genomic regions
(~1Mb) physically interacting inside

the nucleus. This level of chromatin
organization plays key roles in
regulating temporal and spatial patterns
of gene expression in gene families
such as the HOX cluster.

Xenotransplantation
Transplantation of cells from one
species into a different species.

in mouse layer 2/3 pyramidal neurons leads to a specific increase in
the number of corticocortical connections between local excitatory
pyramidal neurons and increased long-range corticocortical con-
nections between cortical areas®”' (Fig. 4b,c). In vivo imaging further
revealed that layer 2/3 pyramidal neurons respond more reliably to
sensory stimulations in SRGAP2C-expressing mice than in wild type
mice (Fig. 4d) and that SRGAP2C-expressing mice also learn more
efficiently a whisker-based sensory discrimination task than wild type
mice”” (Fig. 4d). These results suggest that the emergence of SRGAP2C
has contributed to the evolution of some of the unique structural and
functional features of cortical circuits in the human brain.

Beyond genetic mechanisms

The genetic mechanisms outlined earlier herein are likely to underlie
many of the changes in developmental programmes that have driven
human cortical evolution. However, emerging data suggest that more
global changes in cellular processes could also link development to the

evolution of the humanbrain. Human cortical neurons were shown to
display much slower mitochondrial development and lower levels of
oxidative metabolism than mouse neurons, and enhancing mitochon-
drialfunction was demonstrated to speed up neuronal morphogenesis
and synaptogenesis®*. Similarly, recent studies have shown that rates
of protein turnover are lower in human cells than in mouse cells****%,
and that lower rates of translation can directly influence the timing
of cortical neurogenesis®*>?°°, Collectively, these data suggest that
global cellular mechanisms could play animportantroleinthe scaling
and patterning of humanbrain developmental events, in synergy with
generegulation and signalling.

Conclusions and perspectives

In the past two decades, a flurry of studies have revealed human-
specificgenomic changes — ranging from HARs to human-specific gene
duplications — that constitute candidate species-specific modifiers of
humanbrain development. However, only asmall fraction of these have
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beenexplored functionally,and often the function of the ancestral genes
and/or regulatory sequences remains poorly understood. Moreover,
there remains a profound gap in our understanding of how the identi-
fied evolutionary changes in developmental programme are linked to
the resulting divergence in the properties of human neural circuits.

To move forward, the field needs to develop new experimental
tools (Box 1) allowing more high-throughput and parallelized ways to
probe the functions of these modifiers during brain development in
animal and human models. This is especially true for human-specific
modifiers that act relatively late (in postnatal development or evenin
adulthood) on key steps such as synapse development, which might
impact circuit architecture and function, two aspects of human brain
development that remain especially challenging to modify and study.
Theavailability of PS cells from humans, non-human primates and other
mammals, incombination with advancesingenomiceditingand emerg-
ingtoolssuch as next-generation organoids and xenotransplantation
of human neurons, will provide new and exciting opportunities to move
towards this goal. However, this should not overshadow the crucial need
for animal models that will be essential to understand the mechanisms
of corticogenesisinagenuine and robust in vivo context. These include
invertebrates and mice, but also, importantly, higher mammals (such as
ferrets) and non-human primates (such as marmosets and macaque),
so as to include a wide spectrum of phylogeny, body size and brain
specializations (Box 1). In parallel, new approaches are needed to link
the molecular features of cortical cells with circuit assembly and circuit
properties, including high-resolution comparative (multi-omic to
connectomic) studies in animal models and the human brain.

Finally,itisstriking to note that many species-specific gene variants
arealso thessites of pathogenic or polymorphic variants in the human
population. Thisemphasizesthe needto furtherintegrate humangenet-
ics with evolutionary genomics to fully comprehend how human-
specific genomic changes have made our brain functions uniquely
expansive and at the same time susceptible to neurodevelopmental
and neurodegenerative disorders.

Published online: 15 February 2023
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