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Abstract: Radial neuron migration in the developing cerebral cortex is a complex journey, starting in
the germinal zones and ending in the cortical plate. In mice, migratory distances can reach several
hundreds of microns, or millimeters in humans. Along the migratory path, radially migrating neurons
slither through cellularly dense and complex territories before they reach their final destination in
the cortical plate. This task is facilitated by radial glia, the neural stem cells of the developing cortex.
Indeed, radial glia have a unique bipolar morphology, enabling them to serve as guides for neuronal
migration. The key guiding structure of radial glia is the basal process, which traverses the entire
thickness of the developing cortex. Neurons recognize the basal process as their guide and maintain
physical interactions with this structure until the end of migration. Thus, the radial glia basal
process plays a key role during radial migration. In this review, we highlight the pathways enabling
neuron-basal process interactions during migration, as well as the known mechanisms regulating the
morphology of the radial glia basal process. Throughout, we describe how dysregulation of these
interactions and of basal process morphology can have profound effects on cortical development,
and therefore lead to neurodevelopmental diseases.
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1. Introduction

The cerebral cortex is a highly complex structure involved in higher cognitive func-
tions such as language, reasoning, and problem solving. Importantly, most cortical neurons
are generated and migrate to their final destination during embryonic stages. These pro-
cesses rely on the orchestration of multiple cellular and molecular mechanisms. Disruption
of any of these mechanisms can have devastating consequences and result in a vast array
of neurodevelopmental disorders. For instance, it is now widely accepted that autoso-
mal recessive primary microcephaly (a condition in which an individual is born with a
smaller brain) originates from anomalies in embryonic neural progenitor survival and
proliferation [1]. This conclusion holds true for microcephaly induced by genetic muta-
tions or by environmental factors such as the Zika virus [2,3]. Emerging evidence also
links autism to embryonic developmental defects. Mapping autism-linked genes to co-
expression networks, two back-to-back studies concluded that autism-linked genes highly
converge towards specific embryonic stages, during which neurons are generated and
migrate to their final destination [4,5]. Moreover, post-mortem histological analyses of
autistic children showed focal aberrant neuron organization in certain cortical areas [6].
Since the vast majority of cortical neuronal populations are generated and are topologically
organized during embryonic development, these data point to neurodevelopmental deficits
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occurring prenatally. Many other neurodevelopmental disorders may arise, at least in part,
from aberrant embryonic corticogenesis. Amongst them are lissencephaly, megalencephaly,
schizophrenia, Rett Syndrome, intellectual disorders, and Down syndrome [7]. Thus, there
is a need to better understand mechanisms regulating cortical development during em-
bryonic stages. This knowledge is critical to define the etiology of neurodevelopmental
disorders.

One particular cell type, radial glia, plays pivotal roles in the formation of the cerebral
cortex. Radial glia not only generate neurons and glial cells through cell division, they
also guide neurons migrating radially from their birthplace to their final destination. In
fact, radial glia’s guiding function was demonstrated prior to their role as neural stem
cells [8-11]. In this review, we focus on the cellular and molecular mechanisms that enable
radial glia to serve as a guide during radial migration. Several types of radial glia exist
during cortical development; however, the present review concentrates on apical radial
glia residing in the ventricular zone, reporting data mostly collected in rodent models.
Particular attention is brought to the function of these cells to non-cell autonomously
mediate radial neuronal migration.

2. Radial Migration in the Cerebral Cortex

Neuron migration is an active process during which neurons sense cues in their
environment to direct their migration. In response to these cues, a choreography of
cytoskeletal rearrangements leads to morphological changes enabling the migration process
per se. Radially migrating neurons start their migration immediately following their birth
in the germinal zones lining the ventricle of the dorsal forebrain. For neurons born in
the ventricular zone (VZ), the first migratory step consists of delamination from the VZ
into the overlying subventricular zone [12] (SVZ, Figure 1). Following delamination, these
neurons, as well as those born in the SVZ, spend a brief period in the SVZ where they
assume a multipolar morphology. This switch to a transient multipolar morphology is
an important step enabling slight tangential dispersion necessary to establish appropriate
cortical columns circuitry [13,14]. Following this brief tangential migration, neurons
migrate away from the progenitor zones in a radial fashion to populate the cortical plate
(CP) (Figure 1).

During early stages, neurons use somal translocation to accomplish their migration.
Somal translocating neurons present a long leading process that reaches to the pial surface.
Within this leading process, their nucleus migrates into the CP to eventually reside in its
final position [15]. However, at later stages (around the time when upper-layer neurons
start being produced) neurons rely on glia-guided locomotion, which depends on direct
interaction with radial glia [8,15]. During later developmental stages (embryonic day 14
in the mouse (E14), E65 in the macaque monkey, gestational week 12 in humans), the
distance between the birthplace of neurons and the CP is too far for those neurons to
extend a leading process reaching the pial surface [16,17]. Moreover, electron microscopy
studies show that at later stages, migrating neurons must cross territories with high cellular
density [8,17,18]. Firstly, neurons need to cross the intermediate zone (I1Z), packed with
axonal fibers oriented both radially and tangentially (Figure 1a). Once neurons have
crossed the 1Z, they need to find their way through the subplate containing Cajal-Retzius
neurons and then through the CP, in which the extracellular space is extremely limited due
to a high density of neurons (Figure 1a). To overcome this complex task, neurons rely on
other cells to create a path and guide them through these diverse and densely populated
tissues.

One of these guides is the radial glia basal process. Throughout corticogenesis, ra-
dial glia extend a basal process spanning the entire thickness of the developing cortex
and ending with basal endfeet connected to the basal lamina (Figure 1). Early electron
microscopy studies highlighted an intimate relationship between migrating neurons and
radial glia basal processes in the cerebral cortex, suggesting a scaffolding role for radial
glia during neuronal migration [8]. Such interactions were initially supported by the live
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imaging of cerebellar neurons migrating along glial fibers in vitro [9]. In such experiments,
neurons were described as “riding the glial monorail” [19]. More recently, live imaging in
organotypic brain slices confirmed the existence of glia-guided migration in the cerebral
cortex [15]. At the end of radial migration, the endfeet-mediated connection of the basal
process with the basal lamina is critical to prevent neurons from migrating outside the brain.
Thus, like Ariadne’s thread guiding Theseus in the Minotaur’s labyrinth of ancient Greek
mythology, radial glia basal processes are critical to guide migrating neurons through the
labyrinth of the developing cortex (Figure 1).
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Figure 1. Radial migration in the developing cortex. (a) Radial migration relies on the radial glia basal process for guidance.

Immature neurons born at the apical surface of the developing cortex use the basal process to navigate through varied and
densely packed histological layers before resting in their final location within the cortical plate (CP). (b) Neuronal migration
occurs in several key stages. Delamination from the ventricular zone (VZ) brings the newly differentiating neuron to the
subventricular zone (SVZ), where it adopts a multipolar morphology allowing for brief tangential migration. Recognition of
the radial glia basal process by the migrating neuron drives a transition to a bipolar morphology as basal process—neuron
interactions enable radial glia to guide radial migration. Glia guided locomotion is necessary for the neuron to negotiate
the compact layers of settled cortical neurons. Once the neuron is properly positioned, termination signaling leads to
detachment from the basal process. (IZ: intermediate zone, SP: subplate, MZ: marginal zone).

3. Radial Glia-Dependent Mechanisms Regulating Neuron Migration

To be operational, the non-cell autonomous guiding function of radial glia requires
molecular pathways enabling migrating neurons to establish and maintain their interaction
with radial glia basal processes. To terminate migration, other pathways are also critical
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to eventually release this interaction (Figure 1b, Figure 2). All these mechanisms highly
depend on receptor-ligand interactions mediated by membrane proteins in both cells.
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Figure 2. Mechanisms regulating radial glia-migrating neuron interactions involved in specific
migratory stages. Inlay shows the cell surface interface between the radial glia process and the
migrating neuron. Cell surface proteins and their regulation are critical to the proper guidance of the
migrating neuron.

3.1. Establishment and Maintenance of Neuron-Radial Glia Interactions During Migration
3.1.1. Integrins

Integrins are transmembrane receptors that mediate cell-matrix and cell-cell inter-
actions. They are obligate heterodimers composed of alpha and beta subunits, which
recognize their ligands in the extracellular matrix or on other cells. In the developing
mouse cortex, &3 subunits are specifically found in cells residing in the germinal zones
and intermediate zone, where radial glia and newborn neurons reside. On the other hand,
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oV subunits are specifically observed along radial glia processes throughout the cerebral
cortex [20]. Antibodies used against a3, «V, or 31 integrin subunits hamper neuronal
migration in radial glia-neuron co-cultures [20]. However, while pan 31- and oV-targeting
antibodies lead to the detachment of neurons from radial glia processes, «3-targeting
antibodies do not [20]. This suggests that «V{31 integrins mediate the maintenance of
neuron-radial glia interactions, whereas «3f31 integrins mediate cell-cell recognition as
well as cell motility mechanisms involved in migration (Figure 2). However, conditional
A1 integrin Knockout (KO) in neurons does not affect their migration, while 31 integrin
KO in the whole central nervous system does [21]. One explanation for this discrepancy
may be that expression of 31 integrins in radial glia, but not in neurons, is essential for
proper neuronal migration [21]. Thus, it would be interesting to identify the mechanisms
by which 1 integrins act in radial glia to promote interactions between radial glia and
neurons, and thus regulate neuronal migration.

3.1.2. N-Cadherin

N-cadherin is a transmembrane protein mediating cell-cell adhesion through ho-
mophilic interactions. It is expressed in both radial glial processes and migrating neurons.
N-cadherin mediated adhesion between the radial glial process and the migrating neuron
is implicated in the locomotion of migrating neurons along radial glial processes [22]
(Figure 2). Additionally, N-cadherin adhesion drives the polar activation of RhoA on the
side of the cell with the adhesion junction, and Racl mediated axonal outgrowth on the
contralateral side, altogether preparing neurons to transition to bipolar migration [23].
Importantly, for N-cadherin adhesion to occur between these cells, it must be expressed on
the extra-cellular surface of the plasma membrane. This process is regulated by endocytic
trafficking, which mediates the recycling of surface N-cadherin from the apical portion of
the migrating neuron to the basal leading process. This ensures continued adhesion to the
radial glial fiber as the neuron migrates radially [24]. The reduction in surface N-cadherin
and associated adhesion leads to impaired progression from the multipolar to bipolar phase
of neuronal migration. This results in an accumulation of neurons in the intermediate
zone as the neurons are unable to migrate past the previously established neurons in the
lower CP [24]. Importantly, N-cadherin is not only expressed by radial glia and migrating
neurons, but also by CP neurons [22]. Therefore, once in the CP migrating neurons may
not be able to distinguish surrounding neurons from radial glia basal processes, solely
based on this adhesion molecule. Thus, it is probable that migrating neurons no longer
rely on N-cadherin to attach to the radial glia basal process in the CP, unless repulsive cues
prevent N-cadherin binding between CP neurons and migrating neurons.

Of note, the RNA binding protein FMRP mediates neuronal migration through reg-
ulation of N-cadherin expression [25]. FMRP plays many roles in neurologic function
including synaptic plasticity, glial differentiation, and, fundamentally, RNA transportation
and local translation [26,27]. Mutations of FMR1, which encodes FMRP, underlie the inher-
ited intellectual disability Fragile X syndrome, which is the most common monogenic form
of autism [26,27]. Loss of this important RNA-binding protein in mice reduces N-cadherin
expression, thus affecting neuronal adhesion to radial glia. In turn, this slows multipolar
migration of neurons and prolongs the multipolar to bipolar transition, delaying eventual
positioning of excitatory neurons. While this does not lead to significant cortical layering
aberrations in the Frnr1 KO mice, this delay in final positioning of the neurons may con-
tribute to neuron network aberrations and delayed circuit maturation seen in these mouse
models [25,26]. These findings directly show how defects in radial migration can impair
the formation of cortical circuits, and thus may lead to neurodevelopmental disease such
as autism. Future studies should identify other key FMRP target RNAs that may regulate
radial migration.
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3.1.3. Gap Junctions

The migration of neurons from the VZ also requires adhesion to the radial glia basal
process via gap junctions (Figure 2). Gap junctions formed by the proteins Connexin 26
and Connexin 43 are required for the radial glia-mediated migration of neurons [28,29].
Gap junctions have the capacity to act as channels between cells; however, the adhesion
property of these channels is the key characteristic mediating neuronal migration. Of
note, the cytoplasmic portion of Connexin 43 does appear to have a functional impact on
neuronal migration [28,29]. This implies that the connection of Connexin 43 with other
cellular components plays a role in migration. In fact, the presence of Connexin 26 punctae
in neurons bearing competing leading processes can predict which process is ultimately
chosen by the neuron to migrate [28]. One can speculate that this is because gap junctions
provide sufficient anchoring for the neurons’ cytoskeleton to proceed with migration. In
migrating neurons, the accumulation and recruitment of gap junction proteins to the site
of interaction are mediated by the Focal Adhesion Kinase or FAK [30] (Figure 2). FAK,
encoded by the Ptk2 gene, resides in the cytoplasm where it concentrates at adhesion points
between two cells or between a cell and the extracellular matrix. FAK depletion results in
fewer radial glia-neuron interactions with reduced neuronal adhesion to the radial glial
process [30]. Additionally, this leads to the formation of multiple highly branched leading
processes. Altogether, loss of FAK results in delayed and defective migration of the neurons
out of the intermediate zone and lower CP [30].

3.14. p35

P35 is an activator of cyclin-dependent kinase 5 (Cdk5). While Cdk5 loss leads to
impaired multipolar-bipolar transition [31], p35 KO leads to loss of adhesion of migrating
neurons to the radial glial process [32] (Figure 2). Instead of using somal translocation or
glia-guided locomotion, p35-depleted neurons migrate through another form of migration
labeled as “branched migration”. This aberrant form of migration is cell-autonomous,
occurs especially in the IZ, and leads to the inability of migrating neurons to move past
previously migrated neurons [32]. The molecular pathway linking p35 with neuronal
migration is not clear; however, work in interneurons shows that p35/Cdk5 can mediate
their migration through the regulation of the ErbB4 pathway [33].

3.2. Termination of Neuronal Migration
3.2.1. SPARC Like-1

The termination of migration leading to proper lamination of the brain during devel-
opment has long been associated with the signaling molecule Reelin, which is secreted
by Cajal-Retzius neurons [34]. However, neuron interactions with proteins secreted into
the extracellular space by radial glia, or presented on their membrane, may also play a
role by weakening neurons’ adhesion to radial glia and thus triggering the termination of
migration (Figure 2). The secreted molecule SPARC like-1 (Sparcll) seems to be expressed
by radial glia, and SPARCL1 proteins are primarily localized to the upper CP [35]. Blockage
of Sparcll function leads to the overmigration of neurons into upper cortical layers [35].
Moreover, the addition of recombinant SPARCL1 protein reduces neuronal adhesion. Fi-
nally, overexpression of Sparcll in apical progenitors significantly reduces migration into
the cortical plate. Altogether, this suggest that radial glia may secrete SPARCLI into the
cortical plate to trigger the detachment of neurons from the basal process [35]. In the future,
it will be interesting to discover the membrane receptor protein binding to SPARCL1 in
neurons, and how the activation of that receptor triggers their detachment from radial glia
basal processes.

3.2.2. Radial Glia Endfeet-Basal Lamina Connection

In essence, radial glia are epithelial cells. Therefore, like epithelial cells in other tissues,
they attach to a basal lamina, forming a boundary between the epithelium and overlying
cells. In the developing brain, the basal lamina separates the brain from the meninges. Its
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composition includes collagens, nidogen, perlecan, and laminins [36,37] (Figure 3a). Radial
glia attachment to the basal lamina occurs at the level of basal endfeet, which altogether
tile the basal lamina in the manner of a jigsaw puzzle [38]. The connection between
radial glia basal endfeet and the basal lamina relies on various transmembrane receptors,
such as integrins and the Dystrophin-Glycoprotein Complex [37,39,40] (Figure 3a). KO or
mutations of key components of the basal lamina, of various integrins, of members of the
Dystrophin-Glycoprotein Complex, of the focal adhesion kinase FAK, or of the G-protein
coupled receptor Gpr56 all lead to similar phenotypes [37,39—-42] (Figure 3b). Pools of radial
glia basal endfeet are disconnected from the basal lamina and the basal lamina presents
breaches, through which neurons migrate outside of the developing cortex [37,39—-41].
Ultimately, this ectopic neuronal migration leads to meningeal heterotopias, which are a
hallmark of the neurodevelopmental defect called cobblestone lissencephaly [37,39-41]
(Figure 3b).

a.
Dasal g — laminin collagen
lamina ;
radial glia ,
basal process ) ,.i)
and endfeet Gprs6

migration _
outside of the \ P Y T
r b |

cortex

2 ————— = a— 1 e A | : ,memngea_l
.- V. heterotopias
;- ' )

[

»

[ ; VI

Figure 3. Importance of the radial glia basal endfoot-basal lamina connection for radial migration. (a) The basal portion of
the radial glial process binds to the extracellular matrix of the basal lamina through transmembrane adhesion receptors
located at the level of so-called basal endfeet. Collectively, these endfeet form a barrier demarking the basal boundary of the
developing cortex. (b) The endfoot barrier restricts neuronal migration to the cortical plate. Compromise of this barrier
through malformation of the basal lamina or aberrant endfoot adhesion can lead to neuronal overmigration and ectopic
placement in meningeal layers. (DSG complex: Dystrophin-Glycoprotein Complex, FAK: Focal Adhesion Kinase).

Altogether, this suggests that the tiling of the basal lamina by radial glia basal endfeet
constitutes a barrier preventing neurons from migrating outside the cortex. Weakened
connections between radial glia and the basal lamina may lead to the detachment of basal
endfeet from the lamina, which in turn primes the rupture of the basal lamina, thus enabling
neurons to migrate outside of the cortex to form meningeal heterotopias. However, some
questions remain. Firstly, what is the real trigger for the breakage of the basal lamina under
these pathogenic conditions? Do migrating neurons digest the basal lamina due to the
lack of radial glia basal endfeet protecting it? Or alternatively, is the basal lamina simply
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weakened by the lack of connected endfeet, which in normal conditions would help “patch”
areas under stress due to the tangential expansion of the cerebral cortex? Moreover, could
the disruption of the radial glia—basal lamina connection further prevent the maintenance
of the basal lamina? In addition to these questions, it will be interesting to consider how
key molecules mediating the attachment of radial glia to the basal lamina are delivered to
basal endfeet. Related to this question, one line of research could focus on the potential
importance of mRNA transport and local protein synthesis in that process, two processes
known to co-exist in radial glia as described below [38,43—46].

4. Regulation of the Morphology of the Radial Glia Basal Process

The regulation of the morphology of the radial glia basal process is critical to ensure
proper radial migration of neurons to the cortical plate. Radial glia are polarized cells.
Two processes emanate from their cell body located in the VZ. The apical process extends
towards the cerebral ventricle and connects with surrounding radial glia apical processes.
This connection occurs at the level of the apical endfeet, containing molecular complexes
involved in the regulation of cell polarity (Figure 1a). The basally oriented process connects
radial glia to the overlying basement membrane. During later stages of cortical develop-
ment, this basal process can become very elongated, measuring hundreds of microns in a
mouse and millimeters in humans. During these stages, basal processes display dynamic
extensions along their entire length, as well as complex branching in the marginal zone
(MZ) situated under the pial surface [47] (Figures 1-4). We know that the basal process
can serve as a guide for neuronal migration, but what are the mechanisms controlling the
morphological integrity of the radial glia basal process?
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Figure 4. Basic mechanisms involved in the regulation of the morphology of the basal process.
Left: A microtubule network regulates the radial glial basal process morphology and thus facilitates
radial migration. Microtubule nucleation occurs locally within the radial glia basal process. Known
proteins that help in the nucleation of microtubules are localized in varicosities containing Trans
Golgi Network proteins as well as the minus-end binding proteins CAMSAP2 and CAMSAP3. Right:
mRNAs regulating the shape of the radial glia basal are transported within the basal process and
locally translated in the basal endfeet (RBP: RNA-Binding protein).
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4.1. Generation of the Radial Glia Basal Process

The precursors of radial glia, the neuroepithelial cells, also possess a basal process
(albeit much shorter). These cells divide in a symmetric fashion; therefore, both of their
daughter cells present a basal process. The mechanism by which neuroepithelial basal
processes are formed is controversial; it may be either through a splitting of the basal
process in the mitotic mother cell [48] or through de novo growth of a new basal process in
the daughter cell that did not inherit that of the mother cell [49]. Surprisingly, very little
is known about how radial glia basal processes are generated and elongate. However,
comprehensive live imaging of radial glia in the embryonic mouse and rat cortex shows that
most if not all radial glia undergo asymmetric divisions, generating one new radial glial
cell together with a differentiated cell [50,51]. These data show that following mitosis, the
basal process is inherited by the cell remaining in a progenitor state. In this system, de novo
growth of a basal process only occurs when radial glia are forced to undergo symmetric
divisions, through the overexpression of a constitutively active form of Notch [51]. While
this finding implies that radial glia devoid of a basal process retain the capacity to grow a
new one, this may only occur in rare circumstances. Moreover, this suggests that elongation
of the basal process may be a consequence of the expansion of the cerebral cortex and may
not be dictated by molecular cues. In other words, given the known attachment of basal
endfeet to the overlying basal lamina, it is possible that the basal process elongates due to
the stretching forces generated by the accumulation of cells between their soma and the
basal endfeet. Alternatively, the distal end of the radial glia basal processes may undergo
cycles of detachment and re-attachment to the basal lamina.

4.2. The Morphology of the Radial Glia Basal Process Relies on a Microtubule Network

C6R cells are a radial glia-like cell-line derived from a rat glial tumor. They present
processes akin to the apical and basal processes of radial glia in vivo [52]. Early work using
these cells as a proxy for radial glia together with cytoskeletal inhibitors suggests that the
radial glia basal process mainly relies on microtubules to maintain its overall structure [53].
In this work, the authors conclude that microfilaments may be dispensable. While this
may be true for the gross morphology of the basal process, microfilaments may still be
important to regulate its fine morphology. Nonetheless, the importance of microtubule
regulation for radial glia morphology is further supported by the enriched expression of
microtubule-related proteins in radial glia, compared to other cells [53].

Live imaging of microtubule plus-end markers in rat and mouse organotypic brain
slices confirms the existence of an active microtubule network within the basal process [54—
56] (Figure 4). These live imaging studies show that microtubule growth is largely basally
directed. While the nucleation of microtubules is very active in the radial glia soma, and
also particularly around the centrosome located in apical endfeet [54,56], other nucleation
sites exist within the basal process [55,56]. What are those nucleation sites? Live imaging of
organotypic brain slices demonstrates that microtubules can be nucleated within swellings
decorating the radial glia basal process [56] (Figure 4). These swellings, also called varicosi-
ties, have been a mysterious structure until a recent study. Baffet’s group showed that these
structures contain Trans Golgi Network proteins [56]. The presence of Trans Golgi Network
proteins is interesting given that Golgi outposts are known microtubule nucleation sites
in neurons [57]. However, certain Golgi outpost markers are absent from radial glia basal
process swellings [56,58], suggesting that nucleation within the basal process differs from
that found in neurons.

Nonetheless, other factors may contribute to the local nucleation of microtubules
within the basal process. Amongst them are the minus-end stabilizing factors CAMSAP2
and CAMSAP3 [53,54]. Both localize at microtubule nucleation sites in the basal pro-
cess (Figure 4). CAMSAP?2 distribution is controlled by the Mediator of cell motility 1
(Memo1) [55], a protein present in radial glia basal processes. Anton’s group showed that
Memol deletion leads to aberrant radial glia organization in the developing cortex [55].
Memol-depleted radial glia show exuberant branching both along the basal process and in
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their distal-most region near the basal endfeet. Additionally, radial glia lacking Memol de-
laminate from the ventricular zone. These changes in radial glia morphology are associated
with neuron migration deficits. Neurons fail to migrate straight to the CP, and instead adopt
oblique migratory paths diverging from the typical radial orientation. These abnormal
migratory paths seem to result from neurons following the exuberant branches located
along the basal process of radial glia lacking Memol. This suggests that supernumerary
branching along the basal process may provide alternative routes for migrating neurons,
and thus slow down neuronal migration (Figure 5). Given that postnatal Memol KO
cortices display misplaced neurons within all the cortical layers, these findings suggest that
slowing down neuronal migration ultimately impacts cortical cytoarchitecture. Altogether,
these data confirm that an active radial glia microtubule network regulates basal process
morphology, and thus plays a non-cell autonomous role in neuronal migration. Further-
more, given that Memol mutations found in autistic patients also lead to a disruption
of the radial glia scaffold, these findings suggest that neurodevelopmental diseases may
arise from impaired radial glia morphology [55]. In the future, it will be important to
further dissect the pathways mediating the basal process microtubule network, and the
mechanisms utilizing that network to regulate the morphology of the basal process.
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Figure 5. Pathways regulating radial glia morphology and the shape of the basal process.
Memol and Arhgaplla regulate branching of the radial glia basal process. Knockout of
Memol and knockdown of Arhgaplla lead to exuberant, and decreased branching of
the basal process, respectively. Ultimately, compromised basal process branching slows
down neuronal migration and leads to misplaced neurons in the cortex. The depletion
of proteins such as RhoA, Cdc42, Gsk3, Apc, Numb and MARCKS leads to radial glia
endfoot disconnection, the disorganization of basal processes, and radial glia delamination
from the apical surface. In these conditions, impaired radial glia morphology is linked
with altered lamination of the cortex.
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4.3. Radial Glia Utilize mRNA Transport and Local Protein Synthesis to Locally Deliver Key
Regulators of Basal Process Morphology

Given the length of the basal process, it is important to consider the mechanisms
underlying the delivery of key proteins involved in basal process morphology, thus indi-
rectly modulating neuronal migration. In neurons, mRNA transport and local translation
contribute to the regulation of their morphology [59]. Following nuclear export, mRNAs
are loaded onto motor proteins to be transported to distal appendages including axons and
dendrites [59]. There, various signals can trigger their translation to synthesize proteins
locally and en masse. This appears to be the case in radial glia as well. Indeed, mRNAs
are actively transported to the radial glia basal endfeet via the basal process [38,43,44,46]
(Figure 4). In basal endfeet, these mRNAs can be utilized for local protein synthesis. One
known protein mediating these mechanisms is the aforementioned RNA-binding protein
FMRP [44]. FMRP is actively transported to radial glia basal endfeet, and its endfoot
mRNA targets encode proteins significantly enriched for cytoskeletal regulators. These
targets include kinesin molecular motors and the aforementioned microtubule minus-end
binding protein CAMSAP?2 [44]. Of note, mRNA transport in radial glia probably relies
on the microtubules, given that the speed at which FMRP and localized mRNAs move
within the basal process coincides with the known speed of microtubule-based molecular
transport [59] (Figure 4).

The study of one endfoot localized mRNA candidate demonstrated that mRNA
localization and local translation regulate radial glia morphology [38]. Arhgaplla encodes
a Rho GTPase activating protein (Rho GAP), which specifically inhibits RhoA activity [60].
During cortical development, Arhgaplla expression is confined to radial glia where it
localizes to the basal process of both human and mouse radial glia, in the form of mRNA
and protein [38,61]. This basal process localization coincides with developmental stages
during which the basal process becomes morphologically more complex, with increased
branching along the basal process as well as in the basal endfeet region [38]. Knockdown
of Arhgaplla leads to decreased branching in those two regions [38]. These morphological
deficits are linked to a non-cell autonomous effect on radial migration. Wildtype neurons
migrating on a radial glia scaffold depleted of Arhgaplla show a more tortuous migration
path, leading to slower migration to the cortical plate. This impaired migration eventually
leads to neuron subtypes settling in aberrant locations (Figure 5). Importantly, rescue of the
branching phenotype induced by Arhgaplla knockdown can only occur with constructs
expressing Arhgaplla mRNAs localizing to the basal endfeet, and capable of producing a
functional ARHGAP11A protein. This finding demonstrates that basal process branching
in the endfoot region relies on mRNA localization and local translation.

It is interesting to consider that neuronal migration can be impacted both by exuberant
branching as found in Memol-deficient radial glia, and by decreased branching as observed
after Arhgaplla knockdown (Figure 5). This poses questions regarding the role of these
branches. Do they provide migration cues? Could they serve as rungs of a ladder?
Nonetheless, altogether these data reinforce the notion that the local regulation of RhoA
is critical for radial glia basal process morphology, and thus may indirectly control the
radial migration of neurons during cortical development. Moreover, it demonstrates that
mRNA transport and local protein synthesis participate in the regulation of basal process
morphology. However, many questions remain regarding how mRNA transport regulates
basal process morphology. For instance, it is not clear whether local protein synthesis
occurs solely within basal endfeet, or whether it can also take place along the basal process.
Indeed, in axons and dendrites, certain moving mRNAs can show a halt correlating with
local morphological remodeling, implying that local translation following that halt may
participate in morphological changes [62]. This may also happen along the radial glia basal
process. Moreover, could the swellings where microtubules nucleate be hot spots for local
translation? In the future, it will also be interesting to consider whether mRNA transport
and local translation are key to pathways mediating basal process-neuron interactions
during their migration.
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4.4. Regulation of Cell Polarity in Radial Glia

What other pathways may regulate the radial glia cytoskeleton and hence radial glia
morphology and radial migration? RhoA, Cdc42, Gsk3, Apc, Numb, and MARCKS are
all pleiotropic mediators of cytoskeleton dynamics and cell polarity. All of these proteins
are expressed in radial glia where they localize to both apical and basal processes [63—-69].
Knockout of any of these proteins has profound consequences on the developing cor-
tex [64-70]. The depletion of either RhoA, Cdc42, Apc, Numb, Gsk3 or MARCKS disturbs
apical adherens junctions, thus leading to the delamination and scattering of radial glia
throughout the developing cortex. Concomitantly, proliferation appears to be impaired in
radial glia [64-67,69]. These phenotypes are accompanied by a defective radial glia basal
process morphology. Basal processes are misaligned, disorganized, and do not span the
entire thickness of the cerebral cortex [64—67] (Figure 5). In RhoA KO cortices, analyses
of the cytoskeleton revealed that both actin polymerization and microtubule stability are
severely decreased in radial glia, whereas neurons appear normal [64]. Of note, micro-
tubule instability was also observed in Apc KO cortices [68]. In RhoA, Cdc42, Gsk3, Apc,
and MARCKS KO brains, the disturbance of radial glia morphology is accompanied by
migration defects [64-67]. Interestingly, knockout of RhoA in migrating neurons on an
otherwise wildtype scaffold does not disrupt their migration. However, wildtype neurons
transplanted into developing cortices lacking RhoA are unable to migrate to their final
destination [64]. It would be interesting to investigate whether this is also the case for
Cdc42, Gsk3, Apc, Numb or MARCKS.

Altogether, these data describe pathways regulating radial glia basal process mor-
phology and link defective morphology with impaired neuronal migration (Figure 5).
Given the pleiotropic roles of these pathways, future studies should focus on the molecular
mechanisms by which these pathways influence basal process morphology. For instance,
are these pathways important locally within the radial glia basal process? Or alternatively,
are basal process defects downstream consequences of aberrant mechanisms occurring in
the radial glia soma or in the apical endfeet? Knowing this will help us to further dissect
the variety of pathways by which the morphology of the radial basal process is regulated,
thus impacting radial neuronal migration.

5. Conclusions and Perspectives

In this review, we laid out evidence highlighting the non-cell autonomous function
of radial glia in the neuronal migration process. We focused on the known mechanisms
mediating radial glia-dependent migration, and we highlighted the mechanisms that
regulate the morphology of the basal process along which neurons migrate.

One major conclusion from this review is that we know very little about the local
mechanisms occurring within the basal process and endfeet. This is understandable as
the study of these structures is not without challenges. Tools exist to study basal process
mechanisms, but most require sophisticated approaches. Live imaging of radial glia
containing fluorescently labelled components in organotypic brain slices is an exquisite
tool to study their dynamics within the basal process, but generating organotypic brain
slices containing intact radial glia basal processes is technically challenging. However,
research focused on local mechanisms occurring within basal endfeet can utilize basal
endfoot preparation assays developed by the Silver group [38,43,44]. These are simple
preparations as they rely on the peeling of the basal lamina from embryonic cortices using
common tweezers. The power of these preparations is that they allow the isolation of
basal endfeet from the cell body, while preserving some of their niche. Indeed, endfoot
preparations also include the basal lamina and the overlying meninges. The downside of
this method is that it does not allow the isolation of the basal process as well. Therefore, the
field could highly benefit from a high-throughput in vitro model to study radial glia basal
structures, including the basal process, since primary radial glia show little if any basal
process in culture. However, as mentioned above, we know that radial glia are capable of
generating de novo basal processes [51]. Therefore, research should focus on identifying
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the molecular cues guiding basal process growth. Combined with a Boyden chamber or
microfluidic assays, this would give researchers the power to analyze radial glia basal
structures in isolation.

To conclude, we believe that closer attention should be given to how radial glia
influence neuronal migration non-cell autonomously, particularly in the context of neu-
rodevelopmental diseases. The maintenance of the radial glia basal process, as well as
neuron-radial glia interactions, may be of greater importance in higher species like humans,
where the neuronal migratory path can be 10 times longer than in the common rodent
models. Therefore, migration deficits observed in rodents may be more catastrophic in
humans, as the human developing cortex may be more sensitive to subtle defects in ra-
dial glia morphology. Moreover, it is possible that higher species developed additional
cellular mechanisms to accommodate for differences in the number and composition of
the radial glia pool. Several studies suggested that this is indeed the case. In ferrets,
migrating neurons switch from one radial glia basal process to another more frequently
than in mice [71]. In macaque monkeys, the multipolar migratory stage appears to be ab-
sent [72]. Additionally, the importance of Arhgaplla in regulating radial glia basal process
morphology in mice may be relevant for human brain development. During evolution,
the Arhgaplla gene was duplicated specifically in the human lineage, which led to the
emergence of the ARHGAP11B gene. While ARHGAP11B expression is critical for increased
neural progenitor proliferation [73-75], it can also modulate Cdc42 activity [60], which is
known to regulate radial glia basal process morphology [66]. Therefore, it is possible that
ARHGAP11B also mediates radial glia basal process morphology, and thus may be impor-
tant for neuron migration. Finally, future studies should evaluate whether the mechanisms
identified in the apical radial glia within the VZ (aRG) are transferable to outer radial glia
(oRG), which play a major role during cortical development in higher species [16,72]. oRG
are structurally and molecularly different from their aRG counterparts [16,76,77], hence
it is likely that distinct mechanisms regulate o0RG- vs. aRG-mediated neuronal migration.
Thanks to brain organoid technology [78], we now have the capacity to address these
questions in the context of human development.

Author Contributions: B.L.M., N.K.T. and L.-].P. wrote the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health, grant number P20GM103620
to LJP. Supported by a fellowship to BLM by the USD Neuroscience, Nanotechnology and Networks
program through a grant from NSF (DGE-1633213).

Acknowledgments: We thank Debra Silver, Pratiksha KC and Abigail Varsho for reading and giving
us comments on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Faheem, M.; Naseer, ML.IL; Rasool, M.; Chaudhary, A.G.; Kumosani, T.A.; Ilyas, A.M.; Pushparaj, P.; Ahmed, F.; Algahtani, H.A;
Al-Qahtani, M.H.; et al. Molecular genetics of human primary microcephaly: An overview. BMC Med. Genom. 2015, 8 (Suppl. 1),
S4. [CrossRef] [PubMed]

Ferraris, P.; Cochet, M.; Hamel, R.; Gladwyn-Ng, L; Alfano, C.; Diop, F; Garcia, D.; Talignani, L.; Montero-Menei, C.N.;
Nougairede, A.; et al. Zika virus differentially infects human neural progenitor cells according to their state of differentiation and
dysregulates neurogenesis through the Notch pathway. Emerg. Microbes Infect. 2019, 8, 1003-1016. [CrossRef] [PubMed]

Souza, B.S.; Sampaio, G.L.; Pereira, C.S.; Campos, G.S.; Sardi, S.I.; Freitas, L.A.; Figueira, C.P; Paredes, B.D.; Nonaka, C.K.;
Azevedo, C.M,; et al. Zika virus infection induces mitosis abnormalities and apoptotic cell death of human neural progenitor
cells. Sci. Rep. 2016, 6, 39775. [CrossRef]

Parikshak, N.N.; Luo, R.; Zhang, A.; Won, H.; Lowe, ].K.; Chandran, V.; Horvath, S.; Geschwind, D.H. Integrative functional
genomic analyses implicate specific molecular pathways and circuits in autism. Cell 2013, 155, 1008-1021. [CrossRef] [PubMed]
Willsey, AJ.; Sanders, S.J.; Li, M.; Dong, S.; Tebbenkamp, A.T.; Muhle, R.A; Reilly, S.K.; Lin, L.; Fertuzinhos, S.; Miller, J.A.; et al.
Coexpression networks implicate human midfetal deep cortical projection neurons in the pathogenesis of autism. Cell 2013,
155,997-1007. [CrossRef]


http://dx.doi.org/10.1186/1755-8794-8-S1-S4
http://www.ncbi.nlm.nih.gov/pubmed/25951892
http://dx.doi.org/10.1080/22221751.2019.1637283
http://www.ncbi.nlm.nih.gov/pubmed/31282298
http://dx.doi.org/10.1038/srep39775
http://dx.doi.org/10.1016/j.cell.2013.10.031
http://www.ncbi.nlm.nih.gov/pubmed/24267887
http://dx.doi.org/10.1016/j.cell.2013.10.020

Cells 2021, 10, 3 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Stoner, R.; Chow, M.L.; Boyle, M.P,; Sunkin, S.M.; Mouton, PR.; Roy, S.; Wynshaw-Boris, A.; Colamarino, S.A.; Lein, E.S.;
Courchesne, E. Patches of disorganization in the neocortex of children with autism. N. Engl. |. Med. 2014, 370, 1209-1219.
[CrossRef]

Sacco, R.; Cacci, E.; Novarino, G. Neural stem cells in neuropsychiatric disorders. Curr. Opin. Neurobiol. 2017, 48, 131-138.
[CrossRef]

Rakic, P. Mode of cell migration to the superficial layers of fetal monkey neocortex. J. Comp. Neurol. 1972, 145, 61-83. [CrossRef]
Edmondson, J.C.; Hatten, M.E. Glial-guided granule neuron migration in vitro: A high-resolution time-lapse video microscopic
study. J. Neurosci. 1987, 7, 1928-1934. [CrossRef]

Noctor, S.C.; Flint, A.C.; Weissman, T.A.; Dammerman, R.S.; Kriegstein, A.R. Neurons derived from radial glial cells establish
radial units in neocortex. Nature 2001, 409, 714-720. [CrossRef]

Malatesta, P.; Hartfuss, E.; Gotz, M. Isolation of radial glial cells by fluorescent-activated cell sorting reveals neuronal lineage.
Development 2000, 127, 5253-5263.

Kon, E.; Cossard, A.; Jossin, Y. Neuronal Polarity in the Embryonic Mammalian Cerebral Cortex. Front. Cell. Neurosci. 2017,
11, 163. [CrossRef] [PubMed]

Torii, M.; Hashimoto-Torii, K.; Levitt, P.; Rakic, P. Integration of neuronal clones in the radial cortical columns by EphA and
ephrin-A signalling. Nature 2009, 461, 524-528. [CrossRef] [PubMed]

Silva, C.G.; Peyre, E.; Nguyen, L. Cell migration promotes dynamic cellular interactions to control cerebral cortex morphogenesis.
Nat. Rev. Neurosci. 2019, 20, 318-329. [CrossRef] [PubMed]

Nadarajah, B.; Brunstrom, J.E.; Grutzendler, J.; Wong, R.O.; Pearlman, A.L. Two modes of radial migration in early development
of the cerebral cortex. Nat. Neurosci. 2001, 4, 143-150. [CrossRef] [PubMed]

Hansen, D.V.; Lui, ].H.; Parker, PR.; Kriegstein, A.R. Neurogenic radial glia in the outer subventricular zone of human neocortex.
Nature 2010, 464, 554-561. [CrossRef] [PubMed]

Smart, L.H.; Dehay, C.; Giroud, P; Berland, M.; Kennedy, H. Unique morphological features of the proliferative zones and
postmitotic compartments of the neural epithelium giving rise to striate and extrastriate cortex in the monkey. Cereb. Cortex 2002,
12, 37-53. [CrossRef]

Meller, K. Scanning electron microscope studies on the development of the nervous system in vivo and in vitro. Int. Rev. Cytol.
1979, 56, 23-56. [CrossRef]

Hatten, M.E. Riding the glial monorail: A common mechanism for glial-guided neuronal migration in different regions of the
developing mammalian brain. Trends Neurosci. 1990, 13, 179-184. [CrossRef]

Anton, E.S.; Kreidberg, J.A.; Rakic, P. Distinct functions of alpha3 and alpha(v) integrin receptors in neuronal migration and
laminar organization of the cerebral cortex. Neuron 1999, 22, 277-289. [CrossRef]

Belvindrah, R.; Graus-Porta, D.; Goebbels, S.; Nave, K.A.; Muller, U. Betal integrins in radial glia but not in migrating neurons
are essential for the formation of cell layers in the cerebral cortex. J. Neurosci. 2007, 27, 13854-13865. [CrossRef] [PubMed]
Kawauchi, T.; Sekine, K.; Shikanai, M.; Chihama, K.; Tomita, K.; Kubo, K.; Nakajima, K.; Nabeshima, Y.; Hoshino, M. Rab
GTPases-dependent endocytic pathways regulate neuronal migration and maturation through N-cadherin trafficking. Neuron
2010, 67, 588-602. [CrossRef] [PubMed]

Xu, C.; Funahashi, Y.; Watanabe, T.; Takano, T.; Nakamuta, S.; Namba, T.; Kaibuchi, K. Radial Glial Cell-Neuron Interaction
Directs Axon Formation at the Opposite Side of the Neuron from the Contact Site. |. Neurosci. 2015, 35, 14517-14532. [CrossRef]
[PubMed]

Kawauchi, T. Cellullar insights into cerebral cortical development: Focusing on the locomotion mode of neuronal migration.
Front. Cell. Neurosci. 2015, 9, 394. [CrossRef] [PubMed]

La Fata, G.; Gartner, A.; Dominguez-Iturza, N.; Dresselaers, T.; Dawitz, ].; Poorthuis, R.B.; Averna, M.; Himmelreich, U.; Meredith,
R.M.; Achsel, T.; et al. FMRP regulates multipolar to bipolar transition affecting neuronal migration and cortical circuitry. Nat.
Neurosci. 2014, 17, 1693-1700. [CrossRef] [PubMed]

Bassell, G.]J.; Warren, S.T. Fragile X syndrome: Loss of local mRNA regulation alters synaptic development and function. Neuron
2008, 60, 201-214. [CrossRef]

Darnell, J.C.; Van Driesche, S.J.; Zhang, C.; Hung, K.Y.; Mele, A ; Fraser, C.E.; Stone, E.F.; Chen, C.; Fak, ].J.; Chi, S.W.; et al. FMRP
stalls ribosomal translocation on mRNAs linked to synaptic function and autism. Cell 2011, 146, 247-261. [CrossRef]

Elias, L.A.; Wang, D.D.; Kriegstein, A.R. Gap junction adhesion is necessary for radial migration in the neocortex. Nature 2007,
448,901-907. [CrossRef]

Cina, C.; Maass, K.; Theis, M.; Willecke, K.; Bechberger, J.E; Naus, C.C. Involvement of the cytoplasmic C-terminal domain of
connexin43 in neuronal migration. J. Neurosci. 2009, 29, 2009-2021. [CrossRef]

Valiente, M.; Ciceri, G.; Rico, B.; Marin, O. Focal adhesion kinase modulates radial glia-dependent neuronal migration through
connexin-26. J. Neurosci. 2011, 31, 11678-11691. [CrossRef]

Ohshima, T.; Hirasawa, M.; Tabata, H.; Mutoh, T.; Adachi, T.; Suzuki, H.; Saruta, K.; Iwasato, T.; Itohara, S.; Hashimoto, M.; et al.
Cdkb5 is required for multipolar-to-bipolar transition during radial neuronal migration and proper dendrite development of
pyramidal neurons in the cerebral cortex. Development 2007, 134, 2273-2282. [CrossRef] [PubMed]


http://dx.doi.org/10.1056/NEJMoa1307491
http://dx.doi.org/10.1016/j.conb.2017.12.005
http://dx.doi.org/10.1002/cne.901450105
http://dx.doi.org/10.1523/JNEUROSCI.07-06-01928.1987
http://dx.doi.org/10.1038/35055553
http://dx.doi.org/10.3389/fncel.2017.00163
http://www.ncbi.nlm.nih.gov/pubmed/28670267
http://dx.doi.org/10.1038/nature08362
http://www.ncbi.nlm.nih.gov/pubmed/19759535
http://dx.doi.org/10.1038/s41583-019-0148-y
http://www.ncbi.nlm.nih.gov/pubmed/30874623
http://dx.doi.org/10.1038/83967
http://www.ncbi.nlm.nih.gov/pubmed/11175874
http://dx.doi.org/10.1038/nature08845
http://www.ncbi.nlm.nih.gov/pubmed/20154730
http://dx.doi.org/10.1093/cercor/12.1.37
http://dx.doi.org/10.1016/s0074-7696(08)61820-3
http://dx.doi.org/10.1016/0166-2236(90)90044-B
http://dx.doi.org/10.1016/S0896-6273(00)81089-2
http://dx.doi.org/10.1523/JNEUROSCI.4494-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18077697
http://dx.doi.org/10.1016/j.neuron.2010.07.007
http://www.ncbi.nlm.nih.gov/pubmed/20797536
http://dx.doi.org/10.1523/JNEUROSCI.1266-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26511243
http://dx.doi.org/10.3389/fncel.2015.00394
http://www.ncbi.nlm.nih.gov/pubmed/26500496
http://dx.doi.org/10.1038/nn.3870
http://www.ncbi.nlm.nih.gov/pubmed/25402856
http://dx.doi.org/10.1016/j.neuron.2008.10.004
http://dx.doi.org/10.1016/j.cell.2011.06.013
http://dx.doi.org/10.1038/nature06063
http://dx.doi.org/10.1523/JNEUROSCI.5025-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.2678-11.2011
http://dx.doi.org/10.1242/dev.02854
http://www.ncbi.nlm.nih.gov/pubmed/17507397

Cells 2021, 10, 3 15 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Gupta, A.; Sanada, K.; Miyamoto, D.T.; Rovelstad, S.; Nadarajah, B.; Pearlman, A.L.; Brunstrom, J.; Tsai, L.H. Layering defect in
p35 deficiency is linked to improper neuronal-glial interaction in radial migration. Nat. Neurosci. 2003, 6, 1284-1291. [CrossRef]
[PubMed]

Rakic, S.; Kanatani, S.; Hunt, D.; Faux, C.; Cariboni, A.; Chiara, F; Khan, S.; Wansbury, O.; Howard, B.; Nakajima, K.; et al.
Cdk5 phosphorylation of ErbB4 is required for tangential migration of cortical interneurons. Cereb. Cortex 2015, 25, 991-1003.
[CrossRef] [PubMed]

Ogawa, M.; Miyata, T.; Nakajimat, K.; Yagyu, K.; Seike, M.; Ikenaka, K.; Yamamoto, H.; Mikoshibat, K. The reeler gene-associated
antigen on cajal-retzius neurons is a crucial molecule for laminar organization of cortical neurons. Neuron 1995, 14, 899-912.
[CrossRef]

Gongidi, V,; Ring, C.; Moody, M.; Brekken, R.; Sage, E.H.; Rakic, P.; Anton, E.S. SPARC-like 1 regulates the terminal phase of
radial glia-guided migration in the cerebral cortex. Neuron 2004, 41, 57—-69. [CrossRef]

Halfter, W.; Dong, S.; Yip, Y.P.; Willem, M.; Mayer, U. A critical function of the pial basement membrane in cortical histogenesis.
J. Neurosci. 2002, 22, 6029-6040. [CrossRef]

Haubst, N.; Georges-Labouesse, E.; De Arcangelis, A.; Mayer, U.; Gotz, M. Basement membrane attachment is dispensable
for radial glial cell fate and for proliferation, but affects positioning of neuronal subtypes. Development 2006, 133, 3245-3254.
[CrossRef]

Pilaz, L.-J.; Joshi, K.; Liu, J.; Tsunekawa, Y.; Alsina, F.C.; Sethi, S.; Suzuki, L.K.; Vanderhaeghen, P.; Polleux, F.; Silver, D.L.
Subcellular mRNA localization and local translation of Arhgap1lla in radial glial cells regulates cortical development. bioRxiv
2020. [CrossRef]

Myshrall, T.D.; Moore, S.A.; Ostendorf, A.P; Satz, ].S.; Kowalczyk, T.; Nguyen, H.; Daza, R.A ; Lau, C.; Campbell, K.P; Hevner,
R.F. Dystroglycan on radial glia end feet is required for pial basement membrane integrity and columnar organization of the
developing cerebral cortex. J. Neuropathol. Exp. Neurol. 2012, 71, 1047-1063. [CrossRef]

Radakovits, R.; Barros, C.S.; Belvindrah, R.; Patton, B.; Miiller, U. Regulation of radial glial survival by signals from the meninges.
J. Neurosci. 2009, 29, 7694-7705. [CrossRef]

Beggs, H.E.; Schahin-Reed, D.; Zang, K.; Goebbels, S.; Nave, K.A.; Gorski, J.; Jones, K.R.; Sretavan, D.; Reichardt, L.F. FAK
deficiency in cells contributing to the basal lamina results in cortical abnormalities resembling congenital muscular dystrophies.
Neuron 2003, 40, 501-514. [CrossRef]

Li, S.; Jin, Z.; Koirala, S.; Bu, L.; Xu, L.; Hynes, R.O.; Walsh, C.A.; Corfas, G.; Piao, X. GPR56 regulates pial basement membrane
integrity and cortical lamination. J. Neurosci. 2008, 28, 5817-5826. [CrossRef]

Pilaz, L.J.; Silver, D.L. Moving messages in the developing brain-emerging roles for mRNA transport and local translation in
neural stem cells. FEBS Lett. 2017, 591, 1526-1539. [CrossRef]

Pilaz, LJ.; Lennox, A.L.; Rouanet, J.P; Silver, D.L. Dynamic mRNA Transport and Local Translation in Radial Glial Progenitors of
the Developing Brain. Curr. Biol. 2016, 26, 3383-3392. [CrossRef] [PubMed]

Tsunekawa, Y.; Kikkawa, T.; Osumi, N. Asymmetric inheritance of Cyclin D2 maintains proliferative neural stem/progenitor
cells: A critical event in brain development and evolution. Dev. Growth Differ. 2014, 56, 349-357. [CrossRef] [PubMed]
Tsunekawa, Y.; Britto, ].M.; Takahashi, M.; Polleux, E; Tan, S.S.; Osumi, N. Cyclin D2 in the basal process of neural progenitors is
linked to non-equivalent cell fates. EMBO J. 2012, 31, 1879-1892. [CrossRef] [PubMed]

Lu, X,; Duan, M.; Song, L.; Zhang, W.; Hu, X.; Zhao, S.; Chen, S. Morphological changes of radial glial cells during mouse
embryonic development. Brain Res. 2015, 1599, 57-66. [CrossRef] [PubMed]

Kosodo, Y.; Toida, K.; Dubreuil, V.; Alexandre, P.; Schenk, J.; Kiyokage, E.; Attardo, A.; Mora-Bermudez, F.; Arii, T.; Clarke, ].D.;
et al. Cytokinesis of neuroepithelial cells can divide their basal process before anaphase. EMBO ]. 2008, 27, 3151-3163. [CrossRef]
Subramanian, L.; Bershteyn, M.; Paredes, M.E,; Kriegstein, A.R. Dynamic behaviour of human neuroepithelial cells in the
developing forebrain. Nat. Commun. 2017, 8, 14167. [CrossRef]

Noctor, S.C.; Martinez-Cerdefio, V.; Ivic, L.; Kriegstein, A.R. Cortical neurons arise in symmetric and asymmetric division zones
and migrate through specific phases. Nat. Neurosci. 2004, 7, 136-144. [CrossRef]

Shitamukai, A.; Konno, D.; Matsuzaki, F. Oblique radial glial divisions in the developing mouse neocortex induce self-renewing
progenitors outside the germinal zone that resemble primate outer subventricular zone progenitors. J. Neurosci. 2011, 31,
3683-3695. [CrossRef] [PubMed]

Benda, P; Lightbody, J.; Sato, G.; Levine, L.; Sweet, W. Differentiated rat glial cell strain in tissue culture. Science 1968, 161, 370-371.
[CrossRef] [PubMed]

Li, H,; Berlin, Y.; Hart, R.P.; Grumet, M. Microtubules are critical for radial glial morphology: Possible regulation by MAPs and
MARKS. Glia 2003, 44, 37-46. [CrossRef] [PubMed]

Tsai, ]JW.; Lian, W.N.; Kemal, S.; Kriegstein, A.R.; Vallee, R.B. Kinesin 3 and cytoplasmic dynein mediate interkinetic nuclear
migration in neural stem cells. Nat. Neurosci. 2010, 13, 1463-1471. [CrossRef]

Nakagawa, N.; Plestant, C.; Yabuno-Nakagawa, K.; Li, J.; Lee, J.; Huang, C.W,; Lee, A.; Krupa, O.; Adhikari, A.; Thompson, S.;
et al. Memol-Mediated Tiling of Radial Glial Cells Facilitates Cerebral Cortical Development. Neuron 2019, 103, 836-852.€5.
[CrossRef]

Coquand, L.; Victoria, G.S.; Tata, A.; Brault, ].B.; Guimiot, F.; Fraisier, V.; Baffet, A.D. A dendritic-like microtubule network is
organized from swellings of the basal fiber in neural progenitors. bioRxiv 2020. [CrossRef]


http://dx.doi.org/10.1038/nn1151
http://www.ncbi.nlm.nih.gov/pubmed/14608361
http://dx.doi.org/10.1093/cercor/bht290
http://www.ncbi.nlm.nih.gov/pubmed/24142862
http://dx.doi.org/10.1016/0896-6273(95)90329-1
http://dx.doi.org/10.1016/S0896-6273(03)00818-3
http://dx.doi.org/10.1523/JNEUROSCI.22-14-06029.2002
http://dx.doi.org/10.1242/dev.02486
http://dx.doi.org/10.1101/2020.07.30.229724
http://dx.doi.org/10.1097/NEN.0b013e318274a128
http://dx.doi.org/10.1523/JNEUROSCI.5537-08.2009
http://dx.doi.org/10.1016/S0896-6273(03)00666-4
http://dx.doi.org/10.1523/JNEUROSCI.0853-08.2008
http://dx.doi.org/10.1002/1873-3468.12626
http://dx.doi.org/10.1016/j.cub.2016.10.040
http://www.ncbi.nlm.nih.gov/pubmed/27916527
http://dx.doi.org/10.1111/dgd.12135
http://www.ncbi.nlm.nih.gov/pubmed/24835888
http://dx.doi.org/10.1038/emboj.2012.43
http://www.ncbi.nlm.nih.gov/pubmed/22395070
http://dx.doi.org/10.1016/j.brainres.2014.12.039
http://www.ncbi.nlm.nih.gov/pubmed/25553615
http://dx.doi.org/10.1038/emboj.2008.227
http://dx.doi.org/10.1038/ncomms14167
http://dx.doi.org/10.1038/nn1172
http://dx.doi.org/10.1523/JNEUROSCI.4773-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21389223
http://dx.doi.org/10.1126/science.161.3839.370
http://www.ncbi.nlm.nih.gov/pubmed/4873531
http://dx.doi.org/10.1002/glia.10267
http://www.ncbi.nlm.nih.gov/pubmed/12951655
http://dx.doi.org/10.1038/nn.2665
http://dx.doi.org/10.1016/j.neuron.2019.05.049
http://dx.doi.org/10.1101/2020.03.16.993295

Cells 2021, 10, 3 16 of 16

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Valenzuela, A.; Meservey, L.; Nguyen, H.; Fu, M.M. Golgi Outposts Nucleate Microtubules in Cells with Specialized Shapes.
Trends Cell Biol. 2020, 30, 792-804. [CrossRef]

Taverna, E.; Mora-Bermudez, F,; Strzyz, PJ.; Florio, M.; Icha, ].; Haffner, C.; Norden, C.; Wilsch-Brauninger, M.; Huttner, W.B.
Non-canonical features of the Golgi apparatus in bipolar epithelial neural stem cells. Sci. Rep. 2016, 6, 21206. [CrossRef]
Buxbaum, A.R.; Haimovich, G.; Singer, R.H. In the right place at the right time: Visualizing and understanding mRNA localization.
Nat. Rev. Mol. Cell Biol. 2015, 16, 95-109. [CrossRef]

Miiller, PM.; Rademacher, J.; Bagshaw, R.D.; Alp, K.M.; Giudice, G.; Heinrich, L.E.; Barth, C.; Eccles, R.L.; Sanchez-Castro, M.;
Brandenburg, L.; et al. Spatial Organization of Rho GTPase signaling by RhoGEF/RhoGAP proteins. bioRxiv 2018. [CrossRef]
Florio, M.; Heide, M.; Pinson, A.; Brandl, H.; Albert, M.; Winkler, S.; Wimberger, P.; Huttner, W.B.; Hiller, M. Evolution and
cell-type specificity of human-specific genes preferentially expressed in progenitors of fetal neocortex. Elife 2018, 7. [CrossRef]
[PubMed]

Wong, H.H.; Lin, ].Q.; Strohl, F.; Roque, C.G.; Cioni, ] M.; Cagnetta, R.; Turner-Bridger, B.; Laine, R.F.; Harris, W.A.; Kaminski,
C.F; et al. RNA Docking and Local Translation Regulate Site-Specific Axon Remodeling In Vivo. Neuron 2017, 95, 852-868.e8.
[CrossRef] [PubMed]

Katayama, K.; Melendez, J.; Baumann, ].M.; Leslie, ].R.; Chauhan, B.K.; Nemkul, N.; Lang, R.A.; Kuan, C.Y.; Zheng, Y.; Yoshida, Y.
Loss of RhoA in neural progenitor cells causes the disruption of adherens junctions and hyperproliferation. Proc. Natl. Acad. Sci.
USA 2011, 108, 7607-7612. [CrossRef] [PubMed]

Cappello, S.; Bohringer, C.R.; Bergami, M.; Conzelmann, K.K.; Ghanem, A.; Tomassy, G.S.; Arlotta, P.; Mainardi, M.; Allegra, M.;
Caleo, M.; et al. A radial glia-specific role of RhoA in double cortex formation. Neuron 2012, 73, 911-924. [CrossRef]

Cappello, S.; Attardo, A.; Wu, X.; Iwasato, T.; Itohara, S.; Wilsch-Brauninger, M.; Eilken, H.M.; Rieger, M.A.; Schroeder, T.T.;
Huttner, W.B.; et al. The Rho-GTPase cdc42 regulates neural progenitor fate at the apical surface. Nat. Neurosci. 2006, 9, 1099-1107.
[CrossRef]

Yokota, Y.; Eom, T.Y.; Stanco, A.; Kim, W.Y.; Rao, S.; Snider, W.D.; Anton, E.S. Cdc42 and Gsk3 modulate the dynamics of radial
glial growth, inter-radial glial interactions and polarity in the developing cerebral cortex. Development 2010, 137, 4101-4110.
[CrossRef]

Weimer, ].M.; Yokota, Y.; Stanco, A.; Stumpo, D.].; Blackshear, PJ.; Anton, E.S. MARCKS modulates radial progenitor placement,
proliferation and organization in the developing cerebral cortex. Development 2009, 136, 2965-2975. [CrossRef]

Yokota, Y.; Kim, W.Y,; Chen, Y.; Wang, X.; Stanco, A.; Komuro, Y.; Snider, W.; Anton, E.S. The adenomatous polyposis coli protein
is an essential regulator of radial glial polarity and construction of the cerebral cortex. Neuron 2009, 61, 42-56. [CrossRef]

Rasin, M.R.; Gazula, V.R.; Breunig, ].J.; Kwan, K.Y.; Johnson, M.B.; Liu-Chen, S.; Li, H.S,; Jan, L.Y.; Jan, Y.N.; Rakic, P.; et al. Numb
and Numb] are required for maintenance of cadherin-based adhesion and polarity of neural progenitors. Nat. Neurosci. 2007, 10,
819-827. [CrossRef]

Li, H.S.; Wang, D.; Shen, Q.; Schonemann, M.D.; Gorski, J.A.; Jones, K.R,; Temple, S.; Jan, L.Y; Jan, Y.N. Inactivation of Numb and
Numblike in embryonic dorsal forebrain impairs neurogenesis and disrupts cortical morphogenesis. Neuron 2003, 40, 1105-1118.
[CrossRef]

Martinez-Martinez, M.A.; Ciceri, G.; Espinos, A.; Fernandez, V.; Marin, O.; Borrell, V. Extensive branching of radially-migrating
neurons in the mammalian cerebral cortex. . Comp. Neurol. 2019, 527, 1558-1576. [CrossRef] [PubMed]

Cortay, V.; Delaunay, D.; Patti, D.; Gautier, E.; Doerflinger, N.; Giroud, P.; Knoblauch, K.; Huissoud, C.; Kennedy, H.; Dehay, C.
Radial Migration Dynamics Is Modulated in a Laminar and Area-Specific Manner During Primate Corticogenesis. Front. Cell Dev.
Biol. 2020, 8, 588814. [CrossRef] [PubMed]

Florio, M.; Albert, M.; Taverna, E.; Namba, T.; Brandl, H.; Lewitus, E.; Haffner, C.; Sykes, A.; Wong, EK.; Peters, J.; et al. Human-
specific gene ARHGAP11B promotes basal progenitor amplification and neocortex expansion. Science 2015, 347, 1465-1470.
[CrossRef] [PubMed]

Heide, M.; Haffner, C.; Murayama, A.; Kurotaki, Y.; Shinohara, H.; Okano, H.; Sasaki, E.; Huttner, W.B. Human-specific
ARHGAP11B increases size and folding of primate neocortex in the fetal marmoset. Science 2020, 369, 546-550. [CrossRef]
[PubMed]

Namba, T.; Doczi, J.; Pinson, A.; Xing, L.; Kalebic, N.; Wilsch-Brauninger, M.; Long, K.R.; Vaid, S.; Lauer, J.; Bogdanova, A.; et al.
Human-Specific ARHGAP11B Acts in Mitochondria to Expand Neocortical Progenitors by Glutaminolysis. Neuron 2020, 105,
867-881.€9. [CrossRef]

Pollen, A.A.; Nowakowski, T.].; Chen, J.; Retallack, H.; Sandoval-Espinosa, C.; Nicholas, C.R.; Shuga, J.; Liu, S.J.; Oldham, M.C;
Diaz, A.; et al. Molecular identity of human outer radial glia during cortical development. Cell 2015, 163, 55-67. [CrossRef]
Betizeau, M.; Cortay, V.; Patti, D.; Pfister, S.; Gautier, E.; Bellemin-Menard, A.; Afanassieff, M.; Huissoud, C.; Douglas, R.]J.;
Kennedy, H.; et al. Precursor diversity and complexity of lineage relationships in the outer subventricular zone of the primate.
Neuron 2013, 80, 442-457. [CrossRef]

Lancaster, M.A.; Renner, M.; Martin, C.A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, ].M.; Jackson, A.P.;
Knoblich, J.A. Cerebral organoids model human brain development and microcephaly. Nature 2013, 501, 373-379. [CrossRef]


http://dx.doi.org/10.1016/j.tcb.2020.07.004
http://dx.doi.org/10.1038/srep21206
http://dx.doi.org/10.1038/nrm3918
http://dx.doi.org/10.1101/354316
http://dx.doi.org/10.7554/eLife.32332
http://www.ncbi.nlm.nih.gov/pubmed/29561261
http://dx.doi.org/10.1016/j.neuron.2017.07.016
http://www.ncbi.nlm.nih.gov/pubmed/28781168
http://dx.doi.org/10.1073/pnas.1101347108
http://www.ncbi.nlm.nih.gov/pubmed/21502507
http://dx.doi.org/10.1016/j.neuron.2011.12.030
http://dx.doi.org/10.1038/nn1744
http://dx.doi.org/10.1242/dev.048637
http://dx.doi.org/10.1242/dev.036616
http://dx.doi.org/10.1016/j.neuron.2008.10.053
http://dx.doi.org/10.1038/nn1924
http://dx.doi.org/10.1016/S0896-6273(03)00755-4
http://dx.doi.org/10.1002/cne.24597
http://www.ncbi.nlm.nih.gov/pubmed/30520050
http://dx.doi.org/10.3389/fcell.2020.588814
http://www.ncbi.nlm.nih.gov/pubmed/33178700
http://dx.doi.org/10.1126/science.aaa1975
http://www.ncbi.nlm.nih.gov/pubmed/25721503
http://dx.doi.org/10.1126/science.abb2401
http://www.ncbi.nlm.nih.gov/pubmed/32554627
http://dx.doi.org/10.1016/j.neuron.2019.11.027
http://dx.doi.org/10.1016/j.cell.2015.09.004
http://dx.doi.org/10.1016/j.neuron.2013.09.032
http://dx.doi.org/10.1038/nature12517

	Introduction 
	Radial Migration in the Cerebral Cortex 
	Radial Glia-Dependent Mechanisms Regulating Neuron Migration 
	Establishment and Maintenance of Neuron-Radial Glia Interactions During Migration 
	Integrins 
	N-Cadherin 
	Gap Junctions 
	p35 

	Termination of Neuronal Migration 
	SPARC Like-1 
	Radial Glia Endfeet-Basal Lamina Connection 


	Regulation of the Morphology of the Radial Glia Basal Process 
	Generation of the Radial Glia Basal Process 
	The Morphology of the Radial Glia Basal Process Relies on a Microtubule Network 
	Radial Glia Utilize mRNA Transport and Local Protein Synthesis to Locally Deliver Key Regulators of Basal Process Morphology 
	Regulation of Cell Polarity in Radial Glia 

	Conclusions and Perspectives 
	References

