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Exploring the singularity of
human neurons: keep calm and
carry on

Baptiste Libé-Philippot*

Aix-Marseille Université, CNRS, Developmental Biology Institute of Marseille (IBDM), NeuroMarseille,
Marseille, France

The human brain’s increased cognitive abilities are underpinned by evolutionary
adaptations at the molecular, cellular, and circuit levels of neural structures. This
perspective explores how protracted neuronal development and divergent cell
intrinsic neuronal properties, including neuronal excitability, contribute to human
neurobiological singularity. Those cellular aspects rely on molecular evolutionary
innovations, including evolution of gene regulation and gene duplications
that play critical roles in prolonging synaptogenesis and reducing neuronal
excitability. These molecular evolutionary innovations are shown to interact with
core neurodevelopmental molecular pathways linked to neurodevelopmental
disorders. Furthermore, complementary multimodal and multiscale approaches
offer promising platforms to study these processes and develop species-relevant
therapeutic strategies. They include ex vivo acute brain slices and organotypic
cultures which offer emerging tools for understanding human species-specificities
and neural disorders.

KEYWORDS
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Introduction

Near my laboratory, located in the Calanques of Marseille (France), lies the underwater
Cosquer Cave. Within its submerged depths, prehistoric paintings created between 27,000 and
14,000 BC provide a striking glimpse into the distant past of Homo sapiens. The artwork
depicts various animals—horses, ibex, deer, bison, aurochs, seals, and penguins—as well as
human symbols, including genital representations and stencils of human hands (Clottes et al.,
1992). While the precise meaning of these anthropological signs remains elusive, they
undoubtedly represent the cognitive and cultural evolution that distinguishes Homo sapiens
from other primate, hominid and archaic hominin species. Notably, these features, including
abstract thinking, cultural transmission, social learning, cooperation, and language (Richerson
et al,, 2021; Sherwood and Gémez-Robles, 2017; Lancaster, 2024; Zeberg et al., 2024), are
underpinned by neurobiological substrates that evolved alongside morphological, metabolic,
and immune system changes (Zeberg et al., 2024; Pollen et al., 2023).

What is the biological substrate responsible for such evolutionary advancements? Over
the past four decades, research has pointed to the increased size of the human brain,
particularly the cerebral cortex—the outermost layer of the brain involved in sensory
processing and higher cognitive functions—as a central element in the evolution of human
cognition (Figure 1A). This expansion has been associated with a larger number of neurons
and more complex cytoarchitecture within the cerebral cortex, which together contribute to
the increased cognitive abilities of humans. These changes primarily result from the evolution
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of neurodevelopmental processes, especially those governing neural
proliferation, neurogenesis, and fate determination during the
prenatal period (Sherwood and Goémez-Robles, 2017; Lancaster, 2024;
Libé-Philippot and Vanderhaeghen, 2021; Lindhout et al., 2024;
Vanderhaeghen and Polleux, 2023; Kelley and Pasca, 2022; Namba
and Huttner, 2024).

However, despite significant advances in our understanding of
these developmental processes, relatively little is known about the
evolution of the fundamental building blocks of the brain—the
neurons themselves—and the circuits they form (Lancaster, 2024;
Vanderhaeghen and Polleux, 2023; Libé-Philippot et al., 2024).
Humans share most cortical neuron types with other mammalian and
primate species, yet these neurons exhibit morphological and
physiological differences that may be central to the evolution of
human cognition. These differences are thought to be linked to
species-specific gene expression patterns and human-specific
modifiers of ancestral molecular mechanisms, including pathological
ones (Lancaster, 2024; Pollen et al., 2023; Vanderhaeghen and Polleux,
2023; Libé-Philippot et al., 2024; Wallace and Pollen, 2024).

Carry on slowly: protracted
synaptogenesis and enhanced
learning abilities

A particularly striking feature of human neurodevelopment is the
protracted pace of neuronal development. This phenomenon, known
as heterochrony, bradychrony, or neoteny, refers to the delayed
maturation of key neurodevelopmental processes, including
corticogenesis and synaptic maturation, in humans compared to other
primate species (Sherwood and Gémez-Robles, 2017; Lancaster, 2024;
Libé-Philippot and Vanderhaeghen, 2021; Lindhout et al., 2024;
Petanjek et al., 2011; Zhou et al., 2024; McNamara, 2012). Notably,
neoteny of the synaptogenesis—the process through which neurons
form connections in a highly plastic manner (Sherwood and Gémez-
Robles, 2017; Waites et al., 2005)—is thought to be the foundation for
the enhanced learning abilities characteristic of Homo sapiens (Gould,
1992; Bufill etal., 2011). Each step of this protracted neurodevelopment
could follow different modalities of heterochrony, influenced by
various mechanisms, including epigenetic regulation, metabolic
processes, protein targeting to synapses, and human-specific modifiers
that regulate these processes (Libé-Philippot and Vanderhaeghen,
2021; Casimir et al., 2024; Ciceri and Studer, 2024). For example,
synaptogenesis takes approximately 5-10 years in humans, compared
to months in macaques and weeks in mice, while corticogenesis lasts
months in humans, as opposed to weeks in macaques and days in mice
(Libé-Philippot and Vanderhaeghen, 2021; Lindhout et al., 2024; Libé-
Philippot et al., 2024). Furthermore, it is conceivable that different
brain regions undergo varying rates of developmental maturation,
with synaptogenesis showing more pronounced heterochronicity in
areas such as the prefrontal cortex—region associated with higher
cognitive functions (Petanjek et al., 2011)—compared to primary
sensory and motor areas (Sherwood and Gomez-Robles, 2017).

Understanding the molecular and cellular substrates underlying
this protracted neurodevelopment is pivotal for uncovering the
distinctive cognitive abilities of humans. It is also critical to
understanding fundamental bases of neurodevelopmental disorders
since they may be intimately linked to disturbed pace of synapse
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development, in particular in autism spectrum disorder and
schizophrenia (Penzes et al., 2011). Previous studies have shown that
neurons derived from human, chimpanzee and mouse pluripotent
stem cells and xenotransplanted into mouse cerebral cortex, mature at
their own pace (Libé-Philippot and Vanderhaeghen, 2021;
Vanderhaeghen and Polleux, 2023; Linaro et al., 2019; Espuny-
Camacho et al., 2013; Marchetto et al., 2019; Gaspard et al., 2008). This
suggests that the pace of neuronal development is primarily driven by
cell-intrinsic, species-specific mechanisms, included at the synaptic
maturation level (Libé-Philippot et al., 2024).

What molecular mechanisms underpin these changes in the pace
of development? Many of the developmental processes, cell types, and
gene expression patterns involved in neurodevelopment are highly
conserved across vertebrate species, with basic neuronal and synaptic
functions shared even among distant metazoan taxa (Lancaster, 2024;
Libé-Philippot and Vanderhaeghen, 2021; Zhou et al., 2024; Tosches,
2021). However, many of the genomic innovations specific to the
human lineage are linked to neurodevelopmental and neuronal
physiological processes. On examples are mutations in cis-regulatory
elements that represent about 1% of the genomic differences between
Homo sapiens and chimpanzees and that result in novel gene
expression patterns (Pollen et al, 2023; Libé-Philippot and
Vanderhaeghen, 2021; Lindhout et al., 2024; Vanderhaeghen and
Polleux, 2023; Kelley and Pasca, 2022; Libé-Philippot et al., 2024;
Zhou et al., 2024; Whalen and Pollard, 2022; King and Wilson, 1975).
This includes human gain enhancers in the more than 3,000 human
accelerated regions, which are largely non-coding regulatory genomic
regions, highly conserved between mammalian species but divergent
in the human genome, that are particularly active in neural processes
(Pollen et al., 2023; Libé-Philippot and Vanderhaeghen, 2021;
Lindhout et al., 2024; Vanderhaeghen and Polleux, 2023; Kelley and
Pagca, 2022; Libé-Philippot et al., 2024; Zhou et al., 2024).

These regulatory changes can lead to species-specific differential
patterns of gene expression. For instance, OSTN (osteocrin) is a muscle
and bone secreted protein but expressed in the brain only in primate
species. It regulates the protracted maturation of the dendritic tree
(Ataman et al., 2016). This could be explained by the presence in the
genomes of primate species of binding sites to the transcription factors
of the MEF2 family, involved in synaptic maturation (Ataman et al.,
2016). Interestingly, MEF2A was identified to display a protracted
developmental expression pattern in the human cerebral cortex
compared to other primate species (Liu et al, 2012). Striking
experimental works revealed human-specific deletions in
cis-regulatory elements of CBLN2 (cerebellin 2), and higher retinoic
acid signaling in the primate prefrontal cortex, which led to CBLN2
higher levels of expression leading to increase synapse formation and
cortical connectivity (Shibata et al., 2021; Shibata et al., 2021).

Another level of molecular evolutionary novelties relies on
segmental gene duplications, such as species-specific gene duplicates
(Pollen et al., 2023; Libé-Philippot and Vanderhaeghen, 2021;
Lindhout et al., 2024; Vanderhaeghen and Polleux, 2023; Kelley and
Pagca, 2022; Libé-Philippot et al., 2024; Zhou et al., 2024; Bailey et al.,
2002; Soto et al.,, 2025). One well-documented example of such a
genomic innovation is the SRGAP2 (SLIT-ROBO Rho GTPase
Activating Protein 2) gene family, specifically the human-specific
SRGAP2B and SRGAP2C genes. These genes, which arose during the
emergence of Homo species, have been shown to induce protracted
synaptic maturation and enhanced neuronal connectivity when
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overexpressed in mouse cortical neurons, leading to enhanced cortical
connectivity and learning abilities (Lancaster, 2024; Pollen et al., 2023;
Libé-Philippot and Vanderhaeghen, 2021; Vanderhaeghen and
Polleux, 2023; Kelley and Pagsca, 2022; Namba and Huttner, 2024;
Charrier et al., 2012; Schmidt et al., 2021). It was recently confirmed
that SRGAP2B and SRGAP2C are essential for protracted synaptic
maturation, as demonstrated by the knockdown of their expression in
human cortical neurons xenotransplanted into the mouse cerebral
cortex (Figure 1C) (Libé-Philippot et al., 2024). Surprisingly, these
experiments revealed that the acceleration of synaptic development
was more pronounced than expected: at 18 months post-
transplantation, the neurons had reached synaptic densities similar to
those observed in 5-10-year-old children.

Furthermore, the experiments uncovered a novel molecular
mechanism involving a competition between the synaptic proteins
SRGAP2A and SYNGAPI1 (Synaptic Ras GTPase-activating protein
1), which regulate the timing of synaptogenesis in mammals, with
SRGAP2B and SRGAP2C acting as human-specific modifiers (Libé-
Philippot et al., 2024). SYNGAPI is a major gene responsible for
intellectual disability and autism spectrum disorder (Gamache et al.,
2020). One cellular phenotype of SYNGAPI haploinsufficiency is a
precocious synaptic development or disrupted neoteny (Vermaercke
etal, 2024), as observed in some forms on autism spectrum disorder
(Penzes et al,, 2011). Interestingly, SYNGAP1 postsynaptic synaptic

10.3389/fnsyn.2025.1672646

accumulation and the phenotype of accelerated synaptogenesis could
be rescued while performing SRGAP2A knock-down in a SYNGAPI
haploinsufficiency genetic background (Libé-Philippot et al., 2024),
opening possibilities for future therapeutic approaches (Figure 1C).
Those recent studies highlight several levels of breaks that act on
the protraction of the synaptic development. While the evolution of
gene regulation (e.g., epigenetics, non-coding genomic regions) acts
on differences in the pattern and pace at the transcription step (Pollen
etal, 2023; Libé-Philippot and Vanderhaeghen, 2021; Lindhout et al.,
2024; Vanderhaeghen and Polleux, 2023; Kelley and Pasca, 2022; Libé-
Philippot et al., 2024; Zhou et al., 2024; Ciceri and Studer, 2024;
Ataman et al.,, 2016; Liu et al., 2012; Shibata et al., 2021; Shibata et al.,
2021), and are easily assessed by transcriptomic studies, additional
non-genetic post-transcriptional breaks act on the protein abundance
at the synapse. Indeed, the developmental pace of variation in the
synaptic abundance of some proteins does not fit with the variation of
the transcripts, suggesting post-transcriptional and/or translational
and/or protein stability regulation (Wang et al., 2023). Such regulation,
involves the activity of small GTPases that could mediate synapse
targeting (Wang et al., 2023) or the interaction between human-
specific proteins with their ancestors that can lead to their degradation
(Libé-Philippot et al., 2024; Assendorp et al., 2024). This indicates that
future studies on (local) translation, protein stability, protein
co-trafficking and cell-state dependant synaptic targeting, beyond
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cross-species transcriptional comparisons, could be beneficial for a
deeper understanding on the evolution of synaptic development
and structure.

One could wonder why several levels of mechanisms or breaks
evolved in the same direction, e.g., a protracted neuronal and synaptic
maturation. On one hand, this could ensure the robustness (Hiesinger
and Hassan, 2018) of this key human developmental feature. On the
other hand, a strong robustness to excessive variations, e.g., neotenic
disruption, allows subtle variations (Hiesinger and Hassan, 2018). One
could extrapolate that different scales of subtle variations could be key
in the development of human circuits: (1) variations between neurons/
synapses that may be crucial to achieve developmental robustness
(Hiesinger and Hassan, 2018), (2) it could be involved in different
paces of development between neuronal compartments (e.g.,
dissociate the pace of development of synapse subtypes, synapses
versus axon, dendrites, etc.), or (3) between cerebral cortex area (e.g.,
a higher protraction in the prefrontal cortex versus motor cortex).
Moreover, one could imagine that such profusion of breaks could have
participated in the evolvability of Homo species.

Keep calm: reduced neuronal
excitability and enhanced
computational properties

While much attention has been paid to the developmental aspects
of human neuronal evolution, less is known about the species-specific
physiological characteristics of human cortical neurons and the
underlying mechanisms that give rise to these traits (Vanderhaeghen
and Polleux, 2023; Libé-Philippot et al., 2024). Cross-species
comparisons from ex vivo brain sections, originating from
non-pathological surgical resections provided human specificities at
the morphological, physiological and connectivity levels, in the
cerebral cortex (pyramidal excitatory neurons and GABAergic
interneurons), in the hippocampus (connectivity) and in the
cerebellum (Purkinje cells) (Libé-Philippot et al., 2023; Beaulieu-
Laroche et al., 2021; Beaulieu-Laroche et al., 2018; Kalmbach et al.,
2018; Wilson et al., 2025; Watson et al., 2025; Mohan et al., 2015; Eyal
et al., 2014; Deitcher et al., 2017; Hunt et al., 2023; Chartrand et al.,
2023; Busch and Hansel, 2023; Masoli et al., 2024; Campagnola et al.,
2022; Szegedi et al., 2020; Molnar et al., 2016; Wilson et al., 2025; Olah
et al., 2025; Csemer et al., 2023; Kalmbach et al., 2021; Wilbers et al.,
2023), suggesting co-evolution of brain regions, for which remains the
question of the underlying mechanisms (common molecular
innovations, adaptation, etc.). Morphologically, human neurons are
larger, exhibiting more elaborate dendritic arborization and a greater
number of synapses leading to higher neural connectivity compared
to other primates. These features are thought to contribute to the
enhanced computational properties of human neurons
(Vanderhaeghen and Polleux, 2023; Libé-Philippot et al., 2024). At the
electrophysiological ~ level, human neurons are more
compartmentalized, less excitable, and capable of generating long
trains of action potentials when engaged in cognitive tasks, compared
to neurons in other mammals and primates (Figure 1B)
(Vanderhaeghen and Polleux, 2023; Libé-Philippot et al., 2024). Fine
tuning of intrinsic neuronal excitability is critical since disturbed
intrinsic neuronal excitability is intimately linked to neurological

disorders, including epilepsy, migraine and neurodegenerative
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disorders (Wijesinghe and Camp, 2011). More attention will
be probably paid in the coming years at the scales beyond neuronal
properties, for instance circuit structure and computational properties.

Those divergent cellular features should rely on molecular
novelties, including divergence in cis-regulatory elements, even
though a comprehensive molecular substrate for those evolutionary
divergent features is far to be understood. These changes can lead to
differential patterns of gene expression. For instance genes
differentially expressed in human cortical pyramidal neurons
compared to other primate and hominid species are notably linked to
synaptic compartments’ structure and physiology (Jorstad et al., 2023).
Moreover, among human duplicated genes, FRMPD2B and LRRC37B
should play a critical role in the divergence of human neurons,
FRMPD2B in synaptic signaling (Soto et al., 2025) and LRRC37B in
neuronal excitability (Libé-Philippot et al., 2023).

It was recently shown that human cortical neurons exhibit greater
diversity in the excitability of their axon initial segment (AIS), the
subcellular compartment where action potentials are initiated (Libé-
Philippot et al., 2023). The consequence at the circuit and information
processing levels remains to be explored. This lower excitability could
be an adaptive response to the increased neural connectivity in
humans, resulting in higher accuracy of information processing. This
could contribute to allowing for sustained trains of action potentials
during cognitive tasks without compromising signal fidelity. This
altered excitability may also modulate information processing at both
the neuronal and circuit levels by influencing neuronal gain and
increasing neuronal diversity (Libé-Philippot et al., 2024).

A pivotal discovery was the identification of the hominid-specific
transmembrane protein LRRC37B (Leucine Rich Repeat Containing
37B), which is localized to the AIS of a subset of human cortical
neurons. Strikingly, LRRC37B was found to reduce neuronal
excitability at the level of the AIS (Libé-Philippot et al., 2023).
Interestingly, humans possess more than 15 paralogs of the LRRC37
gene family, which encodes transmembrane proteins with leucine-rich
extracellular domains. Among these paralogs, LRRC37B is specific to
humans and hominids (including chimpanzees), differing from the
other paralogs and the ancestral Lrrc37a found in other amniotes
(Libé-Philippot et al., 2023; Giannuzzi et al., 2013). The ancestral
Lrrc37a gene is not expressed in the mouse cerebral cortex and
LRRC37B transcript is expressed at higher levels in human cortical
pyramidal neurons than in chimpanzees (Libé-Philippot et al., 2023).
Moreover, the LRRC37B protein is not detected at the AIS of the
chimpanzee cortical pyramidal neurons (Figure 1D) (Libé-Philippot
etal., 2023).

The AIS, a crucial site enriched with voltage-gated sodium
channels (Na,), which are essential for action potential generation
(Libé-Philippot et al., 2023). Using various experimental approaches,
it was demonstrated that LRRC37B interacts with two key modulators
of Na, channels—secreted FGF13 (fibroblast growth factor 13)
isoform A (FGF13A) and the transmembrane protein SCN1B
(p-subunit of Na,)—to modulate neuronal excitability (Libé-Philippot
et al., 2023). Ex vivo electrophysiological recordings showed that
LRRC37B overexpression in mouse cortical pyramidal neurons
enhances the inhibitory effect of FGF13A on Na, channels, thus
decreasing neuronal excitability at the AIS (Figure 1D) (Libé-Philippot
et al., 2023). One could imagine that exploring how to modulate the
LRRC37B-FGF13A-SCNSA
excitability, could be useful to cure epileptic disorders.

interaction to act on neuronal
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Therefore, LRRC37B is a human species-specific modulator of AIS
and neuronal excitability and it acts by concentrating FGF13A
function on Na, channels (Figure 1D) (Libé-Philippot et al., 2024;
Libé-Philippot et al., 2023). This work opens an avenue to address
many questions in the future, including the consequences of a diverse
lower excitability of the AIS to the neural circuit function and
information processing.

Another aspect that this study highlight is the heterogeneity in the
protein composition of a neuronal compartment, i.e., a subpopulation
of any neuronal subtype express LRRC37B protein at their AIS (Libé-
Philippot et al., 2023), between cortical neurons. This follows other
studies showing a higher diversity or specialization of neurons in the
human cerebral cortex compared to other species (Jorstad et al., 2023;
Berg et al., 2021). This challenges the definition of neuronal type
defined by transcript marker expression, as recently done in the
zebrafish
be functionally diverse (Shainer et al., 2025). One could wonder which

in which transcriptionally similar neurons can
transcriptional and post-transcriptional mechanisms evolved in
humans leading to potential higher molecular diversity within
neuronal populations. This can involve for instance cell-state
dependent mechanisms, translational or sub-compartment protein
targeting mechanisms, morphological/synaptic  innervation
dependent mechanisms, to be studied further. Regarding the potential
impact of such higher diversity or specialization, one could wonder
whether this led to changes in neural processing, including the
reliability and robustness of neural information processing, functional
specialization, complexity of neuronal information transmission,
robust learning (Wu et al., 2025; Perez-Nieves et al., 2021; Gjorgjieva
et al., 2016). Novel experimental models and computational biology
should help in the near future to elucidate which of those functional
properties could have emerged from the human neuronal evolution,

beyond expanded cortical size.

Species-specific sensitivities to
neurodevelopmental and brain
disorders

Interestingly, many of the cellular processes involved in human
neural evolution and the genes that distinguish the human lineage are
closely tied to neurodevelopmental disorders, aging, and brain
diseases (Libé-Philippot and Vanderhaeghen, 2021; Zhou et al., 2024;
Vickery et al., 2024; Douaud et al., 2014). For instance, dysregulation
of neurodevelopmental processes, such as those occurring during
neural proliferation and that evolved in humans, can lead to defects in
the final brain cytoarchitecture, resulting in conditions such as
microcephaly and macrocephaly (Libé-Philippot and Vanderhaeghen,
2021). Mutations in human accelerated regions, while divergent to all
other mammalian species, are enriched in individuals with
neurodevelopmental disorders and underlie for instance 5% of
consanguineous cases of autism spectrum disorders (Doan et al.,
2016). For instance, MEF2 genes and their binding sites are linked to
autism spectrum disorder (Chaudhary et al., 2021). Some other genes
displaying human species-specific developmental patterns of
expression like CBLN2 code for proteins that are ligands to receptors
tightly linked to neurodevelopmental disorders (e.g., neurexins)
(Stidhof, 2023), suggesting that they could mediate species-specific
sensitivities to those disorders.
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Some human duplicated genes reside in genomic hotspots linked
to neurodevelopmental disorders, including autism spectrum disorder
(Soto et al,, 2025). Other human duplicated genes, and notably
SRGAP2C and LRRC37B, are loss-of-function intolerant, suggesting
strong levels of purifying selection (Soto et al., 2025). They could act
as species-specific modifiers of molecular pathways implicated in
neurodevelopmental disorders (Libé-Philippot et al., 2024; Assendorp
etal., 2024). Specifically, the SRGAP2 gene family, and particularly the
human-specific genes SRGAP2B and SRGAP2C, were functionally
linked to SYNGAP1 and CTNND2, two synaptic proteins associated
with intellectual disabilities, autism spectrum disorders, and Cri-du-
Chat syndrome (Libé-Philippot et al., 2024; Assendorp et al., 2024).
Additionally, the hominid-specific protein LRRC37B was
demonstrated to interact with FGF13A, SCN1B and SCNS8A that are
involved in epilepsy, Dravet syndrome, and autism spectrum disorder
(Libé-Philippot et al., 2023). These results highlight the possibility of
species-specific sensitivities to neurodevelopmental and neurological
disorders that that can be critical in the diagnosis, patient management
and therapeutical approaches.

In our knowledge, neurodevelopmental disorders like autism
spectrum and schizophrenia have not been described in nonhuman
primates, even though common genetic and social behavioral traits
have been identified compared to other species, including
chimpanzees (Li et al., 2021; Faughn et al., 2015; Yoshida et al., 2016;
Crow, 1997). It would mean that such disorders are the consequence
of genomic trade-offs between neural circuit evolution and harmful
effects in the variation of their development and structure (Sikela and
Searles Quick, 2018). This apparent evolution of vulnerability to
neurodevelopmental disorders could result from human species-
specific causes of such disorders (e.g., genetic evolution and protracted
development), natural selection in nonhuman species against such
variations, or on the fact that the definition of such disorders are based
on behavioral traits expanded in humans (e.g., language). Moreover,
humans display species-specific gray matter decline linked to aging in
cerebral cortex area that diverged in size compared to chimpanzees
(notably, the prefrontal and frontal cerebral cortex) (Vickery et al.,
2024). While several animal species, including non-human primates,
display age-related amyloid-p and tau accumulation, there is debate
on whether cellular loss and behavioral disorders linked to Alzheimer’s
disease might be a human-specific disorder (Devinsky et al., 2018;
Finch and Austad, 2015).

Human ex vivo approaches for basic
research and drug development

How studying human brain basic development, function, and
disorders? Answering this question necessitates multimodal and
multiscale approaches. Indeed, depending on the scale of the study,
from genes to cell to circuit to behavior, one could consider human
individuals themselves, primary samples, human pluripotent stem
cell-based models (2D differentiations, organoids, assembloids) or
animal experimentation (Figure 2). These approaches differ not only
on the accessible scales but also on the stages and neural processes
they can address. Moreover, every biological technology and approach
cannot be accessible by each of those approaches on its own.

In this context, spare human brain tissues obtained from
neurosurgical procedures can be used in acute conditions to address
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cellular properties, morphologies, “omic” (genomic, epigenetic,
transcriptomic, proteomic, metabolomic, lipidomic, etc.) and
molecular questions (Libé-Philippot et al., 2023; Beaulieu-Laroche
et al., 2021; Beaulieu-Laroche et al., 2018; Kalmbach et al., 2018;
Wilson et al., 2025; Watson et al., 2025; Mohan et al., 2015; Eyal et al.,
2014; Deitcher et al., 2017; Hunt et al., 2023; Chartrand et al., 2023;
Busch and Hansel, 2023; Masoli et al., 2024; Campagnola et al., 2022;
Szegedi et al., 2020; Molnar et al., 2016; Wilson et al., 2025; Olah et al.,
2025; Csemer et al., 2023; Kalmbach et al., 2021; Wilbers et al., 2023;
Wilbers et al., 2023; Kerkhofs et al., 2018; Wierda et al., 2024; Lee et al.,
2023; Kim et al., 2023; Bernard et al., 2004; Buchin et al., 2022; Ting
et al,, 2018; Gidon et al., 2020; Lee et al., 2023; Szegedi et al., 2024;
Bocchio et al., 2019; Szegedi et al., 2023; Szegedi et al.,, 2017; Yang
et al,, 2025; Yang et al., 2024; Szegedi et al., 2016; Barz6 et al., 2025;
Guet-McCreight et al., 2023; Rich et al., 2022; Mertens et al., 2024;
Moradi Chameh et al., 2021; Goriounova et al., 2018). Interestingly,
neuronal physiology can be combined with post-hoc morphological
and connectivity reconstructions, protein immunostaining and
transcriptomic approaches. Such approaches can be of interest to
address questions on mature and aging tissues because of the
protracted neuronal development that make other human models’
immature, and on a genetic and epigenetic human and aged
background (Figure 2). The sections come from cortical and
hippocampal regions, mostly, and from drug-resistant or cancer
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patients. Importantly, fresh autopsies could be an alternative source of
tissue, with control conditions and offering more diverse brain regions
(Verwer et al., 2002; Verwer et al., 2002; Plug et al., 2024). This enabled
to study non-pathological regions (e.g., tissues with no lesions
surrounding an epileptic focus or a tumor) (Libé-Philippot et al., 2023;
Beaulieu-Laroche et al., 2021; Beaulieu-Laroche et al., 2018; Kalmbach
etal., 2018; Wilson et al., 2025; Watson et al., 2025; Mohan et al., 2015;
Eyal et al., 2014; Deitcher et al., 2017; Hunt et al., 2023; Chartrand
et al,, 2023; Busch and Hansel, 2023; Masoli et al., 2024; Campagnola
etal., 2022; Szegedi et al., 2020; Molnar et al., 2016; Wilson et al., 2025;
Ol4h et al.,, 2025; Csemer et al., 2023; Kalmbach et al., 2021; Wilbers
et al., 2023; Wilbers et al., 2023; Kerkhofs et al., 2018; Wierda et al.,
2024; Lee et al,, 2023; Kim et al., 2023; Ting et al., 2018; Gidon et al.,
2020; Lee et al., 2023; Szegedi et al., 2024; Bocchio et al., 2019; Szegedi
et al,, 2023; Szegedi et al.,, 2017; Yang et al., 2025; Yang et al., 2024;
Szegedi et al., 2016; Barzo et al., 2025; Guet-McCreight et al., 2023;
Mertens et al., 2024; Moradi Chameh et al., 2021; Goriounova et al.,
2018), pathological regions (e.g., epileptic focus) (Bernard et al., 2004;
Buchin et al., 2022; Rich et al., 2022) and cross-species comparisons
(e.g., rodents versus nonhuman primates versus humans) (Libé-
Philippot et al., 2023; Beaulieu-Laroche et al., 2021; Beaulieu-Laroche
et al., 2018; Kalmbach et al., 2018; Wilson et al., 2025; Watson et al.,
2025; Mohan et al., 2015; Eyal et al., 2014; Deitcher et al., 2017; Hunt
et al., 2023; Chartrand et al., 2023; Busch and Hansel, 2023; Masoli
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etal.,, 2024; Campagnola et al., 2022; Szegedi et al., 2020; Molnar et al.,
2016; Wilson et al., 2025; Olah et al., 2025; Csemer et al., 2023;
Kalmbach et al., 2021; Wilbers et al., 2023).

Interestingly, those acute recordings enable to assess the acute
effect of organic compounds (e.g., caffein, receptor agonists/modulator
or channel blockers) (Kerkhofs et al., 2018; Bocchio et al., 2019;
Szegedi et al., 2023; Yang et al., 2025; Yang et al., 2024), ideally in a
dose-response manner, on electrophysiological properties. This is of
particular interest for drugs that target proteins selectively expressed
or higher expressed in humans, like HCN channels (Kalmbach et al.,
2018; Szegedi et al., 2023), or for confirmation of results got in
non-human animals (Yang et al., 2025).
described
electrophysiological properties across life (Barzo et al., 2025; Guet-
McCreight et al., 2023). They identified the age of the individual as a
critical parameter of changes with critical changes in most of the

Importantly, some  studies evolution  of

electrophysiological parameters in the first year of life, of resting
membrane potential until 40 years old and input resistance changes
from this age (Barzo et al., 2025), as well as increase in sag amplitude
and decrease in spike rate with age (50 years old) (Guet-McCreight
etal., 2023), suggesting that reproducibility and clinical translation of
drug delivery experiments needs to pay attention of these 3 periods of
life (first year of life, 1-40/50 years old, >40/50 years old). Moreover,
some electrophysiological properties correlates with IQ scores
(Goriounova et al., 2018), suggesting that other metadata should
be noted while doing such experiments.

Organotypic cortical sections were successfully cultured for a
couple of weeks ex vivo on artificial or human cerebrospinal fluids
with stable neuronal morphology and electrophysiological properties
(Verwer et al., 2002; Verwer et al., 2002; Plug et al., 2024; Schwarz
etal.,, 2019; O’Connor et al., 1997; Eugene et al., 2014; Andersson et al.,
2016; Ting et al., 2018; Schwarz et al., 2017; McGeachan et al., 2025;
McGeachan et al., 2025; Bak et al., 2024; Wickham et al., 2020;
Andersson et al., 2016; Vormstein-Schneider et al., 2020; Chaichana
et al., 2007; Jung et al., 2002; Ravi et al., 2019; Mendes et al., 2018;
Sebollela et al., 2012; Barth et al., 2021; Da Seixas Silva et al., 2017; Da
Seixas Silva et al., 2017; Verwer, 2003; Wu et al., 2008; Taylor et al.,
2024; Le Duigou et al., 2018; McLeod et al., 2023; Andrews et al., 2020;
Subramanian et al., 2017; Mukhtar et al., 2025; Chen et al., 2023;
Graybuck et al., 2021; Ting et al., 2018; Schiinemann et al., 2025). Such
approaches enable to explore basic and pathological mechanisms in
human brain tissues from the molecular to the cell to the circuit levels
(Figure 2). They open the possibility to perform dynamic experiments
(e.g., live imaging, calcium activity, electrophysiology) (Wickham
et al,, 2020; Andersson et al., 2016; Le Duigou et al., 2018; Andrews
et al.,, 2020; Subramanian et al., 2017; Mukhtar et al., 2025) with
genetic manipulations (e.g., viral injection delivery, optogenetics)
(O’ Connor et al., 1997; Eugene et al., 2014; Andersson et al., 2016;
Ting et al., 2018; Andersson et al., 2016; Vormstein-Schneider et al.,
2020; Le Duigou et al., 2018; McLeod et al., 2023; Andrews et al., 2020;
Mukhtar et al., 2025; Graybuck et al., 2021; Ting et al., 2018) or drug
applications (e.g., dose — response) (Ravi et al., 2019; Mendes et al.,
2018; Taylor et al., 2024; Andrews et al., 2020), as well as cell grafting
(Wu et al., 2008), with control conditions from the same individual.
adult
non-pathological (e.g., outside an epileptic focus) (Verwer et al., 2002;
Verwer et al., 2002; Schwarz et al., 2019; Andersson et al., 2016; Ting
etal., 2018; Schwarz et al., 2017; Bak et al., 2024; Wickham et al., 2020;
Andersson et al., 2016; Le Duigou et al.,, 2018; Chen et al., 2023;

They have mostly been performed in conditions,
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Graybuck et al., 2021; Ting et al., 2018; Schiinemann et al., 2025) and
pathological (e.g., epilepsy, tumor environment, neurodegenerative
conditions) (Schwarz et al., 2019; O’Connor et al., 1997; Eugéne et al.,
2014; McGeachan et al.,, 2025; McGeachan et al., 2025; Vormstein-
Schneider et al., 2020; Chaichana et al., 2007; Jung et al., 2002; Ravi
etal., 2019; Mendes et al., 2018; Sebollela et al., 2012; Barth et al., 2021;
Da Seixas Silva et al., 2017; Da Seixas Silva et al., 2017; Verwer, 2003;
Wu et al., 2008; Taylor et al., 2024; Plug et al., 2024) with drugs or viral
applications (Plug et al., 2024), but exploring neurodevelopmental
stages (McLeod et al., 2023), including fetal stages (McLeod et al.,
2023; Andrews et al., 2020; Subramanian et al., 2017; Mukhtar et al.,
2025; Coquand et al., 2024; Coquand et al., 2021), could be expanded
in the future. Moreover, genetic engineering used to label specific cell
types and deliver genetic sequences on those cultures, or cell delivery
approaches, should be beneficial for future therapeutic approaches in
humans in vivo.

To conclude, ex vivo acute and organotypic human cultures provide
beneficial approaches to understand human brain development, aging,
evolution and disorders. They could provide patient-oriented
therapeutical medicine, in particular for drug-resistant disorders. That
is to say, the emergence of such models requires standards adopted by
the community, in terms of experimental protocols (tissue
transportation, cutting inhibitors, culture medium), quality assessments
(electrophysiology, morphology, culture infections), metadata
management (age, sex, origin, sociocultural status, IQ, etc.) and ethical
standards (communication, consent approval & post-mortem donations
in particular in children and intellectual deficiency conditions, genomic
experiments). Another key aspect is to improve the communication
between basic research, clinicians, patient involvement and companies
to facilitate tissue sharing, explorative research and drug development.
Moreover, preclinical drug development, whatever the preclinical model
(ex vivo, in vitro, animal) requires strong relevance of the outcome and
parameters assessed related to what is expected in human individuals
(e.g., blood-brain barrier penetration, pharmacokinetics and dynamics,
toxicity, dose selection, biomarkers, end points), to ensure higher
chance of translation.

Discussion: singularity, specificity, and
experimental approaches

In this essay, I have explored multiple layers of divergence in the
human lineage, from early neurodevelopment to neuronal properties
and neurocognitive features. None of these differences are strictly
“human-specific,” consistent with Darwin’s view that most differences
between humans and other animals are “of degree, not of kind”
(Richerson et al., 2021; Lindhout et al., 2024; Darwin, 1871). Therefore,
I advocate for the concept of “species-singularity” or “human species-
specificity” rather than claiming human uniqueness. The specificity of
human neurodevelopment results from a complex interplay of
that
cytoarchitecture, connectivity, neuronal properties, and circuit

evolutionary  cellular mechanisms influence  brain
function, culminating with enhanced cognitive abilities, in a cultural
species (Pollen et al., 2023). The molecular mechanisms underlying
these processes are human-specific evolutionary innovations
combined with hominid-, primate-, mammalian-, vertebrate-, and
metazoan-conserved mechanisms (Lancaster, 2024; Tosches, 2021).
Human modifiers modulate, refine or combine ancestral mechanisms

in an “evolutionary tinkering” (Jacob, 1977).
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In conclusion, while the meaning behind the stencils of human
hands remains beyond our reach, experimental biology enables us
to begin understanding the biological substrates of human neural
evolution and  of  species-specific  sensitivities  to
neurodevelopmental and neurological disorders. Complementary
multimodal and multiscale approaches are beneficial to assess
specificities of human neural properties, from the molecule to the
behavioral levels, which could lead in the future to the discovery
of novel therapeutic approaches based on human-specific cellular

and molecular properties.

Author contributions

BL-P: Writing - original draft, Writing - review & editing.

Funding

The author declares that financial support was received for the
research and/or publication of this article. BL-P research team is
supported by the European Research Council (ERC, “hCerebEvol”
project), the A*YMIDEX Foundation (Marseille, France), the French
CNRS agency and the French ATIP-Avenir program.

Acknowledgments

I thank members of the IBDM and “Human neuronal evolution”
research team for scientific discussions, as well as the CBD and

References

Andersson, M., Avaliani, N., Svensson, A., Wickham, J., Pinborg, L. H., Jespersen, B.,
et al. (2016). Optogenetic control of human neurons in organotypic brain cultures. Sci.
Rep. 6:24818. doi: 10.1038/srep24818

Andrews, M. G., Subramanian, L., and Kriegstein, A. R. (2020). mTOR signaling
regulates the morphology and migration of outer radial glia in developing human cortex.
eLife 9:e58737. doi: 10.7554/eLife.58737

Assendorp, N., Fossati, M., Libé-Philippot, B., Christopoulou, E., Depp, M., Rapone, R.,
et al. (2024). CTNND2 moderates the pace of synaptic maturation and links human
evolution to synaptic neoteny. Cell Rep. 43:114797. doi: 10.1016/j.celrep.2024.114797

Ataman, B., Boulting, G. L., Harmin, D. A., Yang, M. G., Baker-Salisbury, M.,
Yap, E. L, et al. (2016). Evolution of Osteocrin as an activity-regulated factor in the
primate brain. Nature 539, 242-247. doi: 10.1038/nature20111

Bailey, J. A., Gu, Z., Clark, R. A, Reinert, K., Samonte, R. V,, Schwartz, S, et al. (2002).
Recent segmental duplications in the human genome. Science 297, 1003-1007. doi:
10.1126/science.1072047

Bak, A., Koch, H., Van Loo, K. M. J., Schmied, K., Gittel, B., Weber, Y., et al. (2024).
Human organotypic brain slice cultures: a detailed and improved protocol for
preparation and long-term maintenance. J. Neurosci. Methods 404:110055. doi:
10.1016/j.jneumeth.2023.110055

Barth, M., Bacioglu, M., Schwarz, N., Novotny, R., Brandes, ., Welzer, M., et al. (2021).
Microglial inclusions and neurofilament light chain release follow neuronal a-synuclein
lesions in long-term brain slice cultures. Mol. Neurodegener. 16:54. doi:
10.1186/s13024-021-00471-2

Barzé, P, Széts, L, Toth, M., Csajbok, E. A., Molnér, G., and Tamés, G. (2025).
Electrophysiology and morphology of human cortical supragranular pyramidal cells in
a wide age range. eLife 13:RP100390. doi: 10.7554/eLife.100390

Beaulieu-Laroche, L., Brown, N. J., Hansen, M., Toloza, E. H. S., Sharma, ]J.,
Williams, Z. M., et al. (2021). Allometric rules for mammalian cortical layer 5 neuron
biophysics. Nature 600, 274-278. doi: 10.1038/s41586-021-04072-3

Beaulieu-Laroche, L., Toloza, E. H. S., Van Der Goes, M. S., Lafourcade, M.,

Barnagian, D., Williams, Z. M., et al. (2018). Enhanced dendritic compartmentalization
in human cortical neurons. Cell 175, 643-651.e14. doi: 10.1016/j.cell.2018.08.045

Frontiers in Synaptic Neuroscience

10.3389/fnsyn.2025.1672646

Vanderhaeghen research team (CBD VIB - KU Leuven, Belgium) for
scientific contributions and discussions. Figures have been generated
using Biorender.

Conflict of interest

BL-P is an inventor on a PCT application related to the work
on LRRC37B.

Generative Al statement

The author declares that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Berg, J., Sorensen, S. A, Ting, J. T, Miller, J. A., Chartrand, T., Buchin, A, et al. (2021).
Human neocortical expansion involves glutamatergic neuron diversification. Nature
598, 151-158. doi: 10.1038/541586-021-03813-8

Bernard, C., Anderson, A., Becker, A., Poolos, N. P, Beck, H., and Johnston, D. (2004).
Acquired dendritic channelopathy in temporal lobe epilepsy. Science 305, 532-535. doi:
10.1126/science.1097065

Bocchio, M., Lukacs, I. P, Stacey, R., Plaha, P., Apostolopoulos, V., Livermore, L., et al.
(2019). Group II metabotropic glutamate receptors mediate presynaptic inhibition of
excitatory transmission in pyramidal neurons of the human cerebral cortex. Front. Cell.
Neurosci. 12:508. doi: 10.3389/fncel.2018.00508

Buchin, A., De Frates, R., Nandi, A., Mann, R., Chong, P,, Ng, L., et al. (2022). Multi-
modal characterization and simulation of human epileptic circuitry. Cell Rep. 41:111873.
doi: 10.1016/j.celrep.2022.111873

Bufill, E., Agusti, J., and Blesa, R. (2011). Human neoteny revisited: the case of synaptic
plasticity. Am. J. Hum. Biol. 23, 729-739. doi: 10.1002/ajhb.21225

Busch, S. E., and Hansel, C. (2023). Climbing fiber multi-innervation of mouse
Purkinje dendrites with arborization common to human. Science 381, 420-427. doi:
10.1126/science.adil024

Campagnola, L., Seeman, S. C., Chartrand, T., Kim, L., Hoggarth, A., Gamlin, C., et al.
(2022). Local connectivity and synaptic dynamics in mouse and human neocortex.
Science 375:eabj5861. doi: 10.1126/science.abj5861

Casimir, P, Iwata, R.,, and Vanderhaeghen, P. (2024). Linking mitochondria
metabolism, developmental timing, and human brain evolution. Curr. Opin. Genet. Dev.
86:102182. doi: 10.1016/j.gde.2024.102182

Chaichana, K. L., Capilla-Gonzalez, V., Gonzalez-Perez, O., Pradilla, G., Han, J.,
Olivi, A., et al. (2007). Preservation of glial cytoarchitecture from ex vivo human
tumor and non-tumor cerebral cortical explants: a human model to study
neurological ~ diseases. J.  Neurosci. ~ Methods 164, 261-270. doi:
10.1016/j.jneumeth.2007.05.008

Charrier, C., Joshi, K., Coutinho-Budd, J., Kim, J. E., Lambert, N., de Marchena, J.,
et al. (2012). Inhibition of SRGAP2 function by its human-specific paralogs induces
neoteny during spine maturation. Cell 149, 923-935. doi: 10.1016/j.cell.2012.03.034

frontiersin.org


https://doi.org/10.3389/fnsyn.2025.1672646
https://www.frontiersin.org/journals/Synaptic-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/srep24818
https://doi.org/10.7554/eLife.58737
https://doi.org/10.1016/j.celrep.2024.114797
https://doi.org/10.1038/nature20111
https://doi.org/10.1126/science.1072047
https://doi.org/10.1016/j.jneumeth.2023.110055
https://doi.org/10.1186/s13024-021-00471-2
https://doi.org/10.7554/eLife.100390
https://doi.org/10.1038/s41586-021-04072-3
https://doi.org/10.1016/j.cell.2018.08.045
https://doi.org/10.1038/s41586-021-03813-8
https://doi.org/10.1126/science.1097065
https://doi.org/10.3389/fncel.2018.00508
https://doi.org/10.1016/j.celrep.2022.111873
https://doi.org/10.1002/ajhb.21225
https://doi.org/10.1126/science.adi1024
https://doi.org/10.1126/science.abj5861
https://doi.org/10.1016/j.gde.2024.102182
https://doi.org/10.1016/j.jneumeth.2007.05.008
https://doi.org/10.1016/j.cell.2012.03.034

Libé-Philippot

Chartrand, T., Dalley, R., Close, J., Goriounova, N. A, Lee, B. R,, Mann, R,, et al.
(2023). Morphoelectric and transcriptomic divergence of the layer 1 interneuron
repertoire in human versus mouse neocortex. Science 382:eadf0805. doi:
10.1126/science.adf0805

Chaudhary, R., Agarwal, V,, Kaushik, A. S., and Rehman, M. (2021). Involvement of
myocyte enhancer factor 2c in the pathogenesis of autism spectrum disorder. Heliyon
7:¢06854. doi: 10.1016/j.heliyon.2021.e06854

Chen, X., Wolfe, D. A., Bindu, D. S., Zhang, M., Taskin, N., Goertsen, D., et al. (2023).
Functional gene delivery to and across brain vasculature of systemic AAVs with
endothelial-specific tropism in rodents and broad tropism in primates. Nat. Commun.
14:3345. doi: 10.1038/541467-023-38582-7

Ciceri, G., and Studer, L. (2024). Epigenetic control and manipulation of neuronal
maturation timing. Curr. Opin. Genet. Dev. 85:102164. doi: 10.1016/j.gde.2024.102164

Clottes, J., Beltran, A., Courtin, J., and Cosquer, H. (1992). La Grotte Cosquer (Cap
Morgiou, Marseille). Bspf 89, 98-128. doi: 10.3406/bspf.1992.10536

Coquand, L., Brunet Avalos, C., Macé, A. S., Farcy, S., Di Cicco, A., Lampic, M., et al.
(2024). A cell fate decision map reveals abundant direct neurogenesis bypassing
intermediate progenitors in the human developing neocortex. Nat. Cell Biol. 26,
698-709. doi: 10.1038/s41556-024-01393-2

Coquand, L., Victoria, G. S., Tata, A., Carpentieri, ]. A., Brault, J. B., Guimiot, E, et al.
(2021). CAMSAPs organize an acentrosomal microtubule network from basal varicosities
in radial glial cells. J. Cell Biol. 220:¢202003151. doi: 10.1083/jcb.202003151

Crow, T. J. (1997). Is schizophrenia the price that Homo sapiens pays for language?
Schizophr. Res. 28, 127-141. doi: 10.1016/50920-9964(97)00110-2

Csemer, A., Kovécs, A., Maamrah, B., Pocsai, K., Korpés, K., Klekner, A., et al. (2023).
Astrocyte- and NMDA receptor-dependent slow inward currents differently contribute
to synaptic plasticity in an age-dependent manner in mouse and human neocortex.
Aging Cell 22:¢13939. doi: 10.1111/acel.13939

Da Seixas Silva, G. S., Melo, H. M., Lourenco, M. V,, Lyra E Silva, N. M., De
Carvalho, M. B., Alves-Leon, S. V,, et al. (2017). Amyloid-p oligomers transiently inhibit
AMP-activated kinase and cause metabolic defects in hippocampal neurons. J. Biol.
Chem. 292, 7395-7406. doi: 10.1074/jbc.M116.753525

Darwin, C. (1871). The descent of man, and selection in relation to sex, vol. I. London:
John Murray.

Deitcher, Y., Eyal, G., Kanari, L., Verhoog, M. B., Atenekeng Kahou, G. A.,
Mansvelder, H. D., et al. (2017). Comprehensive Morpho-electrotonic analysis shows 2
distinct classes of L2 and L3 pyramidal neurons in human temporal cortex. Cereb. Cortex
27, 5398-5414. doi: 10.1093/cercor/bhx226

Devinsky, O., Boesch, ]. M., Cerda-Gonzalez, S., Coffey, B., Davis, K., Friedman, D.,
etal. (2018). A cross-species approach to disorders affecting brain and behaviour. Nat.
Rev. Neurol. 14, 677-686. doi: 10.1038/541582-018-0074-z

Doan, R. N,, Bae, B. I, Cubelos, B., Chang, C., Hossain, A. A., Al-Saad, S., et al. (2016).
Mutations in human accelerated regions disrupt cognition and social behavior. Cell 167,
341-354.e12. doi: 10.1016/j.cell.2016.08.071

Douaud, G., Groves, A. R., Tamnes, C. K., Westlye, L. T., Duff, E. P, Engvig, A., et al.
(2014). A common brain network links development, aging, and vulnerability to disease.
Proc. Natl. Acad. Sci. USA 111, 17648-17653. doi: 10.1073/pnas.1410378111

Espuny-Camacho, I., Michelsen, K. A, Gall, D., Linaro, D., Hasche, A., Bonnefont, J.,
et al. (2013). Pyramidal neurons derived from human pluripotent stem cells integrate
efficiently into mouse brain circuits in vivo. Neuron 77, 440-456. doi:
10.1016/j.neuron.2012.12.011

Eugene, E., Cluzeaud, E, Cifuentes-Diaz, C., Fricker, D., Le Duigou, C., Clemenceau, S.,
etal. (2014). An organotypic brain slice preparation from adult patients with temporal
lobe epilepsy. J. Neurosci. Methods 235, 234-244. doi: 10.1016/j.jneumeth.2014.07.009

Eyal, G., Mansvelder, H. D., De Kock, C. P. ], and Segev, I. (2014). Dendrites impact
the encoding capabilities of the axon. ] Neurosci. 34, 8063-8071. doi:
10.1523/JNEUROSCI.5431-13.2014

Faughn, C., Marrus, N., Shuman, J., Ross, S. R., Constantino, J. N., Pruett, J. R, et al.
(2015). Brief report: chimpanzee social responsiveness scale (CSRS) detects individual
variation in social responsiveness for captive chimpanzees. J. Autism Dev. Disord. 45,
1483-1488. doi: 10.1007/s10803-014-2273-9

Finch, C. E., and Austad, S. N. (2015). Commentary: is Alzheimer’s disease uniquely
human? Neurobiol. Aging 36, 553-555. doi: 10.1016/j.neurobiolaging.2014.10.025

Gamache, T. R., Araki, Y., and Huganir, R. L. (2020). Twenty years of SynGAP
research: from synapses to cognition. J. Neurosci. 40, 1596-1605. doi:
10.1523/JNEUROSCI.0420-19.2020

Gaspard, N., Bouschet, T., Hourez, R., Dimidschstein, J., Naeije, G., Van Den
Ameele, J., et al. (2008). An intrinsic mechanism of corticogenesis from embryonic stem
cells. Nature 455, 351-357. doi: 10.1038/nature07287

Giannuzzi, G., Siswara, P.,, Malig, M., Marques-Bonet, T., Mullikin, J. C., Ventura, M.,
etal. (2013). Evolutionary dynamism of the primate LRRC37 gene family. Genome Res.
23, 46-59. doi: 10.1101/gr.138842.112

Gidon, A., Zolnik, T. A., Fidzinski, P., Bolduan, E, Papoutsi, A., Poirazi, P, et al.
(2020). Dendritic action potentials and computation in human layer 2/3 cortical
neurons. Science 367, 83-87. doi: 10.1126/science.aax6239

Frontiers in Synaptic Neuroscience

10.3389/fnsyn.2025.1672646

Gjorgjieva, J., Drion, G., and Marder, E. (2016). Computational implications of
biophysical diversity and multiple timescales in neurons and synapses for circuit
performance. Curr. Opin. Neurobiol. 37, 44-52. doi: 10.1016/j.conb.2015.12.008

Goriounova, N. A., Heyer, D. B., Wilbers, R., Verhoog, M. B., Giugliano, M.,
Verbist, C., et al. (2018). Large and fast human pyramidal neurons associate with
intelligence. eLife 7:¢41714. doi: 10.7554/eLife.41714

Gould, S.7. (1992). Roots: ontogeny and phylogeny - revisited and reunited. BioEssays
14, 275-279. doi: 10.1002/bies.950140413

Graybuck, L. T., Daigle, T. L., Sedefio-Cortés, A. E., Walker, M., Kalmbach, B.,
Lenz, G. H,, et al. (2021). Enhancer viruses for combinatorial cell-subclass-specific
labeling. Neuron 109, 1449-1464.e13. doi: 10.1016/j.neuron.2021.03.011

Guet-McCreight, A., Chameh, H. M., Mahallati, S., Wishart, M., Tripathy, S. J.,
Valiante, T. A., et al. (2023). Age-dependent increased sag amplitude in human
pyramidal neurons dampens baseline cortical activity. Cereb. Cortex 33, 4360-4373. doi:
10.1093/cercor/bhac348

Hiesinger, P. R., and Hassan, B. A. (2018). The evolution of variability and
robustness in neural development. Trends Neurosci. 41, 577-586. doi:
10.1016/j.tins.2018.05.007

Hunt, S., Leibner, Y., Mertens, E. J., Barros-Zulaica, N., Kanari, L., Heistek, T. S.,
etal. (2023). Strong and reliable synaptic communication between pyramidal neurons
in adult human cerebral cortex. Cereb. Cortex 33, 2857-2878. doi:
10.1093/cercor/bhac246

Jacob, E. (1977). Evolution and tinkering. Science 196, 1161-1166. doi:
10.1126/science.860134

Jorstad, N. L., Song, J. H. T., Exposito-Alonso, D., Suresh, H., Castro-Pacheco, N.,
Krienen, F. M., et al. (2023). Comparative transcriptomics reveals human-specific
cortical features. Science 382:eade9516. doi: 10.1126/science.ade9516

Jung, S., Kim, H. W,, Lee, J. H., Kang, S. S., Rhu, H. H., Jeong, Y. I, et al. (2002). Brain
tumor invasion model system using organotypic brain-slice culture as an alternative to
in vivo model. J. Cancer Res. Clin. Oncol. 128, 469-476. doi: 10.1007/s00432-002-0366-x

Kalmbach, B. E., Buchin, A., Long, B., Close, J., Nandi, A., Miller, J. A, et al. (2018).
H-channels contribute to divergent intrinsic membrane properties of Supragranular
pyramidal neurons in human versus mouse cerebral cortex. Neuron 100, 1194-1208.e5.
doi: 10.1016/j.neuron.2018.10.012

Kalmbach, B. E., Hodge, R. D,, Jorstad, N. L., Owen, S., De Frates, R., Yanny, A. M.,
et al. (2021). Signature morpho-electric, transcriptomic, and dendritic properties of
human layer 5 neocortical pyramidal neurons. Neuron 109, 2914-2927.e5. doi:
10.1016/j.neuron.2021.08.030

Kelley, K. W,, and Pasca, S. P. (2022). Human brain organogenesis: toward a cellular
understanding of development and disease. Cell 185, 42-61. doi: 10.1016/j.cell.2021.10.003

Kerkhofs, A., Xavier, A. C., Da Silva, B. S., Canas, P. M., Idema, S., Baayen, J. C., et al.
(2018). Caffeine controls glutamatergic synaptic transmission and pyramidal neuron
excitability in human neocortex. Front. Pharmacol. 8:899. doi: 10.3389/fphar.2017.00899

Kim, M. H., Radaelli, C., Thomsen, E. R., Monet, D., Chartrand, T., Jorstad, N. L., et al.
(2023). Target cell-specific synaptic dynamics of excitatory to inhibitory neuron
connections in supragranular layers of human neocortex. eLife 12:e81863. doi:
10.7554/eLife.81863

King, M. C., and Wilson, A. C. (1975). Evolution at two levels in humans and
chimpanzees: their macromolecules are so alike that regulatory mutations may account
for their biological differences. Science 188, 107-116.

Lancaster, M. A. (2024). Unraveling mechanisms of human brain evolution. Cell 187,
5838-5857. doi: 10.1016/j.cell.2024.08.052

Le Duigou, C., Savary, E., Morin-Brureau, M., Gomez-Dominguez, D., Sobczyk, A.,
Chali, F, et al. (2018). Imaging pathological activities of human brain tissue in
organotypic culture. J. Neurosci. Methods 298, 33-44. doi: 10.1016/j.jneumeth.2018.02.001

Lee, B. R,, Dalley, R, Miller, J. A., Chartrand, T., Close, J., Mann, R., et al. (2023).
Signature morphoelectric properties of diverse GABAergic interneurons in the human
neocortex. Science 382:eadf6484. doi: 10.1126/science.adf6484

Li, Z., Zhu, Y. X,, Gu, L. J,, and Cheng, Y. (2021). Understanding autism spectrum
disorders with animal models: applications, insights, and perspectives. Zool. Res. 42,
800-823. doi: 10.24272/j.issn.2095-8137.2021.251

Libé-Philippot, B., Iwata, R., Recupero, A. J., Wierda, K., Bernal Garcia, S.,
Hammond, L., et al. (2024). Synaptic neoteny of human cortical neurons requires
species-specific balancing of SRGAP2-SYNGAP1 cross-inhibition. Neuron 112,
3602-3617.€9. doi: 10.1016/j.neuron.2024.08.021

Libé-Philippot, B., Lejeune, A., Wierda, K., Louros, N., Erkol, E., Vlaeminck, I.,
et al. (2023). LRRC37B is a human modifier of voltage-gated sodium channels and
axon excitability in cortical neurons. Cell 186, 5766-5783.e25. doi:
10.1016/j.cell.2023.11.028

Libé-Philippot, B., Polleux, F, and Vanderhaeghen, P. (2024). If you please, draw me
a neuron — linking evolutionary tinkering with human neuron evolution. Curr. Opin.
Genet. Dev. 89:102260. doi: 10.1016/j.gde.2024.102260

Libé-Philippot, B., and Vanderhaeghen, P. (2021). Cellular and molecular mechanisms
linking human cortical development and evolution. Annu. Rev. Genet. 55, 555-581. doi:
10.1146/annurev-genet-071719-020705

frontiersin.org


https://doi.org/10.3389/fnsyn.2025.1672646
https://www.frontiersin.org/journals/Synaptic-neuroscience
https://www.frontiersin.org
https://doi.org/10.1126/science.adf0805
https://doi.org/10.1016/j.heliyon.2021.e06854
https://doi.org/10.1038/s41467-023-38582-7
https://doi.org/10.1016/j.gde.2024.102164
https://doi.org/10.3406/bspf.1992.10536
https://doi.org/10.1038/s41556-024-01393-z
https://doi.org/10.1083/jcb.202003151
https://doi.org/10.1016/S0920-9964(97)00110-2
https://doi.org/10.1111/acel.13939
https://doi.org/10.1074/jbc.M116.753525
https://doi.org/10.1093/cercor/bhx226
https://doi.org/10.1038/s41582-018-0074-z
https://doi.org/10.1016/j.cell.2016.08.071
https://doi.org/10.1073/pnas.1410378111
https://doi.org/10.1016/j.neuron.2012.12.011
https://doi.org/10.1016/j.jneumeth.2014.07.009
https://doi.org/10.1523/JNEUROSCI.5431-13.2014
https://doi.org/10.1007/s10803-014-2273-9
https://doi.org/10.1016/j.neurobiolaging.2014.10.025
https://doi.org/10.1523/JNEUROSCI.0420-19.2020
https://doi.org/10.1038/nature07287
https://doi.org/10.1101/gr.138842.112
https://doi.org/10.1126/science.aax6239
https://doi.org/10.1016/j.conb.2015.12.008
https://doi.org/10.7554/eLife.41714
https://doi.org/10.1002/bies.950140413
https://doi.org/10.1016/j.neuron.2021.03.011
https://doi.org/10.1093/cercor/bhac348
https://doi.org/10.1016/j.tins.2018.05.007
https://doi.org/10.1093/cercor/bhac246
https://doi.org/10.1126/science.860134
https://doi.org/10.1126/science.ade9516
https://doi.org/10.1007/s00432-002-0366-x
https://doi.org/10.1016/j.neuron.2018.10.012
https://doi.org/10.1016/j.neuron.2021.08.030
https://doi.org/10.1016/j.cell.2021.10.003
https://doi.org/10.3389/fphar.2017.00899
https://doi.org/10.7554/eLife.81863
https://doi.org/10.1016/j.cell.2024.08.052
https://doi.org/10.1016/j.jneumeth.2018.02.001
https://doi.org/10.1126/science.adf6484
https://doi.org/10.24272/j.issn.2095-8137.2021.251
https://doi.org/10.1016/j.neuron.2024.08.021
https://doi.org/10.1016/j.cell.2023.11.028
https://doi.org/10.1016/j.gde.2024.102260
https://doi.org/10.1146/annurev-genet-071719-020705

Libé-Philippot

Linaro, D., Vermaercke, B., Iwata, R., Ramaswamy, A., Libé-Philippot, B., Boubakar, L.,
et al. (2019). Xenotransplanted human cortical neurons reveal species-specific
development and functional integration into mouse visual circuits. Neuron 104,
972-986.€6. doi: 10.1016/j.neuron.2019.10.002

Lindhout, £ 'W.,, Krienen, E. M., Pollard, K. S., and Lancaster, M. A. (2024). A
molecular and cellular perspective on human brain evolution and tempo. Nature 630,
596-608. doi: 10.1038/541586-024-07521-x

Liu, X., Somel, M., Tang, L., Yan, Z., Jiang, X., Guo, S., et al. (2012). Extension of
cortical synaptic development distinguishes humans from chimpanzees and macaques.
Genome Res. 22, 611-622. doi: 10.1101/gr.127324.111

Marchetto, M. C., Hrvoj-Mihic, B., Kerman, B. E., Yu, D. X.,, Vadodaria, K. C,,
Linker, S. B., et al. (2019). Species-specific maturation profiles of human, chimpanzee
and bonobo neural cells. eLife 8:¢37527. doi: 10.7554/eLife.37527

Masoli, S., Sanchez-Ponce, D., Vrieler, N., Abu-Haya, K., Lerner, V., Shahar, T., et al.
(2024). Human Purkinje cells outperform mouse Purkinje cells in dendritic complexity
and computational capacity. Commun. Biol. 7:5. doi: 10.1038/s42003-023-05689-y

McGeachan, R. I, Keavey, L., Simzer, E. M., Chang, Y. Y., Rose, J. L., Spires-Jones, M. P,
et al. (2025). Evidence for trans-synaptic propagation of oligomeric tau in human
progressive  supranuclear  palsy. Nat. Neurosci. 28, 1622-1634. doi:
10.1038/s41593-025-01992-5

McGeachan, R. I., Meftah, S., Taylor, L. W,, Catterson, J. H., Negro, D., Bonthron, C.,
etal. (2025). Divergent actions of physiological and pathological amyloid-p on synapses
in live human brain slice cultures. Nat. Commun. 16:3753. doi:
10.1038/541467-025-58879-z

McLeod, F, Dimtsi, A., Marshall, A. C., Lewis-Smith, D., Thomas, R., Clowry, G. J.,
et al. (2023). Altered synaptic connectivity in an in vitro human model of STXBP1
encephalopathy. Brain 146, 850-857. doi: 10.1093/brain/awac396

McNamara, K. J. (2012). Heterochrony: the evolution of development. Evol. Dev. Biol.
5,203-218. doi: 10.1007/s12052-012-0420-3

Mendes, N. D., Fernandes, A., Almeida, G. M., Santos, L. E., Selles, M. C., Lyra E
Silva, N. M., et al. (2018). Free-floating adult human brain-derived slice cultures as a
model to study the neuronal impact of Alzheimer’s disease-associated ap oligomers. J.
Neurosci. Methods 307, 203-209. doi: 10.1016/j.jneumeth.2018.05.021

Mertens, E. ]., Leibner, Y, Pie, J., Galakhova, A. A., Waleboer, E, Meijer, J., et al. (2024).
Morpho-electric diversity of human hippocampal CA1 pyramidal neurons. Cell Rep.
43:114100. doi: 10.1016/j.celrep.2024.114100

Mohan, H., Verhoog, M. B., Doreswamy, K. K., Eyal, G., Aardse, R., Lodder, B. N,
etal. (2015). Dendritic and axonal architecture of individual pyramidal neurons across
layers of adult human neocortex. Cereb. Cortex 25, 4839-4853. doi:
10.1093/cercor/bhv188

Molnar, G., Rézsa, M., Baka, J., Holderith, N., Barzd, P,, Nusser, Z., et al. (2016).
Human pyramidal to interneuron synapses are mediated by multi-vesicular release and
multiple docked vesicles. eLife 5:¢18167. doi: 10.7554/eLife.18167

Moradi Chameh, H., Rich, S., Wang, L., Chen, E D., Zhang, L., Carlen, P. L., et al.
(2021). Diversity amongst human cortical pyramidal neurons revealed via their sag
currents and  frequency preferences. Nat. Commun. 12:2497.  doi:
10.1038/s41467-021-22741-9

Mukhtar, T., Siebert, C. V., Wang, Y., Pebworth, M. P, White, M. L., Wu, T,, et al.
(2025). a7 nicotinic acetylcholine receptors regulate radial glia fate in the developing
human cortex. Nat. Commun. 16:5925. doi: 10.1038/s41467-025-61167-5

Namba, T., and Huttner, W. B. (2024). What makes us human: insights from the
evolution and development of the human neocortex. Annu. Rev. Cell Dev. Biol. 40,
427-452. doi: 10.1146/annurev-cellbio-112122-032521

O’Connor, W. M., Davidson, B. L., Kaplitt, M. G., Abbey, M. V., During, M. J,,
Leone, P, et al. (1997). Adenovirus vector-mediated gene transfer into human
epileptogenic brain slices: prospects for gene therapy in epilepsy. Exp. Neurol. 148,
167-178.

Olah, G., Lakovics, R., Shapira, S., Leibner, Y., Sziics, A., Csajbok, E. A, et al. (2025).
Accelerated signal propagation speed in human neocortical dendrites. eLife 13:RP93781.
doi: 10.7554/eLife.93781

Penzes, P,, Cahill, M. E., Jones, K. A., VanLeeuwen, J. E., and Woolfrey, K. M. (2011).
Dendritic spine pathology in neuropsychiatric disorders. Nat. Neurosci. 14, 285-293.
doi: 10.1038/nn.2741

Perez-Nieves, N., Leung, V. C. H., Dragotti, P. L., and Goodman, D. E M. (2021).
Neural heterogeneity promotes robust learning. Nat. Commun. 12:5791. doi:
10.1038/s41467-021-26022-3

Petanjek, Z., Judas, M., Simi¢, G., Rasin, M. R., Uylings, H. B. M., Rakic, P, et al.
(2011). Extraordinary neoteny of synaptic spines in the human prefrontal cortex. Proc.
Natl. Acad. Sci. USA 108, 13281-13286. doi: 10.1073/pnas.1105108108

Plug, B. C,, Revers, I. M., Breur, M., Gonzélez, G. M., Timmerman, J. A., Meijns, N. R.
C., et al. (2024). Human post-mortem organotypic brain slice cultures: a tool to study
pathomechanisms and test therapies. Acta Neuropathol. Commun. 12:83

Pollen, A. A,, Kilik, U, Lowe, C. B., and Camp, J. G. (2023). Human-specific genetics:
new tools to explore the molecular and cellular basis of human evolution. Nat. Rev.
Genet. 24, 687-711. doi: 10.1038/541576-022-00568-4

Frontiers in Synaptic Neuroscience

10.3389/fnsyn.2025.1672646

Ravi, V. M, Joseph, K., Wurm, J., Behringer, S., Garrelfs, N, Errico, P. D., et al. (2019).
Human organotypic brain slice culture: a novel framework for environmental research
in neuro-oncology. Life Sci. Alliance 2:¢201900305. doi: 10.26508/1sa.201900305

Rich, S., Moradi Chameh, H., Lefebvre, J., and Valiante, T. A. (2022). Loss of neuronal
heterogeneity in epileptogenic human tissue impairs network resilience to sudden
changes in synchrony. Cell Rep. 39:110863. doi: 10.1016/j.celrep.2022.110863

Richerson, P. J., Gavrilets, S., and De Waal, E B. M. (2021). Modern theories of human
evolution foreshadowed by Darwin’s descent of man. Science 372:eaba3776. doi:
10.1126/science.aba3776

Schmidt, E. R. E., Zhao, H. T, Park, J. M., Dipoppa, M., Monsalve-Mercado, M. M.,
Dahan, J. B,, et al. (2021). A human-specific modifier of cortical connectivity and circuit
function. Nature 599, 640-644. doi: 10.1038/s41586-021-04039-4

Schiinemann, K. D., Hattingh, R. M., Verhoog, M. B., Yang, D., Bak, A. V,, Peter, S.,
etal. (2025). Comprehensive analysis of human dendritic spine morphology and density.
J. Neurophysiol. 133, 1086-1102. doi: 10.1152/jn.00622.2024

Schwarz, N., Hedrich, U. B. S., Schwarz, H., H, P. A,, Dammeier, N., Auffenberg, E.,
et al. (2017). Human cerebrospinal fluid promotes long-term neuronal viability and
network function in human neocortical organotypic brain slice cultures. Sci. Rep.
7:12249. doi: 10.1038/541598-017-12527-9

Schwarz, N., Uysal, B., Welzer, M., Bahr, J. C., Layer, N., Loffler, H,, et al. (2019). Long-
term adult human brain slice cultures as a model system to study human CNS circuitry
and disease. eLife 8:8. doi: 10.7554/eLife.48417

Sebollela, A., Freitas-Correa, L., Oliveira, F. F, Paula-Lima, A. C., Saraiva, L. M.,
Martins, S. M., et al. (2012). Amyloid-p oligomers induce differential gene expression in
adult human brain slices. J. Biol. Chem. 287, 7436-7445. doi: 10.1074/jbc.M111.298471

Shainer, I, Kappel, J. M., Laurell, E., Donovan, J. C., Schneider, M. W., Kuehn, E., et al.
(2025). Transcriptomic neuron types vary topographically in function and morphology.
Nature 638, 1023-1033. doi: 10.1038/s41586-024-08518-2

Sherwood, C. C., and Gémez-Robles, A. (2017). Brain plasticity and human evolution.
Annu. Rev. Anthropol. 46, 399-419. doi: 10.1146/annurev-anthro-102215-100009

Shibata, M., Pattabiraman, K., Lorente-Galdos, B., Andrijevic, D., Kim, S. K., Kaur, N.,
et al. (2021). Regulation of prefrontal patterning and connectivity by retinoic acid.
Nature 598, 483-488. doi: 10.1038/541586-021-03953-x

Shibata, M., Pattabiraman, K., Muchnik, S. K., Kaur, N., Morozov, Y. M., Cheng, X.,
etal. (2021). Hominini-specific regulation of CBLN2 increases prefrontal spinogenesis.
Nature 598, 489-494. doi: 10.1038/541586-021-03952-y

Sikela, J. M., and Searles Quick, V. B. (2018). Genomic trade-offs: are autism and
schizophrenia the steep price of the human brain? Hum. Genet. 137, 1-13. doi:
10.1007/500439-017-1865-9

Soto, D. C., Uribe-Salazar, J. M., Kaya, G., Valdarrago, R., Sekar, A., Haghani, N. K.,
et al. (2025). Human-specific gene expansions contribute to brain evolution. Cell.
18:50092-8674(25)00739-1. doi: 10.1101/2024.09.26.615256

Subramanian, L., Bershteyn, M., Paredes, M. E,, and Kriegstein, A. R. (2017). Dynamic
behaviour of human neuroepithelial cells in the developing forebrain. Nat. Commun.
8:14167. doi: 10.1038/ncomms14167

Stidhof, T. C. (2023). Cerebellin-neurexin complexes instructing synapse properties.
Curr. Opin. Neurobiol. 81:102727. doi: 10.1016/j.conb.2023.102727

Szegedi, V., Bakos, E., Furdan, S., Kovacs, B. H., Varga, D., Erdélyi, M., et al. (2023).
HCN channels at the cell soma ensure the rapid electrical reactivity of fast-spiking
interneurons in  human neocortex. PLoS  Biol.  21:¢3002001.  doi:
10.1371/journal.pbio.3002001

Szegedi, V., Molndr, G., Paizs, M., Csakvari, E., Barzo, P, Tamds, G., et al. (2017).
High-precision fast-spiking basket cell discharges during complex events in the human
neocortex. eNeuro 4:ENEURO.0260-17.2017. doi: 10.1523/ENEURO.0260-17.2017

Szegedi, V., Paizs, M., Baka, J., Barzo, P., Molnér, G., Tamas, G., et al. (2020). Robust
perisomatic GABAergic self-innervation inhibits basket cells in the human and mouse
supragranular neocortex. eLife 9:¢51691. doi: 10.7554/eLife.51691

Szegedi, V., Paizs, M., Csakvari, E., Molnar, G., Barzo, P, Tamas, G., et al. (2016).
Plasticity in single axon glutamatergic connection to GABAergic interneurons regulates
complex events in the human neocortex. PLoS Biol. 14:€2000237. doi:
10.1371/journal.pbio.2000237

Szegedi, V., Tiszlavicz, A., Furdan, S., Douida, A., Bakos, E., Barzo, P, et al. (2024).
Aging-associated weakening of the action potential in fast-spiking interneurons in the
human neocortex. J. Biotechnol. 389, 1-12. doi: 10.1016/j.jbiotec.2024.04.020

Taylor, L. W, Simzer, E. M., Pimblett, C., Lacey-Solymar, O. T. T., McGeachan, R. L,
Meftah, S., et al. (2024). P-tau Ser356 is associated with Alzheimer’s disease pathology
and is lowered in brain slice cultures using the NUAK inhibitor WZ4003. Acta
Neuropathol. 147:7. doi: 10.1007/s00401-023-02667-w

Ting, J. T., Kalmbach, B., Chong, P, De Frates, R., Keene, C. D., Gwinn, R. P, et al.
(2018). A robust ex vivo experimental platform for molecular-genetic dissection of adult
human neocortical cell types and circuits. Sci. Rep. 8:8407. doi:
10.1038/541598-018-26803-9

Ting, J. T, Lee, B. R, Chong, P, Soler-Llavina, G., Cobbs, C., Koch, C,, et al. (2018).
Preparation of acute brain slices using an optimized N-methyl-D-glucamine protective
recovery method. JoVE 132:53825. doi: 10.3791/53825

frontiersin.org


https://doi.org/10.3389/fnsyn.2025.1672646
https://www.frontiersin.org/journals/Synaptic-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neuron.2019.10.002
https://doi.org/10.1038/s41586-024-07521-x
https://doi.org/10.1101/gr.127324.111
https://doi.org/10.7554/eLife.37527
https://doi.org/10.1038/s42003-023-05689-y
https://doi.org/10.1038/s41593-025-01992-5
https://doi.org/10.1038/s41467-025-58879-z
https://doi.org/10.1093/brain/awac396
https://doi.org/10.1007/s12052-012-0420-3
https://doi.org/10.1016/j.jneumeth.2018.05.021
https://doi.org/10.1016/j.celrep.2024.114100
https://doi.org/10.1093/cercor/bhv188
https://doi.org/10.7554/eLife.18167
https://doi.org/10.1038/s41467-021-22741-9
https://doi.org/10.1038/s41467-025-61167-5
https://doi.org/10.1146/annurev-cellbio-112122-032521
https://doi.org/10.7554/eLife.93781
https://doi.org/10.1038/nn.2741
https://doi.org/10.1038/s41467-021-26022-3
https://doi.org/10.1073/pnas.1105108108
https://doi.org/10.1038/s41576-022-00568-4
https://doi.org/10.26508/lsa.201900305
https://doi.org/10.1016/j.celrep.2022.110863
https://doi.org/10.1126/science.aba3776
https://doi.org/10.1038/s41586-021-04039-4
https://doi.org/10.1152/jn.00622.2024
https://doi.org/10.1038/s41598-017-12527-9
https://doi.org/10.7554/eLife.48417
https://doi.org/10.1074/jbc.M111.298471
https://doi.org/10.1038/s41586-024-08518-2
https://doi.org/10.1146/annurev-anthro-102215-100009
https://doi.org/10.1038/s41586-021-03953-x
https://doi.org/10.1038/s41586-021-03952-y
https://doi.org/10.1007/s00439-017-1865-9
https://doi.org/10.1101/2024.09.26.615256
https://doi.org/10.1038/ncomms14167
https://doi.org/10.1016/j.conb.2023.102727
https://doi.org/10.1371/journal.pbio.3002001
https://doi.org/10.1523/ENEURO.0260-17.2017
https://doi.org/10.7554/eLife.51691
https://doi.org/10.1371/journal.pbio.2000237
https://doi.org/10.1016/j.jbiotec.2024.04.020
https://doi.org/10.1007/s00401-023-02667-w
https://doi.org/10.1038/s41598-018-26803-9
https://doi.org/10.3791/53825

Libé-Philippot

Tosches, M. A. (2021). From cell types to an integrated understanding of brain
evolution: the case of the cerebral cortex. Annu. Rev. Cell Dev. Biol. 37, 495-517. doi:
10.1146/annurev-cellbio-120319-112654

Vanderhaeghen, P, and Polleux, F. (2023). Developmental mechanisms underlying
the evolution of human cortical circuits. Nat. Rev. Neurosci. 24, 213-232. doi:
10.1038/541583-023-00675-z

Vermaercke, B., Iwata, R., Wierda, K., Boubakar, L., Rodriguez, P.,, Ditkowska, M.,
et al. (2024). SYNGAP1 deficiency disrupts synaptic neoteny in xenotransplanted
human cortical neurons in vivo. Neuron 112, 3058-3068.e8. doi:
10.1016/j.neuron.2024.07.007

Verwer, R. (2003). Post-mortem brain tissue cultures from elderly control subjects and
patients with a neurodegenerative disease. Exp. Gerontol. 38, 167-172. doi:
10.1016/S0531-5565(02)00154-7

Verwer, R. W. H., Dubelaar, E. J. G., Hermens, W. T. ]. M. C., and Swaab, D. F. (2002).
Tissue cultures from adult human postmortem subcortical brain areas. J. Cell. Mol. Med.
6,429-432. doi: 10.1111/j.1582-4934.2002.tb00522.x

Verwer, R. W. H., Hermens, W. T. ]. M. C,, Dijkhuizen, P. A,, Brake, O. T., Baker, R. E,,
Salehi, A., et al. (2002). Cells in human postmortem brain tissue slices remain alive for
several weeks in culture. FASEB J. 16, 54-60. doi: 10.1096/1].01-0504com

Vickery, S., Patil, K. R., Dahnke, R., Hopkins, W. D., Sherwood, C. C., Caspers, S., et al.
(2024). The uniqueness of human vulnerability to brain aging in great ape evolution. Sci.
Adv. 10:ead02733. doi: 10.1126/sciadv.ado2733

Vormstein-Schneider, D., Lin, J. D., Pelkey, K. A., Chittajallu, R., Guo, B,
Arias-Garcia, M. A., et al. (2020). Viral manipulation of functionally distinct
interneurons in mice, non-human primates and humans. Nat. Neurosci. 23, 1629-1636.
doi: 10.1038/s41593-020-0692-9

Waites, C. L., Craig, A. M., and Garner, C. C. (2005). Mechanisms of vertebrate
synaptogenesis. Annu. Rev. Neurosci. 28, 251-274. doi:
10.1146/annurev.neuro.27.070203.144336

Wallace, J. L., and Pollen, A. A. (2024). Human neuronal maturation comes of age:
cellular mechanisms and species differences. Nat. Rev. Neurosci. 25, 7-29. doi:
10.1038/s41583-023-00760-3

Wang, L., Pang, K., Zhou, L., Cebrian-Silla, A., Gonzalez-Granero, S., Wang, S., et al.
(2023). A cross-species proteomic map reveals neoteny of human synapse development.
Nature 622, 112-119. doi: 10.1038/541586-023-06542-2

Watson, J. E, Vargas-Barroso, V., Morse-Mora, R. J., Navas-Olive, A., Tavakoli, M. R.,
Danzl, J. G., et al. (2025). Human hippocampal CA3 uses specific functional connectivity
rules for efficient associative memory. Cell 188, 501-514.e18. doi: 10.1016/j.cell.2024.11.022

Whalen, S., and Pollard, K. S. (2022). Enhancer function and evolutionary roles of human
accelerated regions. Annu. Rev. Genet. 56,423-439. doi: 10.1146/annurev-genet-071819-103933

Frontiers in Synaptic Neuroscience

11

10.3389/fnsyn.2025.1672646

Wickham, J., Corna, A., Schwarz, N., Uysal, B., Layer, N., Honegger, J. B., et al. (2020).
Human cerebrospinal fluid induces neuronal excitability changes in resected human
neocortical and hippocampal brain slices. Front. Neurosci. 14:283. doi:
10.3389/fnins.2020.00283

Wierda, K., Nyitrai, H., Lejeune, A., Vlaeminck, L, Leysen, E., Theys, T., et al. (2024).
Protocol to process fresh human cerebral cortex biopsies for patch-clamp recording and
immunostaining. STAR Protoc. 5:103313. doi: 10.1016/j.xpro.2024.103313

Wijesinghe, R., and Camp, A. J. (2011). Intrinsic neuronal excitability: implications
for health and disease. Biomol. Concepts 2, 247-259. doi: 10.1515/bmc.2011.026

Wilbers, R., Galakhova, A. A., Driessens, S. L. W., Heistek, T. S., Metodieva, V. D.,
Hagemann, J., et al. (2023). Structural and functional specializations of human fast-
spiking neurons support fast cortical signaling. Sci. Adv. 9:eadf0708. doi:
10.1126/sciadv.adf0708

Wilbers, R., Metodieva, V. D., Duverdin, S., Heyer, D. B., Galakhova, A. A,
Mertens, E. J., et al. (2023). Human voltage-gated Na+ and K+ channel properties
underlie sustained fast AP signaling. Sci. Adv. 9:eade3300. doi: 10.1126/sciadv.ade3300

Wilson, M. A, Sumera, A., Taylor, L. W,, Meftah, S., McGeachan, R. I., Modebadze, T.,
et al. (2025). Phylogenetic divergence of GABAB receptor signaling in neocortical
networks over adult life. Nat. Commun. 16:4194. doi: 10.1038/s41467-025-59262-8

Wu, S., Huang, H., Wang, S., Chen, G., Zhou, C., and Yang, D. (2025). Neural heterogeneity
enhances reliable neural information processing: local sensitivity and globally input-slaved
transient dynamics. Sci. Adv. 11:eadr3903. doi: 10.1126/sciadv.adr3903

‘W, L., Sluiter, A. A., Guo, H., Balesar, R. A., Swaab, D. E, Zhou, J., et al. (2008). Neural
stem cells improve neuronal survival in cultured postmortem brain tissue from aged and
Alzheimer patients. J. Cell. Mol. Med. 12, 1611-1621. doi: 10.1111/j.1582-4934.2007.00203.x

Yang, D., Qi, G., Delev, D., Maskos, U., and Feldmeyer, D. (2025). Linking altered
neuronal and synaptic properties to nicotinic receptor Alpha5 subunit gene dysfunction:
a translational investigation in rat mPFC and human cortical layer 6. Transl. Psychiatry
15:12. doi: 10.1038/541398-025-03230-9

Yang, D., Qi, G., Ort, ], Witzig, V., Bak, A., Delev, D,, et al. (2024). Modulation of large
rhythmic depolarizations in human large basket cells by norepinephrine and
acetylcholine. Commun. Biol. 7:885. doi: 10.1038/s42003-024-06546-2

Yoshida, K., Go, Y., Kushima, I., Toyoda, A., Fujiyama, A., Imai, H., et al. (2016).
Single-neuron and genetic correlates of autistic behavior in macaque. Sci. Adv.
2:¢1600558. doi: 10.1126/sciadv.1600558

Zeberg, H., Jakobsson, M., and Piibo, S. (2024). The genetic changes that shaped
neandertals, Denisovans, and modern humans. Cell 187, 1047-1058. doi:
10.1016/j.cell.2023.12.029

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

frontiersin.org


https://doi.org/10.3389/fnsyn.2025.1672646
https://www.frontiersin.org/journals/Synaptic-neuroscience
https://www.frontiersin.org
https://doi.org/10.1146/annurev-cellbio-120319-112654
https://doi.org/10.1038/s41583-023-00675-z
https://doi.org/10.1016/j.neuron.2024.07.007
https://doi.org/10.1016/S0531-5565(02)00154-7
https://doi.org/10.1111/j.1582-4934.2002.tb00522.x
https://doi.org/10.1096/fj.01-0504com
https://doi.org/10.1126/sciadv.ado2733
https://doi.org/10.1038/s41593-020-0692-9
https://doi.org/10.1146/annurev.neuro.27.070203.144336
https://doi.org/10.1038/s41583-023-00760-3
https://doi.org/10.1038/s41586-023-06542-2
https://doi.org/10.1016/j.cell.2024.11.022
https://doi.org/10.1146/annurev-genet-071819-103933
https://doi.org/10.3389/fnins.2020.00283
https://doi.org/10.1016/j.xpro.2024.103313
https://doi.org/10.1515/bmc.2011.026
https://doi.org/10.1126/sciadv.adf0708
https://doi.org/10.1126/sciadv.ade3300
https://doi.org/10.1038/s41467-025-59262-8
https://doi.org/10.1126/sciadv.adr3903
https://doi.org/10.1111/j.1582-4934.2007.00203.x
https://doi.org/10.1038/s41398-025-03230-9
https://doi.org/10.1038/s42003-024-06546-2
https://doi.org/10.1126/sciadv.1600558
https://doi.org/10.1016/j.cell.2023.12.029
https://doi.org/10.1038/s41576-023-00626-5

	Exploring the singularity of human neurons: keep calm and carry on
	Introduction
	Carry on slowly: protracted synaptogenesis and enhanced learning abilities
	Keep calm: reduced neuronal excitability and enhanced computational properties
	Species-specific sensitivities to neurodevelopmental and brain disorders
	Human ex vivo approaches for basic research and drug development
	Discussion: singularity, specificity, and experimental approaches

	References

