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Abstract

Diverse glutamatergic projection neurons (PNs) mediate myriad processing streams and output
channels of the cerebral cortex. Yet, how different types of neural progenitors, such as radial

glial cells (RGs) and intermediate progenitors (IPs), produce PN diversity and hierarchical
organization remains unclear. A fundamental issue is whether RGs constitute a homogeneous,
multipotent lineage capable of generating all major PN types through a temporally regulated
developmental program, or whether RGs comprise multiple transcriptionally heterogenous pools,
each fated to generate a subset of PNs. Beyond RGs, the role of IPs in PN diversification remains
underexplored. Addressing these questions requires tracking PN developmental trajectories with
cell type resolution — from transcription factor-defined RGs and IPs to their PN progeny, defined
not only by laminar location, but projection patterns and gene expression. Advances in cell

type resolution genetic fate mapping, axon tracing, and spatial transcriptomics may provide the
technical capability for answering these fundamental questions.

Introduction

The cerebral cortex is comprised of dozens of functional areas mediating numerous
information processing streams that form comprehensive representations of the internal and
external world. Sensory, motor, and cognitive functions are integrated across preferentially
connected areal subnetworks, which in turn influence subcortical brain regions via
corticofugal output channels. At the cellular level, cortical processing streams and output
channels are implemented by a diverse set of glutamatergic excitatory projection neurons
(PNs). PNs are traditionally distinguished by their laminar cell body position, morphology,
axonal projection patterns, and an array of molecular markers [1]. A renaissance in large-
scale single cell RNA sequencing (scRNAseq) has recently contributed to a comprehensive
and quantitative analysis of PN types and their organization. Recent progress has revealed
the hierarchical organization of several major PN classes and subclasses, yielding over

one hundred distinguishable transcriptomically defined PN subpopulations (t-types) in the
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mouse cortex [2—6]. This hierarchical organization of major PN classes and types appears
to be largely conserved across mammalian species [3, 5-8]. Additionally, large-scale
single cell reconstruction [9-11] and electrophysiologic studies [12, 13] have uncovered

a variety of morphologically (m-types) and electrophysiologically defined (e-types) PN
types, respectively; and techniques such as Patch-Seq [14] begin to provide correspondence
between t-, m-, and e-types. Although fine grained “atomic” PN types remain to be
reliably clarified and enumerated across studies, a multimodal consensus has emerged
around the major classes, subclasses, and supertypes of cortical PNs [15]. Given the
impressive progress in defining and cataloguing the multitude of PNs, a major question
remains about how this spectacular diversity and its hierarchical organization are generated
during cortical development [16, 17]. Answers to this question will not only illuminate

the developmental genetic basis of cortical circuit organization but also shed light on the
pathogenic mechanisms of neurodevelopment disorders.

All cortical PNs are generated from progenitors in the germinal zone lining the embryonic
cerebral ventricles of the telencephalon [16]. Cortical development begins with the
specification of a single layer of neuroepithelial cells lining the ventricles, which then
divide symmetrically to amplify the stem cell pool that forms the ventricular zone (VZ).
This is followed by differentiation of neuroepithelial cells into the radial glia cells (RGs)

or apical progenitors, whose cell bodies reside in the VZ. Some RGs divide asymmetrically
to both self-renew and produce one neuron by a process called direct neurogenesis (dNG).
However, most RG asymmetric divisions generate intermediate progenitors (IPs), which
typically migrate to the subventricular zone (SVZ) and divide symmetrically to produce
two PNs; this process is called indirect neurogenesis (iNG). Newborn neurons migrate
radially toward the pial surface using RGs as a scaffold to reach their destination in the
cortical plate in an inside-out sequence. Thus, the spatial position of RGs within the VZ
across anterior-posterior (A-P) and medial-lateral (M-L) axes of the cerebral ventricle wall
determines the areal identity of their progeny PNs in the mature cortex, while PN birth order
broadly determines their laminar location [16, 18].

Beyond this basic scheme of cortical neurogenesis, a fundamental unresolved issue is

how cortical progenitors, especially RGs and IPs, give rise to the diversity of PN types
and their hierarchical organization. Since the Boulder Committee postulated [19] that a
single type of multipotent VVZ progenitor gives rise to all cortical neuron types, several
broad and competing models of cortical neural progenitor lineage organization and fate
specification have been proposed and examined over subsequent decades [16, 20]. Despite
the accumulation of multiple lines of experimental results using increasingly sophisticated
methods, there has been enduring debates on the validity of these models. In this brief
review, we highlight the mismatch in resolution between the fine-grained multi-modal
analysis of PN types in mature cortex and the developmental studies that distinguish “PN
types” largely based on their laminar location. We suggest that deciphering the progenitor
basis of PN diversity requires methods to track their developmental trajectories with cell
type resolution — from transcription factor-defined RGs to their PN progeny defined by
multimodal features from laminar location to projection patterns and gene expression. We
forecast how the integration of several emerging technologies may finally provide the much-
needed cell type trajectory resolution for discovering the progenitor basis of PN diversity.
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Multipotent progenitors with temporal competence to successively
generate all PN types

Across the embryonic cerebral ventricle, morphogen gradients induce multiple opposing
gradients of transcription factor (TF) expression in the VVZ neuroepithelial cells and RGs,
which shape the emergence of cortical areas [16, 18, 21]. A major unanswered question is
whether beyond these TF gradients, neighboring RGs within the same VZ region are largely
homogenous or are further differentiated into transcriptionally distinguishable pools with
different fate potentials.

A widely influential model of progenitor organization posits that a single lineage of RGs
generates all types of PNs and that the competence of a given RG to generate specific

types becomes progressively limited over the course of development [16, 20]. In support

of this model, classic transplantation experiments demonstrate that early-stage progenitors
transplanted into the late-stage cortex are capable of producing all types across cortical
layers, but late-stage progenitors transplanted into the early-stage cortex are competent
only to produce superficial-layer types [22-25]. In addition, retroviral lineage tracing
experiments show that single progenitors labelled early in corticogenesis are competent

to produce neurons across all layers, whereas progenitors labelled later in corticogenesis
mostly give rise to PNs residing in superficial layers [26-28]. Furthermore, /n vitro studies
using both primary dissociated cortical progenitors and embryonic stem cell-derived cortical
progenitors demonstrate that they autonomously recapitulate the sequential generation of

a number of PN types that are characteristic of corticogenesis /7 vivo [28, 29]. Perhaps

a bedrock observation in support of this model comes from genetic fate mapping and

clonal analysis in mice [30]. Mosaic Analysis with Double Markers (MADM) labels
subpopulations of clonal progeny arising from individual RGs with single cell resolution,
revealing that RGs sequentially produce distinct quanta of PN progeny as neurogenesis
proceeds and that early born progeny of individual RG clones often spanned cortical lamina
while later born progeny were restricted to upper layers. However, a major limitation of all
these previous studies is the coarse binary distinction of PN types according to upper or
lower layers, with minimal consideration of their projection targets or gene expression. For
example, the IT class of PNs resides across layers, and thus previous studies would not have
the resolution to identify a hypothetical RG subpopulation fated to produce only IT type
PNs. Furthermore, these prior studies also treat all RGs as genetically equivalent and do not
delineate between RG subsets based on differential gene expression patterns. For example,
MADM analysis used a single Emx1-CreER transgenic line to probe the RG population
[30], which may not represent endogenous £mxI expression pattern as a knock-in line
would provide, and also stopped short of testing the fate potential of RG pools defined by
other TFs with potentially more restricted expression patterns.

The hypothesis of a homogenous RG population in the VVZ that constitutes a uniform
progenitor pool assumes that individual RGs share a largely homogenous gene expression
profile, but this assumption has not been rigorously examined. Although a large set of TFs
are expressed in the VZ, many showing gradients across the A-P and M-L axes, transcription
profiles of individual RGs has only recently begun to be examined by sScRNAseq. Several
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recent studies report relatively homogenous gene expression among cortical progenitors [4,
31, 32]. However, the interpretation of these results is complicated by at least two factors.
First, the sequencing depth in these studies was relatively shallow, limiting the genetic
resolution of their transcription profiles; thus subtler differential gene expression may have
been missed or overlooked. Second, although global gene expression across RGs may be
relatively uniform, yielding a single cluster from transcriptional clustering algorithms, the
differential expression of even a single crucial TF could seed a distinct fate potential from
very early neurogenic stages. Thus, there may still be critical fate specifying differences in
gene expression among RGs that are simply insufficient to be detected by recent sequencing
and algorithmic detection strategies.

In summary, decades of studies using available experimental tools have together established
the foundational concept that RGs are a largely homogeneous, multipotent progenitor pool
that progressively regulates their temporal competence during cortical neurogenesis to
generate PNs that reside across cortical layers. On the other hand, none of these studies

so far exclude the possibility of multiple distinct pools of RGs, each of limited multipotency
but that still may demonstrate successive temporal competence during development to
generate different sets of PN types that can be resolved by their projection and gene
expression patterns.

Evidence for fate-restricted RGs

The possible presence of fate-restricted RGs was hinted at by the observation that a

number of TFs that mark predominantly upper- (e.g. Cux2) or lower-layer (e.g. Fezf2)

PNs are also expressed during neurogenesis in VZ progenitors [33-39]. These observations
suggested that some molecular differences that distinguish lower- and upper-layer PNs
might already coexist in subsets of RGs, and raised the possibility that neurogenic RGs
might be comprised of heterogeneous populations. Evidence for RG heterogeneity also came
from several genetic studies on the mechanisms governing the production of early-born
lower-layer neurons versus late-born upper-layer neurons. For example, the bHLH TFs Ngnl
and NgnZ2are required for the specification of regional and laminar fates of PNs during
lower-layer but not upper-layer neurogenesis [40]. Instead, specification of upper-layer

PNs requires Pax6and T/x[40]. In addition, FOXPL1 is expressed at high levels in RGs
during early neurogenesis and bias the production of PNs toward deep layer fates [41].
These studies suggest that distinct molecular pathways may control the basic differentiation
programs of RGs that differentially generate lower- and upper-layer excitatory neurons.

The first direct evidence for fate-restricted cortical progenitors was reported using genetic
fate mapping from Cux2-Creand Cux2-CreER mouse lines [42]. Cux2" RGs can be
identified even before the onset of neurogenesis and are intermingled with Cux2™ RGs
along the ventricular zone. Moreover, temporal lineage-tracing revealed that Cux2* RGs
generate PNs that predominantly reside in upper layers, whereas lower-layer neurons

tend to arise from Cux2~ RGs. Furthermore, Cux2" RGs are hypothesized to remain
primarily proliferative rather than neurogenic during early, lower-layer neurogenesis, and
then transition to produce significant numbers of upper-layer neurons at later stages [42].
These results suggest that at least one lineage of RGs may be restricted in its fate potential
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even before the onset of neurogenesis. Unfortunately, these results were contested due to
posited differences in transgene expression among different mouse strains, genetic drift
from different breeding strategies, and discordance between Cre and reporter expression
specifically in deep layers [43, 44]. Another factor that may have contributed to the
confusion and debate is that, similar to earlier studies, an emphasis on defining PNs

solely by their binary distinction as upper- versus of lower-layer PNs may have obscured
transcriptional and projection-based features that define PNs from a putative Cux2+ lineage.

Perhaps the most compelling evidence for fate-restricted progenitors came from a recent
study that distinguished two RG pools based on differential TF expression and distinguished
their PN progeny based on axon projection patterns [45]. The key technical innovation is

a genetic strategy that enabled fate mapping of RGs based on their differential expression

of two TFs, LHX2 and FEZF2, in the same animal. L/x2and Fezf2 play important roles

in cortical patterning and fate specification [46—48]. Combinatorial fate mapping using
Lhx2-CreER and Fezf2-Fip gene knock-in lines unequivocally demonstrate the coexistence
of highly intermixed LAx2"/FezfZ™ and LhxZ2"/FezfZ2" RG subpopulations from the early
period of neurogenesis. Strikingly, while the PN progeny from each RG pool are distributed
across cortical layers, they show a categorical distinction in projection patterns: whereas
Lhx2*| FezfZ - derived PNs project across the corpus callosum but not to subcortical regions,
Lhx2*| Fezf2*- derived PNs show the opposite pattern, projecting corticofugal axons to
subcortical regions but not to the contralateral cortex. These results provide unequivocal
evidence for the presence of separate TF-defined RG lineages that give rise to distinct
projection-defined PN types. Such fate-restricted RGs are likely also multipotent and
deploy their temporal competence to generate projection-defined PNs across layers. An
intriguing result is that LAx2'/Fezf2* progeny also include a set of upper-layer non-callosal
PNs, suggesting that “non-callosal” projections might define a prominent IT subclass that
includes both lower and upper layer PNs. A major question is whether these two RG pools
and the previously reported Cux2" RG pool represent minor and unusual exceptions to the
model of homogeneous, multipotent progenitors or whether they represent the tip of the
iceberg for uncovering the presence of multiple fate-restricted RG pools. In addition, the
relationship between the L/Ax2/Fezf2-defined and the potential Cux2-defined RGs remains to
be elucidated. A systematic fate mapping of TF-defined RGs and their mature PN progeny,
as defined by their transcriptome, morphology, and projection patterns should help address
these questions. The reliable targeting of TF-defined RGs and the developmental trajectory
of their PN progeny will further provide experimental access to explore the underlying
molecular genetic profiles and mechanisms.

Direct and indirect neurogenesis differentially contribute to PN diversity

Although apical RGs all reside in the VZ and can mediate direct neurogenesis (ANG), the
large majority of PNs in rodents and especially in primates are produced from indirect
neurogenesis (iNG) through intermediate progenitors (IPs) that reside largely in the SVZ.
During evolution, RG-mediated dNG originated before the emergence of vertebrates, while
IP-mediated iNG is thought to have originated in the last common ancestor of amniotes
and further diversified along the amniote lineage [49-51]. In mammals, RGs are ubiquitous
along the neural tube and generate neurons for the entire central nervous system, whereas
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IPs are restricted largely to the telencephalon that develops into a major part of the forebrain,
particularly the cerebral cortex [52]. Compared to rodents, primates demonstrate an even
greater expansion of IP subtypes in terms of both their transcriptomes and morphologies [53,
541, which may in turn have led to further expansion and diversity of cortical PN subtypes

in non-human primates and humans. While iNG clearly contributes to the amplification

of PNs, particularly upper-layer PNs [55-57], whether and how iNG contributes to PN
diversification is still largely unknown.

A recent study designed a mouse genetic fate-mapping method to differentially visualize
dNG and iNG in the same animal [58]. Within the neocortex, while dNG generates all major
IT, PT, and CT classes, iNG differentially amplifies and diversifies PN types within each
class, with disproportionally large contribution to the IT class. Importantly, dNG and iNG
derived PN subtypes across as well as within genetically defined major subpopulations are
extensively intermixed and show distinct projection patterns, indicating that they assemble
fine mosaics of lineage-specified and evolutionarily-rooted cortical subnetworks. These
results reveal the differential contribution of RG-dNG and IP-iNG to the diversification

of PN types and suggest a ground-level lineage framework for understanding cortical
development and evolution. When combined with the TF-based RG fate mapping methods
outlined above, the developmental script for cortical PN diversification may become clear.

Summary and perspective

The diversity of PNs contributes to the awesome computational power of cortical circuits
underlying a wide range of cortical functions. Recent single cell transcriptomic, anatomical,
and physiological studies have revealed over a hundred PN types and their hierarchical
organization. Understanding the developmental origin of this PN diversity will shed light on
the biological basis of PN classification and organization, and also provide the starting
point for studying the developmental assembly and plasticity of cortical circuits. The
difficulties of studying the developmental specification of PN types include their multi-
modal definitions and substantial diversity in the mature cortex, the complexity of progenitor
organization in the embryonic telencephalon, and the extensive and complex process linking
progenitor fate to PN postmitotic differentiation. The key challenge is to systematically
track this developmental trajectory with cell type resolution — from transcriptionally-defined
progenitor pools and their lineage progression to PN types defined by multi-modal features,
such as projection patterns and transcriptomic profiles.

Decades of studies have leveraged, but also are limited by, available methods to track

the relationship between cortical progenitors and their PN progeny. Classic transplantation
studies are limited to tissue level resolution and distinguished progenitors and PNs mainly
according to their spatial locations in VZ versus SVZ of the embryonic ventricle wall or in
upper versus lower cortical layers, respectively. Subsequent viral lineage tracing and genetic
fate mapping studies have achieved cellular and even clonal resolution yet are limited by
their lack of cell type resolution - they neither distinguish progenitors by gene expression
nor distinguish PNs by projection and transcriptome. Recent single-cell RNAseq analysis
across developmental stages provide pseudo-time lineage trajectories of transcriptionally-
defined cell populations [4, 31, 32], and the incorporation of cell-heritable viral barcodes
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provide additional information for tracing cell lineage relationships [59, 60]. However,

the resolution of cell types and their temporal relationship in these studies is limited by
sequencing depth and the use of statistical clustering algorithms across developmental
stages; thus, these inferred lineage relationships need to be validated by ground truth
datasets. Recent combinatorial genetic fate mapping [45, 58] begins to provide ground truth
lineage relationships between TF-defined RGs and projection-defined PNs. However, such
studies are currently constrained by the availability of driver lines and limited by scalability
and throughput.

Considering the strength and limitations of these emerging approaches, we suggest that

an integration of combinatorial genetic fate mapping and single-cell genomics and spatial
transcriptomics in mice may facilitate major progress in deciphering the progenitor basis

of PN diversity. For example, targeted sScRNAseq of fate-mapped PNs from TF-defined
progenitors across developmental stages will provide ground truth transcriptome trajectories
with bona fide lineage labels. Spatial transcriptomics of such fate-mapped samples will be
more scalable without the need to purify lineage-labeled PNs and will preserve their spatial
location and distribution patterns. Targeted single-cell ATACseq and chromatin mapping will
further reveal transcriptional cis-regulatory elements and their target genes in lineage-labeled
PN types. Such datasets with biological validity can be used to improve computational
algorithms that can then be applied to large scale datasets across species. Together, these
integrated studies may help elucidate the epigenomic landscapes, transcriptional trajectories,
and ultimately the developmental genetic programs embedded in progenitors that shape

the diversity of PN types and their organization. This knowledge will also facilitate
understanding the pathogenic mechanisms of neurodevelopmental disorders.
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Highlights

. the hierarchical organization of PN types is jointly defined by their
transcriptome, anatomy, and physiology

. lineage tracing needs to distinguish TF-defined RGs as well as projection- and
transcriptionally-defined PNs

. emerging evidence of fate-restricted RGs is not mutually exclusive with
models of multipotency and temporal competence

. direct and indirect neurogenesis differentially contribute to PN diversity
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Figure 1. Diversity of Glutamatergic PNs and models of PN diversification in the developing
neocortex

a. Sagittal schematic showing major PN classes and their projection targets to
intratelencephalic regions (IT, Red), subcerebral targets (PT, Blue), and thalamus (CT,
Yellow). C, cortex; SC, superior colliculus; Str, striatum; Th, thalamus; Pn, pons; Spd,
spinal cord. b. Schematic representation of major PN types based on their laminar
location and projection targets. c. Hierarchical organization of PN based on transcriptomic
profiles and projection targets in the neocortex. ET, Extratelencephalic; PT, Pyramidal
tract; CT, Corticothalamic. d. Sagittal schematic of embryonic mouse brain at E12.5
showing ventricular zone (Gray) where RG progenitors reside and differentiate. Model

of uniform multipotent progenitors, where a single lineage of RGs generates all types of
PNs and the competence of RG to generate specific types becomes progressively restricted
over the course of development. E. Model of fate-restricted progenitors, where distinct
lineages of RGs co-exist and are specified to generated different types of PNs. Cux2-
RGs are competent to generate layer 5-6 corticofugal PN while Cux2+ RGs generate

L2-4 corticocortical PN. F. Fate-mapping based on TF (Fezf2 and Lhx2)-defined RGs
derived PN population suggests the presence of fate-restricted progenitors [Ref.45]. PNs
generated from RGL/X2+Fezi2+ gre extratelencephalic (Green) while RGL/2+Feziz= derived
PN project to intratelencephalic regions (Red). Schematic representation of the use of
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spatial transcriptomics to reveal the molecular identity of fate-mapped PNs from TF-defined
progenitors (ET, Green; IT, Red). CFu, Corticofugal; CTh, Corticothalamic.
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Figure 2: Differential contribution of dNG and iNG to cortical PN diversity
a. Within the cerebral ventricular zone, RGs mediate direct neurogenesis (dNG, red) and

via IPs, indirect neurogenesis (iNG, green) to produce PNs (triangles). An intersection-
subtraction genetic fate-mapping scheme allows simultaneous visualization of dNG and
iNG [Ref.58]. b. Distinct genetic and projection defined PN types generated by dNG (red)
and iNG (green) across IT, PT and CT subcategories. The schematic summarizes inducible
PN driver lines used for this analysis as shown in the corresponding boxes with distinct
projections to different cortical targets [Ref.45, 58]. c. NG (red) generates PNs across
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layers in the IT, PT and CT categories, whereas iNG (green) differentially amplifies and
diversifies genetically defined PN types within each PN class. dNG- and iNG-derived PN
subcategories are highly intermixed and show distinct projection patterns both across and
within genetically defined subpopulations; thus dNG and iNG assemble a lineage-based fine
mosaic of cortical projections and possibly subnetworks.
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