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Abstract

The cerebral cortex is the hallmark of the mammalian nervous system, and its large size and
cellular diversity in humans supports our most sophisticated cognitive abilities. Although the basic
cellular organization of the cortex is conserved across mammals, cells have diversified during
evolution. An increasingly integrated taxonomy of cell types, especially with the advent of single
cell transcriptomic data, has revealed an unprecedented variety of human cortical cell subtypes.
Here, we broadly review the cellular composition and diversity of the mammalian brain, and how
progenitor pools generate cell subtypes during development. We then discuss human cortical cells
that are distinct from rodent cells, as well as the challenges and advantages of using model
systems to study human cell types in health and disease.
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Introduction

Cells are the building blocks of the nervous system, and diversity in their composition,
electrophysiological properties, and connectivity is the basis for both information processing
as well as evolutionary modification of neural circuits [1,2]. The classification of neural cells
began more than 100 years ago with drawings based upon Nissl and Golgi stains that
enabled early anatomists to describe the major types of brain cells: neurons, glia, endothelial
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cells, and ependymal cells [3]. Pioneering neuroanatomists classified neurons with short,
local axons as interneurons and those with long, distant connections as projection neurons
(PNs). During the second half of the 20t century, neuroscientists began organizing these
major cell types into molecularly distinct subtypes, for example classifying neurons as
excitatory or inhibitory based upon the expression of glutamate or gamma-aminobutyric acid
(GABA), respectively [4]. Methods enabling the identification of specific neuronal
connections expanded earlier descriptions of, for example, PNs into intracerebrally
projecting (IcPN) or subcerebrally projecting (ScPN) subtypes, and each of these can be
further subdivided (Figure 1). More recently, single cell molecular profiling has divided cell
types by gene expression clusters, adding another dimension to our classification of cell
subtypes. As research continues to integrate multiple sources of evidence in pursuit of a
conclusive cellular taxonomy [5], comparative research and studies in model systems that
recapitulate specific aspects of cellular growth and differentiation have improved our
understanding of the cellular composition of the human brain in health and disease.

The cerebral cortex or neocortex emerged in mammals to constitute a majority of the brain
and is organized horizontally into ~6 layers of cells that are connected vertically into
columns [6]. Several evolutionary trends contributed to the specific changes in cellular
composition of the human neocortex that is now home to our most sophisticated mental
activities, like language and theory of mind [1,7]. First, although the human brain is not the
largest, most heavily populated or highly interconnected mammalian brain, the human
neocortex is the largest and most cell dense among extant primates [8]. Second, the corpus
callosum emerged as a major interhemispheric pathway in placental mammals, beyond the
anterior and hippocampal commissures [9], to become the largest axonal projection system
in humans [10]. Third, the neocortex expanded during primate evolution to create many
novel functional areas, particularly association-type cortical fields [1], where neurons exhibit
more synapses and complex dendritic morphologies [11]. Fourth, the expansion of
association cortex and the corpus callosum is reflected in an increased thickness of the
supragranular layers and the number of their resident neurons [12], although early
researchers also noted a diversification of infragranular layer neurons [13]. These
evolutionary processes generated a radiation of cortical neuron subtypes that has likely
driven the emergence of human cognition and behavior.

Over a century of research has revealed that all cortical cell types arise from a limited pool
of progenitor cells, although we do not currently have a census of cortical cell subtypes.
Modeling work holds great promise to disentangle the extent and impact of human cortical
cellular diversity, and the addition of single cell RNA sequencing (ScCRNA-seq) has helped to
clarify the exact number of cell subtypes through an increasingly comprehensive taxonomy.
There is increasing evidence for changes in the developmental features, morphology,
molecular profiles, and number of cell subtypes over human neocortical evolution. In this
review, we summarize how cellular diversity is generated during development, outline what
is currently known about the cellular composition of the human neocortex based upon
comparison to other species, particularly rodents, and then discuss the use of model systems
to understand human cortical cells in health and disease.
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Development of human cerebral cortical cell types

The enormous diversity of adult cortical cell types arises progressively through
development, and can be traced back to just a few neural stem and progenitor cell types at
the onset of neurogenesis. All cortical neurons and glia derive from neuroepithelial cells that
form the rostral neural tube following neurulation [14]. Transcription factors acting in
opposing spatial gradients, including EMX2 and PAX6, NR2F1 (aka Coup-TF1) and SP8,
are expressed by neuroepithelial cells in the anterior neural tube and impart positional
identity to cells [15,16]. Neuroepithelial cells at this stage have not been subclassified,
although scRNA-seq may reveal distinguishing marker gene clusters [*17].

Neocortical neurogenesis starts around seven postconceptional weeks [18], when
neuroepithelial cells lining the ventricles start to generate nascent neurons and gradually
transform into radial glia (RG) that constitute a proliferative ventricular zone. The
ventricular radial glia (vRG) generate both neurons and astrocytes during a protracted period
of proliferation that extends over ~3 months. RG often divide asymmetrically to self-renew
and produce a non-RG daughter cell. vRGs can generate neurons directly, but they primarily
generate secondary progenitor cells that in turn produce neurons [19,20]. vVRG cells produce
intermediate progenitor cells (IPCs) in rodents, and, in humans and other large-brain
mammals [21,22], they also produce outer RGs (0RGS), or basal progenitors. IPCs and
oRGs move out of the ventricular zone and constitute an expanded, secondary proliferative
region, the subventricular zone (SVZ). The SVZ can be subdivided into inner (iSVZ) and
outer zones (0SVZ), where most IPCs and oRGs are located [23]. The 0SVZ is the
predominant source of neurons for the upper cortical layers [23,**24] (Figure 2).
Approximately half-way through cortical neurogenesis, a wave of o0RG production occurs
via horizontal cleavage of vRG cells that leads to inheritance of the basal vRG fibers by the
newly-generated oRG cells [25]. The VRG cells re-grow basal fibers, but these generally
stop short of the pia within the 0SVZ or intermediate zone, often ending on blood vessels
[*26].

The oRG cells in non-human primates have been subdivided into four morphotypes based on
the presence of basal and/or apical processes [27]. However, sScRNA-seq datasets have not
yet confirmed distinct cell identities related to these morphologies, and it is uncertain
whether these represent true distinct, or intermediate oRG cell subtypes. Possible
distinctions might also exist within the IPC population or between IPCs that divide only
once, and transient amplifying progenitors that divide multiple times, but these remain to be
identified, and could possibly be revealed with SCRNA-seq data. SCRNA-seq studies of
human cortical progenitor cells have demonstrated relatively little transcriptional diversity
within cortical RG populations, but have highlighted that significant regional gene
differences do emerge in the postmitotic neuron populations as immature neurons migrate
into the cortical plate and begin to mature [**24].

Recent studies have also identified many shared and certain derived features of developing
human cortical neurons [28]. For instance, nitric oxide synthase 1 (NOS1) protein is
transiently translated under the control of FMRP, a protein disrupted in fragile X syndrome,
in layer 5 neurons forming minicolumns in the midfetal frontal operculum, a neocortical
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region comprising prospective orofacial motor and speech/language areas [29]. This distinct
molecular pattern, not evident in mice or monkeys nor in fragile X syndrome patients who
suffer from intellectual disability, suggests that evolutionarily divergent features of
developing cortical cells may be impacted in disorders affecting human cognition.
Accordingly, an increasingly fine-grain cellular taxonomy holds great promise to reveal
exactly how a few progenitor cell subtypes generate an incredible diversity of cortical cell
types, how developing cortical neurons progressively acquire shared and derived features,
and whether these complex developmental processes are affected in human neurological and
psychiatric disorders.

Evolution of human cerebral cortical cell types

Excitatory neurons are the largest group of cortical neurons, and recent work reaffirms the
importance of neurodevelopmental regional patterning to cell type identity, confirming the
major mammalian cell types while also demonstrating the potential for rare subtypes to
emerge. For example, recent work using sSCRNA-seq identified 24 excitatory neuron
subtypes in a single human neocortical area [**30], and interestingly, most of these
corresponded to subtypes already identified in the mouse neocortex [32]. In addition,
mammalian PNs are subdivided by connectivity into IcPNs or ScPNs, and then into callosal
or intrahemispheric association and corticostriatal PNs, as well as cortico-spinal, -bulbar, -
tectal, and -thalamic PNs [31,32]. Furthermore, ScPNs segregate to infragranular layers and
IcCPNs primarily reside in supragranular layers, although some IcPNs are infragranular
(Figure 1). In parallel, recent work has reinforced the view that subtypes of excitatory
neurons may be specific to areas or even layers within areas [**30,33,*34]. Modifications to
both laminar position and targets, for example, supports classifying callosally projecting
PNs as a distinct class of cells because they differ from other commissural or
intrahemispheric PNs [35-39]. However, previous neuroanatomical studies have shown that
the relative proportion of ScPNs,which contain some of the longest axonal projections in the
nervous system, is decreased in humans compared to mice, and that in certain cortical areas
these cells have undergone a dramatic increase in size and modification in morphology, for
example the Betz, Meynert, von Economo, and fork cells [13]. Consideration of the
agreement and disagreement between multiple sources of evidence in an increasingly
complete cellular taxonomy will be crucial to understanding how to identify rare but
potentially influential subtypes within a broadly conserved cellular population.

Early anatomists described a richer variety of inhibitory compared to excitatory neuron
subtypes that modern molecular biologists have now shown reflects ancient neurotransmitter
profiles. Specifically, genomic tools have shown that all amniotes have similar classes of
inhibitory neurons, but that mammalian cortical excitatory neurons are new cell types
generated by the diversification of ancestral gene-regulatory programs [**40]. Recent
cortical sSCRNA-seq data suggests the presence of 24 excitatory and nearly 50 inhibitory
neuron subtypes [**30], and even by morphology, early anatomists described only 2-3
excitatory but ~7 types of inhibitory neurons [3]. Indeed, all cortical inhibitory neurons have
local connections and can be successfully classified by neurotransmitter and neuropeptide
composition into 3 major groups: parvalbumin, serotonin, or somatostatin [5]. However,
contemporary studies have identified interneuron subtypes in humans not found in rodents,
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such as layer 1 rosehip interneurons [**41], and a rare subpallial-derived inhibitory neuron
subtype present in humans but not nonhuman African great apes (i.e., common chimpanzee,
bonobo and gorilla) [**42]. Thus, while major inhibitory neuron subtypes are conserved
across amniotes, changes in rare subtypes in humans may modulate human circuit function.

Research has increasingly shown that macroglia are more than passive support cells [43],
and recent work has discovered human-specific mutations that may shed light on the
functional transformation of these cell types in the human brain. Astrocytes play a varied
neurobiological role and have diversified into multiple subtypes. For instance, all mammals
have protoplasmic astrocytes in cortical gray matter, and fibrous astrocytes throughout the
white matter. However, comparative work has shown that gray matter astrocytes diversified
into infragranular layer varicose projection astrocytes and layer 1 interlaminar astrocytes in
humans and chimpanzees, but neither cell type is present in rodents [44]. Furthermore,
protoplasmic astrocytes in primates extend 10 times the number of processes across a 2.6
times larger volume of tissue than in rodents. Although the specific physiological
consequences of these changes may be unclear, macroglia like astrocytes have diversified
over the course of human evolution and likely support higher brain metabolism [7].

In vitro modeling of human cerebral cortical cell types

The diversity of human neocortical cells presents significant challenges for both /n vivoand
in vitro models. However, comparative studies can provide insight to alternative,
complementary biological processes and hs the potential to reveal the scale and scope of
human cortical cellular diversity. Roughly comparable cortical circuits are present in mice
and humans because while the cellular composition and organization of cortical circuitry
may be distinct, the major cell types as well as the basics of each neural circuit are shared
(see Figure 1). For example, recent sScRNA-seq work shows correspondence between most
neuron types in human and mouse neocortex, and that excitatory PNs can be further
subdivided into tens of subclasses based upon transcriptional identity, although there may be
variation in homologous cell types [**30]. SCRNA-seq profiling of mouse oligodendrocyte
has revealed a number of sub-classes in what was previously thought to be a uniform cell
type [**45]. Furthermore, non-neuronal cell types in the mouse represent an approximation
of what we may discover to be relevant to human brain function during development and in
the presence of disease. For example, studies in the mouse have identified layer- [46] and
area-specific subtypes of astrocytes [33], that have long been thought to be relatively
uniform across the cortex. Interestingly, experimentally altering pyramidal neuron layering
abrogates these differences, suggesting that excitatory neuron identity influences astrocyte
layer identity. In addition, areal subtypes suggest that the process of circuit formation may
be essential to the determination of pyramidal neuron identity, highlighting the importance
of developmental studies to unravel the mechanisms of cellular diversity. Furthermore, the
conservation of major cell types between humans and rodents, but the divergence in gene
expression within these populations, hints that regulatory programs gave rise to distinct
cellular transcriptomes between species [*47]. Additional studies of the epigenetic landscape
in developing and adult cortex may shed light on this question as initial reports indicate that
the chromatin landscape closely reflects transcriptional identity in the adult human [48].
Thus rodent models can play an important role in clarifying the identity and function of
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human cortical cells by serving as a platform in which to observe the interplay between gene
expression, connectivity, and physiology across development.

The human brain has undergone substantial reorganization over the course of evolution, and
thus human-based experiments are essential to understand the unique aspects of human
cortical biology. One way of approaching these issues involves the generation of cortical
organoids from pluripotent human stem cells. These 3D stem cell-derived structures contain
rosettes of cortical progenitors that can generate a diversity of cortical cell types [49,50]. A
number of recent advances have improved the ability to carry out long term experiments that
model physiological activity [*51], astrocyte generation [*52], and oligodendrocyte
formation [53]. For example, investigators are creating ganglionic eminence organoids that
can be fused with cortical organoids to model interneuron migration and integration [54].
These models enable the addition of genetic manipulation and functional outcome measures
to studies of cortical cell type development. However, the fidelity of these models to normal
development is still under investigation, and additional innovations will likely improve the
generation of cortical columns, regions, and early circuit formation.

Organoids are a model system derived from a developmental perspective, but a number of
studies and applications require characterization of adult neurons. As such, key innovations
in transdifferentiation have enabled the creation and subsequent exploration of adult human
neurons derived from cultures of fibroblasts or induced pluripotent cells [55]. New
approaches have found that depending on the set of transcription factors used for
reprogramming, distinct subtypes of neurons that resemble /n vivo populations emerge [56].
Understanding cortical cell types in both development and the adult will be essential to
characterize disease-associated vulnerabilities. Recently, for example, the outbreak of Zika
virus was modeled in slice culture [*17,57] and organoids [58], leading to the identification
of cellular vulnerabilities in cortical progenitor cells.

The human neocortex has expanded dramatically and exhibits an unprecedented degree of
cellular heterogeneity, with recent work estimating it may contain on the order of 100 cell
types. The newly-emerging molecular toolkit provides important evidence to catalogue the
cellular composition of the humans neocortex, and current studies seek to develop a
comprehensive cell type taxonomy in order to identify how the brain has evolved as well as
how it may be compromised in disease. In this review, we have discussed how the
unprecedented variety of adult human cortical cell types is generated from only a few
progenitor cell types, that different mechanisms may act upon distinct subpopulations of
neurons to influence subtype identity, and how judicious use of /n vivoand /n vitro methods
will dramatically improve our understanding of the full variety of human cortical cell types.
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Highlights:
. Human cerebral cortex contains 100s of cell types
. Basic cellular organization of the cortex is conserved but varies across
mammals
. Human neural progenitors are highly diversified during cortical development
. Homologous cell types exhibit divergent features in humans, including area-

specific excitatory neurons

. Distinct human interneurons may switch between somatostatin and dopamine
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Figure 1. Basic cellular organization of the neocortex is conserved but varies across mammals.
A schematic overview of the major morphological and functional classes of neurons and glia

in the adult rodent and human neocortex. The cerebral cortex is traditionally subdivided into
6 layers, each of which contains a unique set of neurons and connections. The major types of
neurons and macroglia are depicted in their laminar distributions by shape and color.
Glutamatergic excitatory neurons can be subdivided into three major groups: pyramidal
intracerebral projection neurons (ICPNs, green); pyramidal subcerebral projection neurons
(ScPNs, blue); and layer 4 spiny stellate cells (gray). Layer 5B of certain areas of the human
but not rodent neocortex contain large or giant modified pyramidal neurons such as Betz
cells in motor cortices, Meynert cells in primary visual cortex, and von Economo spindle
neurons and fork cells in fronto-insular cortices. GABAergic inhibitory neurons are diverse,
depicted here as a single class (orange). Macroglia consist of oligodendrocytes, and a single
class of protoplasmic astroctyes in rodents parallels interlaminar (layer 1), protoplasmic
(layer 2-4), and varicose projection (layers 5, 6) astrocytes in humans. See main text for
additional details.
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Figure 2. Development of human cortical cell types.
The cortex develops when radial glia give rise to neurons via intermediate progenitor cells.

These cells give rise to newborn neurons that migrate to the cortical plate and generate the
cortical excitatory neurons in an inside out fashion, with deep layer excitatory neurons
generated first followed by the upper layer excitatory neurons. These excitatory neurons
have recently been described to be area-specific and to emerge early in development. The
human cortex consists of a ventricular zone, and an expanded outer subventricular zone
compared to the rodent. Humans have additional subtypes of radial glia, the outer radial glia
and truncated radial glia that emerge at later stages of development. After the peak of
neurogenesis, radial glia engage in gliogenesis, producing astrocytes.
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