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Abstract

The neurons that make up the human cerebral cortex are responsible for a wide array of higher
cognitive, social-emotional, sensory and motor functions. These very complex functions are sup-
ported by a rich diversity of excitatory and inhibitory neurons, each of which has its own devel-
opmental pathway, and is specifically assembled into highly complex cortical circuits with
powerful computational capacities. Recent studies using single-cell transcriptomics, single-cell
electrophysiological recordings, and morphological reconstruction have begun to reveal surpris-
ing levels of neuronal diversity in mammals, defined by distinctive transcriptomic signatures,
morphological, and physiological phenotypes. While most of the available data rely on studies
performed on mouse neocortex, several recent findings in the human neocortex point to both
conserved molecular profiles, and human-specific differences. Herein, the main milestones in
the classification of neocortical neurons are discussed, beginning with the “classical” combina-
tion of a few class-specific marker expression and cell morphologies, and progressing to their
origin and recent multiplex profiling. While single-cell and single-nucleus RNA sequencing data
provide a huge progress in neuronal taxonomy, the boundaries between subclasses can be de-
fined and validated only in combination with morphological and electrophysiological features.
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Introduction

The cerebral cortex is the most developed
part of the human brain and is recognized as
the most complex structure in the human body,
with sensory and motor functions but also with
higher level cognitive and social-emotional
functions (DeFelipe, 2011). Deciphering its com-
position, functions and dysfunctions continues
to be one of the main concerns in neuroscience,
medicine, and psychology. Neuroscience re-
search, which began more than 120 years ago
with the studies of Ramon y Cajal on the mor-
phology diversity of neurons in the cerebral cor-
tex, has recently reached an exponential growth
phase, with several international large-scale ef-
forts devoted to the analysis and understanding
of brain composition, development, and func-
tions. Single-cell high throughput approaches
provide unprecedented details on cellular diver-
sity. Major efforts are now directed towards gen-
erating a complete description of cell types
based on molecular criteria, addressing the
neocortex (Allen Institute for Brain Science,
www.allenbrain.org), the whole brain (the Na-
tional Institutes of Health (NIH) BRAIN Initiative
Cell Census Network (BICCN),
braininitiative.nih.gov), and even the whole
body (the Human Cell Atlas, www.humancellat-
las.org) (Bakken et al., 2016; Ecker et al., 2017;
Regev et al., 2017; Yuste et al., 2020).

Nearly 100 billion neurons are found in the
human brain, with 16-20 billion in the cerebral
cortex, as well as three to five times more glial
and non-neural cells (Azevedo et al., 2009; Lent
etal., 2012). Neurons are generally very het-
erogeneous; they differ in terms of biochemical
and electrical properties, morphologies and
connections (Eyal et al., 2016), although some
of them share common features. The classifica-
tion of neurons in the cerebral cortex is very
challenging, and no consensus has yet been
reached. Their intrinsic properties, such as neu-
rochemical profile (neurotransmitters, associ-
ated neuropeptides, receptors), location,
morphology (dendritic and axonal morphol-
ogies), and connectivity (projections to and
from other neurons), as well as electrophysio-
logical behavior, can be used to classify them.
Traditionally, cell type diversity in a particular
brain region was determined by cross-referenc-
ing neuronal morphology with the expression of
a few molecular markers and the type of re-

sponse to electrical stimuli. Many morphologi-
cal and physiological neuronal features, as well
as the molecular expression of a certain cell
subtype, have been described for several
species, including humans, and both conserved
patterns and variations between species have
been documented (Hill and Walsh, 2005; Haw-
rylycz et al., 2015; Eyal et al., 2016; Boldog et
al., 2018). Nevertheless, understanding the cel-
lular composition of the human cortex and its
level of conservation presents many challenges.

Recently, a set of high-throughput techniques
and bioinformatics tools has vastly expanded
the scope of inquiry and allowed for significant
advances in defining cellular identities, includ-
ing in the cerebral cortex. Single-cell high-
throughput technologies, such as RNA deep
sequencing, epigenomics, proteomics, and
metabolomics, provide a far more comprehen-
sive biological understanding than bulk
sequencing and proteomics analyses in the
past. Single cells or nuclei provide the scale for
an unbiased survey on molecular expression
(Bakken et al., 2018). In addition, powerful mul-
tiplex single-cell technologies employing novel
biosensors enable further refinement of the
subtypes defined at the transcriptional level by
addressing their electrophysiological and meta-
bolic states in parallel. Importantly, these tools
have overcome some of the previous difficulties
associated with the scarcity of brain tissue and
have demonstrated that these modern ap-
proaches can be applied to relatively small
human postmortem and neurosurgical human
tissue samples (Krishnaswami et al., 2016; Lake
etal., 2017)

Several newly released methodologies, such
as spatial reconstruction (Gouwens et al., 2020)
and spatial transcriptomics (Battich, Stoeger
and Pelkmans, 2013; Moffitt et al., 2016; Lein,
Borm and Linnarsson, 2017; Wang et al., 2018;
La Manno et al., 2021; Langseth et al., 2021)
provide important information needed to inter-
pret the meaning of single-cell multiomics re-
sults and enrich the picture by addressing each
single cell in its normal tissue context. Multiple
single-cell analyses and spatial reconstructions
are now combined to better characterize the
cells that make up the nervous system (Yuste et
al., 2020). Most of these methods have been
tested on the rodent brain (Cadwell et al., 2016;
Tasic et al., 2017; Gouwens et al., 2020; La



Jeurnal of

Cell Identity

Manno et al., 2021), the most commonly used
model in neuroscience, but a growing number
of studies and databases are adding results
from human brain tissue (Darmanis et al., 2015;
Eckeretal., 2017; Regev et al., 2017; Lake et al.,
2018; Hodge et al., 2019), including the cerebral
cortex (Langseth et al., 2021).

This review aims to combine “classical” and
recent “omics” knowledge about neuronal di-
versity, organization, and development in the
mouse cerebral cortex with the knowledge from
the human cerebral cortex.

From anatomy to the
morphological
organization of the
mammalian cerebral
cortex

The adult human cere-
bral cortex, which is the
largest part of the brain,
has a highly folded struc-
ture with many grooves
and gyri. This anatomical
aspect defines the gyr-
encephalic brain, which

Cerebral cortex

tensively studied in recent decades (DeFelipe,
2011; Lui, Hansen and Kriegstein, 2011; Molnar
and Clowry, 2012; Greig et al., 2013; Cadwell et
al., 2019).

The cerebral cortex contains a network of neu-
rons with cell bodies arranged in cyto-architec-
tonic structures named layers. The neocortex (or
isocortex, referred to as cortex in many papers
and hereafter) is the most extended region of
the cerebral cortex, with six layers
labeled layer I-VI or 1-6 (L1-L6, also
hereafter) (Fig 1). L1 faces the pia
mater, while L6 faces the white

Figure 1
Schematic representation of the
mammalian cerebral cortex.
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is found in primates as
well as dolphins, ele-
phants, pigs, marmo-
sets, dogs, cats, and

granular layer

even ferrets (Glezer, Bit-
tencourt and Rivest,
2009; DeFelipe, 2011).
Even though their brains
are lisencephalic, with a
smooth, unfolded corti-
cal surface and a far
lower volume than gyr-
encephalic brains, ro-
dents are the most
utilized model organisms
in brain medical research. Remarkably however,
the ratio of ~1:1000 is maintained between
mouse and human for both brain volume and
neuronal number in the cerebral cortex (Hercu-
lano-Houzel, Mota and Lent, 2006). Further-
more, basic architecture and cellular
composition of the brain appear to be fairly sim-
ilar between mammals. The conserved anatomi-
cal, morphological and functional features of
the mammalian cerebral cortex have been ex-
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matter of the cerebrum. The upper layers range
from L1 to L4, with L4 being the (internal) granu-
lar layer and L2 and L3 being supragranular
layers. L5 and L6 are the deep (or infragranular)
layers. The number of neurons and their distri-
bution in each layer vary in different anatomical
areas and sub-areas of the mammalian cortex
(such as motor, sensory, auditive, parietal or vi-
sual) (Amunts and Zilles, 2015; Garcia-Cabezas,
Hacker and Zikopoulos, 2020).
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The cortical thickness and cell density of each
layer are widely used as markers for area char-
acterization, both in vivo and ex vivo. The thick-
ness of the entire cortex is mostly proportional
to the density of neurons. The cortical and lam-
inar thickness in different human brain regions
were measured in histological brain sections,
such as those provided by Brodmann and von
Economo (Amunts and Zilles, 2015; Garcia-
Cabezas, Hacker and Zikopoulos, 2020) orin
whole-brains, such as those provided by the
BigBrain Project (Amunts and Zilles, 2015;
Garcia-Cabezas, Hacker and Zikopoulos, 2020;
Wagstyl et al., 2020). Cortical thickness ranges
from 1.8 mm in the occipital cortex around the
calcarine sulcus to 4.5 mm in the precentral
gyrus, which contains the primary motor cortex.
The thickness of the human cortex ranges
around 2-3 mm in most regions, whereas in
mouse it varies between 1 and 2 mm (Brain Map
- brain-map.org, no date). The motor cortex is
especially thick in both species. At the laminar
level, L3, 5, and 6 contribute the most to overall
thickness, while L4 is highly variable and de-
fines several density-related architectural types
such as granular (koniocortex), agranular, dys-
granular and eulaminate I-1ll (Garcia-Cabezas,
Hacker and Zikopoulos, 2020). The most inves-
tigated cortical area, both in vivo and exvivo, is
the mouse visual cortex area V1 (Froudarakis et
al., 2019), where it is estimated that a cortical
surface of 1 mm? includes roughly 105 neurons
in all layers (in ~ 1mm3) (Brain Map - brain-
map.org, no date).

The “classical” characterization of cortical
neurons: morphology, projections,
neurotransmitters, neuropeptides and
electrical responses

Neurons from all cortical areas are divided
into two major categories: excitatory neurons
and inhibitory neurons (Fig. 1). Excitatory neu-
rons, also known as principal cells, account for
about 80% of cortical neurons (Molnar and
Clowry, 2012).

Cell body size can vary significantly for both
categories of cortical neurons, but the shape
and orientation of their projections are the most
prominent morphological characteristics. Mor-
phologically, excitatory neurons present mainly
“spiny” aspects of their projections, while in-

hibitory neurons present “aspiny” (or
“smooth”) aspects. While most excitatory neu-
rons have pyramidal somas and elaborated
dendrites, some L4 neurons exhibit “star pyr-
amid” or “spiny stellate” morphologies (Staiger
etal., 2004). Inhibitory neurons come in a wide
variety of shapes and sizes: basket, bipolar,
bouquet, chandelier, canopy, rosehip (Boldog
etal., 2018), etc., some of which have specific
names, such as Martinotti cells or non-Marti-
notti cells (Lim et al., 2018; Mihaljevic et al.,
2019).

The most widely used “classical” classifica-
tion system for excitatory neurons in the cortex
using glutamate for synaptic communication is
based on their anatomical connections, and in-
cludes three primary (first-order) classes (Exc /-
/1) (Harris and Shepherd, 2015; Baker et al.,
2018) (Figs. 1 and 2). The first class (Exc /) com-
prises the cortico-thalamic (CT) neurons, which
are predominantly located within L6 and project
to the thalamus. The second class (Exc /) com-
prises the cortico-fugal (CF) neurons, which are
found mainly within L5 and extend axons to-
ward the brainstem and spinal cord, with some
of them forming the pyramidal tract (PT). The
third and most heterogeneous class (Exc /ll) is
represented by the intra-telencephalic (IT) pro-
jection neurons, located in L2-6 and extending
axons toward targets in the contralateral and ip-
silateral cortex, striatum, nucleus accumbens,
septum, and nuclei of amygdala. Several sub-
classes are defined by subsets of neurons
within the primary classes that project to multi-
ple targets. For example, several IT neurons in
L4 with distinct morphologies (e.g., spiny stel-
late and star pyramidal) have local synaptic out-
puts and thalamic synaptic inputs. All cortical
regions contain neurons from each of the three
primary classes, but their percentage and spe-
cific targets/subclasses vary depending on the
area in which they reside.

The most commonly used “classical” classifi-
cation for cortical inhibitory neurons, all of
which use y-aminobutiric acid (GABA) for syn-
aptic communication, comprises three primary
(first-order) classes, Inh -1/l (Figs 1 and 2). Neu-
rons from the first two classes (/nh I and Inh I])
co-express the neuropeptides parvalbumin
(PV/Pv or Pvalb/PVALB, as noted for
mouse/human) and somatostatin (Som/SOM
or Sst/SST), respectively (the second abbrevia-
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tions will be used hereafter), while the third
class (Inh Ill) is more heterogeneous. The sero-
tonin receptor sHt3ar is expressed in all mouse
Inh Il neurons (Lee et al., 2015; Lim et al.,
2018), but not in human /nh Il neurons (Hodge
etal., 2019). Several subtypes from each inhib-
itory class populate the mouse and human cor-
tex, with a relatively consistent molecular
expression and morphology (Xu, Roby and Cal-
laway, 2010; Hawrylycz et al., 2015; Tremblay,
Lee and Rudy, 2016; Lim et al., 2018; Mihaljevi¢
etal., 2019).

GABAergic Pvalb+ neurons form the most
consistent class (/nh I), accounting for roughly
40% of inhibitory neurons and are divided into
three subclasses of interneurons, each corre-
sponding to one of three specific morphologies:
basket, chandelier, and translaminar cells
(Fig. 2). Basket cells are THE most abundant
subtype in the Inh | class and in cortex and may
be found from L2 to L6 in all cortical regions.
They form synapses with the cell bodies and
proximal dendrites of pyramidal cells and other
interneurons. Chandelier and translaminar cells
are less common subclasses with a heteroge-
neous regional distribution. Chandelier cells

form synapses with the initial segment of the
axons from pyramidal cells (Woodruff, Anderson
and Yuste, 2010). Translaminar neurons have
cell bodies residing in deep cortical layers and
axons with arborizations throughout all layers
(Bortone, Olsen and Scanziani, 2014).
GABAergic Sst+ cells (Inh Il), comprising
around 30% of cortical inhibitory neurons, are
predominantly interneurons and only a few are
projection neurons (Fig. 2). Sst+ interneurons
have two morphological types: Martinotti cells
and non-Martinotti cells. Martinotti cells are the
most consistent subclass, with ascending axons
that arborize profusely in L1 (Wang et al., 2004).
They are found throughout L2-6, particularly
abundantin L5-6 and frequently co-expressing
calbindin (Cb/CB or Calb1/CALB1)
or calretinin (Cr/CR or
Calb2/CALB2). Non-Martinotti cells
are also found throughout L2-6,
where they primarily target the
Pvalb+ basket cells. Sst+ projection
neurons constitute a rare subtype
found mostly in L6 and the adja-
cent white matter and they typically
co-express nitric oxide synthase

Figure 2

Classical classification of cortical
neurons and the localization of
the main classes and subclasses.
CT cortico-thalamic, CF cortico-
fugal, IT intratelencephalic,
PVALB parvalbumin, SST
somatostatin, VIP vasoactive
intestinal peptide, MP
multipolar, SB single bouquet,
NGF neurogliaform, WM white
matter.
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(Nos/NOS).

GABAergic cortical neurons of the third class
(Inh 11I), which make up about 30% of cortical
inhibitory neurons, have a wide range of mor-
phologies and co-expressed peptides (Fig. 2).
The interneurons that express vasoactive intes-
tinal peptide (Vip/VIP) form the largest Inh IlI
subclass in both mice and humans. They prefer-
entially target the Sst+ and Pvalb+ interneurons
and produce a disinhibitory effect. Bipolar cells
with vertically oriented axons, highly enriched
in L2, 3 and 4, and often co-expressing Calb2
are the most recognizable Vip+ interneurons.
They are especially enriched in the human cor-
tex (13% vs. 4% in mouse), half of them residing
in frontal associative areas (Hladnik et al.,
2014). Basket cells that co-express the neuro-
peptide cholecystokinin (Cck/CCK) and are par-
ticularly abundant in the upper layers are
another Vip+ subtype. Some Cck+ basket cells
lack Vip and are enriched in Ls-6, forming syn-
apses with cell bodies of pyramidal cells and
otherinterneurons. Neurogliaform cells, single
bouquet cells, and multipolar cells are exam-
ples from another subclass that lacks Vip ex-
pression. Neurogliaform cells and single
bouquet cells co-express reelin (Reln/RELN) and
are the most abundant types of interneurons in
L1, although neurogliaform cells are sparsely
distributed throughout the other layers. Neuro-
gliaform cells form a very dense and character-
istic projection arbor in L1, while single bouquet
cell projections extend to deeper layers. Multi-
polar interneurons co-express the neuropeptide
Y (Npy/NPY) and are particularly abundant
along the L1-L2 border (Raghanti et al., 2013).
Interstitial neurons residing in the white matter
and extending axons to deep layers and subcor-
tical neurons form another, less well described
subclass. Many of these cells express
Meis/MEIS and share Pvalb or Sst expression
(Kostovi¢, Judas and Sedmak, 2011).

Both excitatory and inhibitory neurons in the
cortex process and encode information by gen-
erating action potentials in a wide range of
shapes, frequencies and patterns. Whole-cell
patch clamp recordings, using a variety of sti-
mulus protocols, provide basic information
about cell firing properties, which can be used
to assess intrinsic neuronal properties. Several
studies have addressed electrical recordings in

vivo, ex vivo (in slice cultures or dissociated
neurons), and in vitro, in primary cultures. Three
distinct electrophysiological behaviors were ob-
served in cortical neurons: regular-spiking,
bursting, and fast-spiking. Mihaljevi¢ et al.
found that mature glutamatergic neurons elicit
fast-spiking profiles with high firing
frequencies, whereas mature GABAergic neu-
rons elicit a multitude of profiles and
frequencies, ranging from spiking (fast, regular,
and irregular) to continuous bursting (Mihal-
jevi€ et al., 2019). Again, the electrophysiologi-
cal properties of cortical neurons do not
significantly differ between cortical areas (Trem-
blay, Lee and Rudy, 2016; Lim et al., 2018; Mi-
haljevic et al., 2019).

Genesis of cortical neuron classes and
subclasses

Optimal classification of cortical neuronal
subtypes should include their developmental
and maturation paths. The development of the
nervous system entails the precise temporal
and spatial generation of each cell type. The
high diversity of cortical neurons requires the
formation of a wide range of progenitor cell
types. Progenitor type and location, the migra-
tion pathways newborn neurons undertake to
reach their final destination in the mature cortex
are all elements which factor in the creation of
neurons (Fig. 3). Several experiments combin-
ing in vivo lineage analysis with genetic loss-of-
function and gain-of-function identified key
molecular players in the development of the ro-
dent brain. Combined with descriptive research
on human embryos, these experiments re-
vealed conserved stages during mammalian
brain development, which include neural induc-
tion, patterning/proliferation, neurogenesis,
gliogenesis, and functional maturation (Finlay
and Darlington, 1995; Shen et al., 2006;
Wonders and Anderson, 2006; Zhao et al.,
2008; Lodato and Arlotta, 2015; Turrero Garcia
and Harwell, 2017; Cadwell et al., 2019) .

Brain development starts with neural induc-
tion, when cellular pluripotency in the early em-
bryo entering the gastrula stage is gradually lost
in the anterior midline ectoderm. The newly
formed neuroectoderm containing neuroepithe-
lial stem cells (NESCs) organizes the neural
plate (NP), which further extends and creates
neural folds; the gradual dorso-median fusion
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of the neural folds leads to the formation of the
neural tube (NT), a process called neurulation
(and related to the neurula stage). NESCs are
first detected in mice around embryonic day (e)
7 and in humans around gestation week (GW) 4.
After several symmetric divisions, around
€9/GW 5-6, NESCs begin a transition into more
elongated, radial-oriented cells called radial
glial cells (RGCs), in which the basal and apical
processes remain in contact with the lumen,
and the pial surface of the NT, respectively. RGC
somas are found in the ventricular zone (VZ) of
the NT wall until around e11, when they undergo
symmetric proliferative divisions, resulting in
the expansion of the progenitor pool. In ad-
dition, NT cells acquire different identities in
the anterior-posterior (A-P) and dorsal-ventral
(D-V) axes due to the gradients of morphogens
produced by organizer centers. This process is
called patterning and takes place in a temporal
and spatial order, determining the transcrip-
tional code and the identity of neural cells in a
particular domain. The anatomical and molecu-
lar definition of the main regions/vesicles in the
developing brain are determined by patterning
and proliferation. A-P patterning starts in the
head region with the forebrain (prosencepha-
lon), which further divides into telencephalon
and diencephalon. In the developing telence-
phalic vesicle, D-V patterning creates two main
regions: dorsal telencephalon or pallium, and
ventral telencephalon or subpallium.

In parallel with the patterning, progenitor

Dorsal telencephalic patterning
Proliferation and differentiation

SVZ
{IPCs, RGCs)

Neurogenesis

Exc I (CT)
CRCs
?Interstitial

Exc I {IT)

cells situated in different domains proliferate at
varying rates in response to local mitogens (Tur-
rero Garcia and Harwell, 2017; Lim et al., 2018).
The pallium forms three longitudinal domains:
dorsal, medial, and lateral. The dorsal pallium
further develops into the neocortex, the medial
pallium into the hippocampus (archicortex),
and the lateral pallium into the olfactory cortex
and some limbic areas (paleocortex). Cells in
the subpallium proliferate more intensely and
form several domains defined in D-V and A-P
axes, called lateral, medial, and caudal gan-
glionic eminences (LGE, MGE, and CGE, respec-
tively), preoptic region, and septum. Each of
these domains has its own set of subdomains.
MGE is broadly divided into dorsal (dAMGE), in-
termediate (iMGE), and caudoventral (cvMGE)
regions. The preoptic region consists of two ad-
jacent domains: preoptic area
(POA) and preoptic-hypothalamic
(POH) border domain (Turrero
Garcia and Harwell, 2017).
Telencephalic neurogenesis
takes place in a tightly controlled
temporal and spatial order from
e11to e18 (corresponding to ~GWs5-
12 in humans). RGCs can produce
neurons directly through asymmet-
rical division, or indirectly through
transit-amplifying progenitors,
such as intermediate progenitor
cells (IPCs) (Kriegstein, Noctor and
Martinez-Cerdefio, 2006). IPCs

Figure 3

Progenitors and developmental
pathways of cortical neurons
NP neural plate, NT neural tube,
NESCs neuroepithelial stem
cells, VZ ventricular zone, SVZ
subventricular zone, RGCs radial
glial cells, IPCs intermediate
progenitor cells, CRCs Cajal-
Retzius cells, MGE medial
ganglionic eminence, CGE
caudal ganglionic eminence,
POA preoptic area, POH
preoptic-hypothalamic region,
CT cortico-thalamic, CF cortico-
fugal, IT intratelencephalic,
PVALB parvalbumin, SST
somatostatin, VIP vasoactive
intestinal peptide.

ME/NT
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generate neurons either directly or after a series
of symmetric divisions. Somas of the neuro-
genic precursors (RGCs or IPCs) are located in
the VZ or in the subventricular zone (SVZ), while
newborn neurons use RGCs processes as scaf-
folds to migrate superficially toward the mar-
ginal zone (MZ) of the NT. After neurogenesis is
complete in rodents, orin a late stage in hu-
mans, RGCs proceed to gliogenesis, producing
astrocytes, ependymal cells and oligodendro-
cytes.

Progenitors in the pallium give rise to all glu-
tamatergic neurons in the telencephalon,
whereas progenitors in the subpallium give rise
to GABAergic neurons in the cortex (Fig. 3) and
GABAergic and cholinergic neurons in the ven-
tral telencephalon (forming the adult basal gan-
glia, centromedial extended amygdala, septum,
and preoptic region) (Turrero Garcia and Har-
well, 2017).

Cajal-Retzius cells (CRCs) are the earliest neu-

rons born in the pallium, which accumulate in
the MZ and form the preplate. When the next
generation of neurons arrives, the preplate or-
ganizes into two regions: a superficial one,
where CRCs accumulate and L1 is formed, and a
deeper one, called the subplate, which contains
another transitory population of neurons. Newly
coming neurons are settled between these two
zones and the region called the cortical plate
begins to develop. The newborn neurons that
make their way from the SVZ to the cortical
plate adopt a position corresponding to their
age, mainly in an inside-first, outside-last (in-
side-out) order. The layer location of a cortical
neuron is tightly linked to the timing of its pro-
duction. This temporal patterning results in the
sequential generation of layer-specific types of
cortical neurons and is a fundamental process
of neuronal diversification (Hébert and Fishell,
2008; Cadwell et al., 2019). CT neurons develop
from the first neurons migrating from the SVZ to
the newly formed cortical plate. The next gener-
ation of neurons mostly matures into CF neu-
rons. The latest born neurons migrate past the
earlier born neurons and mature into IT neurons
(Kwan, Sestan and Anton, 2012; Cadwell et al.,
2019). The recently described outer SVZ (0SVZ2)
in the human fetal cortex is enriched in a cell
type known as outer radial glial cell (o0RGC),
which has lost contact with the NT lumen and
proliferates during the longer-lasting human

neurogenesis, producing mainly the large diver-
sity of IT neurons in the human cortex (Hansen
etal., 2010; Betizeau et al., 2013; Bakken et al.,
2016).

Subpallium neurons migrate dorsally to the
cortex or remain in the ventral telencephalon.
For the specification of various neuronal sub-
types here, there is once again a temporal con-
trol. In general, projection neurons (GABAergic
or cholinergic) are born first, followed by inter-
neurons (GABAergic or cholinergic) (Turrero
Garcia and Harwell, 2017). Both mouse and
human cortical GABAergic interneurons are de-
rived primarily from three subpallial progenitor
regions: MGE (the majority), CGE, and preoptic
regions (Wonders and Anderson, 2006; Hansen
etal., 2013; Lim et al., 2018). MGE and POA gen-
erate virtually all the interneurons in the Inh |
(Pvalb+) and Inh I (Sst+) classes. The progeni-
tors in the dMGE have a strong bias toward the
development of Sst+ neurons (Martinotti cells,
non-Martinotti cells, and long-range neurons),
whereas those in the iMGE produce both Pvalb+
and Sst+ interneurons, and those in the vMGE
produce a larger fraction of Pvalb+ interneurons
(basket, chandelier and translaminar cells). CGE
and preoptic region progenitors produce mainly
class Ill GABAergic neurons: basket, bipolar,
and single bouquet cells in CGE, neurogliaform,
multipolar Npy+ interneurons most likely in
POH, and interstitial cells most likely in POA.
Some interstitial and neurogliaform GABAergic
subpopulations could have pallial origins (Kos-
tovic, Judas and Sedmak, 2011; Lim et al.,
2018).

The GABAergic interneurons generated in the
MGE, CGE, and preoptic regions use essentially
the same cellular mechanisms to translocate to
the developing cortex in a protracted period of
migration, via two large migratory streams: a su-
perficial route through the MZ and a deep route
through the SVZ. These neurons have an imma-
ture phenotype when reaching the pallium and
their maturation continues long after birth. The
future Sst+ Martinotti and Pvalb+ translaminar
interneurons migrate preferentially through the
MZ route, while Sst+ non-Martinotti cells use
the SVZ route. Several lines of evidence suggest
that interneurons adopt a laminar distribution
in response to cues provided by pyramidal cells.
Similar to pyramidal cells, they follow an “in-
side-out” sequence that correlates with their
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birthdates: earlier formed Sst+ interneurons are
more abundant in deep layers, while recently
generated Pvalb+ chandelier cells are located
mainly in the superficial layer (Lim et al., 2018).

RNA profiling
of mouse and human cortical neurons

RNA sequencing (RNA-seq) is a technique
that uses high throughput, next-generation
sequencing approaches to analyze the cellular
or subcellular transcriptome in order to reveal
the presence and quantity of RNA in a biological
sample at a given moment. Recent advances in
RNA-seq include single cell and single nucleus
RNA-seq (scRNA-seq and snRNA-seq, respec-
tively) (Tang et al., 2009; Krishnaswami et al.,
2016; Bakken et al., 2017), in situ sequencing of
fixed tissue, called spatial transcriptomics
(Lein, Borm and Linnarsson, 2017), as well as
novel platforms for integrating single cell and
spatial transcriptomics data (Butler et al.,
2018).

Since the first single cell experiment pub-
lished in 2009 (Tang et al., 2009), scRNA-seq
has become the quasi-standard method for pro-
filing heterogeneous cell populations. The re-
cent advent of high-throughput microfluidic
systems with droplet-based profiling tech-
niques has further advanced the precision of
sc/sn RNA-seq profiling (Habib et al., 2017). Un-
like bulk RNA sequencing, which interrogates
average gene expression in cell populations
that are in most cases heterogeneous (Lein et
al., 2007), scRNA-seq can elucidate the hetero-
geneity and allow for cell-type specific tran-
scriptome profiling. Initially limited to only a
few hundred cells per experiment, due to ad-
vances in experimental technologies, more than
1 million single cell transcriptomes can now be
profiled (Habib et al., 2017).

In order to analyze complex sets of single cell
data, robust computational methodologies are
required. For single cell clustering and cell type
annotation, two computational approaches, un-
supervised and supervised, are routinely used,
each with its own set of advantages and limita-
tions (Bakken et al., 2017). The unsupervised
approach uses clustering followed by cluster
annotation using marker genes (Kiselev, An-
drews and Hemberg, 2019). Clusters identified
in an unsupervised manner are typically anno-
tated to cell types based on differentially ex-

pressed genes. The supervised approach uses a
reference panel of labelled transcriptomes to
guide both clustering (Li et al., 2017) and cell
type identification (Abdelaal et al., 2019).
Therefore, they can lead to different but often
complementary clustering results. Hence, a con-
sensus approach leveraging the merits of both
clustering paradigms could result in a more ac-
curate clustering and cell type annotation (Ran-
janetal., 2021).

Several transcriptomic studies performed
with single cells or nuclei from cortex tissue
both rodent (Zeisel et al., 2015; Bakken et al.,
2016; Johnson and Walsh, 2017; Tasic et al.,
2017; Gouwens et al., 2020) and human (Kang
etal., 2011; Darmanis et al., 2015; Lake et al.,
2016, 2018; Boldog et al., 2018; Hodge et al.,
2019; Velmeshev et al., 2019) have already pro-
vided many biological insights. The clustering of
cortical cell types was obtained using unsuper-
vised and supervised methods, ora combina-
tion of them. Each cluster was given “unique
markers”, which are genes that are expressed
only in that cell type, as well as “combinatorial
markers”, which are differentially expressed
genes not restricted to a single cell type. In sev-
eral supervised approaches, NeuN and Snap2s
were used as pan-neuronal markers, Slci7ay
and Neurodé6 as markers for excitatory neu-
rons, and Gad1 and Gad2 as markers for inhib-
itory neurons. The mRNA expression of major
known neuronal marker genes: Snap2s; Gad1
and Sici17az, for example, was used to charac-
terize neuronal clusters in the mouse primary vi-
sual cortex (Tasic et al., 2016; Gouwens et al.,
2020). Further sequential cell annotations iden-
tified 49 transcriptomic cell types (Tasic et al.,
2016), including 23 transcriptomic cell types in
the GABAergic neuronal cluster (Snapz2s*,
Slci7a7, Gad1*) and 19 transcriptomic cell
types in the glutamatergic neuronal cluster
(Snapzs*, Slciyaz, Gad1™). Within this genome-
wide dataset, glutamate and GABA receptors
were shown to be widely expressed in neurons,
while neuropeptide genes were usually selec-
tively expressed in one or a few GABAergic cell
types (Tasic et al., 2016).

Transcriptomic data were integrated into con-
stellation diagrams that summarize the identity,
marker genes and putative location of glutamat-
ergic and GABAergic cell types along the pia
mater to white matter axis (Figs. 4A and 5A).
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Figure 4

Transcriptomic types of mouse
(A) and human (B) excitatory
cortical neurons (adapted from
Tasic et al., 2016, 2017 (A) and
Hodge et al., 2019 (B))

Within these diagrams, each transcriptomic cell
type is represented by a disc, whose surface
area corresponds to the number of core cells in
the dataset belonging to that type. Intermediate
situated cells are represented by lines connect-
ing the discs; line thickness is proportional to
the number of intermediate cells. This type of
representation depicts the overall phenotypic
landscape of cortical cell types as a combina-
tion of continuity and discreteness: the pres-
ence of a large number of intermediate cells
between a particular pair of core types suggests
a phenotypic continuum, while the absence of
intermediate cells connecting one type to
anotherindicates its more discrete nature.
Based on layer-specific expression of marker
genes and layer-enriching dissections, compu-
tational analysis has identified six major
classes of transcriptomic types for excitatory
neuronal clusters (Fig. 4A): L2/3, L4, Lsa, Lsb,
L6a, and Lé6b. Four transcriptomic cell types
were identified for the L6a types and two for the
L6b types. Two highly related L6a types (L6a-Sla
and L6a-Mgp) express the marker Foxp2, while
the other two (L6a-Syt17 and L6a-Car12) do not.
The two L6b types (L6b-Serpinb11 and Léb-
Rgs12) both express Ctgf, as well as
several other previously reported
L6b markers (e.g., Trh, Tnmd, Mup).
There were eight different tran-
scriptomic types identified within
the Ls types. Four of them express

the Lsa marker Deptor (Lsa-Hsd11b1, Lsa-
Tcergil, Lsa-Batf3, and Lsa-Pde1c), while three
express the Lsb marker Bclé (L5b-Cdh13, Lgb-
Tph2, and L5b-Chrnaé, Fig 3b). Based on gene
expression and the small number of intermedi-
ate cells between them and other L5 types, one
of the Lgb types (L5b-Chrnaé), along with the
Ls-Ucma type, appear to be the most distinct
among Lg types. Within L4, the three subdivi-
sions (L4-Ctxn3, L4-Scnnia and L4-Arfs) present
high gene expression similarity and a large
number of intermediate cells. L2-Ngb and L2/3-
Ptgs2 were identified as subdivisions of L2/3.
Computational analysis identified 17 cell
types for inhibitory neuronal clusters (Fig. 5A),
of which seven cell types express Pvalb, six cell
types express Sst, five cell types express Vip,
and two cell types express neuron derived neu-
rotrophic factor (Ndnf). The other three GABAer-
gic types express synuclein gamma (Sncg),
interferon gamma induced GTPase (Igtp), and
SMAD family member 3 (Smad3). Several known
markers such as Calb1, Calb2, Cck, Htr3a, Nos1,
Npy, Reln are expressed in different subtypes.
All the Pvalb cell types are highly intercon-
nected in the constellation diagrams. Some cell
types are preferentially located in the upper
layers (Pvalb-Tpbg, Pvalb-Tacrs, Pvalb-Cpnes) or
the deep layers (Pvalb-Gpx3 and PvalbRspo2).
Five Sst cell types are enriched in the deep
layers, whereas one (Sst-Cblng) is prevalent in
the upper cortical layers. Cell types expressing
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Vip co-express Calb2 and several other markers,
such as choline acetyltransferase (Chat). Vip-
Gpc3 type is located in the deep layers, while
Vip-Chat type is located in the upper layers.

Transcriptional analysis of nuclei isolated
from human cortex samples (obtained either
postmortem or during surgery, in which NeuN
positive neuronal nuclei were selected) (Hodge
etal., 2019) followed the same computational
analysis as in the previously profiled mouse
cortical cells (Tasic et al., 2016). The analysis re-
vealed 24 clusters representing different types
of excitatory neurons (versus 19 in mouse) (Fig.
4B), and 45 clusters representing different
types of inhibitory neurons (versus 23 in
mouse) (Fig. 5B). When compared with prior re-
sults from the human cortex, which character-
ized only eight transcriptomic cell types
representing GABAergic neurons (Lake et al.,
2016), the targeted application of single nu-
cleus sequencing demonstrated a significantly
higher degree of GABAergic neuron complexity.
This difference is likely due to a combination of
improved sequencing techniques and increased
sampling in a targeted anatomical domain en-
riched in GABAergic neurons.

Comparison of human molecular profiles with
some profiles that define cortical cell types in
mice (Tasic et al., 2016; Lim et al., 2018) re-
vealed similarities but also differences (Hodge
etal., 2019). Almost all transcriptomic cell types
in the human cortex showed homology with
those in the mouse cortex. However, the expres-
sion level of certain genes within a homologous
cell type varied greatly between species. No-
tably, genes encoding certain neurotransmitter
molecule receptors (including serotonin recep-
tors) showed the greatest divergence in expres-
sion between human and mouse. Moreover, the
diversity of neurons in L1-4 was greater in the
human cortex and almost all similar types of
human excitatory neurons were found in more
than one layer (Hodge et al., 2019). This distri-
bution challenges the discrete laminar organi-
zation of cell types in the human cortex.

Correspondence across transcriptomic,
anatomical, morphological, and physiological
classification of mouse cortical neurons
Despite its major contribution toward cellular
classification, single-cell transcriptomics can-

not establish absolute boundaries between cell
types on its own (Figs. 4 and 5). In addition,
linking the transcriptomically defined cell types
with the “classical” categories is challenging.
Neuronal identification should require not only
the unequivocal identification of the transcrip-
tional landscape, but also the morphological,
neurochemical, and electrophysiological prop-
erties, along with the synaptic partners (Trem-
blay, Lee and Rudy, 2016; Mihaljevi¢ et al.,
2019). Proposing a transcriptomic-based classi-
fication for a field traditionally centered on cel-
lular anatomy, physiology and synaptic
connectivity is challenging unless the classifica-
tion strongly correlates with those features.

To inquire if the transcriptomic cell types
found in the mouse cortex display specific an-
atomical and physiological properties, the
same group analyzed the axonal projections
and electrophysiological properties for a subset
of transcriptomic types after their viral retro-
grade tracing or using different reporter Cre-
lines for the selection of fluorescent cells (Tasic
etal., 2016, 2017). RNA-seq analysis of retro-
grade-labeled neurons in mouse primary visual
cortex shows different projections of transcrip-
tionally defined excitatory subclasses. Retro-
grade-labeled cells from the ipsilateral
thalamus were transcriptomically classified into
Lsb-Tph2, Lsb-Cdh13, L5-Chrna6, L6a-Mgp and
L6a-Sla types, which were validated as Exc /
class neurons (CT). The retrograde-labeled cells
from the contralateral VISp were transcriptomi-
cally classified into Lsa-Batf3, L6a-Car12 and
L6a-Syt17 cell types, which were validated as
Exc Ill class neurons (IT).

In order to link transcriptomic types to the
“classically” described inhibitory neurons, the
authors also analyzed axonal projections and
electrophysiology for a subset of transcriptomic
types using transgenic mouse Cre-lines that al-
lowed targeting specific cortical neurons based
on their fluorescent expression of subclass
markers (such as Nkx2.1, Reln and Ndnf) (Tasic
etal., 2016, 2017). They isolated cells from the
upper layers of the Nkx2.1-CreERT2 line, which,
when induced with tamoxifen perinatally, labels
subsets of Pvalb and Sst neocortical interneu-
rons. Computational analysis found that Pvalb-
Cpnes is enriched in the upper layers and may
correspond to chandelier cells because it is the
most transcriptionally distinct among the Pvalb
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Figure 5

Transcriptomic types of mouse
(A) and human (B) inhibitory
cortical neurons (adapted from
Tasic et al., 2016, 2017 (A) and
Hodge et al., 2019 (B).

types. Based on upper layer enrichment and
Calb2 expression, the Sst-Cblng type most likely
corresponds to previously characterized Calb2-
positive Martinotti cells, which are enriched in
the upper cortical layers. Transcriptomic analy-
sis revealed an additional Calb2-positive Sst
type, Sst-Chodl. Based on the expression of
Npy, high levels of Nos and absence of Calb1,
this type most likely corresponds to Nos ex-
pressing neurons, which are enriched in Lg and
6, and are likely long-range projecting neurons.
The transcriptomically profiled neurons from the
Cre line expressing Reln were classified into the
two types likely corresponding to neurogliaform
and single bouquet cells, which are highly en-
riched in L1.

The Patch-seq technique, which combines
Patch-clamp physiology and scRNA-seq (Ca-
dwell et al., 2016; Lipovsek et al., 2021) was
used to investigate the correspondence of elec-
trophysiological features with genome-wide ex-
pression signatures and transcriptomic cell type
classification. Based on whole cell current
clamp recordings of tdT+ cells from Ndnf-Cre
line mice in L1 of VISp, the authors grouped
cells into two categories: late-spiking (LS), and
non-late spiking (NLS). LS neurons showed de-
polarizing ramp voltage near threshold, late
spiking, and accelerating spike
frequency. NLS neurons displayed
the initial depolarizing response
that was sufficient to induce an ac-
tion potential at the onset of the
current step in some trials. At

slightly higher current intensities, all NLS neu-
rons initiated a bout of late spiking after a
period of quiescence. Reconstruction of two
biocytin-filled, tdT+ neurons revealed one of
them to have the tight, dense axonal arbor with
small, bouton-like structures, and a relatively
small dendritic tree that is typical of single bou-
quet neurons. The other neuron displayed axo-
nal and dendritic arbors more similar to the
recently described neurogliaform sparse-axon
cells. Together, molecular, physiological and
morphological analyses of L1 neurons labeled
by the Ndnf-IRES2-dgCre line show that they
correspond to neurogliaform cells. A strong cor-
respondence between scRNA-seq, electrophysi-
ology and morphology was shown for mouse
neurogliaform cells in L1 (Tasic et al., 2016,
2017).

The same team (Tasic et al., 2017; Gouwens et
al., 2020) classified the neurons in the mouse
visual cortex by combining morphological, elec-
trophysiological and transcriptional features
(Gouwens et al., 2020). By using the Patch-seq
technique in a highly standardized setting,
Gouwens et al. created a database of 4,270 GA-
BAergic interneurons with information on the
electrical properties and transcriptomics of
these neurons, as well as morphological data
regarding 517 of these cells. These data allow
for global understanding of the landscape of in-
hibitory cell types in the neocortex by combin-
ing distinct modalities at the single cell scale.
The authors were able to draw boundaries
among cell types by clustering sampled cells

Mouse cortical inhibitory neurons: 23 transcriptomiccell types
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based on similarities in gene expression (T-
types), morphology (M-types), and electrophysi-
ology (E-types). The result is a consensus of
morpho-electric-transcriptomic typing (MET-
type), defining thirteen MET-types within the
Sst-expressing cells, five within the Pvalb-ex-
pressing cells, two within the Lamps cells, three
within the Sncg-expressing cells, and five within
the Vip-expressing cells (Gouwens et al., 2020).

In contrast with the limitations provided by
using transcriptomics alone, this work allows
mapping of historical data to a common naming
scheme (Gouwens et al., 2020), revealing sub-
stantial evidence for cross-modal correspon-
dence in neocortical cell types and providing a
complete roadmap for the mouse visual cortex.
The authors pointed out several instances of
previously defined cell types mapping to their
consensus MET-type approach: e.g., the so-
called L1 canopy cells map to Lamps-MET-1
(Schuman et al., 2019); the layer 2/3 and 5/6
fanning-out Martinotti cells map to the Sst-MET-
3 and 4, respectively (Nigro, Hashikawa-Yama-
saki and Rudy, 2018); and the translaminar
fast-spiking cells map to Pvalb-MET-4 (Frandolig
etal., 2019). They also reveal new signatures of
cortical inhibitory cell types such as clear soma
depth profiles and axonal laminar innervation

patterns. Sst MET-types, for instance, exhibit a
cell type-specific preference for different corti-
cal layers. By connecting data across modal-
ities, the authors also observe a greater
diversity of inhibitory neuron types than many
previous studies. Mapping cell types across mo-
dalities and achieving consensus about inhib-
itory cortical types across labs is critical in order
to comprehend the functional role of each cell
type in cortical computations; however, the suc-
cess of systematic annotation is still highly de-
pendent on the cell type in question. For
instance, it should be simple to map cell types
across labs that are morphologically and tran-
scriptomically unique and cluster tightly in
these spaces (e.g., Sst/ Chodl and Chandelier
cells). However, such a task might prove diffi-
cult for inhibitory classes that appear to exist on
a genetic/functional continuum in which the
functionally relevant boundaries are more diffi-
cult to define (e.g., Lamps-MET-1 and Vip cells)
(Gouwens et al., 2020).

Correspondence across transcriptomic,
anatomical, morphological and physiological
classification of human cortical neurons

Some of the transcriptomic cell types in the
human cortex fit well within the “classically” de-
fined cell types, but others revealed previously

Human cortical inhibitory neurons: 45 transcriptomic cell types
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unknown distinctions within broad neuronal
classes. For example, the ‘rosehip’ cell, an in-
hibitory type neuron in L1 that has been de-
scribed in the human cortex, but not in the
rodent one (Boldog et al., 2018), showed high
concordance between scRNA-seq, physiology
and morphology. Rosehip cells are CCK-positive
but cannabinoid receptor-negative, and they
appear to selectively target distal dendrites of
pyramidal neurons. Two interneuron types and
two canonical pathways involving feed forward
interneuron-to-interneuron connections were
detected when high throughput electrophysiol-
ogy capable of sampling all cell types was used
to examine L1-situated inhibitory neurons in ro-
dents (Lee et al., 2015). Thus, the monosynaptic
pyramidal cell preferring pathway initiated by
rosehip cells does not appearto be a viable
concept in the rodent L1 circuit. Furthermore,
focal intra-layer inhibition restricted by the com-
pact axonal arbor of rosehip cells to distal den-
drites of a column of pyramidal cells is also
missing from rodents. Similarly, the rosehip mo-
lecular signature appears to be very different
from any previously published data from ro-
dents. Many of the most selective genes associ-
ated with rosehip cells relate to synaptic
structure and function, supporting the corre-
spondence between transcriptional and an-
atomical phenotypes. Although the
transcriptomic comparison was done between
human temporal cortex and mouse visual cortex
(Boldog et al., 2018; Hodge etal., 2019), re-
gional differences seem unlikely to account for
this difference, as anatomically defined rosehip
cells were found in multiple regions of the
human cortex. Rosehip cells may be of particu-
larimportance in compartmental control of
back-propagating action potentials and their
pairing with incoming excitatory inputs. Action
potentials back-propagate to distal dendrites of
human pyramidal cells and can be attenuated
by rosehip cell activation. Thus, they may repre-
sent a mechanism for supplementary inhibitory
control required to balance the potentially
higher excitability in human dendrites and
might form the basis of spatially accurate mod-
ulation of interactions between long range exci-
tatory inputs arriving to L1 and
back-propagating action potentials. The rosehip
cell clearly differs from neighboring neuroglia-
form cells and represents a type with highly dis-

tinctive transcriptomic signature, a highly dis-
tinctive morphological, physiological and con-
nectional phenotype, and a strong
correspondence between these properties.

A complete comparison of all cortical cell
types and assessment of relative similarities
between cell types should be possible in the fu-
ture as more comprehensive transcriptome data
become available and are being linked to other
cellular phenotypes in multiple species.

Outlook toward defining the complete
neuronal identity in the human cortex

A remarkable contribution toward cataloging
the variety of cell types in the mouse visual cor-
tex and a clear validation for the transcriptomic
cell types was provided by systematically com-
bining single cell electrophysiology and tran-
scriptomics (Gouwens et al., 2020). It also
emphasized the need for exercising caution
when interpreting data acquired solely through
genetic approaches. It is clear now that func-
tionally relevant and distinct cell types require
multiple parameters to be defined. This work
also established a strong framework for the
further classification of human cortical neurons,
which will be useful in future functional studies.
As a multimodal approach at the intersection of
molecular neurobiology and physiology, Patch-
seq is uniquely positioned to directly link gene
expression to brain function. However, the jour-
ney toward achieving a universal classification
system for cortical neurons is still underway.
Ongoing work in the Allen Institute for Brain
Science has been examining additional parame-
ters such as connectivity, gene expression dur-
ing development, and in vivo activity. The
details of cellular and subcellular connectivity
that electron microscopy brings to the cell type
classification system are particularly intriguing.
Experimental tools, such as novel spatial tran-
scriptomic methods, are becoming more avail-
able to aid in phenotypic characterization of
transcriptionally defined cell types in model
animals and even humans (Wang et al., 2004;
Battich, Stoeger and Pelkmans, 2013; Lein,
Borm and Linnarsson, 2017; Gyllborg et al.,
2020; Qian et al., 2020). A logical next step is to
map back such expression patterns in
situ within developing tissues and/or mature
organs. However, spatial transcriptomic analy-
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sis in human adult tissue presents a particular
scaling challenge. To help in this direction, a
spatial transcriptomic-related platform called
the large-area spatial transcriptomic (LaST) map
has provided a pipeline for mapping quanti-
tative gene expression in single cells across
vast mouse and human tissue areas (Bayraktar
etal., 2020). The LaST map demonstrated re-
producibility across multiple tissue
samples/sections and should be adaptable for
a range of other tissues to obtain regional/qual-
itative and cellular/quantitative information
from ISH reintegrated into 2D tissue maps, in-
cluding the human cortex.

While major consortium efforts (such as Spa-
ceTx consortium) generate the transcriptomic
framework, linking different types of data to it
will likely be most effective as a distributed
community effort. In line with this and as part of
the Human Cell Atlas, Langseth et al (2021) uti-
lized the predefined taxonomy of cells to create
maps of histological tissue structures of the
human temporal lobe (Langseth et al., 2021).
The mapped cortical cell types previously classi-
fied by snRNA-seq (Hodge et al., 2019), were
combined with in situ sequencing gene expres-
sion via probabilistic cell typing (Gyllborg et al.,
2020; Qian et al., 2020; Marco Salas et al.,
2021). The resulted cortical cell types were
found to be arranged in layers, but less layer-re-
stricted than expected, advocating that anatom-
ical location alone is not sufficient to
characterize a cell and the layer boundaries are
not sharp in the human cortex. In addition,
some classical markers, such as SST, were not
prioritized by the gene selection approach;
therefore, subclass genes were used for cell
calls. By using this approach, even rare cell
types, such as the SST+CHODL+cell type (Inh
L3-6 SST NPY), could be typed. This combinator-
ial detection approach allowed the precise as-
signment of molecularly defined cell classes as
well as their subtypes in situ.

In functional investigations, it is still common
practice to use single Cre lines to define a cell
type, which is not possible for the human cortex
in vivo. The new development of human brain
cortical tissue derived from pluripotent stem
cells, such as brain organoids, cortical orga-
noids and cortical “assembloids” (Amin and
Pasca, 2018; Arlotta and Pasca, 2019), com-
bined with human reporter lines, could shed

light on early stages of corticogenesis to neu-
ronal network formation and also provide help
in functional studies, such as by using Patch-
seq (Cadwell et al., 2016; Lipovsek et al., 2021),
even though the maturation level of human
neurons generated in vitro with the current
methods is still far from that of adult brain
tissue.

Optimal classification of human cortical neu-
ronal subtypes, like that of other species,
should involve a greater understanding of their
origins and trajectories during development
and maturation. Several recent studies have fo-
cused on human cell types during brain devel-
opment and have started to provide
human-specific features, such as different pro-
genitor cell types in the dorsal telencephalic
SVZ (Hansen et al., 2010; Betizeau et al., 2013),
persistence of CRC cells in the adult human
neocortex (Belichenko et al., 1995) but also sin-
gle-cell transcriptional maps during primate de-
velopment (Bakken et al., 2016).

Together, these approaches provide conver-
gent evidence for a robust description of cell
type identity as well as multiple lines of ev-
idence for species conservation or divergent as-
pects, in which neurodevelopment plays a key
part.

Convergent transcriptomic, anatomical and
functional research in the human cortex holds a
lot of promise for determining which features
are conserved and which are divergent among
mammals. Defining the identity and function of
neurons that are specific or enriched in human
cortical circuits could be important in under-
standing pathological alterations. A better un-
derstanding of human cellular content and
circuit organization in the cerebral cortex could
help to overcome the current lack of success in
translating promising results in rodents to effec-
tive treatment against human neurologic and
neuropsychiatric disorders (Gao and Penzes,
2015; Velmeshev et al., 2019).

v
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