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ABSTRACT/RESUMEN

ABSTRACT/RESUMEN

Development of the mammalian cerebral cortex, the cell types involved in this
process and their lineage relationships have been studied for years. Cortical
neurogenesis is viewed as a linear process where apical radial glial cells (aRGCs)
give rise to intermediate progenitors (IPCs), and these in turn give rise to
excitatory neurons (ENs). Thanks to advances in animal models and the
technology for their study, discoveries in recent years show that this a priori
simple process actually involves a greater diversity of neural progenitors and more
complex relationships than previosuly thought. But how this process is articulated
in gyrencephalic mammals (including humans), where the cerebral cortex
undergoes very significant expansion and folding, is unclear. In this PhD Thesis, |
have characterized the process of cortical neurogenesis in the gyrencephalic ferret
using single-cell RNA sequencing (scRNAseq) and cell lineage tracing technology
on isolated germinal layers. We have identified different transcriptomic classes of
radial glial cells (RGCs) that populate both the ventricular zone (VZ) and the outer
subventricular zone (OSVZ), plus an additional type of RGC thought to exist only in
the human cortex. We have found that this progenitor cell diversity establishes
parallel lineages that converge onto a single type of immature EN. We have also
found that the most immature clusters of ENs are prone to express genes related to
human malformations of cortical development, especially in the prospective gyrus.
Intriguingly, progenitor cell diversity is more similar between gyrencephalic
species (i.e. human, ferret) than with lissencephalic species (i.e. mouse). Finally,
we have found that the parallel lineages are conserved in human and ferret, while
they seem to have been simplified in mouse. My results contribute significantly to

our understanding of the evolution of cerebral cortex folding.
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ABSTRACT/RESUMEN

El desarrollo de la corteza cerebral en mamiferos, los tipos celulares involucrados
en este proceso y sus relaciones de linaje han sido objeto de estudio durante afios.
La neurogénesis cortical se considera un proceso lineal por el cual células de glia
radial apical (aRGCs, en inglés) dan lugar a progenitores intermedios (IPCs), y
estos a su vez a neuronas excitatorias (ENs). Gracias a los avances en modelos
animales y tecnologia para su estudio, los descubrimientos en los ultimos afios
muestran que este proceso a priori simple en realidad implica una mayor
diversidad de progenitores neuronales y relaciones mas complejas de lo que se
pensaba. Pero como se articula este proceso en mamiferos girencefalicos
(incluidos los seres humanos), en los que la corteza cerebral experimenta una
importante expansidon y plegamiento, no esta claro. En esta tesis doctoral, he
caracterizado el proceso de neurogénesis cortical en el hurén, mamifero
girencefalico, utilizando la secuenciacion de RNA en células tUnicas (scRNAseq) y
tecnologia de trazado de linaje celular en capas germinativas aisladas. Hemos
identificado diferentes clases transcriptémicas de células de glia radial (RGC) que
pueblan al mismo tiempo la zona ventricular (VZ) y la zona subventricular externa
(OSVZ), mas un tipo de RGC adicional que se pensaba que existia Unicamente en la
corteza del ser humano. Hemos encontrado que esta diversidad de células
progenitoras establece linajes paralelos que convergen en un solo tipo de EN
inmadura. También hemos encontrado que los grupos de ENs mas inmmaduras
son proclives a expresar genes relacionados con malformaciones del desarrollo
cortical en humanos, especialmente en la region del futuro giro.
Sorprendentemente, la diversidad de células progenitoras es mas similar entre
especies girencéfalicas (i.e. humano, hurén) que con especies lisencefalicas (i.e.
raton). Finalmente, hemos encontrado que los linajes paralelos estan conservados
en humano y hurén, mientras parecen haber sido simplificados en ratén. Mis
resultados contribuyen significativamente a la comprension de la evolucion del

plegamiento de la corteza cerebral.
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1. Neocortical histogenesis in mammals

The nervous system is a complex structure responsible for the reception,
integration and generation of responses of our body. It comprises two major
components: peripheral (spinal and cranial nerves, and ganglia) and central (tracts
and nuclei), that are located outside or inside the brain and spinal cord
respectively (Purves et al, 2004). In early development of the central nervous
system (CNS), the anterior region of the neural tube expands dramatically and
begins to be defined and specialized in the primary, and latter on the secondary,
vesicles (Puelles et al., 2013). The most anterior secondary vesicle is known as
telencephalon, which undergoes an exponential growth along embryonic
development and gives rise to the brain hemispheres (Shiraishi et al., 2015). The
internal cavities of the brain hemispheres, derived from the neural tube’s inner
space, are the lateral ventricles, where cerebrospinal fluid (CSF) flows (Purves et
al., 2004). The dorsal mantle of the brain hemispheres gives rise to the neocortex,
which is responsible for the integration of motor, perceptual and elaborated

cognitive functions (Kandel et al,, 2000).

The neocortex emerges from the cortical neuroepithelium (NE), a monolayer of
founding neural stem cells, or neuroepithelial cells (NECs), that are in contact with
the lateral ventricle (Bayer and Altman, 1991). Sauer in 1935 described a to-and-
fro movement of NECs nuclei throughout the thickness of this cortical primordium
in the course of the cell cycle (Sauer, 1935). During the Gap I (G1) cell-cycle phase,
the nucleus moves from the internal, apico-ventricular surface to the external,
basal face. Next, a DNA Synthesis (S) step occurs in the basal side, before the
nucleus descends again to the apical side during the Gap II (G2) phase, and finally
Mitosis (M) occurs at the ventricular surface. This process is called intekinetic
nuclear migration (INM) (Fig. 1A) and is asynchronous between neighboring NECs,
producing the illusory appearance of a stratified layer (Sauer, 1935; Sidman et al,,

1959).

25



INTRODUCTION

A Basal lamina

Interphase

Apical ventricle

B MZ I

/11

WM
VZ
NE VZ

FIGURE 1. Cortical development. (A) Movement described by the nucleus of
progenitor cells populating the NE and the VZ along cell cycle, known as
interkinetic nuclear migration. NEC/aRGC depicted in green, newborn excitatory
migrating neuron in purple. (B) Layering in the course of cortical development that
includes the CP formation following an inside-out pattern. G1, gap [; S, DNA
synthesis; G2, gap II; M, mitosis; NE, neuroepithelium; VZ, ventricular zone; PP,
preplate; SVZ, subventricular zone; IZ, intermediate zone; SP, subplate; CP, cortical
plate; MZ, marginal zone; WM, white matter. Adapted from Del-Valle-Anton and
Borrell, 2022.

At the onset of neurogenesis, the NE is gradually replaced by a new

pseudostratified layer, known as ventricular zone (VZ) (Fig. 1B), populated by
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radial glia cells (RGCs) (Noctor et al., 2002). The firstly born neurons accumulate
above the VZ and assemble into the primordial plexiform layer (PPL), also called
preplate (PP) (Marin-Padilla, 1971; Bystron et al, 2008). As neurogenesis
progresses, RGCs in the VZ produce a second type of progenitor cells that do not
carry out INM and accumulate in a second germinal layer, separated from the
lateral ventricle, named subventricular zone (SVZ) (Kershman, 1938; Angevine Jr.
et al., 1970; Bystron et al.,, 2008). As newborn excitatory neurons (ENs) emerge
from the VZ and the SVZ, they migrate radially and then accumulate in the cortical
plate (CP), a densely packed layer that splits the PP into the subplate (SP, below)
and the marginal zone (MZ, above) (Marin-Padilla, 1971; 1978; 1983). The MZ is a
layer with low cell density containing mostly Cajal-Retzius cells (Ramén y Cajal,
1890; Retzius, 1893; Kolliker, 1896), which sets an outer boundary for migratory
cortical neurons (Chai et al,, 2009). On the other hand, the SP is a transient layer
that facilitates the connection of the CP with other cortical and subcortical areas
(Bystron et al., 2008; Fleiss et al., 2018). The onset of the CP also brings forth a
heterogeneous layer above the SVZ called the intermediate zone (IZ) (Kershman,
1938; Stensaas 1967). It includes migrating ENs and inhibitory interneurons (INs),
as well as extrinsic axons (Bystron et al., 2008). Further on in development, the
newborn ENs that populated the CP mature while successive waves of newly
produced neurons migrate from the germinal layers towards the CP (Bayer and
Altman, 1991). Neurons build layers on top of each other in an inside-out pattern,
starting from the older layer VI to the youngest layer II (Angevine and Sidman,
1961; Rakic, 1974; Jackson et al., 1989). At the end of neurogenesis, the MZ
transforms into layer I by a progressive invasion of interneurons, dendritic arbors
and axons (Marin-Padilla and Marin-Padilla, 1982). Simultaneously, the IZ
becomes the white matter (WM) containing myelinated axons, and SP cells become
white matter interstitial neurons (WMINs) (Bystron et al, 2008; Sedmak and
Judas, 2021). This process finally results in a six-layered neocortex structure (Fig.

1B).
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2. Archetypal progenitor cells in mammals

As mentioned in the previous section, the early NE from the mammalian
telencephalon is composed by NECs (Bayer and Altman, 1991). These initial
progenitors are characterized by a bipolar morphology, with an apical process in
close connection with the lateral ventricle through adherens and tight junctions,
and a basal process in contact with the basal lamina (Bentivoglio and Mazzarello,
1999; Gotz and Huttner, 2005). The strong binding with the ventricle gives NE the
starting consistence to generate the cortex, and it adjusts any exchange with CSF
carried out through the primary cilia (Bentivoglio and Mazzarello, 1999; Lehtinen
and Walsh, 2011). NECs are also characterized by a high capacity of self-
amplification and are classically identified by the expression of SRY-box

transcription factor 2 (SOX2) and nestin (NES) proteins (Shimozaki, 2014).

At the beginning of neurogenesis, the NECs give rise to apical radial glia cells
(aRGCs), which maintain the bipolar structure with an apico-basal contact, but
whose basal process elongates as the cortex thickens, it develops lamellate
expansions and serves as the migratory substrate for newborn ENs (Rakic, 1972).
Similarly, aRGCs conserve adherens junctions between them at the apical site,
carry out INM (within the VZ) and express the gene NES at early stages (Gotz and
Huttner, 2005). However, aRGCs start expressing proteins related to their glial
nature such as glial fibrillary acidic protein (GFAP), vimentin (VIM), astrocyte-
specific glutamate transporter (SLC1A3, also known as GLAST), astrocytic calcium-
binding protein (S100B) and fatty acid binding protein (FABP7, also called BLBP),
and new proteins like paired box 6 (PAX6) (Hartfuss et al.,, 2001; G6tz and Huttner,
2005). Another glial feature that can be observed is the storage of glycogen in
granules at the tip of the basal process (Rakic, 1972). Their characteristic high self-
amplification capacity enables aRGCs to symmetrically divide, that is to produce
two daughter cells with the same cell fate, thus maintaining the pool of
progenitors. In addition, they can also asymmetrically self-renew and generate ENs
or other type of progenitor cells, known as basal progenitors. Finally aRGCs can
also carry out symmetric neurogenic divisions (Huttner and Kosodo, 2005; Gotz

and Huttner, 2005).
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Basal progenitors arise at late stages of neurogenesis and move their cell body to
the SVZ via a process called delamination (Sokpor et al, 2022). There are two
types of basal progenitor cells: basal radial glia cells (bRGCs) and intermediate
progenitor cells (IPCs). bRGCs have a unipolar morphology, by which they only
maintain the connection with the basal lamina and lose the adherens junction
apical connection (Fietz et al., 2010; Hansen et al, 2010; Reillo et al, 2011;
Shitamukai et al.,, 2011; Wang et al., 2011). This basal fiber is also used by newborn
ENs to migrate radially to the CP (Reillo et al, 2011; Lui et al, 2011). bRGCs
express the same proteins as aRGCs, as well as some specific signatures in certain
species at a particular developmental time, such as the homeodomain-only protein
(HOPX) in human from gestational week (GW) 18.2 (Pollen at al., 2015). They do
not carry out INM, however they effectuate a short movement towards the CP
before cytokinesis, known as mitotic somal translocation (MST), possibly enabling
the accumulation of bRGCs (Hansen et al., 2010; LaMonica et al., 2013; Gertz et al,,
2014). bRGCs have an unequal distribution across mammals that is directly related
to their amplifying capacity. In rodents, there are low numbers of bRGCs, which
symmetrically divide into two neurons, quickly exhausting their pool, while
primates and carnivores present a greater number of these cells that mostly self-
amplify and, to a lesser extent, generate IPCs (Gertz et al., 2014; De Juan Romero
and Borrell, 2015). Later on in development, this expanded pool of bRGCs will be
the major source of ENs in the primate and carnivore cortex (Fietz and Huttner,
2011). On the other hand, IPCs display a multipolar morphology with no apico-
basal contact, and therefore no adherens junction connection either (Haubensak et
al., 2004; Miyata et al., 2004; Noctor et al., 2004). IPCs do not exhibit INM nor MST
(LaMonica et al., 2013), and express eomesodermin (EOMES) but no glial markers
(Englund et al,, 2005). IPCs are highly neurogenic in all mammals, sometimes
preceded by a few rounds of self-renewing mitoses (De Juan Romero and Borrell,

2015).

3. Cellular mechanisms for cortex folding
An additional level of complexity in the developing mammalian cortex is its folding.

Cortex folding results in the formation of gyri (peaks) and sulci (valleys) along the
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cerebral surface, and it is a mammalian trait typically associated to large brains
(Lewitus et al., 2014). This characteristic has been secondarily lost in some species
during mammalian evolution, distinguishing between mammals with a folded
cortex (gyrencephalic) and with a smooth cortex (lissencephalic) (Kelava et al,,
2012; O'Leary et al, 2013; Lewitus et al, 2014; Heuer et al., 2019). Among
gyrencephalic mammals, we will specifically focus on the order of carnivores and
primates, with ferret and macaque/human as representatives. These will be

compared to mouse, a lissencephalic species in the order of rodents.

The specialization of ferret, macaque and human to build large folded brains stems
from the beginning of cortex development. The abundance of the NE founder cells
prior to neurogenesis is larger in species with a folded cortex (Rakic, 1995). Their
period of self-amplification is longer, allowing a greater amplification and larger
starting pool of aRGCs (Rakic, 1995). Likewise, the proliferative period of aRGCs is
also extended throughout neurogenesis in ferret compared to rodents, ultimately
conferring them a higher capacity to generate neurons (Martinez-Cerdefio et al,,

2006).

The relative thickness of the SVZ is greater in ferret, macaque and human
compared to mouse, containing the larger amount of basal progenitors produced
by aRGCs. This enlargement also leads to its specialization in two sublayers: the
inner subventricular zone (ISVZ) closer to the ventricle, and outer subventricular
zone (OSVZ) further away (Smart et al,, 2002; Zecevic et al., 2005; Reillo et al,,
2011). These layers contain IPCs and, more importantly, abundant self-amplifying
bRGCs (Gertz et al., 2014), specifically accumulated in areas of prospective gyri
(Reillo et al., 2011). In addition, the self-renewing potential of IPCs and bRGCs is
higher in gyrencephalic than lissencephalic species (Hansen et al., 2010; Betizeau
et al, 2013). Some studies have established a direct relationship between the
relative abundance of bRGCs in the OSVZ and the degree of cortex folding (Reillo et
al, 2011; Lui et al,, 2011; Nowakowski et al., 2016). Despite this correlation, bRGCs
are also present in the OSVZ of marmoset, a near lissencephalic primate (Garcia-
Moreno et al., 2012; Hevner and Haydar, 2012; Kelava et al,, 2012), likely due to a

process of evolutionary reversal (Kelava et al., 2012; Kelava et al.,, 2013). This
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means that a large number of bRGCs is key for cortex folding, but their mere

presence is not sufficient (Kelava et al., 2012; Kelava et al.,, 2013).

Gyrencephaly is additionally related to a large diversity of progenitor cell types.
Betizeau and colleagues described in 2013 that, in addition to the archetypal
progenitor cells (Fig. 2A), macaque embryos display three additional types of
bRGCs (Betizeau et al.,, 2013). The soma of these cells is located in the OSVZ and
they have different proliferative and neurogenic potentialities. Based on the
direction and number of their processes, bRGCs may have a basal process and an
apically directed process (bRGCs both-P), only one apically directed process
(bRGCs apical-P), or alternate phases having a basal and/or an apical process and
stages without any process (tbRGCs) (Fig. 2B). The direction in which these bRGC
morphotypes perform MST varies according to the position of their process: the
soma of bRGCs with an apical-P goes downward (towards the ventricle), while the
somas from bRGCs with both-P and tbRGCs goes as many times up as down. The
set of five types of basal progenitors populating macaque OSVZ (including
archetypal IPCs and bRGCs) can shift between them in a specific manner according
to developmental time (Betizeau et al., 2013). In the same year, Pilz and colleagues
demonstrated the presence of bRGCs with both-P and with apical-P in the ISVZ and
OSVZ of the ferret cortex (Pilz et al.,, 2013) (Fig. 2B). At late neurogenesis, these
bRGCs comprise 20% and 15% of the total mitotic cells in the ISVZ and OSVZ,
respectively (Pilz et al., 2013). In 2019, Kalebic and colleagues identified the bRGC
morphotypes containing both-P and apical-P in ferret cortex, and then also in
mouse and human (Fig. 2B), representing 30%, 8% and 36% of bRGCs respectively
(Kalebic et al., 2019). This team also observed two new bRGC types associated to
an increased proliferative capacity at mid-neurogenesis (human GW 11-16):
bRGCs with a bifurcated basal process (bRGCs 2-basal-P, following Betizeau's
nomenclature), and with an apical process and a bifurcated basal process (bRGCs
apical-2-basal-P) (Fig. 2B). These morphotypes were absent in the mouse cortex,
but they account for 5% of bRGCs in ferret and 19% of bRGCs in human (Kalebic et
al.,, 2019).
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FIGURE 2. Cortical progenitor cell types. (A) Archetypal progenitor cells found
in different proportions in mammals. (B) Specialized morphotypes of bRGCs
identified in human (purple), macaque (green), ferret (orange) and/or mouse
(blue). (C) Specialized morphotypes of apical progenitors found in human (purple),
ferret (orange) and/or mouse (blue). IPC, intermediate progenitor cell; bRGC, basal
radial glia cell; tbRGC, transient basal radial glia cell; bRGC both-P, basal radial glia
cell with basal and apical processes; bRGC apical-P, basal radial glia cell with apical
process; bRGC 2-basal-P, basal radial glia cell with bifurcated basal process; bRGC
apical-2-basal-P, basal radial glia cell with apical and bifurcated basal processes;
aRGC, apical radial glia cell; SAPs; subapical progenitors; SNPs; short neural
precursors; tRGC, truncated radial glia cell. Adapted from Del-Valle-Anton and
Borrell, 2022.

On the other side, Pilz et al. in 2013, also characterized a new type of apical
progenitors that carry out mitosis at a short distance from the ventricular surface
but whithin the VZ parenchyma, named subapical progenitors (SAPs) (Pilz et al,,
2013) (Fig. 2C). These are anchored to the ventricle but do not undergo INM, and
exhibit diverse morphologies including bipolar. SAPs constitute a minority of the
total number mitosis in mouse cortex at mid-neurogenesis, reaching 6%, however
they represent 30% of ferret mitosis at the VZ by late neurogenesis (Pilz et al,,
2013). Finally, Nowakowski and collagues detected a new human aRGC
morphotype that was named truncated RGC (tRGC) (Nowakowski et al., 2016) (Fig.

2C). These cells are in contact with the ventricular surface, as the archetypal aRGC,
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but their basal process ends abruptly at the OSVZ or onto blood vessels running
through the ISVZ. The basal fiber is sometimes horizontal to the ventricular
surface. These cells express crystallin alpha B (CRYAB) and replace aRGCs by mid-
neurogenesis (GW 17-18), when cortical layers II/III start their expansion (Sidman
and Rakic, 1973). The RGC fiber discontinuity between the VZ and the CP may be
behind the cortical folding in human (Nowakowski et al., 2016).

There are other progenitor morphotypes that have not been related to cortex
folding, but that further enrich the developmental relationships between cortical
cells. Among apical progenitors, whose soma is within the VZ and are in contact
with the ventricular surface, we find short neural precursors (SNPs) (Fig. 2C).
These progenitors have been described in mouse and ferret cortex, where they
have a short basal process limited to the VZ (Gal et al., 2006; Stancik et al., 2010;
Reillo et al., 2017), or, in the case of ferret, they completely lack a basal process
(Reillo et al., 2017). The Haydar laboratory posits that these progenitors express
tubulin alpha I (TUBA1) (Gal et al., 2006; Stancik et al.,, 2010). Unlike SAPs, SNPs
retract their basal process during mitosis, which takes place at the apical surface,
and mainly produce ENs by direct neurogenesis, becoming quickly depleted (Gal et
al., 2006; Stancik et al., 2010). Human tRGCs and mouse and ferret SNPs have been

suggested to be evolutionary related (Arai and Taverna, 2017).

Neuronal migration also has an impact on cortex folding. Newborn ENs use the
basal process of RGCs as physical substrate to move radially through the cortical
thickness (from the germinal zones (GZs) to the corresponding layer at the CP), a
process called radial migration (Rakic, 1972). The arrangement of bRGCs in the
ISVZ and OSVZ, without the adherens junctions that tightly hold aRGCs to the
ventricular surface, allows these cells to have their cell bodies relatively nearby,
while their basal processes contact the pial surface at very distant locations (Lui et
al, 2011; Borrell and Reillo, 2012) (Fig. 3A). Hence, newborn ENs radially
migrating on a bRGC process follow divergent trajectories, spreading tangentially
along the CP (Reillo et al, 2011). This fan-shaped dispersion favors the local
expansion of the cortical surface area and, thus, it facilitates the formation of folds

(Reillo et al., 2011) (Fig. 3A). The emergence of tRGCs in the embryonic human

33



INTRODUCTION

cortex by mid-neurogenesis leads to the formation of a gap between the VZ and CP,
enhancing the divergent arrangement of radial glia fibers (Nowakowski et al,,
2016). Additionally, the leading process of newborn neurons displays collateral
branches, which are greater in number in ferret compared to mouse (Martinez-
Martinez et al.,, 2019) (Fig. 34, B). This allows the lateral displacement of migrating
neurons from the basal process of the mother RGC to a neighboring one, mediating
an even greater tangential dispersion of the migrating neuron (Lui et al.,, 2011;
Gertz and Kriegstein, 2015; Martinez-Martinez et al., 2019) (Fig. 3A). In light of the
recent characterization of bRGCs with a bifurcated basal process (Kalebic et al,,
2019), this may represent a potential improvement to further promote neuronal

dispersion.

A Gyrencephalic cortex

FIGURE 3. Neuronal migration influence on cortical folding. (A) Gyrencephalic
mammalian cortex has a high proportion of bRGCs, whose close cell bodies
(depicted in yellow and magenta) can project to distant pial surfaces, thereby
forming the fan-shaped neuronal dispersion characteristic of gyri. Migrating
newborn neurons at the gyri have a branched leading process that enables their
lateral displacement between neighboring RGC processes. (B) Lissencephalic
mammalian cortex comprises a low proportion of bRGCs and a high number of
bipolar-shaped newborn neurons, thus promoting straight migratory trajectories.
OSVZ, outer subventricular zone; ISVZ, inner subventricular zone; VZ, ventricular
zone; SVZ, subventricular zone. Adapted from Del-Valle-Anton and Borrell, 2022.

34



INTRODUCTION

The gestational period correlates with the length of cortical neurogenesis (Lewitus
et al, 2014; Glatzle et al., 2017; Stepien et al, 2020). Longer gestational and
neurogenic periods are observed in species that develop large-sized, folded brains
(Kriegstein et al., 2006; Stepien et al., 2021). Moreover, the extended neurogenic
period enables a disproportionate generation of ENs populating layers II/III/IV
(called upper layers) with respect to layers V/VI (lower layers) (Sousa et al., 2017;
Stepien et al,, 2020; 2021). The expansion of upper layer neurons is especially
remarkable in the primate cortex, followed by carnivores compared to rodents
(Marin-Padilla, 1978; Hutsler et al, 2005; Molnar et al, 2006). The specific
impairment of upper layer neuronal migration by cell division protein kinase 5
(CDKS5) inhibition results in a decrease of cortical folding in ferret, while the same
manipulation in lower layers does not have an effect on gyrification (Shinmyo et

al, 2017).

All cellular mechanisms mentioned within this section are framed by the physical
forces that rule brain expansion. The higher growth rate of the superficial neuronal
layers with regard to the deep germinal layers triggers the tangential expansion of
the former (Kroenke and Bayly, 2018; Garcia et al, 2018). These two regions
display different viscoelasticity properties, related to their cellular and
extracellular matrix (ECM) composition (Karlinski and Reiner, 2018; Amin and
Borrell, 2020; Long and Huttner, 2022). The compression of this non-uniform
cortical structure by intracortical mechanical forces facilitates its folding (Richman

et al., 1975; Garcia et al,, 2018).

4. Genetic protomap of cortex folding

Within the complexity entailing cortex folding, thousands of genes are expressed in
a particular pattern along the cerebral cortex that is key for this process (Toro et
al., 2017; Matsumoto et al,, 2017b; Juan Romero et al., 2015). The presence of these
genes along the germinal layers delineate the regions where future gyri or sulci
will emerge, having opposite levels of expression in these areas (Toro et al., 2017;
Matsumoto et al, 2017b; Juan Romero et al, 2015). Accordingly, this gene

expression pattern was named protomap of cortical folding, emulating the
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terminology from the protomap hypothesis that posited the representation of
prospective cytoarchitectonic areas of the cortex at the early germinal layers

(Rakic, 1988).

An example of differentially expressed genes (DEGs) between prospective gyrus
and sulcus are fibronectin leucine rich transmembrane proteins 1 and 3
(FLRT1/3), two members of a family of cell adhesion molecules (Jackson el al,
2016; Toro et al,, 2017). In the developing ferret cortex, FLRT1/3 are more highly
expressed in the most caudal fold where primary visual cortex is located, known as
splenial gyrus (SG), compared to the neighboring lateral sulcus (LS) (Toro et al,,
2017). A very significant distinction among these areas is at PO in the OSVZ, prior
to the onset of folding, which is even increased by P6, when folding is already
visible in ferret cortex (Smart and McSherry, 1986; Toro et al, 2017). The
disruption of FLRT1/3 in mutant mice produces the ectopic development of sulci in
their otherwise smooth cortex, by imbalancing cell-cell adhesion and speeding the

migration of neurons to the CP (Toro etal., 2017).

Another group of genes that endorses the existence of a protomap of cortical
folding is the fibroblast growth factor receptor (FGFR) family (Matsumoto et al,,
2017b). FGFR2/3 have a regional arrangement in the OSVZ at E40 in ferret cortex
that coincides with the emerging gyri by P6 (Matsumoto et al.,, 2017b). The OSVZ
cells containing FGFR2/3 are predominantly bRGCs and FGFR3 ablation in ferret
cortex reduces their proliferation, leads to a decrease in upper layers thickness

and, ultimately, a reduction in cortical folding (Matsumoto et al., 2017b).

Lastly, a gene with proven importance for cortical progenitors, EOMES (also
known as TBR2), displays an expression pattern in accordance with the protomap
of cortical folding (Englund et al., 2005; Toda et al,, 2016; de Juan Romero et al,,
2015). In ferret OSVZ dorsal and caudal cortices at P2, EOMES shows pre-folding
modules of high expression (de Juan Romero et al,, 2015) (Fig. 4A). When folding
becomes discernible at P6, these modules overlay with the dorsal and caudal
pattern of circumvolutions (Fig. 4B), with the highest levels corresponding again to

the SG in the adult (de Juan Romero et al.,, 2015) (Fig. 4C). Similarly, the human
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frontal lobe at GW 16 and ventral temporal lobe at GW 21, prior to the process of
folding (Kinoshita et al., 2001), display significant variations in EOMES expression
at neighboring germinal layers (de Juan Romero et al., 2015). On the contrary,
Eomes is expressed in a continuous gradient in the lissencephalic mouse cortex (de

Juan Romero etal., 2015) (Fig. 4D).
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FIGURE 4. EOMES protomap of cortical folding along ferret development. (A)
Schema from P2 ferret cortical surface and sagittal section showing the spatial
correlation between EOMES expression (pink gradient) and the prospective
cortical gyri (dashed lines). (B) Schema from P6 ferret cortical surface and sagittal
section with emerging gyri overlapping EOMES expression. (C) Schema from adult
ferret cortical surface and sagittal section showing the overlapping localization of
EOMES expression with the ASG, PSG, LG and SG, with its highest expression within
the most caudal gyrus. (D) Schema from mouse cortical surface and sagittal section
exhibiting a continuous rostro-caudal gradient of Eomes expression. P, postnatal
day; R, rostral; C, caudal; ASG, anterior sigmoid gyrus; PSG, posterior sigmoid
gyrus; LG, lateral gyrus; SG, splenial gyrus. Adapted from Del-Valle-Anton and
Borrell, 2022.

5. Ferret for cortical modeling

So far, we have described the cellular and genetic processes enabling cortex
folding. On multiple occasions along the previous sections, we have found that
human cortex development and folding is closer to ferrets than rodents (Smart and

McSherry, 1986; Hutsler et al,, 2005; Martinez-Cerdefio et al.,, 2006; Reillo et al,,
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2011; Kelava et al.,, 2012; Pilz et al., 2013; Gertz et al., 2014; Gertz and Kriegstein,
2015; Juan Romero et al.,, 2015; Toda et al., 2016; Matsumoto et al., 2017b; Reillo et
al., 2017; Shinmyo et al., 2017; Toro et al.,, 2017; Kroenke and Bayly, 2018; Kalebic
et al,, 2019; Martinez-Martinez et al., 2019). Although mice and rats are essential
for scientific research, ferret is emerging as an invaluable model to understand
processes of brain development seemingly unique to human or primates, absent in

lissencephalic rodents.

Folding patterns across mammal phylogeny vary widely (Welker, 1990; Zilles et
al, 2013). Primary folds are the first to form, are deep, simple and conserved
across individuals from the same order, while secondary and tertiary folds are
more superficial and whimsical (Welker, 1990; Budday et al., 2015; Garcia el al,,
2018). The ferret is particularly valuable as a model for cortical folding because it
only develops stereotyped primary folds, so that prospective folding regions can
be identified before the process starts (Smart and McSherry, 1986; Welker, 1990).
In addition, cortex folding occurs postnatally in ferrets, starting circa P5, so the
physiological course of events and the researcher’s capacity to influence them can
be studied outside of the maternal womb (Smart and McSherry, 1986; Barnette et
al., 2009; Sawada and Watanabe, 2012; Gilardi and Kalebic, 2021).

The well-conserved patterns of primary folds by mammalian orders, especially
within monozygotic twins, lead to the notion that there is an important genetic
control of cortex folding (Welker, 1990; Lohmann et al.,, 1999; Lohmann et al,,
2008; Pizzagalli et al., 2020). The ferret genome has been sequenced and is
publicly available for omics research, proving to be genetically closer to human
than the mouse (Peng et al,, 2014). This has driven my host laboratory (the Borrell
lab) to take advantage of the stereotypic formation of the ferret SG and LS, and to
deeply characterize the genetic and cellular mechanisms that lead to their
formation (Reillo et al,, 2011; Nonaka-Kinoshita et al., 2013; de Juan Romero et al,,

2015; Reillo et al,, 2017; Toro et al., 2017; Martinez-Martinez et al., 2019).

The genetic mechanisms of cortex folding can be studied in ferret thanks to the

implementation of electroporation and viral vector delivery of DNA constructs,
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first postnatally and then in utero (Borrell et al,, 2010; Kawasaki et al., 2012a;
Kawasaki et al.,, 2012b; Nonaka-Kinoshita et al.,, 2013; Martinez-Martinez et al.,
2016). Transgenic ferrets have also been generated by somatic cell nuclear
transfer (SCNT), but this technique can be inaccessible in terms of cost-
effectiveness (Li et al.,, 2006; Sun et al,, 2008). Recently, mutant ferrets have been
generated by genome editing technologies such as transcription activator-like
effector nuclease (TALEN) and clustered regularly interspaced short palindromic
repeat (CRISPR)/CRISPR-associated 9 (Cas9) system (Johnson et al., 2018; Kou et
al,, 2015; Shinmyo et al,, 2017; Yu et al,, 2019; Giiven et al., 2020).

The above-mentioned strategies open the door to carry out in vivo developmental
studies of human malformations of cortical development (MCD) in ferrets. The
emergence of multiple small folds (polymicrogyria), a simplified gyral pattern
(lissencephaly) or smaller brain size with or without impact on gyral patterning
(microcephaly) are some examples of disorders that have been successfully
modeled in ferret (Bizzotto and Francis, 2015; Masuda et al,, 2015; Matsumoto et
al,, 2017a; Matsumoto et al.,, 2018; Kou et al., 2015; Poluch and Juliano, 2015;
Shinmyo et al., 2017; Matsumoto et al., 2017b; Johnson et al., 2018). Hence, these
studies promote the use of animal models with naturally folded cortex to

understand the etiology behind human brain development pathologies.

Other convenient characteristics for ferret housing such as their small size
(average body weight 800g for females and 1,500g for males), their relatively short
gestational period (39-42 days), and the abundant kits per litter (average of 8 kits,
from late March to early August), end up making the ferret a very suitable research

model for cortical folding (Lindeberg, 2008; Risi, 2014).

6. Technological race to describe single-cell diversity

Since the first characterization of a cell by Hooke as a result of his improvement in
compound microscopes (Hooke, 1665), scientists have always seeked to develop
new procedures to scrutinize cells. Histochemical stainings such as the silver

impregnation from Golgi and Ramoén y Cajal to describe cells from the nervous
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system (Golgi, 1898; Ramoén y Cajal, 1890), the invention of the electron
microscope by Ruska and Knoll to access cell organelles (Knoll and Ruska, 1932),
or the Sanger sequencing to determine cell genomic sequence (Sanger et al., 1977),
are a few examples of the interwoven progress of cell biology and technology along
history. Single-cell sequencing represents one of the last qualitative leaps forward
in the study of cell diversity. It makes use of fast and affordable next-generation
sequencing (NGS) technology for genetic profiling, and applies it to up to tens of

thousands of individual cells per sample (Dai et al., 2022).

Single-cell sequencing methods start in 2009 with Tang and colleagues (Svensson
et al.,, 2018; Zhang et al., 2022; Jia et al,, 2022) (Fig. 5). Tang’s method lies in the
manual collection of a cell under the microscope, lyse it to obtain its messenger
RNAs (mRNAs), retrotranscribe (RT) them into complementary DNAs (cDNAs),
amplify them by polymerase chain reaction (PCR), construct a library and
sequencing it (Tang et al, 2009). Since then, there has been an outbreak of
procedures towards isolating and characterizing cell types in an automated and
efficient manner, where the transcriptome has been the common currency

(Svensson et al,, 2018; Dai et al., 2022).
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FIGURE 5. Single-cell sequencing chronology. Number of individual cells
sequenced from 2009 to 2022 by single-cell transcriptome (red), genome (blue)
and epigenome (orange, green and purple) state-of-art technologies. Key single-
cell approaches are ordered by publication date. Adapted from Jia et al., 2022.
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The single-cell RNA sequencing (scRNAseq) technologies can target full-length
mRNAs or their 3’ or 5’ ends (Zhang et al,, 2022; Jia et al., 2022) (Fig. 5). The two
main approaches of cell isolation are split into: 1) Plate capture, normally by the
use of fluorescence-activated cell sorting (FACS) or microfluidics [like the widely
used technologies Smart-Seq (Switch Mechanism at the 5' End of RNA Templates
sequencing; Ramskold et al, 2012) or CEL-Seq (Cell Expression by Linear
amplification and Sequencing; Hashimshony et al, 2012)] (Fig. 5). 2) Cell
encapsulation in droplets [like Drop-seq (Droplet sequencing; Macosko et al,
2015) or 10x Genomics scRNAseq; Zheng et al., 2017)] (Fig. 5). The droplet-based
technology is able to retain a larger number of cells with lower sequencing depth
(Jia et al,, 2022), but there is no prior knowledge of any feature required to select
the cells. To do so, 10x Genomics scRNAseq conducts the individual cell lysis and
polyadenilated (poly(A)) mRNA RT steps inside an oily emulsion were there is a
gel bead (Zheng et al., 2017). This Gel bead-in-EMulsion (GEM) is shaped by a
standard I[llumina forward read coupled to a specific DNA barcode, a unique
molecular identifier (UMI) and an oligomer deoxythymidine (oligo(dt)) tail (Zheng
et al, 2017). The so-called 10x barcode is associated to all the cDNAs from the
individual cell during the RT, while the UMI is exclusive to each of its mRNA

molecules, helping latter to reduce PCR amplification noise (Zheng et al., 2017).

More recently, techniques directed to study genome, epigenome, proteome or
metabolome have been implemented, and even spatially resolved, for single cells
(Jia et al., 2022; Dai et al., 2022) (Fig. 5). As you are reading this, probably a new
technique to study single cells from a different perspective is stemming from a
scientist’'s head. Moreover, there is a clear trend to integrate multiple omics
information to fully characterize a cell type in all its complexity (Dai et al., 2022).

Undoubtedly, this will refine our definition of what is a cell type.

Developmental biologists want to unravel not only cell diversity but also the
relationships between cells. Developmental trajectories towards a specific cell fate
can be reconstructed from single-cell mRNA dynamics using prediction algorithms,
such as Monocle or RNA velocity (Kester and van Oudenaarden, 2018; Trapnell et

al., 2014; La Manno et al,, 2018). Furthermore, Trapnell and colleagues introduced
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the concept of “pseudotime” which gives each cell a value of the transcriptional
change that it had underwent regarding its position towards the final cell fate in
the trajectory (Trapnell et al.,, 2014). On the other side, lineage-tracing techniques
are able to tag progenitor cells and connect them with their descendants (Kester
and van Oudenaarden, 2018; Wagner and Klein, 2020). Live imaging of transgenic
fluorescent reporters has long been the methodology to track progenitor cell
divisions and their progeny behavior (Wagner and Klein, 2020). In recent years,
there have arisen successful procedures that use limitless DNA barcodes to
provide each progenitor with an exclusive heritable label for its clones that is
compatible with NGS (Kester and van Oudenaarden, 2018). These new lineage
approaches require genome editing to generate transgenic animals through
retroviral/transposon integration, Cre-loxP recombination or CRISPR/Cas9 editing
(Kester and van Oudenaarden, 2018; Wagner and Klein, 2020). TrackerSeq by
means of the piggyBac transposon system electroporation has made this technique
accessible for tagging mitotic progenitors in restricted brain areas (Bandler et al,,

2022).

scRNAseq, developmental trajectories and lineage tracing technology has brought
a significant progress for cortical development and evolution (Pollen et al., 2015;
Nowakowski et al.,, 2017; Johnson et al., 2018; Polioudakis et al, 2019; Li et al.,,
2020). The heterogeneity of cortical cells is growing as new transcriptional
features are being discovered (Johnson et al, 2015; Pollen et al, 2015;
Nowakowski et al.,, 2016; Nowakowski et al.,, 2017). In mouse, different types of
apical and basal progenitors have been sorted along a transcriptional continuum
that occurs during neurogenesis (Telley et al., 2016; Yuzwa et al., 2017; Telley et
al, 2019; Li et al,, 2020). The accumulation of mRNAs in their cytoplasm further
repressed before their translation into proteins, process known as transcriptional
priming, has being proposed as the cause behind the overlapping (Yuzwa et al,,
2017; Zahr et al,, 2018; Li et al, 2020). Within the subtle differences between
mouse progenitors, there is a key group of genes that leads newborn neuronal
diversity through sequential transcriptional programs (Telley et al., 2016; Telley et
al, 2019). For example, Eomes is behind the shift between apical to basal

progenitors and the potential acquisition of a specific neuronal lineage identity (Li
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et al., 2020). Final neuronal fate is also the result of their response to extracellular

signals (Telley et al., 2019).

As in mouse, human developmental trajectories also show a continuous track
towards neuronal differentiation (Polioudakis et al, 2019). Human progenitors
have a window of time at the end of G1 cell-cycle phase from which they take a cell
fate decision (e.g. aRGC = aRGC + basal progenitor; or aRGC = aRGC + neuron; or
basal progenitor = basal progenitor + neuron; etc) that they carry with them by
displaying overlapping transcriptomes of the two different cell types until nearly
the end of mitosis (Polioudakis et al., 2019). Human scRNAseq also showed crucial
differences between progenitors that define their behavior (Pollen et al., 2015; Liu
et al,, 2016). In contrast to aRGC, bRGC contain high abundance of transcripts for
growth factor production and membrane proteins that interact with ECM
components and trigger intracellular cascades that ultimately reinforce their
proliferative capacity (Pollen et al.,, 2015). RGC proliferation is also regulated by
particular long non-coding RNAs (IncRNAs) (Liu et al,, 2016). Moreover, human
scRNAseq analyses uncovered the presence of CRYAB in apical progenitors for the
first time, which definitely aided in the discovery of the new aRGC morphotype
known as tRGC (Pollen et al, 2015; Nowakowski et al, 2016). The high
proliferative capacity and this specialized progenitor morphotype are direct
causes of human cortical expansion and folding (Pollen et al., 2015; Nowakowski et

al, 2016).

So far, ferret scRNAseq data has only been published as a model of human
respiratory and cortical disease (Lee et al., 2021; Johnson et al., 2018), due to the
greater similarity between human and ferret cells compared to rodents in these
two systems (Johnson-Delaney and Orosz, 2011; Johnson et al., 2015). Ferret
modeling of microcephaly by knocking out (KO) abnormal spindle-like
microcephaly-associated (ASPM) gene has been proved very valuable in the
characterization of the developmental curse of the disease (Johnson et al., 2018).
KO ferrets showed an increase in IPCs and oligodendrocyte progenitor cells
(OPCs), while the total number of RGCs was preserved (Johnson et al., 2018).

Transcriptomically RGC types were indistinguishable; however, there was an early
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delamination of aRGCs to the OSVZ, increasing bRGC proportion prematurely
(Johnson et al., 2018). Misregulation of basal progenitor generation resulted in a

smaller brain size (Johnson et al., 2018).
Despite the proven usefulness of ferret as a model for the study of cerebral cortex

physiological development and its folding, there are no scRNAseq analyses or high

throughput lineage studies addressing this topic.
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OBJECTIVES

The main aim of this PhD project was to fully characterize the diversity of cells
populating two germinal layers essential for cortical development: VZ and OSVZ.
We also pursued the detailed description of the relationships between the main
players within cortical expansion: RGCs and ENs. Finally, our intent was to study
the conservation of the above features along mammalian phylogeny. To this end,

we focused on the following specific objectives:

1. To build a single-cell transcriptomic atlas of ferret germinal layers at key

developmental stages for cortical expansion and folding.

2. To identify markers for the main RGC types and validate them.

3. To reconstruct RGC transcriptomic trajectories towards generating cortical

ENs, and validate their existence as lineages.

4. To conduct a comparative study of ferret cortical progenitor cell types with
mouse and human using public single-cell datasets at equivalent

developmental stages.

5. To investigate the conservation of ferret transcriptomic trajectories in

mouse and human scRNAseq data.
6. To characterize the diversity of excitatory neurons in the developing ferret

cortex and their relationship to human malformations of -cortical

development.
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MATERIALS AND METHODS

1. Animals

Pregnant pigmented ferrets (Mustela putorius furo) were obtained from
Euroferrets (Denmark) and kept on a 12:12-h light:dark cycle at the Animal
Research Facility (SEA) of the Miguel Hernandez University (UMH). All animals
were treated according to Spanish and European regulations. Experimental
protocols were approved by the Institutional Animal Care and Use Committee

(IACUC) from the Spanish Council for Scientific Research (CSIC).

2. Brain extraction and microdissection

For single-cell experiments, embryonic day (E) 34 ferret embryos were obtained
by cesarean section of timed-pregnant females under deep anesthesia with sodium
pentobarbital (Dolethal, Vetoquinol). E34 ferret embryos and postnatal day (P) 1
kits were anesthetized and decapitated. The brains were extracted; meninges,
choroid plexus, cervical spinal cord and cerebellum were removed in cold
Leibovitz’s (1X) L-15 medium with L-Glutamine, without pH indicator (Gibco).
Telencephalic hemispheres were split by the midline and embedded in 4% low
melting agarose (SeaPlaque, Lonza) diluted in autoclaved phosphate buffered
saline (PBS) (1X) within histology square molds (Peel-A-Way, Polysciences).
Agarose blocks containing each brain hemisphere were vibratome-cut (Leica
VT1000S) in ice-cold L-15 medium obtaining 300pum-thick sagittal slices. Living
cortical slices were further microdissected under a dissecting scope equipped with
transmitted illumination (Leica MS5) using microsurgical knives (MSP) in ice-cold
L-15 medium. The VZ of E34 embryos and P1 kits, and the OSVZ of P1 kits, were
isolated from the prospective SG and LS. The prospective SG was recognized as the
region where the caudal end of the cortex curves back forming a 452 angle over the
hippocampal region; LS was identified as the cortical region overlying the
hippocampus immediately caudal to the dentate gyrus. The use of these landmarks
as faithful indicators of LS and SG has been demonstrated previously by means of
cell lineage tracing (Reillo et al., 2011; Borrell et al, 2010), dye tracing and
tracking of the radial fiber scaffold in the developing ferret cortex (Reillo et al,,

2011). We identified the VZ as the most cell-dense, opaque layer, extending from
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the apical side of the cortex; the OSVZ was determined as the bottom half of a
translucent zone located between two cell-dense layers: the apically located ISVZ
and the basal CP (Fig. 1B). The microdissected tissue pieces were transferred to
2ml DNA LoBind tubes (Eppendorf) using a P20 pipette (Gilson) with RNase-free
filter pipette tips (JETbiofil). Each E34 sample comprises the microdissected
regions of 2 to 4 embryos from the same litter (n = 4 litters). P1 samples are

composed of 1 animal per litter (n =5 litters).

3. Single-cell suspension, cell concentration and sample viability

Tissue pieces were enzymatically dissociated for 20-30min at 372C using MACS
Neural Tissue Dissociation Kit P (Miltenyi Biotec) according to the manufacturer’s
instructions. Cells were mechanically suspended using a wide-tipped, fire-polished
Pasteur pipette (Fisher Scientific) followed by a P1000 pipette (Gilson). Cell
suspensions were filtered to new 2ml DNA LoBind tubes (Eppendorf) through
40um PluriStrainer Mini (PluriSelect), pre-wet with Hank’s Balanced Salt Solution
(1X) without CaCl2/MgCl2/pH indicator (HBSS, Gibco). Cells were centrifuged
(Spectrafuge 24D, Labnet) 2 times for 5min at 1000rpm, and cell pellets were
resuspended in 40ul of PBS ph7.4 (1X) without CaCl2/MgCl2 (Gibco) containing
0.04% Bovine Serum Albumin (BSA, Sigma-Aldrich). Cell concentration from
homogeneous suspensions was measured and cell death was estimated twice
using trypan blue 0.4% stain (Thermo Fisher Scientific): first on an automatic cell
counter (Countess II FL, Thermo Fisher Scientific) and second using a
hemocytometer (BLAUBRAND Neubauer, BRAND) on an inverted microscope
(Leica DM IL). Debris-free suspensions with cell viability over 90% used

immediately for single-cell isolation.

4. Single-cell isolation and cDNA library preparation

Cell suspensions from 400 to 1200 cells/ul were loaded into the Chromium Single
Cell Controller (10x Genomics) to target a recovery from 7k to 10k cells/sample.
Single-cell GEMs were generated, cells were lysed and the released RNAs were RT
and barcoded inside the GEMs according to Single Cell 3’ Reagent Kits v2 and v3
(10x Genomics) protocols. After GEMs break, barcoded cDNAs were pooled and

cleaned from leftover RT reagents using DynaBeads MyOne Silane Beads

48



MATERIALS AND METHODS

(Invitrogen), and amplified (8 to 14 cycles) according to Single Cell 3’ Reagent Kits
v2 and v3 (10x Genomics) protocols. Enzymatic fragmentation, size selection and
cleanup with SPRIselect Reagent kit (Beckman Coulter) were followed by library
construction compatible with standard [llumina sequencing constructs (12 to 16
total sample index cycles). All steps were performed according to Single Cell 3’
Reagent Kits v2 and v3 (10x Genomics) protocols.

During the process, cDNA and library concentration and quality check
(QC) were assessed using Bioanalyzer High Sensitivity DNA Kit (Agilent) and 2100
Expert Software (Agilent).

Libraries for a total of 18 samples (E34VZSG n = 3, E34VZLS n = 3, P1VZSG
n=3,P1VZLS n =3, P10SVZSG n = 3, P10OSVZLS n = 3) were generated.

5. Library sequencing

Libraries were sequenced in the Centre of Genomic Regulation (CRG; Barcelona,
Spain) on an Illumina HiSeq2500 system with 1 sample/lane, paired-end (125bp
R1 and R2 or 50bp R1 100bp R2Z) reads. QC on the raw sequence data was
performed by FastQC-0.11.8.

6. Genome alignment
Ferret gene annotation from Johnson et al, 2018, comprising Ensembl Mustela
putorius furo annotation expanded with bulk RNAseq data, was further enriched
with NCBI's RefSeq mitochondrial genes from Mustela putorius furo annotation
release 101 and transformed from general feature format (GFF3) into gene
transfer format (GTF) using Cufflinks-2.2.1 (Trapnell et al, 2010). Johnson's
GenBank accessions were matched to RefSeq accessions through cthreepo-0.1.1
and gene_name and transcript_name attibutes were added to GTF rows where they
were missing by appending gene_id and transcript_id entries using Dylan Kotliar’s
code.

Cell barcodes were corrected, scRNAseq reads were mapped to NCBI
ferret reference genome (MusPutFurl.0/GCF_000215625.1) and UMIs were
collapsed and corrected by STAR-2.7.3a (Dobin et al, 2013) adapting the

parameters to v2 or v3 10x Genomics chemistry, depending on the sample.
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7. Cell barcode filtering

Count matrices from each sample were loaded and cell-containing droplets were
identified and distinguished from empty droplets retaining ambient RNA by
DropletUtils-1.6.1 (Lun et al., 2019). To achieve this, barcode ranks from the total
UMI count were calculated and knee and inflexion points from the curve were
established (Fig. S1A). Increased niters argument to 100,000, and decreased false
discovery rate (FDR) to 0.1% were applied to all samples. A lower bound of 80
was implemented for replicates P1VZLS_1 and E34VZSG_1. Mitochondrial genes
were removed before cell calling for replicates E34VZLS_2, P1VZSG_2, P1VZLS_3,
P10SVZSG_1 and P10SVZLS_1 to promote potential unhealthy cell removal using
Aaron Lun proposal implemented by Alex Pickering’s code. This reduced the
differences between droplets containing broken cells and ambient RNA, and
sharpened the distinction from healthy cell-containing droplets. The automatic
retention of droplets with large total UMI counts (determined by the knee point)
was disabled for replicate P1VZLS_3. The distribution of p-values for the

categorized empty droplets was computed for each sample (Fig. S1A).

8. Cell quality assessment

Seurat-3.1.5 software (Stuart et al, 2019) was used to merge samples, add
sample’s metadata and further select high quality cells from the filtered cell
barcodes. All cells included in this study had > 500 UMIs (Fig. S1C, E) and > 250
genes (Fig. S1D, E) per cell, and < 15% of reads mapping to mitochondrial genes
(Fig. S1G). Genes were included if they were expressed in a minimum of 10 cells.
An adaptive threshold was applied for the maximum number of genes, which
consisted on keeping cells with < 3 standard deviations (SD) above the mean
number of genes detected for each sample (Fig. S1B). This cell selection resulted in
a total of 16,227 genes from 111,291 high quality cells retained for downstream

scRNAseq analyses.

9. Normalization, regression and sample integration
Samples were preliminarily evaluated for the effects of biological (litter, age,
dissecting area, layer) and technical covariates (10x Genomics chemistry,

sequencing batch, sequencing depth). Cell-cycle phase for differentiating cells was
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assessed by assigning S and G2/M scores to normalized cell counts using an
imported list of ferret cell-cycle stage markers and Seurat-3.1.5 (Stuart et al,, 2019)
‘CellCycleScoring’ function.

The merged object was split into a list divided by batch with each litter as
an element and normalization was performed along with regressing out cell-cycle
difference between S and G2/M scores and mitochondrial mapping percentage
variables by Seurat’s ‘SCTransform’ (Hafemeister and Satija, 2019). 5,000 variable
genes and scaled data output matrices containing variable and non-variable genes
(return.only.var.genes = FALSE) were selected for downstream analyses. Sample

integration was performed using 5,000 genes for anchoring (Stuart et al., 2019).

10. Clustering and resolution

Seurat-3.1.5 software (Stuart et al, 2019) was used to perform Principal
component analysis (PCA) of the integrated dataset. An elbow plot of the SD from
the first 100 Principal Components (PCs) was traced. The threshold identifying the
majority of the sample’s variation was established at 32PCs +/- 5PCs. K-nearest
neighbors (KNN) graph construction for cell clustering was tested for 27, 32 and
37PCs, together with different resolutions (0.5, 0.8, 1.1, 1.4, 1.7, 2.1) using Seurat’s
‘FindNeighbors’ and ‘FindClusters’ functions. Clustree-0.4.2 (Zappia and Oshlack,
2018) enabled the visualization of the relationships between clusters by the
increasing resolution. Resolutions were ruled out when cells comprising one
cluster where coming from > 2 clusters from the previous resolution or did not
constitute an independent cluster in the following resolution. 37PC and 1.1
resolution values were selected for cell clustering (Fig. S2A). Results were
visualized using t-distributed stochastic neighbor embedding (t-SNE) and uniform

manifold approximation and projection (UMAP) dimensional reductions.

11. Cluster quality assessment

t-SNE plots were colored by metadata to check cell distribution using Seurat-3.1.5
software (Stuart et al., 2019). Although the great majority of cells were shuffled,
and therefore free from confounding sources of unwanted variation, clusters 5, 12,
21 and 27 stood out for 10x Genomics chemistry (Fig. S2B), sequencing batch (Fig.

S2C) and/or litter (Fig. S2D) variables. Further examination of these clusters
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showed that indeed clusters 5, 12 and 27 did not include cells from all biological
replicates from the same condition, but mostly cells from a single litter (Fig. S2E).
These three cell clusters were considered litter-specific and were not included in
downstream analyses (in grey in Fig. 1C, Fig. S3A).

PCA confirmed the removal of S/G2/M cell-cycle phase differences
(performed as explained above: Normalization, regression and sample
integration), while maintaining the distinction between cycling (S/G2/M) and non-

cycling (G1) cells (Fig. S2F).

12. Cell type identity identification

Cluster composition was homogeneous across conditions, without clusters being
specific to a certain age, layer or region; therefore cluster markers were computed
by ‘FindConservedMarkers’ function in Seurat-3.1.5 (Stuart et al.,, 2019). In brief,
this function firstly segregated cells by condition and then carried out differential
gene expression analyses for each cluster against all others on the normalized data
matrix from the object’s RNA assay. Wilcoxon Rank Sum test was used together
with the following parameters: only positive genes were reported (only.pos =
TRUE), genes detected in >= 10% of the cells in either of the two compared cell
groups were tested (min.pct = 0.1), and genes with a log2 fold change (FC) >= 0.25
of average expression between the two compared cell groups were checked
(logfc.threshold = 0.25). Gene-level p-values were calculated for each condition as
well as a combined p-value across them. Top 20 markers by average FC with the
largest p-value <= 0.05 across conditions were extracted for each cluster and
evaluated to identify cell types. Canonical markers for known cell identities during
cortical development were explored (Wonders et al., 2006; Martinez-Cerdefio et
al, 2012; Cauli et al,, 2014; Johnson et al., 2015; Pollen et al., 2015; Telley et al,,
2016; Nowakowski et al., 2017; Yuzwa et al., 2017; Florio et al., 2018; Johnson et
al,, 2018; Lim et al,, 2018; Mi et al.,, 2018; Mizrak et al.,, 2019; Polioudakis et al.,
2019; Telley et al,, 2019; Vaid and Huttner, 2020; Eze et al.,, 2021; Safran et al,,
2022; Irvin et al.,, 2001; Attardo et al., 2008; Li and Zhang, 2009; Graczyk and
Les$niak, 2014; Yamada et al., 2014; Azzarelli et al., 2015; Nowakowski et al., 2016;
Aiken et al,, 2017; Nemes et al,, 2017; Rasmussen et al., 2017; Willems et al., 2018;
Camargo Ortega et al., 2019; Kalebic et al., 2019; Bertacchi et al., 2020; Matsumoto
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et al., 2020; Kyrousi et al, 2021). Identified cell types were assigned to the
different clusters (Fig. S3B) and clusters 5, 12 and 27 where removed (as

explained above: Cluster quality assessment), remaining a total of 101,811 cells.

13. DEG analyses and cluster enrichment
DEGs between two cell groups were obtained by Seurat’s function ‘FindMarkers’
(Stuart et al., 2019) on the normalized data matrix from the object’s RNA assay.
This function constructed a logistic regression model out of the expression from
each gene to predict cell membership and used a likelihood ratio to compare the
built model to a null one where the cell membership does not depend on gene
expression. Cell phase S and G2/M scores, mitochondrial mapping percentage,
sequencing depth, 10x Genomics chemistry, sequencing batch and litter were
selected as latent variables. Additionally, the following parameters were applied:
positive and negative genes were reported (only.pos = FALSE), genes detected in
>= 10% of the cells in either of the two compared cell groups were tested (min.pct
= 0.1), and genes with a log2 FC >= 0.25 of average expression between the two
compared cell groups were checked (logfc.threshold = 0.25). The obtained DEG list
was subsequently filtered (Fig. 1G, Fig. 6E, Fig. S5) by the following criteria: gene
detected in >= 44.5% of cells from the first group (pct.1 >= 0.445), gene difference
>= 14.5% between the two groups (pct.1-pct.2 >= 0.145), log2FC >= 0.445 of the
average expression between the two groups (avg_logFC >= 0.445) and p-value
adjusted <= 0.05 based on Bonferroni correction using the total number of genes in
the dataset (p_val_adj <= 0.05).

To identify cluster enrichment, the percentage of RGCs (Fig. 2A) or IPCs
(Fig. S4C) per cluster for each replicate was normalized and log2FC from the mean

between replicates for each cluster was calculated.

14. Subset analyses

Distinct subsets of the dataset were selected from the RGC or IPC-newborn EN
clusters. The RNA assay was kept by the ‘DietSeurat’ function (Stuart et al., 2019)
to be re-analyzed as detailed above (Normalization, regression and sample

integration; Clustering and resolution; Cluster quality assessment; Cell type
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identity identification; DEG analyses and cluster enrichment) with the following
adjusted parameters:

P1 RGC clusters 8 and 16 (Fig. 2B-], P-Q; Fig. S8A; Fig. S9-S13) -

Integration nfeatures = 4000, Clustering dims = 1:26, resolution = 1.4, Cluster
marker identification by ‘FindAllMarkers’, DEG filtering criteria 1) for cluster 8 or
16 VZ-OSVZ analyses and 2) for cluster 8 or 16 SG-LS enriched subcluster analyses
(SG subclusters 1, 2, 9; LS subclusters 3, 4, 6): pct.1 >= 0.2, pct.1/pct.2 >= 1.45,
p_val_adj <= 0.05, pct.2 <= 0.05 (for cluster 16 VZ-OSVZ comparison) and <= 0.1
(for cluster 8 LS-SG comparison), p_val <= 0.05 (for cluster 16 OSVZ-VZ
comparison), log2FC from the number of cells of each cluster per condition for

each replicate.

[PC-newborn EN (Fig. 7, Fig. S20) - Normalization vars.to.regress =
c("S.Score", "G2M.Score", "percent.mt"), Integration nfeatures = 4000, Clustering
dims = 1:33, resolution = 1.4, Cluster marker identification by ‘FindAllMarkers’, QC
cluster 21 removed, log2FC from the number of cells of each cluster per condition
for each replicate, Canonical markers from Krishna et al., 2009; Molyneaux et al.,
2009; Rowell et al., 2010; Zeng et al,, 2012; Toma and Hanashima, 2015; Lake et
al,, 2016; Nomura et al,, 2018; Di Bella et al,, 2021; Tutukova et al., 2021; Safran et
al, 2022; Castellani et al., 1998; Tarabykin et al,, 2000; Krajewska et al., 2002;
Uittenbogaard and Chiaramello, 2002; Demyanenko et al., 2004; Oldham et al,,
2008; Dahlin et al.,, 2009; de Olmos et al., 2009; Jeong et al., 2009; Brusés, 2010;
Hoeck et al.,, 2010; McNair et al., 2010; de Carcer et al., 2011; Hertel and Redies,
2011; Huang et al, 2011; Valles et al,, 2011; Balamotis et al., 2012; O’Dell et al,,
2012; Sato et al,, 2012; Tanaka et al,, 2012; DeBoer et al,, 2013; Gory-Fauré et al,,
2014; Matsumoto et al., 2014; Azzarelli et al., 2015; Johnson et al., 2015; Pollen et
al,, 2015; Fiorentino et al,, 2016; Lin and Lee, 2016; Lin-Hendel et al., 2016; Aiken
et al, 2017; Nowakowski et al,, 2017; Rasmussen et al., 2017; van den Berg et al,,
2017; Baizabal et al., 2018; Hasenpusch-Theil et al.,, 2018; Johnson et al., 2018; Mi
et al,, 2018; Wang et al,, 2018; Cadwell et al.,, 2019; Kalebic et al., 2019; Khan et al,,
2019; Klingler et al,, 2019; Polioudakis et al., 2019; Telley et al., 2019; Han et al,,
2020; Popovitchenko et al., 2020; Bedogni and Hevner, 2021; Choi and An, 2021;
Kita et al,, 2021; Manganas et al., 2021; Moon and Zhao, 2021; Moreau et al,, 2021;
Zhang et al,, 2021; Zhang et al,, 2021; Clark et al., 2022.
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RGC with partial cell-cycle regression (Fig. S7A) - Integration nfeatures =

4000.

RGC with total cell-cycle regression (Fig. S7A) - Normalization
vars.to.regress = c("S.Score", "G2M.Score", "percent.mt"), Integration nfeatures =

4000.

15. Cell-cycle regression analyses
Complete cell-cycle regression was performed on the full dataset during the
normalization step [vars.to.regress = c("S.Score", "G2M.Score", "percent.mt")] in
order to compare it with partial cell-cycle regression output (see Fig. S7B).
Downstream analyses were carried out as detailed above (Normalization,
regression and sample integration; Clustering and resolution; Cluster quality
assessment) with the following adjusted parameters: Clustering dims = 1:42;
resolution = 1.4; QC clusters 7, 17 and 30 removed.

Likewise, complete cell-cycle regression was performed on the RGC subset

(Fig. S7A; for specific parameters see Subset analyses section).

16. Functional enrichment analyses

Pathway enrichment analyses were performed for the identified hub cell types
using ReactomeGSA-1.8.0 (Griss et al., 2020), with Reactome database versions 79
and 80. For the subset of ferret P1 RGC clusters 8 and 16, (Fig. S9), ferret gene
name nomenclature was standardized to capital letters. For the species integrated
dataset (Fig. 5H, Fig. S17C), concurrent high-confidence orthologs in the three
species were selected. Mean gene expression of the RNA-assay normalized data
matrix for the compared cell groups was calculated and gene set variation analysis
(GSVA) was performed. This analysis does not assign statistical significance for the
enrichment of gene sets. Pathway-level expression values were sorted by the
maximum difference between cell groups and the first 25 pathways were selected
for heatmap plotting. PCA for the pathway-level expression values was run for the

species dataset.
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17. Trajectory analyses

Cells belonging to the glutamatergic neuronal lineage (from progenitor cells to EN;
Fig. 1D) were selected. Clustering and partition metadata entries
(monocle3_clusters, monocle3_partitions = 1) were assigned to the Seurat object
for subsequent analyses with the Monocle package, and UMAP dimensional
reduction for downstream 3D rendering was carried out. Seurat-Wrappers-0.3.0
was used to convert the RNA assay from the Seurat object into a CellDataSet (cds)
class. Trajectories were constructed by ‘learn_graph’ function from Monocle3-
0.2.2.0 (Trapnell et al., 2014; Qiu et al,, 2017; Cao et al.,, 2019) (Fig. 3A, B). Cells of
origin for the trajectories were identified as the center of RGC clusters with the
highest G2/M score using a graphical user interface (GUI). Monocle’s pseudotime
analyses ordered cells along the trajectories according to their progress through
the neurogenic developmental program. For pseudotime analyses per condition
(Fig. 3C, S15A), the Seurat object was split into conditions prior to cds
construction.

To further characterize the pseudotime trajectories for each condition
individually, the three replicates that constitute each condition were integrated as
explained above (Cell quality assessment; Normalization, regression and sample
integration: by replicate (“orig.ident”); Clustering and resolution: E34VZSG dims =
1:25 resolution = 1.4, E34VZLS dims = 1:37 resolution = 1.4, P1VZSG dims = 1:32
resolution = 1.1, P1VZLS dims = 1:40 resolution = 1.1, P10SVZSG dims = 1:24
resolution = 1.1, P10OSVZLS dims = 1:24 resolution = 2.1; Cluster quality
assessment) and pseudotime analyses were carried out (Fig. S15B-E).

To study DEGs dynamics over pseudotime trajectories, the common
neuronal clusters that form part of the three trajectories identified in Fig. 3B were
cut out from the analyses and clusters specific to trajectory 1, 2 or 3 were selected
(Fig. S14). For this, DEGs were previously calculated in Seurat ([filtering
parameters: pct.1 >= 0.5, pct.2 <= 0.5, pct.1-pct.2 >= 0.345, avg_logFC >= 0.445,
p_val_adj <= 0.05, pct.1-pct.2 >= 0.055 (for trajectoryl-trajectory2+3 comparison),
avg_logFC >= 0.345 (for trajectoryl-trajectory2+3 comparison)], size factors were
computed and gene names were added to cds.

Pseudotime examination was also performed for the IPC-newborn EN

subset (Fig. 7C). Clusters 14 and 20 were excluded as they were found in different
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partitions. Cells found at the center of clusters 9 and 10 (previous cluster 3 in the
full ferret dataset; see Fig. 7A) were designated as the origin from the trajectory.
To build pseudotime trajectories for different species at comparable
developmental stages (Fig. 6D-G; Fig. S19D, H), the integrated Seurat object with
cells from ferret P1, human GW17-18 and mouse E15.5 (see Species dataset
integration and DEG analyses; Cell downsampling) was analyzed as a whole or

split into species metadata before cds construction.

18. Electroporation

E34 ferret embryos and P1 kits were electroporated following standard protocols
as previously described (Kawasaki et al., 2012b; Borrell et al., 2010). Briefly, for in
utero electroporation (IUE) timed-pregnant females were deeply anesthetized
with Isoflurane (IsoFlo, Ecuphar), the abdominal cavity was open, and the uterine
horns were exposed. DNA solution (2.5pul) was injected into the lateral ventricle
using pulled borosilicate glass capillaries (World Precision Instruments, 1B120F-
4), and square electric pulses (75V; 50ms on, 950ms off, five pulses) were applied
with an electric stimulator (Cuy21EDIT, Bex C. Ltd.) using round electrodes
(CUY650P7, Nepa Gene). Uterine horns were placed back into the abdominal
cavity, suture was closed, and the pregnant female was allowed to fully recover on
a heating pad before returning to the home cage. For postnatal electroporation,
kits were deeply anesthetized with Isoflurane, DNA solution (2.5pul) was injected
into the lateral telencephalic ventricle with a glass micropippette through the skull,
and square electric pulses were passed through the head (75V; 50ms on, 950ms
off, five pulses) using the same electrodes.

For RGC labeling, plasmid concentrations were as follows: pCAG-FloxP-
farnesylated-EGFP (1pg/pl), pCAG-Cre (10ng/pl).

For barcode lineage tracing, plasmid concentrations were as follows:
pEFla-pBase (1 pg/ul; piggyBac-transposase; a gift from R. Platt), TrackerSeq
library (2 pg/pl) diluted in endo-free TE buffer and 0.002% Fast Green FCF
(Sigma).
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19. Analysis of barcoded cell lineages

TrackerSeq is a piggyBac transposon-based (Ding et al., 2005) library that was
previously developed to be compatible with the 10x single-cell transcriptomic
platform (Bandler et al., 2022). It records the in vivo lineage history of single cells
through the integration of multiple oligonucleotide sequences into the genome.
Each of these individual lineage barcodes is a 37bp long synthetic nucleotide that
consists of short random nucleotides bridged by fixed nucleotides. This design
results in a library with a theoretical complexity of approximately 4.3 million
lineage barcodes (168) with each barcode differing from another by at least 5bp.
The barcode library was prepared as described in detail in (Bandler et al., 2022).
We assessed the integrity of the TrackerSeq barcode library by sequencing to a
depth of approximately 13 million reads to test whether any barcode was over-
represented. A total of 5 x 10° clusters of barcodes were identified, suggesting that
the barcode library has a diversity that is at least in the 10° range.

E34 ferret embryos were electroporated with the piggyback-transposase
and the TrackerSeq library. E37 embryos were obtained by cesarean section under
deep anesthesia with sodium pentobarbital (Dolethal, Vetoquinol). Embryos were
anesthetized and decapitated, the brains were extracted, telencephalic
hemispheres separated in ice-cold Leibovitz’s (1X) L-15 medium with L-Glutamine
(Gibco), and blocks of caudal cerebral cortex containing EGFP+ cells including the
prospective SG and LS were obtained with microsurgical knives (MSP) in ice-cold
L-15 medium. Tissue pieces were enzymatically dissociated using papain
(Wortington, LK003150) with DNase at 37°C for 20min. Earle’s Balanced Salt
Solution (EBSS, from the Worthington kit) was added to the digested tissue, and
the mixture was triturated with a 10ml plastic pipette. Reconstituted Worthington
inhibitor solution and DNase solution were added and gently mixed. Cells were
pelleted by centrifugation at 300g for 5min at room temperature (at RT),
resuspended in ice-cold L-15 medium containing 5% Fetal Bovine Serum (FBS),
and were filtered to DNA LoBind tubes (Eppendorf) through 40pum PluriStrainer
Mini (PluriSelect). Positive cells were isolated by flow cytometry using a BD
FACSAria II Cell Sorter (BD, FACSDiva Software, version 6.1.3) with an 85um
nozzle. EGFP-positive cells were collected into BSA (Sigma-Aldrich)-precoated 2ml

DNA LoBind tube for downstream processing on the 10x Genomics Chromium
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platform. After sorting, 80,000 cells were divided into 4 samples and loaded onto
10x Genomics Chromium platform for GEMs and cDNA generation carrying cell-
and transcript-specific barcode using the Chromium Next GEM Single Cell 3'
Reagent Kit v3.1 with Feature Barcoding technology (PN-1000121) following the
manufacturer’s protocol (document number CG000205, 10x Genomics). Uniquely
barcoded RNA transcripts were RT. 3’ Gene Expression libraries were generated
according to manufacturer’s user guide with use of Chromium Library v3.1 kit (PN-
1000121) and Dual Index Kit TT Set A (PN-1000215) (10x Genomics). Libraries
were quantified with Agilent BioAnalyzer. The TrackerSeq lineage libraries were
retrieved from cDNA. 10ul of cDNA were amplified with Q5 polymerase (NEB,
M094S) in a 50pl reaction as described like in (Bandler et al., 2022). Libraries were
purified with a dual-sided selection using SPRIselect (Beckman Coulter, B23318),
and quantified with Agilent BioAnalyzer. Transcriptome and TrakerSeq barcode
libraries were sequenced on an Illumina NovaSeq at the NGS Facility of the Max
Planck Institute of Biochemistry (Munich, Germany).

FASTQ files for both transcriptome and barcoded sequences were
obtained by bcl2fastq-2.20.0.422 (Illumina). For barcoded lineage preprocessing,

TrackerSeq pipeline was used (https://github.com/mayer-lab/TrackerSeq). Raw

barcoded sequence reads were trimmed by BBMap-38.68 (Bushnell et al., 2017).
Whitelist of cell barcodes and barcode extraction from sequence reads were
obtained by UMI-tools-1.1.2 (Smith et al, 2017). After that, barcode-extracted
FASTQ files were processed to generate sparse matrix with cell barcodes in rows
and clone ids in columns. For further analysis, only Cell-UMI-Barcode triples with
at least 10 reads and Cell-Barcode pairs with at least 9 UMIs were selected. Instead
of the previously described clustering approach using Jaccard distance (Wagner et
al., 2018; Bandler et al., 2022), we used a network-based approach to assign cells
to their corresponding clones. Using the sparse matrix as input, an undirected
network was built between cell barcodes (i.e. cells) as nodes, which are connected
if at least one lineage barcode is present in both cells. After building the network
we calculated connected components. Each connected component represents one
clone. This approach requires fewer computational resources compared to the

original method, and thus it can be applied to large datasets.
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For lineage transcriptome preprocessing, 10x compatible expression
matrices were generated by STARsolo in STAR aligner (Dobin et al,, 2013) with
specified parameters: --soloType CB_UMI_Simple, --soloCBstart 1, --soloCBlen 16, -
-soloUMIstart 17, --soloUMlIlen 12, --soloCBmatchWLtype
1MM_multi_Nbase_pseudocounts, --soloUMlIfiltering MultiGeneUMI _CR, --
soloUMIdedup 1MM_CR, --clipAdapterType CellRanger4, --outFilterScoreMin 30, --
outSAMtype BAM SortedByCoordinate, --outSAMattributes CR UR CY UY CB UB.
These parameters are designed to ensure that STARsolo is as close as possible to
the 10x compatible output of the Cell Ranger application. After obtaining the
expression matrices, empty and pseudo drop cells were filtered by DropletUtils
using ‘emptyDrops’ functions with 100,000 iterations and min UMI count < 500 1
(Lun et al, 2019). Finally, clone ids were matched with cell barcodes in
transcriptome dataset and included into metadata of corresponding samples. Out
of 51,006 EGFP-positive cells we filtered 15,326 cells with lineage barcodes. We
have excluded from our analysis a clone that consisted of approximately 4,000
cells, as it was likely formed by low-quality cells present in our dataset. After these
pre-processing and filtering steps, we obtain 11,933 single cell clones and 1,413
multi-cell clones.

Transcriptomic counts were pre-processed in a similar fashion as above.
Briefly, cells were filtered for number of counts, number of features and
percentage of mitochondrial reads (nCount < 10,000, nFeature > 1,000, percent.mt
< 5), followed by log-normalization. We used DoubletFinder (McGinnis et al., 2019)
to exclude putative doublets from the dataset. We used the Seurat workflow to
identify highly variable features, scale log-normalized counts, and regress out read
depth and the difference between S and G2/M scores (Stuart et al, 2019). We
performed PCA and cells were embedded using UMAP algorithm as implemented
in Seurat (Satija et al.,, 2015; Butler et al,, 2018; Stuart et al,, 2019; Hao et al., 2021).
Expression of established marker genes was used to check for major cell types.
Cells were annotated using correlation-based label transfer (Stuart et al., 2019)
using the previous scRNAseq experiment as reference. Prior to label transfer we
excluded all non-neuronal and inhibitory clusters from the reference set, to enable

a more precise label transfer. Lineage coupling z-scores and correlations were
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calculated as implemented in (Bandler et al,, 2022). Lineage coupling correlation
scores were visualized using Cytoscape (Shannon et al., 2003).

To infer heterogeneity of ENs originating from distinct RGC-populations
(RGC-As or RGC-Bs), clones containing only cells in the more mature ENs (cluster 1
+ 7) and cells in either RGC-As (clusters 23 + 11) or RGC-Bs (22 + 9) were
identified. PCA was performed with scaled gene expression values from ENs and
DE analysis was applied to ENs. DE analysis yielded 160 DEGs. To check if the
number of DE-genes is significantly more than you would expect by chance, we

performed a permutation test, by randomly sampling clone group labels.

20. Species dataset integration and DEG analyses
Raw counts and cell metadata from Homo sapiens (Polioudakis et al., 2019; GW17-
18, GZ microdisected away from the CP, Drop-seq technology) and Mus musculus
(Lietal, 2020; E15.5, whole cortex, ddSEQ technology) were downloaded.
High-confidence orthologous genes between human-ferret and human-
mouse were selected for downstream analyses: 1) Dataframes containing gene
names from ferret and downloaded human and mouse datasets were generated. 2)
Ensembl datasets ‘hsapiens_gene_ensembl’, ‘mpfuro_gene_ensembl’ and
‘mmusculus_gene_ensembl’ were obtained from BioMart database thru ‘useMart’
function using biomaRt-2.42.1 (Durinck et al., 2005; Durinck et al., 2009). 3)
Homologous genes between human-ferret and human-mouse, and their
characteristics, were extracted form Ensembl datasets in accordance with different
ferret and mouse attributes by biomarRt ‘getLDS’ and ‘getBM’ functions (Ensembl
104: 11,615 ferret entries and 13,779 mouse entries). 4) High-confidence
orthologs were excerpted from the homolog lists of genes in line with the Ensembl
criteria: 1:1 orthologs; last common ancestor/minimum gene order conservation
(GOC) score/minimum whole genome alignment (WGA) coverage/minimum %
target gene identical to query human gene/minimum % human query gene
identical to target gene = Bilateria/_/_/25%/25%, Chordata/_/_/25%/25%,
Vertebrata/_/_/25%/25%, Gnathostomata/_/_/25%/25%,
Euteleostomi/50/50/25%/25%, Sarcopterygii/50/50/25%/25%,
Tetrapoda/50/50/25%/25%, Amniota/50/50/25%/25%,
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Mammalia/75/75/50%/50%, Theria/75/75/50%/50%,
Eutheria/75/75/50%/50%, Boreoeutheria/75/75/50%/50%,
Euarchontoglires/75/75/50%/50% (9,671 ferret genes and 3,366 mouse genes).
5) Gene names from ferret and mouse datasets that were determined as high-
confidence orthologs were replaced by human HGNC [HUGO (Human Genome
Organization) Gene Nomenclature Committee] gene names or human Ensembl ids
(in the lack of gene names), and ferret and mouse genes without a high-confidence
ortholog were added a f- or a m- prefix respectively.

Ferret Seurat object was cleaned by ‘DietSeurat’ from the previously
generated SCT and Integrated assays before genes from ferret and mouse Seurat
objects were renamed using ‘RenameGenesSeurat’ function from Seurat.Utils. The
CP from the human Seurat object was discarded for downstream analyses and the
cell-cycle scores were assigned to the mouse dataset as explained above
(Normalization, regression and sample integration). Lastly, metadata from the
different species was labeled to match between datasets before merging them.

The merged object was split into a list divided by batch with each subject
(i.e. human donor, mouse replicate or ferret litter) as an element. Normalization,
regression and sample integration steps were performed as explained above.
Clustering and resolution were established as 23PC and 1.1 (Fig. 5B) following the
process explained previously (Clustering and resolution). The distribution of
previous cluster labels given in Polioudakis et al., 2019 and Li et al., 2020 was
explored on the integrated dataset as a control of integration (Fig. S17B).

DEG analyses of the concurrent high-confidence orthologs in the three
species for integrated cluster (iCl.) 4 and iCl. 12 were performed as explained
above (DEG analyses and cluster enrichment) with cell phase S and G2/M scores,
mitochondrial mapping percentage and sequencing depth as latent variables. The
following filtering criteria were applied: for upregulated genes pct.1 >= 0.445,
pct.1-pct.2 >= 0.145, avg_logFC >= 0.445, p_val_adj <= 0.05; for downregulated
genes pct.2 >= 0.445, pct.2-pct.1 >= 0.145, avg logFC <= -0.445, p_val_adj <= 0.05.
Common upregulated genes between two of the species against the third one were
obtained. Additionally, DEG analyses using ‘FindConservedMarkers’ function and
"species” as grouping variable as explained before (Cell type identity

identification) were carried out with Wilcoxon Rank Sum test and logistic
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regression model to acquire common upregulated genes between the three species
at the same time. An adjusted p-value <= 0.05 (mouse_p_adj_val, human_p_adj_val,
ferret_p_adj_val <= 0.05) was used as subsequent filtering criteria. Stacked violin
plots from the top 10 genes from each comparison were produced from the scaled
data using Ming Tang’s code (Fig. S17D).

Dataset integration from the different species including only P1 ferret cells
was also performed as explained in this section with the following specific
parameters (Fig. 6A): Clustering dims = 1:24, resolution = 1.4, Cluster marker
identification by ‘FindAllMarkers’, QC cluster 32 removed, l1og2FC from the number

of cells of each RG cluster per species for each replicate.

21. Pseudobulk expression analyses

Clusters from progenitors in G1 cell-cycle phase and neurons were selected from
the ferret dataset. A vector for canonical markers from human apical, basal or pan-
RGCs from scRNAseq bibliography of cortical development was created (Pollen et
al, 2015; Nowakowski et al, 2017; Polioudakis et al., 2019). Average gene
expression of the normalized and scaled data matrix from the RNA assay for the
selected clusters coming from different isolated germinal layers was calculated.
Heatmap with expression level values was plotted for each gene using pheatmap-

1.0.12.

22. Cell downsampling

Cells from our current P1 ferret (65,413 cells) and human available (Polioudakis et
al,, 2019; 17,136 cells) datasets were downsampled to match mouse dataset (Li et
al., 2020) cell number (5,777 cells) before being merged. In order to achieve this,
two methods were carried out using ‘subset’ function from base with different
identity arguments and downsample cell numbers: 1) Random downsampling - To
randomly select cells from the set of all cells in the dataset so the total number of
cells is 5,777 cells. It produces a proportional decrease of all clusters. 2) Threshold
downsampling - To randomly select cells from each identified cell cluster in the
dataset so the maximum cells per cluster does not exceed 614 cells for human (that

has 16 identified clusters in Polioudakis et al., 2019 dissected GZ) or 230 cells for
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ferret (that has 26 identified clusters in this study). It results in a reduction of size
from the most populous clusters.

Random downsampling resulted in a total of 17,331 cells (ferret 5,777
cells + human 5,777 cells + mouse 5,777 cells). Threshold downsampling resulted
in a total of 17,319 (ferret 5,764 cells + human 5,778 cells + mouse 5,777 cells).
Random or threshold downsampled cells were subsequently merged and analyzed
as detailed above (Species dataset integration and DEG analyses) with the
following adjusted parameters:

Random downsampling - Clustering dims = 1:16, resolution = 1.4, Cluster
marker identification by ‘FindAllMarkers’, log2FC from the number of cells of each
RG cluster per species for each replicate.

Threshold downsampling - Clustering dims = 1:19, resolution = 1.7,
Cluster marker identification by ‘FindAllMarkers’, log2FC from the number of cells

of each RG cluster per species for each replicate.

23. Analysis of MCD genes

Databases from genes linked to MCD were explored (Bizzotto and Francis, 2015;
Breuss et al.,, 2015; Breuss et al.,, 2017; Romero et al.,, 2018; Ferent et al., 2020;
Oegema et al., 2020; OMIM database). Gene lists of cortical malformations markers
for polymicrogyria (PMG; n = 53 genes), lissencephaly (LIS; n = 36 genes) and/or
microcephaly (n = 10 genes) (total genes without repetitions = 96), were supplied
to ‘AddModuleScore’ function from Seurat. This function calculated the enrichment
of the provided gene set with regard to a randomly selected set of control genes
and it assigned a gene score to each cell. Feature maps highlighting the clusters
that might be susceptible to MCD were plotted by ‘FeaturePlot_scCustom’ function

using scCustomize-0.7.0.

24. Tissue processing for ICC, conventional ISH and FISH

E34 ferret embryos were obtained by cesarean section of timed-pregnant females
upon deep anesthesia with sodium pentobarbital (Dolethal, Vetoquinol). E34
embryos and P1-P6 kits were deeply anesthetized and perfused transcardially
with ice-cold 4% paraformaldehyde (PFA, Sigma-Aldrich) in phosphate buffer (PB)
pH7.4 with a peristaltic pump (Minipuls 3, Gilson).
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P1 and P3 brains for immunocytochemistry (ICC) were extracted and
postfixed in 4% PFA. Then, brains were cryoprotected in 30% sucrose (PanReac
AppliChem) and sectioned. Brain sections were incubated with primary antibodies
overnight (o.n.), followed by appropriate fluorescently conjugated secondary
antibodies and counterstained with 4" ,6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich, D9542). Primary antibodies used were against GFP (1:1000; Aves Lab,
GFP-1020), anti-Cryab (1:500; Abcam, ab13496) and anti-Laminin (1:500; Merck
Millipore, AB2034). Secondary antibodies were from Jackson Immunoresearch
[Alexa Fluor 488 anti-chicken IgY (1:250; 703-545-155)], and from Invitrogen
[Alexa Fluor 555 anti-mouse IgG (1:250; A31570) and Alexa Fluor 488 anti-rabbit
IgG (1:250; A21206)].

For clarification experiments, electroporated brains were immunostained
and cleared using the iDisco+ protocol as described in (Renier et al., 2014). Briefly,
individual brain hemispheres were incubated at 37°C for 7 days (P2) or 10 days
(P6) with anti-GFP antibodies (1:1000, Aves Lab, GFP-1020), and 4 days (P2) or 7
days (P6) with appropriate Alexa Fluor 647-conjugated secondary antibodies
(1:500, Jackson ImmunoResearch Labs, 703-605-155).

Brains for conventional in situ hybridization (ISH) were extracted in ice-
cold PBS (1X), split by the midline and postfixed at 4°C for 72hr in 4% PFA (E34)
or 4% PFA and 30% Sucrose (PanReac AppliChem) (P1). Brains for fluorescent ISH
(FISH) by means of RNAscope, were dissected and postfixed at 42C for 6 days in
4% PFA (E34 and P1). Brains were then sagittal-sectioned and handled as follows:
E34 ISH brains were embedded in 4% low melting agarose (SeaPlaque, Lonza)
diluted in PBS (1X) within histology square molds (Peel-A-Way, Polysciences) and
vibratome-cut (Leica VT1000S) in PBS (1X) at 50um thickness; P1 ISH brains were
frozen and cryotome-sectioned (Leica SM2010R) at 50um; E34 and P1 samples for
FISH were frozen in embedding medium for frozen tissue (Neg-50, epredia) by
means of liquid nitrogen and iso-pentane (vwr), and cryostat-sectioned (Leica

CM1860 UV) at 30um on Superfrost Plus slides (epredia).
25. Constructs

For ISH, ferret RNA was extracted using RNeasy Mini Kit (Quiagen) and RT by

Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Selected genes
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were amplified by PCR using GoTaq G2 Flexi DNA Polymerase (Promega) with the
following primers:
CRYAB-fw 5’-AGCTAGTGAAACAAGACCAGGA-3’
CRYAB-rv 5’-ACCATGTTCATCCTGACGCT-3’
EOMES-fw 5’-ACTGGTTCCCACTGGATGAGAC-3’
EOMES-rv 5’-CTTCGCTCTGTTGGGGTGAAAGG-3’
HOPX-fw 5’-ACTCAGCTTCCAGATCCAGG-3’
HOPX-rv 5’-TTTTGACTCCCAGCCTGACT-3’
NDFIP1-fw 5’-ATTTCCAAAGCCGCCTTCCT-3’
NDFIP1-rv 5’- AAGACTGCCCCCTACTGACT-3’
PAX6-fw 5’-AGCATGCAGAACAGTCACAGC-3’
PAX6-rv 5’-GGCAAACACATCTGGATAATGG-3’
PSMB1-fw 5’-TCTCGCCCTACGCTTTCAAC-3’
PSMB1-rv 5’-CACACTGCTTACTTCAGCCTTT-3’
SLC1A3-fw 5’-CTTCCGCGCTACAAAACCAG-3’
SLC1A3-rv 5’-CAGAGGGGCGTACCACATTA-3’
The resulting amplicons were purified with illustra GFX PCR DNA and Gel
Band Purification Kit (GE Healthcare) and cloned into pGEM-T Easy Vector System

(Promega).

26.ISH

Plasmids containing ferret clones were linearized, purified, and sense or anti-sense
complementary RNA (cRNA) probes were transcribed with T7 or SP6 RNA
polymerases (Roche) and labeled with digoxigenin (DIG) RNA labeling Mix (Roche)
according to the manufacturer’s instructions. Correct probe size was verified by
1% agarose (Agarose D1 Low EEO, Condalab) electrophoresis gel.

Free-floating brain sections were mounted on Superfrost Plus slides
(epredia) in RNase-free (Diethyl pyrocarbonate (DEPC), Sigma-Aldrich) PBS, and
dried at 37°C for 4h. Sections were fixed with 4% PFA (Sigma-Aldrich) in PB pH7.4
for 10min and washed with RNase-free PBS, before being treated with proteinase
K (10pg/ml) (Invitrogen) in RNase-free PBS-T (Tween20, Sigma-Aldrich) for 5min.
After a new step of fixation and permeabilization with RNase-free PBS-T, brain

sections were pre-hybridized in a humidified chamber for 1h at 622C in tempered
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hybridization buffer [50% Formamide (deionized) (Ambion); 10% Dextran sulfate
sodium salt from Leuconostoc spp. (Sigma-Aldrich); salt solution (1X) containing
200mM NaCl, 10mM TrisHCl, 1mM Tris base, 50mM NaH2P04.2H20, 50mM
Na2HPO4, pH 7.5; Denhardt’s solution (1X from a 50X stock) (Sigma-Aldrich);
0.7mg/ml yeast transfer RNA (tRNA, Invitrogen)]. Then, brain slices were
hybridized in a humidified chamber with denatured DIG-labeled cRNA probes
diluted in hybridization buffer o.n. at 622C. After sections were heavily washed
[50% Formamide (Sigma-Aldrich); 0.5% Tween20; Saline sodium citrate (SSC)
buffer (0.5X from a 20X stock) (Sigma-Aldrich)], they were incubated with
blocking solution [Malelic acid buffer containing Tween20 (MAB-T) (1X); 10%
sheep serum (Sigma-Aldrich); 10% Blocking Reagent (Roche)] in a humidified
chamber for 1h at RT. Next, sections were incubated with anti-DIG alkaline
phosphatase-coupled Fab fragments in blocking solution (1:3500, Roche) in a
humidified chamber o.n. at 42C. Slides were thoroughly washed with MAB-T (1X)
and 2 times 10min washed with pre-staining NTMT buffer (1X) [100mM NaCl;
100mM TrisHCl pH 9.5; 50mM MgCl2; 0.5% Tween20], before revealed with
developing solution [0.05mg/ml Nitrotetrazolium Blue chloride (NBT, Sigma-
Aldrich); 0.18mg/ml 5-Bromo-4-chloro-3-indolyl phosphate p-toluidine salt (BCIP,
Roche) in NTMT buffer (1X)]. Once the cRNAs were visible, brain sections were
incubated in TE buffer [50mM TrisHCI pH 7.5; 1mM EDTA pH8.0], fixed for 5min
with 4% PFA in PB pH7.4, washed again with TE buffer, dehydrated and
coverslipped using Eukitt mounting medium (Fluka). Each probe was assayed on

P1 (n=2)and E34 (n =1) animals.

27.FISH
Ferret  probes were acquired from  ACD biotechne catalog
(https://acdbio.com/species-common/domestic-ferret): Mp-NFIA-C2 (#586521);
Mp-NFIX (#586541); Mp-PAX6-C3 (#513391); and 3-plex Negative Control
Probe (#320871); or designed upon request.

The RNAscope Multiplex Fluorescent Detection Kit v2 (ACD), Pretreatment
Reagents (ACD), RNAscope Multiplex TSA Buffer (ACD) and RNAscope Wash Buffer
Reagents (ACD) were used according to the manufacturer’s instructions. Briefly,

slides from frozen tissue were washed in PBS (1X) for 5min, dried at 60 °C for
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50min, incubated in 4% PFA (Carl Roth) for 15min at 4 °C and dehydrated (50%,
70% and 2x100% ethanol (Fisher Scientific and Merck Millipore)) at RT. After
drying, hydrogen peroxide solution was added for 10min and washed with RNase-
free (DEPC, SERVA) water. For antigen accessibility, slides were incubated in 99¢C
antigen retrieval solution for 3min, washed with RNase-free water and dehydrated
in 100% ethanol. Protease III was added for 13min at 402C on dried slides and
washed with RNase-free water. For hybridization, C2 and C3 probes were diluted
in C1 probes at a 1:50 ratio and incubated on the slides for 2h at 402C. Slides were
then incubated in Wash Buffer (1X) (ACD) and stored in SSC buffer (5X) o.n. at RT.
After washing in Wash Buffer (1X), target-probes signals were amplified by
sequential incubation with the following amplifiers with 2 times 2min incubations
in Wash Buffer (1X) at RT in between: 1) Multiplex FL v2Z AMP 1 for 30min at 40°C,
2) Multiplex FL v2 AMP 2 for 30min at 402C, 3) Multiplex FL v2 AMP 3 for 15min at
409C. Probes were then developed one by one in a 3 steps incubation with 2 times
2min washes in Wash Buffer (1X) at RT in between: Probe C1 [1) Multiplex FL v2
HRP-C1 for 15min at 402C, 2) TSA Plus fluorophore for 30min at 402C, 3) Multiplex
FL v2 HRP blocker for 15min at 409C]; Probe C2 [1) Multiplex FL v2 HRP-C2 for
15min at 402C, 2) TSA Plus fluorophore for 30min at 402C, 3) Multiplex FL v2 HRP
blocker for 15min at 402C]; Probe C3 [1) Multiplex FL v2 HRP-C3 for 15min at
409C, 2) TSA Plus fluorophore for 30min at 402C, 3) Multiplex FL v2 HRP blocker
for 15min at 409C]. Before mounting with Aqua-Poly/Mount mounting medium
(Polysciences), sections were counterstained with DAPI (1:1000, Sigma-Aldrich).
Probes were developed with the following detection kits diluted in Multiplex TSA
Buffer (ACD): TSA Plus Cyanine 3 [(1:1500, Akoya Biosciences) for Mp-NFIX, Mp-
AQP4, Mp-ZEB1, Mp-PAX6 and Mp-ID1 and (1:750, Akoya Biosciences) for Mp-
GADD45B probes], TSA Plus Cyanine 5 [(1:3000, Akoya Biosciences) for Mp-NFIA
and (1:1500, Akoya Biosciences) for Mp-CRYAB, Mp-HOPX, Mp-ZEB1 and Mp-
CABLES2 probes]. Each combination of probes was applied to the following
number of animals: Mp-NFIX and Mp-NFIA to P1 (n = 3) and E34 (n = 3); Mp-ID1
and 2-plex assays to P1 (n = 3) and E34 (n = 1). Negative controls for each

combination of probes were carried out on P1 (n = 1) and E34 (n = 1) animals.

68



MATERIALS AND METHODS

28. Imaging

Images from immunolabeling were acquired with an Olympus FV10 confocal
microscope using a 63x oil objective and FV10-ASW 4.2 Software. Stacks of single-
plane images were acquired with a 1pum interval. To analyze clarified brains, three-
dimensional imaging acquisition was performed using an ultramicroscope II using
ImSpector Pro software (Miltenyi/LaVision BioTec) and images were generated
using Imaris x64 software (Oxford Instruments). Images for ISH were acquired
using transmitted light (Zeiss Imager.Z2 microscope) with a 10x lens coupled to a
digital camera (AxioCam MRm). For FISH, images were acquired on a confocal
laser-scanning microscope (Zeiss LSM710) with a 40x lens. Stack images of 5 steps

with a 2.5um interval were acquired.

29. FISH counting

Images for RGC probes were quantified through a generated macro using Image]-
2.0.0-rc-65/1.51w (Schindelin et al,, 2012) and MorphoLib] (Legland et al., 2016)
and 3D Image] Suite (Ollion et al., 2013) plugins. In brief, layers were delineated
and measured their surface. The last slice from the stack of images was discarded
to avoid uneven effect of probe penetrance into the tissue. Then images were gray-
scaled and split into channels to create individual-channel binary masks using
Gaussian Blur/Maximum filter difference and Default/Moments threshold for
probes puncta. Particles of 1 pixel size were discarded. Puncta were identified in
the 3D binary mask and counted using Connected Components Labelling and 3D
Manager. For PAX6+ cell counting, cell binary masks were created using Unsharp
Mask plus Gaussian Blur filters on the nuclei, followed by Find Maxima for each
slice. Then, cells outline and puncta binary masks were merged for each slice and
cells containing puncta from PAX6 probe alone or together with the other probe for

each slice were counted.

30. HOPX sequence identification

The sequence under ENSMPUG00000030542 Ensembl id in the ferret gene
annotation from Johnson et al., 2018 was identified as HOPX. In this GTF,
ENSMPUG00000030542 was simultaneously associated with the positive (3

exons) and negative (2 exons) DNA strands. Our database has > 99% of alignment
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to the positive strand and < 1% to the negative strand. It is the positive strand
from the same location where NCBI's latest Mustela putorius furo annotation
(ASM1176430v1.1/GCF_011764305.1) using Gnomon predicted the presence of
HOPX containing 3 exons with 100% identity with our transcript (Altschul et al,,
1990). ENSMPUG00000030542 gene position (GL897112:1,462,992-1,492,582)
(Peng et al., 2014) was searched in UCSC Genome Browser (Kent et al., 2002)
where HOPX RNAs for numerous organisms (e.g. human, mouse, pig) were aligned
to the positive strand with 82% - 86% identity (Kent, 2002; Pruitt et al., 2005;
Pruitt et al., 2014). The protein sequences of human HOPX and the ferret positive-
strand ENSMPUG00000030542 are 91,78% homologous (E value 6e-51) (Altschul
et al., 1990).

31. Statistics

Wilcoxon Rank Sum test and Logistic regression model were used as described in
previous sections (Cell type identity identification, DEG analyses and cluster
enrichment, Species dataset integration and DEG analyses). Prism software was
used for the statistical analyses of cluster enrichment and gene score. For this,
ANOVA was followed by post-hoc Bonferroni test, and significance was set at

adjusted p-value <0.05.

32. Single-cell data plotting

UMAPs and t-SNE plots from cells colored by different experimental features were
randomly shuffled for plotting. UMAPs showing the expression level of marker
genes and human MCD gene-score values were generated from the normalized
data slot of Seurat’s RNA assay. Cells were plotted in order of expression with a

minimum cutoff value of 10%.

70



RESULTS

RESULTS

1. Transcriptomic atlas of ferret cortical germinal layers at single-cell
resolution

To elucidate the complexity of cortical progenitor cells, we built a single-cell atlas
of the ferret cortical germinal layers. Our sampling strategy was specifically
designed to reveal features linked to cortex folding by analyzing separately two
key germinal layers for this process (VZ and OSVZ), two prospective folding
adjacent areas at the caudal cortex (SG and LS) and two developmental stages that
are critical for bRGC genesis and the initial formation of the OSVZ (E34 and P1)
(Martinez-Martinez et al., 2016) (Fig. 1A). Tissues were microdissected from living
brain slices and processed for scRNAseq (Fig. 1B). We analyzed each type of
sample from 3 independent biological replicas (Fig. S1), each replica profiled
individually and containing cells from multiple embryos or one newborn ferret,
thus gathering a solid single-cell transcriptomic atlas of cortical GZs (Fig. 1C).
Optimum quality controls for cell barcode filtering (such as FDR = 0.1% and
iterations for Monte Carlo p-value calculation = 100,000) and cell assessment
(through the employment of fixed and adaptive thresholds) were used (Fig. S1).
This was followed by analysis with R toolkit Seurat-3, with proven integration
performance compared to other single-cell analytical methods (Tran et al., 2020;
Chazarra-Gil et al, 2021). Cluster resolution was carefully selected by the
evaluation of 6 potential resolutions from 3 different groups of PCs (Fig. S2A). The
use of this detailed appraisal process retained a total of 101,811 cells for further

analyses.
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FIGURE 1. Similar cellular composition of GZs across cortical areas and
developmental stages. (A) Germinal layers, and known major progenitor cell
types and lineages in the developing ferret cortex. aRGC, apical radial glia cell;
bRGC, basal radial glia cell; IPC, intermediate progenitor cell; VZ, ventricular zone;
ISVZ, inner subventricular zone; OSVZ, outer subventricular zone; E, embryonic
day; P, postnatal day. (B) Examples of live parasagittal tissue slice
microdissections for scRNAseq analyses, and Nissl stains of the SG. Dashed lines
indicate borders of germinal layers. Ctx, cortex; Th, thalamus; Str, striatum; LS,
lateral sulcus; SG, splenial gyrus. Scale bars, 100 um. (C) t-SNE plot of the full
dataset; clusters identified as in (D). EN, excitatory neurons; IN, inhibitory
interneurons; EC, endothelial cells; OPC, oligodendrocyte progenitor cells. Clusters
in grey were only found in some litters and excluded from further analyses. (D, E)
UMAP and clustering of scRNAseq data from cells in the excitatory neuron lineage
(D), and expression level of marker genes for the main cell classes (E). (F) UMAPs
of cells from the indicated conditions, and frequency of main cell types across
conditions. (G) Violin plots for DEGs between conditions in the three main cell
types. Adjusted p-values range from 2.2E-308 to 0.02. Genes without name are
shown as shorten Ensembl ids (ENSMPUG000000XXXXX).
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A number of transcriptomically distinct cell clusters were identified corresponding
to cell types involved in the lineage of excitatory neurons: RGCs, IPCs and newborn
ENs (Fig. 1C). Other less abundant cell clusters, such as immature INs from
different origins, microglia, OPCs and endothelial cells (ECs) were not taken into
account for further analyses (Fig. 1C, Fig. S3). The transcriptome of progenitor cells
is highly dynamic and oscillatory as they progress through the cell cycle (Ohnuma
and Harris, 2003; Shimojo et al,, 2008). To minimize this effect on cell clustering
and identify distinct progenitor cell classes, we partially regressed cell-cycle genes,
meaning that we distinguished progenitors in G1 cell-cycle phase from those in
S/G2/M phases (Fig. S2F). This segregation of cells together with the expression of
canonical marker genes, allowed us to identify multiple clusters of RGCs, IPCs and
ENs distributed along a transcriptional continuum (Fig. 1D, E). In spite of the
partial regression of cell-cycle genes, their high expression still dominated the

distinction of RGC and IPC clusters in S/G2/M phases (Fig. S3).

Cortical progenitor cells have different lineage behaviors between SG and LS
(Reillo et al., 2011), between developmental stages (Martinez-Martinez et al,
2016), and have particular cell biology in the VZ (apical progenitors) and the OSVZ
(basal progenitors) (Arai and Taverna, 2017) (Fig. 1A). However, all clusters of the
main cortical cell types were found in both germinal layers, both cortical regions
and at both developmental stages (Fig. 1F; Fig. S4A, B). Even the relative
abundance of the major cell classes (RGC, IPC, EN) was similar between cortical
regions and ages, with only RGCs exceeding in VZ compared to OSVZ, and OSVZ
ENs outweighing VZ ENs (Fig. 1F). We found only a modest number of DEGs in
RGCs, IPCs and ENs between VZ and OSVZ at P1, and between SG and LS in the VZ
(Fig. 1G, Fig. S5, Fig. S6).

2. RGC clusters are repeated in VZ and OSVZ, while they remain distinct
between SG and LS

In spite of the known differences in the biology of major cortical progenitor cells
between germinal layers, cortical regions and developmental stages (Reillo and
Borrell, 2012; Arai and Taverna, 2017; Reillo et al,, 2011; de Juan Romero et al.,

2015; Martinez-Martinez et al., 2016), these were not identifiable at a global
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transcriptomic level, so we next focused on individual cell clusters. The
composition and cell abundance of IPC clusters were similar across all conditions,
suggesting a remarkable similarity in IPC composition (Fig. S4C). More strikingly,
aRGCs and bRGCs were not identified as distinct cell clusters. Although we had
microdissected VZ and OSVZ separately to faithfully isolate presumptive aRGCs
(VZ) and bRGCs (0OSVZ), all RGC clusters were present in both layers (Fig. 2A).
Similarly, all RGC clusters were present in SG and LS, as well as at E34 and P1. At
the quantitative level, we found enriched abundance of cells belonging
fundamentally to clusters 8 and 16 (Fig. 2A). These corresponded to RGCs in G1
cell-cycle phase, so potentially constituting two different types of RGC. In contrast,
the third cluster of RGC in G1 phase (cluster 4) was similarly abundant across
conditions (Fig. 2A), thus probably representing a third type of ubiquitous RGC.
Importantly, there was a 2-fold enrichment of cluster 8 cells in VZ and of cluster 16
cells in OSVZ (Fig. 2A), suggestive of these corresponding to aRGCs and bRGCs,
respectively, although this was observed only in LS, and not in SG. The distinction
between clusters 4, 8 and 16 did not depend on the phase of cell cycle, as complete
cell-cycle regression analyses did not alter their separation nor the clustering
pattern of our entire dataset (Fig. S7A-C). This reinforced the notion that these

clusters were three distinct cell types, rather than distinct states of a single cell

type.
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FIGURE 2. Multiplicity of RGC types across GZs and cortical areas. (A)
Normalized frequency distribution of RGC clusters across conditions, and pair-
wise cluster enrichment between conditions. Clusters near or above +1 log2FC are
highlighted (mean * SEM), with red numbers indicating statistical significance (p-
value adj. < 0.05). (B) UMAP of P1 cells from primary clusters 8 and 16 after
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subclustering, UMAPs of the indicated features, pair-wise subcluster enrichment,
and schema of RGC class distribution in UMAP space. tRGC, truncated radial glia
cell. (C) Dot-plot of gene levels across cell classes at P1 (subclusters in
parenthesis). (D) Schema of the six classes of ferret RGCs in G1 identified at P1,
duplicated in VZ and OSVZ. (E-J) UMAPs (E, H), violin plots (F, I) and conventional
ISH stains (G, J) of CRYAB and HOPX levels in RGC subclusters and germinal layers
at P1. (K) Mean CRYAB RNA levels, abundance (RNA) and density (protein; P3) of
CRYAB+ cells, as indicated (mean + SEM; ** p-value < 0.01, t-test). (L-N") tRGCs in
VZ of P1 (L, M) and P3 (N, N’) ferrets identified with anti-CRYAB ICC. Full
morphology confirmed by EGFP expression (N. N’). Laminin identifies blood
vessels (bv). Arrows indicate the tip of the basal process and arrowheads the soma.
(N") shows orthogonal view. (0) EGFP-labeled RGCs in clarified P2 ferret brains,
with tRGCs shown in detail. Open arrowheads indicate basal endfoot arbors of
aRGCs. (P) Violin plots for marker genes in RGC classes between conditions. p-
values range from 2.2E-308 to 0.01. ILKAP, GDPD2 and DNMT1 are top markers for
cl.8 and 16 ferret P1 subclusters (see Fig. S8A). HOPX does not appear as a DEG but
has a specific distribution to define the cluster 16 VZ SG. (Q) RNAscope
coexpression analysis at P1 for RGC marker genes between conditions. Green box
indicates area shown at high magnification in a single plane confocal image. RGC
cells containing CRYAB or AQP4 puncta are indicated with colored contours. Scale
bars 100um (G, J), 30um (L, 0), 10um (M, N, Q merge.), and 50um (Q). Dashed lines
indicate borders of germinal layers and dotted lines the apical VZ surface.

To characterize in greater depth the heterogeneity of RGCs, and in an attempt to
distinguish aRGCs from bRGCs, we next subclustered RGCs from clusters 8 and 16
in our P1 samples (the only ones including both VZ and OSVZ) (Fig. 1A). Cells from
the primary clusters 8 and 16 remained separate upon subclustering (Fig. 2B),
confirming their distinct identity. Comparison between SG and LS showed that
most subclusters were highly enriched in one or the other region, splitting in two
groups each of the primary clusters 8 and 16 (Fig. 2B). Overall, this revealed the
existence of four major subclasses of RGCs: two enriched in LS that we named A
(8A and 16A) and two enriched in SG that we called B (8B and 16B) (Fig. 2B-D).
These four transcriptomic subclasses still did not distinguish aRGCs from bRGCs,
as most subclusters were similarly abundant in VZ and OSVZ, with only subcluster
s6 being significantly enriched in this comparison (Fig. 2B). Subcluster s6 (part of
RGC 8A) was highly enriched in VZ of LS (3.22 + 0.05 log2FC compared to VZ of SG,
p-value < 0.0001; 2.91 = 0.20 log2FC compared to OSVZ of LS, p-value = 0.011)
(Fig. 2B). Interestingly, this subcluster had particular high levels of CRYAB (Fig. 2C,

E, F), a marker of human tRGCs (Nowakowski et al., 2016). This was in agreement
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with tRGCs being described as an exclusively apical cell type (Fig. 2F, G; Fig. S6),
thus representing a sixth RGC type (Fig. 2C, D; Fig. SBA).

LS is located immediately rostral to SG, so the different abundance in tRGCs could
simply reflect their slight difference in the anterior-posterior gradient of cortical
maturation (so-called “longitudinal neurogenetic gradient” by Bayer and Altman,
1991). A detailed analysis of tRGCs revealed that CRYAB mRNA levels in individual
cells were much higher at P1 than E34, paralleled with a 4-fold increase in the
difference between LS and SG (Fig. 2K). The relative abundance of CRYAB+ cells
among RGCs in VZ from primary clusters 8 and 16 was similar between LS and SG
at E34, but 3-fold higher in LS at P1 (Fig. 2K). Anti-CRYAB immunostains
confirmed the truncated morphology of tRGCs, with a short basal process ending
within the ISVZ, occasionally onto a blood vessel (Fig. 2L, M). CRYAB-
immunoreactive cells were virtually absent at E34 but abundant in newborn
ferrets (P1-P3), and highly enriched in LS compared to SG, in agreement with our
transcriptomic results (Fig. 2K-M). To further characterize tRGC morphology in
ferret, apical progenitors were labeled in vivo by EGFP electroporation at P1, and
examined in both thick histological sections and clarified brains. Amid a majority
of aRGCs spanning the full cortical thickness, tRGCs displayed a short basal process
ending in the ISVZ, with its tip frequently in a horizontal disposition regarding the
ventricular surface (Fig. 2N-O; Fig. S8B, C).

To specifically identify bRGCs, we examined the levels of HOPX, a cannonical
marker of this cell type (Pollen at al., 2015; Thomsen et al., 2016; Nowakowski et
al., 2016; Nowakowski et al, 2017; Johnson et al, 2018; Vaid et al, 2018;
Polioudakis et al., 2019; Matsumoto et al., 2020). HOPX was present across all RGC
subclusters derived from primary cluster 16, with a clear enrichment in VZ over
OSVZ (Fig. 2H-]J). This pattern was similar to the human embryo cortex before
GW18.2 (Pollen at al., 2015), in line with prior studies questioning HOPX as a
universal marker of bRGCs (Thomsen et al., 2016; Matsumoto et al., 2020). Instead,
HOPX expression labeled three RGC subclasses: 4, 16A and 16B, present in both
layers (Fig. 2C, 1, J; Fig. S6). Altogether, we identified six major types of RGCs (all in
G1): two enriched in SG (8B, 16B), two enriched in LS (84, 16A), one class enriched
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in VZ of LS (tRGC), and one class (4) common to all conditions (Fig. 2D).
Importantly, these six cell populations were identified as transcriptomically
different in both VZ and OSVZ (except for tRGCs), while the two known different
cell types, aRGCs and bRGCs, remained transcriptomically indistinguishable,

further supporting the identification of the former as different cell types.

To characterize the biological differences between SG- and LS-enriched RGC
classes, we performed functional enrichment analyses (Fig. S9). Compared to RGC
classes abundant in LS (84, 16A), those in SG (8B, 16B) were enriched in functions
related to cell-cycle progression, DNA replication and cell division (Fig. S9A), in
agreement with the greater rates of cell proliferation previously observed in areas
of prospective gyral formation compared to sulci (Kriegstein et al., 2006; Reillo et
al, 2011). Within SG and LS, class 16 RGCs were enriched in mechanisms
promoting cell-cycle progression and cell proliferation (what we can refer to as
“amplifying RGCs”), whereas class 8 RGCs were enriched in genes related to cell
differentiation (that can be termed “differentiating or neurogenic RGCs” (Fig. S9B,

C).

Given that aRGCs and bRGCs were indistinguishable at the transcriptomic level, we
finally focused on the analysis of specific genes. Differential expression analysis
between microdissected germinal layers revealed that genes preferentially
expressed in aRGCs (VZ) were related to enhancing progenitor cell amplification,
via regulation of transcription (TCF12, ID1, HMGN1), mitochondrial function
(MICU2) and cell proliferation (YPEL3) (Fig. 2P, Fig. S10). In contrast, genes
preferentially expressed in bRGCs (OSVZ) were related to promotion of
neurogenesis via oxidative phosphorylation (ATP5I), cell-cycle transition
(CABLESZ2) and ribosomal activity (RPS15) (Fig. 2P, Fig. S10). Specific RGC types
were characterized by enriched expression of certain genes, including COX7A1,
PKIA, RARRES2 (8A); ZEB1, ILKAP (8B); COX7A1, AQP4, GDPD2, SERPINEZ2 (16A);
HOPX, DNMT1, SNRPA1, TUBB4B, G3BP1 (16B); and CRYAB (tRGCs) (Fig. 2C, P; Fig.
S11). Of note, we also identified GADD45B and TMEM196 as new tRGC markers
(Fig. S11). The identity of cell classes as defined by these genes was confirmed by
FISH analyses by means of RNAscope. In this way, CRYAB and AQP4 distinguished
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two populations of aRGCs coexisting in the VZ of LS (Fig. 2Q), the first of which
coexpressed GADD45B (Fig. S12A, B). At the same time, HOPX and ZEB1+PAX6+
RGCs identified two different groups of RGCs intermingled in the OSVZ of SG and
more modestly in the VZ of SG (Fig. S12C-F). Microdissected VZ and OSVZ layer
identity were also examined by RNAscope experiments, where ID1 clearly defined
VZ compared to OSVZ in the SG and LS (Fig. S13A), while CABLES2+PAX6+ labeled
OSVZ compared to VZ in the SG and more moderately in the LS (Fig. S13B, C).

Taken together, our results indicated the existence of six major types of RGCs in
the germinal layers of the developing ferret cortex: three characteristic of LS, two
of SG, plus one ubiquitous type. RGC classes were distinct in their amplifying (RGCs
16) versus differentiating/neurogenic (RGCs 8) profile, and populated VZ and
OSVZ similarly (except for tRGCs), indicating that they existed in duplicate as
aRGCs and bRGCs (Fig. 2D). HOPX marked three of the RGC classes common to VZ
and OSVZ, not being, therefore, specific to bRGCs.

3. Three parallel transcriptomic trajectories arise from RGCs in VZ and in
OSVZ

After cell identity identification, we next used Monocle-3 to perform a
transcriptomic trajectory analysis of our single-cell dataset (Fig. 3A). We identified
three complementary trajectories running from mitotic RGCs to ENs. The roots of
these trajectories were two distinct groups of dividing RGCs, each including two
cell clusters: mitotic RGCs class A (clusters 23 + 11), and mitotic RGCs class B
(clusters 22 + 9). Trajectory 1 stemmed from mitotic RGC-As, followed by class 8
RGCs, then IPCs that transited through mitosis (IPC class A, cluster 19) to produce
ENs (Fig. 3B). Trajectory 2 stemmed from mitotic RGC-Bs, leading to class 4 and/or
class 16 RGCs, followed by class 8 RGCs, and then IPCs that finally divided (IPC-A)
producing ENs (Fig. 3B). Trajectory 3 stemmed again from RGC-Bs, but now giving
rise to mitotic IPCs class B (clusters 24 + 14), then the common IPCs that finally
divided (IPC-A) to generate ENs (Fig. 3B). The identification of these three
trajectories did not depend on cell cycle, as analysis of the same dataset but subject
to complete cell-cycle regression yielded the same result (Fig. S7D). Each of the

three trajectories had a distinctive pseudotemporal transcriptomic signature at the
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level of progenitor cells. Trajectory 1 was characterized by expression of PTTG1,
TOX3 and LGALS1; trajectory 2 by expression of SLC1A3 (canonical RGC marker),
ZFP36L1 and SPARC; and trajectory 3 was defined by expression of TOP2A, NSL1
and SPC25 (Fig. S14). Surprisingly, all three trajectories converged onto a single
cluster of ENs (cluster 3) (Fig. 1D, Fig. 3A), suggesting that they are not
specializations to produce distinct neuron types, but complementary lineages

producing a single type of newborn neuron.

B Trajectory 1 Trajectory 2 Trajectory 3
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FIGURE 3. Parallel cell trajectories converge into a single class of newborn
EN. (A) 3-D UMAP and cell trajectories of the clustered scRNAseq ferret dataset.
Clustering is the same as in Fig. 1D and in (C). Numbers identify key clusters. (B) 3-
D UMAPs showing the clusters involved in each of the three identified trajectories,
each starting from a set of mitotic RGC clusters (RGC-As or RGC-Bs), and schematic
drawings of summarized cell lineages. Circular arrows point out mitotic clusters of
progenitor cells. (C) 2-D UMAP of cell clusters showing the three trajectories
identified in the 3-D UMAP (color-coded as in B), and pseudotime and trajectory
plots of the complete ferret dataset and individual P1 conditions, indicating the
RGCs of origin (pink circles for RGC-As and red for RGC-Bs) and trajectories
present in each case (illustrated with colored lines in OSVZ samples). Total number
of cells in each condition is specified.

The three trajectories occurred in VZ, both at E34 and P1, and in SG and LS (Fig. 3C,
Fig. S15A). However, the trajectory in P1 VZ LS involved fewer mitotic RGC

80



RESULTS

clusters, suggesting lower RGC amplification in agreement with previous
histological studies (Reillo et al., 2011). The same three trajectories were also
traced in the OSVZ of SG, whereas LS displayed only trajectories 1 and 3 (Fig. 3C).
This was again consistent with previous analyses showing that OSVZ progenitors
are more proliferative in SG than LS (Reillo et al, 2011). Taken together, our
observations indicated that VZ and OSVZ of the developing ferret cortex contain
three parallel transcriptional trajectories of apical and basal progenitor cells that

converge onto a single cluster of newborn EN.

4. Parallel lineages originate from RGCs in the ferret cortex

To confirm the validity of the three observed transcriptomic trajectories as distinct
cell lineages in ferret, we used TrackerSeq, a new technique that can
simultaneously generate scRNAseq libraries and barcode lineage tracing (Bandler
et al,, 2022). This method involves integrating an EGFP reporter coupled to DNA
barcodes randomly into the genome of electroporated RGCs, allowing us to track
the clonal relationships with their progeny over time (Fig. 4A). We used IUE of E34
ferret embryos to deliver the TrackerSeq barcode library to apical progenitors in
the VZ of the cerebral cortex (putative RGCs). We allowed the transduced cells to
develop a cell lineage for three days in vivo, then collected them by FACS and
created single-cell sequencing libraries, for both transcriptomes and lineage
barcodes (Fig. 4A). We recovered a total of 1,038 multicell clones composed of
both mitotic and postmitotic cells (Fig. 4B, Fig. S16A-E), as expected from the
timing of our experiment. Furthermore, in agreement with previous findings in
mice (Bandler et al., 2022), our results suggest that cortical RGCs in ferret only

generate ENs, but not INs.
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and lineage barcode and transcriptome libraries were sequenced. (B) UMAP of
generated database with levels for marker genes for the main cell types. (C) Cell
class annotation after transferring previous labels using correlation-based label
transfer. (D) Arrangement of cell trajectories identified in Fig. 3B on the UMAP of
the new TrackerSeq library. (E) UpSet-plot showing observed combinations of
clones in different cell clusters, size of the interaction (top), and absolute number
of clones per cell cluster (right). (F) Position of cells in the UMAP-embedding of
example clones for each of the three lineages. (G) Heatmap showing lineage
coupling correlation scores between all cell clusters. (H) Cell cluster network
visualization, with edges representing positive lineage coupling correlation scores.
Position of nodes was set manually to facilitate reading. (I) UMAP highlighting cells
from clones containing ENs coupled to RGC-As (clusters 23 + 11) or to RGC-Bs
(clusters 22 + 9). (J) PCA of ENs from (I) color-coded according to their clone type
of origin. (K) Number of DEGs between EN types as in (J) (red line), and frequency
distribution of DEGs following a random distribution of clone cells (grey bars; 500
repetitions).

To examine cell lineage results in the context of our previous extensive
characterization of cell clusters, we annotated clusters in the TrackerSeq dataset
based on the scRNAseq data described above, employing correlation-based label
transfer (Stuart et al, 2019) (Fig. 4C, D). A majority of clones contained cells
assigned to the Upper layer-EN cluster (cluster 1: 472 clones, 636 cells), while
much fewer contained class 16 RGC (19 clones, 19 cells) or mitotic IPCs (clusters
14 and 24: 38 clones, 39 cells) (Fig. 4E, Fig. S16 F-H). We then evaluated the
probability of identifying shared clone ids among all pairs of cell clusters and
quantified lineage coupling by calculating a z-score for clone counts relative to a
random distribution (Wagner et al., 2018). These z-scores revealed groups of cell
clusters with similar lineage coupling signatures (Fig. 4G). By visualizing lineage
coupling scores as a network in which nodes represent cell clusters, we were able
to validate clonal lineages for our three inferred trajectories (Fig. 4F, H; Fig. S16],
])- Specifically, mitotic RGC clusters 23 and 11 (RGC-As) were coupled with clusters
8 and 19, which largely recovered Trajectory 1. The second population of cell
clusters that exhibited clonal coupling was composed of mitotic RGC clusters 22
and 9 (RGC-Bs) and 17, then RGC in G1 clusters 16, 8 and 4, followed by RGC-IPC
cluster 18 and IPC cluster 10, and finally postmitotic [PCs-ENs (clusters 0, 1, 3),
which nicely recovered Trajectory 2. We also observed clones containing RGC-Bs
clusters 22 and 9, coupled to mitotic IPC clusters (24 and 14), then mitotic [PC

cluster 19 and ENs, recovering Trajectory 3. Hence, the three transcriptomic
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trajectories were validated as cell lineages in vivo (Fig. 4F, H). Notably, we further
observed robust coupling scores directly between mitotic RGCs and mature ENs,
but without IPCs (Fig. 4H). This was observed in 4.3% of clones containing RGC-As
(cluster 23) and 8.8% of clones containing RGC-Bs (clusters 9 and 22), and is
consistent with the process of direct neurogenesis, in which RGCs undergo a cell
division that directly produces newborn EN (De Juan Romero and Borrell, 2015).

Thus, TrackerSeq represented yet additional parallel RGC lineages.

We then investigated whether the observed lineages starting from RGC-As and
RGC-Bs gave rise to transcriptomically distinct ENs. We grouped individual ENs
based on their coupling to either RGC-As or RGC-Bs (Fig. 4I), and performed a
principal component and differential gene expression analysis to assess
heterogeneity among these groups of ENs. We found no difference in PC-space
between ENs originating from distinct RGC populations (Fig. 4]). Whereas we did
identify some DEGs between these EN populations, their number was not
significantly greater than expected by chance (Fig. 4K). Thus, our in vivo analyses
of cell clones validated our above conclusions based on inferred cell trajectories:
parallel cell lineages of RGCs coexist in the developing ferret cerebral cortex and

converge onto a single cluster of early postmitotic EN.

5. Multiple RGC classes are conserved in ferret and human

The unprecedented diversity of cortical RGC classes and lineages observed in
ferret led us to investigate their conservation in species with a larger and folded
cortex (i.e.,, human), as well as smaller and smooth (i.e., mouse). We integrated our
ferret datasets with public scRNAseq datasets from human and mouse cortex at
equivalent stages of cortical development (Polioudakis et al., 2019; Li et al., 2020)
(Fig. 5A). The integrated dataset cleanly clustered RGCs (HES1+), IPCs (EOMES+),
ENs (VGLUTZ2+) and INs (GAD65+) from the three species (Fig. 5B, C). Previous
single-cell studies of the embryonic human cortex identified aRGCs and bRGCs
based on their presumed distinctive transcriptomic signatures. Therefore, we used
our cross-species comparison to identify these cell types in ferret and mouse. Cells
identified as ventricular radial glia (vRGs; in other words, aRGCs) in (Polioudakis

et al., 2019) were mostly part of the species integrated cluster 4 (iCl.4), and were
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largely segregated from those identified as outer radial glia (oRGs; i.e., bRGCs),
found mostly in iCL12 (Fig. 5D; Fig S17A, B). Ferret cells from each of these
integrated clusters were identified in the initial UMAP containing only ferret cells,
where they were found also segregated: iCl.4 cells mostly corresponded to the
primary ferret cluster 8 (fCl. 8), and iCl.12 cells mainly correlated to fCl.4, fCl.16
(Fig. 5E). Even though cells in iCl.4 and iCL.12 were likely to correspond to aRGCs
and bRGCs respectively, this was not the case in ferret, as both clusters were

present and similarly abundant in VZ and OSVZ (Fig. 5E).
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FIGURE 5. Conserved RGC classes in ferret and human. (A) Sources of species
integrated scRNAseq datasets. NCx, neocortex; GZ, germinal zone; GW, gestational
week. (B) UMAP and clustering of integrated human, mouse and ferret datasets.
(C) Distribution of cells from each species within the integrated UMAP, and levels
of genes identifying the main cell types. (D) Species integrated UMAP highlighting
human cells identified as vRG (pink) and oRG (blue) in (Polioudakis et al., 2019),
frequency distribution in the integrated clusters (iClL.), and ferret and mouse cells
belonging to the same iCl. (E) UMAP of ferret dataset highlighting ferret cells from
iCl. 4 (red) and 12 (purple), their frequency distributions among primary ferret
clusters (fCl.) and in normalized P1 sample conditions. (F, G) Details from the
species integrated UMAP highlighting P1 ferret RGCs in G1 collected from VZ or
OSVZ (F), or belonging to fCl.8 or fCl.16 (G), and their normalized frequency
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distributions in the indicated iCl. compared to human vRG and oRG. (H) Reactome-
based PCA of iCL4 and iCl.12 from each of the three species. (I) Violin plots for
genes expressed in the indicated iCl in each species. Adjusted p-values range from
2.2E-308 to 0.002. (J) Details from the species integrated UMAP for levels of CRYAB
and HOPX in the indicated species. (K) Individual and merged distribution of RGC
classes from Fig. 2D in species integrated UMAPs (detail), and schematic of their
overlap.

In an attempt to finally identify the cell clusters corresponding to aRGCs and
bRGCs, we located RGCs in G1 from P1 ferret VZ and OSVZ in the species integrated
UMAP. Ferret RGCs from VZ and OSVZ had a very similar contribution to iCL.12,
iCl.2 and iCl.4 (Fig. 5F), demonstrating that these species integrated RGC clusters
do not separate aRGCs from bRGCs. This cell distribution across transcriptomic
clusters was completely different from that of vRG and oRG cells as identified in
the original human study (Polioudakis et al., 2019) (Fig. 5F), questioning the
identity of the human clusters as genuine aRGCs and bRGCs. Because fCL.8 and
fCL.16 distinguish two types of RGCs, we next studied their distribution within the
species integrated dataset. We found that the distribution of fC1.8 and fCl.16 across
clusters iCL.12, iCl.2 and iClL.4 was similar to that of human vRG and oRG cells,
respectively (Fig. 5G). This led to the notion that human cells currently defined as
VRGs and oRGs are in fact the two distinct classes of RGCs found in ferret, present
both in VZ and OSVZ. This conception was later confirmed with the analysis of
marker gene expression. In addition to HOPX, a number of genes have been used as
canonical markers for human aRGC or bRGC (Pollen et al,, 2015; Nowakowski et al.,
2017; Polioudakis et al, 2019). In our ferret samples, expression of these genes
correlated mostly with RGC clusters rather than with their layer of residence (Fig.

$18).

Pathway enrichment analyses using Reactome database indicated that cells within
iCl.4 and iCl.12 were functionally much more similar between human and ferret
than with mouse (Fig. 5H, Fig. S17C). Interspecies differences involved signaling
pathways regulating progenitors self-amplification and neurogenesis (NOTCH,
ROBO, FGF), cell migration (ERBBZ, NETRIN) and transcriptional regulation
(SUMO) (Fig. S17C). In these integrated RGC clusters, canonical RGC genes were

expressed similarly in the three species, but other genes were selectively
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expressed in human and ferret but not mouse, or vice versa, in addition to some
human specific genes (Fig. 51, Fig. S17D). For example, high expression of STMN1 in
human and ferret iCl.4 and iCl.12 compared to mouse might be correlated with the
greater self-renewal of the former (Boekhoorn et al, 2014). The patterns of
expression of CRYAB and HOPX further highlighted differences in progenitor cell
populations between human and ferret versus mouse cortex (Fig. 5]). Finally, we
searched the multiple ferret RGC populations that we previously identified (Fig.
2C, D), within the species integrated dataset. We observed distinct distributions
with minimal overlap between these RGC classes (Fig. 5K). Taken together, our
results strongly suggested that the embryonic human cerebral cortex contains a
similar variety of RGC types as ferret, and that these may also be duplicated in VZ
and OSVZ.

6. Parallel transcriptomic trajectories from RGCs are conserved in ferret and
human but not in mouse cortex

To analyze the conservation of cell lineages across ferret, human and mouse, we
focused on cells from the glutamatergic lineage (Fig. 6A). All integrated RGC
clusters were present in the three species, and some were highly enriched (2- to 4-
fold) in ferret and human compared to mouse, or vice versa (Fig. 6B, C). Within the
species integrated dataset, we identified the ferret mitotic RGCs and [PCs type A
and B and reconstructed the three previously characterized trajectories (Fig. 6D-
F). Trajectory analysis of ferret or human cells alone within the integrated UMAP,
revealed a strong conservation between human and ferret, containing the same
mitotic RGC clusters of origin and largely the same three main trajectories (Fig. 6G,
H). In contrast, analysis of mouse cells alone within the integrated UMAP identified
only one mitotic RGC-B cluster (corresponding to cluster 22) as origin of trajectory
2. Monocle did not identify the other two mitotic origins (cluster 17 / RGC-A;
cluster 23 / RGC-B), which were at very low abundance in mouse (Fig. 6 C, G, H).
To test whether differences between ferret and human with mouse were of
technical origin due to their very different sample size, we repeated these analyses
after equalizing the cell number for the three species. After downsampling the
ferret and human datasets by two different approches (see Materials and

Methods), we still found a similar enrichment of specific RGC clusters in those
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versus mouse (Fig. S19B, C, F, G). However, the complexity of the ferret and human
transcriptomic trajectories across the species integrated dataset was lost, while in
mouse it remained unchanged (Fig. S19D, H). Hence, downsampling to equalize cell
numbers across species did not improve the characterization of cell populations,
nor their trajectories. Taken together, our analyses indicated a marked
conservation of RGC classes between human and ferret, but less in mouse.
Concomitantly, three main trajectories of progenitor cells were found in human
and ferret, but only one in mouse. Importantly, our analyses confirmed that the
transcriptomic profile of aRGCs and bRGCs is remarkably similar, such that cell
populations previously identified as aRGCs and bRGCs in human datasets may

rather be distinct populations of RGCs that coexist in both VZ and OSVZ.
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Clusters above *2 log2FC are highlighted (mean * SEM), with red numbers
indicating statistical significance (p-value adj. < 0.05). (D) Pseudotime and
trajectory plot for the multispecies integrated UMAP, indicating the mitotic RGCs of
origin (pink circles for RGC-As and red for RGC-Bs). (E, F) UMAPs highlighting the
progenitor cell clusters involved in each of the three trajectories (colored lines as
in Fig. 3B) identified in the integrated dataset (E), and summary of trajectories (F).
(G) Pseudotime and trajectory plots for ferret, human and mouse cells within the
integrated UMAP. All three trajectories were found in ferret and human, but only
one in mouse. (H) Schematic drawings of summarized cell lineages found in human
and ferret versus mouse.

7. Distinct maturation of newborn ENs in gyrus and sulcus linked to human
malformations of cortical development

Our analyses of microdissected GZs in ferret identified newborn ENs in addition to
progenitor cells, in agreement with histological evidence (Reillo and Borrell,
2012). The multiple parallel trajectories and lineages of progenitor cells identified
above did not derive into early neuronal diversification, as might be expected, but
converged onto a single class of IPC-newborn ENs (cluster 3). This was in
agreement with the notion that cortical neuron type diversity is defined
postmitotically (Yuzwa et al, 2017; Di Bella et al., 2021). Subclustering of ferret
late IPCs and newborn ENs distinguished two main cluster groups, which we
identified as “immature-lower layer” and “mature-upper layer” neurons, owing to
the expression of marker genes (Fig. 7A, B; Fig. S20). This was unexpected because
at E34 and P1 only upper layer neurons are born (Jackson et al., 1989). Pseudotime
analysis revealed that transcriptomic cell maturation progresses from “lower
layer” to “upper layer” profiles, as in normal cortical histogenesis, and it was
consistent with the former being enriched in VZ and the later enriched in OSVZ
(Fig. 7B, C). This indicated that cortical neurons born at late stages and destined to
upper cortical layers follow an early maturation process that recapitulates the
transcriptomic progression of cortical neurogenesis. Remarkably, many EN
subclusters were differentially enriched in SG or LS, suggesting that distinct
neuron subtypes are produced in these closely related cortical areas (Fig. 7D).
Furthermore, FISH analyses by means of RNAscope confirmed the higher levels of
NFIA and NFIX, key regulators of neuronal differentiation and maturation

(Campbell et al., 2008; Piper et al.,, 2010; Harris et al.,, 2015), in VZ of SG compared
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to LS (Fig. 7E). Cell clusters enriched in gyrus or sulcus segregated orthogonal to
the pseudotime trajectory, thus following parallel but distinctive trajectories of

maturation (Fig. 7C).
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FIGURE 7. Different newborn neuron classes in gyrus and sulcus and linked
MCD. (A) UMAP of subclustered [PC-newborn ENs from primary ferret dataset. (B-
D) UMAPs highlighting “mature-upper layer” and “immature-lower layer” cluster
sets (B), pseudotime (C) and cells coming from LS versus SG (D), and pair-wise
cluster enrichment between conditions (B, D). Clusters above *2 log2FC are
highlighted (mean + SEM), with red numbers indicating statistical significance (p-
value adj. < 0.05). In (C), cluster numbers indicated in blue are enriched in LS, in
red are enriched in SG; arrows indicate estimated pseudotime trajectory of cells
from each region. (E) Violin plots for DEGs between ENs in SG and LS, and
RNAscope analysis at the corresponding ages. Adjusted p-values range from 2E-
139 to 6.5E-25. Scale bar, 30 um. Dashed lines indicate borders of germinal layers.
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(F, G) UMAPs showing enrichment values of genes linked to human MCD in general
(F), or specifically in polymicrogyria (PMG), lissencephaly (LIS) or microcephaly
(G). scRNAseq datasets from species integrated, primary ferret and neuronal ferret
subset show gene score values from all conditions together. SG and LS plots show
gene score values in VZ ENs at P1. Dashed lines delimitate lower layer clusters.

Human MCD are caused by mutations in developmentally relevant genes, but their
expression and biological functions in normal development remain under debate
(Severino et al., 2020). Analysis of our datasets revealed an overall enrichment of
genes related to MCD in ENs and mitotic progenitors (Fig. 7F). More specifically,
genes linked to lissencephaly (LIS) were higher in SG than LS of ENs at P1 VZ (Fig.
7G), supporting their executive role in cortex folding. Genes associated to
microcephaly were highly enriched in mitotic RGCs and IPCs (not in G1), in
agreement with their key role in mitotic spindle and neurogenesis (Fig. 7G). Genes
related to polymicrogyria (PMG) were highly present across neuronal clusters,
especially in immature lower layer neurons (Fig. 7G). Statistical analysis of MCD,
PMG and LIS gene score values in the neuronal subset, confirmed their greater
prevalence in SG compared to LS in P1 VZ, as well as their higher enrichment in

lower versus upper layers (Fig. S21A-C).
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FIGURE S1. Cell barcode filtering and high-quality cell parameters for each
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distribution of p-values from empty droplets. (B) Adaptive threshold for the
maximum number of genes and cell outcome. SD, standard deviation. (C, D) Violin
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plots of fixed thresholds for minimum number of unique molecular identifiers
(UMI) (C), and minimum number of genes (D). (E) Scatter plot of number of UMIs
versus genes detected, with Pearson correlation value. (F, G) Cell density plots of
log10 genes identified per UMI (F), and ratio of mitochondrial and ribosomal genes
per cell with maximum mitochondrial genes threshold (G). Number of libraries = 3
per condition, total n = 18.
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FIGURE S2. Cluster resolution and evaluation after sample integration. (A)
Tree of relationship between clusters as resolution increases for 37PCs,
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FIGURE S5. Differential gene expression between conditions in main cell
types. Violin plots for all DEGs identified between VZ versus OSVZ at P1, and SG
versus LS at E34 and P1 in VZ, in the three main cell types. Adjusted p-values range
from 2.2E-308 to 0.02. Genes without name are shown as shorten Ensembl ids
(ENSMPUGO000000XXXXX).
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FIGURE S7. High similarity in cell clustering and transcriptional trajectories
between partial and complete cell-cycle regression of the ferret dataset. (A)
UMAPs of subclustered RGCs after partial or complete cell-cycle regression, as
indicated. Cells in clusters 4, 8 and 16 are color-coded as in Fig. 1D. (B) UMAPs and
cell clustering of the full ferret dataset after partial or complete cell-cycle
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regression, as indicated. Clusters containing cells of the major cell types are
indicated. (C) UMAPs after complete cell-cycle regression indicating the location of
RGC (left), IPC (center) and EN (right) clusters, as identified after partial cell cycle
regression (B). (D) 3-D UMAPs with trajectory reconstructions. Circular arrows
indicate clusters of mitotic progenitors. Hand-drawn arrows indicate the three
main trajectories identified, which involved the same cluster sequences with
partial and complete cell-cycle regression (related to Fig. 3).
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FIGURE S8. RGC markers and morphologies in the neonatal ferret cerebral
cortex. (A) Top marker transcripts for subclusters of primary RGC classes 8 and
16 at P1, as indicated. (B, C) Images from brains of P2 (B) and P6 (C) ferrets
clarified after EGFP-electroporation at P1, showing examples of RGC types, as
indicated. Example EGFP+ RGCs are shown embedded in their 3-dimensional
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context with other EGFP-labeled cells, and then digitally isolated. Insets show high
magnifications of the digitally isolated tRGCs, or details of aRGCs. Arrows indicate
tip of the truncated basal process in tRGCs, solid arrowheads indicate cell soma
and open arrowheads indicate basal endfoot arbors of aRGCs. Dashed lines
indicate basal pial surface and dotted lines indicate apical ventricular surface.
Scale bars, 150 pm.
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FIGURE S9. Characterization of primary RGC classes 8 and 16 at P1.
Differential Reactome pathway analysis between P1 RGC classes (84, 8B, 16A and
16B), as indicated. Red and green lines indicate Reactome terms differentially
enriched in the left and right columns, respectively.
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FIGURE S11. Differential gene expression between cortical areas in primary
RGC clusters 8 and 16 at P1. Violin plots and expression UMAPs of DEGs between

cortical areas in primary P1 RGC clusters 8 and 16, as indicated. Adjusted p-values
range from 2.1E-45 to 0.03. Genes without name are shown as shorten Ensembl ids
(ENSMPUGO00000XXXXX). TMEM196 does not appear as a DEG significantly in the

indicated comparison, but has a specific distribution to define the tRGC cluster,
similar to CRYAB and GADD45B.
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FIGURE S12. RNAscope analysis of marker genes for RGC classes at P1. (A) P1
RGC type and associated marker gene (related to Fig. 2). (B, B’) Expression
patterns of CRYAB and GADD45B in VZ of LS (B), and high magnification (green box
in B) showing coexpression in individual cells (colored contours) (B’). (C-D’)
Expression patterns of ZEB1 and HOPX, and quantification of HOPX in SG compared
to LS in VZ (C) and OSVZ (D); and high magnifications showing absence of
coexpression in individual cells (colored contours) in VZ (C’) and OSVZ (D’). (E-F’)
Expression patterns of ZEB1 and PAX6 in VZ (E) and OSVZ (F), and quantification
of density of ZEBI-expressing PAX6+ cells in SG compared to LS; high
magnifications showing coexpression in individual cells (white contours) in VZ (E’)
and OSVZ (F’). PAX6 transcripts are present in primary RGC classes 8 and 16, as
well as other RGC types (yellow contours) with an uneven distribution between
them (see Fig. S3B) and between germinal layers (see Fig. S6). ZEB1 transcripts are
present also in non-RGCs. Scale bars 50um low magnification and 10um high
magnification images. Dashed lines indicate basal borders and dotted lines apical
borders of germinal layers.
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FIGURE S13. RNAscope analysis of marker genes for microdissected layers at
P1. (A) Expression patterns of ID1 in VZ compared to OSVZ in SG and LS, as
indicated. (B-C’") Expression patterns of CABLESZ2 and PAX6 in VZ (B) compared to
OSVZ (C) in SG and LS, as indicated; and high magnifications from OSVZ (green
boxes in C) showing coexpression in individual cells (white contours), as well as
single PAX6+ or CABLES2+ cells (yellow and blue contours, respectively) (C’). (D)
Quantification of the proportion of PAX6+ cells expressing CABLESZ in OSVZ
compared to VZ. The low difference in CABLES+PAX6+ cells in LS is likely due to
the uneven distribution of PAX6 across RGC types (see Fig. S3B) and germinal
layers (see Fig. S6). CABLESZ transcripts are found also in non-RGCs. Scale bars
50um low magnification and 10um high magnification images. Dashed lines
indicate basal borders and dotted lines apical borders of germinal layers.
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FIGURE S14. Transcriptional profile of progenitor cell trajectories. (A) UMAPs
highlighting the distinct progenitor cell populations involved in each trajectory.
(B) UMAPs and violin plots of the level of key genes defining the transcriptomic
signatures of each trajectory. (C) Pseudotime and trajectories highlighting the
mitotic RGCs of origin (pink circles for RGC-As and red for RGC-Bs). (D)
Comparison of the dynamics of gene levels as a function of pseudotime across
trajectories. Adjusted p-values range from 2.2E-308 to 1.9E-57.
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FIGURE S15. Cell trajectories in the developing ferret cortex. (A) UMAP of cell
clusters showing the three trajectories identified in Fig. 3B, and pseudotime and
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indicating the RGCs of origin (pink circles for RGC-As and red for RGC-Bs). Total
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of RGC and IPC clusters as identified in Fig. 1D, and involved in each of the three
trajectories identified. (D) Pseudotime and trajectory plots for each integrated
experimental condition. (E) Identification in each individual dataset of the
trajectories found in the full dataset, as in Fig. 3B. Trajectories are schematically
indicated as color-coded lines. Dashed segments indicate parts of the trajectory not
identified by Monocle.
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of clones from clusters that belong to each of the three lineages. Size of the
interaction on top and absolute number of clones per cell cluster on the right. (I, J)
Cell cluster network visualization, with edges representing negative (blue) (I, ])
and positive (red) lineage coupling correlation scores. Position of nodes was set

manually to facilitate reading.
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FIGURE S17. Integration of ferret, human and mouse scRNAseq datasets, and
analysis of similarities. (A, B) UMAPs of cell clusters from the integrated
multispecies dataset (A) showing the distribution of cells from each individual
species with their original cluster names (B). (C) Differential Reactome pathway
analysis between species in the integrated clusters (iCl.) 4 and 12, as indicated.
Red and purple indicates pathways among top 25 that are specific for iCl.4 and
iCl.12, respectively, and grey indicates common pathways. (D) Stacked violin plots
for common and DEGs in the integrated clusters iCl.4 and iCl.12 across species.
Adjusted p-values range from 2.2E-308 to 0.002.
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FIGURE S18. Expression in ferret cells of canonical marker genes for human
RGC types. Heatmap of expression levels of canonical marker genes for human
aRGC, bRGC and pan-RGC in the indicated ferret cell types, germinal layers and G1
RGC clusters. Color-code and numbers in heatmap cells indicate relative
expression levels. Cladogram indicates similarity between samples.
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FIGURE S19. Cell clustering and transcriptional trajectories of integrated
multispecies datasets after equalizing cell numbers. (A, E) UMAPs and
clustering (showing only cells in the excitatory neuron lineage) and levels of
marker genes for main cell types, after random (A) or threshold (E) downsampling
of P1 ferret and human datasets to equalize the size of the available mouse dataset.
(B, C, F, G) Normalized frequency distribution (B, F), and pair-wise cluster
enrichment (C, G) of RGC classes after random or threshold downsampling, as
indicated. Clusters above *2 log2FC are highlighted (mean * SEM), with red
numbers indicating statistical significance (p-value adj. < 0.05). (D, H) Pseudotime
and trajectory plots after random or threshold downsampling, as indicated, for the
full downsampled dataset or by species. Mitotic RGCs of origin are highlighted
(pink circles) and numbers of cells analyzed from each dataset are indicated. Green
and purple arrows are interpretations of the trajectory results. After random
downsampling (D), one similar single trajectory is identified in all species, with a
minor variation in mouse. After threshold downsampling (H), two similar parallel
trajectories are identified in ferret, but only one in human and mouse.
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FIGURE S21. Gene score of MCD. (A) UMAPs of neuronal ferret subset showing
enrichment values of genes linked to human malformations of cortical
development for all malformations together (MCD), or separately for genes linked
to polymicrogyria (PMG), lissencephaly (LIS) or microcephaly, in all conditions
together and individually. (B) Violin plots of gene score values of MCD, PMG and
LIS in cells belonging to the clusters identified as lower layer or upper layer
neurons (related to Figure 7B) in the indicated conditions. Dotted lines within each
violin indicate mode and quartiles. (E) Ratio between SG and LS cells of means of
gene score values plotted in (D).
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DISCUSSION

The main objective of this Doctoral Thesis was to understand the mechanisms
behind the expansion and folding of the cerebral cortex in mammals. To do this, we
have analyzed different aspects of perinatal development of ferret, a small
carnivore with a naturally folded cortex. Specifically, we microdissected the VZ and
OSVZ individually from the prospective LS and SG from ferret cortex at E34 and P1
stages. scRNAseq experiments from such precise conditions allowed us to
characterize the transcriptomic diversity of the ferret progenitor cells with a
unprecedented spatial resolution. This led to a reconstruction of their
developmental trajectories towards ENs and a solid identification of their lineage
relationships. Furthermore, we found an enrichment of RGC types and trajectories
in this carnivore comparable to the complexity found in the large folded cortex
from primates (Betizeau et al., 2013; Nowakowski et al., 2016; Kalebic et al., 2019)
This range of RGC types and trajectories is apparently not recapitulated in the

smaller smooth rodent brain (Pilz et al., 2013; Kalebic et al., 2019).

1. Increasing progenitor cell diversity in folds and fissures

Previous research in ferret cortex showed the existence of the archetypal aRGC,
[PC and bRGC in this species, as well as the presence of various RGC morphotypes
(Reillo et al., 2011; Pilz et al, 2013; Reillo et al., 2017; Kalebic et al.,, 2019).
Hitherto, the described heterogeneity of progenitor cells has been mainly
examined from the morphological point of view and/or by placing the emphasis on
particular genes. RNAseq access at a single-cell level has expanded the amount of
information obtained per cell and calls into question our current definition of what

is a cell type.

The results of this Thesis reveal that apical and basal RGCs cannot be distinguished
transcriptomically between using the canonical markers widely used currently.
This absence of distinction is reminiscent of the largely overlapping landscape
between cortical cells uncovered by previous scRNAseq work (Telley et al.,, 2016;
Yuzwa et al,, 2017; Loo et al,, 2019; Polioudakis et al., 2019; Telley et al., 2019; Di
Bella et al., 2021; Li et al., 2020). Despite this, we find 5 types of RGCs located in
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the VZ as aRGCs and in the OSVZ as bRGCs. We additionally identify tRGCs in ferret
VZ, until now only demonstrated in human cortex (Nowakowski et al., 2016). The
similarity of the newly characterized RGCs with previously defined human vRG
and oRG clusters, combined with the presence of presumptive canonical markers
of apical and basal RGCs in both RGC types at the transcriptome level, reveal that
these 6 different classes of RGCs might represent a
clearer transcriptomic distinction of RGC progenitors in cortical development than
classical aRGCs and bRGCs. Considering the above, we propose that the 6 types of

RGCs we uncovered in this Thesis correspond to bona fide types of RGCs.

A rise in the diversity of RGC has been associated to cortical development in
gyrencephalic species (Rakic, 2009; Reillo et al,, 2011; Pilz et al., 2013; Sun and
Hevner, 2014; Florio and Huttner, 2014; Nowakowski et al., 2016; Matsumoto et
al., 2020). While our new types of RGCs are found in the VZ as well as the OSVZ
(with the exception of tRGCs), the majority of these cell types are segregated by
their enrichment in the LS or SG at the visual cortex. The regional enrichment of
RGC-types along the germinal layers prior to cortex folding recalls the concept of
protomap of cortical folding. Therefore, we propose that these 5 cell types may
underlie the imminent formation of sulci or gyri in the still smooth ferret cortex. It
would be interesting and necessary to further study how these sulci or gyri-related
RGCs evolve from P4 onwards, when folding starts visually taking place and

progresses.

From the functional point of view, we group the new RGC types in 1) amplifying
versus 2) those that differentiate into the next stage/neurogenic progenitor cells.
Both functional profiles are represented in VZ and OSVZ from LS and SG areas,
even though a greater capacity of proliferation has been associated to the gyrus,
which is consistent with previous studies (Reillo et al, 2011; Sun and Hevner,
2014). The widespread presence of proliferative RGCs in our dataset may be
explained by the stages analyzed in our study (E34 and P1), when the brain, either

in LS or SG, has yet to grow massively in size.
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By integrating our ferret dataset with publicly available databases from human
and mouse (Polioudakis et al,, 2019; Li et al., 2020), we obtain a new set of cells
grouped by transcriptomic similarities between the three species. The previously
isolated ferret RGCs with differentiating/neurogenic profile constitute a cluster
together with many human and mouse cells. In the original publications, these
human cells were identified as aRGCs, and those from mouse expressed aRGC
canonical markers and Eomes, a classic IPC marker. On the other hand, ferret RGCs
associated to an amplifying profile comprise another cluster shared with
predefined human bRGCs and a small group of mouse cells without a previous
dictinction. The clustering together of differentiating/neurogenic RGCs in ferret
and apical RGCs in human suggests that these cells correspond to the same cell
types. The same is true for amplifying RGCs in ferret and basal RGCs in human.
Knowing that these two profiles of RGCs in ferret are located in both VZ and OSVZ,
it indicates the two germinal layers must be analyzed separately to clearly identify
these cell types that are transcriptomically so similar. Additionally, this challenges
the validity of using certain genes or proteins as cell type markers across all stages
of development and species. For instance, bRGCs in the OSVZ from macaque
coexpress PAX6/EOMES in 35% of archetypal bRGCs, 35% of bRGCs with apical-P
and 50% with both-P (Betizeau et al., 2013). Eomes expression has also been
reported in mouse progenitor cells with several morphotypes, including groups of
aRGCs and bRGCs (Li et al., 2020). Similarly, HOPX is used as the main marker for
bRGCs, however it profusely labels human VZ at GW 13.5 (Pollen at al,, 2015). At
GW 16, HOPX expression has been reported in cells with an apically anchored
process (Thomsen et al.,, 2016). Gradually, HOPX decreases its presence in the VZ
until GW 18.2-19, and it remains confined to the SVZ thereafter (Pollen at al,, 2015;
Thomsen et al., 2016). Interestingly, Thomsen and colleagues subclassified human
bRGCs in OSVZ as HOPX+ and HOPX- cells (Thomsen et al., 2016). In ferret cortex,
we show by ISH that HOPX is expressed in the VZ at E34 and P1, and in the SVZ at
the latter stage. A recent study from Matsumoto and colleagues in ferret identified
high levels of HOPX protein in the VZ at P1 (Matsumoto et al., 2020). Likewise, they
characterized HOPX+ and HOPX- bRGC coexisting in the OSVZ, the first being more
abundant in prospective gyri and the last in the future sulci (Matsumoto et al,,

2020). Most importantly, HOPX+ bRGCs maintained a longer proliferative state,
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while HOPX- bRGCs were prone to differentiate (Matsumoto et al.,, 2020). In line
with Thomsen and Matsumoto’s studies, our findings indicate the existence of
HOPX- bRGCs with a differentiating/neurogenic profile and the proposed

functional profile of HOPX+ cells in progenitor cell amplification, particularly in SG.

2. Identical cell lineages emerge from distinct germinal layers

In our study we identify three transcriptomic trajectories that give rise to newborn
ENs. These originate from two sets of mitotic progenitor clusters. Pseudotime
analyses show the presence of these two groups of progenitors and the three
trajectories in VZ and OSVZ, with a slight tendency of increased proliferation in the
gyrus compared to the sulcus. In parallel, our lineage barcoding experiments
validate the three trajectories as cell lineages. There is a high number of clones per
lineage, most notably in those with widely differing routes, which we named 1 and
3. Lineage 3 is composed by many more dividing progenitor cell clusters than the
other lineages, including extra mitotic IPCs, while lineage 1 only contains one type
of RGC in G1 (with a differentiating/neurogenic profile). Lineage 2 has a lower
predominance, attributable to the short experimental time (3 days) between
barcode delivery and cell lineage analysis. This is maybe because the dividing RGCs
did not have enough time to generate the 3 types of RGCs in G1 that characterize
this lineage. Furthermore, the clusters of origin in lineage 2 are shared with lineage
3, decreasing even further the probability of finding clones that belong to lineage 2.
This leads us to speculate that in our period of study for cortex development, there
may be a hierarchy among lineages. Lineages 1 and 3, which are more efficient in
the generation of ENs, may expand the tissue rapidly, but to a limited extend. In

contrast, lineage 2 contains amplifying RGCs, which may support cortex folding.

Surprisingly, the three trajectories of progenitor cells converge in a single cluster
that leads to excitatory neuron production. This funnel-like pattern has been
reported in other studies regarding telencephalic development (Polioudakis et al.,
2019; Di Bella et al., 2021; Bandler et al., 2022). Furthermore, newborn ENs arising
from each trajectory cannot be transcriptomically distinguished from the others,
but rather mixed in a progressive maturation track. Once more, this has been

validated by the lineage barcoding experiments, where ENs emerging from the two
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sets of mitotic progenitors do not separate in isolated clusters. This seems to
indicate that newborn ENs have a common immature identity, and acquire their
distinctive status only postmitotically, during their radial migration towards the

CP.

The mechanism of promoting neuronal diversity has always been a subject of
debate in the field, and the use of scRNAseq currently supports both possibilities:
the existence of fate-restricted progenitors (Telley et al, 2019; Bandler et al,,
2022) and the progressive impact of postmitotic changes on newborn ENs (Yuzwa
et al, 2017; Di Bella et al, 2021). From the perspective of this Thesis, which
examines neurons residing at the dissected germinal layers and hence extremely
immature, we only observe a small diversification towards the end of the
trajectory when analyzing the neuronal subset. These newborn ENs have a slightly
higher level of maturation and, for this reason, are segregated based on their
prospective gyrus or sulcus location, further highlighting the effect of postmitotic
changes. In any case, we cannot exclude the role of posttranscriptional
modifications in refining neuronal identities earlier in development (Yuzwa et al,,

2017).

By looking at human genes related to MCD, we detect that ferret orthologs are
located at newborn excitatory neuronal clusters. They are enriched in the most
immature clusters at the SG, in agreement with the protomap of cortical folding
outlined by some of these genes in the developing human cortex (de Juan Romero
et al.,, 2015). Future research on the clusters specifically involved may clarify the
genetic network operating behind these disorders, where ferret might serve as a

highly informative animal model (Del-Valle-Anton and Borrell, 2022).

3. Similar cell types and conserved trajectories between gyrencephalic
species

Our study depicts in depth the transcriptomic landscape of the developing ferret
cortex. We have uncovered new types of RGCs in the prospective gyrus and sulcus
that have different functional profiles, and different lineage relationships. This

small carnivore is phylogenetically more distant from primates than rodents
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(Franchini et al, 2021). However, integration of our ferret dataset with public
datasets from human and mouse embryonic cortex (Polioudakis et al., 2019; Li et
al, 2020) reveals a greater transcriptomic and functional similarity between

ferret-human cells than between human-mouse.

Interestingly, we have identified a new aRGC morphotype in ferret, known as tRGC,
previously observed in the human cortex but not in mouse (Nowakowski et al,,
2016). Its short basal process, together with its presence in the LS of ferret,
contribute to the modification of the radial fiber scaffold for migrating newborn
neurons in the sulcus compared to the gyrus. The enrichment of tRGCs in LS occurs
at P1, shortly before the sulcus starts being visible. Therefore, tRGCs might be
directly contributing to the generation of the LS. Now that we have a good outline
of the timing and location where we can find tRGCs, it would be interesting to

study the involvement of these RGCs in neuronal migration by videomicroscopy.

RGC composition in ferret SG is likely conserved in human cortex at early stages of
neurogenesis, but not later (Pollen at al, 2015; Thomsen et al, 2016). tRGCs
replace aRGCs in human cortex by mid-neurogenesis (GW 17-18) (Nowakowski et
al., 2016). This coincides with HOPX restricted expression in the SVZ (Pollen at al,,
2015; Thomsen et al,, 2016) and the expansion of upper layer neurons (Sidman
and Rakic, 1973). Thus, we infer that tRGC might take over from HOPX+ aRGCs and

this may be a human specialization to facilitate cortex folding.

Regarding ferret transcriptomic trajectories, the three are found in human but our
analysis only identified one trajectory in mouse. This suggests that there is a
phylogenetic conservation of RGC types and neuronal production between these
gyrencephalic species compared to the lissencephalic species. RGCs heterogeneity
and cell trajectory diversification might be a mechanism to ensure high neuronal
production throughout neurogenesis, a necessary trait for cortical folding (Hutsler
et al.,, 2005). The existence of this complex system at both germinal layers might
further expand the neuronal output and drive a feedback regulation to fine-tune
the process (Nelson et al., 2013; Betizeau et al., 2013). All these features provide

robustness to the system, which may favor its maintenance along phylogeny.
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Schematic summary and interpretations of key findings in this study. (A)
Strategic location and functional profiles of the six subclasses of RGCs found in
postnatal ferret to promote cortical folding. (B) Replacement of RGC types along
human neurogenesis to support cortex folding. (C) Summary of the three
developmental trajectories reconstructed in the cortex of gyrencephalic human
and ferret. CP, cortical plate; OSVZ, outer subventricular zone; VZ, ventricular zone;
RGC, radial glia cell; tRGC, truncated radial glia cell; diff,
differentiating/neurogenic; amp; amplifying.

The integration of ferret, human and mouse datasets provides a new level of
understanding of the cellular and genetic mechanisms for cortical expansion and
folding. All this is framed in the process of mammalian brain evolution, leading to
the maintenance of this complex system in the case of gyrencephalic species, or its
simplification in lyssencephalic mammals. The integration of our results with
similar datasets from other mammals will test this model and better reveal the

evolutionary process of cortex folding.
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CONCLUSIONS/CONCLUSIONES

1. Ferret apical and basal RGC are transcriptomically similar and cannot be
discriminated using canonical marker genes. This may be conserved in

early human embryo.

2. In early postnatal cortex 5 classes of RGCs populate the VZ and OSVZ, plus
tRGCs that populate the VZ. HOPX+ RGCs have an amplifying profile,
particularly in the gyrus, whereas HOPX- RGCs have a

differentiating/neurogenic profile.

3. The 6 classes of RGCs have a differential distribution in prospective gyrus

and sulcus regions, suggesting a potential role in cortex folding.

4. There are 3 transcriptomic cell trajectories leading to ENs that emerge from
2 sets of mitotic RGCs. These trajectories are repeated in the VZ and OSVZ,

and are validated as cell lineages by cell barcoding experiments.

5. Newborn ENs residing in the germinal layers comprise a single immature
identity. This suggests an essential role for postmitotic changes during their

radial migration in the definition of the final neuronal identity.

6. Human MCD gene transcripts accumulate in the least differentiated

newborn ENs, particularly in gyrus.

7. RGCs exhibit a greater transcriptomic and functional similarity between

gyrencephalic species than with lissencephalic species.
8. The 3 transcriptomic cell trajectories in ferret are conserved in human, but

not identifiable in mouse, which suggests the maintenance of this complex

system during human evolution.
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CONCLUSIONS/CONCLUSIONES

1. Las células de glia radial apical y basal de hurdn son transcriptémicamente
similares y no se pueden distinguir mediante el uso de genes marcadores
canodnicos. Esto podria estar conservado en los estadios tempranos del

embrioén humano.

2. Enla corteza posnatal temprana 5 clases de células de glia radial pueblan la
zona ventricular y la zona subventricular externa, ademas de células de glia
radial truncadas que pueblan la zona ventricular. Las células de glia radial
con presencia de HOPX tienen un perfil amplificador, especialmente en el
giro, mientras que las células de glia radial carentes de HOPX tienen un

perfil diferenciador/neurogénico.

3. Las 6 clases de células de glia radial tienen una distribucion diferente en las
regiones de los futuros giro y surco, sugiriendo un posible papel en el

plegamiento de la corteza.

4. Hay 3 trayectorias transcriptomicas celulares que conducen a la produccién
de neuronas excitatorias que emergen de 2 conjuntos de células de glia
radial mitoticas. Estas trayectorias estan repetidas en la zona ventricular y
la zona subventricular externa, y estdn validadas como linajes celulares

mediante experimentos de marcaje celular.

5. Las neuronas excitatorias recién nacidas que residen en las capas
germinativas constituyen una identidad inmadura unica. Esto sugiere un
papel esencial de los cambios posmitoéticos a lo largo de su migracién radial

en la definicién de la identidad neuronal final.
6. Los transcritos de los genes de las malformaciones del desarrollo cortical
humanas se acumulan en las neuronas excitatorias recién nacidas menos

diferenciadas, especialmente en el giro.

7. Las células de glia radial presentan una mayor similitud transcriptomica y

funcional entre las especies girencefalicas que con la especie lisencefalica.
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8. Las 3 trayectorias transcriptomicas celulares del hurén estan conservadas
en el humano, pero no son identificables en raton, lo que sugiere el

mantenimiento de este complejo sistema a lo largo de la evoluciéon humana.
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Abstract

The human brain is characterized by the large size and intricate folding of its cerebral cortex, which are fundamental for
our higher cognitive function and frequently altered in pathological dysfunction. Cortex folding is not unique to
humans, nor even to primates, but is common across mammals. Cortical growth and folding are the result of com- plex
developmental processes that involve neural stem and progenitor cells and their cellular lineages, the migration and
differentiation of neurons, and the genetic programs that regulate and fine-tune these processes. All these fac- tors
combined generate mechanical stress and strain on the developing neural tissue, which ultimately drives orderly cortical
deformation and folding. In this review we examine and summarize the current knowledge on the molecular, cellular,
histogenic, and mechanical mechanisms that are involved in and influence folding of the cerebral cortex, and how
they emerged and changed during mammalian evolution. We discuss the main types of pathological mal- formations of
human cortex folding, their specific developmental origin, and how investigating their genetic causes has illuminated
our understanding of key events involved. We close our review by presenting the animal and in vitro models of cortex
folding that are currently used to study these devastating developmental brain disorders in chil- dren, and what are
the main challenges that remain ahead of us to fully understand brain folding.
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been learned about the histogenesis, cellular, and molec-
ular mechanisms of cortex development, but much less
about its folding. This is in part because cortical folding is a
rather complex mechanism that involves many different

1. INTRODUCTION

The cerebral cortex is the largest part of the brain in
humans, with central roles in our higher cognitive abilities.
One of the most characteristic features of the human
brain is its wrinkled external appearance, due to the fold-
ing and fissuring of the cerebral cortex. With a remarkably
precise organization in layers, and subject to dramatic
expansion during evolution, the development of the
human cerebral cortex has been an object of curiosity
and intense scientific study for many decades. Much has

biological and physical aspects of brain development, but
also because most of our knowledge in this field comes
from studies in mouse, which has a smooth cortex, with
no folds. The advent of new and refined methods for the
genetic and experimental manipulation of animal models
traditionally considered “nongenetic” has sparked a
renewed interest in understanding cortex folding over
the last decade. This review comes from the necessity of
bringing together and articulating our current knowledge

Physiol Rev.VOL 102 . APRIL 2022 . www.prv.org
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on the expansion and folding of the mammalian cerebral
cortex, during development and evolution, with a particu-
lar focus on human. We present this issue in an accessi- ble
and yet comprehensive manner, including gaps of
knowledge and aspects that are currently controversial in
the field, such that it may serve as reference for research-
ers with expertise in other areas and for teaching pur-
poses. Our journey starts with a basic description of
cortical development, the characteristic features of the
different cell types involved, and the mechanisms of their
interrelationship. Then we move on to the elements and
developmental mechanisms specifically involved in cor-
tex folding, including the evolutionary adaptations and
specializations that led cortical expansion and folding in
mammals. We end this review recapitulating human de-
velopmental malformations of cortex folding, and how the
basic knowledge covered in the previous sections allows
modeling these diseases in vivo and in vitro, both to
understand them better and to envisage potential future
diagnostic and therapeutic strategies.

2. BASIC FACTS OF CORTICAL
DEVELOPMENT

The development of the cerebral cortex has been a pri-
mary subject of intensive and extensive study for decades. At
the onset of corticogenesis, the cortex is primarily com-
posed bya primary germinal or ventricular zone (VZ), con-
taining the primary type of cortical progenitor cells and
limiting with the lateral telencephalic ventricle. Shortly after
neurogenesis begins, newborn neurons begin accumulat- ing
above the VZin a transient layer called preplate (PP). The PP
contains two populations of excitatory neurons:
generated in the underlying VZ, and at the borders of the

cortical primordium, the latter known as Cajal-Retzius cells
(1, 2). As development proceeds and additional cohorts of
neurons are generated, they migrate into the PP, splitting it in
two layers: subplate (SP) and marginal zone (MZ). This way,
a new layer forms between SP and MZ, called cortical plate
(CP), where the successive generations of neurons will
finish their migration and begin differentiating the den-
dritic and axonal arbors. The MZ is located externally from
the CP and is mainly composed by Cajal-Retzius cells and
migrating inhibitory interneurons (1, 3, 4).

The organization of cortical neurons in layers follows
an inside-out gradient with respect to their time of origin
(FIGURE 1). The discovery of this inside-out order of corti-
cogenesis was a major cornerstone in our understanding of
this process (5). In the adult cerebral cortex, neurons are
organized in six main layers, which are generated in an
orderly fashion during embryonic development. Neurons
that occupy the deepest layer (VI) are generated first. The
next generation of neurons migrate through and past layer
VI, now transiently forming the CP, and are des- tined to
form layer V, immediately superficial to layer VI (6). The
same process repeats for neurons destined to
progressively more superficial layers, until the neurons
destined to the most superficial layer (ll) are generated
last (5). Exceptionally, layer | is constituted by the earliest-
born cortical neurons, named Cajal-Retzius cells, but
these have different origin and characteristics from the
rest of cortical excitatory neurons (2, 7, 8).

3. NEUROEPITHELIAL CELLS AND THE
CORTICAL PRIMORDIUM

The cerebral cortex stems from the cortical primordium
in the early central nervous system (CNS), a monolayer

171

FIGURE 1. Inside-out model of cortical lamination.
Neurons generated at the germinal layers (VZ and SVZ)
migrate through the IZ and SP to accumulate forming the
CP. The 6 layers that compose the mature neocortex are
orderly produced from inside (layer VI) to outside (layer I).
VZ, ventricular zone; PP, preplate; SVZ, subventricular
zone; 1Z, intermediate zone; SP, subplate; CP, cortical
plate; MZ, marginal zone; WM, white matter; E, embryonic
day.

WM

E10.5 E11.5 E13.5 E14.5 E15.5 E17.5

Postnatal
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of neural stem cells known as neuroepithelial cells
(NECs) (9). NECs are highly polarized cells extending two
thin processes perpendicular to the cortical plane, one
apical and one basal, that contact the apical surface and
the basal lamina of the telencephalic vesicle,
respectively (10). At the apical side, NECs are bound to
each other by forming tight junctions and adherent junc-
tions, constituting an adherens junction belt. This pre-
serves the polarity and structural integrity of the
neuroepithelium, prevents the lateral diffusion of mem-
brane components and regulates the trafficking of the
cerebrospinal fluid (CSF) (11-13). The cell nucleus of
NECs moves along the thickness of the neuroepithelium in
perfect synchrony with the phases of the cell cycle, a
process known as interkinetic nuclear migration (INM)

(FIGURE 2A). During G; phase, the nucleus migrates
from the apical to the basal sides of the cortical primor-
dium, S phase takes place near the basal side, during G, the
nucleus descends to the apical side, and mitosis (M
phase) takes place at the apical surface (10, 14). This
movement is completely asynchronous between neigh-
boring cells, such that at any given moment nuclei of
NECs are found across the thickness of the neuroepithe-
lium, conferring it a false layered or pseudostratified
appearance. NECs are highly proliferative, dividing sym-
metrically into two progenitor cells to self-amplify. The
starting number of NECs in the cortical primordium, the
length of their cell cycle and of their proliferative period
determine the cortical neurogenic capacity, and so the
final number of neurons produced and, eventually, the

A G1 S G2 M G1
NEC IPC *
h N\
/7
’
1
1
1
1
1
; aRGC bRGC
R Ferret/Primate/H
erre rimate uman
i 1
: ‘@ W
B
Basal lamina
MZ
0SVZ
SVZ ISVZ
PNE
\/4 \/4

Ventricle

Early development

Later cortical development

FIGURE 2. Progenitor cell diversity. A: apical-basal movement of the nucleus of neuroepithelial (NEC) and apical radial glia cells (aRGCs) along the
thickness of the ventricular zone (VZ) during the stages of cell cycle, known as interkinetic nuclear migration. B: progenitor cell composition of germinal
layers. At early phases of cortical development, the pseudostratified neuroepithelium (PNE) is populated by neuroepithelial cells (NECs) with the nuclei at
different vertical positions depending on interkinetic nuclear migration. At subsequent stages, NECs are substituted by aRGCs with the soma in VZ and by
basal radial glia cells (bRGCs) and intermediate progenitor cells (IPCs) forming the subventricular zone (SVZ). In mouse, the SVZ is thin com- pared with
gyrencephalic species such as ferret, primates or human, where this is further subdivided in inner and outer SVZ (ISVZ, OSVZ). MZ, marginal zone.
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degree of cortical folding (15). Accordingly, the telence-
phalic vesicles are particularly large in species possess- ing
a large and highly folded cerebral cortex, such as
humans and macaque monkeys compared with mouse.
The duration of the cell cycle is longer in species with
bigger cortices, such as carnivores and primates, com-
pared with mice (16-18), which might suggest fewer
cycles of NEC amplificative divisions. However, their
neurogenic period is also much longer than in small-
brained species, allowing for a larger number of
amplificative divisions and the development of larger
brains (19).

As cortical development progresses, immediately
before the onset of neurogenesis [10 days postconcep-
tion in rodents (E10), 5-6 gestation weeks (GW5-6) in
humans], NECs gradually transform into apical radial glia
cells (aRGCs) (FIGURE 2). These neural progenitor cells
maintain several features from NECs, including their
bipolar shape with apical and basal process, INM, and
expression of neuroepithelial marker genes, such as
Nestin (20). However, they also start acquiring distinc-
tive astroglial characteristics, such as accumulation of
glycogen granules in the endfeet, extension of lamellate

NECs aRGCs

Morphology Bipolar

Apical-basal contact Apical-basal contact

Apical-basal contact

protrusions along the basal process, and expression of
new marker genes: paired box 6 (Pax6), vimentin (Vim),
glial fibrillary acidic protein (GFAP), astrocyte-specific glu-
tamate transporter (GLAST), Ca21—binding protein S100b,
and brain-lipid-binding protein (BLBP) (21) (FIGURE 3).
RGCs also loose tight junctions, but the adherens junction
belt is maintained (22). The balance between NEC ampli-
fication and the transition to RGCs is the first key turning
point in cortical development. In a groundbreaking
experiment in 2002, Chenn and Walsh (23) generated
transgenic mice where a constitutively active b-catenin
(key component of the canonical Wnt signaling pathway)
was expressed in NECs. This caused a dramatic increase in
NEC amplification and tangential growth of the neuroe-
pithelium, which folded onto itself in contrast to the nor-
mally smooth mouse neuroepithelium and cortex (23).
Similarly, treatment of mouse cerebral hemispheres ex
vivo with lysophosphatidic acid (LPA) caused a significant
increase in cell-cycle reentry and decreased progeni- tor
cell death, leading to cortical folding (24). Another gene
fundamentally involved in NEC self-renewal is Lisl
Lissencephaly 1 (Lis1), with a critical role in the orienta- tion of
the mitotic spindle of NECs that enables their

X

bRGCs IPCs
Unipolar Multipolar

Basal contact No contact

Period Pre-neurogenesis Onset of neurogenesis Late neurogenesis Late neurogenesis
Layer of somal location NE Svz Svz

. Apical-basal
INM Apical-basal (within VZ) No INM No INM
Presence of Tight junctions/ o o
tight junctions/ adherens Adherens junctions Adherens junctions Adherens junctions No

junctions

Protein expression Nestin+, Sox2

Self-renewing capacity High

Nestin+ (early stages), Pax6+,
Vim+, GFAP+, GLAST+, BLBP+

Pax6+, Vim+, GFAP+,

GLAST+, BLBP+, Eomes+
Eomes+ (primates and carnivores)
High (primate and carnivores)/ Low

Low (rodents)
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symmetric, amplificative division. Impaired Lis1 drastically
disrupts mitosis, with arrest in metaphase and other prolif-
erative deficiencies, leading to increased apoptosis (25).
Other signaling pathways important for the steady
progression of NECs toward aRGC identity include Notch
signaling (26). Loss-of-function mutations in sig- naling
components of the Notch pathway stimulate the
precocious differentiation of NECs, such as the Notch re-
ceptor 1 (Notchl) and the recombination signal binding
protein for immunoglobulin-kappa J region (RBPJk; a
Notch transcriptional regulator) (27, 28), as well as the
depletion of Notch effectors like Hes family BHLH tran-
scription factors 1, 3, and 5 (Hes1, Hes3, and Hes5) (29) or
the C-promoter binding factor 1 (CBF1) (30). Similarly, the
morphogen fibroblast growth factor 10 (FGF10) defines
the period of NEC expansion, where its overex- pression
drives their transition to the RGC fate (31). MicroRNAs
(miRNAs) add an additional level of complex- ity in the
transition from NECs to aRGCs, by regulating the
translation and cleavage of specific messenger RNAs
(mRNAs) during early cortex development (32). For
example, the early loss of let-7 miRNAs in the cortical
neuroepithelium of conditional Dicerl mutant mouse
embryos drives the neuroepithelium to overgrow, losing
the adherens junction belt and culminating in the forma-

tion of rosettes (33).
4, PROGENITOR CELL AND LINEAGE
DIVERSITY

Apical RGCs (aRGCs) bear a strong resemblance to NECs, as
mentioned in sect. 3. aRGCs maintain the highly polar- ized
morphology with an apical and a basal process, and
undergo INM and mitosis at the apical surface. As the PP
begins to form and neurons accumulate, the thickness of
the developing cortex will increase and the basal process
will concomitantly increase in length (10). However, INM
will not occur along the entire length of these processes,
but only within a short distance from the apical surface,
hence defining the primary germinal layer for the rest of
cortical development, where the cell body of aRGCs will
remain confined: the ventricular zone (VZ) (34) (FIGURE
2B). Initially, aRGCs divide symmetrically to self-amplify
and expand as a pool, but after a brief period they progres-
sively begin dividing asymmetrically to produce one aRGC
plus a different daughter cell. In these asymmetric divi-
sions, the mitotic spindle is frequently oblique to the ven-
tricular surface, such that the daughter cell that retains the
apical process, and hence the cellular components associ-
ated to it such as the primary cilium, remain as the aRGC
(35-38). Two additional types of progenitor cells are pro-
duced by asymmetric aRGC divisions, depending on the
orientation of the cleavage plane, their cell morphology,

and final germinal layer of residence (FIGURE 2B). Basal RGCs
(bRGCs) are born from oblique or horizontal aRGC divisions
(with respect to the ventricular surface) (16, 35, 39, 40). This
leads to the loss of adherens junctions and the delamination
from the apical surface, moving the cell body basally from the
VZ and forming the secondary corti- cal germinal layer:
subventricular zone (SVZ). bRGCs main- tain the long basal
process of their mother aRGC but do not undergo INM (40—
43). Instead, in primates, they per- form mitotic somal
translocation (39, 43, 44). The second additional type of
progenitor cell produced by aRGCs is the intermediate
progenitor cell (IPC) (FIGURE 2B). These are multipolar cells that
emerge from oblique or horizontal apical divisions and also
delaminate to the SVZ, where they undergo one or multiple
neurogenic divisions (45— 48). IPCs do not have apical nor
basal process but only some short processes sprouting from
the cell soma, thus lacking distinct polarity, and do not
undergo INM (49). Whereas aRGCs and bRGCs may be self-
renewing, and thus maintain their pool of progenitor cells and
sustain con- tinued cortex growth, IPCs are mostly neurogenic,
with a limited capacity for self-renewal before they
terminally divide to produce neurons, even in primates (44,
45, 49) (FIGURE 3).

4.1. Progenitor Cell Classes, Germinal Layers, and
Cortex Folding

The relative and absolute abundance of the different types
of cortical progenitor cells varies significantly between
species according to cortex size, which is related to the
different outcome of their divisions. In ani- mals with a
smooth cortex, like mouse and rat, the abun- dance of IPCs
vastly predominates over bRGCs, possibly due to a need of
producing all cortical neurons in a rela- tively short
gestational period, while also not requiring their tangential
dispersion nor folding (45, 46, 48). This is also reflected in the
low abundance of bRGCs in mouse, which after being born
from aRGCs do not self-amplify but directly enter into self-
consuming neurogenic division (35, 36, 50). In contrast, in
gyrencephalic species like fer- ret, macaque, or human, the
abundance of founder aRGCs before the onset of
neurogenesis is already much greater than in small rodents
(as for NECs; see sect. 3) and they have greater capacity for
self-amplification. These two features underlie a greater
production and accumulation of IPCs and bRGCs,
populating a much thicker SVZ compared with mouse (16,
41-43, 51). This enlarged SVZ further splits in two distinct
layers: inner and outer SVZ (ISVZ and OSVZ, respectively;
FIGURE 2B). Both ISVZ and OSVZ contain bRGCs and IPCs, but
while the ISVZ has a high and homogeneous cell density
similar to the rodent SVZ, the OSVZ has a low density of cells
radially organized in ribbons (16, 41, 51, 52). A key
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distinction between ISVZ and OSVZ, due to their different
location and structure, is the interaction of their constitu-
ent progenitor cells with extrinsic elements. In the devel-
oping ferret cerebral cortex, IPCs and bRGCs in ISVZ and
OSVZ are exposed to different sets of inputs and external
cues, such as axon fibers and migrating interneurons,
with the potential of influencing their proliferation and
fate (53). The potential interaction between progenitor
cell types and external cues is particularly evident and
striking in the macaque visual cortex, where geniculostri-
ate and corticogeniculate axon fibers run through the
outer fiber layer (OFL) located basally from the OSVZ,
and the inner fiber layer (IFL) separating ISVZ from OSVZ
(51). At the functional level, in vitro studies demonstrate
that thalamic axons promote the proliferation of cortical
progenitor cells, possibly via secretion of factors stimulat-
ing cell division (54).

The specific presence of OSVZ in species with a folded
cortex, its large size in highly folded species, and its high
content in self-amplificative progenitors at late stages of
neurogenesis, sparked the hypothesis that the OSVZ
might play important roles in cortical expansion and
folding (41-43, 55-58). Indeed, the OSVZ is greatly
expanded in primates and is the major source of upper-
layer cortical neurons in macaque monkeys (18, 42, 44,
51). Importantly, bRGCs and OSVZ are not a primate-
unique feature, but they are also very relevant in nonpri-
mate gyrencephalic species like sheep, cat and ferret, a
small carnivore with a folded cortex (42). In ferret, for
example, the OSVZ proliferates massively at the end of
embryogenesis to nearly double the size of the ISVZ,
preceding the formation of cortical folds (16, 42).
Comparative studies have revealed that the proportion
of cortical progenitor cells found in the OSVZ during
embryogenesis correlates with the degree of cortex
folding in that species, as observed across rodents, car-
nivores, ungulates, and primates (42) (for further details,
please see sect. 8.2, on cellular mechanisms of cortex
folding). This further prompts the notion that OSVZ is
key in cortex folding. OSVZ and bRGCs have also been
observed in species with a nearly smooth cortex, like
the marmoset monkey, indicating that these may be
necessary but not sufficient for gyrencephaly to emerge
(59-61). However, the abundance of OSVZ progenitors in
general, and of bRGCs in particular, is far smaller in the
embryonic marmoset cortex than in ferret, sheep, or
human, where bRGC abundance is a robust predictor of
cortex size and degree of folding (62).

4.2. Specialized Progenitor Morphotypes

The increased size and complexity of the cortical germinal

layers in primates is also accompanied by increased pro-
genitor cell diversity. In addition to the common bRGCs and
IPCs, found in variable abundance across mammalian phylogeny,
distinct morphotype variants of bRGCs have been described
in carnivores and primates (FIGURE 4). bRGCs-both-P display
the defining basal process and also an apically directed process
(44, 62); bRGC-apical-P dis- play only an apically directed
process but not a basal pro- cess; and tbRGC transiently display
either an apical and/or a basal process (44). In the human
cortex, yet additional morphotypes have been observed,
namely bRGCs with two basal processes (bRGC-2-basal-P), and
bRGCs with two basal processes and one apically directed
process (bRGC-apical-2-basal-P) (63). The number of these
cellular processes in bRGCs and IPCs seem to improve their
capacity for proliferation, potentially by exposing these cells
to pro-proliferative extrinsic signals from the develop- ing
cortex (64). This correlates well with the fact that the human
cortex contains a greater percentage of basal pro- genitors with
two or more processes than ferret, and this more than mouse
(63). The multiple classes of bRGCs and IPCs have been
observed to transition between each other (44), prompting
the possibility that they represent dif- ferent cell states rather
than progenitor cell types.

Cellular morphotypes have also been observed related to
aRGCs. Subapical progenitors (SAPs) share morphology with
aRGCs but undergo mitosis basally within the VZ, at a distance
from the apical surface in contrast to the typical apical
divisions of aRGCs. SAPs tend to rapidly self-amplify before giving
rise to two neurons by self-consuming sym- metric divisions,
hence are highly productive neurogenic progenitors. While
they are very scarce in the mouse cor- tex, SAPs are abundant
in gyrencephalic species like ferret and sheep (62). Finally,
there is one aRGC morphotype only observed in the human
cerebral cortex at late stages of development, described as
truncated aRGC (taRG()

(65). This morphotype has an apical process and a basal
process that does not reach through the pial surface but
prematurely ends (hence truncated) wrapping endothelial cells
with the basal end-feet. These progenitor cells substi- tute the
classical aRGCs by gestational week (GW) 17 and by doing this
they set a gap between VZ and OSVZ with- out RGC fibers. This
would allow bRGCs to expand, and neurons massively
generated in the OSVZ to migrate dis- persing tangentially, as
they reach their final position in the CP using the basal process of
bRGCs (65). This model has been proposed to explain the
massive increase in surface area of upper cortical layers (l1-1V)
compared with lower layers (V and VI) observed in humans,
which would contrib- ute to cortex folding (58).

4.3.  Distinguishing Progenitor Cell Types

Single-cell RNA sequencing (scRNAseq) is a high-
throughput technique to characterize the transcriptomic
landscape of thousands of individual cells. This is
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FIGURE 4. Specialized progenitor morphotypes. A: archetypical progenitor cell types found in the great majority of mammals, albeit at varying abun-
dance. B: specialized morphotypes of apical (gray background) or basal (white background) RGCs found in ferret, primates, and/or human. aRGC, apical radial
glia cell; IPC, intermediate progenitor cell; bRGC, basal radial glia cell; bRGC-both-P, basal radial glia cell with a basal process and an apically directed
process; bRGC-apical-P, basal radial glia cell with only 1 apically directed process; tbRGC, truncated basal radial glia cell; taRGC, truncated api- cal radial glia cell;
bRGC-2-basal-P, basal radial glia cell with 2 basal processes; bRGC-apical-2-basal-P, basal radial glia cell with 2 basal processes and one apically directed

process.

achieved by the encapsulation of individual cells from a
suspension into an oily emulsion of gel beads, where
the full transcriptome of individual cells is tagged before
sequencing, which then can be ana- Iyzed
quantitatively. The simultaneous transcriptomic
profiling of thousands of individual cortical cells by
means of scRNAseq is enabling researchers to define
their heterogeneity and establish similarity relation-
ships based on transcriptomic signatures (66-68). For
example, these studies have enabled discovering de-
velopmental similarities and trajectories across apical
and basal progenitors of the mouse cerebral cortex
(69). The transcriptomic profiles of individual cortical
progenitor cells identify consecutive transcriptional
waves of neuronal maturation in a dynamic process that
runs through the duration of cortical neurogene- sis.
While transmission of the conserved transcrip- tomic
landscape from aRGCs to their cell linage is a key point
at early development, extrinsic signals seem to
modulate the final neuronal cell fate at later stages

(69). Importantly, the disruption of these orderly
primed progenitors by the premature expression of a
late-wave mRNA accelerates neuronal differentiation
and disorganizes cortical layering (70).

scRNAseq studies have demonstrated an important
transcriptomic similarity between progenitor cells in the
developing mouse and human cortex, with an apparent
greater diversity of IPCs in mouse (5 subtypes in mouse vs.
3in human) and for aRGCs in human (2 subtypes in mouse
vs. 3 in human) (71). Interestingly, ferret and human RGCs
are more similar than those in mouse, with a greater
neuronal commitment in human RGCs (72). This high
correlation between ferret and human cortical pro-
genitor cells allows improved modeling in ferret of human
disorders of cortical development such as microcephaly,
lissencephaly or polymicrogyria (see sect. 10) (73). Sorting of
progenitor cells, or microdissection of germinal layers
before scRNAseq has allowed increasing the sequencing
depth of single cortical progenitor cells, which in turn has
led to deciphering an unsuspected diversity of bRGCs in
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the fetal human cortex, specifically enriched on a number of
genes related to stemness and extracellular matrix
(ECM) (72, 74). Renewed efforts using scRNAseq at
greater sequencing depth and with improved analytical
methods raise the seminal question of how to distinguish

cell types from cell states (75).
5. MOLECULAR REGULATION OF CORTICAL
CELL LINEAGES

In order for the cerebral cortex to expand and then fold,
cortical stem and progenitor cells must be first amplified
and later their lineages must be finely regulated. In this
section, we summarize the current knowledge on the
molecular mechanisms regulating the different types of
cortical progenitor cells and their different lineage deci-
sions (FIGURE 5).

5.1. Apical Radial Glia Cells

As introduced above in sect. 4, aRGCs follow multiple
lineage behaviors depending on developmental stage:
self-amplification, self-renewal, generation of basal pro-
genitors, neurogenesis, and gliogenesis.

5.1.1. RGC self-ampilification.

At early stages of cortical development, aRGCs self-
amplify to increase their pool before giving rise to the
rest of cortical cell lineages. The Notch pathway is a pri-
mary signaling mechanism to promote the transition
from NECs to aRGCs (26-30), but it is also key later on,
stimulating aRGC proliferation via interaction with other
signaling pathways. For example, activation of Janus ki-
nase-signal transducer and activator of transcription
(Jak-Stat) pathway through Stat3 phosphorylation regu-
lates the transcription of delta-like 1 (DIl1), a canonical
Notch ligand, and boosts cortical aRGC maintenance via a
noncell-autonomous mechanism (76). Other factors
promoting aRGC expansion include members of the
fibroblast growth factor (FGF) family. Blockade of FGF
receptors (FGFRs) early in development disrupts Notch
signaling and produces the premature differentiation of
aRGCs into neurons, leading to their early depletion and a
drastic decrease in cortical thickness and surface area

(77). Similarly, blockade of FGF2 strongly reduces the
pool of progenitor cells, accompanied by a very dra-
matic decrease in cortical neuron numbers by the end of
neurogenesis (78, 79). Accordingly, overexpression of
FGF2 or FGF8b lead to the overproliferation and growth of
the cerebral cortex, including the formation of folds
(80). Similarly, overexpression of FGF8 in the gyrence-
phalicferret furtherincreases cortex folding (81).

The self-amplification of aRGCs also involves insulin-like
growth factor (IGF) signaling. In the developing cortex, IGF1
activates phosphoinositide 3-kinase/Akt signaling, which
sequentially activates cyclin D1/D3/E and represses the cyclin-
dependent kinase (Cdk) inhibitor p27KIP1/ p57KIP2,
ultimately favoring G; progression (82). Similarly, IGF2 in
the CSF interacts directly with aRGCs through the apical
domain promoting their proliferation (12). Overexpression
of the cell-cycle proteins Cdk4 and cyclin D1 in the
developing mouse cerebral cortex directly favors cell-cycle
progression and progenitor cell self-amplification, which
results in megacephaly and increased cortical surface (83).
This manipulation has the same effect in the ferret cortex,
which when applied to OSVZ progenitors leads to an
aberrant increase in cortical folding (84).

The proliferation and self-amplification of cortical pro-
genitor cells is also regulated by the Wnt/b-catenin path-
way. b-Catenin is both a key downstream component of
Whnt signaling acting as a transcription factor and a struc-
tural component of the apical adherens junctions.
Conditional disruption of b-catenin in the developing
cerebral cortex perturbs INM and causes loss of adhe-
rens junctions, resulting in decreased aRGC prolifera-
tion, which demonstrates the importance of VZ integrity in
this process (85). Retinoic acid is secreted by the
meninges surrounding the cerebral cortex and sensed by
aRGCs via their basal endfeet, which respond limiting their
self-amplification. Genetic loss of meningeal RA causes a
massive proliferation and self-amplification of aRGCs at
the expense of neurogenesis and IPC produc- tion, leading
to the aberrant folding of the VZ (86).

The lissencephaly gene Lis1, which is essential for NEC
proliferation, also regulates mitotic spindle orienta- tion in
aRGCs, which leads to the premature reduction of the
aRGC progenitor pool and therefore to decreased
neuron production and brain size (25). Finally, the prolif-
eration of aRCGs is also modulated by microRNAs, as in the
case of NECs. In early cortical development, miR-9 and
let-7 miRNAs favor aRGC amplification and inhibit
neuronal differentiation (32, 87).

5.1.2. RGC self-renewal.

After an initial period of self-amplification, aRGCs begin
dividing asymmetrically to self-renew and produce neu-
rons or IPCs, before they proceed with terminally sym-
metric divisions that produce two neurons (88). The
Notch signaling pathway is also involved in this fate de-
cision of aRGCs, through Slit/Robo signaling. Activation of
the cell surface receptors Roundabout (Robo) 1 and
Robo2 in cortical aRGCs promotes Notchl activity and
expression of the Notch effector Hes1, hence promoting
aRGC self-renewal and decreased neurogenesis (89).
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Similarly, the Ras-mitogen-activated protein kinase (Ras-
MAPK) pathway promotes aRGC self-renewal, as dem-
onstrated by loss-of-function manipulations overex-
pressing the inhibitor Sprouty-related EVH1 domain
containing 1 (Spred1) protein, which prevents prolifera-
tion and leads to early neuronal differentiation (90).

Another important aspect that regulates aRGCs self-
renewal is the preservation of their characteristic apical-
basal polarity. aRGCs carry out mitosis only at the apical
surface, which is regulated by polarity proteins such as
Par3 or Par6, members of the apical Par complex that
define cell polarity in dividing cells (91, 92), and its regu-
lator cell division cycle 42 (cdc42) (93). Likewise, glyco-
gen synthase kinase 3 (Gsk3) is indirectly regulated by
cdc42 and necessary for proper microtubule dynamics
(94). Disruption or downregulation of these proteins
impairs RGC polarity and undermines the apical prolifer-
ation of cortical progenitors.

5.1.3. Generation of basal progenitors.

One of the primary roles of aRGCs is to produce basal
progenitors, namely IPCs and bRGCs, so that their neu-
rogenic potential is amplified. The generation of basal
progenitors by aRGCs is boosted by Cdk4/cyclinD1, simi- lar
to its effects in the self-amplification of aRGCs men-
tioned above, causing the SVZ to increase in thickness
(83). Similarly, attenuation of Notch signaling in mouse
favors the production of IPCs from aRGCs (30, 89, 95).
Furthermore, the severe reduction of DII1-Notch signal-
ing levels caused by high Robo signaling drives neuro-
genesis directly from in aRGCs, skipping IPC production
altogether. This has been shown to be an evolutionary
ancient mechanism to regulate the mode and abun-
dance of cortical neurogenesis, from reptiles to mam-
mals (96). The transcription factor Pax6, best known as a
hallmark of RGC identity, also promotes the generation
of bRGCs when expressed at high levels (97).

A key step following the birth of basal progenitors at
the apical surface is their delamination from VZ to SVZ
while avoiding neuronal differentiation. In fact, the loss
of proteins that maintain the integrity of the apical adhe-
rens junction belt, like pleckstrin homology domain con-
taining A7 (Plekha?7), driven by insulinoma-associated
protein 1 (Insm1) is sufficient to promote the generation
of basal progenitor cells (98). In a similar manner, the
centrosomal microtubule organizing protein Akna drives
microtubule destabilization at the adherens junctions,
followed by cell delamination from VZ and their reten-
tion in the SVZ (99). Likewise, leucine zipper tumor sup-
pressor 1 (Lzts1) forces aRGC delamination by retraction of
the apical process and quick translocation of the cell
soma to basal positions, a process observed in ferret
during the formation of bRGCs (100).

The type of basal progenitor produced is also deter-
mined by the orientation of the mitotic spindle. The
mouse homolog of Drosophila Inscuteable (Insc) shifts
the mitotic spindle orientation from horizontal to oblique
or vertical, favoring the formation of IPCs (101). The for-
mation of bRGCs is favored by the overactivation of
Sonic hedgehog (Shh) signaling, as well as by disruption of
G protein-signaling modulator 2 (LGN), both of which
regulate the orientation of the mitotic spindle in the
developing cortex (35, 102).

5.1.4. Direct neurogenesis from aRGCs.

The capacity of aRGCs to divide symmetrically and
generate neurons is enhanced by several proteins.
Neurotrophin3 (NT3) promotes neurogenic mitoses
instead of new progenitor cells, which is the opposite
effect of FGF signals (see sect. 5.1.1). This is achieved by
NT3 signaling upregulating p27KIP1 and decreas- ing
cyclinD2 in aRGCs, which lengthens G; and favors cell-
cycle exit and neurogenesis (79). On the other hand,
Slit/Robo and Notch signaling interact in aRGCs, such
that high levels of Robo decrease DIlI1 expression and
promote expression of Jagged (Jagl/ 2 a canonical
Notch ligand), which forces direct neu- rogenesis from
aRGCs (96). Notch signaling regu- lates the balance
between progenitor self-renewal and neurogenesis by
means of lateral inhibition. The bHLH proneural
transcription regulators Neurogenin

2 (Neurog2) and Achaete-scute family bHLH tran-
scription factor 1 (Ascll) drive DII1 expression, a trans-
membrane ligand that binds the Notch receptor on
neighboring cells. This activates Notch signaling, which
triggers a transcriptional program that pro- motes
progenitor self-renewal, including the down- regulation
of DII1 expression. Due to the absence of DII1 ligand
expression in this progenitor cell, Notch is not activated
in its neighboring cells, which hence unleash the
proneural gene program and enter neu- ronal
differentiation (103).

Premature cell-cycle exit and direct neurogenesis from
aRGCs is also promoted by the loss of Wnt signaling at
early developmental stages, via b-catenin suppression
(104) or elimination of the low density lipoprotein receptor-
related protein 6 (LPR6) (105). This ultimately translates into a
reduced size of the cerebral cortex, as expected, but with no
severe layering defects. In contrast, activation of Wnt
signaling at later stages of development, either by the Wnt
family member secreted factors 3a (Wnt3a) or 7a (Wnt7a),
or by b-catenin, also drives neuronal differentiation (106,
107), demonstrating that the fine-tuned regulation of Wnt
signaling along development is essential in controlling the
lineage and fate of cortical progenitor cells. Activation of
bone morphogenetic protein (BMP) signaling during
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development also negatively regulates cell-cycle reentry
and promotes neuronal differentiation (108). The endothe-
lin-converting enzyme 2 (ECE2) is a newly described neuro-
genic factor that regulates neurogenesis, apical adhesion,
cytoskeletal organization and ECM secretion, altogether
leading to the mislocalization of cortical neurons (109).

5.1.5. Gliogenesis.

At the end of cortical development neurogenesis declines
and is replaced by the generation of glial cells (gliogene-
sis). Apical RGCs undergo severe morphological changes,
growing lamellate processes and losing their apical and
basal processes, becoming star shaped (110). At the molec-
ular level, the ciliary neurotrophic factor signals via Jak-
Stat3 driving the astrocytic differentiation of cortical
aRGCs in mouse (111, 112). Similarly, the loss of b-catenin
induces the premature differentiation of aRGCs into astro-
cytes (85). Similar to Wnt and Notch signaling, BMP signal- ing
exerts very different outputs depending on its temporal
and spatial expression in the developing cerebral cortex.
While at early stages BMP ligands in the VZ induce
neurogenesis, at later stages they facilitate astrogliogene-
sis and inhibit oligodendrogliogenesis in the SVZ (113).

5.2. Basal Progenitors

Similar to aRGCs, basal progenitor cells undergo a vari- ety
of lineage decisions (FIGURE 5), which are finely
regulated at the molecular level.

5.2.1. Neurogenesis.

One of the main roles of basal progenitors is to amplify
the number of cortical neurons produced during the
neurogenic period, as the main characters of indirect
neurogenesis (45, 58, 96, 114). Basal progenitors were
initially identified in small rodents as cells expressing the T-
box transcription factor Tbr2 (also known as Eomes) and
dividing at basal position to produce neurons (45— 47)
(FIGURE 3). Their greater abundance at late stages of
cortex development led to suggest that they are of
particular importance to generate late-born neurons,
destined to upper cortical layers. However, more
detailed analyses showed that they produce neurons to

all layers of the mammalian cerebral cortex (48). Basal
progenitors are fundamental in the evolutionary expan-
sion and folding of the cerebral cortex for two main rea-
sons: they are directly implicated in amplifying cortical
neuron production, and specifically bRGCs expand the
scaffold of radial fibers and sculpt the radial migration of
cortical neurons (55, 57, 87, 115-117) (see also sect. 7).
Recent studies have identified a number of factors and
signaling pathways driving cortical upper-layer neuro-
genesis from bRGCs, already mentioned above. These
include the Shh signaling pathway (102, 118), proteins
regulating the expression of ECM components (Sox9,
Palmd, and FGFRs) (63, 119, 120), and Pax6 (97).

5.2.2. Self-amplification.

In small rodents like mouse, basal progenitors have a very
limited self-amplificative capacity, as they mostly undergo
neurogenic divisions (45, 46, 49). However, mammals with
large brains have a high abundance of basal progenitors
with significant self-renewing and self-amplificative activity
(40, 42-44). This self-amplification implies following a line-
age independent from apical progenitors (namely aRGCs)
and thus also the establishment of a basal progenitor niche in
the SVZ that promotes cell proliferation. ECM compo-
nents such as integrins, laminins, collagens, and proteogly-
cans promote cortical progenitor cell expansion and are
differentially enriched in the human ISVZ and OSVZ com-
pared with mouse SVZ (41, 121). This is also the case for the
transcription factor Sox9, which in fact promotes the
expression of ECM proteins, notably laminin-a2bicl, fol-
lowed by increased IPC proliferation and the generation of
upper-layer neurons in mouse (119). Similarly, pharmaco-
logical activation of the integrin-aVb3 receptor in mouse
IPCs promotes their cell-cycle reentry and proliferation
(122), while its disruption in ferret drastically reduces bRGC
abundanceinthe OSVZ (41).

Palmd (Palmdelphin) is a protein enriched in human
SVZ that regulates the morphology and number of proc-
esses in basal progenitor cells, as shown in an elegant
study by Kalebic et al. (63). When overexpressed, PALMD
prompts basal progenitor mitosis in mouse, ferret and
human by means of integrin-b1 signaling, which finally
leads to increased number of upper-layer neurons (63). In a
similar way, Lui et al. (123) showed that the local

FIGURE 5. Progenitor cell lineages and their molecular regulation. During early stages of cortical development, NECs self-amplify by symmetric divi- sions,
after which they produce apical radial glia cells (aRGCs). These newly form cells start self-amplifying by symmetric divisions. At the onset of neu- rogenesis,
aRGCs begin to divide asymmetrically to directly produce neurons while self-renewing. They can also generate neurons indirectly via producing IPCs,
which are essentially neurogenic in rodents. aRGCs in gyrencephalic species like ferret, primates or human generate large numbers of basal radial glia cells
(bRGCs), which in the outer SVZ self-amplify forming an independent pool of progenitors; they can produce vast amounts of neu- rons. At the end of
neurogenesis, aRGCs and bRGCs transform into proper glial cells. All these lineages are strictly regulated by specific molecules and signaling pathways,
depicted in the table. Names in red refer to specializations of expanded brains. MZ, marginal zone; VZ, ventricular zone; SVZ, sub- ventricular zone; IZ,
intermediate zone; CP, cortical plate; IPC, intermediate progenitor cell; NEC, neuroepithelial cell; NE, neuroepithelium.
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expression of platelet-derived growth factor D (PDGFD)
and its putative receptor PDGFR-b, which is expressed in
the developing human but not mouse cortex, increase
proliferation and dispersion of RGCs in the SVZ in mouse
(123). FGFRs have also been found specifically expressed in
bRGCs in the OSVZ but not in IPCs. Inhibition of FGF
signaling by FGFR blockade reduces the proliferation of
bRGCs in the OSVZ without affecting RGC abundance in ISVZ
nor VZ, and this ultimately decreases the thickness of the
upper neuronal layers (120).

52.3. Self-renewal.

The Notch signaling pathway is important for aRGC main-
tenance as detailed above (sect. 5.1.2). In addition, this
pathway is also necessary for the self-renewal of bRGCs in the
human OSVZ, where blockade of Notch signaling in cortical
slices decreases bRGCs in favor of increasing IPCs and
neurons (43). Another pathway bound to bRGC self-
renewal is Shh. Overactivation of Shh signaling inhibits dif-
ferentiation and promotes the proliferation and self-
renewal of basal progenitors in the mouse cortex, ulti-
mately inducing cortical folding (102). Shh signaling may
also increase proliferation of a particular type of bRGC in
ferret, located in prospective gyri during cortical develop-
ment and characterized by the expression of the Hop
homeobox gene (Hopx) (118). Disruption of Shh signaling in the
developing ferret cortex reduces the size of folds and
fissures and the amount of upper-layer neurogenesis.
These observations, together with the fact that Shh signal-
ing is more active in the ferret cortex than in mouse,
strongly support the significant importance of this mecha-
nism in cortex folding.

5.2.4. Gliogenesis.

Basal progenitors, and particularly bRGCs, also generate
glial cells in the cerebral developing cortex (110). Early
studies in ferret already showed that bRGCs transform
into astrogilal cells at late developmental stages, and a
recent study in macaque reveals that bRGCs in OSVZ, a
layer particularly relevant in cortex folding (see sect. 8.2.1),
becomes gliogenic at E92, just before the onset of cortex
folding at E100-E125 (124). Mouse studies also demon-
strate that overexpression of Sox9 in the embryonic cor-
tex from E13.5 to E15.5 decreases the abundance of IPCs and
anticipates the generation of oligodendrocytes (119).

6. GENETIC SPECIALIZATIONS TO MAKE BIG
BRAINS

In the previous sections, we have carefully described the
basic cellular and molecular mechanisms of cortical
development, and how the initial number of progenitor

cells, their cellular morphology and laminar distribution,
their proliferative capacity, and the length of the neuro-
genic period determine brain size. Most importantly,
comparative studies across mammalian phylogeny have
revealed that genes regulating these features of cortical
development are expressed at significantly different lev- els
between species, consistent with the involvement of these
genes and pathways in regulating cortical size and
expansion during evolution (FIGURE 5). TMF-regu- lated
nuclear protein 1 (Trnpl) is a DNA-binding protein expressed
at high levels in self-renewing aRGCs of the mouse cortex,
which gradually decreases as these cells progress toward
neurogenesis and self-consumption

(125). Trnp1 operates in several key events during corti- cal
development, influencing aRGC proliferation, mitotic spindle
orientation and delamination, and neuronal migration
(125). The sequence of Trnpl is well conserved among
mammals, with an 86% similarity between human-mouse
orthologs. However, in contrast to mouse, Trnpl is
expressed at low levels in the ferret and human cortical
germinal layers, particularly in cortical regions that
experience significant expansion along de- velopment (126).
In agreement with these observations, knockdown of Trnp1
in mouse increases the abundance of IPCs and, particularly,
of the otherwise scarce bRGCs. This results in thickening the
SVZ and enabling a faster and more divergent radial
migration of neurons, which ultimately results in cortical
folding (125). This artificial folding of the mouse cortex
recapitulates all the major characteristics of natural
gyrencephaly (16, 51, 52, 127). Altogether, the spatial and
temporal modulation of Trnp1 expression appears critical in
driving cortex folding across mammalian phylogeny (see also
sect. 8 on cortex folding, below).

Another gene with fundamental relevance for cortex
folding is the hominin-specific ARHGAP11B (Rho GTPase-
activating protein 11B), specifically enriched in apical and basal
RGCs. This gene emerged very recently in the human
lineage by partial duplication of ARHGAP11A fol- lowed by
mutation of a splicing site, causing a partial dele- tion which
now encoded for a protein with an entirely new biological
function (128). ARHGAP11B is a mitochondrial protein that
promotes glutaminolysis, a particular type of cellular
metabolism that seems important to produce the abundant
amount of energy required by highly proliferative cells like the
amplifying cortical progenitor cells (129). The artificial
expression of ARHGAP11B in mouse cortex causes the
delamination of aRGCs and the substantial IPC self-
amplification, altogether enlarging the SVZ and leading to
folding of the otherwise smooth mouse cortex (130).
Similarly, expression of ARHGAP11B in ferret causes a mas- sive
increase of self-renewing bRGCs and lengthening of
neurogenic period, significantly increasing the abundance
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of upper-layer cortical neurons, all hallmarks of cortical
expansion, but without additional folding of the already
gyrated ferret cortex (131). Intriguingly, expression of
ARHGAP11B in the embryonic marmoset cortex (a small pri-
mate with a near lissencephalic cortex) not only increases
the abundance of OSVZ bRGCs and upper-layer neurons, but
it also leads to significant growth in cortex size and
folding in vivo (132). Hence, hominin specific ARHGAP11B
sustains critical hallmarks of cortical expansion during
evolution.

Similarly to ARHGAP11B, NOTCH2NL (Notch homolog 2
NH,-terminal-like protein) is a hominid-specific gene
generated by genome duplication that translates into
novel segregated Notch-like proteins (NOTCH2NLA, B,
and C). These proteins strengthen Notch signaling, or
block DII1, in progenitor cells with varying efficiency,
leading in both cases to an extensive period of progeni-
tor amplification and a delay in neuronal differentiation
(133-135). In patients, duplications in NOTCH2NL are
linked to megalencephaly (pathological enlargement of
brain volume) and autism, while its loss is linked to
microcephaly and schizophrenia (134). Finally, the homi-
noid-specific gene TBC1D3 induces aRGC delamination and
bRGC self-amplification when expressed in mouse, likely
by reducing Trnpl expression, which finally results in
cortex folding (136). Taken together, it seems clear that
the emergence of these genes during the recent history
of human evolution was part of the genetic changes
responsible for the dramatic expansion and folding of
the human cortex. However, this is not the end of the
story, as additional new genes that also evolved in the
recent human lineage by gene duplica- tion are likely to
also have been relevant in the evolu- tionary expansion
and folding of the human cortex (133, 137).

7. RADIAL MIGRATION OF NEURONS

Once neurons are generated in the cortical germinal
layers by a variety of mechanisms, as described in the
preceding sections, they must travel or migrate in the ra-
dial axis from those deep layers to the vicinity of the
cortical surface, in the CP, where they coalesce into de-
finitive neuronal layers and begin differentiating their
dendritic and axonal arbors (10, 138). This process, called
radial migration, requires the existence a scaffold of ra-
dial fibers, which provide the necessary substrate and
guidance (10, 139). This scaffolding necessary to support
the radial migration of cortical neurons is provided by
the basal fibers of RGCs and defines the final location of
neurons along the cortical surface (15, 139). In mouse,
neurons originated from adjacent aRGCs migrate close

to each other and end-up in close vicinity at the CP by
the end of migration (140, 141) (FIGURE 6A).

At the onset of neurogenesis, when VZ and CP are
close to each other, newborn neurons must travel radi-
ally only a short distance, and they do so by translocat-
ing their cell soma along their inherited basal process
(142, 143). As the cortex gets thicker and the radial dis-
tance between VZ and CP increases, migrating neurons
display a more complex migration process, based on
four stages: 1) first, as neurons exit the VZ they transi-
ently display a bipolar shape; 2) this is followed by a brief
phase of multipolar migration within the SVZ and lower
intermediate zone (1Z), when neurons acquire a multipo-
lar morphology and move laterally (144); 3) neurons
reacquire bipolarity and resume radial migration by loco-
motion (10, 139, 143); and 4) neurons finish radial migra-
tion with a final step of somal translocation as they make
contact with the MZ (145, 146). The bipolar shape of neu-
rons during locomotion includes their extension of a
leading process that steers the direction of migration
and pulls the cell forwards, while retracting a short trail-
ing process (139, 147). The whole process involves a
highly dynamic coordination of cell-to-cell adhesion
interactions between migrating neurons and the basal
fibers of radial glia, a balance between adhesion, de-ad-
hesion, and motility under tight molecular regulation
(145,148-152).

The importance of intercellular adhesion in the neuro-
nal migratory process becomes evident from studies on
fibronectin leucine-rich transmembrane protein 1/3 (Flrt1/
3) cell adhesion molecules. Flrt1/3 are expressed in radi-
ally migrating neurons of the embryonic mouse cortex,
and their loss leads to decreased adhesion between
migrating neurons and increased radial migration speed
toward the CP, where neurons cluster together giving
rise to sulci (153—-155) (FIGURE 6B). In agreement with
these results, endogenous expression of Firt1/3 in the
developing ferret cortex is low in prospective fissures
and high in prospective folds. Importantly, cortical fold-
ing caused by the loss of Flrt1/3 occurs without increases
progenitor cell proliferation, indicating that cortex fold-
ing involves multiple nonoverlapping developmental
mechanisms (156).

8. CORTEX FOLDING

Cortex folding is the process occurring during brain de-
velopment whereby the cortical mantle, a two-dimen-
sional sheet of neural tissue containing all cortical
neurons and glial cells, acquires a three-dimensional
conformation and a characteristic wrinkled or folded
appearance, with rounded crests on the outside and
deep valleys on the inside. Cortex folding is exclusive to
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FIGURE 6. Cellular mechanisms that regulate cortical folding. A: the developing lissencephalic mouse cortex contains a high proportion of apical ra- dial
glia cells (aRGCs) (green) and intermediate progenitor cells (IPCs) (blue), while basal radial glia cells (bRGCs) (light green) are scarce. Neurons (pur- ple)
generated in the VZ and SVZ radially migrate using the parallel RGC fibers to their final position in the cortical plate (CP). B: deletion of Flrt1/3 adhesion
molecules drives the formation of sulci in the mouse cortex, due to a decrease in adhesion between migrating neurons that allows them to move faster
toward the CP, where they cluster together. C: dot plot of exponential growth of the gyrification index with respect to the relative abun- dance of
progenitor cells in the OSVZ (for gyrencephalic species) and IZ (for lissencephalic species). D: in the gyrencephalic ferret, cellular mechanisms become
specialized along the cortex in prospective areas of gyri or sulci. In sulci there is a smaller proportion of bRGCs than in gyri, with thinner ISVZ and OSVZ. In
sulci, the scaffold of radial glia fibers is parallel, while in gyri it acquires a fan-like organization due to the abundant presence of bRGC processes. As a
result, radially migrating neurons follow divergent trajectories and end up in very distant positions along the CP. Migrating neurons in gyri elaborate
branches in their leading process, which allows them to switch between radial fibers and disperse tangentially. In gyri, cell proliferation (mitotic figures) is
greater compared with sulci, which in turn is greater than in the mouse cortex. VZ, ventricular zone; SVZ, subventricular zone; ISVZ, inner subventricular

zone; OSVZ, outer subventricular zone; DKO, double knockout.

mammals and typical of species with large brains.
Species with a folded cortex are called gyrencephalic
(folded brain) and include elephants, dolphins, whales,
cattle, dogs, cats, and particularly old-world primates,
including humans. In contrast, small mammals typically
have a small and smooth cortex, hence called lissence-
phalic (smooth brain), including rabbits, rats, and mice.
Small primates, typically new-world monkeys, usually
are nearly lissencephalic, displaying only one or two
main fissures. There are a few exceptions to this general
rule, and for a number of species with intermediate brain
sizes the correlation between size and folding does not
fully apply.

Folding of the cerebral cortex has fascinated natural-
ists and scientists for centuries, and yet only recently we
have begun to see some light on the mechanisms that
underlie and lead to cortex folding. The mature mamma-
lian cerebral cortex is composed of six main neuronal

layers on the outside (gray matter), plus an underlying
white matter, a thick layer of outgoing and incoming my-
elinated axonal fibers that connect the overlying neu-
rons with the rest of the brain. In lissencephalic species,
gray and white matter are smooth and have a relatively
constant thickness along the entire cortex. In contrast, in
the cortex of gyrencephalic species the six neuronal
layers of the gray matter bend in each fold and fissure,
changing their thickness from maximal in the gyral
crowns to minimal in the sulcal fundi. The white mat-
ter, on the other hand, is only folded in its outer sur-
face, limiting with the gray matter, while it is smooth in
its inner surface, limiting with the telencephalic
ventricle. These detailed characteristics distinguish true,
bona fide cortex folding from pseudofolding, as in some
experimental or animal models, or pathologi- cal
situations, where folding involves either only part of
the gray matter (subset of neuronal layers), the
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entire cortical thickness including white matter, or a
largely undifferentiated cortex (23, 86).

Cortical folding serves at least two main purposes: 1) to
compact a big cerebral cortex with a massively enlarged
surface area into a reduced cranial volume; 2) to bring
into proximity cortical areas that have strong functional
links, thus minimizing the distance between neurons
and optimizing neural network efficiency (157). Indeed,
neurons on either side of a gyrus have a strong bias to
connect with each other, whereas the connectiv- ity
between neurons of opposite sides of a sulcus is
biasedly weak (158). The notion that cortex folding opti-
mizes brain function is consistent with clinical observa-
tions from human patients, where cortical malformations
are linked to severe learning and cognitive disabilities
and frequently drug-resistant epilepsy (see sect. 10).
Remarkably, however, the specific physiological role
that normal folding plays in cortex function remains com-
pletely unknown.

Cerebral cortex folding takes place during late stages of
brain development and it involves the combined action
of a complex series of molecular, cellular, and me- chanical
events, which we are just beginning to identify. Our
understanding of this process is still very immature and
incomplete, but some key aspects have been elucidated.

8.1. Physical Forces

Cortex folding fundamentally implies the mechanical
buckling of neural tissue, so understanding this process
involves elucidating the physical forces involved, their
nature, origin, and mode of action.

8.1.1. Confinement pressure.

Intuitively, it might seem that cortex folding is simply
a question of packing a disproportionately enlarged flat
tissue into a confined cranial space: the cortex grows in
surface area more than the cranium can handle and so
pressure causes it to fold onto itself as it develops. This
was one of the first hypotheses pro- posed to explain
cortex folding, but it was refuted by experimental
testing, which demonstrated that allevi- ating cranial
pressure (or reducing brain volume) dur- ing
development does not preclude cortex folding

(159). On the contrary, development of the cranial
cavity appears to be strongly influenced by brain
growth. In certain human pathologies like hydroceph-
alus, an abnormally high internal pressure of the cer-
ebrospinal fluid drives the enlargement of the brain,
and this is accompanied by a significant enlargement of
the endocranial volume, not by further cortex fold- ing
(160). Thus folding of the cerebral cortex is

developmentally programmed and independent from
cranial constraints.

8.1.2. Pulling tension.

The basal process of radial glia cells, and the long axons of
cortical projection neurons, are thin cellular extensions
with viscoelastic properties subject to tension. The pulling
force of this tension may impose mechanical deformation
on the soft developing cortical tissue and hence lead to
the formation of folds (161, 162). Some cortical areas are
more profusely interconnected than others (157, 158), so a
greater axonal tension in areas highly connected may pull
them together forming a gyrus, whereas poorly con-
nected areas occupy the opposite banks of fissures.
While simple, attractive, and convincing, the axon tension
hypothesis has been proven wrong by experimental test-
ing in ferret brain slices (163). If an elastic cable is under
tension, cutting the cable causes its retraction, and the
amount of retraction is proportional to the tension sus-
tained. According to the axonal tension model, cutting
the white matter parallel to the banks of a gyrus (across
the interconnecting axons) should cause significant axo-
nal retraction, whereas cutting it perpendicular should
not. However, this very simple experiment demonstrated
that in fact, there is axonal tension in the developing cor-
tex, but it is not within gyri pulling them together (163).
The axonal tension hypothesis (162) has been recently
reviewed and updated, incorporating our increasing
knowledge on the complexity of cellular components and
events in the developing cortex (see sect. 2), including
new progenitor cell types, cellular interactions, and the
influence of the extracellular matrix (161).

8.1.3. Tissue compression due to dilJerential
tangential growth.
An alternative view to the tension hypothesis takes into
consideration that cortical gray and white matter grow
tangentially at different speeds, and that soft tissues
growing nonuniformly are under mechanical instability.
Mathematical models of cortex growth and folding show
that the compressive mechanical forces generated in
such a system suffice to generate folds and fissures
(164, 165). These conclusions are supported by experi-
mental testing using hydrogels, where folding emerges
spontaneously upon expansion of a compound hydrogel
with two layers of distinct viscoelasticity and expansion
rate (166, 167). Importantly, differential tangential growth
explains many features of cortex folding, including fold-
ing wavelength, which is determined by cortical thick-
ness, relative stiffness differences, initial shape of
cortical surface, and growth rate of cortex relative to
subcortical layers (168, 169).
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Differences in tissue stiffness along and across corti-
cal layers may have multiple causes, among which the
extracellular matrix (ECM) appears to be particularly rele-
vant. Specific sets of ECM components are expressed at
very different levels between layers of the developing
cortex, and between prospective gyrus and sulcus (121,
126). Slice cultures of fetal human cortex treated with a
cocktail of ECM components acquire stiffness heteroge-
neity along the cortical plate, concomitant with the
formation of folds in vitro (170, 171). In parallel to determi-
nants of tissue stiffness, neuronal differentiation and
maturation may provide a primary mechanism of tangen-
tial cortical growth, as this is coincident in developmen-
tal time with cortical folding (164, 169, 172-174). An
additional mechanism that seems to be key for cortical
expansion is the intercalation of neurons within the corti-
cal plate at late stages of development (55, 175). This
contributes dramatically to the differential tangential
growth of the cortex and to the generation of tissue
compression forces, and thus it is likely to contribute sig-
nificantly in favoring cortex folding. As we will see in
sect. 8.2, neuron intercalation is related to modifications
in radial neuronal migration found specifically in gyren-
cephalic species.

8.2. Cellular Mechanisms

Folding takes place at late stages of cortical develop-
ment, well after neurogenesis and neuron migration are
over (169, 176, 177). Therefore, these early events do not
drive tissue buckling directly, but they set the stage nec-
essary for cortical expansion and folding.

8.2.1. Progenitor proliferation and neurogenesis.

As mentioned above, cortex folding occurs in species
with large brains, linked to a high abundance of cortical
neurons and, thus, to high rates of neurogenesis. In
agreement with this notion, comparison of germinal
layers between gyrencephalic and lissencephalic spe-
cies evidences that the abundance of basal progenitor
cells (source of most cortical neurons) is massively larger in
the former than the latter, which translates in a much
thicker SVZ. This thickening is accompanied by the dis-
tinction of two sublayers in the SVZ: inner (ISVZ) and
outer (OSVZ). Indeed, although the OSVZ was first iden-
tified in primates (51) it is present in gyrencephalic spe-
cies across mammalian phylogeny, from primates to
rodents, carnivores, and ungulates, supporting a con-
served role in cortex folding, and/or in cortex size (42,
61, 178). The percentage of cortical progenitor cells
found in the OSVZ at a given developmental stage varies
significantly between species, and it is strongly
correlated with their gyrification index (Gl) (42) (FIGURE

6C). This index measures the degree of cortex folding
independent from absolute size (179), so a positive cor-
relation with OSVZ progenitor abundance strongly sup-
ports the notion that this layer is relevant for the eventual
formation of folds. Seen in more detail, the den- sity of cell
proliferation in the OSVZ is not homogeneous along the
developing cortex, but it may be several-fold greater in
regions that will undergo surface area expan- sion and
folding compared with those becoming a sul- cus. This has
been shown in ferret, cat, and human embryos (42),
supporting even further the direct involve- ment of the OSVZ
in setting the stage for cortex folding. Experimental support
for this notion first came from studies in ferret, where
genetic manipulations promoting OSVZ proliferation led to
increased cortex folding and Gl (84), whereas folding was
impaired upon reducing or blocking OSVZ proliferation (42,
180, 181). Remarkably, even in the smooth mouse cortex,
experimental enhancement of proliferation specifically in
the SVZ is also sufficient to induce folding (80, 130).
However, cortex folding involves more than just gen-
erating a large number of neurons (55), as shown by
clinical evidence. For example, microcephaly is malfor-
mation of brain development defined by a significant
reduction in the size of the brain and the cerebral cortex,
which is namely due to a defective generation of neu- rons
(as in the Zika virus outburst) (182, 183). However,
microcephalic patients may display folds with remark- ably
normal appearance, demonstrating that cortex fold- ing
does not depend on producing a critical number of
neurons. Similarly, lissencephaly is characterized by a
significant (sometimes, complete) loss or simplification of
cortical folds, and yet some patients display normal brain
size with an approximately normal number of corti- cal
neurons. This shows that generating a normal num- ber of
cortical neurons is not strictly necessary, nor sufficient, to
drive cortex folding (55). The key to this question lies is the
specific composition of basal progen- itor cell types. In
lissencephalic species, like mouse, the vast majority of basal
progenitors in SVZ are IPCs, cells with no specific polarity and
multiple short processes. In contrast, in the ISVZ and OSVZ of
gyrencephalic species bRGCs are very abundant, cells with
very strong apical- basal polarity and morphologically
similar to apical RGCs, usually with one long basal process
extended radially all the way to the pial surface (16, 41-44,
50). Whereas both IPCs and bRGCs produce neurons (40—
43, 50), only bRGCs, via their basal process, serve the
additional function of acting as substrate and guide for the
radial migration of immature neurons, from the neu-
rogenic layers to the cortical surface. Due to their strate- gic
location in 1SVZ/OSVZ, the basal process of bRGCs
intercalates within the scaffold of basal fibers of aRGCs
(radial fiber scaffold), modifying the parallel arrangement
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of this scaffold and transforming it into a fanned array
(FIGURE 6D) (55, 57, 60). Due to this modification, corti- cal
neurons migrating radially along the divergent radial glia fiber
scaffold become progressively separated from each other as
they approach the brain’s surface, thus expanding
tangentially the cortical surface area, which sets the stage
for the formation of folds (FIGURE 6D)

(87). Indeed, tangential or horizontal dispersion of neuro- nal
clones is a landmark feature of large and highly folded brains
(184, 185). Importantly, this model of radial glia scaffold
divergence also explains how during em- bryonic
development the pial surface becomes much larger than the
ventricular surface in gyrencephalic spe- cies but not in
lissencephalic species.

Multiple lines of evidence support the model and role of
radial glia fiber divergence on cortex folding. First, this
model predicts that the greater abundance of bRGCs in the
developing cortex, the more tangential dis- persion of cortical
neurons, the larger cortical surface area, and the more
folding. The relative abundance of bRGCs among cortical
progenitors in each species cor- relates with their degree of
cortex folding (44, 60-62), fully supporting the above
prediction and that this type of basal progenitor cell is central
for the development of gyrencephaly (56). This notion is
further supported by experimental manipulations of the
folded ferret cortex, where specifically reducing the
abundance of bRGCs leads to smaller cortical surface area
and fold size (42). Conversely, genetic manipulations of the
embryonic smooth mouse cortex that increase the
abundance of bRGCs (otherwise very scarce) drive the
formation of cortical folds, as, for example, with the loss-of-
function of the nuclear protein Trnp1, or the overactivation of
Shh signaling (102, 125). Second, the model predicts that if
the abundance of bRGCs is not homogeneous along the mantle
of the developing cerebral cortex, regions with greater bRGC
abundance should have greater radial fiber divergence and
eventually expand more in surface area and fold more than
regions with fewer bRGCs. Measurements of the density and
divergence of the ra- dial fiber scaffold along the developing
cortex of ferrets confirm this prediction (42).

If the abundance of bRGCs and the size of the OSVZ

are critical in determining the degree of cortex folding,
how are they established during development? Similar to the
spatial differences in bRGC abundance along the developing
cortex, there are temporal differences in bRGC generation.
As mentioned above, basal progeni- tors are initially
generated by aRGCs and later they may self-amplify,
especially in gyrencephalic species (see sect. 5.2.2) (40, 43,
44). However, a study in ferrets dis- covered that bRGCs
populating the OSVZ are produced by aRGCs only during a
very brief period of time during embryonic development,
neither before nor after (40).

During this short time window, or critical period, a large
proportion of aRGCs undergo self-consuming mitotic
divisions to produce massive amounts of bRGCs that are
destined to initiate (seed) the OSVZ. After this pe- riod,
aRGCs restore their self-renewal capacity and switch to
producing bRGCs at a much lower pace, which from then
on are destined exclusively to the ISVZ, not to OSVZ
anymore. As for the OSVZ, the number of founder bRGCs
produced during the critical period will increase
exclusively by self-amplification (FIGURE 5). Therefore,
the size of the OSVZ and the abundance of its bRGCs,
which are key factors in cortex folding, depend on the
dynamics of this critical period and the posterior rate of
self-amplification of bRGCs. The longer the critical pe-
riod, the more founder bRGCs will be generated to seed
the OSVZ (but also the fewer aRGCs left to continue
with VZ and ISVZ development). The earlier in develop-
ment the critical period occurs, the more time founder
bRGCs will have to self-amplify and grow a large OSVZ
before neurogenesis ends and cortex buckling takes
place. Variations in these parameters are expected to
occur across species with different degree of cortex
folding (87, 156).

8.2.2. Neuronal migration.

According to the radial divergence model (see sect.
8.2.1), cortex folding depends on the abundant presence of
bRGCs in a thick and highly proliferative OSVZ (16, 42, 87).
In this model, the role of bRGCs is to provide addi- tional
radial fibers for the migration of cortical neurons, and to
create divergence in the radial fiber scaffold to disperse
laterally these radially migrating neurons, thus expanding
the cortical surface area (FIGURE 6D). In ra- dial glia-
guided neuronal migration, neurons are inti- mately
associated and closely apposed to one radial glia fiber
via cell surface adhesion molecules (10, 139, 149) and
move toward the cortical surface by crawling along this
fiber (141, 186). In order for migrating neurons to disperse
laterally in the divergent radial fiber scaffold, they must
switch between radial fibers as they migrate. This is
achieved thanks to a cellular specialization of migrating
neurons particular to folded brains: branching of their
leading process. Analyses of the detailed mor- phology
of migrating cortical neurons revealed that their leading
process is not simple and unbranched, as tradi- tionally
viewed (10), but it runs through cycles of making lateral
branches (187). In smooth cortices like in mouse, radially
migrating neurons display only one branch that is
frequently parallel to the main process. However, in
folded cortices like in ferret, these neurons display up to
three branches, and frequently form at wide angles from
the main process. On the one hand, these side branches
allow migrating neurons to reach out to neighbor radial
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fibers without losing attachment to their parent fiber. On
the other hand, by selecting one of the side branches
and retracting all the others, migrating neurons steer
their trajectory of migration, including switching
between radial fibers (187). Similar migration behav-
iors have been observed in the developing cortex of
macaque monkeys (188), supporting that this is a com-
mon mechanism for the development of folded cortices.

Neurons undergoing radial migration sustain cell con-
tact-dependent attractive and repulsive forces, both
with radial glia fibers and with other migrating neurons.
The dynamic balance between attraction and repulsion
during neuronal migration is of key importance during
cortical development, and it also plays a central role in
cortex folding. A family of cell adhesion proteins called
FIrt (FIrt1-3) expressed by subpopulations of migrating
cortical neurons are necessary for the intercellular ad-
hesion between them. In mouse, these proteins are
expressed at high levels, and the absence of FIrtl and
FIrt3 in mutants causes a loss of intercellular adhe- sion,
leading to an increase in migration speed and,
ultimately, to the formation of cortical fissures (153)
(FIGURE 6B) (see also sect. 7 on radial migration).
Notably, FLRT1/3 expression is low in the embryonic
human cortex and in future sulcus areas of ferrets,
supporting that intercellular adhesion is another key
regulator of cortical folding across species, independ-
ent from progenitor proliferation and neurogenesis.

8.3. Folding Patterns

Folds and fissures are hierarchically organized, similar to
branches in a tree. Primary folds form the earliest during
development, where primary fissures are the deepest in
the cortex, forming always at the same, highly con-
served positions between individuals (189-191). Some
species like ferret and cat only develop primary folds,
thus exhibiting a relatively simple and much conserved
pattern of cortical folding (159). Secondary folds form
next in between primary fissures and are less con-
served, more variable between individuals. Folds of
even higher order form at subsequent epochs and ex-
hibit the greatest interindividual variability. The fact that
primary folds are so well conserved within a species
reflects that cortex folding is a process under strong
genetic regulation. Although the overall pattern of cortex
folding is highly variable between individuals in species
with large and profoundly convoluted brains, like
humans, monozygotic twins have significantly greater
similarity between them than with people not genetically
related (192), again indicating that these patterns have a
strong genetic basis. Finally, species belonging to the
same phylogenic clade (i.e., carnivores) share the same

basic patterns of cortex folding (even secondary folds)
(55), supporting the idea that not only cortex folding is
genetically regulated but that the genetic and develop-
mental programs defining the folding patterns were
strongly conserved during evolution.

8.3.1. Regional variations in progenitor cell
proliferation.
Detailed analyses of cortical development in ferret, cat,
and human show that the patterns of primary folding
and fissuring are linked to regional variations in progeni-
tor cell proliferation. Regions with high proliferation rates
undergo significant expansion and develop to become
primary folds (or lobes, in human), whereas regions with
low proliferation expand much less and develop to
become fissures (42, 177). This correlation has been
observed in all three germinal layers (VZ, ISVZ, and
0SVZ) but is particularly striking in the OSVZ, where dif-
ferences in proliferation between regions are greater
(16, 42) (FIGURE 6D). Cell proliferation and cell cycle are
processes under very tight genetic regulation, consist-
ent with these being at the core of the genetic regula-
tion of cortex folding.

8.3.2. Genetic protomaps of cortex folding.

Classical genetic screening studies in neurological
patients have identified a long list of genes whose muta-
tion alters the development of cortical folds (160).
However, this list is neither complete nor does it illumi-
nate the mechanisms defining the pattern of cortical
folds. A key experiment to identify genetic programs
involved in the patterning of cortical folds was per-
formed in developing ferret kits using next generation
sequencing (RNAseq) (126). The underlying idea is that
genes controlling the patterned formation of cortical
folds must have different levels of activity between areas
developing as folds from those developing as fissures,
and thus they may be expressed at different levels
between these regions. The experiment also took
advantage of the fact that the pattern of cortex folding in
ferrets is perfectly conserved, such that regions eventu-
ally giving rise to folds or fissures are clearly identifiable
before folding takes place. Hence, the individual cortical
germinal layers of newborn ferrets (VZ, ISVZ, and OSVZ)
were microdissected out of living brain slices, while dis-
tinguishing the area that gives rise to the splenial gyrus
(the most prominent gyrus in ferret) from that giving rise
to the adjacent lateral sulcus. Thousands of genes were
found differentially expressed between the prospective

gyrus and sulcus (>2-fold), particularly in OSVZ, in

agreement with this layer being key in cortex folding
and with these genes being relevant in the process
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(126). As predicted, the genes found differentially
expressed are known to be important in regulating pro-
genitor cell proliferation, cortical patterning, neurogene-
sis, and neuron differentiation. In further support of the
main hypothesis, differentially expressed genes included

>80% of genes mutated in human cortical malformations.
Some of these genes were selected for analysis of their

expression pattern in tissue by in situ hybridization,
revealing an expression in stripes, where segments of
germinal layers with high gene expression levels alter-
nate with segments of low levels. Strikingly, similar gene
expression patterns also occur in the embryonic human
cortex, but not in mouse, consistent with this being linked
to cortex folding (126). Most importantly, the alignment of
gene expression stripes across the developing ferret

Mouse Early postnatal ferret

I High Eomes expression

& Gyrus
/
/

R
R C

.

cortical surface area outlines a map of expression levels
that strongly correlates with the distribution map of pro-
spective folds and fissures, thus defining a genetic proto-
map of cortex folding (FIGURE 7) (193).

The notion of a cortical protomap has been under
debate for decades in the context of the definition of
functional cortical areas (reviewed in Refs. 194-196).
Whereas this controversy may not be fully settled, the
notion that a genetic protomap of cortex folding exists
has not been challenged so far. The existence of similar
stripes or blocks of gene expression in the developing
cerebral cortex of human fetuses is particularly reveal-
ing, especially for genes linked to cortical malformations.
Most frequently, human malformations of cortical devel-
opment do not affect the entire cortex but only one

Adult ferret

Cdké

FIGURE 7. Differential pattern of expression of protomap genes along cortical germinal layers in mouse and ferret. A: schematic of a sagittal section
through the mouse brain where Eomes mRNA displays a rostro-caudal gradient. B: in the early postnatal ferret, Eomes mRNA displays a modular or block-
wise pattern, where regions of high expression correspond with prospective gyri (stripped pattern), as shown in the adult cortex (C). D: in situ
hybridization stains of the newborn ferret cortex revealing the expression pattern of Fgfr3 and Cdk6é mRNA, with alternating modules of low and high

(lines) expression levels along the outer subventricular zone. R, rostral; C, caudal.
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region, even if the genetic mutation is germline (affect-
ing all brain cells). In fact, specific malformations like
nodular heterotopia or polymicrogyria affect only small
portions of the cortex or may even alternate between
normal and affected regions (160). The occurrence of
these local phenotypes from germline mutations (global)
has remained a mystery for decades, but it may be
explained by the expression of the linked genes follow-
ing a protomap pattern.

Functional validation of the genetic protomap of cor-
tex folding came from experimental manipulations. One
of the genes differentially expressed in ferret VZ (low
levels in prospective gyrus) encodes for the nuclear pro-
tein Trnp1l, expressed homogeneously and at high levels
along the mouse cortical VZ. Local loss of Trnpl expres-
sion in the embryonic mouse cortex by in utero electro-
poration led to a high production of bRGCs and the
formation of folds in the otherwise smooth cortex (125).
Conversely, overexpression of Trnpl in ferret embryos
led to reduced genesis of bRGCs (40). The two folding
protomap genes Firtl and Firt3 (low levels in prospective
sulcus) encode for cell adhesion proteins and are
expressed homogeneously in a salt-and-pepper fashion
along the embryonic mouse cortex. Double mutant
mouse embryos, missing both Firt1/3, develop conspicu-
ous cortical fissures (153). Other protomap genes have
been tested in ferrets, such as PALMD and FGFR, for
example, both of which have differentially high expres-
sion in OSVZ of prospective gyrus and promote basal
progenitor proliferation and cortical folding (63, 120).

9. EVOLUTION OF CORTICAL FOLDING

9.1. Phylogenic Origin of Cortex Folding

The traditional, naive view of mammalian brain evolu-
tion, and cortex evolution in particular, is that the stem
ancestor to all mammals had a small brain with a smooth
cortex and that this progressively increased in size, fold-
ing, and complexity until the modern human configura-
tion. However, evolutionary biology tells a different
story. Close attention to the latest revisions of the mam-
malian phylogenic tree (based on genetic similarity),
combined with the morphological brain characteristics
of species, provides irrefutable evidence that cortex
folding is a widespread phenomenon across mammalian
phylogeny (FIGURE 8) (198). Although frequently consid-
ered a primate trait, cortex folding occurs in all major
clades of plancetal mammals, including primates, carni-
vores, ungulates, afrotherids (elephant), and even
rodents (capybara) and xenartra (anteater, sloth) (http://
neurosciencelibrary.org). Phylogenetically interspersed in
between gyrencephalic species, we also find

numerous examples of lissencephalic species (FIGURE 8),
posing the question of whether gyrencephaly was the
original and default state, or it was lissencephaly. A
parsimonious view of the extraordinary complexity of
molecular, cellular, and mechanical factors involved in
cortex folding suggests the former. This is supported by
studies of cerebral size and neocortical folding in old-
and new-world primates using phylogenetic compara-
tive methods, which conclude that the common ancestor
of primates may have had a folded cerebrum similar to
that of a small lemur (60, 199) (FIGURE 8). At a more
global level, and considering the conclusions from pri-
mate studies, the most parsimonious explanation for the
widespread occurrence of cortex folding across placen-
tal mammals is that their common ancestor was gyren-
cephalic, at least to some degree. In support of this
view, a polyphenomic character analysis of fossil and liv-
ing species suggested that the ancestor to plancetal
mammals resembled a large, long-tailed rodent with a
mildly folded cortex (200). Even more remarkable is the
observation that cortex folding occurs also in marsupials
(gray kangaroo, wallaby, wombat) and even in a monot-
reme species (equidna) (FIGURE 8). Being these the
most ancient mammalian clades, which diverged from
placentals more than 160 million years ago (201), it
seems likely that the cerebral cortex of an early mamma-
lian ancestor was already folded (202).
9.2. Divergences in the Evolution of Cortex
Folding
Cortex folding is widespread across mammalian phylog-
eny, with significant similarities between species and
clades. For example, a study across 34 primate species,
including new-world and old-world monkeys, revealed
that the wavelength of cortical folds (that is, the periodic-
ity or distance between adjacent crests) is extremely
constant in species with relatively large brains, despite a
20-fold variation in their cerebral volume (199). Another
constant across species, particularly within clades, is the
proportion between brain weight and the degree of cort-
ical folding, measured as Gl (203—-205). Not surprisingly,
bigger brains have higher Gls. However, cetaceans (dol-
phins, whales) display a significant deviation from this
norm. Cetaceans not only have the highest GIs among
mammals (the most convoluted cortical folding), but their
Gl is also disproportionate to the size of their brains, hav-
ing the highest Gl-brain weight ratios among mammals
by very far (204). The reasons behind the extreme corti-
cal folding in cetaceans remains unclear, but it may be
related to their particular cytoarchitecture. The cetacean
cortex is the thinnest of all mammals, it has fewer neu-
rons and lower cell densities than primates with similar
brain size, and it lacks layer IV, all of which may
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FIGURE 8. Cortical folding across vertebrate phylogeny. Simplified phylogenic tree showing the brains of a selection of species belonging to major orders
of amniotes. Red lines indicate lissencephalic species found within an order containing gyrencephalic species. The ancestor common to all pla- cental
mammals has been predicted to be gyrencephalic (see text), so lissencephaly is thought to be an adaptative secondary loss of gyrification. Images for
chicken and iguana are from www.global.anato.cl (code: 6cAgc00004) and used with permission; turtle is from Ref. 197 and used with per- mission;
mammalian images are from http://brainmuseum.org (specimens from the Defense Health Agency Neuroanatomical Collections Division of the National
Museum of Health and Medicine, the University of Wisconsin, and Michigan State Comparative Mammalian Brain Collections supported by the U.S. National

Science Foundation).

contribute to their extraordinary folding (204, 206).
Under the simple perspective of how much cortical tis-
sue can fold while still preserving its laminar composition
(cell types, density, and connectivity), thinner cortices
allow for smaller and more numerous gyri, which results
in more intense cortical folding relative to brain weight.
The converse is also reflected in some other species like
the beaver and the manatee, two unrelated species with
large but smooth brains, both with an unusually thick
white matter and cortex (159).

The evolution of cortical folding involved in many
cases an increase in the degree of folding (Gl) from the
initial ancestor, but in others it involved a decrease of
folding, or secondary loss (FIGURE 8). Cortical folding is
very prominent in humans and other large primates,
namely great apes and old-world monkeys. However,
the smaller new-world monkeys have small brains and
near-smooth cortices. Mathematical analyses of cortical
folding and phylogeny show that two different trajecto-
ries emerged from the common ancestor to extant pri-
mates: one that increased GI, the most dramatic

examples being modern human, chimpanzee and go-
rilla; and a second that decreased Gl, leading to lemurs
and marmosets (60, 199, 202). This demonstrates that
secondary loss of gyrencephaly was an important as-
pect of primate brain evolution. A similar example is
found in marsupials, where folded and smooth brained
species are interspersed across the phylogenic tree, as
well as in the two extinct monotremes, the gyrence-
phalic echidna and the lissencephalic platypus (FIGURE 8).
However, the paramount example of secondary loss of
cortex folding occurred in rodents and lagomorphs
(rabbits). About 100 million years ago, an ancestral pla-
cental mammal diverged in two lineages: one giving rise
to modern carnivores and ungulates, all highly folded,
and the other giving rise to primates and rodents. Only
10 million years later the common ancestor to primates
and rodents would diverge, following independent evo-
lution ever since (201). From that point, whereas most
carnivores and ungulates, and many primates evolved to
ever-increase cortex folding, the entire rodent and
lagomorph lineage evolved to reduce cortex size and
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folding to the minimum. Intriguingly, one extant rodent
species has remarkable cortex folding, the large south-
american Capybara, which may have spared this sec-
ondary loss or re-gained folding from a smooth brained
ancestor (FIGURE 8). Secondary loss is more likely to
have occurred independently in multiple lineages than
by evolutionary convergence, because a loss of bRGCs,
neurogenesis, and the genetic mechanisms regulating
them is evolutionarily much more economical than their
generation de novo. The differential changes and rever-
sals in the cortical phenotype during the evolution of
mammalian brains reflects their remarkable adaptability
in this process (207).

9.3.  Ongoing Evolution of Cortex Folding and
Human Uniqueness

The genetic mechanisms underlying the evolutionary
expansion and folding of the human cerebral cortex are
beginning to be elucidated (208), while much less is
known about mechanisms involved in their secondary
loss in rodents. Human cortical malformations most fre-
quently result from developmental defects of genetic or-
igin. A number of genes have been identified as critical in
cortical development and folding, whose mutation is
linked to specific malformations, but when these same
genetic mutations have been introduced in transgenic
mice, cortical defects fail to occur in most cases (160,
209). This strongly suggests that those genes, although
encoded in both genomes, were coopted during human
brain evolution to participate in key processes of cortical
development, including the emergence of gyrencephaly
(210). Indeed, genes involved in key aspects of brain de-
velopment, notably protein-coding genes regulating
cortical size and folding (i.e., ASPM, MCPH1, LIS1) and
nonprotein-coding genes, have evolved considerably
faster in primates compared with lissencephalic rodents
(211-214), especially in the recent primate lineage lead-
ing to humans (134, 135, 208, 215, 216). Patterns of gene
expression in the fetal human brain seem to have also
evolved rapidly, as for example genes involved in the
cortical folding protomap (126, 217, 218). In summary, the
rapid evolution of genes and mechanisms regulating
their expression seem to have driven the evolution of
primate brain size and complexity, especially the dra-
matic increases in gyrencephaly that occurred in the
recent human evolutionary history (60, 208, 219).

9.3.1. Novel protein-coding genes.

One of the obvious mechanisms to introduce new bio-
logical functions into a system under evolution is by
selecting and incorporating newly created genes.
Integrative analyses of gene expression datasets from

multiple laboratories identified 50 genes that exist only
in primate genomes and that are highly expressed in
embryonic cortical progenitor cells, strongly suggesting a
specific relevance in the evolution of the primate cere-
bral cortex (133). A set of 15 of these genes emerged in
the most recent human lineage, after splitting from the
chimpanzee lineage but already present in the ancient
genomes of Neanderthal and Denisovan humans (128,
133-135, 220-222). These new genes originated mostly by
partial or complete gene duplication from the ances- tral
genome, frequently combined with small indels that
shifted reading frames or changed RNA splice sites, cre-
ating new genetic functionalities (133). Importantly,
expression of some of these human-specific genes such as
ARHGAP11B (see sect. 6) in the developing cortex of
nonhuman species, such as mouse or marmoset mon-
key, causes the expansion of basal progenitor cells and
cortical folding, otherwise naturally smooth (130, 132).
9.3.2. Changes in gene regulatory elements.

In addition to the emergence of new protein-coding
genes, cortical evolution was also driven by changes in
the regulation of gene expression. Most of the mamma-
lian genome does not code for protein. Once consid-
ered useless or junk DNA, it is now clear that the
noncoding part of the genome plays very important
roles in regulating expression of the coding part. Most of
the noncoding DNA is intronic (between exons) or inter-
genic (between genes), and it contains a wide diversity of
types of gene regulatory elements: promoters, proxi- mal
and distal enhancers, topologically associating domains,
untranslated regions, etc. (223). Unlike pro- tein-coding
genes, where function depends on the strict conservation
of the protein amino acid sequence encoded in the
DNA, the function of gene regulatory elements tends to
accept much more sequence flexibil- ity. In other words,
single spontaneous changes in the sequence of
noncoding regions are much less deleteri- ous than in
coding sequences, and thus the former are more
susceptible to be fixed in evolution. As a result, genetic
evolution tends to occur much more frequently in gene
regulatory elements than in protein-coding parts, and
therefore, changes in those elements become a driving
mechanism of brain evolution. A team of scien- tists
searched for gene regulatory elements involved in the
rapid evolution of the human brain from its ances- tors,
by comparing the human and chimpanzee genomes at
high resolution (224). They identified hun- dreds of
small DNA fragments exhibiting highly diver- gent
sequences, with rapid nucleotide substitutions in the
human lineage. These small elements, named human
accelerated regions (HARs), were proposed to regulate
gene expression, and therefore contribute to
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human-specific brain expansion and complexity (213,
224, 225). Not surprisingly, >30% of HARs encode
active developmental enhancers, making them good
candidates as regulatory elements that define human-
specific spatiotemporal patterns of gene expression,
hence regulating human cortical expansion and folding.

Gene expression is also regulated by multiple classes of
noncoding RNAs, which have central roles in cortical
development (226). In particular, long noncoding RNAs
have been proposed to be important in the evolution of
gene regulation (226-228). On the other hand, hun-
dreds of primate-specific miRNAs target genes regulat-
ing the cell cycle and neurogenesis and are expressed in
progenitor cells of the developing macaque cortex but
not in mouse. These miRNAs have been proposed to
contribute to primate cortical complexification and
possibly folding, although this remains poorly explored
(18, 214, 229, 230). In summary, variations in enhancers,
promoters, HARs, noncoding RNAs and other gene reg-
ulatory elements were likely central in the evolution of
the spatiotemporal patterns of gene expression that
determine cortical size and folding patterns during fetal
development (40, 193, 198).

10. HUMAN MALFORMATIONS OF CORTEX
FOLDING

Folding of the cerebral cortex has a profound influence
on higher brain function. In humans, alterations in corti-
cal folding are usually by loss or excess of folds and typi-
cally are associated with severe intellectual disability
and intractable epilepsy (160, 231, 232). These defects
result from pathological modifications of the normal pro-
gram of cortical development, described in the above
sections, which have an irreversible impact on key
events of cortical histogenesis and, eventually, on the
cortical phenotype. In patients, defects of cortical folding
rarely appear isolated, but usually as part of compound
phenotypes of human malformations of cortical develop-
ment. Alterations of cortical folding are most frequently
linked to defects in brain size, either by reduction (i.e.,
microcephaly), excess (i.e., megalencephaly), or imbal-
anced growth (dysplasia). The causes and clinical char-
acteristics of the full diversity of these malformations of
human cortical development have been reviewed at
length elsewhere (160). In this section, we focus on
defects of cortical folding.

Alterations of human cortical folding have been tradi-
tionally related to defects in neuronal migration (233).
Our current better understanding of the cellular and mo-
lecular mechanisms of cortical development and folding
confirm and support this notion and also highlight the

key implications of cortical progenitor cells (209)
(FIGURE 9).

10.1. Lissencephaly (Smooth Brain)

The absence or simplification of the folding pattern of
the cerebral cortex is clinically referred to as lissence-
phaly, or smooth brain. This includes several disorders
classified depending on the severity of changes in cor-
tex folding: agyria, complete absence of folds; pachygy-
ria, simplified pattern of folds; or subcortical band
heterotopia, where the gyral pattern is simplified with
broad folds and thickened gray matter (234). Under a
histological perspective, lissencephalies are classified in
two main types: type |, or classic, is caused by genetic
mutations related to the cytoskeleton of migrating neu-
rons and that affect their movement. As detailed previ-
ously in sects. 2 and 7, cortical neurons are not born in
their final layer of residence, but in the cortical germinal
zones deep in the embryonic brain, so they need to
migrate from their birthplace to their final position (10,
15). The first genetic mutations discovered to be linked
to defects in cortex folding (type | lissencephaly)
affected genes related to the cytoskeleton of migrating
neurons. These mutations severely impaired the forward
displacement of cortical newborn neurons to the cortical
surface, thus failing to form the characteristic six main
neuronal layers but instead accumulating in a highly dis-
organized, thickened and smooth cortex (233, 235—
239). This demonstrated that the movement of radially
migrating neurons, and their correct final location, are
essential for cortical folding. Unfortunately, these discov-
eries did not readily provide a mechanism for cerebral
cortex folding, because the same proteins and cytos-
keletal mechanisms are key for neuronal migration in
mouse, and this has a smooth cerebral cortex (240).
Type Il lissencephaly, or cobblestone, is typically caused by
the defective interaction between the basal end-feet of
RGCs and the pial surface, with disruption of the latter. This
causes a characteristic overflow of radially migrat- ing
neurons past their termination zone below the mar-
ginal zone, which traverse through and above the
meninges, which confers the appearance of having cob-
ble stones on the cortical surface (241).

Most frequently, type | lissencephaly is due to muta-
tions in the cytoskeleton-interacting proteins LIS1 and
Doublecortin (DCX) (235, 236). The interaction of these
proteins with the tubulin cytoskeleton allows its polymer-
ization and stability (242, 243), as is also the case for
tubulin b3 (TUBB3) and tubulin ala (TUBA1A), mutated in
type | lissencephaly with impaired growth of the cerebel-
lum (244, 245). Autosomal recessive type | lissencephaly
with cerebellar defects is also caused by mutations in
Reelin (RELN) in a small number of patients (246). This
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FIGURE 9. Human cortex in health and disease and its modeling in vivo and in vitro. Schematic of coronal sections through the normal or pathologi- cally
malformed human cortex and features that can be studied with each animal or in vitro culture model, based on their intrinsic characteristics. The extent of
the malformation in the cortex is depicted in green. Mouse is an extremely useful genetic model due to the large number of genetic tools available, but
their naturally smooth cortex limits the study of specific malformations like lissencephaly or polymicrogyria. On the contrary, the gyrence- phalic cortex of
ferret recapitulates the developmental mechanisms underlying most human cortical malformations. Nonhuman primates, while very im- portant to unravel
pathomechanisms of cortical malformations, the ethical limitations prevent their extensive use. In vitro modeling of early human cortex development

with cerebral organoids and fetal brain slices enable studying characteristics only present in human cells.

gene encodes for an extracellular protein secreted by
Cajal-Retzius cells at the marginal zone of the develop-
ing cortex (below the pia), which is essential for radial
migration and lamination of cortical neurons in both
mouse and human (3, 247, 248). When migrating neu-
rons reach the top of the cortical plate and encounter
Reln, they stop moving, detach from the basal fiber of
RGCs, and begin differentiation (249). Whereas all the
above proteins and their cellular effects are key for the
radial migration of cortical neurons both in human and
mouse (247, 250), the mouse cortex is already smooth,
so none of the downstream mechanisms leading to defi-
cient cortex folding observed in patients can be studied
in mouse mutants (251).

Type |l lissencephaly, also known as cobblestone, is
most frequently caused by the overshooting of migrat-
ing neurons as a result of alterations in the cortical base-
ment membrane and its anchoring to RGCs (252, 253).
Due to this defective anchoring, neurons fail to stop
migrating when they reach the top of the cortical plate

and surpass the basal lamina, overmigrating into the me-
ningeal space. This results in the formation of ectopic
clusters of neurons on the cortical surface that resemble
cobblestones (254).

10.2.  Polymicrogyria (Many Small Folds)

One of the less well understood and most enigmatic
malformations of cortical folding is polymicrogyria
(PMG). This is characterized by the developmental for-
mation of an excessive number of small and superficial
folds, usually involving the interdigitation of white matter
that results in abnormal layering (255, 256) (FIGURE 9).
Defects in the formation of cortical layers range from a
reduction to four abnormal layers, to a complete disor-
ganization of the laminar arrangement. Frequently, PMG is
part of a complex phenotype that also includes other
alterations, such as microcephaly (257, 258). The pheno-
typic presentation of PMG per se is also very diverse: it
may be unilateral or bilateral; it may affect only one
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cerebral lobe (partially or completely) or the entire cere-
bral hemisphere. Due to this complexity of phenotypes,
understanding PMG remains extremely elusive and
appropriate, faithful experimental models are nearly
nonexisting (see sect. 11). This phenotypic complexity is
also translated to the genetic level, where for example
mutations in phosphoinositide 3 kinase regulatory subu-
nit 2 (PIK3R2), a component of the mechanistic target of
rapamycin kinase (mTOR) pathway, cause either severe or
very mild PMG depending on the degree of genetic
mosaicism (259, 260). PMG may also occur as a result of
insults during embryogenesis, including hypoxia, hypo-
perfusion, or infection (261, 262).

10.3. Cellular Causes of Folding Defects

Based on current knowledge of basic mechanisms of
cerebral cortex development and folding, a number of
hypotheses have been proposed to explain the cellular
and histogenetic bases of cortical folding defects in
human pathology.

10.3.1. Defects in neuron movement.

Cortical folding involves buckling of the gray matter,
where neurons reside organized in distinct layers, so
neurons are main characters in these malformations.
Details on how the abnormal migration of cortical neu-
rons causes folding defects have been presented in the
previous section.

10.3.2. Defects in the radial fiber scal old.

The radial migration of cortical neurons depends on the
scaffold of radial glia fibers. Migrating neurons use these
thin cellular extensions as their guide and physical sub-
strate for their movement to the cortical surface (10, 139,
186). Even if neurons have the appropriate cellular ma-
chinery in working order for movement (see sect. 7),
defects in this fiber scaffold will have an incapacitating
effect on their radial migration, as they literally serve as
railways for neuron migration. The most dramatic defect
is the loss of integrity of radial glia fibers, for example,
due to their loss of attachment to the pial surface [as in
RELN mutations (263) or in cobblestone lissencephaly],
loss of aRGC polarity, or their premature delamination
and differentiation (93, 264). A significant change in the
structural organization of an, otherwise normal, radial
fiber scaffold may also cause cortical folding defects. As
presented above (see sect. 8.2), a major feature of corti-
cal development that leads to folding is the divergence
of the radial fiber scaffold (55). This drives radially
migrating neurons to separate laterally and disperse tan-
gentially in the developing cortex, thus expanding the

cortical surface area and prompting tissue buckling
(156). The radial fiber scaffold acquires divergence from
the presence of bRGCs in the OSVZ, which extend their
own basal process perfectly intercalated among the ba-
sal processes of aRGCs, while maintaining the equidis-
tance between radial fibers (42). Therefore, the more
bRGCs the greater the divergence of the radial fiber
scaffold, the greater the cortical surface area and the
more folding. In contrast, the fewer bRGCs the smaller
cortical surface area. Based on this simple principle,
given a fixed amount of migrating neurons, increases or
decreases in the relative abundance of bRGCs will drive
equivalent changes in cortical fold- ing. For example,
lissencephaly may result from a disproportionally
reduced number of bRGCs, and pol- ymicrogyria from a
disproportional excess, as demon- strated in
experimental animal models (42, 55, 84,
125).
10.3.3. Defects in the interaction between
migrating neurons and radial glia fibers.
All the above factors remaining unaltered, defects in the
physical-chemical interaction between migrating neu-
rons and radial glia fibers still result in altered cortical
folding. The intimate association between migrating
neurons and the basal process of radial glia depends on
the expression of cell surface adhesion molecules,
including integrins and connexins (149, 150, 249, 265).
Defects in expression or in functional binding (for exam-
ple, due to point mutations in the protein binding do-
main) may impair neuronal migration or termination of
migration, causing type | lissencephaly or cobblestone,
respectively. Migrating neurons also exert adhesive and
repulsive interactions between them, and changes in
these interactions also may be a source of cortical fold-
ing defects. For example, loss of two such cell-adhesion
proteins, Flrtl and FIrt3, alters the adhesive-repulsive
interaction between cortical migrating neurons and
drives folding of the otherwise smooth mouse cortex
(153). The balance between adhesion and repulsion dur-
ing neuronal migration is particularly critical in the con-
text of a divergent radial fiber scaffold, as in folded
cortices. In order for the radial divergence to be effec-
tive, migrating neurons must switch laterally between ra-
dial fibers, hence dispersing tangentially (56). As
mentioned above (sect. 8.2), the formation of side
branches in the leading process of migrating neurons
greatly facilitates switching between radial fibers, and
hence their tangential dispersion (187). Defects in the
formation and/or retraction of these side branches, as
shown in mice mutant for Dcx, may severely impair the
proper tangential dispersion of migrating neurons, and
consequently impair cortex folding.
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11. UNDERSTANDING MALFORMATIONS OF
HUMAN CORTEX FOLDING

Genetic linkage studies of human cortical malformations
have been fundamental to identify specific genes that
are critical for cortical folding in humans, as well as the
genetic mutations that perturb their normal function in
this process (160). Unfortunately, these studies do not
reveal the physiological function of those genes in nor-
mal cortical development, nor the contribution of this
function to cortical folding. To illuminate the develop-
mental mechanisms directly affected by pathogenic
mutations, and to understand the cellular and histoge-
netic bases of malformations of human cortex folding, a
variety of animal models and in vitro culture systems are
becomingincreasingly useful (FIGURE 9).

11.1. Animal Models

11.1.1. Mouse.

Due to the amenability of the mouse for transgenesis,
and its widely common use in basic research, this was
the first animal model used to investigate the role of
genes mutated in human malformations of cortex fold-
ing. Demonstration of the basic concept that high pro-
genitor cell proliferation drives cortex expansion and
folding (15) came from transgenic mouse lines that con-
stitutively activate key signaling pathways such as Wnt/
b-catenin (23), FGF (80), or Shh (102). Similarly, mouse
studies have demonstrated that blockade of develop-
mental apoptosis promotes cortical expansion and fold-
ing (24, 266, 267). Targeted genetic manipulation of the
developing mouse cortex has allowed investigators to
systematically test (and confirm) emerging hypotheses
on cellular mechanisms that drive cortical expansion
and folding (125), to identify new mechanisms that pro-
mote cortical progenitor cell amplification (86), and to
discover new and unsuspected mechanisms that pro-
mote cortex folding (153). Most importantly, specific
genetic mutations that drive cortical malformations in
humans have been introduced by transgenesis in mouse
models. This approach has been extraordinarily useful to
understand the pathomechanisms of disease when mu-
tant mice reproduce similar cortical malformations as
patients, such as for subcortical band heterotopia, peri-
ventricular nodular heterotopia or microcephaly (268—
272). Unfortunately, however, human malformations of
cortical folding have mostly not been recapitulated in
transgenic mice carrying the same genetic mutation,
such as in doublecortex (240) or lissencephaly (273).
These negative results make sense considering that the
mutations introduced cause a loss of folds in the human
cortex, and the mouse cortex is naturally smooth already.

This has recently led researchers to look out for new and
more appropriate models to understand human malfor-
mations of cortex folding.

11.1.2. Ferret.

This small carnivore (Mustela putorius furo) has been
used for many decades in biomedical research, particu-
larly neuroscience (274, 275). A renewed interest for fer-
ret has awaken in recent years due to the simple and
highly stereotyped pattern of cortical folds that it devel-
ops naturally, and particularly due to pioneering work
that demonstrated its amenability for experimental and
genetic manipulation (276, 277). This holds the promise
to bring light in understanding cortical folding and
human malformations (55, 178, 278). Indeed, the exis-
tence outside of primates of bRGCs, OSVZ, and the
associated transient fiber layers IFL and OFL, was first
discovered in ferret (16, 41, 42, 279). Since then, the fer-
ret has continued being a reference model in this field of
research (87, 156). At the level of genetic manipulation,
in utero electroporation or viral vector delivery of DNA
constructs in developing ferrets is widely exploited for
gene overexpression (40, 63, 84, 178, 276) and com-
bined with CRISPR/Cas9 for genome editing (280). With
the use of these strategies, ferret studies have revealed
the central importance in cortex folding of specific cellu-
lar mechanisms such as basal progenitor amplification
(84, 181), and the deleterious effects on normal cortical
development of genetic mutations linked to human corti-
cal malformations (81). For example, the ferret has been
uniquely useful to elucidate specific defects in develop-
mental mechanisms behind thanatophoric dysplasia (81,
120), cobblestone lissencephaly (281), double cortex
(282), microcephaly (73, 282), type | lissencephaly (180),
polymicrogyria (84), and periventricular nodular hetero-
topia (283). While much remains to be learned, and the
ferret is only a model organism for human disease, it is
currently one of the most relevant tools to dissect the
pathomechanisms of human malformations of cortex
folding (FIGURE 9).

11.1.3. Nonhuman primates.

Model organisms are only as good as their resemblance to
the human condition, and a key limitation of nonpri-
mate species to understand human disease of cortical
development is their genomic and phylogenetic dis-
tance from human. While nonhuman primates are ideally
suited, the obvious ethical implications make them a
very limiting resource. Nevertheless, biomedical research is
making very significant progress on this front by focus- ing
on a reduced number of nonhuman primate species that
reproduce well in captivity and are susceptible to
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genetic modification (284). One such example is the mar-
moset (Callithrix jacchus), a small new world monkey with a
small and smooth cortex, displaying a single sulcus.
Recent technological developments now allow generat-
ing transgenic marmosets, and this is being used to
understand genetic pathomechanisms of human malfor-
mations of cortical development, and genetic mecha-
nisms of human brain evolution (285). For example,
expression of the human-specific gene ARHGAP11B in
marmoset progenitor cells causes significant folding of
the otherwise near-lissencephalic marmoset cere- bral
cortex (132) (see sects. 6 and 9.3). A second example is
the macaque (Macaca mulatta), an old- world monkey
with a large and folded cortex histori- cally used as a
model in systems and developmental neuroscience.
Experimental analyses and manipula- tions of the
developing macaque cerebral cortex have unraveled
fundamental primate-specific mechanisms of cortical
progenitor cell genetics, proliferation and lineage,
organization of germinal layers, neuronal migration, and
cortex folding (18, 44, 51, 214, 286— 290). The advent of
macaque transgenesis (291) open a new window of
opportunities to study and model complex human brain
diseases like Huntington’s and Parkinson’s (292, 293),
and efforts are underway to generate transgenic
macaques to understand human developmental brain
disease (FIGURE 9).

11.2. In Vitro Culture Models

11.2.1. Cerebral organoids.

Nonhuman primates are excellent models to recapitu-
late primate-specific features of brain development.
Ferret is a fantastic model to study natural mechanisms
of cortex expansion and folding in vivo, and mouse is
the reference model to understand the molecular and
cellular mechanisms of brain development, with an
unmatched repertoire of available experimental tools.
However, human brain development and its disease
involves certain aspects that cannot yet be modeled.
These include, but are not limited to, the structure and
organization of the regulatory genome (proximal and
distal regulatory elements, 3-dimensional chromatin or-
ganization), and distinct cellular specializations of neural
stem and progenitor cells (length of mitotic phases, mor-
phology of neuroepithelial cells) (294-296). Human cer-
ebral organoids were developed from human induced
pluripotent stem cells (hiPSCs) to study brain develop-
ment in the context of some of these human-unique fea-
tures (297). Since then, they have become the reference
system for this purpose and to understand human brain
development, evolution and disease (298-301). Among
the many emergent uses of cerebral organoids, they are

being utilized to understand human-specific principles
of cortical stem cells in normal development (295, 302),
and how these are affected by genetic mutations of
human developmental disease (FIGURE 9). For exam- ple,
cerebral organoids grown from hiPSCs produced from
skin fibroblasts of neurological patients are used to
understand glioblastoma (303), microcephaly (297), and
ventricular heterotopia (304) but also lissencephaly
(305, 306) and polymicrogyria (307, 308).

11.2.2. Human cortex slices.

This is a second in vitro system recently emerged as
useful in studying cortex folding. Fresh cortical tissue
from human fetuses is sliced and maintained in culture
for a few days, while it can be treated with protein solu-
tions, drugs or by acute genetic manipulation (170). This
system has been used to test the involvement of the
extracellular matrix on cortex folding. Application of a
mixture of extracellular matrix component proteins onto
cultured human fetal cortex slices induces changes in
tissue mechanics and the rapid folding of the cortical
plate, a response altered in slices obtained from neuro-
logical patients with known defects in cortex folding
(FIGURE9) (170, 171).

While cerebral organoids and brain slices are far
from modeling bona fide cortex folding, the fact that
assemblies of human neural stem cells carrying exactly
the disease-causing genomic defects can be studied
represents an unmatched opportunity to approach
some understanding of the original pathomechanisms
(299), and to measure the fitness of the nonhuman
models available. All in all, both these in vitro systems
also have limitations that cannot rival with intact ani-
mals, including accurate reproducibility of develop-
mental events, integration of intrinsic and extrinsic cues
(i.e., hormones and maternal influence), and full
completion of development that allows testing the
consequences of experimental alterations on brain
function and animal behavior.

12. CONCLUSIONS AND FUTURE DIRECTIONS
Folding of the cerebral cortex is a complex and multifac-
torial process occurring in the latest period of cortical
development. A renewed interest in the fundamental
question of how the cerebral cortex folds has led to an
upsurge of research in this topic over the last decade,
unravelling some of the key cellular and mechanical
principles of this process, and some of their gene regu-
latory mechanisms (156). As summarized in this review,
folding of the cerebral cortex is essentially based on
modifications of the basic process of cortical
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development, including diversification and expansion of
progenitor cell types and their lineages, lengthening of
the neurogenic period, modifications of the radial migra-
tion of neurons and their distribution along the cortical
surface, and finally neuronal differentiation, altogether
leading to the occurrence of mechanical forces in the
developing cortex that cause neural tissue deformation
and folding (FIGURE 10). Some of our knowledge comes
from studying human malformations of cortex folding,
which has identified genes and cellular mechanisms key in
this process. Although our current knowledge seems to
set the grounds of cortex folding mechanisms, much
remains to be learned. Not only at the level of genetic
regulation, but even more fundamentally at the level of
how all these developmental events come together to
cause tissue deformation and cortex folding. What deter-
mines the highly conserved periodicity and wavelength
of cortex folds, how specific cellular mechanisms trans-
late into particular mechanical forces, which aspects of
genome evolution primed the phylogenic variations in
folding, and what gene regulatory mechanisms define
the genetic protomaps of cortex folding are just a few of

aRGCs, IPCsand bRGCs

High starting
number of NECs

[Abundant self-renewing

the many key questions that remain for future research in
our quest to understand brain folding in health, and its
alterations in disease.

13. APPENDIX

13.1. Controversies and Gaps of Knowledge

13.1.1. Related to sect. 4.1 (Progenitor Cell Classes,
Germinal Layers, and Cortext Folding).

Mounting evidence supports the notion that the exis-
tence of OSVZ, and bRGCs populating it, are central in
cortex folding. However, both bRGCs and OSVZ have
been described also in lissencephalic species with large
brains like the marmoset monkey. Moreover, experimen-
tal folding of the otherwise smooth mouse cortex is
achieved by modification of neuronal migration and their
adhesive properties, without an abundant presence of
bRGCs nor OSVZ. This raises the controversy that OSVZ and
bRGCs may be necessary but not sufficient for

Fastand branched
neural migration

High proportion of
bRGCs in OSVZ

E@nger neurogenesisj

FIGURE 10. Main aspects of normal cortical development involved in cortical folding. This is an extraordinarily complex mechanism implicating a large
diversity of fine-tuned cellular processes unfolding simultaneously in a time- and space-dependent manner. Characteristics necessary for cortex fold- ing,
although not sufficient, are indicated in red outlines. NECs, neuroepithelial cells; aRGCs, apical radial glia cells; bRGCs, basal radial glia cells; IPCs, intermediate

progenitor cells; OSVZ, outer subventricular zone.
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gyrencephaly. This conflict may be resolved by looking
into the normal development of additional species with
strategic characteristics (i.e., primates with small but
folded brains, species with large but smooth brains), and
very importantly also in the cortex of human embryos
with diagnosed folding malformations, and by manipulat-
ing the expression and function of genes causative of
these human malformations in experimental in vivo and
in vitro models.

13.1.2. Related to sect. 4.2 (Specialized Progenitor
Morphotypes).

Morphotypes of bRGCs and IPCs occur frequently in the
developing cortex of gyrencephalic species, espe- cially
in primates, raising the key question of whether these
are distinct cell types or rather simply different states of
a single cell type, which has fundamental implications
both on our understanding of normal and pathological
cortical development and on potential therapeutic
treatment of these diseases. Exhaustive and
comprehensive  multiomic  single cell analyses,
combined with analyses of cell lineage, will be key to
resolve this controversial question.

13.1.3. Related to sect. 4.3 (Distinguishing
Progenitor Cell Types).

Related to the previous point, existing single cell
RNAseq analyses identify multiple transcriptomic clus-
ters of RGCs, and of IPCs, in each of several species,
including mouse, ferret and human. The specific phase
of the cell cycle is clearly one of the main traits
distinguishing these clusters: cells of a given cell type
are clustered separately if they are in mitosis, S-phase, or
interphase. This demonstrates that different cell states
may be mistaken as different cell types. Again,
multiomic single cell analysis, carefully filtered by
existing knowledge on the biology of identified cell
types, should bring light into distinguishing progenitor
cell types and more generally into defining what is a cell
type.

13.1.4. Related to sect. 8.1 (Physical Forces).

There is still a hot debate on what are the physical/me-
chanical forces that drive cortex folding, whether it is
axonal tension, tissue compression, or the result of pas-
sive accommodation of overgrown layered tissue, with
the pattern and wavelength of folds depending on tissue
thickness. While experimental measurement and manip-
ulation of physical forces during the development of cor-
tex folds are improving, they must be combined with
mathematical modelling of physical properties of

biological tissue, with the promise of solving this long-
standing controversy.

13.1.5. Related to sect. 11 (Undertstanding
Malformations of Human Cortex Folding).

Polymicrogyria is one of the most salient developmental
malformations of cortical folding in children. Whereas
multiple genes have been identified as causative of this
clinical condition, our understanding of even the most ba-
sic aspects of cortical development leading to this highly
incapacitating condition is unacceptably scarce, nearly
anecdotic. This is fundamentally due to the lack of suita-
ble animal or experimental models, and so renewed
efforts must be placed on developing such much needed
models of study. This may come from a combination of
animal and in vitro models, each bringing a particular as-
pect relevant to the malformation, for example, human
cerebral organoids in vitro for cell biological mechanisms,
brain slices from macaque for layer-specific progenitor
cell behavior and neuronal migration features, and ferret
to test the in vivo consequences of identified alterations.
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