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Abstract
The emergence of functional neuronal connectivity in the developing cerebral cortex depends on
neuronal migration. This process enables appropriate positioning of neurons and the emergence of
neuronal identity so that the correct patterns of functional synaptic connectivity between the right
types and numbers of neurons can emerge. Delineating the complexities of neuronal migration is
critical to our understanding of normal cerebral cortical formation and neurodevelopmental
disorders resulting from neuronal migration defects. For the most part, the integrated cell
biological basis of the complex behavior of oriented neuronal migration within the developing
mammalian cerebral cortex remains an enigma. This review aims to analyze the integrative
mechanisms that enable neurons to sense environmental guidance cues and translate them into
oriented patterns of migration toward defined areas of the cerebral cortex. We discuss how signals
emanating from different domains of neurons get integrated to control distinct aspects of
migratory behavior and how different types of cortical neurons coordinate their migratory
activities within the developing cerebral cortex to produce functionally critical laminar
organization.
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INTRODUCTION
Neuronal migration and the resultant placement of neurons enable the establishment of
functional neuronal connectivity in the developing brain. The two major types of cortical
neurons, glutamatergic excitatory projection (pyramidal) neurons and GABAergic inhibitory
interneurons, arise from distinct sets of progenitor cells within the telencephalon and migrate
over remarkably long distances to their unique areal and laminar locations in the developing
neocortex. Correct positioning of newborn neurons within the six-layered neocortex ensures
the emergence of proper identities and, thus, appropriate patterns of functional connectivity
between the right types and numbers of neurons. Disruptions in neuronal migration result in
a plethora of neurodevelopmental disorders, ranging from gross brain malformations such as
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lissencephaly to neurobehavioral disorders such as autism, underscoring the importance of
this process in proper cortical development and function. Postnatally, neuronal migration
continues to play an important role in the ongoing maintenance of neuronal circuitry in
selective niches of the adult brain. Unraveling the complexities of neuronal migration is thus
essential to our understanding of both normal cortical development and neurodevelopmental
disorders.

Significant progress has been made toward defining many mechanisms underlying neuronal
migration. However, we still do not fully understand how neurons integrate a multitude of
signals to produce oriented and coordinated patterns of migration evident in the developing
cerebral cortex. In this review, we analyze how neurons navigate from their sites of birth to
their target positions within the cerebral cortex, and we focus on mechanisms that enable
neurons to sense and integrate the diverse cellular signals necessary to produce distinct
patterns of oriented migration toward defined cortical areas. We discuss how signals
emanating from different cellular domains (e.g., cell soma, primary cilia, and growth cones)
are integrated and how they control distinct aspects of neuronal migratory behavior.
Furthermore, we address how different types of neurons (projection neurons and
interneurons) coordinate their oriented migratory activities within the developing cerebral
cortex to ultimately produce functional laminar organization.

MIGRATION OF PROJECTION NEURONS: RADIAL MIGRATION
Cortical projection neurons arise from undifferentiated neuroepithelial progenitor cells in the
ventricular zone (VZ) and subventricular zone (SVZ) of the telencephalon (Ayala et al.
2007, Bystron et al. 2008, Götz & Huttner 2005, Higginbotham et al. 2011, Kriegstein et al.
2006). At the start of corticogenesis, radial glial progenitors (RGPs) in the VZ expand their
population by dividing symmetrically to produce two daughter RGPs. As neurogenesis
begins, the majority of RGPs in the VZ divide asymmetrically (Higginbotham et al. 2011;
Noctor et al. 2001, 2004, 2008). Several modes of asymmetric cell division are recognized
within the VZ: (a) neurogenic division (produces a self-renewing RGP and a daughter
neuron), (b) asymmetric progenitor division [results in a self-renewing RGP and an
intermediate progenitor (IP) cell that migrates into the SVZ], and (c) final gliogenic division
(results in a neuron and a daughter cell that translocates away from the VZ to differentiate
into astroglia) (Kriegstein et al. 2006; Noctor et al. 2004, 2008). In the SVZ, all of the IPs
divide symmetrically to produce either two neurons (the majority of divisions) or two
daughter IPs (Kriegstein et al. 2006; Martínez-Cerdeño et al. 2006; Noctor et al. 2004, 2007,
2008). In addition, a novel class of asymmetrically dividing radial glia–like progenitor cells,
termed outer radial glial cells, has been identified recently in the outer SVZ region (Hansen
et al. 2010, LaMonica et al. 2012, X. Wang et al. 2011). Neurogenesis subsides when the
progenitor pool is depleted owing to both terminal IP divisions into neurons and terminal
RGP divisions into glia (Ayala et al. 2007, Higginbotham et al. 2011, Noctor et al. 2004).

Newly born projection neurons, which constitute the majority of cortical neurons, reach their
target locations within the developing cortex via radial migration (reviewed in Ayala et al.
2007, Marín & Rubenstein 2003, Marín et al. 2010) (Figure 1). The earliest-arriving neurons
form the transient preplate (PP) and are followed by the neurons that form the cortical plate
(CP). The CP neurons split the PP into the superficial marginal zone (MZ, or layer 1) and
the subplate (SP), which is located below the newly forming cortical layer 6 (Ayala et al.
2007, Ghashghaei et al. 2007, Kwan et al. 2012, Marín & Rubenstein 2003, Marín et al.
2010). Successive waves of migrating neurons arrive to occupy progressively more
superficial cortical layers in an inside-out fashion; in other words, neurons belonging to the
deepest cortical layers are generated first and arrive at their destinations first, followed by
neurons that will reside in the upper layers. However, recent data also suggest that at least a
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subset of RGPs is specified to generate only upper-layer neurons irrespective of niche and
birthdate (Franco et al. 2012).

Radial migration occurs in two different modes: somal translocation and locomotion
(Kriegstein & Noctor 2004, Marín & Rubenstein 2003, Nadarajah & Parnavelas 2002,
Nadarajah et al. 2001) (Figure 1). The earliest neurons that form the PP use somal
translocation, whereas most cortical neurons forming the CP employ locomotion.

Somal Translocation Versus Locomotion
Early-born cortical neurons possess a long, branched leading process attached to the pial
surface (Miyata et al. 2001, Nadarajah et al. 2001). The leading process gets progressively
shorter as the cell soma translocates upward (Nadarajah et al. 2001) (Figure 1). These
somally translocating neurons move continuously, without significant pausing (Nadarajah et
al. 2001). Importantly, this mode of migration does not depend on radial glial guides, but
attachment of the leading process to the intact pial basement membrane is likely required
(Hawthorne et al. 2010, Marín & Rubenstein 2003).

Neurons that migrate via locomotion are morphologically distinct from the translocating
neurons. They possess short, unbranched leading and trailing processes that extend and
retract rapidly, resulting in forward movements of the entire cell, interrupted by stationary
phases (Ayala et al. 2007, Marín & Rubenstein 2003, Nadarajah et al. 2001). A fundamental
feature of migration via locomotion is the involvement of radial glial cells, highly polarized
cortical progenitor cells that not only serve as precursors to the majority of cortical neurons
but also provide an instructive scaffold for neuronal migration (Marín & Rubenstein 2003,
Marín et al. 2010, Noctor et al. 2001, Rakic 1972) (Figure 1). Polarized glial cells have a
characteristic pear-shaped soma positioned in the VZ, a short apical process anchored at the
ventricular surface, and a long basal process that extends through the cerebral wall toward
the pial surface and is attached to the pial basal membrane (Ayala et al. 2007) (Figure 1).
Radial glial processes function as guides that direct migrating neurons from their birthplace
in the VZ to their final destination in the cerebral cortex. Radial glial scaffold is by no
means static, because adjacent radial glial cells constantly probe each other and the neurons
in contact with them (Yokota et al. 2010). This constant remodeling of the dynamic radial
glial scaffold may restrict the dispersion and patterns of radial migration of isogenic cohorts
of neurons and, thus, may affect columnar and laminar organization of the neocortex.

Neurons migrating by locomotion switch to somal translocation during the final stages of
their migration, right after their leading process makes contact with the MZ (Nadarajah et al.
2001), which implies that these two modes of radial migration are not entirely neuronal-type
specific. However, considering differences in the morphologies of locomoting and
translocating cells, as well as differences in how they move (continuous translocation versus
saltatory movement of locomoting neurons), the two modes of radial migration are likely
mediated by different mechanisms (Franco et al. 2011, Marín & Rubenstein 2003, Nadarajah
et al. 2001). Different effects of gene mutations that disrupt cortical development support
this possibility. For example, mutations that affect glial-independent translocation result in
unsplit PP, whereas mutations that affect glial-dependent locomotion result in the formation
of normal PP but a failure to position late-born neurons properly (Marín & Rubenstein 2003,
Nadarajah et al. 2001). Further, the two modes of radial migration may have evolved
independently (Marín & Rubenstein 2003, Nadarajah et al. 2001) and reflect the differences
in cortical organization complexity: Somal translocation is used when the cerebral wall is
still thin and distances that neurons need to migrate are relatively short, whereas radial glia–
dependent locomotion is required to guide migrating neurons along more convoluted (and
longer) paths in complex cortices (Nadarajah & Parnavelas 2002).
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Multipolar Phase of Radial Migration
Radial glia–guided neurons assume a characteristic bipolar morphology, with a long leading
process oriented toward the pial surface and a shorter trailing process in the direction of the
VZ. However, several studies have identified a distinct population of migrating cells within
the lower intermediate zone (IZ) and SVZ: multipolar neurons that possess multiple thin
processes that extend and retract in a dynamic but apparently random fashion (LoTurco &
Bai 2006, Tabata & Nakajima 2003, Tabata et al. 2009). These multipolar neurons do not
seem to require radial glia and move at a slower speed in the direction of the pial surface,
occasionally reverting back to the ventricular surface and then reassuming pia-oriented
migration (Tabata & Nakajima 2003, Tabata et al. 2009). Importantly, the multipolar stage is
transient and is followed by a switch back to the bipolar morphology and locomotion-based
mechanism of migration (Noctor et al. 2004, Tabata et al. 2009). Several recent studies have
suggested that this transient stage is critical for the progressive emergence of different
neuronal layer identities and proper cortical lamination ( Jossin & Cooper 2011, Miyoshi &
Fishell 2012, Ohshima et al. 2007, Pacary et al. 2011).

MIGRATION OF INTERNEURONS: TANGENTIAL MIGRATION
The inhibitory interneurons of the cerebral cortex arise mainly from the medial and caudal
ganglionic eminences (MGE and CGE) and the preoptic area (POA) within the ventral
telencephalon, and they migrate tangentially (orthogonal to the radial glial scaffold) into the
developing neocortex (Anderson et al. 1997, 2001; Batista-Brito & Fishell 2009; Faux et al.
2012; Gelman & Marín 2010; Gelman et al. 2009; Ghashghaei et al. 2007; Kriegstein &
Noctor 2004; Lavdas et al. 1999; Marín & Rubenstein 2001; Miyoshi et al. 2010; Nery et al.
2002; Tan et al. 1998; Wichterle et al. 1999, 2001; Wonders & Anderson 2006; Yozu et al.
2005) (Figure 1). Similarly to projection neurons, interneurons contribute to the inside-out
pattern of the neocortex lamination (Ang et al. 2003, Rakić et al. 2009, Valcanis & Tan
2003). However, correct laminar positioning of interneurons also depends on their place of
origin; for example, CGE-derived interneurons preferentially migrate to the more superficial
cortical layers, irrespective of their time of birth (Faux et al. 2012, Miyoshi & Fishell 2011,
Miyoshi et al. 2010, Rymar & Sadikot 2007, Yozu et al. 2004).

Unlike projection neurons, cortical interneurons comprise a highly heterogeneous group of
neurons with different molecular, morphological, and electrophysiological characteristics
(Corbin & Butt 2011, DeFelipe et al. 2013, Faux et al. 2012, Gelman & Marín 2010, Rudy et
al. 2011). Generation of interneuron diversity is controlled by a spatially and temporally
regulated transcription factor matrix within the GEs (Butt et al. 2005, 2008; Faux et al.
2012; Kwan et al. 2012; Marín & Rubenstein 2003; Miyoshi et al. 2007; Wonders et al.
2008; Xu et al. 2004). Distinct interneuron subtypes exhibit different migration patterns and
migratory dynamics (Marín & Rubenstein 2003, Yokota et al. 2007).

Migration of cortical interneurons involves oriented exit from the GE toward the cortex as
well as migration within the cortex toward specific areal and laminar positions. Interneurons
exiting from the GE avoid entering the striatum and migrate into the cortex through the MZ
or SP or stream along the lower IZ/SVZ (Ang et al. 2003; Faux et al. 2012; Kriegstein &
Noctor 2004; Lavdas et al. 1999; Marín & Rubenstein 2001, 2003; Marín et al. 2001; Métin
et al. 2006) (Figure 1). Once in the cortex, several modes of migration are used by the
interneurons. First, a significant number of interneurons undergo multidirectional tangential
migration in multiple zones of the cortex (Ang et al. 2003; Tanaka et al. 2003, 2006; Yokota
et al. 2007), during which interneurons migrate over long distances and in different
directions. This mode of migration may help disperse interneurons across the neocortex to
achieve proper laminar organization (Tanaka et al. 2006). Second, a subpopulation of
interneurons exhibit ventricle-oriented migration (Nadarajah et al. 2002), during which
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interneurons within the IZ migrate first toward the ventricle before migrating radially to
their position within the CP, possibly to obtain layer information for correct cortical
positioning or to modulate proliferation of ventricular progenitors. Lastly, tangentially
migrating streams of interneurons switch to radial migration as they move toward specific
laminar locations within the CP (Faux et al. 2012, Nadarajah et al. 2002, Yokota et al.
2007).

Although it has been suggested that interneurons do not depend on radial glia for their
migration (Marín & Rubenstein 2003) and may rely more on developing axons as substrates,
recent evidence suggests that dynamic interactions between specific subtypes of
interneurons and radial glial guides may influence the final trajectories of interneuron
migration and, thus, their positioning in the developing cortex (Polleux et al. 2002, Poluch &
Juliano 2007, Yokota et al. 2007). Once within the developing cortical layers, interactions
with the excitatory projection neurons enable the final positioning of the interneurons
(Lodato et al. 2011). In summary, the ventral germinal zone of origin of interneurons,
interactions with developing axonal fibers and radial glial scaffold, and local interactions
with projection neurons in the emerging CP influence the final areal and laminar positioning
of interneurons.

CELLULAR AND MOLECULAR MECHANISMS OF ORIENTED NEURONAL
MIGRATION

Migrating cortical neurons in general follow three major steps as they navigate toward their
target: (a) formation and extension of a leading process, (b) nucleokinesis, and (c) retraction
of the trailing process (Marín et al. 2010) (Figure 1). Distinct types of neurons possess
morphologically distinct leading processes (i.e., the single unbranched leading process of the
radially migrating projection neurons, the multiple thin leading processes of multipolar
neurons, and the constantly branching leading process of the tangentially migrating
interneurons), but in all cases the leading process serves as a compass that directs oriented
migration by responding to various chemotactic, chemoattractant, or chemorepellent
gradients (Faux et al. 2012, Marín et al. 2010, Trivedi & Solecki 2011). The cell soma
remains largely static while the leading process explores the environment. The dynamism of
the leading process and its influence on directional migration is particularly prominent in the
interneurons. In these neurons, the leading process branches continuously until a single
branch is selected and oriented toward the direction of movement, and the rest of the
branches retract (Faux et al. 2012, Marín et al. 2010, Trivedi & Solecki 2011). Signaling
from the primary cilium in these neurons may help them sense orienting cues (Baudoin et al.
2012, Higginbotham et al. 2012) (see below). Stabilization of the selected leading process is
followed by translocation of the centrosome and the Golgi complex toward the selected
branch, followed by nuclear translocation and trailing-process retraction (Marín et al. 2010,
Trivedi & Solecki 2011) (Figure 1). This process is repeated to facilitate directional
movement of interneurons into the cerebral cortex. Trailing-process retraction is thought to
push the nucleus forward by squeezing it at the rear, thus enabling nuclear translocation. The
leading-process extension, nucleokinesis, and trailing-process retraction of the migrating
neurons depend on integration of extrinsic cues and the resultant dynamic rearrangements of
the cytoskeletal functions.

A coordinated network of signaling pathways emanating from different domains of the
neurons (e.g., cell soma, growth cone, and primary cilium) controls cytoskeletal
rearrangements that ultimately lead to oriented neuronal movement. However, the
integration of the components of these networks in controlling oriented neuronal migration
remains elusive. Nevertheless, glimpses into the common mechanisms that are used by these
networks to regulate both radial and tangential migration, and into how different signaling
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pathways converge on the cytoskeleton to drive oriented neuronal migration, are beginning
to emerge.

Leading-Process Activities, Secreted or Cell-Surface Guidance Cues, and Patterns of
Cortical Neuronal Migration

Regulation of both the actin and microtubule cytoskeleton in the leading process of
migrating neurons is important for their dynamics. Many aspects of the guidance cue–
mediated leading-process extension are shared between neuronal migration and axon
guidance. Growth cones, which are dilated ends of both axons and dendrites, are highly
dynamic structures that constantly extend and retract membrane protrusions to probe the
environment (Dent et al. 2011). Both the actin and microtubule cytoskeleton are involved in
changing growth cone morphology in response to guidance cues, many of which have also
been shown to regulate leading-process dynamics in migrating neurons (Dent et al. 2011,
Marín et al. 2010).

Secreted guidance cues and patterns of neuronal migration—A large number of
secreted molecules and their corresponding receptors regulate oriented neuronal migration
(Table 1) (Figure 2). Semaphorins provide an illustrative model of how secreted cues can
coordinately regulate distinct patterns of neuronal migration in the neocortex. Class 3
semaphorins, a class of chemorepellents originally identified as regulators of axon guidance,
bind to their corresponding coreceptors, neuropilins and plexins (Ayala et al. 2007,
Kolodkin & Tessier-Lavigne 2011, Manns et al. 2012, Raper 2000, Tamagnone & Comoglio
2004), and regulate cytoskeletal dynamics, mainly via Rho GTPases and their associated
proteins. In axon guidance, semaphorin-mediated signaling leads to growth cone collapse
via several mechanisms. The GTPase-activating domain of plexins promotes activation of
the Rho GTPase Rac1, which in turn activates LIMK1, a kinase that phosphorylates and
inactivates cofilin, an important regulator of actin dynamics. Semaphorin 3A/LIMK1-
mediated inhibition of cofilin results in decreased actin turnover and decreased motility,
leading to growth cone collapse (Aizawa et al. 2001, Endo et al. 2003, Liu & Strittmatter
2001, Pasterkamp 2012, Västrik et al. 1999, Zhou et al. 2008). Alternatively, semaphorin
4D/plexin-B1 signaling mediates growth cone collapse via activation of a GTPase RhoA in
the growth cone, which results in increased actin contractility (Swiercz et al. 2002). Lastly,
semaphorin-mediated signaling has also been shown to stimulate RapGAP (GTPase-
activating protein) activity of full-length plexin (Wang et al. 2012), thus contributing to
growth cone collapse. Additionally, semaphorin-mediated signaling regulates microtubule
dynamics during growth come collapse via GSK3β-mediated phosphorylation of CRMP2,
leading to microtubule destabilization (Gu & Ihara 2000, Uchida et al. 2005, Zhou et al.
2008).

Similar signaling mechanisms may operate during semaphorin-regulated cytoskeletal
rearrangements in leading processes of neurons during neuronal migration. Class 3
semaphorins expressed by the striatal cells repel tangentially migrating interneurons away
from the striatum and channel them into distinct paths leading to the neocortex (Marín et al.
2001). Semaphorins expressed by the CP prevent some of the incoming interneurons from
entering the CP and guide them into the migrating streams in the lower IZ (Ito et al. 2008,
Tamamaki et al. 2003). However, semaphorins can also serve as chemoattractants for both
migrating neurons and developing axons (Chauvet et al. 2007, Raper 2000). For example, a
semaphorin 3A gradient produced by the cortical layers serves as a chemoattractant for the
neuropilin-expressing layer-II/III projection neurons and promotes their radial migration
(Chen et al. 2008). Thus, semaphorins appear to serve as either repellents or attractants to
coordinate the migration of projection neurons and interneurons into the developing cerebral
wall.
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Slit proteins are another class of chemorepulsive guidance molecules secreted from the VZ
and SVZ of the GE (Andrews et al. 2007, Marillat et al. 2002, Yuan et al. 1999). Binding of
Slit proteins to their corresponding receptors of the Robo family, expressed by interneurons,
repels interneurons from the GE, thus initiating their migration toward the neocortex (Hu
1999, Wu et al. 1999). However, the role of Slit in mediating this process was brought into
question when tangential migration was found to be unaffected in Slit1−/−/Slit2−/− double-
mutant mice (Marín et al. 2003), which suggests that different ligands may mediate Robo
signaling. Later studies discovered an increase in interneuron proliferation in Robo−/− mice
as well as an increase in the length of the leading process and branching in a Slit-dependent
manner (Andrews et al. 2008), which suggests that Slit/Robo signaling is indeed important
for establishing correct morphology of the interneuron population. Recent data also suggest
that a new member of the Robo family, Robo4, regulates radial migration, partly by
suppressing the repulsive activity of Slit (Zheng et al. 2012).

Slit/Robo signaling affects the cytoskeleton in several different ways, most of which
converge on the actin cytoskeleton. Slit binding to Robo promotes interaction between Robo
and a GAP protein, srGAP (Wong et al. 2001). srGAP inactivates Rho GTPase Cdc42,
preventing it from activating an actin-nucleating factor, N-WASP, and thus abolishing actin
polymerization associated with Arp2/3 protein activity (Wong et al. 2001). Alternatively,
Slit binding may regulate actin polymerization by decreasing WASP and Arp2/3 expression
(Ning et al. 2011). In addition, Robo has been shown to form a complex with Abl tyrosine
kinase, β-catenin, and N-cadherin. Abl-mediated phosphorylation of β-catenin leads to its
dissociation from the complex and its translocation into the nucleus, resulting in disrupted
cell adhesion (Rhee et al. 2007). This Slit/Robo-mediated down-regulation of the N-
cadherin-dependent adhesion may regulate extension/retraction of neuronal processes during
migration (Wong et al. 2012).

Another, well-studied example of a guidance cue necessary for oriented neuronal migration
is neuregulin 1 (Nrg1) growth factor, which binds to the ErbB family of receptor tyrosine
kinases (Falls 2003, Rico & Marín 2011). One of the ErbB receptors, ErbB4, is expressed
mainly by interneurons in the developing brain (Flames et al. 2004, Yau et al. 2003). Nrg1/
ErbB4 signaling controls the initial exit of the MGE-derived interneurons through the
permissive lateral ganglionic eminence (LGE) corridor and toward the dorsal cortex (Flames
et al. 2004). Importantly, this corridor is formed by cells expressing high levels of the
membrane-bound Nrg1 (an Nrg1-CRD isoform that possesses an extracellular, cysteine-rich
domain) throughout the LGE, together with inhibitory striatal cells that secrete semaphorins
(Flames et al. 2004). Secreted forms of Nrg1 (Nrg1-Ig type-I and -II isoforms that possess
an immunoglobulin-like domain) expressed by the neocortex then act as long-range
chemoattractants to promote interneuron movement into the dorsal cortex.

ErbB tyrosine kinase receptors can influence cell migration by modulating cell-adhesive
properties via integrins, receptors of the extracellular matrix molecules. Nrg1 modulation of
integrin-dependent adhesion has been shown to trigger the PI3K/AKT-signaling pathway
(Kanakry et al. 2007). Integrins can also regulate Rho GTPase activity, thus linking Nrg1
signaling to the actin cytoskeleton in migrating neurons (Sparrow et al. 2012).

Another guidance cue that regulates both radial and tangential neuronal migration is netrin1.
Netrin1 can bind to three different receptors, DCC, DSCAM, and Unc5 (Lai Wing Sun et al.
2011), and can serve as either a repellent or an attractant, depending on the receptor binding
(Marín & Rubenstein 2003). Recent evidence suggests that DCC is involved in establishing
correct orientation of the radially migrating projection neurons ( Ju et al. 2013), which
points to a role of netrin1-mediated signaling in radial migration. Netrin1 has also been
shown to localize along the migratory routes of interneurons, where it interacts with the
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α3β1 integrin expressed by the migrating interneurons to promote tangential migration
(Stanco et al. 2009). At the mechanistic level, netrin1-mediated signaling likely affects both
the actin and microtubule cytoskeleton, at least in part via CDK5- and GSK3β-dependent
phosphorylation of MAP1B (Ayala et al. 2007).

Lastly, several lines of evidence suggest that classic neurotransmitters glutamate and GABA
serve as extracellular cues to regulate both radial and tangential neuronal migration (Behar
et al. 1996, 1998, 1999; Bolteus & Bordey 2004; Bony et al. 2013; Cuzon et al. 2006; Hirai
et al. 1999; Jansson et al. 2013; López-Bendito et al. 2003). For example, GABA- or
glutamate-mediated de-polarization of tangentially migrating interneurons induces
intracellular calcium transients that stimulate interneuron motility (Bortone & Polleux
2009). Conversely, interneuron hyperpolarization mediated by upregulation of a potassium/
chloride exchanger, KCC2, negatively regulates the frequency of intracellular calcium
transients and stops interneuron migration (Bortone & Polleux 2009). Further, glutamate
NMDA receptor/N-type calcium channel–mediated calcium dynamics have been shown to
regulate saltatory patterns of radial migration (Komuro & Rakic 1993, 1996, 1998). These
data suggest that regulation of calcium dynamics by neurotransmitter receptors is a common
mechanism for different patterns of neuronal migration (Behar et al. 1996, Bortone &
Polleux 2009, Komuro & Kumada 2005, Kumada & Komuro 2004, Zheng & Poo 2007).

Extracellular matrix and cell-surface guidance cue–activated pathways as
models for integration of molecular networks underlying neuronal migration—
Reelin, a large extra-cellular glycoprotein secreted by Cajal-Retzius (CR) cells in the MZ,
affects two aspects of radial neuronal migration: the ability of migrating neurons to split the
PP and the ability of radial glia–guided neurons to migrate past older neurons to generate the
inside-out pattern of cortical layering (D’Arcangelo et al. 1995, Leemhuis & Bock 2011,
Marín et al. 2010, Ogawa et al. 1995, Stranahan et al. 2013). Reelin binds to two lipoprotein
receptors expressed on the migrating neurons and radial glia: very low density lipoprotein
receptor (VLDR) and apolipoprotein E receptor 2 (ApoER2) (D’Arcangelo et al. 1999).
Reelin binding induces phosphorylation of the adaptor protein disabled-1 (Dab1) by protein
kinases Src and Fyn (Bock & Herz 2003; Hiesberger et al. 1999; Howell et al. 1999, 2000;
Kuo et al. 2005).

Phosphorylated Dab1 acts as a hub for binding of various interacting proteins that activate
several signaling networks that control neuronal migration and positioning (Gao & Godbout
2013). Reelin may affect radial neuronal migration through the Dab1-Crk/CrkL-C3G-Rap1-
N-cadherin signaling pathway in at least three different ways. Binding of Reelin to its
receptors promotes Dab1-Crk interaction and C3G phosphorylation, resulting in activation
of a Ras-related GTPase, Rap1 (Gao & Godbout 2013). Inhibition of Rap1 in migrating
multipolar neurons results in loss of neuronal ability to migrate in a CP-oriented manner in
response to Reelin ( Jossin & Cooper 2011). This effect is due to an increase in the level of
cell-surface N-cadherin by active Rap1 ( Jossin & Cooper 2011). Additionally, cell-surface
levels of N-cadherin are regulated by Rab GTPases—members of the endocytosis machinery
—thus linking endocytosis to Reelin-mediated neuronal migration (Kawauchi et al. 2010).
Additionally, the effect of Rap1/N-cadherin was abolished when migrating neurons assumed
bipolar morphology, which suggests that the Reelin-Rap1 pathway does not regulate radial
glia–dependent locomotion (Franco et al. 2011, Jossin & Cooper 2011).

Another line of evidence established a role for the Reelin/Dab1/Rap1 pathway in radial glia–
independent somal translocation of both early- and late-born neurons (Franco et al. 2011).
Dab1-deficient and Rap1-inactivated neurons failed to orient and attach their leading
processes to the MZ, resulting in neuronal migration defects. These defects were rescued by
overexpression of cadherins, which suggests that the Reelin/Dab1/Rap1/cadherin pathway
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stabilizes leading processes of migrating neurons and regulates their attachment to the MZ
(Franco et al. 2011). In this context, Sekine et al. (2012) recently showed that the Reelin-
Crk/CrkL-Dab1-Rap1 signaling pathway regulates terminal translocation by activating
integrin α5β1 in the leading processes of migrating neurons. This activation promotes
neuronal adhesion to fibronectin present in the MZ, which signals an end to translocation in
the migrating neurons.

At the cytoskeletal level, Reelin signaling modulates both microtubule and actin dynamics.
Dab1 phosphorylation is coupled to the PI3K/Akt/GSK3β pathway (Gao & Godbout 2013,
Marín et al. 2010): Reelin-induced serine phosphorylation of GSK3β results in GSK3β
inactivation and, as a result, hypophosphorylation of a microtubule-stabilizing protein, tau.
However, Reelin-mediated phosphorylation of GSK3β on specific tyrosine residues results
in GSK3β activation and phosphorylation of another microtubule-associated protein,
MAP1B, which also regulates microtubule stability (Marín et al. 2010). The Reelin-PI3K-
Akt pathway can also regulate the actin cytoskeleton by activating LIMK1, a Ser/Thr kinase
that phosphorylates an actin-depolymerizing protein, n-cofilin, thus blocking its function
(Chai et al. 2009). Inactivation of n-cofilin in the leading processes of migrating neurons
may affect the stability of the processes as well as their attachment to the MZ (Chai et al.
2009, Gao & Godbout 2013). Together, these data suggest that integration of Reelin
signaling regulates a diverse set of molecular networks, ultimately leading to appropriate
migration and placement of neurons in the cerebral cortex.

Ephrins, a class of membrane-anchored (A-type) and transmembrane (B-type) guidance
molecules, bind to Eph receptor tyrosine kinases (Rodger et al. 2012). Both Ephs and
ephrins can serve as receptors or ligands (Davy & Soriano 2005, Pasquale 2008), leading to
different signaling outcomes, including repulsion, attraction, or changes in motility
(Himanen et al. 2007, Pitulescu & Adams 2010, Poliakov et al. 2004, Rodger et al. 2012). In
the developing brain, Eph-ephrin signaling has been shown to regulate different aspects of
both radial and tangential neuronal migration. Ephrin-Eph interactions mediate contact
repulsion and cortical distribution of the CR cells, which regulate migration of projection
neurons via release of Reelin (Villar-Cerviño et al. 2013). Further, transmembrane ephrin Bs
associate with the Reelin receptors, VLDR and ApoER2, and bind Reelin. Clustering of
ephrin Bs on the membrane recruits Dab1 and promotes its phosphorylation (Sentürk et al.
2011), and Reelin was recently shown to induce EphB activation (Bouché et al. 2013),
suggesting that cross talk between the Eph-ephrin and Reelin signaling pathways may play a
role in controlling radial neuronal migration. Additionally, Torii et al. (2009) showed that
ephrin A–mediated forward signaling regulates lateral dispersion of radially migrating
neurons during the multipolar stage of their migration, thus ensuring proper intermixing of
neuronal types within the developing cortical columns.

Ephrins and Ephs regulate tangential migration mostly via their class-A proteins. For
example, both early- and late-born interneurons express EphA4 receptor. Ephrin A3 is
expressed in the striatum and repulses the early-born EphA4-expressing interneurons,
restricting them from entering the striatum (Rudolph et al. 2010). Ephrin A5 is expressed in
the VZ of the GE and repels EphA4-expressing, late-born interneurons from entering the VZ
on their way to the cortex (Rodger et al. 2012, Zimmer et al. 2008). Together, ephrin A3–
and A5–mediated signaling pathways create ventral (along the MZ and SP) and dorsal
(along the lower IZ/SVZ) corridors for interneuronal migration, respectively (Rodger et al.
2012). Additionally, bidirectional signaling by ephrin B3-EphA4 segregates migrating
interneurons into two migratory streams: Ephrin B3–expressing POA interneurons repel
MGE-derived interneurons from the stream that migrates through the MZ via forward
signaling, whereas EphA4-expressing MGE interneurons repel POA interneurons from the
stream that migrates through the SVZ via reverse signaling (Zimmer et al. 2011). Two of the
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semaphorin receptors, neuropilin 1 and neuropilin 2, are also differentially expressed
between these two migratory streams; neuropilin 1 is expressed on the MGE-derived
interneurons, and neuropilin 2 is expressed on the POA interneurons (Zimmer et al. 2010,
2011). Together, these data suggest that integration between ephrin and semaphorin
signaling pathways may create exclusion zones for migrating interneurons and help form
corridors for streams of interneurons migrating into the cerebral cortex.

During this process, ephrin signaling may activate Rho GTPases directly (Noren & Pasquale
2004) or via Src-family kinases (Kullander & Klein 2002, Zimmer et al. 2007), resulting in
rearrangements of the actin cytoskeleton (Carter et al. 2002). Ephrins have also been
implicated in the regulation of cell-cell adhesion via their physical or functional interaction
with integrins (Davy & Soriano 2005) and the MAPK pathway (Poliakov et al. 2004). In
summary, guidance cues for oriented neuronal migration represent a diverse class of
secreted or substrate-bound molecules that act as either chemotactic, chemoattractant, or
chemorepellent guides. Common signaling pathways triggered by the guidance molecules
result in coordinated cytoskeletal rearrangements that enable oriented neuronal migration
and, thus, proper lamination of the cerebral cortex.

Mechanisms of Nucleokinesis and Patterns of Neuronal Migration
Nucleokinesis relies on extensive and rapid cytoskeletal rearrangements involving both
micro-tubules and actin. During nucleokinesis, the centrosome and its accompanying
organelles move into the swelling formed by the base of the leading process, followed by
translocation of the nucleus and cell body (Trivedi & Solecki 2011). The centrosome is
linked to a cage-like micro-tubule structure surrounding the nucleus, which is essential for
forward nuclear movement (Tsai & Gleeson 2005, Xie et al. 2003).

Nuclear translocation is powered by dynein and dynein regulatory factors, such as
Lissencephaly 1 (Lis1). Lis1 protein localizes to the centrosome and interacts with dynein
via Ndel1; Ndel1 is also required for anchoring of microtubules at the centrosome (Guo et
al. 2006, Li et al. 2005, Smith et al. 2000). Thus, the Lis1-Ndel1-dynein complex regulates
nucleokinesis by promoting centrosome-nucleus coupling. Furthermore, a microtubule-
associated protein, doublecortin (DCX), and its related protein, DCLK, may play a similar
role in nucleokinesis (Deuel et al. 2006, Gleeson et al. 1999, Koizumi et al. 2006, Marín et
al. 2010, Shu et al. 2006, Tanaka et al. 2004). In addition, a cyclin-dependent kinase
(CDK5) is known to phosphorylate both Ndel1 and DCX, suggesting that it plays a crucial
role in regulating the microtubule cytoskeleton during nucleokinesis (Marín et al. 2010).

Several lines of evidence suggest that mechanisms of nucleokinesis may be different
between radially and tangentially migrating neurons (Trivedi & Solecki 2011). In
interneurons, the nucleus is tethered to the centrosome by the microtubules, and movement
of the centrosome, along with the Golgi complex, to the swelling at the base of the leading
process creates a pulling force for the nuclear movement (Bellion et al. 2005). This nuclear
movement is also supported by the actomyosin contractions at the rear of the cell that push
the nucleus forward (Bellion et al. 2005). However, nuclear movement in subsets of radially
migrating, glial-guided neurons, such as cerebellar granule neurons, does not depend on
centrosome positioning and is powered by a specific subset of acetylated microtubules that
are not associated with the centrosome (Umeshima et al. 2007). In these neurons, the
nucleus moves ahead of the centrosome in a dynein-powered process driven by the leading-
process actomyosin contraction that pulls the nucleus forward (Solecki et al. 2009). These
differences in the mechanisms of nucleokinesis employed by radially and tangentially
migrating neurons may in part reflect the interactions with different adhesion molecules and
subsequent selective cytoskeletal rearrangements during radial and tangential migration
(Trivedi & Solecki 2011). Further, adhesion mechanisms have been shown to regulate both
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nuclear translocation and leading-process dynamics during radial migration (Elias et al.
2007). Connexins 26 and 43, both of which are gap junction subunits, promote adhesions
between radial glial fibers and radially migrating neurons (Elias et al. 2007); connexin 26–
mediated adhesion promotes nuclear translocation, whereas connexin 43–mediated adhesion
regulates the stability of the leading-process branching (Elias et al. 2007). Considering that
both connexins and other adhesion molecules interact with different components of the
cytoskeleton, differences in the adhesion mechanisms between radially and tangentially
migrating neurons may explain different mechanisms of nuclear translocation and leading-
process dynamics evident in these neurons.

Trailing-Process Dynamics During Neuronal Migration
Formation and retraction of the trailing process are characteristic features of both
interneuron and projection neuron migration. During neuronal migration, radially migrating
neurons trail an extensive proto-axon from the cell, whereas interneurons in general display
only a minor trailing process (Trivedi & Solecki 2011). These differences in trailing-process
morphology may underlie the differences in translocation mechanisms used by these two
groups of neurons. In tangentially migrating neurons, retraction of the trailing process is
thought to depend on myosin II–mediated contraction at the neuron’s rear (Bellion et al.
2005, Schaar & McConnell 2005, Trivedi & Solecki 2011). This myosin-based retraction of
the trailing process is thought to impel the interneuron forward. However, in radially
migrating neurons, the concentration of myosin II motor is highest in the leading process,
where it promotes centrosome translocation (He et al. 2010, Solecki et al. 2009, Trivedi &
Solecki 2011). These differences in actomyosin localization and function, as related to
trailing-process retraction, further highlight the distinguishing cellular mechanisms between
the radial and tangential modes of migration.

PRIMARY CILIUM AS A SIGNALING CENTER DURING NEURONAL
MIGRATION

The primary cilium, a microtubule-based sensory organelle, is a critical regulator of several
signaling pathways (Han & Alvarez-Buylla 2010, Lee & Gleeson 2011, Louvi & Grove
2011). Primary cilia, found on cortical progenitor cells and developing neurons, are
important for cortical morphogenesis (Arellano et al. 2012, Besse et al. 2011, Breunig et al.
2008, Willaredt et al. 2008, Wilson et al. 2012). Disrupted primary cilia functions may be
responsible for cognitive defects and brain malformations in human ciliopathies (Han &
Alvarez-Buylla 2010, Hildebrandt et al. 2011).

Recent studies have shown that primary cilia are essential regulators of interneuronal
migration (Baudoin et al. 2012, Higginbotham et al. 2012). Interneuron-specific deletion of
the cilia-specific Arl13b, a small GTPase of the Arf/Arl family, results in disrupted
tangential migration (Higginbotham et al. 2012). Arl13b mutant interneurons are defective
in their ability to respond to gradients of guidance cues from the dorsal cortex and have
altered cAMP and Erk signaling (Higginbotham et al. 2012). The finding that Arl13b-related
cilia defects do not affect radial migration suggests that cilium-mediated signaling may play
a vital role in neuronal migration that depends on gradients of extrinsic guidance cues, as
opposed to the substrate-guided mechanisms used by radially migrating neurons. High
concentrations of signaling receptors in the primary cilium may enable it to act as a sensor
of shallow gradients during oriented interneuronal migration. Further, a study by Baudoin
and colleagues suggested that cilia-mediated Sonic hedgehog (Shh) signaling promotes
tangential-to-radial transition of migrating interneurons, thus facilitating interneuronal
colonization of the CP (Baudoin et al. 2012, Corbit et al. 2005). Together, these studies
suggest that primary cilium–mediated signaling is instrumental in interneuronal navigation.
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Although the mechanism via which ciliary proteins such as Arl13b may affect the neuronal
cytoskeleton during migration is still unclear, the Arl proteins have been described as
emerging regulators of microtubule dynamics (Kahn et al. 2005, Zhou et al. 2006). In
Caenorhabditis elegans arl-13 mutants, effects of cilia disruption could be rescued by
changing the acetylation state of the microtubules (Li et al. 2010, Loktev et al. 2008). It is
tempting to speculate that similar mechanisms operate in interneuron cilia upon Shh or other
guidance cue binding and promote oriented interneuronal migration by influencing
microtubule dynamics. Consistently, Shh signaling–regulated tangential migration is
accompanied by changes in microtubule organization and Golgi complex morphology (the
latter relies on the microtubule cytoskeleton) (Baudoin et al. 2012).

Both primary cilia and growth cones sense and respond to extrinsic guidance cues and
transduce signals that result in cytoskeletal rearrangements and oriented neuronal migration.
Although several signaling receptors are shared between cilia and growth cones
(Higginbotham et al. 2012), whether signaling emanating from these receptors in primary
cilia and growth cones regulates distinct aspects of neuronal migratory behavior is currently
unknown. Primary cilium’s proximity to the centrosome and nucleus may make it ideally
positioned to promote nucleokinesis and neuron movement in response to appropriate
guidance cues.

TRANSCRIPTIONAL, POSTTRANSCRIPTIONAL, AND EPIGENETIC
REGULATION OF NEURONAL MIGRATION

Emerging data suggest that neuronal migration, positioning, and acquisition of correct
neuronal identity are regulated by cell type– and layer-specific transcriptional programs in
the developing neocortex (Kwan et al. 2012). Distinct transcriptional factors control
migration of early- and late-born neurons, but several common principles govern this
regulation. For example, transcription factors that are expressed by both early- and late-born
projection neurons regulate neuronal migration in a neuronal type–specific manner. Sox5,
specifically expressed in projection neurons destined for the SP and neocortical layers 5 and
6 (Kwan et al. 2008, Lai et al. 2008), is responsible for the correct migration of the deep-
layer neurons past earlier-born neurons, but it does not affect migration of the late-born
neurons. POU3F2 and -3, related transcription factors expressed by the late-born neurons,
exhibit cell type–specific regulation of projection neurons destined to form layers 2–5 of the
developing neocortex (Kwan et al. 2012). However, early neuron transcription factor TBR1
and late neuron transcription factor Satb2 regulate neuronal migration in a layer-specific
manner (Alcamo et al. 2008, Bedogni et al. 2010, Britanova et al. 2008, Kwan et al. 2012).
The downstream mechanisms of this transcriptional regulation have not yet been explored
fully, but it is intriguing that POU3 transcription factors exhibit their regulatory effect via
Cdk5 and Dab1, suggesting that migration-dependent transcriptional programs modulate
intracellular signaling pathways known to be essential for oriented neuronal migration.

Importantly, distinct transcription factors have been shown to regulate radial and tangential
migration. For example, transcription factors Dlx1/2 regulate interneuronal migration and
tangential-to-radial migratory switches by affecting leading-process dynamics: Leading
processes of the Dlx1/2−/− interneurons are longer and exhibit decreased branching
(Anderson et al. 1997, 1999; Chédotal & Rijli 2009; Cobos et al. 2007). Another
interneuron-specific transcription factor, Arx, which acts downstream of Dlx (Cobos et al.
2005, Colasante et al. 2008), controls tangential migration through a similar mechanism
(Colombo et al. 2007). Importantly, expression of guidance cues and their receptors appears
to be regulated by Arx as well as by other interneuron-specific transcription factors
(Chédotal & Rijli 2009, Friocourt & Parnavelas 2011). For example, semaphorin 6 and Slit2
have been identified as potential Arx targets (Friocourt & Parnavelas 2011), whereas
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expression of the semaphorin 3A/3F receptor neuropilin 2 is controlled by transcription
factors Nkx2-1 (Nóbrega-Pereira et al. 2008) and Dlx (Le et al. 2007). Interneurons are also
enriched in the transcription factor Sip1, which, as van den Berghe et al. (2013) recently
described, controls acquisition of proper interneuron identity as well as tangential migration.

During radial migration, transcription factor KLF4 (Krüppel-like factor 4) regulates
multipolar-to-bipolar transition by affecting both leading and trailing processes (Qin &
Zhang 2012). Paul et al. (2012) showed that transcription factor Scratch2 regulates radial
migration during the multipolar phase as well. Recently, Miyoshi & Fishell (2012) showed
that temporally regulated expression of transcription factor FoxG1 is required for the exit of
projection neurons from the multipolar stage, as well as their migration to the CP.
Additionally, Mandel et al. (2011) showed that the transcriptional repressor REST regulates
radial migration, at least in part via its downstream target, Dcx. Together, these data suggest
that combinations of projection neuron– and interneuron-specific transcription factors and
repressors trigger signaling programs to facilitate appropriate patterns of neuronal migration.

Although the current evidence for posttranscriptional regulation of neuronal migration is
limited, several recent studies highlight the importance of this process in neuronal migration.
miRNAs, a class of small, noncoding RNAs that exhibit imperfect complementarity to their
target mRNAs, regulate a multitude of transcripts by either promoting mRNA degradation or
affecting mRNA translation (Bartel 2009). Temporal and spatial patterns of miRNA
expression are important for brain development (Gao 2010, Krichevsky et al. 2003, Miska et
al. 2004). The miRNA biogenesis pathway involves the activity of Dicer, an RNase III
ribonuclease that cleaves miRNA precursors to produce mature miRNA duplexes.
McLoughlin et al. (2012) showed that depleting Dicer from the neuronal progenitor cells
disrupts progenitor localization in the VZ and SVZ and results in defective radial migration
and an increase in the CR cells, suggesting that miRNAs control neuronal migration, and
production of the CR cells, specifically. Furthermore, miR-9, one of the brain-specific
miRNAs, negatively regulates expression of FoxG1, a transcription factor that regulates
production and differentiation of the CR cells (Shibata et al. 2008). Delaloy et al. (2010)
showed that miR-9 also regulates migration of the human neuronal progenitor cells in vitro
and in vivo, suggesting that miR-9 may be an important regulator of neuronal migration.
Importantly, stathmin, a known regulator of microtubule dynamics and radial migration
(Westerlund et al. 2011), was identified as a miR-9 target (Delaloy et al. 2010), suggesting
that miRNAs may partly control cytoskeletal rearrangements in neurons during neuronal
migration.

Several miRNAs are known to regulate guidance cue–mediated signaling (e.g., ephrin and
semaphorin signaling) (Baudet et al. 2012, Gao 2010). miRNAs may therefore regulate
neuronal migration indirectly by regulating signaling pathways that drive migration. For
example, miR-124, the most abundant miRNA in the mouse brain (Lagos-Quintana et al.
2002), regulates semaphorin 3A–mediated signaling by controlling the expression of
neuropilin 1 in the growth cone (Baudet et al. 2012). Moreover, reciprocal regulation of
miRNAs by transcription factors and repressors, and vice versa, constitutes yet another layer
of regulation that may control neuronal migration. For example, repression of transcription
factor Foxp2 by miR-9 and miR-132 has been shown to promote radial neuronal migration
(Clovis et al. 2012), and transcriptional repressor REST, which has been implicated in radial
migration, suppresses expression of miR-124 (Conaco et al. 2006). Thus, characteristic cell
type–specific expression of many miRNAs, as well as their ability to target multiple
transcripts, makes them attractive candidates as regulators of neuronal migration.

Alternative splicing is another major regulator of transcript diversity, and it has been
estimated that up to 95% of all genes are alternatively spliced (Wang et al. 2008). The role
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of alternative splicing in neuronal migration is largely unexplored; however, splicing of
Dab1, a crucial adaptor molecule in Reelin signaling, is one of the few splicing events that
has been addressed in the context of neuronal migration. Alternative splicing of Dab1 results
in several isoforms that differ in the number and type of tyrosine phosphorylation motifs.
Different phosphorylated isoforms of Dab1 bind and activate different intracellular targets
(Gao & Godbout 2013). Activation of different subsets of Dab1 targets may then lead to
different outputs of Reelin-mediated signaling and differential effects on neuronal migration
(Gao & Godbout 2013). Neuron-specific RNA-binding protein Nova2 regulates alternative
splicing of Dab1 by suppressing inclusion of Dab1 exons 7b/c in radially migrating neurons
(Yano et al. 2010). This suppression establishes a balance between Dab1 and Dab1.7bc
isoforms that favors radial migration (Yano et al. 2010). Alternative splicing and alternative
promoter usage also regulate expression of Nrg1, resulting in the production of membrane-
bound and soluble isoforms (Falls 2003, Flames et al. 2004).

Lastly, epigenetic mechanisms have emerged recently as important regulators of both radial
and tangential neuronal migration. S-Nitrosylation of histone deacetylase 2 has been shown
to regulate radial neuronal migration via a signaling pathway that controls expression of a
subunit of an ATP-dependent chromatin-remodeling complex (Nott et al. 2013). Further,
histone methyltransferase Ezh2 regulates several transcription factors to promote tangential
migration of mouse precerebellar neurons (Di Meglio et al. 2013). Diverse transcriptional,
posttranscriptional, and epigenetic regulatory mechanisms likely control different aspects of
neuronal migration. Experiments to unravel mechanistic aspects of this regulation, as well as
direct neuronal and cytoskeletal targets of these processes, will further our understanding of
integrative mechanisms that regulate neuronal migration.

NEURONAL MIGRATION AND THE WIRING OF THE CEREBRAL CORTEX
Both neuronal migration and axon guidance are essential for establishing functional brain
circuitry. Although the two processes are usually examined independently, recent studies
indicate that neuronal migration regulates axonal guidance in the cerebral cortex. Guidepost
neurons, cortical neurons that are positioned along axonal migration routes, have been
shown to guide axonal pathways. For example, two transient populations of glutamatergic
and GABAergic neurons arrive at the corpus callosum just before the arrival of callosal
axons and act together with glial cells to provide attractive cues for axonal navigation (Shu
et al. 2003). Glutamatergic neurons secrete semaphorin 3C, which attracts neuropilin 1–
expressing callosal axons, whereas MGE- and CGE-derived GABAergic neurons use
semaphorin 3A– and ephrin-signaling pathways, as well as cell-adhesion mechanisms, to
control callosal axon navigation (Niquille et al. 2009, 2013). Interestingly, known
chemorepellents semaphorin and ephrin act as attractants in this case (Niquille et al. 2013).

Development of the thalamocortical projection depends on the tangential migration of a
population of the LGE-derived interneurons, which create a permissive corridor for
thalamocortical axon navigation in an otherwise inhibitory MGE environment (López-
Bendito et al. 2006, Molnar et al. 2012). Nrg1/ErbB4 signaling is largely responsible for
creating this permissive corridor (López-Bendito et al. 2006). Importantly, the Slit/Robo
signaling pathway is instrumental in repelling corridor neurons from the ventral MGE and
POA, thus controlling oriented migration of these cells and their correct positioning within
the corridor (Bielle et al. 2011a). Within the corridor itself, opposing gradients of Slit1 and
netrin1 act to establish topography of different types of thalamocortical axons: Slit1 repels
intermediate thalamocortical axons while at the same time enabling netrin1 to serve as an
attractant for the rostral axons (Bielle et al. 2011b). Recent data also suggest that
thalamocortical axons traveling through this permissive corridor guide pathfinding of the
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pioneer corticothalamic axons and that temporally regulated semaphorin 3E/plexin-D1
signaling in pioneer cortical neurons is required for this regulation (Deck et al. 2013).

Finally, lateral olfactory tract (LOT) cells, which are early-generated excitatory projection
neurons (Hirata et al. 2012, Sato et al. 1998), migrate ventrally and tangentially toward the
area between the neocortex and the GE (the LOT area), where they abruptly change their
orientation and disperse in a rostrocaudal direction (Kawasaki et al. 2006, Marín et al. 2010,
Tomioka et al. 2000). A network of LOT guidepost cells then serves as a scaffold for the
olfactory bulb axons. Several signaling pathways serve to create this network of guidepost
cells. Ephrin A5 acts as a repellent that prevents LOT cells from crossing over into the
ventral telencephalon (Nomura et al. 2006). Semaphorin 3F excludes LOT cells from the GE
(Ito et al. 2008). Netrin1 locally attracts LOT cells into the ventral LOT area during later
stages of their migration (Kawasaki et al. 2006). Together, these examples suggest that
neuronal migration can influence multiple aspects of axon guidance in the developing brain,
which is essential for establishing functional brain circuitry.

ANALYSIS OF PATHWAYS UNDERLYING CORTICAL NEURONAL
MIGRATION

To evaluate the signaling pathways most influential in radial or tangential migration, we ran
DAVID functional analysis (Dennis et al. 2003) on the gene lists (Table 1) for radial and
tangential migration independently. We restricted the results to pathways listed in the
Biological Biochemical Image Database (BBID) (Becker et al. 2000), BioCarta (Nishimura
2001), and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa & Goto
2000). For each analysis, we considered pathways to be significant if the DAVID p-value
was less than 0.05 and the number of input genes in the pathway was greater than 2. Under
these criteria, we found 13 pathways significant for both tangential and radial migration, 3
for tangential only, and 24 for radial only. The top five pathways for each are shown in
Table 2. Although this analysis is limited by the input list of genes currently known to
modulate cortical neuronal migration (Table 1), it provides insight into emergent pathways
vital for establishing specific patterns of cortical neuronal migration. Additionally, STRING
(Search Tool for the Retrieval of Interacting Genes/Proteins) analysis ( Jensen et al. 2009) of
proteins regulating migration indicates the strength of interactions between groups of
proteins implicated in different patterns of cortical neuronal migration (see Supplemental
Figure 1 at the Supplemental Material link in the online version of this article or at http://
www.annualreviews.org/). As additional genes are identified to be regulators of specific
aspects of neuronal migration (e.g., migratory stage or neuronal-subtype specific), such
analysis may help identify nodal pathways critical for different aspects of neuronal
migration and explain how disease-causing gene mutations may impinge on these pathways
during brain development. Further, analysis of gene expression changes in mouse models of
human neuronal migration defects [e.g., Lis1 neuronal migration complex (Lis1, Dcx,
14-3-3ε, Ndel1)] has led to the identification of commonly dysregulated signaling pathways
and genes that are novel candidates of human neurodevelopmental disorders (Pramparo et al.
2011).

DISORDERS CAUSED BY DISRUPTION IN NEURONAL MIGRATION
The importance of neuronal migration for cerebral cortical formation and function is evident
in neurodevelopmental disorders resulting from disrupted neuronal migration. Major
neuronal migration defects lead to severe brain malformations, as summarized in Table 3.
These mutations in cytoskeletal regulators, extracellular matrix molecules, or
posttranslational modifiers tend to affect both radial and tangential migration (Valiente &
Marín 2010).
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However, minor changes in temporal or spatial patterns of neuronal migration may also
affect the formation and activity of cortical circuits. Genes associated with autism spectrum
disorders and psychotic and bipolar spectrum disorders can modulate neuronal migration.
Subtle changes in neuronal positioning resulting from minor disruptions in these gene
functions during development may contribute to the formation of aberrant neuronal circuitry
underlying these disorders (Table 3).

CONCLUSIONS AND OPEN QUESTIONS
The emergence of functional neuronal connectivity in the developing cerebral cortex
depends on appropriate neuronal placement. Placement of the right numbers and types of
cortical neurons in the right areas depends on neuronal migration. Significant progress has
been made in identifying individual molecules and mechanisms that regulate neuronal
migration, specifically which guidance cues and cell-cell adhesion, transcriptional, and
posttranscriptional mechanisms modulate migration. However, the modes of coordination
between these mechanisms and how they converge on the cytoskeleton to drive neuronal
navigation from their site of birth to their target locations in the cerebral cortex remain to be
fully elucidated.

Several open questions remain. For example, how are various guidance cue–mediated
changes in the leading processes of neurons coupled to nuclear translocation that drives
neuronal migration, and how do the mechanics of this integration differ between radial and
tangential modes of neuronal migration? The question of how different signaling pathways
are integrated or modified during different modes of migration (e.g., somal translocation,
multipolar migration, and radial glia–guided locomotion in projection neurons or tangential
migration, ventricle-oriented migration, and tangential-to-radial transition in interneurons)
within the same neuron remains unclear. Further, the emergence of the primary cilium as a
regulator of neuronal migration raises the question of how cross talk between signals
emanating from different domains of the migrating neurons (e.g., cilium, growth cone) may
coordinate and control distinct aspects of oriented neuronal migration. The mechanisms of
secondary, local migration of neurons that are necessary for the final allocation and
placement of neurons during early postnatal stages (Marìn et al. 2010) also remain to be
explored fully.

Importantly, both projection neurons and interneurons often migrate next to each other in the
developing pallium. Yet they respond differently to cues in the same environment (for
example, multipolar-to-radial transition of migrating projection neurons and ventricle-
directed or tangential migration of interneurons occurring at the same time in the SVZ).
How the different subtypes of developing projection neurons and interneurons achieve the
molecular context to undergo different migratory programs that enable them to reach
specific locations within the cerebral cortex, as well as the cell-intrinsic components of this
process, is yet to be deciphered. Lastly, further evidence on subtle changes in migration
patterns resulting from mutant susceptibility genes associated with circuit dysfunction in
complex neurobehavioral disorders will help to delineate the role of migration in the
organization and formation of functional neuronal circuitry. Moreover, it will be important
to examine how networks of signaling pathways employed by neurons during development
are adopted by newly generated neurons in the neurogenic niches of the postnatal brain to
maintain and modify neuronal circuitry.
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GABA gamma-aminobutyric acid

VZ ventricular zone

SVZ subventricular zone

RGP radial glial progenitor

IP intermediate progenitor

PP preplate

CP cortical plate

MZ marginal zone

SP subplate

IZ intermediate zone

MGE medial ganglionic eminence

CGE caudal ganglionic eminence

POA preoptic area

LGE lateral ganglionic eminence

CR Cajal-Retzius

LOT lateral olfactory tract
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Figure 1.
Neuronal migration in the developing cerebral cortex. (a) Projection neurons ( pink) and
interneurons (blue) originate from distinct proliferative domains and migrate into the
developing cerebral wall. (b) Projection neurons, generated from radial glial progenitors
(RGPs, brown) or intermediate precursors (IPs, orange), migrate using either radial-glial-
independent somal translocation or glial-guided locomotion. Newborn neurons undergo a
multipolar transition phase prior to glial-guided radial migration. (c) Interneurons migrate in
multiple streams into the pallium. They extend multiple leading branches ➀, followed by
branch stabilization ➁, centrosomal movement ➂, ➃, and forward nucleokinesis ➄. (d )
Radially migrating neurons (magenta) and tangentially migrating interneurons ( green) in
the E14.5 mouse cerebral wall. (e) Coordinated migration of these neurons during
development leads to the laminar organization of neurons in the cerebral cortex. Neurons in
different layers of postnatal day 0 cortex are labeled with antibodies to Ctip2 (blue, layer V),
Cux1 (red, layers II–IV), Brn1 ( green, layers II–V), and Tbr1 (magenta, layer VI). Adapted
from Higginbotham et al. (2012). Abbreviations: CP, cortical plate; IZ, intermediate zone;
LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; MZ, marginal zone;
OSVZ, outer subventricular zone progenitor; Str, striatum; SVZ, subventricular zone; VZ,
ventricular zone.
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Figure 2.
Molecular control of neuronal migration in the developing cerebral cortex. Radially and
tangentially migrating neurons are shown in pink and blue, respectively. Molecules known
to regulate radial, tangential, or both modes of neuronal migration are indicated in pink,
blue, and purple, respectively. Molecules regulating the switch from tangential to radial
mode of migration of interneurons are indicated in orange. Regulators of multipolar-to-
radial transition of projection neurons are indicated in green. Abbreviations: AM, adhesion
molecules; C, connexins; CP, cortical plate; IZ, intermediate zone; MZ, marginal zone;
SVZ, subventricular zone; VZ, ventricular zone.
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Table 3

Neuronal migration disorders

Syndrome Gene Defect References

Periventricular heterotopia FLNA Decreased Filamin A affinity for actin
cytoskeleton leading to cell-adhesion defect,
disrupted onset of neuronal migration

Fox et al. 1998, Sheen et al.
2004, J. Zhang et al. 2012

ARFGEF2 Impaired vesicular trafficking of adhesion
molecules and promotion of Filamin A
phosphorylation (leading to a decreased
affinity for actin), disrupted neuronal
migration

Sheen et al. 2004, J. Zhang
et al. 2012

Subcortical band heterotopia DCX Disrupted microtubule bundling
Defect in nucleokinesis, disrupted
maintenance of neuronal migration

Corbo et al. 2002,
des Portes et al. 1998,
Gleeson et al. 1998,
Kappeler et al. 2006,
Pilz et al. 1999, Tanaka et
al. 2004

RhoA Destabilization of actin in radial glial cells
and disrupted radial glia scaffold, leading to
radial migration defect
Disruption of multipolar-to-bipolar transition,
neurite extension, and locomotion of radially
migrating neurons

Cappello et al. 2012,
Kouchi et al. 2011, Pacary
et al. 2011

Type I lissencephaly TUBA1A Defects in the tubulin folding and
heterodimer assembly pathway
Disrupted radial migration, abnormal
lamination of hippocampus and cortex

Keays et al. 2007, Poirier et
al. 2007

PAFAH1B1 Destabilization of microtubules and defective
centrosome functions
Defect in nucleokinesis and disrupted
maintenance of radial and tangential
migrations of neurons

des Portes et al. 1998,
Pilz et al. 1999, Sapir et al.
1997

ARX Direct target of Dlx2 transcription factor
Disrupted tangential migration of cortical
interneurons

Cobos et al. 2005,
Colasante et al. 2008,
Marcorelles et al. 2010

RELN Disruption of multipolar neuron polarization,
terminal phase of neuronal migration, and
inside-out layer formation

Chang et al. 2007, Hong et
al. 2000, Jossin & Cooper
2011

Type II lissencephaly
(cobblestone lissencephaly)

Pomt1 O-Mannosyltransferase mediating
biosynthesis of O-mannosyl glycans
Mutation leads to hypoglycosylation of α-
dystroglycan, defective basal lamina and glial
endfeet-pial membrane interactions,
overmigration of cortical neurons

Currier et al. 2005, Hu et
al. 2011

Dmd Member of the dystrophin-glycoprotein
complex (DGC), linking DGC to actin
Disruption of radial glia scaffold and basal
lamina leading to overmigration of cortical
neurons

Moore et al. 2002, Pawlisz
& Feng 2011

Polymicrogyria TUBB2B Tubulin heterodimer assembly defect
Disrupted radial migration: accumulation of
late-born neurons in deep cortical layers
(SVZ/IZ)

Jaglin et al. 2009

TUBA8 Variant of α-tubulin with unknown function
Mutated in the autosomal recessive syndrome
characterized by generalized polymicrogyria
and associated optic nerve hypoplasia

Abdollahi et al. 2009

GPR56 Defective basal lamina and glial endfeet-pial
membrane interactions, malpositioning of
neurons in the developing cortical plate

Li et al. 2008, Piao et al.
2005
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Syndrome Gene Defect References

Ciliopathies Arl13b ( Joubert syndrome) Disrupted cilia formation and ciliary
localization of signaling receptors
Aberrant patterns of tangential migration of
interneurons

Cantagrel et al. 2008, Caspi
et al. 2000, Higginbotham
et al. 2012

DYX1C1 (Dyslexia) Disruption of cilia morphology and signaling,
defect in radial migration

Hoh et al. 2012, Massinen
et al. 2011, Wang et al.
2006

Schizophrenia NRG1/ Decreased PI3K recruitment and activation Anton et al. 1997, 2004;

ERBB4 Disrupted tangential migration of cortical
interneurons

Flames et al. 2004;
Gambarotta et al. 2004; Li
et al. 2012

DISC1 Abnormal dynein function
Disrupted Disc1–NDEL1, Disc1-ErbB
interactions
Accumulation of late-born neurons in the
SVZ and IZ
Neuronal migration defects in the
hippocampus

Duan et al. 2007, Seshadri
et al. 2010

POU3F2 Regulation of the expression of the p35 and
p39 regulatory subunits of Cdk5 in migrating
cortical neurons
Neurons are unable to express Dab1,
defective migration of cortical neurons

McEvilly et al. 2002,
Potkin et al. 2009, Sugitani
et al. 2002

22q1.2 deletion syndrome 1.5- to 3-megabase hemizygous deletion on
human chromosome 22
Leads to multiple CNS defects, including
interneuron migration deficits

Karayiorgou et al. 2010;
Meechan et al. 2009, 2012

Autism CXCR4 Altered SVZ interneuron migratory stream
More interneurons in the VZ, with frequent
radially oriented leading processes

Fine et al. 2005; Meechan
et al. 2009, 2012;
Niklasson et al. 2009

CNTNAP2 Neuronal transmembrane protein member
(neurexin superfamily) involved in neuron-
glia interactions
Disrupted CNTNAP2 activity leads to ectopic
neurons in corpus callosum, lamination
defects, and decreased number of
interneurons

Alarcón et al. 2008,
Penagarikaño et al. 2011

SOX5 Transcription factor
Inactivation leads to disrupted preplate
partition and laminar positioning defects of
subplate and deep-layer neurons

Kwan et al. 2008,
Rosenfeld et al. 2010

Juvenile myoclonic epilepsy
( JME)

EFHC1 Microtubule-associated protein
JME mutations disrupt the morphology of
radial and tangential migrating neurons and
disrupt their migration (accumulation of
radial migrating neurons in the IZ, reduced
number of interneurons reaching the cortex)

de Nijs et al. 2012, Suzuki
et al. 2004

Depression related to
polymorphism 5-HTTLPR

Slc6a4 Serotonin transporter
Disruption of 5-HTR6 leads to aberrant
interneuron migration and placement in the
cerebral wall

Pezawas et al. 2005, Riccio
et al. 2009

Mental retardation PAK3 Rho GTPase effector, expression decreased in
migrating interneurons, increased when they
reach the cortex
Deletion disrupts tangential migration of
cortical interneurons
Overexpression of PAK3 leads to arrest of
interneuron migration

Allen et al. 1998, Cobos et
al. 2007

Autism spectrum disorder,
attention deficit, hyperactivity
disorder, bipolar disorder,

L-type voltage-gated
calcium channel subunits:
CACNA1C and CACNB2

Risk loci
Potential changes in terminal phase of
interneuron migration

Bortone & Polleux 2009,
Cross-Disord. Group
Psychiatr. Genomics
Consort. 2013
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Syndrome Gene Defect References

major depressive disorder, and
schizophrenia
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