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Reelin is a large extracellular matrix protein with relevant roles in mammalian central
nervous system including neurogenesis, neuronal polarization and migration during devel-
opment; and synaptic plasticity with its implications in learning and memory, in the adult.
Dysfunctions in reelin signaling are associated with brain lamination defects such as lis-
sencephaly, but also with neuropsychiatric diseases like autism, schizophrenia and
depression as well with neurodegeneration. Reelin signaling involves a core pathway that
activates upon reelin binding to its receptors, particularly ApoER2 (apolipoprotein E
receptor 2)/LRP8 (low-density lipoprotein receptor-related protein 8) and very low-density
lipoprotein receptor, followed by Src/Fyn-mediated phosphorylation of the adaptor
protein Dab1 (Disabled-1). Phosphorylated Dab1 (pDab1) is a hub in the signaling
cascade, from which several other downstream pathways diverge reflecting the different
roles of reelin. Many of these pathways affect the dynamics of the actin and microtubular
cytoskeleton, as well as membrane trafficking through the regulation of the activity of
small GTPases, including the Rho and Rap families and molecules involved in cell polar-
ity. The complexity of reelin functions is reflected by the fact that, even now, the precise
mode of action of this signaling cascade in vivo at the cellular and molecular levels
remains unclear. This review addresses and discusses in detail the participation of reelin
in the processes underlying neurogenesis, neuronal migration in the cerebral cortex and
the hippocampus; and the polarization, differentiation and maturation processes that
neurons experiment in order to be functional in the adult brain. In vivo and in vitro evi-
dence is presented in order to facilitate a better understanding of this fascinating system.

Overview
The aim of this review is to explain how the reelin signaling pathway is involved in neurogenesis,
neuronal migration, polarization and differentiation with emphasis in the brain cortex and to a lesser
extend in the hippocampus. For simplicity, the discussion will not consider in role of reelin in other
relevant neuronal systems such as the cerebellum. The main focus is on the intracellular pathways trig-
gered by reelin that have an impact on cytoskeleton dynamics and membrane trafficking, and are
dependent on different small GTPases, especially from the Rho, Rap, Rab and Arf families. Our work
also includes possible new targets and regulators of this pathway in order to broaden our understand-
ing of the complex roles of this system. Despite focusing our work on reelin, it is worth mentioning
that there are many other molecules, receptors and signaling pathways that play fundamental roles in
brain development and neuronal function that are not considered in this review.
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Introduction
Reelin and its signaling pathway
Reelin is an extracellular glycoprotein, which is secreted by Cajal–Retzius cells during embryonic brain develop-
ment and by GABAergic interneurons in the adult brain [1–4]. The full-length reelin is about 460 kDa and has
a signal peptide, an F-spondin-like domain, eight reelin repeats (R1–R8) and a positively charged sequence at
the C-terminus (Figure 1). Reelin is processed by several proteases including ADAMTS 4 and 5 (A disintegrin
and metalloproteinase with thrombospondin motifs 4 and 5) [5,6], Meprin α and β [7] and proteases of the
proprotein convertase family (PCF) [8] among others. The proteolytic processing of reelin gives rise to different
fragments, including the N-terminal fragment of ∼160 kDa, a central fragment of ∼200 kDa and a C-terminal
fragment of ∼100 kDa [6], as well as others partially proteolysed forms: one of 380 kDa formed by the
N-terminal plus the central fragment and a 300 kDa form that lacks the N-terminal region (Figure 1). Reelin
fragments have different biological activities; the N-terminal region has been associated with aggregation [9],
but it is also required for full activity of reelin [10,11]. Similarly, the C-terminal region is important to stabilize
the functional reelin homodimer [6] and for full signaling [12,13]. The central fragment, the most relevant in
cortical plate development [14], is responsible for receptor binding [15] and for the formation of a cysteine-
dependent homodimer [16].
Homozygous loss of reelin in humans causes lissencephaly, a condition characterized by the absence of

normal convolutions in the cerebral cortex and cerebellar hypoplasia. A similar phenotype is caused by muta-
tions in the LIS1 (Lissencephaly type 1) gene [17]. Mice that carry a mutation in the reelin gene, called reeler
mice, display several defects in brain development such as inversion of cortex cell layers, neuronal invasion of
the external cortical layer named marginal zone (MZ), malposition of neurons throughout the hippocampus,
small and/or lack of foliation of the cerebellum and evident ataxia [18–20]. In addition, mutations in the reelin
gene, as well as a decrease in reelin mRNA (messenger RNA) expression, are associated with autism [21–23],
mental retardation [24,25], schizophrenia and bipolar disorder [2,26]. Some patients with cortical dysplasia
(associated with epilepsy) exhibit an increased number of Cajal–Retzius cells, pointing to reelin as a risk factor
for this disease [27]. On the other hand, the hippocampal Cajal–Retzius cells from patients with epilepsy have
decreased expression of reelin, a condition that correlates with dispersion of the granule cells in the dentate
gyrus [28]. Reelin also has roles in neurogenesis in the cortex, hippocampus and cerebellum [29,30]. In add-
ition, defects in the reelin signaling pathway are associated with impairments in dendrite and synapse forma-
tion, which are reflected in learning and memory deficits [18,31–36]. Therefore, the participation of reelin in
the control of neuronal migration, differentiation and function has been broadly studied and confirmed using
different experimental strategies. Many of the cellular responses triggered by reelin have a direct impact on the
regulation of cytoskeleton dynamics and membrane trafficking. However, as we will discuss later, it is still a

Figure 1. Squematic representation of reelin structure and proteolytic processing.

Reelin is a glycoprotein with a molecular mass of ∼460 kDa (∼390 kDa in the absence of N-glycosylation). The N-terminal

region consists of a signal peptide (S) and an F-Spondin-like domain (F-SL). The full-length reelin has eight ‘reelin repeats’ (R)

of ∼350–390 aminoacids (R1–8) where each repeat has two related subrepeats A and B, separated by an EGF-like motif of ∼35
amino acids. The C-terminal domain has a positively charged sequence. Several proteases that cleave reelin at different

positions are indicated (as scissors) in the figure. Reelin binds ApoER2 and VLDLR through the R5–6 repeats.
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matter of debate exactly how this protein and the signaling pathway triggered in the responding cells can
explain the phenotype of humans with mutation(s) in genes associated with reelin signaling or the phenotype
of the reeler animals.
The best-characterized reelin receptors belong to the Apolipoprotein E receptor family and are ApoER2

(apolipoprotein E receptor 2)/LRP8 and VLDLR (very low-density lipoprotein receptor) [37]. The interaction
of reelin with its receptors triggers the canonical-signaling pathway shown in Figure 2 that includes the activa-
tion of the Src family of tyrosine kinases (SFK), specially Fyn but also Src [38], which phosphorylate the intra-
cellular membrane-bound adaptor protein Dab1 [37]. Reelin signaling includes the participation of the scaffold
protein Intersectin 1 (ITSN1), associated with Down Syndrome, as a relevant component that binds to VLDLR
and Dab1 [39]. Dab1 also binds to the NPxY motif in the cytoplasmic domain of the receptors [40–43].
pDab1, in turn, recruits several intracellular proteins and therefore regulates different signaling pathways.
When Dab1 is phosphorylated on tyrosines 220 and 232, it predominantly activates the Crk pathway [44,45].
The activation of the Crk family of adaptor proteins gives rise to the Dab1–Crk/CrkL–C3G
(C3 glomerulopathy)–Rap1 (Ras-related protein 1) pathway. C3G is an activator of the small G-protein Rap1

Figure 2. Reelin signaling pathway.

Binding of reelin to its receptors, VLDLR and ApoER2, triggers the canonical pathway that requires the recruitment of the

adaptor protein Dab1 to the NPxY motif in the cytoplasmic domains of ApoER2 and VLDLR and its phosphorylation mediated

by SFK. pDab1 leads to the recruitment or activation of different molecules. One is Crk/CrkL, which by inducing Rap1

activation plays a role in the insertion of cell–cell adhesion proteins at the plasma membrane. Other Rap1 effector proteins,

including GTPases of the Rho family and Ral, resuls in the regulation of cytoskeleton dynamics and membrane trafficking.

pDab1 also activates PI3K, leading to two different pathways, the activation of Akt with different downstream targets that

promote protein translation and neuronal microtubule dynamics and function, and the ApoER2, dependent activation of Cdc42

and Rac1 that regulate actin dynamics via LIMK1-dependent inhibition of n-cofilin. Reelin allows the stabilization of VLDLR/

Dab1 interaction via ITSN1. Also, pDab1 interacts with Lis1/Pafah1β1 resulting in microtubule stabilization. Reelin’s role in

synaptic transmission requires pDab1 activation of SFK that in turn phosphorylates NMDAR, increasing influx of Ca2+, inducing

the activation CaMKII and, in this way, CREB phosphorylation. ERK1/2 also can be activated in response to reelin and SFK but

independently of Dab1 (a non-canonical pathway). Finally, pDab1 is down-regulated by a mechanism that involves its

ubiquitination by SOCS proteins and Cullin5 and subsequent proteasome degradation.
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[46,47] that plays fundamental roles in neuronal adhesion to fibronectin, via the regulation of α5β1 integrin
expression on the cell surface; and in cell–cell interactions through the regulation of Nectins and N-cadherin
trafficking. In addition to the Crk pathway, pDab1 (phosphorylated in residues 185, 198/200) activates PI3K
(phosphatidylinositol-3-kinase) [44,45], which plays important roles in several neuronal process during devel-
opment and also in adult stages [48]. The function of PI3K is relevant to the reorganization of the actin cyto-
skeleton by activating Cdc42 (cell division control protein 42 homolog) and Rac1 (Ras-related C3 botulinum
toxin substrate 1). These two small GTPases of the Rho family have important roles in cell migration and neur-
onal differentiation [49]. In the reelin signaling pathway, LIMK1 (LIM motif-containing protein kinase 1) is
one of the downstream targets of these GTPases. This protein phosphorylates the actin severing protein
n-cofilin (in serine 3) and inactivates it [50]. It also phosphorylates the neural Wiskott–Aldrich syndrome
protein (N-WASP) that regulates the actin-polymerizing activity of Arp2/3 (actin-related protein 2/3) [49].
Reelin also activates Akt (Ak thymoma), via PI3K–PDK1, inducing its phosphorylation on threonine residue
308 [51]. On one hand, active Akt regulates and inactivates glycogen synthase kinase 3β (GSK3β) [52] and has
therefore an impact on microtubule dynamics via regulation of tau phosphorylation [40,52] and of the cyto-
plasmic linker-associated protein 2 (CLASP2) [53]. On the other hand, Akt activates the mTOR (mammalian
target of rapamycin) complex, the mammalian target of rapamycin. This activation is associated with dendritic
outgrowth [54]. At the level of the synapse, reelin signaling, also via Dab1 and Src, regulates the activity and
subunit composition of N-methyl-D-aspartate (NMDA) receptors (NMDARs) [55,56], activates both Ca2+/
calmodulin-dependent kinase II (CaMKII) [57,58] and the extracellular signal-regulated kinases (ERK) 1/2 [59],
and regulates trafficking of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (AMPA-R)
at the postsynaptic site [60,61] as well the secretion of neurotransmitters at the presynaptic site [62,63].

General aspects of cortex development and neuronal migration
Proper positioning of migratory neurons during development is a pivotal process for the formation of lami-
nated brain structures such as the neocortex, hippocampus and cerebellum in mammals. The extracellular
matrix protein reelin has a central role in this process. During cortex development in the mouse embryonic
brain, immature neurons are generated from radial glial (RG) cells in the ventricular zone (VZ). At approxi-
mately embryonic day 11 (E11), the first cohort of excitatory neurons exits the VZ giving rise to a transient
layer called preplate (PP) just beneath the pia mater. Axons from PP cells and from the thalamus establish the
intermediate zone (IZ)/subventricular zone (SVZ) in between the VZ and the PP [64,65]. The second cohort of
neurons form the cortical plate (CP) at around E13 splits the PP into two layers resulting in the external layer
MZ, composed of a monolayer of Cajal–Retzius cells that secrete reelin (future layer I) and a deeper layer
named subplate (SP) zone (Figure 3A) [64,66]. Subsequent cohorts of neurons migrate radially along RG fibers
through their predecessors towards the pial surface to reach the top of the CP. This progressive and systematic
process is defined as ‘inside-out’ patterning of the six cortical layers [67].
There are three different modes of migration. First the multipolar, characterized by neurons randomly chan-

ging direction and their rate of migration [68]; second, the somal translocation, that begins after the multipolar
cells are polarized into a bipolar shape, is characterized by the shortening of the leading process that remains
attached to the outer surface while the soma progressively advances towards the pial surface [69]. The third
mode of migration is locomotion characterized by bipolar neurons moving towards the pial surface using RG
as scaffold [70–72]. At the end of migration, neurons suffer an RG detachment and terminal somal transloca-
tion that requires previous anchoring of the apical dendrite to the MZ. The migration and layering process
ends at about E17.5 in mice (Figure 3B) [73]. The laminated cortex in the adult is recognized by its six layers
plus the white matter (Figure 3C) [74].

The roles of the cytoskeleton and membrane trafficking in neuronal migration
and differentiation
Migratory neurons experiment an active cytoskeletal remodeling that includes actin filaments and microtubules.
In the bipolar migrating neuron, the centrosome and the nucleus are relocated for migration to occur in the
correct direction towards the MZ [75,76]. The nucleus is surrounded by microtubules, and microtubule
bundles that emanate from the centrosome are present at the leading process [75–77]. The centrosome and the
nucleus enter into the leading process (the future apical dendrite) in a ‘two stroke’ cycle [75]. At the beginning
of the cycle, the centrosome is pulled by microtubules into a dilation formation. This movement is followed by
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a process known as nucleokinesis or nuclear translocation that uses the minus end-directed microtubule motor
protein dynein. [75,78]. Suppression of dynein or of the microtubule-stabilizing protein, Lis1, affects centro-
some and forward nuclear movement [79]. The actin cytoskeleton is also required for nuclear movement and
involves F-actin and the myosin II motor (actomyosin). The trailing process (future axon), which retracts
during locomotion, also depends on actomyosin to generate neuronal movement. On the other hand, the
leading process has a crucial role in sensing guidance cues and requires a dynamic actin cytoskeleton. F-actin is
present as stress fibers, which concentrate at the distal end of the neuronal leading process, establishing contact
with adhesion molecules and forming focal adhesions. Actin stabilization at the leading process is relevant, for
example, for allowing somal translocation when the migratory neuron arrives at the MZ. Focal adhesions are
also assembled either below the nucleus or in the proximal area of the leading process close to the centrosome.
Integrins are membrane proteins that form part of focal adhesions, interact with extracellular substrates and the
cytoskeleton, and are therefore relevant participants in cell migration [80]. Focal adhesion dynamics is required
during radial migration and includes cycles of integrin endocytosis and exocytosis for attachment/detachment
to/from the substrate.

Figure 3. Phases and modes of migration during development of the mouse neocortex.

(A) Splitting of the preplate: the first cohort of neurons (light-blue neurons), arising from asymmetric division of RG cells (pink

cells), exits the VZ and forms the PP, which is then divided by the second cohort of neurons (light-green neurons) that migrate

through the PP and give rise to the MZ of Cajal–Retzius cells and to the deeper layer corresponding to the SP. The axons of

these neurons and the thalamic afferences establish the IZ and the future WM, just beneath the SP. (B) Neuronal migratory

modes during cortical formation: after PP splitting, excitatory neurons move through the CP towards the MZ. (a) Immature

neurons acquire a multipolar morphology in the SVZ. (b) Neurons in the IZ/SVZ acquire the bipolar morphology and undergo

somal translocation migration. (c) The migration mode requires the RG fibers as scaffold for locomotion through the cortical

plate. (d) As the bodies of neurons get closer to the MZ, they undergo detachment from RG cells followed by the anchoring of

the leading processes to the Cajal–Retzius cells and they finally experiment terminal somal translocation. Reelin (depicted in

purple) is secreted from Cajal–Retzius cells and diffuses through the neocortex. (C) Establishment of the six-layered neocortex.

This architecture becomes evident in the adult. The colors of the layers represent the inside-out pattern of migration, with

earlier born neurons (light-green) occupying lower layers (VI and V) and later born neurons (dark green), progressively

occupying upper positions in layers IV, III and II.
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After finishing migration, neurons develop a more complex dendritic arbor, and they differentiate and
mature developing their dendritic spines in order to establish synaptic contacts with other neurons in different
circuits. The maturation process also includes events of dendritic pruning and changes in the protein compos-
ition of the synapse. In general, many of these events take place at the end of the embryonic development, but
some are also present in the adult brain, where they are responsible for the plasticity necessary in the processes
of learning and memory. As expected, alterations in the pathways controlling any of these processes have been
associated with diverse brain dysfunctions, including neurodevelopmental disorders and neurodegenerative
diseases.
Similarly to migration, the processes associated with neuronal differentiation and maturation require extensive

participation of the microtubular and actin based-cytoskeleton, as well as the intracellular membrane trafficking.
Overall, these processes involve the participation of small GTPases of the Rho family that act as principal con-
trollers of actin cytoskeleton dynamics, which also affect microtubule function [81]. The Rab and Arf (ADP
ribosylation factor) families are also implicated, with roles in membrane trafficking in the exocytic and endocytic
pathways for the regulation of signaling pathways and the availability of proteins in the plasma membrane [82],
especially N-cadherin and integrins during migration, as will be discussed in the following sections.

Reelin signaling in cortical development: neurogenesis,
neuronal migration and polarization
This section will address how the reelin signaling pathway is associated with different events that occur during
the development of the cerebral cortex and, to a lesser extent, also in the hippocampus.

Neurogenesis
Besides reelin’s recognized participation in neuronal migration and layer formation in the ‘inside-out’ pattern
of cortical development, a relevant and previously unnoticed role of this protein corresponds to the regulation
of neurogenesis in the neocortex, hippocampus and cerebellum. Reeler mice exhibit reduced neurogenesis in
the hippocampus [29] and a low number of mitotic cells in the VZ [30]. RG cells extend from the VZ and
orient towards the pial surface. These cells divide asymmetrically to generate the neuronal precursors while
maintaining apical–basal polarity allowing newborn postmitotic neurons to migrate radially [83]. In the cortex,
reelin increases the number of neuronal precursors at the VZ. The neurogenic effect of reelin is mediated by
cross-talk with the Notch signaling pathway [30,84,85]. Reelin increases the Notch signaling fragment NICD
(Notch intracellular domain) in the RG cells via ApoER2 and Dab1 [30,84]. In human neural progenitor cells,
reelin-induced pDab1 interacts with NICD increasing its transcriptional activity and the formation of RG cells
[86]. This relevant role of the reelin signaling pathway in the generation of the future migratory neurons could
also determine the characteristics of these cells, such as the type of membrane proteins expressed on the
surface and differential gene expression [87], which would affect their future behavior on the journey to their
final destination.

Neuronal migration from the SVZ to the IZ
After the formation of the CP [88], the early-born cortical neurons migrate in an RG-independent way to
induce PP splitting and give rise the MZ and the SP (Figure 3A) [89]. These neurons will form cortical layer
VI. Reelin is necessary for PP splitting since, in reeler mice, layer VI neurons fail to split the PP [90] and also
lack the apical–basal orientation [91]. The ectopic injection of reelin partially rescues this phenotype by pro-
moting neuronal nuclei orientation and Golgi polarization towards the pia (discussed below), allowing somal
translocation and resulting in PP splitting [92]. Likewise, C3G-deficient mice have defects in cortical PP split-
ting showing a reeler-like phenotype [93].
Initially, newborn neurons in the VZ exhibit a bipolar shape that changes to a multipolar shape when they

exit this zone to enter into the SVZ/IZ (Figure 3B) [75]. The mechanisms involved in this very early cell shape
modification are not clear. Within the SVZ/IZ, multipolar neurons migrate randomly [65], and before exiting
the IZ, they undergo a multi-to-bipolar transition, with a defined leading process and a trailing axon
[65,94,95], and migrate by somal translocation (Figure 3B). The polarization process, that is required for the
next migratory mode, starts with the emergence of the axon in a process finely controlled by the small
GTPases Rac1 and Rho [96,97] (see also section Emergence, growth and branching of the axon) (Figure 4).
Dysfunctions associated with the migratory step in the SVZ/IZ include the accumulation of multipolar neurons
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and the lack of polarization, and therefore the impairment to exit the upper IZ and to start radial migration.
Here, reelin signaling is required to regulate several of the multiple changes that neurons undergo in this area,
including neuronal polarization and their ability to exit the IZ. The predominant reelin receptor at this develop-
mental stage is ApoER2 since an important subpopulation of early-born neurons deficient in this receptor
remains localized nearby the IZ in a multipolar shape [98,99]. Recently, Hirota et al. [99] have also demon-
strated the migration failure of early-born neurons from ApoER2 KO (knockout) mice, strongly suggesting that
ApoER2 is involved in the somal translocation of the first cohort of excitatory neurons that move towards their

Figure 4. Proposed roles for reelin in the SVZ/IZ.

The multipolar to bipolar transition is a relevant process that takes place at the SVZ/IZ, in which immature neurons specify their

axons and a leading process. Several processes take place in this area indicated at the left-top table; ‘Golgi condensation’

(orange box) and ‘Golgi translocation and deployment’ (yellow box) events are specially related to axonal specification and

leading process determination, respectively; ‘Axonal growth’ (green box) indicates signaling pathways that specify and/or

promote growth of a single axon; ‘Leading process determination’ (pink box) indicates signaling pathways playing a role in the

determination and stabilization of the leading process and finally, ‘N-cadherin trafficking’ (light-blue box) depicts the molecules/

pathways with roles in the cell surface expression of N-cadherin. The trafficking of N-cadherin has a direct impact in neuronal

polarization and migration events. (a) Signaling pathways controlling axonal specification and growth in multipolar neurons

(thick green-edge). (b) Golgi apparatus location specifies the axon and defines the leading process (opposite thick pink-edge).

(c) Polarization also requires signaling/trafficking pathways controlling morphological changes, including the regulation of

N-cadherin trafficking. (d) Bipolar neurons start locomotion migration by establishing the attachment between neuron and the

RG. (a0) In a significant proportion of multipolar neurons, the axon emerges when the neuron is attached to RG via N-cadherin;

this contact point activates Rho GTPase to restrict Rac1 activity specifically to the tip of the future axon. The pathways and

molecules known to be controlled by reelin in these processes are shown in bold. For the rest of the proteins involved in the

indicated processes, there is no direct evidence of reelin’s role.
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final destination via glia-independent migration. The main reelin signaling axis in the SVZ/IZ corresponds to
that involving the Dab1–Crk/CrkL–C3G–Rap1 pathway, where pDab1 is required for glia-independent somal
translocation of early-born neurons [46]. Accordingly, conditional C3G-KO mice show that a large proportion
of C3G silenced neurons have a multipolar shape, even at the time when neurons should be polarized [100],
and they remain scattered in positions below the unsplitted PP [93]. The in vivo experiments performed by
Jossin and Cooper using a dominant-negative version of Rap1 in neurons, resulted in a notable delay in neur-
onal migration from the lower IZ (SVZ/IZ) to the upper IZ and CP. Also, most of the Rap1-inhibited neurons
remained multipolar, indicating that, downstream pDab1, Rap1 has a critical role in the polarization of post-
mitotic neurons [101]. Altogether, these observations indicate that reelin-induced C3G-mediated Rap1 activa-
tion may be required for early-born neuron polarization and for splitting the PP by somal translocation in an
ApoER2- and Dab1-dependent manner.
Migration by somal translocation requires that the Golgi apparatus be oriented towards the pial surface.

Polarization of the Golgi apparatus also determines which process will become the leading process required for
radial migration and that will, in turn, evolve into the apical dendrite [83,102]. Initially, the Golgi apparatus is
condensed and localized nearby the future axon (Figure 4a), but once this is specified, the Golgi is translocated
to a perinuclear area that will determine the future leading process (Figure 4b). The change in Golgi orientation
and deployment has been linked to the activity of Rap1 and Cdc42 [101]; however, another study did not find
that connection, despite the fact the Dab1 was required [46]. The Stk25 kinase (STE20 family of serine–threo-
nine kinases) participates in establishing cell polarity by interacting with STRADα (STe20-Related ADapter),
an activator of the serine–threonine kinase LKB1 (liver kinase B1, also known as serine/threonine kinase 11
STK11). The LKB1–STRAD–Stk25 complex can interact with the cis-Golgi protein GM130, which regulates
tethering of endoplasmic reticulum-derived vesicles with the Golgi [103]. The suppression of GM130, Stk25 or
LKB1, by in utero electroporation at E14.5, causes Golgi dispersion in neurons examined at E17.5 [103], as well
as the high percentage of neurons stalled in the IZ [104]. In contrast, overexpression of Stk25 causes Golgi con-
densation and multiple axons, a phenotype rescued by activating reelin signaling, which drives the deployment
of the Golgi and the formation of a single axon [104]. As expected, the cytoskeleton is also important in the
Golgi apparatus positioning in a process that is regulated by the activities of Cdc42 and Rac1 in response to
reelin. Besides actin cytoskeleton regulation, these GTPases also control microtubule dynamics and the posi-
tioning of microtubule-associated Golgi vesicles in a αPIX/cool2- [a GEF (guanine nucleotide exchange factors)
for Cdc42/Rac1] dependent manner [105]. It was recently shown that reelin-induced Golgi deployment and
positioning as well as axonal growth are also under the control of the plus-end tracking protein (+TIPs)
CLASP2. [53]. This protein is enriched in the Golgi apparatus as well in the centrosome, controlling micro-
tubule nucleation and nucleokinesis. CLASP2 overexpression is associated with the development of multiple
axons and also with Golgi condensation, while its down-regulation in vivo is linked to defects in neuronal
polarization and migration. Most CLASP2 KD (knockdown) cells remain in the IZ and fewer are present in the
IZ at P0 and, at P14, many postmitotic neurons remain in deeper layers [53]. Overall, this evidence indicates
that neuronal polarization events, including the reorientation/deployment of the Golgi apparatus, and the
appearance of the axon (discussed in detail in the next sections), are regulated by the reelin signaling pathway.
N-cadherin is a central plasma membrane protein with roles in neuronal migration and polarization in the

SVZ/IZ. In vivo experiments of N-cadherin KD resulted in defective neuronal migration where two different
subpopulations clearly accumulated, one in the CP and another in the IZ [106]. The localization of this mem-
brane protein at the plasma membrane regulates cell–cell contacts [65], including the early interaction of the
multipolar neuron with the RG, in a process required for the polarization of a group of multipolar neurons
(Figure 4a0) [96]. N-cadherin trafficking and localization is controlled by active Rap1, via its downstream effec-
tors such as Ral GTPases that regulate membrane trafficking and exocytosis, and also via Cdc42 and Rac1,
which regulate cytoskeleton dynamics [101]. RalA or RalB silencing by shRNA (short hairpin RNA) in utero
electroporation at E14.5 results in partial inhibition of neurons to enter the CP and the subsequent impact on
RG-dependent migration, implicating Ral proteins in this phase of migration [101]. Moreover, Ral GTPases
also activate the exocyst [107,108], a membrane tethering complex that has a fundamental role in membrane
addition and also in neuronal migration during development. Suppression of exocyst function by expressing a
dominant-negative form of the exocyst subunit Exo70 at E15 induces a significant accumulation of neurons in
the VZ and IZ, at the time when the majority of them have reached the upper CP [109]. N-cadherin distur-
bances, associated with dysfunctions of Rap1, are dependent on reelin signaling since N-cadherin cell surface
levels also appear decreased in cells expressing a dominant-negative form of VLDLR, VLDLRΔC (VLDLR
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lacking the C-terminal cytoplasmic tail) in the multipolar zone [101]. The endosomal small GTPases Rab5 and
Rab11 also control N-cadherin surface expression and are required for correct neuronal migration [106]. A sup-
pression of Rab5 induces the accumulation of round neurons in the IZ (Figure 4c). On the other hand, once
neurons have become bipolar, both Rab5-dependent endocytosis and Rab11-dependent recycling pathways are
required for the process of neuronal entrance into the CP, to contact the RG cells and to start their locomotion
migration (Figure 4d). Therefore, reelin activation of Rap1 regulates N-cadherin localization at the plasma
membrane [101], but is not known if reelin signaling controls Rab5 and Rab11 activities.
Arf6 is another relevant protein recently implicated in cortical neuronal migration and N-cadherin trafficking

(Figure 4). This protein is a small GTPase that regulates a variety of neuronal functions such as membrane traf-
ficking, neuronal polarization and axon/dendrites/spines formation [110–114]. TBC1D24 (Tre2–Bub2–Cdc16 1
domain, member 24), a protein encoded by a gene associated with epilepsy and cognitive deficits, down-
regulates Arf6 activity in a direct manner promoting radial migration. In the rat embryo, the KD of TBC1D24
at E15 results in the accumulation of multipolar neurons at the IZ. This phenotype is rescued by a dominant-
negative form of Arf6 (Arf6T27N), suggesting that the activation of Arf6 inhibits neuronal migration and corti-
cogenesis [115]. These results were recently challenged by Yoshinobu Hara et al., who demonstrated that, in
mice, Arf6 activity is required for N-cadherin recycling in order to promote multipolar–bipolar transition and
exit from the IZ. These researchers found that the Arf6-KD phenotype is characterized by the cytoplasmic
accumulation of N-cadherin, and neuronal migration impairment similar to what is found upon exocyst

Figure 5. Model of endocytic and recycling routes for ApoER2 and N-cadherin.

The endocytosis/recycling and degradation of N-cadherin depend on Rab5, Rab11, Arf6 and Rab7 functions. ApoER2

endocytosis is Dab2 (a) or CIN85 (a0) dependent (constitutive or reelin-induced, respectively) and requires Clathrin (CDE). The

receptor arrives at a Rab5 endosomal compartment (early endosomes) from which is sorted either to the recycling or to the

degradation pathway. (b) Recycling to the plasma membrane is assisted by the endosomal adaptor protein SNX17, which

binds the NPxY motif of the receptor. This recycling is either direct or via Rab11 recycling endosomes. (c) In the presence of

reelin, ApoER2 would be ubiquitinated and degraded in lysosomes. (d) Reelin binding to ApoER2 also induces receptor

‘shedding’, resulting in a soluble extracellular fragment; and a carboxyl-terminal fragment or CTF that, as a γ-secretase

complex substrate, gives rise to a soluble intracellular fragment (ICD). The ICD of ApoER2 goes to the nucleus and regulates

gene expression. (e) N-cadherin could also follow a CDE and/or (f ) Clathrin-independent endocytosis (CIE)–Arf6-dependent

pathway, and then recycles (Rab11) or is degraded, via multivesicular bodies (MVBs), in lysosomes. (f0 ) It is possible that

ApoER2 could also follow the Arf6 pathway.
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complex suppression [109] and consistent with the role of Arf6 in the activation of this complex [116]. The
contrasting results of these two studies could be explained by differences in the experimental conditions. On
the other hand, because the phenotype of Arf6 suppression was not fully rescued by N-cadherin overexpression,
Arf6 might have other targets and/or regulate the trafficking of other cargos [116]. A similar situation has been
observed in the cases of down-regulation of Rab5 and Rab11 as we mentioned before [106]. Here, we hypothe-
size that, besides N-cadherin, ApoER2 trafficking could be under the control of Rab 5, Rab11 and possibly of
Arf6 (Figure 5). Hence, (1) ApoER2 traffics via Rab5 endosomes after clathrin-dependent endocytosis
[117,118]; (2) the receptor enters into Rab11 endosomes to recycle to the plasma membrane, stimulated by the
adaptor protein Sorting Nexin 17 (SNX17) [117]; (3) ApoER2-silenced neurons display a similar phenotype to
Arf6-KD and Rab5-KD neurons, with accumulation of multipolar neurons in the IZ [99,106,116] and
(4) ApoER2 is the main reelin receptor in the IZ [119].
The participation of reelin signaling in neuronal polarization and migration may also include other compo-

nents and pathways. In vitro studies conducted in non-neuronal cells show a direct role of Dab1 on the actin
regulatory protein N-WASP [120] as well as being dependent on PI3K and Cdc42 (Figure 2) [49]. In the
context of neuronal migration, the pDab1–PI3K pathway leads to the inactivation n-cofilin [50] via LIMK in
an ApoER2-dependent manner. PAK1 (p21-activated kinase) phosphorylates LIMK1 on threonine residue 508
increasing its activity on n-cofilin (Figure 2) [121,122]. PAK1 is a key effector of Rac1 and Cdc42 [121], known
targets of reelin via ApoER2 [49,123,124]. In vivo experiments show that loss of PAK1 results in the accumula-
tion of neurons with aberrant morphology in the IZ and deep layers (Figure 4) [125]. Regarding polarization,
studies in primary cultures of hippocampal neurons show that PAK1 acts upstream of LIMK1, whose overex-
pression increases axon formation and enhances the accumulation of the polarity complex proteins Par3 and
Par6 at growth cones via n-cofilin inhibition [126]. PAK1 also plays a role in neurite outgrowth and is regulated
by Src kinases [126]. Therefore, in spite of lack of evidence on the role of PAK1 in the context of reelin signal-
ing, it is very likely an element of the cascade. Rac1 has also a role in neuronal migration when activated via
P-Rex1, a Rac GEF localized at the leading process of migrating neurons. In utero electroporation experiments
using a dominant-negative form of Rac1 at E14 and evaluated at P0, results in inhibition of neuronal migration
with neurons trapped in the IZ [127]. Similar results are observed when, instead of electroporating a Rac1 D/N
form, a D/N form of P-Rex1 is expressed. However, besides the neurons not being able to exit the IZ under
this condition, there is another group of neurons able to reach the layers beneath the MZ [115], indicating that
the activity of Rac can be controlled by other GEFs. In addition, Tiam1 (T-cell lymphoma invasion and
metastasis-inducing protein 1), a major Rac1-specific GEF, was recently found to be required for reelin-induced
Schwann cell (SC) migration [110]. Tiam 1 interacts with polarity protein Par3, and this interaction is also
necessary for reelin-induced SC migration [110]. Even though this evidence was found in a different cellular
context, it is relevant considering that in vivo experiments show that Tiam1 silencing suppresses radial neuronal
migration [114] while Par3 silencing results in loss of tissue polarity [128].
Regarding cytoskeletal dynamics, reelin also controls the microtubular network, which is relevant for cell

migration. The microtubule-associated protein 1B (MAP1B) is required for cortical migration during develop-
ment and its phosphorylation level is controlled in response to reelin in a pDab1-dependent manner (Figure 2)
[129]. Reelin activation allows PI3K/Akt and p35/Cdk5 (p35 as a Cdk5 neuron-specific regulator) to control
GSK3β activity and MAP1B phosphorylation [129–131]. In contrast with reeler mice, MAP1B-deficient animals
do not show PP splitting defects (E10), but the SP displays migrating neurons that fail to settle properly into
their correct final destination, indicating that MAP1B has a role in migration after PP splitting (from E13).
MAP1B also regulates axonal growth by stimulating microtubule assembly and stabilization (Figure 4a)
[132,133]. Other reelin-regulated processes that involve the microtubule cytoskeleton are discussed in the fol-
lowing sections.

Locomotion: radial glial fiber-dependent migration
In the locomotion mode of migration, bipolar neurons move towards the cortical surface using the RG fibers as
scaffold (Figure 3B). In this step, which accounts for the largest part of neuronal migration, bipolar neurons
exiting the IZ migrate along the RG fiber until they anchor their leading process to the MZ. This ‘inside-out
migration’ process is unique to mammals [134,135]. In the reeler mouse, the RG cells are affected and the
defects in locomotion are mainly due to the RG scaffold [136]. Cortical RG cells, at about E14, display sparse,
poorly packed and differentiated fibers where their extending feet towards the MZ are shorter and where some
of them fail to form end foot along the pia mater [136].
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During locomotion, the control of N-cadherin surface expression in migrating neurons and in RG cells is
required to establish N-cadherin-mediated adhesion complexes [106,137]. During locomotion, N-cadherin is
internalized into Rab5 early endosomes, especially at the trailing edge of the neuron, and recycled through
Rab11-dependent mechanisms at the leading edge [78,106,137]. Recently, it was demonstrated that reelin
increases RG-neuron adhesion via N-cadherin in a transient manner [138], somehow implicating this signaling
pathway in late-born neurons, in order to pass through the CP [138]. On the other hand, β1 integrin has a role
in cell–matrix attachment and participates in cell migration. However, in vivo studies in mice with neuronal-
specific β1-integrin suppression have failed to show alterations in cell layers, indicating that the expression of
β1-integrin is not required for RG-guided migration [139,140]. In contrast, when β1 integrin is absent from
both RG and migrating neurons, migration is impaired. However, the phenotype of these animals is not similar
to reeler [139].
So far, most of the evidence does not support a determinant role of the reelin signaling pathway, specifically

in neuronal locomotion. Early studies suggested that the reelin pathway elements Dab1–PI3K and Akt are
required for the organization of the CP, although the downstream Akt effectors mTOR or GSK3β are appar-
ently not involved [54,58]. Also, the migration defect seen in ApoER2 KO mice is partially overcome by activa-
tion of Akt [84]. However, it is not completely clear if reelin controls neuronal migration via the Akt pathway.
Upstream of Akt is PDK1, which is required for speed regulation of neurons during bipolar locomotion by
controlling the coupling of the nucleus with the centrosome [123]. PDK1 ablation results in layering defects
distinct from those of reeler mutants, since only the upper-layer neurons show malpositioning. Other studies
have discarded the participation of Dab1 and Rap1 in migratory cells during locomotion. In vivo experiments,
using Dab1-deficient mice, showed that locomoting neurons are able to pass through their predecessors with
no differences in migration speed with respect to the control group, and they reach the CP just beneath the MZ
(where terminal somal translocation takes place) [46]. These results suggest that Dab1 is mainly required in the
terminal translocation step [141] but not during locomotion [72]. Similar results were obtained from
Rap1-silenced neurons [101]. The expression of Rap1GAP (GTPase-activating protein) in neurons shows that
their locomotion through the CP occurs at similar speed than in wild-type neurons but they fail to form an
apical dendritic tree at the top of the CP [101]. This evidence indicates that Rap1 is not pivotal during locomo-
tion migration [101].

Terminal somal translocation and stop migration signal
The terminal somal translocation, the last step in the journey of the migratory neuron that takes place and
ends in the reelin-rich MZ, corresponds to the glial-independent movement that occurs immediately prior to
migration arrest. For neurons that arrive at the MZ by locomotion mode, somal translocation also requires the
detachment from the RG followed by extension and stabilization of their leading processes (Figure 6) [71]. It
has been described that terminal somal translocation needs the degradation of N-cadherin in the soma of
neurons via a Rab7-dependent pathway, as well as its stabilization at the leading process. Disruption of Rab7 is
associated with neuronal positioning defects near the top of the cortical plate (Figure 6) [106].
Reelin, secreted locally by Cajal–Retzius cells, promotes adhesion, stabilization and branching of

Dab1-expressing neurons, specifically their apical processes, in the MZ (Figure 6) [142]. Franco et al. demon-
strated that terminal translocation is Dab1-dependent. Dab1-KO mice show defects in the polarization of the
Golgi apparatus, retracted leading processes and are therefore unable to contact the MZ, indicating the need of
Dab1 for neuronal positioning [46]. Dab1 is required for the reelin-induced activation of PI3K–Cdc42/LIMK–
cofilin axis, resulting in the stabilization of actin at the leading process. The attachment of the leading process
to the MZ allows terminal somal translocation and stop migration [50]. Reeler mice do not show increased
phosphocofilin levels in the leading process of late-born migrating neurons arriving at the MZ [50].
Consistently with its role as an LIMK activator, PAK1 is also required for leading projections during neuronal
migration and stop migration at the MZ [125].
In addition, the Dab1–Crk/CrkL–C3G–Rap1 pathway regulates the recruitment of cell–cell interaction mole-

cules such as Nectins 1/3 (immunoglobulin-like adhesion molecules) and N-cadherin (Figures 2 and 6)
[46,101,143,144]. The deleterious effects of Rap1GAP overexpression that decrease Rap1 activity can be par-
tially rescued by N-cadherin overexpression. In contrast, the Dab1-KO migration phenotype cannot be rescued,
indicating that Rap1-dependent N-cadherin expression in the plasma membrane is not the only mechanism
acting downstream from Dab1 [46,101]. Cajal–Retzius cells in the MZ express Nectin 1, and somal translocat-
ing neurons express Nectin 3 [143]. The cytoplasmic domains of these nectins interact with the adaptor
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protein Afadin [145,146], and the complex Nectin3/Afadin stabilizes the leading process in the MZ. Rap1 inter-
acts with Afadin and with p120 catenin (p120ctn), facilitating the recruitment of N-cadherin to the adhesion
sites of Nectin 3 [143,145,146]. On the other hand, the scaffold protein p120ctn prevents N-cadherin endocyto-
sis and degradation in the apical process [147]. These results suggest that reelin signaling provokes the assembly
of N-cadherin and Nectins adhesion by inducing the formation of the Afadin–Rap1–p120–ctn cytosolic
complex in order to stabilize N-cadherin and Nectins at the cell surface. The Dab1–Crk/CrkL–C3G–Rap1
pathway also participates in terminal somal translocation leading to the inside-out activation of α5β1 integrins
and, in this way, to the attachment of neuronal apical processes to fibronectin in the MZ (Figures 2 and 6)
[144,148]. By forming a complex with RIAM (Rap1-interacting adaptor molecule) [149,150], Rap1 directly acti-
vates Talin, a protein that binds to the cytoplasmic NPxY motif of β1 integrin and to actin filaments [151]
increasing integrin affinity for extracellular matrix proteins (Figure 2) [149]. Altogether, these mechanisms
enable terminal translocation, the end of radial migration near the reelin-rich MZ and the formation of the cel-
lular layer [143,144].
The control of neuronal migration by reelin also includes microtubule function and stability via the inter-

action of Dab1 with Pafah1b1 (platelet-activating factor acetylhydrolase 1b) or Lis1, a regulatory subunit of the
Pafah1b complex (Figure 2) that is present in all migrating neurons during development of the human brain.
Mutations in the LIS1 gene associate with a reduction in the number of reelin-producing Cajal–Retzius

Figure 6. Terminal translocation and migration arrest.

Terminal translocation is reelin- and Dab1-dependent. Migrating neurons (in green) stop their movement by adhering their

apical processes to the Cajal–Retzius cells (in light blue) in a sequence of events: (a) movement towards the reelin-rich area at

the MZ. (b) Extension of the leading process and detachment from the RG (in pink), in a process that needs Rab7-dependent

N-cadherin degradation. (c) ApoER2/Reelin-induced leading process stabilization results in the inactivation of n-cofilin. The

leading process attaches to the Cajal–Retzius cells via Rap1 activation, resulting in the insertion of nectin 3, α5β1 integrin and

N-cadherin at the plasma membrane, and the establishment of cell–cell and cell–matrix interactions. (d) The detachment of the

neuron is followed by somal translocation, stop migration and the maturation process. Stop migration depends mostly on

VLDLR and requires SOCS/Cullin5. Dendritic outgrowth, including branching, is part of the maturation process and involves

several pathways and molecules known to be controlled by reelin. In addition, endosomal membrane trafficking proteins such

as Arf6 and SNX17 (that have been associated with inhibition or stimulation of dendritogenesis in hippocampal neurons in vitro)

could have a role in this process in vivo. Reelin-related processes are shown in bold.
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neurons [152]. Lis1 suppresses microtubule dynamics reducing microtubule catastrophe events by interacting
with tubulin [153]. In addition, mammalian Lis1 is enriched in the centrosome, interacts with dynein and pro-
motes nucleus–centrosome coupling in migratory neurons [154]. In response to reelin/VLDLR, Lis1 interacts
with pDab1 when Dab1 is phosphorylated on Tyr198 and Tyr220, and both proteins colocalize in the peri-
nuclear area [155]. The catalytic Pafah1b complex subunits (α1 and α2) bind to the NPxYL sequence of
VLDLR (and not to ApoER2), promoting the interaction of pDab1 with Lis1 [156] and therefore allowing
nuclear translocation (Figure 6) [155].
There are controversial studies showing different roles of reelin receptors in somal translocation and migra-

tion arrest. VLDLR is expressed mainly in the most superficial part of the CP, whereas ApoER2 is preferentially
found in the lower part of the IZ but also beneath the MZ [104]. Hack et al. demonstrated that VLDLR-KO
mice display overmigration of neurons in the MZ, consistent with a role of VLDLR in the signal for stopping
migration. On the other hand, ApoER2 KO mice exhibit two accumulated populations of neurons, one in the
upper part of the cortex right underneath the MZ and the other one trapped close to the VZ [83], consistent
with the pro-migratory role of ApoER2 [83]. In contrast, the work of Trommsdorff et al. has shown that
neurons from VLDLR-KO mice do not invade the MZ [46]. As reelin is secreted from Cajal–Retzius cells in
the MZ, its full-length form might be present mainly in the MZ rather than in deeper areas where reelin frag-
ments are probably present, instead of the full-length protein [145]. Of note, the C-terminal region of reelin is
required for VLDLR binding, and mutant mice expressing reelin that lacks this region display overmigration of
neurons in the MZ [146], similarly to VLDLR-KO mice [83]. These results may suggest that VLDLR is the
reelin receptor necessary for stopping migration. Nevertheless, recent studies from Hirota et al. show that
ApoER2 also has an important role in the last step of migration [84] in a process involving Rap1, α5 integrin
and Akt. The overexpression of a constitutively active form of Rap, or of wild-type Akt, together with a consti-
tutively active form of α5 integrin partially rescues overmigration of neurons into the MZ in the ApoER2 KO
mice [84]. Therefore, it seems that ApoER2 and VLDLR are both relevant for stopping migration since the
double KO mutant has a reeler phenotype, with invasion of neurons in the MZ. However, the contribution of
both receptors seems to be different and, even now, is still unclear.
The migration arrest signal is not fully understood (Figure 6). Some evidence indicates that Dab1-mediated

signaling needs to be rapidly down-regulated by a mechanism that involves the ubiquitination of pDab1 by the
E3 ubiquitin ligase component Cullin 5, followed by its degradation by the proteasome system (Figure 2) allow-
ing for proper termination of neuronal migration [157,158]. Down-regulation of Cullin 5, by in utero electro-
poration of its shRNA, blocks Dab1 degradation and induces overmigration of cortical neurons [157]. These
results suggest that Dab1 degradation is essential for proper cortical development. Another study considers that
the protein SOCS6 has an important role in the termination of reelin signaling [159]. SOC6 belongs to the sup-
pressors of cytokine signaling (SOCS) family thought to act largely as negative regulators of cytokine or growth
factor signaling. It has been proposed that SOCS6 and SOCS7 are absolutely required for PP splitting and
inside-out cortical layer formation because double KO mice display cortical layer inversion similar to reeler.
Individual mutants of SOCS6 or SOCS7 do not show this phenotype [159]. The degradation of Dab1 is under
control of SOCS6 and SOCS7, which are required for Dab1 ubiquitination mediated by Cullin 5. However,
recent evidence points to SOCS6 and Cullin5 as regulators of focal adhesion stability at the leading edge of
migrating cells [160]. The mechanism involves turnover inhibition of the focal adhesion by sending phosphory-
lated Cas (adhesion disassembly promoting protein) to the ubiquitin proteasome degradation system via
SOCS6/Cullin5 [160]. Even though this evidence was obtained in non-neuronal cells and in the absence of
reelin, it indicates that the roles of SOCS6 and Cullin5 in migration could be broader than the control of Dab1
levels in neuronal migration. Therefore, the interpretation of a pro-migratory function of Dab1 under Cullin5
suppression should be considered with caution. Altogether, the current evidence suggests that the reelin signal-
ing pathway is necessary for the terminal step of migration.
Reelin signaling is also relevant for dendrite development after arrest, and several pathways may operate at

this stage (see also the section Dendritic development and refinement) (Figure 6). In neurons close to the MZ,
reelin accelerates microtubule assembly and stabilization in the developing neuronal processes via the micro-
tubule plus end-binding protein 3 (EB3) [161]. EB3 enrichment at the MZ is not evident in the reeler neocortex
[161]. Interestingly, the localization of EB3 can be regulated by the microtubule-associated protein tau [162],
which is also under the control of reelin signaling [40,52]. Another microtubule-interacting protein, CLASP2,
has also a role in the regulation of neuronal differentiation and dendritic growth under reelin control, possibly
due to its function in the control of Golgi positioning in the leading process [53].
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Reelin signaling in the regulation of neuronal polarization
and differentiation
Much of the knowledge regarding the basic determinants and steps of neuronal polarization comes from
in vitro studies [163–166]. It is still a challenge to establish how the process of neuronal polarization occurs
in vivo. In this scenario, it is also challenging to determine the role of different signaling pathways, including
the one triggered by reelin, in this complex process. The use of in vitro models (primary culture neurons and
brain slices and explants) plus the new tools for in vivo studies (in utero electroporation, different constitutive
and conditional transgenic mice, cutting-edge microscopy) are making essential contributions to a better
understanding of the process of neuronal polarization and differentiation. They are also important in analyzing
the participation of different molecules with roles in cytoskeleton dynamics and membrane trafficking.

Emergence, growth and branching of the axon
Central to the development of neuronal polarization are the processes of axonal specification and extension
[167]. The different steps in neuronal polarization and the cellular machinery involved in this event have been
extensively characterized thanks to the in vitro model of rodent-dissociated cortical and hippocampal neurons.
The key step of polarization in the in vitro model is defined by the appearance of an axon emerging from one
of the neurites, while the remainder neurites become the dendritic tree [164,166,168].
During the development of the neocortex, for some excitatory neurons, the polarization is defined by the

emergence and outgrowth of the axon that takes place in the IZ [101,169], specifically at the level of the multi-
polar neurons [97]. These cells are characterized by the presence of actin-rich immature neurites with behaviors
reminiscent of those of lamellipodia and filopodia in the growth cones of growing axons [170]. The emerging
axon corresponds to the trailing process of the migratory bipolar neuron at the upper IZ [97]. Axonal specifica-
tion and posterior extension depends on extrinsic [171,172] as well as on intrinsic factors. The actual informa-
tion linking reelin and its signaling pathway with this developmental process is rather scarce, but there is
evidence showing that, after birth, reelin regulates axonal growth and branching in the hippocampus, with
reeler mice showing reduced branching [173]. In the studies of developing neocortex, the possibility that reelin
regulates axon specification has been considered less important mainly because, as discussed in the previous
section, the majority of reelin is present in the MZ [1]. However, recent evidence complements previous detec-
tion of reelin mRNA [37,174,175] with the presence of the reelin protein and ApoER2 in the lower part of the
IZ, the cortical area enriched in multipolar neurons [119]. Studies performed on cortical development indicate
that inhibition of Rap1 does not prevent cortical axogenesis [101], contrasting with the requirement of Rap1B
for in vitro hippocampal axogenesis [176,177]. Recently, however, Shah et al. [100] demonstrated very elegantly,
in vitro and in vivo, that the activity of Rap1, triggered by its GEF C3G, plays a fundamental role in axogenesis
both in the cortex and in the hippocampus (Figure 4a). Although these authors did not test the role of reelin,
many of the features of the neuronal migration defects they found resembled the reeler phenotype. More inter-
estingly, the requirement of C3G for cortical axon formation is at a much earlier stage than for the hippocam-
pus [100]. Moreover, the cortical and hippocampal inactivation of the reelin target Cdc42 leads to evident
defects in axon formation in mice [178]. Similarly, decreased expression of CLASP2 affects reelin-induced
effect on axonal growth [53]. Another pathway recently associated with axonal emergence of pyramidal
neurons at the upper IZ is dependent on N-cadherin-mediated interaction between the migrating neurons and
the RG [96]. In this case, the roles of Rap1 and C3G were not tested. However, the authors suggest that Rap1
could act upstream of N-cadherin expression and be activated by the axis Reelin–C3G–Rap1 and/or by Cdk5–
RapGEF2 (Figure 4a0) [179].
Many pathways and proteins involved in axonal specification and extension share elements with reelin sig-

naling. However, few studies have addressed the connection of reelin signaling with axonal growth. The Src
family of kinases has a central role in the reelin pathway. They are activated by extracellular stimuli and regulate
the function of small GTPases of the Rho family, including Rac1, via the activation of its GEFs Dock1/
Dock180 and Trio [180,181]. Of note, both GEFs are involved in axonal growth [182]. Reelin signaling activates
Dock1 via its interaction with Crk, which is recruited to the membrane by pDab1 [183], but this activation has
not been studied in the context of axonal growth. PI3K is relevant for axonal specification [102,168] because in
cultured hippocampal neurons its lipid product, phosphatidylinositol-3,4,5-triphosphate (PIP3), accumulates at
the tip of the future axon [184]. PI3K is activated by extracellular signals mediated by cell surface receptors and
Ras GTPases [185]. Not only PI3K but also Akt/PKB (protein kinase B) is present at the tip of the future axon,
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and this is relevant for the local inactivation of GSK3β [186]. Inactivation of GSK3β allows unphosphorylated
Adenomatous polyposis coli (APC) to stimulate microtubule assembly stabilizing their growing ends [187,188].
Reelin treatment of cortical and hippocampal neurons increases axonal extension and growth cone motility
dependent on its receptor ApoER2 and on PI3K [189]. These effects require Cdc42, but do not require the
inactivation of GSK3β [189]. Both Cdc42 and Rac1 activities have been associated with axon specification
[176,190] and extension (Figure 4a) [190]. Moreover, deletion of Rac1 affects axon growth in vivo [191]. The
activation of Cdc42 could also be downstream from Rap1 [176]. Interestingly, in the previously mentioned
work by Xu et al. [96], in vivo and in vitro experiments show that axon emergence for a group of multipolar
cells in their transition from multipolar to bipolar neurons depends on the activation of Rac1. This activation
takes place at the opposite side of the N-cadherin-mediated contact of the neuron with the RG. At the contact
site, that defines the leading process of the neuron starting its locomotion mode to the pia, there is a local acti-
vation of Rho GTPase that inhibits Rac1 (Figure 4a0) [96]. Another relevant element in axonal specification,
associated with PI3K and Rho GTPases, is the Par (partitioning defective) complex [188]. Par3 and Par6 asso-
ciate and colocalize with Cdc42 as well as with Rac1 during axonal specification [176] in a PI3K-dependent
way [184]. The Par3–Par6–aPKC (atypical protein kinase C) complex can also activate Rac GTPase via the
recruitment of its GEFs Tiam1 and STEF (Tiam2) that bind directly to Par3 [190,192]. Tiam1 is required for
axon specification [193], and its overexpression induces the formation of multiple axons in vitro [190]. Tiam1
also links Rac1-mediated activation of actin dynamics with microtubules at the axonal growth cone [193].
Tiam1 interacts with microtubules in the brain [193], as well as with Map1B [194]. Could reelin signaling and
the polarity complex be connected in some way, specifically to Par3 and Tiam1? In vitro, Par3 is phosphory-
lated by ERK2, and this event correlates with Par3 localization at the tip of the growing axon [195]. In this
regard, it has been shown that reelin signaling activates ERK1/2 either in a non-canonical pathway in cortical
neurons [59] or in a canonical Dab1- and PI3K-dependent pathway during development [196]. The reduction
in Par3 using in utero electroporation at E13 dramatically decreases the polarization of multipolar neurons into
a bipolar phenotype characterized by the emergence of the trailing process [195]. As already discussed, Par3/
Tiam1 and reelin have been recently found to be connected to the process of SC migration in the peripheral
nervous system mediated by ApoER2 [124]. Moreover, the positioning of Par3 at the leading process of the
migratory SC could also be mediated by its direct binding to the ApoER2 cytoplasmic domain [124].
Therefore, we can speculate that, at the neuronal level, this system (ApoER2–Par3–Tiam1–Rac1) could function
in axon specification and/or elongation induced by reelin (Figure 4a).
Other reelin-related proteins involved in axonal growth are the adaptor protein Nck (non-catalytic region of

tyrosine kinase adaptor protein 1) and GTPases of the Ral family (Figure 4). Nck binds to pDab1 in response
to reelin [197]. This adaptor has been associated with both axon repulsion and attraction mechanisms.
Depending on the upstream regulators and the timing of engagement in attraction and growth, Nck down-
stream partners include Rac1 and Cdc42 acting on the remodeling of the actin cytoskeleton at the growth cone
[182]. Ral GTPases have also been associated with axonal growth [198]. Reelin signaling could affect on these
GTPases considering the described role of Rap1 as an activator of RalA and RalB GTPases in the context of
neuronal migration during development [101]. As mentioned, Ral GTPases activate the exocyst complex
[107,108], which also regulates cortical neuronal migration [109]. In hippocampal neurons, the exocyst subunit
Exo70 interacts with the small GTPase TC10 (related to Cdc42), and this interaction promotes the translocation
of the exocyst complex to the distal axon positively regulating axonal specification and expansion [199]. Axonal
branching is part of the neuronal developmental process. Reeler mice exhibit reduced branching [173], and the
in vitro stimulation of cortical neurons with reelin in the presence of the VIP (vasoactive intestinal polypep-
tide)/PACAP38 (pituitary adenylyl cyclase activating polypeptide 38) peptidergic system increases axonal
branching [189]. Reelin signaling could also be part of the regulation of membrane trafficking required for
axon outgrowth and branching, including dendritic outgrowth (see below). This is reinforced by the observa-
tion that in vitro activation of hippocampal neurons with reelin results in an increase in intracellular vesicle
trafficking [189] associated with the growth of neuronal processes. As mentioned, reelin/ApoER2 activates
LIMK activity. The presence of LIMK in the Golgi apparatus has been linked to axonal growth and to the pres-
ence of Par3–Par6, IGFR (insulin-like growth factor receptor) and NCAM (neural cell adhesion molecule) in
the growth cone [126]. In this regard, it could be interesting to investigate if reelin is able to trigger local (Golgi
apparatus) activation of LIMK, required for the formation of axonal cargoes exiting from the Golgi, as has been
demonstrated for apical proteins in epithelial cells [200].
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Axonal growth is also under the control of the small GTPases of the Rab family [201,202], especially Rab5,
Rab8, Rab11 and Rab35 as well as Arf6 [203]. In this regard, and as was described for neuronal migration,
there is no information about the role of reelin in the activation of these GTPases. While the early endosomal
protein Rab5 has controversial roles in axonal growth, at least in hippocampal neurons, this GTPase is activated
by its GEF Rabex5 in the axon; and the reduction in either Rab5 or Rabex5 is associated with a substantial
reduction in total axonal length [204]. In the case of Rab11, associated with the formation of vesicular cargoes
from recycling endosomes, it has a positive role in axonal growth in vitro [205] and can be indirectly activated
by Fyn kinase [201], one of the targets of reelin signaling [38]. Rab8 interacts with Rab11 in a GRAB (guanine
nucleotide exchange factor for Rab3A)-dependent manner. GRAB, a Rab8 GEF, promotes axonal outgrowth
[206]. Interestingly, GRAB is phosphorylated by Cdk5, which has been also associated with reelin signaling
[130,207]. Another GTPase connected with axonal growth is Rab35, a negative regulator of Arf6 [208]. While
active Arf6 inhibits axonal growth [209], the activation of Rab35 is involved in hippocampal axonal growth [201].

Dendritic development
Dendritogenesis underlies the formation of layers during neocortex development [92]. In reeler mice, this
process is severely impaired [18,19,31,91,210–216], including dendritogenesis of the radial glial cells [217].
However, reduced neuronal arborization is not necessarily caused by defects in cell migration; in fact, neurons
from heterozygous reeler mice have reduced neuronal arborization [18], but do not necessarily show severe
alterations in neuronal positioning. The effects of reelin in dendritic growth and branching require its binding
to ApoER2 (and VLDLR) [18,35,44,54] as well as the presence of pDab1 [44,141].
As previously mentioned, reelin signaling promotes Golgi orientation and deployment, an event that occurs

after axonal specification [218] and before the determination of the leading process (future apical dendrite).
Neurons of cortical layer VI from reeler and Dab1-KO mice have altered dendrite length and orientation, and
present a compact Golgi apparatus. These features correlate with the lack of a defined apical dendrite and the
presence of several primary dendrites emerging from the soma [219]. The addition of reelin to brain slices
from reeler mice induces a significant polarization of layer VI neurons, with reorientation of the nucleus and
Golgi towards the pia and an evident dendritogenesis process [92]. In the hippocampus, reelin determines
Golgi translocation and deployment into the primary dendrite via the activation of Cdc42 GEF αPix/cool2
[105]. Therefore, reelin regulates Golgi position and deployment as part of the mechanism that determines the
formation of the dendritic tree (Figure 6).
Upon arriving at their final destination, migratory neurons anchor to the MZ, detach from the RG and

develop the dendritic arbor in a reelin-dependent manner (Figure 6) [217]. As discussed previously, the activity
of LIMK1 is required for leading process stabilization and attachment to the MZ. Dendritic branching depends
on controlled cytoskeleton dynamics and may also require activation of LIMK1. The expression of the GEF —
αPix/cool2 — has been associated with the phosphorylation of n-cofilin [220], supporting a Cdc42-dependent
activation of LIMK1. In this way, reelin could activate a signaling axis including Dab1–αPix/cool2–Cdc42/Rac–
PAK1–LIMK1 to regulate dendritic development (Figure 6) [105,122,220,221]. Dendritic outgrowth and Golgi
assembly/disassembly also relay on the microtubular cytoskeleton; Rho GTPases also control microtubule
dynamics [81,222,223] and reelin promotes microtubule stabilization in growing dendrites through plus-end
tracking proteins EB3 [161] and CLASP2 [53].
In the hippocampus, the conditional postnatal elimination of Dab1 from progenitors of the dentate gyrus

cells induces anomalous grow of basal dendrites in the hilus and decrease in the length and branching of the
correctly oriented dendrites [224]. Dendritogenesis induced by reelin depends on the Crk/CrkL pathway but
also on the activation of mTOR complexes, downstream from PI3K and Akt [54]. mTOR activation allows
phosphorylation of its substrate p70S6K, a kinase involved in the control of protein translation [51].
Interestingly, during early postnatal stages in the hippocampus, reelin-induced dendritogenesis of CA1 neurons
is absolutely dependent on Crk/CrkL and therefore probably less dependent on mTOR, suggesting that the
machinery required would rely on cellular context and/or developmental stage. Moreover, Crk/CrkL is specific-
ally needed for reelin effects but not for the outgrowth induced by other trophic factors such as BDNF (brain-
derived neurotrophic factor) [44].
The extent of reelin-induced signaling is also highly dependent on the machinery regulating reelin receptors

trafficking and availability. Hence, the regulation of ApoER2 trafficking has a direct impact on dendritic growth
[117]. SNX17 is an endosomal protein that binds to the NPxY motif in the cytoplasmic tail of ApoER2, regulat-
ing its exit from Rab5 early endosomes into the Rab11 recycling endosome and to the plasma membrane
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(Figure 5). Disruption of this pathway in cortical and hippocampal neurons leads to a significant reduction in
reelin signaling and dendritic outgrowth (Figure 6) [117]. SNX17 also binds to the cytoplasmic domain of
other reelin receptors such as VLDLR [225] and APP [226] and of β1 integrins [227]. It can be predicted that
the effects of SNX17 reduction on reelin signaling probably include other targets and could alter neuronal
migration during development, an aspect that has not been yet tested. Another way to control ApoER2 avail-
ability is through its proteolytic processing induced not only by reelin [228] but also by neurotrofin-induced
signaling of Trk receptors [228]. Specifically, the activation of hippocampal neurons with BDNF induces, via its
receptor TrkB, the shedding of the ApoER2 ectodomain [229].
In Drosophila and Caenorhabditis elegans, dendritic outgrowth requires the participation of the exocyst

complex [230–232]. As it was already discussed, the exocyst has a role in mammalian cortical neuronal migra-
tion [109] and axonal branching [198]. The function and localization of this complex is regulated by its associ-
ation with microtubules [233] and the activation of several small GTPases [234], including Rab11 [235], Arf6
[236], TC10 [199] and Ral (Figure 4) [107,108]. Therefore, reelin-induced dendritic outgrowth could also
include the activation of the exocyst at least for the direct activation of Rap1 that acts upstream of Ral GTPases.
In another context, in primary hippocampal neurons, reelin activates CaMKIIβ [58]. Interestingly, this kinase
has been connected with BDNF-induced activation of LIMK1 in the process of neuritogenesis of cortical
neurons in vitro [237], opening the possibility that reelin-induced dendritogenesis would also include
CaMKIIβ/LIMK1. In this regard, and in contrast with what happens at the MZ in the neocortex, hippocampal
reelin expression continues postnatally and in the adult, specifically in the MZ of the dentate gyrus (outer
molecular layer), allowing the migration and polarization of granular neurons.
As for its role on neuronal migration [115,116], the function of the small GTPase Arf6 is also puzzling in

terms of neuronal differentiation/maturation. The inactivation of Arf6 in hippocampal neurons in vitro results
in the enhancement of dendritic and axonal outgrowth and branching [110,209]. Accordingly, in vivo electro-
poration of the Arf6 inhibitor TCBID24 increases dendritic outgrowth similarly to what happens when the
GDP form of Arf6 is expressed [115]. Overall, these data suggest that Arf6 is a negative regulator of dendrite
and axon formation/extension. As possible mechanisms for these actions, it has been shown that Arf6 counter-
acts the activation of Rab35. Arf6 and Rab35 mutually affect their activation state; specifically, the Arf6 effector
EPI64B is a Rab35 GAP [238] and Rab35 effector ACAP2 (centaurin-β2) is an Arf6 GAP [208]. Rab35 activa-
tion is also associated with the formation and trafficking of vesicles from recycling endosomes to the neurite
tip during outgrowth [239,240] and, as already mentioned, to axonal growth in hippocampal neurons [241]. In
contrast, another set of evidence shows that Arf6 activity is required for neurite outgrowth. For example, Arf6
is activated by the adaptor protein Fe65, which binds to APP and to several members of the low-density lipo-
protein family including ApoER2 [242,243]. This activation of Arf6 is followed by Rac1 activation at the
growth cone [244]. The predominant view is that Arf6 could contribute to Rac1 activation by inducing its traf-
ficking from endosomes to specific domains of the plasma membrane where it is activated and required
[245,246]. It is difficult at present to reconcile the inhibitory actions of Arf6 in neurite extension with its
Rac1-promoting activity, since the latter is a well-recognized factor crucial for axon/dendrite formation and
neuronal polarization [223,247]. Not surprisingly, there is also evidence that Arf6 could inactivate Rac1
[110,248]. This exemplifies the complexity of Arf6 function and highlights the importance of linking the ana-
lysis of GTPases with precise knowledge about their spatio-temporal patterns of activation. Arf6 also regulates
endosomal recycling, and this aspect could be associated with the activation of Rab11 in the recycling of
N-cadherin during migration of neurons at the upper IZ [116].

Dendritic refinement
After development, reelin keeps its functions related to neuronal polarization and remodeling, including the
less characterized process of dendritic pruning. In mice, reelin is still secreted by Cajal–Retzius cells in layer I 2
weeks after birth. These cells respond to serotonin via the 5-HT3A [5-hydroxytryptamine (serotonin) receptor
3A, ionotropic] receptors. Interestingly, this secretion of reelin is required for the refinement of the apical den-
dritic arbor of later II/III pyramidal neurons and is not dependent on the canonical-signaling pathway that
requires ApoER2 and/or VLDLR [249]. In contrast, in mature hippocampal neurons, the refinement of the den-
dritic tree is dependent on reelin and the receptors, and interference with reelin signaling increases dendrito-
genesis both in vitro and in vivo [250]. This evidence indicates that, depending on the maturation stage of the
neuron, reelin could have opposite effects on dendritic arborization. The pruning induced by reelin could be,
as suggested by the work of Ampuero et al. [251], dependent on increased insertion of the NMDAR NR2B
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(NMDAR subunit 2B) subunit, which is normally negatively regulated by reelin during the maturation of
neurons in vitro [252]. However, and in contrast with the wealth of information regarding the cellular and
molecular elements involved in the process of dendritic outgrowth, there is no information on how reelin could
induce refinement. In other systems, including Drosophila, the flavoprotein monooxygenase of the MICAL-1
(microtubule-associated monooxygenase, calponin and LIM domain-containing 1) family is involved in den-
dritic pruning [253]. This enzyme induces the disassembly of F-actin by generating reactive oxygen species
[254,255]. Rab5 and ESCRT (endosomal sorting complexes required for transport)-mediated endocytic path-
ways are also critical for dendrite pruning in Drosophila, decreasing the cell surface levels of Neuroglian [256].
Another possible mechanism that could be responsible for this reelin-mediated pruning role, independent of
the MICAL-dependent pathway, could involve the inactivation of mTOR activity [257]. If this last pathway is
operating in mature neurons in the presence of reelin, the mTOR pathway that is activated by reelin during
neuronal development should be turned off.

Role of reelin in synaptogenesis
Learning and memory require the modification of synaptic strength. The underlying crucial events are dendritic
spine formation and remodeling. Dendritic spines are micron-sized membrane protrusions of neuronal den-
drites that constitute the major sites of contact for presynaptic excitatory inputs in the CNS. Reelin and its
receptors, especially ApoER2, have a direct role in these processes [35,51,258]. For instance, heterozygous reeler
mice have fewer spines and reduced levels of the scaffold postsynaptic protein PSD95 (postsynaptic density
protein 95) and of the NMDAR [51]. The same is observed in vitro in hippocampal neurons from reeler
animals, which upon the addition of reelin are able to restore the number of spines [35]. Heterozygous reeler
mice have more immature spines and filopodia, and show a concomitant decrease in size and density of mature
spines [259]. Moreover, the addition of reelin on mature hippocampal neurons increases the number of postsy-
naptic compartments characterized by the presence of PSD95, in a mechanism that is dependent on CaMKII
expression [58]. Interestingly, despite the central role of Dab1 in reelin-mediated hippocampal function in the
adult, its role is not associated with the formation of dendritic spines. In fact, the conditional deletion of Dab1
in the adult forebrain only affects the size of the spines, but not their formation or number [34]. In the same
direction, it was recently shown that in the hippocampus, spinogenesis of newborn granule cells from young
animals is not affected by reelin overexpression or by the inactivation of Dab1. What is substantially altered in
these cells is the morphology of the dendritic spines; reelin disruption is associated with a decrease in mature,
mushroom type spines and with an increase in filopodial inmature spines [260]. Therefore, reelin effects on spi-
nogenesis and synaptogenesis may depend on neuronal population and developmental stages. The proline-rich
insert in the cytoplasmic domain of the ApoER2, encoded by exon 19 in mice [36] and exon 18 in humans
[261], interacts with PDS95 (Figure 2). This interaction is modulated by reelin and by the activation of the
NMDAReceptor, and is associated with an increase in the surface levels of ApoER2 [243]. Reelin receptors
determine the number of synapses. For instance, cortical neurons from 1-month-old ApoER2 KO mice exhibit
reduced size and the number of spines, but in the adults (1-year-old mice) the spines are only slightly reduced
in size [258]. Other work has emphasized the role of VLDLR in spinogenesis of mature hippocampal neurons
in vitro; both at pre- and postsynaptic sites, although the role of reelin was not tested [57]. Interestingly, the
increase in the number spines requires the activation of the Ras regulator GRF1 (growth hormone releasing
factor 1) as well as the downstream effectors CaMKIIα and β, even though VLDLR only interacts with
CaMKIIα [57]. In a different aspect, reelin also has a role in the processes that determine synapse structure
and maturation. In immature neurons, the predominant NMDAR at the excitatory synapse contains the NR1
(NMDAR subunit 1)/NR2B subunits, which is replaced by the lower conductance NR1/NR2A (NMDAR
subunit 2A)-containing receptor upon maturation [258]. Reeler mice have lower levels of the NR2A-containing
receptor and of PSD95 [35]. In addition, reelin treatment decreases NR2B from the synapse through lateral
mobility [252] and also accelerates the maturation process by increasing the presence of NR2A subunits [55].
The increase in NR2A is dependent on the canonical reelin signaling pathway, including activation of Src and
the presence of the receptors [55].
Small GTPases of the Rab and Rho families as well as Arf6 have been linked to the formation, stabilization

and changes in the shape and size of dendritic spines, which depend significantly on cytoskeleton dynamics
and membrane trafficking [112,262,263]. Again, there is no direct evidence regarding the activation of Rab pro-
teins by reelin, but it is an interesting possibility to consider in the process of spinogenesis and synapse regula-
tion. Among Rab proteins, a specific role of Rab17 has been described in the somatodendritic domain of
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neurons and in the generation of dendritic spines starting from filopodia [263]. The early/recycling endosome
protein Rab4 functions in the constitutive delivery of membrane in the synapse [264] and, through its effector
GRASP-1 [general receptor for phosphoinositides 1-associated scaffold protein (also known as Tamalin)],
allows membrane delivery to the Rab 11 recycling compartment [265]. Rab11 functions are critical for cargo
recycling to the spine [266]. The activity of Rac1 is required for spinogenesis, while Rho activation interferes
with this process [267,268]. In this regard, Par3 is also involved in spine morphogenesis by restricting Rac acti-
vation to the dendritic spines, via its interaction with Tiam1 [269]. The interaction of ApoER2 with Par3,
including the activation of Tiam1 [124] along with the presence of the receptor in the postsynaptic compart-
ment, raises the possibility of local Tiam1-dependent Rac1 activation, regulating spine formation and morpho-
genesis independently of Dab1. This proposed mechanism would be similar to the one shown for the
G-protein-coupled receptor BAI1 (brain-specific angiogenesis inhibitor 1) in synaptogenesis [270]. The role of
Arf6 in the formation of dendritic spines has been associated with its activation by GEF EFA6A (guanine
nucleotide exchange factor for Arf6), which is highly expressed in the adult brain [262,271]. Reelin signaling
could act upstream of Arf6 activation in its role related to the maturation and/or stabilization of dendritic
spines. Recently, spine maturation in the hippocampus was connected to Arf6 activity, which was directly regu-
lated by NMDAR subunit composition; NR2B interacts with the Arf6 GEFS, BRAG1 (Brefeldin-resistant Arf
GEFs), whereas NR2A interacts with BRAG2 [272]. Dendritic spines increase membrane expression and the
number of AMPA-R as a result of long-term potentiation (LTP), a phenomenon that requires membrane recyc-
ling from endosomes [273]. Reelin has an important role in learning and memory by increasing LTP [274] that
depends mostly on the presence of the ApoER2 splice variant carrying exon-19 [36]. One of the mechanisms
underlying reelin-stimulated LTP involves the increase, via a PI3K-dependent mechanism, of the number of
AMPA-R at the postsynaptic membrane [60]. Several endosomal proteins, such as Rab8 (localized in the trans
Golgi network) [275], Rab11 [273,276], the retromer-associated protein SNX27 [277], the retromer protein
VPS35 [278] and Arf6 [279,280], have been involved in constitutive and/or LTP-induced endosomal AMPA-R
recycling. However, their activation has not been related to reelin signaling. Recently, it was shown that during
LTP, the activation of NMDAR triggers the activation of Cdc42 and the recycling of AMPA-R from the Rab11
endosome to the synaptic membrane [281].
Besides its well-established postsynaptic role, reelin also regulates the presynaptic compartment. Reelin treat-

ment of mature hippocampal neurons increases synaptophysin-positive spines [58], an effect that is also found
upon overexpression of VLDLR [57]. In addition, reelin participates in the regulation of presynaptic activity by
stimulating fusion of the synaptic vesicle pool that experiences spontaneous (not evoked) exocytosis.
Interestingly, this fusion process is mediated by the v-SNARE (vesicle-SNAP soluble NSF attachment protein
receptor) VAMP7 (vesicle-associated membrane protein 7) and requires the canonical pathway with the expres-
sion of reelin receptors [63]. Moreover, reeler mice have lower levels of SNAP25 (synaptosomal-associated
protein 25) [62], indicating that reelin expression and function is also associated with the SNARE machinery at
least at neuronal level. It is not clear yet how reelin signaling activates VAMP7-mediated synaptic vesicle
fusion.

Conclusions and perspectives
In the past decades, research into the roles of reelin, especially in the CNS, has been crucial to understand
many of the processes underlying brain development and function at the cellular and molecular levels. The use
of an important number of research tools, including novel in vivo forward and backward genetic approaches, in
utero electroporation, in vivo multiphoton microscopy and the use of state-of-the-art methods in cell culture
including fluorescence resonance energy transfer to follow the spatial–temporal activation of signaling mole-
cules, have been of invaluable help in improving our understanding of the broad and complex role of reelin
and its receptors during development and adult life. Altogether, these studies have clearly established that
reelin is much more than an extracellular protein regulating neuronal positioning in the brain. Nevertheless,
there are still many open questions waiting to be answered and therefore requiring new research approaches.
The detailed knowledge of reelin function at the cellular and molecular levels discussed in this work is relevant
to understand how dysfunctions in this signaling pathway are associated with pathologies of high prevalence,
including neuropsychiatric diseases such as autism, schizophrenia and depression, as well as neurodegenerative
diseases, such as Alzheimer’s. Finally, the study of reelin in the CNS proved to be relevant and fundamental in
determining and establishing the new participants and their roles in this signaling pathway not only in the
CNS but also at the peripheral level (not addressed in this review). Research in this area includes the role of
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reelin in several epithelial tissues and also in the immune system. We anticipate that the regulation of the func-
tion of polarity complexes, cytoskeleton proteins and small GTPases will be part of the reelin functions in the
periphery, controlling aspects of morphogenesis and cell migration. Undoubtedly, all these findings are likely to
provide novel venues for therapeutic interventions.

Abbreviations
+TIP, microtubule plus-end tracking protein; ADAMTS 4/5, A Disintegrin and Metalloproteinase with
Thrombospondin motifs 4 and 5; Akt, Ak thymoma; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid; AMPA-R, AMPA receptors; ApoER2, apolipoprotein E receptor 2; Arf, ADP ribosylation factor; BAI1,
brain-specific angiogenesis inhibitor 1; BDNF, brain-derived neurotrophic factor; BRAG, Brefeldin-resistant Arf
GEFs; C3G, C3 glomerulopathy; CaMKII, Ca2+/calmodulin-dependent kinase II; Cdc42, cell division control
protein 42 homolog; CLASP, cytoplasmic linker protein-associated protein; CNS, central nervous system; CP,
cortical plate; CrkL, Crk-like; Dab, Disabled; Dock1/Dock180, 180 kDa protein downstream from Crk; E,
embryonic day; EB3, microtubule plus end-binding protein 3; ERK, extracellular signal-regulated kinases; GAP,
GTPase-activating protein; GEF, guanine nucleotide exchange factors; GM130, cis-Golgi matrix protein; GRAB,
guanine nucleotide exchange factor for Rab3A; GSK3β, glycogen synthase kinase 3β; ITSN1, intersectin 1; IZ,
intermediate zone; KD, knockdown; KO, knockout; LIMK, LIM motif-containing protein kinase 1; LIS1,
Lissencephaly type 1; LKB1, liver kinase B1, also known as serine/threonine kinase 11 STK11; LRP8,
low-density lipoprotein receptor-related protein 8; LTP, long-term potentiation; MAP1B, microtubule-associated
protein 1B; MICAL-1, microtubule-associated monooxygenase, calponin and LIM domain-containing 1; mRNA,
messenger RNA; mTOR, mammalian target of rapamycin; MTs, microtubules; MZ, marginal zone; Nck,
non-catalytic region of tyrosine kinase adaptor protein 1; NICD, Notch intracellular domain; NMDA,
N-methyl-D-aspartate; NMDAR, NMDA receptors; NR1, NMDAR subunit 1; NR2A, NR2B, NMDAR subunit 2A,
NMDAR subunit 2B; N-WASP, neural Wiskott–Aldrich syndrome protein; p120ctn, p120 catenin; PAK1,
p21-activated kinase; Par, partitioning defective; pDab1, phosphorylated Disabled-1; PI3K,
phosphatidylinositol-3-kinase; PP, preplate; PSD95, postsynaptic density protein 95; Rac1, Ras-related C3
botulinum toxin substrate 1; Rap1, Ras-related protein 1; RG, radial glia; RIAM, Rap1-interacting adaptor
molecule; SC, Schwann cells; SFKs, Src family of tyrosine kinases; shRNA, short hairpin RN; SNAP25,
synaptosomal-associated protein 25; SNX, sorting nexins; SOCS, suppressors of cytokine signaling family; SP,
subplate; Stk25, STE20 family of serine/threonine kinase; STRAD, STe20-Related ADapter; SVZ, subventricular
zone; TBC1D24, Tre2–Bub2–Cdc16 1 domain, member 24; Tiam1, T-cell lymphoma invasion and
metastasis-inducing protein 1; VAMP7, vesicle-associated membrane protein 7; VLDLR, very low-density
lipoprotein receptor; VZ, ventricular zone; WM, white matter.

Funding
This work was supported by the Fondo Nacional de Ciencia y Tecnología, FONDECYT of Chile, project 1150444
to M.-P.M. and by the Millennium Nucleus in Regenerative Biology (MINREB) RC-120-003 to M.-P.M. and J.S.

Competing Interests
The Authors declare that there are no competing interests associated with the manuscript.

References
1 D’Arcangelo, G., Miao, G.G., Chen, S.-C., Scares, H.D., Morgan, J.I. and Curran, T. (1995) A protein related to extracellular matrix proteins deleted in

the mouse mutant reeler. Nature 374, 719–723 doi:10.1038/374719a0
2 Pesold, C., Impagnatiello, F., Pisu, M.G., Uzunov, D.P., Costa, E., Guidotti, A. et al. (1998) Reelin is preferentially expressed in neurons synthesizing

γ-aminobutyric acid in cortex and hippocampus of adult rats. Proc. Natl Acad. Sci. U.S.A. 95, 3221–3226 doi:10.1073/pnas.95.6.3221
3 Del Río, J.A., Heimrich, B., Borrell, V., Förster, E., Drakew, A., Alcántara, S. et al. (1997) A role for Cajal–Retzius cells and reelin in the development of

hippocampal connections. Nature 385, 70–74 doi:10.1038/385070a0
4 Ogawa, M., Miyata, T., Nakajimat, K., Yagyu, K., Seike, M., Ikenaka, K. et al. (1995) The reeler gene-associated antigen on Cajal–Retzius neurons is a

crucial molecule for laminar organization of cortical neurons. Neuron 14, 899–912 doi:10.1016/0896-6273(95)90329-1
5 Koie, M., Okumura, K., Hisanaga, A., Kamei, T., Sasaki, K., Deng, M. et al. (2014) Cleavage within Reelin repeat 3 regulates the duration and range of

the signaling activity of Reelin protein. J. Biol. Chem. 289, 12922–12930 doi:10.1074/jbc.M113.536326
6 Krstic, D., Rodriguez, M. and Knuesel, I. (2012) Regulated proteolytic processing of Reelin through interplay of tissue plasminogen activator (tPA),

ADAMTS-4, ADAMTS-5, and their modulators. PLoS ONE 7, e47793 doi:10.1371/journal.pone.0047793
7 Sato, Y., Kobayashi, D., Kohno, T., Kidani, Y., Prox, J., Becker-Pauly, C. et al. (2015) Determination of cleavage site of Reelin between its sixth and

seventh repeat and contribution of meprin metalloproteases to the cleavage. J. Biochem. 159, 305–312 doi:10.1093/jb/mvv102

© 2017 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society3156

Biochemical Journal (2017) 474 3137–3165
DOI: 10.1042/BCJ20160628

http://dx.doi.org/doi:10.1038/374719a0
http://dx.doi.org/doi:10.1073/pnas.95.6.3221
http://dx.doi.org/doi:10.1038/385070a0
http://dx.doi.org/doi:10.1016/0896-6273(95)90329-1
http://dx.doi.org/doi:10.1016/0896-6273(95)90329-1
http://dx.doi.org/doi:10.1016/0896-6273(95)90329-1
http://dx.doi.org/doi:10.1074/jbc.M113.536326
http://dx.doi.org/doi:10.1371/journal.pone.0047793
http://dx.doi.org/doi:10.1093/jb/mvv102


8 Kohno, T., Honda, T., Kubo, K.-i., Nakano, Y., Tsuchiya, A., Murakami, T. et al. (2015) Importance of Reelin C-terminal region in the development and
maintenance of the postnatal cerebral cortex and its regulation by specific proteolysis. J. Neurosci. 35, 4776–4787 doi:10.1523/JNEUROSCI.4119-14.
2015

9 Utsunomiya-Tate, N., Kubo, K.-i., Tate, S.-i., Kainosho, M., Katayama, E., Nakajima, K. et al. (2000) Reelin molecules assemble together to form a large
protein complex, which is inhibited by the function-blocking CR-50 antibody. Proc. Natl Acad. Sci. U.S.A. 97, 9729–9734 doi:10.1073/pnas.
160272497

10 Kohno, S., Kohno, T., Nakano, Y., Suzuki, K., Ishii, M., Tagami, H. et al. (2009) Mechanism and significance of specific proteolytic cleavage of Reelin.
Biochem. Biophys. Res. Commun. 380, 93–97 doi:10.1016/j.bbrc.2009.01.039

11 Kubo, K.-i., Mikoshiba, K. and Nakajima, K. (2002) Secreted Reelin molecules form homodimers. Neurosci. Res. 43, 381–388 doi:10.1016/
S0168-0102(02)00068-8

12 Nakano, Y., Kohno, T., Hibi, T., Kohno, S., Baba, A., Mikoshiba, K. et al. (2007) The extremely conserved C-terminal region of Reelin is not necessary
for secretion but is required for efficient activation of downstream signaling. J. Biol. Chem. 282, 20544–20552 doi:10.1074/jbc.M702300200

13 Kohno, T., Nakano, Y., Kitoh, N., Yagi, H., Kato, K., Baba, A. et al. (2009) C-terminal region-dependent change of antibody-binding to the Eighth Reelin
repeat reflects the signaling activity of Reelin. J. Neurosci. Res. 87, 3043–3053 doi:10.1002/jnr.22143

14 Jossin, Y., Ignatova, N., Hiesberger, T., Herz, J., Lambert de Rouvroit, C. and Goffinet, A.M. (2004) The central fragment of Reelin, generated by
proteolytic processing in vivo, is critical to its function during cortical plate development. J. Neurosci. 24, 514–521 doi:10.1523/JNEUROSCI.3408-03.
2004

15 Ranaivoson, F.M., von Daake, S. and Comoletti, D. (2016) Structural insights into reelin function: present and future. Front. Cell. Neurosci. 10, 137
doi:10.3389/fncel.2016.00137

16 Yasui, N., Kitago, Y., Beppu, A., Kohno, T., Morishita, S., Gomi, H. et al. (2011) Functional importance of covalent homodimer of reelin protein linked via
its central region. J. Biol. Chem. 286, 35247–35256 doi:10.1074/jbc.M111.242719

17 Hong, S.E., Shugart, Y.Y., Huang, D.T., Shahwan, S.A., Grant, P.E., Hourihane, J.O. et al. (2000) Autosomal recessive lissencephaly with cerebellar
hypoplasia is associated with human RELN mutations. Nat. Genet. 26, 93–96 doi:10.1038/79246

18 Niu, S., Renfro, A., Quattrocchi, C.C., Sheldon, M. and D’Arcangelo, G. (2004) Reelin promotes hippocampal dendrite development through the VLDLR/
ApoER2-Dab1 pathway. Neuron 41, 71–84 doi:10.1016/S0896-6273(03)00819-5

19 Stanfield, B.B. and Cowan, W.M. (1979) The development of the hippocampus and dentate gyrus in normal and reeler mice. J. Comp. Neurol. 185,
423–459 doi:10.1002/cne.901850303

20 Goldowitz, D., Cushing, R.C., Laywell, E., D’Arcangelo, G., Sheldon, M., Sweet, H.O. et al. (1997) Cerebellar disorganization characteristic of reeler in
scrambler mutant mice despite presence of reelin. J. Neurosci. 17, 8767–8777 PMID:9348346

21 Skaar, D.A., Shao, Y., Haines, J.L., Stenger, J.E., Jaworski, J., Martin, E.R. et al. (2005) Analysis of the RELN gene as a genetic risk factor for autism.
Mol. Psychiatry 10, 563–571 doi:10.1038/sj.mp.4001614

22 Persico, A.M., D’Agruma, L., Maiorano, N., Totaro, A., Militerni, R., Bravaccio, C. et al. (2001) Reelin gene alleles and haplotypes as a factor
predisposing to autistic disorder. Mol. Psychiatry 6, 150–159 doi:10.1038/sj.mp.4000850

23 Zhang, H., Liu, X., Zhang, C., Mundo, E., Macciardi, F., Grayson, D.R. et al. (2002) Reelin gene alleles and susceptibility to autism spectrum disorders.
Mol. Psychiatry 7, 1012–1017 doi:10.1038/sj.mp.4001124

24 Fatemi, S.H., Stary, J.M., Halt, A.R. and Realmuto, G.R. (2001) Dysregulation of Reelin and Bcl-2 proteins in autistic cerebellum. J. Autism Dev. Disord.
31, 529–535 doi:10.1023/A:1013234708757

25 Darnell, J.C., Van Driesche, S.J., Zhang, C., Hung, K.Y.S., Mele, A., Fraser, C.E. et al. (2011) FMRP stalls ribosomal translocation on mRNAs linked to
synaptic function and autism. Cell 146, 247–261 doi:10.1016/j.cell.2011.06.013

26 Guidotti, A., Auta, J., Davis, J.M., Gerevini, V.D.G., Dwivedi, Y., Grayson, D.R. et al. (2000) Decrease in reelin and glutamic acid decarboxylase67
(GAD67) expression in schizophrenia and bipolar disorder: a postmortem brain study. Arch. Gen. Psychiatry 57, 1061–1069 doi:10.1001/archpsyc.57.
11.1061

27 Garbelli, R., Frassoni, C., Ferrario, A., Tassi, L., Bramerio, M. and Spreafico, R. (2001) Cajal-Retzius cell density as marker of type of focal cortical
dysplasia. Neuroreport 12, 2767–2771 doi:10.1097/00001756-200108280-00034

28 Haas, C.A., Dudeck, O., Kirsch, M., Huszka, C., Kann, G., Pollak, S. et al. (2002) Role for reelin in the development of granule cell dispersion in
temporal lobe epilepsy. J. Neurosci. 22, 5797–5802 PMID:12122039

29 Zhao, S., Chai, X. and Frotscher, M. (2007) Balance between neurogenesis and gliogenesis in the adult hippocampus: role for reelin. Dev. Neurosci. 29,
84–90 doi:10.1159/000096213

30 Lakoma, J., Garcia-Alonso, L. and Luque, J.M. (2011) Reelin sets the pace of neocortical neurogenesis. Development 138, 5223–5234 doi:10.1242/
dev.063776

31 Herz, J. and Chen, Y. (2006) Reelin, lipoprotein receptors and synaptic plasticity. Nat. Rev. Neurosci. 7, 850–859 doi:10.1038/nrn2009
32 D’Arcangelo, G. (2006) Reelin mouse mutants as models of cortical development disorders. Epilepsy Behav. 8, 81–90 doi:10.1016/j.yebeh.2005.09.

005
33 Rogers, J.T., Zhao, L., Trotter, J.H., Rusiana, I., Peters, M.M., Li, Q. et al. (2013) Reelin supplementation recovers sensorimotor gating, synaptic

plasticity and associative learning deficits in the heterozygous reeler mouse. J. Psychopharmacol. 27, 386–395 doi:10.1177/0269881112463468
34 Trotter, J., Lee, G.H., Kazdoba, T.M., Crowell, B., Domogauer, J., Mahoney, H.M. et al. (2013) Dab1 is required for synaptic plasticity and associative

learning. J. Neurosci. 33, 15652–15668 doi:10.1523/JNEUROSCI.2010-13.2013
35 Niu, S., Yabut, O. and D’Arcangelo, G. (2008) The Reelin signaling pathway promotes dendritic spine development in hippocampal neurons. J. Neurosci.

28, 10339–10348 doi:10.1523/JNEUROSCI.1917-08.2008
36 Beffert, U., Weeber, E.J., Durudas, A., Qiu, S., Masiulis, I., Sweatt, J.D. et al. (2005) Modulation of synaptic plasticity and memory by Reelin involves

differential splicing of the lipoprotein receptor Apoer2. Neuron 47, 567–579 doi:10.1016/j.neuron.2005.07.007
37 Trommsdorff, M., Gotthardt, M., Hiesberger, T., Shelton, J., Stockinger, W., Nimpf, J. et al. (1999) Reeler/disabled-like disruption of neuronal migration

in knockout mice lacking the VLDL receptor and ApoE receptor 2. Cell 97, 689–701 doi:10.1016/S0092-8674(00)80782-5

© 2017 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 3157

Biochemical Journal (2017) 474 3137–3165
DOI: 10.1042/BCJ20160628

http://dx.doi.org/doi:10.1523/JNEUROSCI.4119-14.2015
http://dx.doi.org/doi:10.1523/JNEUROSCI.4119-14.2015
http://dx.doi.org/doi:10.1523/JNEUROSCI.4119-14.2015
http://dx.doi.org/doi:10.1073/pnas.160272497
http://dx.doi.org/doi:10.1073/pnas.160272497
http://dx.doi.org/doi:10.1016/j.bbrc.2009.01.039
http://dx.doi.org/doi:10.1016/S0168-0102(02)00068-8
http://dx.doi.org/doi:10.1016/S0168-0102(02)00068-8
http://dx.doi.org/doi:10.1016/S0168-0102(02)00068-8
http://dx.doi.org/doi:10.1016/S0168-0102(02)00068-8
http://dx.doi.org/doi:10.1074/jbc.M702300200
http://dx.doi.org/doi:10.1002/jnr.22143
http://dx.doi.org/doi:10.1523/JNEUROSCI.3408-03.2004
http://dx.doi.org/doi:10.1523/JNEUROSCI.3408-03.2004
http://dx.doi.org/doi:10.1523/JNEUROSCI.3408-03.2004
http://dx.doi.org/doi:10.3389/fncel.2016.00137
http://dx.doi.org/doi:10.1074/jbc.M111.242719
http://dx.doi.org/doi:10.1038/79246
http://dx.doi.org/doi:10.1016/S0896-6273(03)00819-5
http://dx.doi.org/doi:10.1016/S0896-6273(03)00819-5
http://dx.doi.org/doi:10.1016/S0896-6273(03)00819-5
http://dx.doi.org/doi:10.1002/cne.901850303
http://www.ncbi.nlm.nih.gov/pubmed/9348346
http://dx.doi.org/doi:10.1038/sj.mp.4001614
http://dx.doi.org/doi:10.1038/sj.mp.4000850
http://dx.doi.org/doi:10.1038/sj.mp.4001124
http://dx.doi.org/doi:10.1023/A:1013234708757
http://dx.doi.org/doi:10.1016/j.cell.2011.06.013
http://dx.doi.org/doi:10.1001/archpsyc.57.11.1061
http://dx.doi.org/doi:10.1001/archpsyc.57.11.1061
http://dx.doi.org/doi:10.1097/00001756-200108280-00034
http://dx.doi.org/doi:10.1097/00001756-200108280-00034
http://dx.doi.org/doi:10.1097/00001756-200108280-00034
http://www.ncbi.nlm.nih.gov/pubmed/12122039
http://dx.doi.org/doi:10.1159/000096213
http://dx.doi.org/doi:10.1242/dev.063776
http://dx.doi.org/doi:10.1242/dev.063776
http://dx.doi.org/doi:10.1038/nrn2009
http://dx.doi.org/doi:10.1016/j.yebeh.2005.09.005
http://dx.doi.org/doi:10.1016/j.yebeh.2005.09.005
http://dx.doi.org/doi:10.1177/0269881112463468
http://dx.doi.org/doi:10.1523/JNEUROSCI.2010-13.2013
http://dx.doi.org/doi:10.1523/JNEUROSCI.2010-13.2013
http://dx.doi.org/doi:10.1523/JNEUROSCI.1917-08.2008
http://dx.doi.org/doi:10.1523/JNEUROSCI.1917-08.2008
http://dx.doi.org/doi:10.1016/j.neuron.2005.07.007
http://dx.doi.org/doi:10.1016/S0092-8674(00)80782-5
http://dx.doi.org/doi:10.1016/S0092-8674(00)80782-5
http://dx.doi.org/doi:10.1016/S0092-8674(00)80782-5


38 Kuo, G., Arnaud, L., Kronstad-O’Brien, P. and Cooper, J.A. (2005) Absence of Fyn and Src causes a reeler-like phenotype. J. Neurosci. 25,
8578–8586 doi:10.1523/JNEUROSCI.1656-05.2005

39 Jakob, B., Kochlamazashvili, G., Jäpel, M., Gauhar, A., Bock, H.H., Maritzen, T. et al. (2017) Intersectin 1 is a component of the Reelin pathway to
regulate neuronal migration and synaptic plasticity in the hippocampus. Proc. Natl Acad. Sci. U.S.A. 114, 5533–5538 doi:10.1073/pnas.1704447114

40 Hiesberger, T., Trommsdorff, M., Howell, B.W., Goffinet, A., Mumby, M.C., Cooper, J.A. et al. (1999) Direct binding of Reelin to VLDL receptor and ApoE
receptor 2 induces tyrosine phosphorylation of disabled-1 and modulates tau phosphorylation. Neuron 24, 481–489 doi:10.1016/S0896-6273(00)
80861-2

41 Howell, B.W., Hawkes, R., Soriano, P. and Cooper, J.A. (1997) Neuronal position in the developing brain is regulated by mouse disabled-1. Nature 389,
733–737 doi:10.1038/39607

42 Keshvara, L., Benhayon, D., Magdaleno, S. and Curran, T. (2001) Identification of reelin-induced sites of tyrosyl phosphorylation on disabled 1. J. Biol.
Chem. 276, 16008–16014 doi:10.1074/jbc.M101422200

43 Trommsdorff, M., Borg, J.-P., Margolis, B. and Herz, J. (1998) Interaction of cytosolic adaptor proteins with neuronal apolipoprotein E receptors and the
amyloid precursor protein. J. Biol. Chem. 273, 33556–33560 doi:10.1074/jbc.273.50.33556

44 Matsuki, T., Pramatarova, A. and Howell, B.W. (2008) Reduction of Crk and CrkL expression blocks reelin-induced dendritogenesis. J. Cell Sci. 121,
1869–1875 doi:10.1242/jcs.027334

45 Park, T.-J. and Curran, T. (2008) Crk and Crk-like play essential overlapping roles downstream of disabled-1 in the Reelin pathway. J. Neurosci. 28,
13551–13562 doi:10.1523/JNEUROSCI.4323-08.2008

46 Franco, S.J., Martinez-Garay, I., Gil-Sanz, C., Harkins-Perry, S.R. and Müller, U. (2011) Reelin regulates cadherin function via Dab1/Rap1 to control
neuronal migration and lamination in the neocortex. Neuron 69, 482–497 doi:10.1016/j.neuron.2011.01.003

47 Ballif, B.A., Arnaud, L., Arthur, W.T., Guris, D., Imamoto, A. and Cooper, J.A. (2004) Activation of a Dab1/CrkL/C3G/Rap1 pathway in Reelin-stimulated
neurons. Curr. Biol. 14, 606–610 doi:10.1016/j.cub.2004.03.038

48 Bock, H.H., Jossin, Y., Liu, P., Förster, E., May, P., Goffinet, A.M. et al. (2003) Phosphatidylinositol 3-kinase interacts with the adaptor protein Dab1 in
response to Reelin signaling and is required for normal cortical lamination. J. Biol. Chem. 278, 38772–38779 doi:10.1074/jbc.M306416200

49 Leemhuis, J. and Bock, H.H. (2011) Reelin modulates cytoskeletal organization by regulating Rho GTPases. Commun. Integr. Biol. 4, 254–257 doi:10.
4161/cib.4.3.14890

50 Chai, X., Forster, E., Zhao, S., Bock, H.H. and Frotscher, M. (2009) Reelin stabilizes the actin cytoskeleton of neuronal processes by inducing n-cofilin
phosphorylation at serine3. J. Neurosci. 29, 288–299 doi:10.1523/JNEUROSCI.2934-08.2009

51 Ventruti, A., Kazdoba, T.M., Niu, S. and D’Arcangelo, G. (2011) Reelin deficiency causes specific defects in the molecular composition of the synapses
in the adult brain. Neuroscience 189, 32–42 doi:10.1016/j.neuroscience.2011.05.050

52 Beffert, U., Morfini, G., Bock, H.H., Reyna, H., Brady, S.T. and Herz, J. (2002) Reelin-mediated signaling locally regulates protein kinase B/Akt and
glycogen synthase kinase 3β. J. Biol. Chem. 277, 49958–49964 doi:10.1074/jbc.M209205200

53 Dillon, G.M., Tyler, W.A., Omuro, K.C., Kambouris, J., Tyminski, C., Henry, S. et al. (2017) CLASP2 links Reelin to the cytoskeleton during neocortical
development. Neuron 93, 1344–1358.e5 doi:10.1016/j.neuron.2017.02.039

54 Jossin, Y. and Goffinet, A.M. (2007) Reelin signals through phosphatidylinositol 3-kinase and Akt to control cortical development and through mTor to
regulate dendritic growth. Mol. Cell. Biol. 27, 7113–7124 doi:10.1128/MCB.00928-07

55 Sinagra, M., Verrier, D., Frankova, D., Korwek, K.M., Blahos, J., Weeber, E.J. et al. (2005) Reelin, very-low-density lipoprotein receptor, and
apolipoprotein E receptor 2 control somatic NMDA receptor composition during hippocampal maturation in vitro. J. Neurosci. 25, 6127–6136 doi:10.
1523/JNEUROSCI.1757-05.2005

56 Chen, Y., Beffert, U., Ertunc, M., Tang, T.-S., Kavalali, E.T., Bezprozvanny, I. et al. (2005) Reelin modulates NMDA receptor activity in cortical neurons.
J. Neurosci. 25, 8209–8216 doi:10.1523/JNEUROSCI.1951-05.2005

57 DiBattista, A.M., Dumanis, S.B., Song, J.M., Bu, G., Weeber, E., Rebeck, G.W. et al. (2015) Very low density lipoprotein receptor regulates dendritic
spine formation in a RasGRF1/CaMKII dependent manner. Biochim. Biophys. Acta, Mol. Cell Res. 1853, 904–917 doi:10.1016/j.bbamcr.2015.01.015

58 Kim, M., Jeong, Y. and Chang, Y.-C. (2015) Extracellular matrix protein reelin regulate dendritic spine density through CaMKIIβ. Neurosci. Lett. 599,
97–101 doi:10.1016/j.neulet.2015.05.033

59 Lee, G.H., Chhangawala, Z., von Daake, S., Savas, J.N., Yates, III, J.R., Comoletti, D. et al. (2014) Reelin induces Erk1/2 signaling in cortical neurons
through a non-canonical pathway. J. Biol. Chem. 289, 20307–20317 doi:10.1074/jbc.M114.576249

60 Qiu, S., Zhao, L.F., Korwek, K.M. and Weeber, E.J. (2006) Differential reelin-induced enhancement of NMDA and AMPA receptor activity in the adult
hippocampus. J. Neurosci. 26, 12943–12955 doi:10.1523/JNEUROSCI.2561-06.2006

61 Qiu, S. and Weeber, E.J. (2007) Reelin signaling facilitates maturation of CA1 glutamatergic synapses. J. Neurophysiol. 97, 2312–2321 doi:10.1152/jn.
00869.2006

62 Hellwig, S., Hack, I., Kowalski, J., Brunne, B., Jarowyj, J., Unger, A. et al. (2011) Role for Reelin in neurotransmitter release. J. Neurosci. 31,
2352–2360 doi:10.1523/JNEUROSCI.3984-10.2011

63 Bal, M., Leitz, J., Reese, A.L., Ramirez, D.M.O., Durakoglugil, M., Herz, J. et al. (2013) Reelin mobilizes a VAMP7-dependent synaptic vesicle pool and
selectively augments spontaneous neurotransmission. Neuron 80, 934–946 doi:10.1016/j.neuron.2013.08.024

64 Ayala, R., Shu, T. and Tsai, L.-H. (2007) Trekking across the brain: the journey of neuronal migration. Cell 128, 29–43 doi:10.1016/j.cell.2006.12.021
65 Cooper, J.A. (2014) Molecules and mechanisms that regulate multipolar migration in the intermediate zone. Front. Cell. Neurosci. 8, 386 doi:10.3389/

fncel.2014.00386
66 Squire, L., Berg, D., Bloom, F.E., Du Lac, S., Ghosh, A. and Spitzer, N.C. (2012) Fundamental Neuroscience. Academic Press
67 Sanada, K., Gupta, A. and Tsai, L.-H. (2004) Disabled-1-regulated adhesion of migrating neurons to radial glial fiber contributes to neuronal positioning

during early corticogenesis. Neuron 42, 197–211 doi:10.1016/S0896-6273(04)00222-3
68 Tabata, H. and Nakajima, K. (2003) Multipolar migration: the third mode of radial neuronal migration in the developing cerebral cortex. J. Neurosci. 23,

9996–10001 PMID:14602813
69 Nadarajah, B. (2003) Radial glia and somal translocation of radial neurons in the developing cerebral cortex. Glia 43, 33–36 doi:10.1002/glia.10245

© 2017 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society3158

Biochemical Journal (2017) 474 3137–3165
DOI: 10.1042/BCJ20160628

http://dx.doi.org/doi:10.1523/JNEUROSCI.1656-05.2005
http://dx.doi.org/doi:10.1523/JNEUROSCI.1656-05.2005
http://dx.doi.org/doi:10.1073/pnas.1704447114
http://dx.doi.org/doi:10.1016/S0896-6273(00)80861-2
http://dx.doi.org/doi:10.1016/S0896-6273(00)80861-2
http://dx.doi.org/doi:10.1016/S0896-6273(00)80861-2
http://dx.doi.org/doi:10.1016/S0896-6273(00)80861-2
http://dx.doi.org/doi:10.1038/39607
http://dx.doi.org/doi:10.1074/jbc.M101422200
http://dx.doi.org/doi:10.1074/jbc.273.50.33556
http://dx.doi.org/doi:10.1242/jcs.027334
http://dx.doi.org/doi:10.1523/JNEUROSCI.4323-08.2008
http://dx.doi.org/doi:10.1523/JNEUROSCI.4323-08.2008
http://dx.doi.org/doi:10.1016/j.neuron.2011.01.003
http://dx.doi.org/doi:10.1016/j.cub.2004.03.038
http://dx.doi.org/doi:10.1074/jbc.M306416200
http://dx.doi.org/doi:10.4161/cib.4.3.14890
http://dx.doi.org/doi:10.4161/cib.4.3.14890
http://dx.doi.org/doi:10.1523/JNEUROSCI.2934-08.2009
http://dx.doi.org/doi:10.1523/JNEUROSCI.2934-08.2009
http://dx.doi.org/doi:10.1016/j.neuroscience.2011.05.050
http://dx.doi.org/doi:10.1074/jbc.M209205200
http://dx.doi.org/doi:10.1016/j.neuron.2017.02.039
http://dx.doi.org/doi:10.1128/MCB.00928-07
http://dx.doi.org/doi:10.1128/MCB.00928-07
http://dx.doi.org/doi:10.1523/JNEUROSCI.1757-05.2005
http://dx.doi.org/doi:10.1523/JNEUROSCI.1757-05.2005
http://dx.doi.org/doi:10.1523/JNEUROSCI.1757-05.2005
http://dx.doi.org/doi:10.1523/JNEUROSCI.1951-05.2005
http://dx.doi.org/doi:10.1523/JNEUROSCI.1951-05.2005
http://dx.doi.org/doi:10.1016/j.bbamcr.2015.01.015
http://dx.doi.org/doi:10.1016/j.neulet.2015.05.033
http://dx.doi.org/doi:10.1074/jbc.M114.576249
http://dx.doi.org/doi:10.1523/JNEUROSCI.2561-06.2006
http://dx.doi.org/doi:10.1523/JNEUROSCI.2561-06.2006
http://dx.doi.org/doi:10.1152/jn.00869.2006
http://dx.doi.org/doi:10.1152/jn.00869.2006
http://dx.doi.org/doi:10.1523/JNEUROSCI.3984-10.2011
http://dx.doi.org/doi:10.1523/JNEUROSCI.3984-10.2011
http://dx.doi.org/doi:10.1016/j.neuron.2013.08.024
http://dx.doi.org/doi:10.1016/j.cell.2006.12.021
http://dx.doi.org/doi:10.3389/fncel.2014.00386
http://dx.doi.org/doi:10.3389/fncel.2014.00386
http://dx.doi.org/doi:10.1016/S0896-6273(04)00222-3
http://dx.doi.org/doi:10.1016/S0896-6273(04)00222-3
http://dx.doi.org/doi:10.1016/S0896-6273(04)00222-3
http://www.ncbi.nlm.nih.gov/pubmed/14602813
http://dx.doi.org/doi:10.1002/glia.10245


70 Hatanaka, Y., Hisanaga, S.-I., Heizmann, C.W. and Murakami, F. (2004) Distinct migratory behavior of early- and late-born neurons derived from the
cortical ventricular zone. J. Comp. Neurol. 479, 1–14 doi:10.1002/cne.20256

71 Nadarajah, B., Brunstrom, J.E., Grutzendler, J., Wong, R.O.L. and Pearlman, A.L. (2001) Two modes of radial migration in early development of the
cerebral cortex. Nat. Neurosci. 4, 143–150 doi:10.1038/83967

72 Sekine, K., Honda, T., Kawauchi, T., Kubo, K.-i. and Nakajima, K. (2011) The outermost region of the developing cortical plate is crucial for both the
switch of the radial migration mode and the Dab1-dependent ‘inside-out’ lamination in the neocortex. J. Neurosci. 31, 9426–9439 doi:10.1523/
JNEUROSCI.0650-11.2011

73 Molyneaux, B.J., Arlotta, P., Menezes, J.R.L. and Macklis, J.D. (2007) Neuronal subtype specification in the cerebral cortex. Nat. Rev. Neurosci. 8,
427–437 doi:10.1038/nrn2151

74 Marín, O. and Rubenstein, J.L.R. (2003) Cell migration in the forebrain. Annu. Rev. Neurosci. 26, 441–483 doi:10.1146/annurev.neuro.26.041002.
131058

75 Cooper, J.A. (2013) Mechanisms of cell migration in the nervous system. J. Cell Biol. 202, 725–734 doi:10.1083/jcb.201305021
76 Moon, H.M. and Wynshaw-Boris, A. (2013) Cytoskeleton in action: lissencephaly, a neuronal migration disorder. Wiley Interdiscip. Rev. Dev. Biol. 2,

229–245 doi:10.1002/wdev.67
77 Schaar, B.T. and McConnell, S.K. (2005) Cytoskeletal coordination during neuronal migration. Proc. Natl Acad. Sci. U.S.A. 102, 13652–13657 doi:10.

1073/pnas.0506008102
78 Kawauchi, T. (2015) Cellullar insights into cerebral cortical development: focusing on the locomotion mode of neuronal migration. Front. Cell. Neurosci.

9, 394 doi:10.3389/fncel.2015.00394
79 Tsai, J.-W., Bremner, K.H. and Vallee, R.B. (2007) Dual subcellular roles for LIS1 and dynein in radial neuronal migration in live brain tissue. Nat.

Neurosci. 10, 970–979 doi:10.1038/nn1934
80 Paul, N.R., Jacquemet, G. and Caswell, P.T. (2015) Endocytic trafficking of integrins in cell migration. Curr. Biol. 25, R1092–R1105 doi:10.1016/j.cub.

2015.09.049
81 Ridley, A.J. (2015) Rho GTPase signalling in cell migration. Curr. Opin. Cell Biol. 36, 103–112 doi:10.1016/j.ceb.2015.08.005
82 Wennerberg, K., Rossman, K.L. and Der, C.J. (2005) The Ras superfamily at a glance. J. Cell Sci. 118, 843–846 doi:10.1242/jcs.01660
83 Kriegstein, A. and Alvarez-Buylla, A. (2009) The glial nature of embryonic and adult neural stem cells. Annu. Rev. Neurosci. 32, 149–184 doi:10.1146/

annurev.neuro.051508.135600
84 Hashimoto-Torii, K., Torii, M., Sarkisian, M.R., Bartley, C.M., Shen, J., Radtke, F. et al. (2008) Interaction between Reelin and Notch signaling regulates

neuronal migration in the cerebral cortex. Neuron 60, 273–284 doi:10.1016/j.neuron.2008.09.026
85 Sibbe, M., Förster, E., Basak, O., Taylor, V. and Frotscher, M. (2009) Reelin and Notch1 cooperate in the development of the dentate gyrus. J.

Neurosci. 29, 8578–8585 doi:10.1523/JNEUROSCI.0958-09.2009
86 Keilani, S., Healey, D.L. and Sugaya, K. (2012) Reelin regulates differentiation of neural stem cells by activation of notch signaling through Disabled-1

tyrosine phosphorylation. Can. J. Physiol. Pharmacol. 90, 361–369 doi:10.1139/y2012-001
87 Telese, F., Ma, Q., Perez, P.M., Notani, D., Oh, S., Li, W. et al. (2015) LRP8-Reelin-regulated neuronal enhancer signature underlying learning and

memory formation. Neuron 86, 696–710 doi:10.1016/j.neuron.2015.03.033
88 Takiguchi-Hayashi, K., Sekiguchi, M., Ashigaki, S., Takamatsu, M., Hasegawa, H., Suzuki-Migishima, R. et al. (2004) Generation of reelin-positive

marginal zone cells from the caudomedial wall of telencephalic vesicles. J. Neurosci. 24, 2286–2295 doi:10.1523/JNEUROSCI.4671-03.2004
89 Gupta, A., Tsai, L.-H. and Wynshaw-Boris, A. (2002) Life is a journey: a genetic look at neocortical development. Nat. Rev. Genet. 3, 342–355 doi:10.

1038/nrg799
90 Sheppard, A. and Pearlman, A. (1997) Abnormal reorganization of preplate neurons and their associated extracellular matrix: an early manifestation of

altered neocortical development in the reeler mutant mouse. J. Comp. Neurol. 378, 173–179 doi:10.1002/(SICI)1096-9861(19970210)378:2<173::
AID-CNE2>3.0.CO;2-0

91 Goffinet, A.M. and Lyon, G. (1979) Early histogenesis in the mouse cerebral cortex: a Golgi study. Neurosci. Lett. 14, 61–66 doi:10.1016/0304-3940
(79)95344-8

92 Nichols, A.J. and Olson, E.C. (2010) Reelin promotes neuronal orientation and dendritogenesis during preplate splitting. Cereb. Cortex 20, 2213–2223
doi:10.1093/cercor/bhp303

93 Voss, A.K., Britto, J.M., Dixon, M.P., Sheikh, B.N., Collin, C., Tan, S.-S. et al. (2008) C3g regulates cortical neuron migration, preplate splitting and
radial glial cell attachment. Development 135, 2139–2149 doi:10.1242/dev.016725

94 Miyata, T., Kawaguchi, A., Saito, K., Kawano, M., Muto, T. and Ogawa, M. (2004) Asymmetric production of surface-dividing and non-surface-dividing
cortical progenitor cells. Development 131, 3133–3145 doi:10.1242/dev.01173

95 Noctor, S.C., Martínez-Cerdeño, V., Ivic, L. and Kriegstein, A.R. (2004) Cortical neurons arise in symmetric and asymmetric division zones and migrate
through specific phases. Nat. Neurosci. 7, 136–144 doi:10.1038/nn1172

96 Xu, C., Funahashi, Y., Watanabe, T., Takano, T., Nakamuta, S., Namba, T. et al. (2015) Radial glial cell-neuron interaction directs axon formation at the
opposite side of the neuron from the contact site. J. Neurosci. 35, 14517–14532 doi:10.1523/JNEUROSCI.1266-15.2015

97 Namba, T., Kibe, Y., Funahashi, Y., Nakamuta, S., Takano, T., Ueno, T. et al. (2014) Pioneering axons regulate neuronal polarization in the developing
cerebral cortex. Neuron 81, 814–829 doi:10.1016/j.neuron.2013.12.015

98 Hack, I., Hellwig, S., Junghans, D., Brunne, B., Bock, H.H., Zhao, S. et al. (2007) Divergent roles of ApoER2 and Vldlr in the migration of cortical
neurons. Development 134, 3883–3891 doi:10.1242/dev.005447

99 Hirota, Y., Kubo, K.-I., Fujino, T., Yamamoto, T.T. and Nakajima, K. (2016) ApoER2 controls not only neuronal migration in the intermediate zone but also
termination of migration in the developing cerebral cortex. Cereb. Cortex Nov 30. [Epubahead of print] doi:10.1093/cercor/bhw369

100 Shah, B., Lutter, D., Bochenek, M.L., Kato, K., Tsytsyura, Y., Glyvuk, N. et al. (2016) C3G/Rapgef1 is required in multipolar neurons for the transition to
a bipolar morphology during cortical development. PLoS ONE 11, e0154174 doi:10.1371/journal.pone.0154174

101 Jossin, Y. and Cooper, J.A. (2011) Reelin, Rap1 and N-cadherin orient the migration of multipolar neurons in the developing neocortex. Nat. Neurosci.
14, 697–703 doi:10.1038/nn.2816

© 2017 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 3159

Biochemical Journal (2017) 474 3137–3165
DOI: 10.1042/BCJ20160628

http://dx.doi.org/doi:10.1002/cne.20256
http://dx.doi.org/doi:10.1038/83967
http://dx.doi.org/doi:10.1523/JNEUROSCI.0650-11.2011
http://dx.doi.org/doi:10.1523/JNEUROSCI.0650-11.2011
http://dx.doi.org/doi:10.1523/JNEUROSCI.0650-11.2011
http://dx.doi.org/doi:10.1038/nrn2151
http://dx.doi.org/doi:10.1146/annurev.neuro.26.041002.131058
http://dx.doi.org/doi:10.1146/annurev.neuro.26.041002.131058
http://dx.doi.org/doi:10.1083/jcb.201305021
http://dx.doi.org/doi:10.1002/wdev.67
http://dx.doi.org/doi:10.1073/pnas.0506008102
http://dx.doi.org/doi:10.1073/pnas.0506008102
http://dx.doi.org/doi:10.3389/fncel.2015.00394
http://dx.doi.org/doi:10.1038/nn1934
http://dx.doi.org/doi:10.1016/j.cub.2015.09.049
http://dx.doi.org/doi:10.1016/j.cub.2015.09.049
http://dx.doi.org/doi:10.1016/j.ceb.2015.08.005
http://dx.doi.org/doi:10.1242/jcs.01660
http://dx.doi.org/doi:10.1146/annurev.neuro.051508.135600
http://dx.doi.org/doi:10.1146/annurev.neuro.051508.135600
http://dx.doi.org/doi:10.1016/j.neuron.2008.09.026
http://dx.doi.org/doi:10.1523/JNEUROSCI.0958-09.2009
http://dx.doi.org/doi:10.1523/JNEUROSCI.0958-09.2009
http://dx.doi.org/doi:10.1139/y2012-001
http://dx.doi.org/doi:10.1139/y2012-001
http://dx.doi.org/doi:10.1016/j.neuron.2015.03.033
http://dx.doi.org/doi:10.1523/JNEUROSCI.4671-03.2004
http://dx.doi.org/doi:10.1523/JNEUROSCI.4671-03.2004
http://dx.doi.org/doi:10.1038/nrg799
http://dx.doi.org/doi:10.1038/nrg799
http://dx.doi.org/doi:10.1002/(SICI)1096-9861(19970210)378:2%3C173::AID-CNE2%3E3.0.CO;2-0
http://dx.doi.org/doi:10.1002/(SICI)1096-9861(19970210)378:2%3C173::AID-CNE2%3E3.0.CO;2-0
http://dx.doi.org/doi:10.1002/(SICI)1096-9861(19970210)378:2%3C173::AID-CNE2%3E3.0.CO;2-0
http://dx.doi.org/doi:10.1002/(SICI)1096-9861(19970210)378:2%3C173::AID-CNE2%3E3.0.CO;2-0
http://dx.doi.org/doi:10.1002/(SICI)1096-9861(19970210)378:2%3C173::AID-CNE2%3E3.0.CO;2-0
http://dx.doi.org/doi:10.1016/0304-3940(79)95344-8
http://dx.doi.org/doi:10.1016/0304-3940(79)95344-8
http://dx.doi.org/doi:10.1016/0304-3940(79)95344-8
http://dx.doi.org/doi:10.1016/0304-3940(79)95344-8
http://dx.doi.org/doi:10.1093/cercor/bhp303
http://dx.doi.org/doi:10.1242/dev.016725
http://dx.doi.org/doi:10.1242/dev.01173
http://dx.doi.org/doi:10.1038/nn1172
http://dx.doi.org/doi:10.1523/JNEUROSCI.1266-15.2015
http://dx.doi.org/doi:10.1523/JNEUROSCI.1266-15.2015
http://dx.doi.org/doi:10.1016/j.neuron.2013.12.015
http://dx.doi.org/doi:10.1242/dev.005447
http://dx.doi.org/doi:10.1093/cercor/bhw369
http://dx.doi.org/doi:10.1371/journal.pone.0154174
http://dx.doi.org/doi:10.1038/nn.2816


102 Barnes, A.P. and Polleux, F. (2009) Establishment of axon-dendrite polarity in developing neurons. Annu. Rev. Neurosci. 32, 347–381 doi:10.1146/
annurev.neuro.31.060407.125536

103 Matsuki, T., Chen, J. and Howell, B.W. (2013) Acute inactivation of the serine-threonine kinase Stk25 disrupts neuronal migration. Neural Dev. 8, 21
doi:10.1186/1749-8104-8-21

104 Matsuki, T., Matthews, R.T., Cooper, J.A., van der Brug, M.P., Cookson, M.R., Hardy, J.A. et al. (2010) Reelin and Stk25 have opposing roles in
neuronal polarization and dendritic Golgi deployment. Cell 143, 826–836 doi:10.1016/j.cell.2010.10.029

105 Meseke, M., Rosenberger, G. and Förster, E. (2013) Reelin and the Cdc42/Rac1 guanine nucleotide exchange factor αPIX/Arhgef6 promote dendritic
Golgi translocation in hippocampal neurons. Eur. J. Neurosci. 37, 1404–1412 doi:10.1111/ejn.12153

106 Kawauchi, T., Sekine, K., Shikanai, M., Chihama, K., Tomita, K., Kubo, K. et al. (2010) Rab GTPases-dependent endocytic pathways regulate neuronal
migration and maturation through N-cadherin trafficking. Neuron 67, 588–602 doi:10.1016/j.neuron.2010.07.007

107 Balasubramanian, N., Meier, J.A., Scott, D.W., Norambuena, A., White, M.A. and Schwartz, M.A. (2010) RalA-exocyst complex regulates
integrin-dependent membrane raft exocytosis and growth signaling. Curr. Biol. 20, 75–79 doi:10.1016/j.cub.2009.11.016

108 Chen, X.-W. and Saltiel, A.R. (2011) Ral’s engagement with the exocyst: breaking up is hard to do. Cell Cycle 10, 2299–2304 doi:10.4161/cc.10.14.
16524

109 Letinic, K., Sebastian, R., Toomre, D. and Rakic, P. (2009) Exocyst is involved in polarized cell migration and cerebral cortical development. Proc. Natl
Acad. Sci. U.S.A. 106, 11342–11347 doi:10.1073/pnas.0904244106

110 Hernández-Deviez, D.J., Casanova, J.E. and Wilson, J.M. (2002) Regulation of dendritic development by the ARF exchange factor ARNO. Nat. Neurosci.
5, 623–624 doi:10.1038/nn865

111 Miyazaki, H., Yamazaki, M., Watanabe, H., Maehama, T., Yokozeki, T. and Kanaho, Y. (2005) The small GTPase ADP-ribosylation factor 6 negatively
regulates dendritic spine formation. FEBS Lett. 579, 6834–6838 doi:10.1016/j.febslet.2005.11.022

112 Raemaekers, T., Peric, A., Baatsen, P., Sannerud, R., Declerck, I., Baert, V. et al. (2012) ARF6-mediated endosomal transport of telencephalin affects
dendritic filopodia-to-spine maturation. EMBO J. 31, 3252–3269 doi:10.1038/emboj.2012.182

113 Kim, Y., Lee, S.-E., Park, J., Kim, M., Lee, B., Hwang, D. et al. (2015) ADP-ribosylation factor 6 (ARF6) bidirectionally regulates dendritic spine
formation depending on neuronal maturation and activity. J. Biol. Chem. 290, 7323–7335 doi:10.1074/jbc.M114.634527

114 Scholz, R., Berberich, S., Rathgeber, L., Kolleker, A., Köhr, G. and Kornau, H.-C. (2010) AMPA receptor signaling through BRAG2 and Arf6 critical for
long-term synaptic depression. Neuron 66, 768–780 doi:10.1016/j.neuron.2010.05.003

115 Falace, A., Buhler, E., Fadda, M., Watrin, F., Lippiello, P., Pallesi-Pocachard, E. et al. (2014) TBC1D24 regulates neuronal migration and maturation
through modulation of the ARF6-dependent pathway. Proc. Natl Acad. Sci. U.S.A. 111, 2337–2342 doi:10.1073/pnas.1316294111

116 Hara, Y., Fukaya, M., Hayashi, K., Kawauchi, T., Nakajima, K. and Sakagami, H. (2016) ADP ribosylation factor 6 regulates neuronal migration in the
developing cerebral cortex through FIP3/Arfophilin-1-dependent endosomal trafficking of N-cadherin. eNeuro 3, ENEURO.0148-0116.2016 doi:10.1523/
ENEURO.0148-16.2016

117 Sotelo, P., Farfán, P., Benitez, M.L., Bu, G. and Marzolo, M.-P. (2014) Sorting nexin 17 regulates ApoER2 recycling and reelin signaling. PLoS ONE 9,
e93672 doi:10.1371/journal.pone.0093672

118 Cuitino, L., Matute, R., Retamal, C., Bu, G., Inestrosa, N.C. and Marzolo, M.-P. (2005) ApoER2 is endocytosed by a clathrin-mediated process involving
the adaptor protein Dab2 independent of its rafts’ association. Traffic 6, 820–838 doi:10.1111/j.1600-0854.2005.00320.x

119 Hirota, Y., Kubo, K.-i., Katayama, K., Honda, T., Fujino, T., Yamamoto, T.T. et al. (2015) Reelin receptors ApoER2 and VLDLR are expressed in distinct
spatiotemporal patterns in developing mouse cerebral cortex. J. Comp. Neurol. 523, 463–478 doi:10.1002/cne.23691

120 Suetsugu, S., Tezuka, T., Morimura, T., Hattori, M., Mikoshiba, K., Yamamoto, T. et al. (2004) Regulation of actin cytoskeleton by mDab1 through
N-WASP and ubiquitination of mDab1. Biochem. J. 384, 1–8 doi:10.1042/BJ20041103

121 Kreis, P. and Barnier, J.-V. (2009) PAK signalling in neuronal physiology. Cell. Signal. 21, 384–393 doi:10.1016/j.cellsig.2008.11.001
122 Edwards, D.C., Sanders, L.C., Bokoch, G.M. and Gill, G.N. (1999) Activation of LIM-kinase by Pak1 couples Rac/Cdc42 GTPase signalling to actin

cytoskeletal dynamics. Nat. Cell Biol. 1, 253–259 doi:10.1038/12963
123 Tsai, J.-W., Chen, Y., Kriegstein, A.R. and Vallee, R.B. (2005) LIS1 RNA interference blocks neural stem cell division, morphogenesis, and motility at

multiple stages. J. Cell Biol. 170, 935–945 doi:10.1083/jcb.200505166
124 Pasten, C., Cerda, J., Jausoro, I., Court, F.A., Cáceres, A. and Marzolo, M.-P. (2015) ApoER2 and Reelin are expressed in regenerating peripheral nerve

and regulate Schwann cell migration by activating the Rac1 GEF protein, Tiam1. Mol. Cell. Neurosci. 69, 1–11 doi:10.1016/j.mcn.2015.09.004
125 Causeret, F., Terao, M., Jacobs, T., Nishimura, Y.V., Yanagawa, Y., Obata, K. et al. (2009) The p21-activated kinase is required for neuronal migration in

the cerebral cortex. Cereb. Cortex 19, 861–875 doi:10.1093/cercor/bhn133
126 Rosso, S., Bollati, F., Bisbal, M., Peretti, D., Sumi, T., Nakamura, T. et al. (2004) LIMK1 regulates Golgi dynamics, traffic of Golgi-derived vesicles, and

process extension in primary cultured neurons. Mol. Biol. Cell 15, 3433–3449 doi:10.1091/mbc.E03-05-0328
127 Kawauchi, T., Chihama, K., Nabeshima, Y.-i. and Hoshino, M. (2003) The in vivo roles of STEF/Tiam1, Rac1 and JNK in cortical neuronal migration.

EMBO J. 22, 4190–4201 doi:10.1093/emboj/cdg413
128 Govek, E.-E., Hatten, M.E. and Van Aelst, L. (2011) The role of Rho GTPase proteins in CNS neuronal migration. Dev. Neurobiol. 71, 528–553 doi:10.

1002/dneu.20850
129 González-Billault, C., Del Río, J.A., Ureña, J.M., Jiménez-Mateos, E.M., Barallobre, M.J., Pascual, M. et al. (2005) A role of MAP1B in reelin-dependent

neuronal migration. Cereb. Cortex 15, 1134–1145 doi:10.1093/cercor/bhh213
130 Ohshima, T. and Mikoshiba, K. (2002) Reelin signaling and Cdk5 in the control of neuronal positioning. Mol. Neurobiol. 26, 153–166 doi:10.1385/

MN:26:2-3:153
131 Paglini, G. and Cáceres, A. (2001) The role of the Cdk5-p35 kinase in neuronal development. Eur. J. Biochem. 268, 1528–1533 doi:10.1046/j.

1432-1327.2001.02023.x
132 Tymanskyj, S.R., Scales, T.M.E. and Gordon-Weeks, P.R. (2012) MAP1B enhances microtubule assembly rates and axon extension rates in developing

neurons. Mol. Cell. Neurosci. 49, 110–119 doi:10.1016/j.mcn.2011.10.003
133 Goold, R.G., Owen, R. and Gordon-Weeks, P.R. (1999) Glycogen synthase kinase 3β phosphorylation of microtubule-associated protein 1B regulates the

stability of microtubules in growth cones. J. Cell Sci. 112(Pt 19), 3373–3384 PMID:10504342

© 2017 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society3160

Biochemical Journal (2017) 474 3137–3165
DOI: 10.1042/BCJ20160628

http://dx.doi.org/doi:10.1146/annurev.neuro.31.060407.125536
http://dx.doi.org/doi:10.1146/annurev.neuro.31.060407.125536
http://dx.doi.org/doi:10.1186/1749-8104-8-21
http://dx.doi.org/doi:10.1186/1749-8104-8-21
http://dx.doi.org/doi:10.1186/1749-8104-8-21
http://dx.doi.org/doi:10.1186/1749-8104-8-21
http://dx.doi.org/doi:10.1016/j.cell.2010.10.029
http://dx.doi.org/doi:10.1111/ejn.12153
http://dx.doi.org/doi:10.1016/j.neuron.2010.07.007
http://dx.doi.org/doi:10.1016/j.cub.2009.11.016
http://dx.doi.org/doi:10.4161/cc.10.14.16524
http://dx.doi.org/doi:10.4161/cc.10.14.16524
http://dx.doi.org/doi:10.1073/pnas.0904244106
http://dx.doi.org/doi:10.1038/nn865
http://dx.doi.org/doi:10.1016/j.febslet.2005.11.022
http://dx.doi.org/doi:10.1038/emboj.2012.182
http://dx.doi.org/doi:10.1074/jbc.M114.634527
http://dx.doi.org/doi:10.1016/j.neuron.2010.05.003
http://dx.doi.org/doi:10.1073/pnas.1316294111
http://dx.doi.org/doi:10.1523/ENEURO.0148-16.2016
http://dx.doi.org/doi:10.1523/ENEURO.0148-16.2016
http://dx.doi.org/doi:10.1523/ENEURO.0148-16.2016
http://dx.doi.org/doi:10.1371/journal.pone.0093672
http://dx.doi.org/doi:10.1111/j.1600-0854.2005.00320.x
http://dx.doi.org/doi:10.1111/j.1600-0854.2005.00320.x
http://dx.doi.org/doi:10.1002/cne.23691
http://dx.doi.org/doi:10.1042/BJ20041103
http://dx.doi.org/doi:10.1016/j.cellsig.2008.11.001
http://dx.doi.org/doi:10.1038/12963
http://dx.doi.org/doi:10.1083/jcb.200505166
http://dx.doi.org/doi:10.1016/j.mcn.2015.09.004
http://dx.doi.org/doi:10.1093/cercor/bhn133
http://dx.doi.org/doi:10.1091/mbc.E03-05-0328
http://dx.doi.org/doi:10.1091/mbc.E03-05-0328
http://dx.doi.org/doi:10.1091/mbc.E03-05-0328
http://dx.doi.org/doi:10.1093/emboj/cdg413
http://dx.doi.org/doi:10.1002/dneu.20850
http://dx.doi.org/doi:10.1002/dneu.20850
http://dx.doi.org/doi:10.1093/cercor/bhh213
http://dx.doi.org/doi:10.1385/MN:26:2-3:153
http://dx.doi.org/doi:10.1385/MN:26:2-3:153
http://dx.doi.org/doi:10.1385/MN:26:2-3:153
http://dx.doi.org/doi:10.1046/j.1432-1327.2001.02023.x
http://dx.doi.org/doi:10.1046/j.1432-1327.2001.02023.x
http://dx.doi.org/doi:10.1046/j.1432-1327.2001.02023.x
http://dx.doi.org/doi:10.1016/j.mcn.2011.10.003
http://www.ncbi.nlm.nih.gov/pubmed/10504342


134 Molnár, Z., Métin, C., Stoykova, A., Tarabykin, V., Price, D.J., Francis, F. et al. (2006) Comparative aspects of cerebral cortical development.
Eur. J. Neurosci. 23, 921–934 doi:10.1111/j.1460-9568.2006.04611.x

135 Rakic, P. (2003) Developmental and evolutionary adaptations of cortical radial glia. Cereb. Cortex 13, 541–549 doi:10.1093/cercor/13.6.541
136 Hunter-Schaedle, K.E. (1997) Radial glial cell development and transformation are disturbed in reeler forebrain. J. Neurobiol. 33, 459–472 doi:10.1002/

(SICI)1097-4695(199710)33:4<459::AID-NEU9>3.0.CO;2-9
137 Shikanai, M., Nakajima, K. and Kawauchi, T. (2011) N-cadherin regulates radial glial fiber-dependent migration of cortical locomoting neurons. Commun.

Integr. Biol. 4, 326–330 doi:10.4161/cib.4.3.14886
138 Matsunaga, Y., Noda, M., Murakawa, H., Hayashi, K., Nagasaka, A., Inoue, S. et al. (2017) Reelin transiently promotes N-cadherin-dependent neuronal

adhesion during mouse cortical development. Proc. Natl Acad. Sci. U.S.A. 114, 2048–2053 doi:10.1073/pnas.1615215114
139 Belvindrah, R., Graus-Porta, D., Goebbels, S., Nave, K.-A. and Muller, U. (2007) β1 integrins in radial glia but not in migrating neurons are essential for

the formation of cell layers in the cerebral cortex. J. Neurosci. 27, 13854–13865 doi:10.1523/JNEUROSCI.4494-07.2007
140 Nishimura, Y.V., Sekine, K., Chihama, K., Nakajima, K., Hoshino, M., Nabeshima, Y.-i. et al. (2010) Dissecting the factors involved in the locomotion

mode of neuronal migration in the developing cerebral cortex. J. Biol. Chem. 285, 5878–5887 doi:10.1074/jbc.M109.033761
141 Olson, E.C., Kim, S. and Walsh, C.A. (2006) Impaired neuronal positioning and dendritogenesis in the neocortex after cell-autonomous Dab1

suppression. J. Neurosci. 26, 1767–1775 doi:10.1523/JNEUROSCI.3000-05.2006
142 O’Dell, R.S., Cameron, D.A., Zipfel, W.R. and Olson, E.C. (2015) Reelin prevents apical neurite retraction during terminal translocation and dendrite

initiation. J. Neurosci. 35, 10659–10674 doi:10.1523/JNEUROSCI.1629-15.2015
143 Gil-Sanz, C., Franco, S.J., Martinez-Garay, I., Espinosa, A., Harkins-Perry, S. and Müller, U. (2013) Cajal-Retzius cells instruct neuronal migration by

coincidence signaling between secreted and contact-dependent guidance cues. Neuron 79, 461–477 doi:10.1016/j.neuron.2013.06.040
144 Sekine, K., Kawauchi, T., Kubo, K.-i., Honda, T., Herz, J., Hattori, M. et al. (2012) Reelin controls neuronal positioning by promoting cell-matrix adhesion

via inside-out activation of integrin α5β1. Neuron 76, 353–369 doi:10.1016/j.neuron.2012.07.020
145 Miyahara, M., Nakanishi, H., Takahashi, K., Satoh-Horikawa, K., Tachibana, K. and Takai, Y. (2000) Interaction of nectin with afadin is necessary for its

clustering at cell-cell contact sites but not for its cis dimerization or trans interaction. J. Biol. Chem. 275, 613–618 doi:10.1074/jbc.275.1.613
146 Takahashi, K., Nakanishi, H., Miyahara, M., Mandai, K., Satoh, K., Satoh, A. et al. (1999) Nectin/PRR: an immunoglobulin-like cell adhesion molecule

recruited to cadherin-based adherens junctions through interaction with afadin, a PDZ domain–containing protein. J. Cell Biol. 145, 539–549 doi:10.
1083/jcb.145.3.539

147 Wehrendt, D.P., Carmona, F., González Wusener, A.E., González, A., Martínez, J.M.L. and Arregui, C.O. (2016) P120-Catenin regulates early trafficking
stages of the N-Cadherin precursor complex. PLoS ONE 11, e0156758 doi:10.1371/journal.pone.0156758

148 Sekine, K., Kubo, K.-i. and Nakajima, K. (2014) How does Reelin control neuronal migration and layer formation in the developing mammalian
neocortex? Neurosci. Res. 86, 50–58 doi:10.1016/j.neures.2014.06.004

149 Calderwood, D.A. (2004) Talin controls integrin activation. Biochem. Soc. Trans. 32, 434–437 doi:10.1042/bst0320434
150 Lafuente, E. and Boussiotis, V.A. (2006) Rap1 regulation of RIAM and cell adhesion. Methods Enzymol. 407, 345–358 doi:10.1016/S0076-6879(05)

07029-1
151 Critchley, D.R. (2009) Biochemical and structural properties of the integrin-associated cytoskeletal protein talin. Annu. Rev. Biophys. 38, 235–254

doi:10.1146/annurev.biophys.050708.133744
152 Meyer, G., Perez-Garcia, C.G. and Gleeson, J.G. (2002) Selective expression of doublecortin and LIS1 in developing human cortex suggests unique

modes of neuronal movement. Cereb. Cortex 12, 1225–1236 doi:10.1093/cercor/12.12.1225
153 Sapir, T., Elbaum, M. and Reiner, O. (1997) Reduction of microtubule catastrophe events by LIS1, platelet-activating factor acetylhydrolase subunit.

EMBO J. 16, 6977–6984 doi:10.1093/emboj/16.23.6977
154 Tanaka, T., Serneo, F.F., Higgins, C., Gambello, M.J., Wynshaw-Boris, A. and Gleeson, J.G. (2004) Lis1 and doublecortin function with dynein to

mediate coupling of the nucleus to the centrosome in neuronal migration. J. Cell Biol. 165, 709–721 doi:10.1083/jcb.200309025
155 Assadi, A.H., Zhang, G., Beffert, U., McNeil, R.S., Renfro, A.L., Niu, S. et al. (2003) Interaction of reelin signaling and Lis1 in brain development. Nat.

Genet. 35, 270–276 doi:10.1038/ng1257
156 Zhang, G., Assadi, A.H., McNeil, R.S., Beffert, U., Wynshaw-Boris, A., Herz, J. et al. (2007) The Pafah1b complex interacts with the reelin receptor

VLDLR. PLoS ONE 2, e252 doi:10.1371/journal.pone.0000252
157 Feng, L., Allen, N.S., Simo, S. and Cooper, J.A. (2007) Cullin 5 regulates Dab1 protein levels and neuron positioning during cortical development. Genes

Dev. 21, 2717–2730 doi:10.1101/gad.1604207
158 Simo, S., Jossin, Y. and Cooper, J.A. (2010) Cullin 5 regulates cortical layering by modulating the speed and duration of Dab1-dependent neuronal

migration. J. Neurosci. 30, 5668–5676 doi:10.1523/JNEUROSCI.0035-10.2010
159 Lawrenson, I.D., Krebs, D.L., Linossi, E.M., Zhang, J.-G., McLennan, T.J., Collin, C. et al. (2015) Cortical layer inversion and deregulation of reelin

signaling in the absence of SOCS6 and SOCS7. Cereb. Cortex 27, 576–588 doi:10.1093/cercor/bhv253
160 Teckchandani, A. and Cooper, J.A. (2016) The ubiquitin-proteasome system regulates focal adhesions at the leading edge of migrating cells. eLife 5,

e17440 doi:10.7554/eLife.17440
161 Meseke, M., Cavus, E. and Förster, E. (2013) Reelin promotes microtubule dynamics in processes of developing neurons. Histochem. Cell Biol. 139,

283–297 doi:10.1007/s00418-012-1025-1
162 Sayas, C.L., Tortosa, E., Bollati, F., Ramírez-Ríos, S., Arnal, I. and Avila, J. (2015) Tau regulates the localization and function of end-binding proteins 1

and 3 in developing neuronal cells. J. Neurochem. 133, 653–667 doi:10.1111/jnc.13091
163 Goslin, K. and Banker, G. (1989) Experimental observations on the development of polarity by hippocampal neurons in culture. J. Cell Biol. 108,

1507–1516 doi:10.1083/jcb.108.4.1507
164 Dotti, C.G., Sullivan, C.A. and Banker, G.A. (1988) The establishment of polarity by hippocampal neurons in culture. J. Neurosci. 8, 1454–1468

PMID:3282038
165 Cáceres, A., Ye, B. and Dotti, C.G. (2012) Neuronal polarity: demarcation, growth and commitment. Curr. Opin. Cell Biol. 24, 547–553 doi:10.1016/j.

ceb.2012.05.011
166 Craig, A.M. and Banker, G. (1994) Neuronal polarity. Annu. Rev. Neurosci. 17, 267–310 doi:10.1146/annurev.ne.17.030194.001411

© 2017 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 3161

Biochemical Journal (2017) 474 3137–3165
DOI: 10.1042/BCJ20160628

http://dx.doi.org/doi:10.1111/j.1460-9568.2006.04611.x
http://dx.doi.org/doi:10.1111/j.1460-9568.2006.04611.x
http://dx.doi.org/doi:10.1093/cercor/13.6.541
http://dx.doi.org/doi:10.1002/(SICI)1097-4695(199710)33:4%3C459::AID-NEU9%3E3.0.CO;2-9
http://dx.doi.org/doi:10.1002/(SICI)1097-4695(199710)33:4%3C459::AID-NEU9%3E3.0.CO;2-9
http://dx.doi.org/doi:10.1002/(SICI)1097-4695(199710)33:4%3C459::AID-NEU9%3E3.0.CO;2-9
http://dx.doi.org/doi:10.1002/(SICI)1097-4695(199710)33:4%3C459::AID-NEU9%3E3.0.CO;2-9
http://dx.doi.org/doi:10.1002/(SICI)1097-4695(199710)33:4%3C459::AID-NEU9%3E3.0.CO;2-9
http://dx.doi.org/doi:10.4161/cib.4.3.14886
http://dx.doi.org/doi:10.1073/pnas.1615215114
http://dx.doi.org/doi:10.1523/JNEUROSCI.4494-07.2007
http://dx.doi.org/doi:10.1523/JNEUROSCI.4494-07.2007
http://dx.doi.org/doi:10.1074/jbc.M109.033761
http://dx.doi.org/doi:10.1523/JNEUROSCI.3000-05.2006
http://dx.doi.org/doi:10.1523/JNEUROSCI.3000-05.2006
http://dx.doi.org/doi:10.1523/JNEUROSCI.1629-15.2015
http://dx.doi.org/doi:10.1523/JNEUROSCI.1629-15.2015
http://dx.doi.org/doi:10.1016/j.neuron.2013.06.040
http://dx.doi.org/doi:10.1016/j.neuron.2012.07.020
http://dx.doi.org/doi:10.1074/jbc.275.1.613
http://dx.doi.org/doi:10.1083/jcb.145.3.539
http://dx.doi.org/doi:10.1083/jcb.145.3.539
http://dx.doi.org/doi:10.1371/journal.pone.0156758
http://dx.doi.org/doi:10.1016/j.neures.2014.06.004
http://dx.doi.org/doi:10.1042/bst0320434
http://dx.doi.org/doi:10.1016/S0076-6879(05)07029-1
http://dx.doi.org/doi:10.1016/S0076-6879(05)07029-1
http://dx.doi.org/doi:10.1016/S0076-6879(05)07029-1
http://dx.doi.org/doi:10.1016/S0076-6879(05)07029-1
http://dx.doi.org/doi:10.1146/annurev.biophys.050708.133744
http://dx.doi.org/doi:10.1093/cercor/12.12.1225
http://dx.doi.org/doi:10.1093/emboj/16.23.6977
http://dx.doi.org/doi:10.1083/jcb.200309025
http://dx.doi.org/doi:10.1038/ng1257
http://dx.doi.org/doi:10.1371/journal.pone.0000252
http://dx.doi.org/doi:10.1101/gad.1604207
http://dx.doi.org/doi:10.1523/JNEUROSCI.0035-10.2010
http://dx.doi.org/doi:10.1523/JNEUROSCI.0035-10.2010
http://dx.doi.org/doi:10.1093/cercor/bhv253
http://dx.doi.org/doi:10.7554/eLife.17440
http://dx.doi.org/doi:10.1007/s00418-012-1025-1
http://dx.doi.org/doi:10.1007/s00418-012-1025-1
http://dx.doi.org/doi:10.1007/s00418-012-1025-1
http://dx.doi.org/doi:10.1007/s00418-012-1025-1
http://dx.doi.org/doi:10.1111/jnc.13091
http://dx.doi.org/doi:10.1083/jcb.108.4.1507
http://www.ncbi.nlm.nih.gov/pubmed/3282038
http://dx.doi.org/doi:10.1016/j.ceb.2012.05.011
http://dx.doi.org/doi:10.1016/j.ceb.2012.05.011
http://dx.doi.org/doi:10.1146/annurev.ne.17.030194.001411


167 Namba, T., Nakamuta, S., Funahashi, Y. and Kaibuchi, K. (2011) The role of selective transport in neuronal polarization. Dev. Neurobiol. 71, 445–457
doi:10.1002/dneu.20876

168 Arimura, N. and Kaibuchi, K. (2007) Neuronal polarity: from extracellular signals to intracellular mechanisms. Nat. Rev. Neurosci. 8, 194–205 doi:10.
1038/nrn2056

169 Hatanaka, Y. and Yamauchi, K. (2013) Excitatory cortical neurons with multipolar shape establish neuronal polarity by forming a tangentially oriented
axon in the intermediate zone. Cereb. Cortex 23, 105–113 doi:10.1093/cercor/bhr383

170 Yoshinaga, S., Ohkubo, T., Sasaki, S., Nuriya, M., Ogawa, Y., Yasui, M. et al. (2012) A phosphatidylinositol lipids system, lamellipodin, and Ena/VASP
regulate dynamic morphology of multipolar migrating cells in the developing cerebral cortex. J. Neurosci. 32, 11643–11656 doi:10.1523/JNEUROSCI.
0738-12.2012

171 Yi, J.J., Barnes, A.P., Hand, R., Polleux, F. and Ehlers, M.D. (2010) TGF-β signaling specifies axons during brain development. Cell 142, 144–157
doi:10.1016/j.cell.2010.06.010

172 Shelly, M., Cancedda, L., Lim, B.K., Popescu, A.T., Cheng, P.-l., Gao, H. et al. (2011) Semaphorin3A regulates neuronal polarization by suppressing
axon formation and promoting dendrite growth. Neuron 71, 433–446 doi:10.1016/j.neuron.2011.06.041

173 Borrell, V., Del Río, J.A., Alcántara, S., Derer, M., Martínez, A., D’Arcangelo, G. et al. (1999) Reelin regulates the development and synaptogenesis of
the layer-specific entorhino-hippocampal connections. J. Neurosci. 19, 1345–1358 PMID:9952412

174 Yoshida, M., Assimacopoulos, S., Jones, K.R. and Grove, E.A. (2006) Massive loss of Cajal-Retzius cells does not disrupt neocortical layer order.
Development 133, 537–545 doi:10.1242/dev.02209

175 Uchida, T., Baba, A., Pérez-Martínez, F.J., Hibi, T., Miyata, T., Luque, J.M. et al. (2009) Downregulation of functional reelin receptors in projection
neurons implies that primary reelin action occurs at early/premigratory stages. J. Neurosci. 29, 10653–10662 doi:10.1523/JNEUROSCI.0345-09.2009

176 Schwamborn, J.C. and Püschel, A.W. (2004) The sequential activity of the GTPases Rap1B and Cdc42 determines neuronal polarity. Nat. Neurosci. 7,
923–929 doi:10.1038/nn1295

177 Nakamura, T., Yasuda, S., Nagai, H., Koinuma, S., Morishita, S., Goto, A. et al. (2013) Longest neurite-specific activation of Rap1B in hippocampal
neurons contributes to polarity formation through RalA and Nore1A in addition to PI3-kinase. Genes Cells 18, 1020–1031 doi:10.1111/gtc.12097

178 Garvalov, B.K., Flynn, K.C., Neukirchen, D., Meyn, L., Teusch, N., Wu, X. et al. (2007) Cdc42 regulates cofilin during the establishment of neuronal
polarity. J. Neurosci. 27, 13117–13129 doi:10.1523/JNEUROSCI.3322-07.2007

179 Ye, T., Ip, J.P.K., Fu, A.K.Y. and Ip, N.Y. (2014) Cdk5-mediated phosphorylation of RapGEF2 controls neuronal migration in the developing cerebral
cortex. Nat. Commun. 5, 4826 doi:10.1038/ncomms5826

180 Feng, H., Hu, B., Liu, K.-W., Li, Y., Lu, X., Cheng, T. et al. (2011) Activation of Rac1 by Src-dependent phosphorylation of Dock180 Y1811 mediates
PDGFRα-stimulated glioma tumorigenesis in mice and humans. J. Clin. Investig. 121, 4670–4684 doi:10.1172/JCI58559

181 DeGeer, J., Kaplan, A., Mattar, P., Morabito, M., Stochaj, U., Kennedy, T.E. et al. (2015) Hsc70 chaperone activity underlies Trio GEF function in axon
growth and guidance induced by netrin-1. J. Cell Biol. 210, 817–832 doi:10.1083/jcb.201505084

182 Hall, A. and Lalli, G. (2010) Rho and Ras GTPases in axon growth, guidance, and branching. Cold Spring Harb. Perspect. Biol. 2, a001818 doi:10.
1101/cshperspect.a001818

183 Chen, K., Ochalski, P.G., Tran, T.S., Sahir, N., Schubert, M., Pramatarova, A. et al. (2004) Interaction between Dab1 and CrkII is promoted by Reelin
signaling. J. Cell Sci. 117, 4527–4536 doi:10.1242/jcs.01320

184 Shi, S.-H., Jan, L.Y. and Jan, Y.-N. (2003) Hippocampal neuronal polarity specified by spatially localized mPar3/mPar6 and PI 3-kinase activity. Cell
112, 63–75 doi:10.1016/S0092-8674(02)01249-7

185 Yoshimura, T., Arimura, N., Kawano, Y., Kawabata, S., Wang, S. and Kaibuchi, K. (2006) Ras regulates neuronal polarity via the PI3-kinase/Akt/GSK-3β/
CRMP-2 pathway. Biochem. Biophys. Res. Commun. 340, 62–68 doi:10.1016/j.bbrc.2005.11.147

186 Shi, S.-H., Cheng, T., Jan, L.Y. and Jan, Y.-N. (2004) APC and GSK-3β are involved in mPar3 targeting to the nascent axon and establishment of
neuronal polarity. Curr. Biol. 14, 2025–2032 doi:10.1016/j.cub.2004.11.009

187 Zhou, F.-Q., Zhou, J., Dedhar, S., Wu, Y.-H. and Snider, W.D. (2004) NGF-induced axon growth is mediated by localized inactivation of GSK-3β and
functions of the microtubule plus end binding protein APC. Neuron 42, 897–912 doi:10.1016/j.neuron.2004.05.011

188 Wiggin, G.R., Fawcett, J.P. and Pawson, T. (2005) Polarity proteins in axon specification and synaptogenesis. Dev. Cell 8, 803–816 doi:10.1016/j.
devcel.2005.05.007

189 Leemhuis, J., Bouché, E., Frotscher, M., Henle, F., Hein, L., Herz, J. et al. (2010) Reelin signals through apolipoprotein E receptor 2 and Cdc42 to
increase growth cone motility and filopodia formation. J. Neurosci. 30, 14759–14772 doi:10.1523/JNEUROSCI.4036-10.2010

190 Nishimura, T., Yamaguchi, T., Kato, K., Yoshizawa, M., Nabeshima, Y.-i., Ohno, S. et al. (2005) PAR-6–PAR-3 mediates Cdc42-induced Rac activation
through the Rac GEFs STEF/Tiam1. Nat. Cell Biol. 7, 270–277 doi:10.1038/ncb1227

191 Hua, Z.L., Emiliani, F.E. and Nathans, J. (2015) Rac1 plays an essential role in axon growth and guidance and in neuronal survival in the central and
peripheral nervous systems. Neural Dev. 10, 21 doi:10.1186/s13064-015-0049-3

192 Chen, X. and Macara, I.G. (2005) Par-3 controls tight junction assembly through the Rac exchange factor Tiam1. Nat. Cell Biol. 7, 262–269 doi:10.
1038/ncb1226

193 Kunda, P., Paglini, G., Quiroga, S., Kosik, K. and Cáceres, A. (2001) Evidence for the involvement of Tiam1 in axon formation. J. Neurosci. 21,
2361–2372 PMID:11264310

194 Henríquez, D.R., Bodaleo, F.J., Montenegro-Venegas, C. and González-Billault, C. (2012) The light chain 1 subunit of the microtubule-associated protein
1B (MAP1B) is responsible for Tiam1 binding and Rac1 activation in neuronal cells. PLoS ONE 7, e53123 doi:10.1371/journal.pone.0053123

195 Funahashi, Y., Namba, T., Fujisue, S., Itoh, N., Nakamuta, S., Kato, K. et al. (2013) ERK2-mediated phosphorylation of Par3 regulates neuronal
polarization. J. Neurosci. 33, 13270–13285 doi:10.1523/JNEUROSCI.4210-12.2013

196 Simó, S., Pujadas, L., Segura, M.F., La Torre, A., Del Río, J.A., Ureña, J.M. et al. (2007) Reelin induces the detachment of postnatal subventricular
zone cells and the expression of the Egr-1 through Erk1/2 activation. Cereb. Cortex 17, 294–303 doi:10.1093/cercor/bhj147

197 Pramatarova, A., Ochalski, P.G., Chen, K., Gropman, A., Myers, S., Min, K.-T. et al. (2003) Nckβ interacts with tyrosine-phosphorylated disabled 1 and
redistributes in Reelin-stimulated neurons. Mol. Cell. Biol. 23, 7210–7221 doi:10.1128/MCB.23.20.7210-7221.2003

© 2017 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society3162

Biochemical Journal (2017) 474 3137–3165
DOI: 10.1042/BCJ20160628

http://dx.doi.org/doi:10.1002/dneu.20876
http://dx.doi.org/doi:10.1038/nrn2056
http://dx.doi.org/doi:10.1038/nrn2056
http://dx.doi.org/doi:10.1093/cercor/bhr383
http://dx.doi.org/doi:10.1523/JNEUROSCI.0738-12.2012
http://dx.doi.org/doi:10.1523/JNEUROSCI.0738-12.2012
http://dx.doi.org/doi:10.1523/JNEUROSCI.0738-12.2012
http://dx.doi.org/doi:10.1016/j.cell.2010.06.010
http://dx.doi.org/doi:10.1016/j.neuron.2011.06.041
http://www.ncbi.nlm.nih.gov/pubmed/9952412
http://dx.doi.org/doi:10.1242/dev.02209
http://dx.doi.org/doi:10.1523/JNEUROSCI.0345-09.2009
http://dx.doi.org/doi:10.1523/JNEUROSCI.0345-09.2009
http://dx.doi.org/doi:10.1038/nn1295
http://dx.doi.org/doi:10.1111/gtc.12097
http://dx.doi.org/doi:10.1523/JNEUROSCI.3322-07.2007
http://dx.doi.org/doi:10.1523/JNEUROSCI.3322-07.2007
http://dx.doi.org/doi:10.1038/ncomms5826
http://dx.doi.org/doi:10.1172/JCI58559
http://dx.doi.org/doi:10.1083/jcb.201505084
http://dx.doi.org/doi:10.1101/cshperspect.a001818
http://dx.doi.org/doi:10.1101/cshperspect.a001818
http://dx.doi.org/doi:10.1242/jcs.01320
http://dx.doi.org/doi:10.1016/S0092-8674(02)01249-7
http://dx.doi.org/doi:10.1016/S0092-8674(02)01249-7
http://dx.doi.org/doi:10.1016/S0092-8674(02)01249-7
http://dx.doi.org/doi:10.1016/j.bbrc.2005.11.147
http://dx.doi.org/doi:10.1016/j.cub.2004.11.009
http://dx.doi.org/doi:10.1016/j.neuron.2004.05.011
http://dx.doi.org/doi:10.1016/j.devcel.2005.05.007
http://dx.doi.org/doi:10.1016/j.devcel.2005.05.007
http://dx.doi.org/doi:10.1523/JNEUROSCI.4036-10.2010
http://dx.doi.org/doi:10.1523/JNEUROSCI.4036-10.2010
http://dx.doi.org/doi:10.1038/ncb1227
http://dx.doi.org/doi:10.1186/s13064-015-0049-3
http://dx.doi.org/doi:10.1186/s13064-015-0049-3
http://dx.doi.org/doi:10.1186/s13064-015-0049-3
http://dx.doi.org/doi:10.1186/s13064-015-0049-3
http://dx.doi.org/doi:10.1038/ncb1226
http://dx.doi.org/doi:10.1038/ncb1226
http://www.ncbi.nlm.nih.gov/pubmed/11264310
http://dx.doi.org/doi:10.1371/journal.pone.0053123
http://dx.doi.org/doi:10.1523/JNEUROSCI.4210-12.2013
http://dx.doi.org/doi:10.1523/JNEUROSCI.4210-12.2013
http://dx.doi.org/doi:10.1093/cercor/bhj147
http://dx.doi.org/doi:10.1128/MCB.23.20.7210-7221.2003
http://dx.doi.org/doi:10.1128/MCB.23.20.7210-7221.2003


198 Lalli, G. and Hall, A. (2005) Ral GTPases regulate neurite branching through GAP-43 and the exocyst complex. J. Cell Biol. 171, 857–869 doi:10.1083/
jcb.200507061

199 Dupraz, S., Grassi, D., Bernis, M.E., Sosa, L., Bisbal, M., Gastaldi, L. et al. (2009) The TC10-Exo70 complex is essential for membrane expansion and
axonal specification in developing neurons. J. Neurosci. 29, 13292–13301 doi:10.1523/JNEUROSCI.3907-09.2009

200 Salvarezza, S.B., Deborde, S., Schreiner, R., Campagne, F., Kessels, M.M., Qualmann, B. et al. (2009) LIM kinase 1 and cofilin regulate actin filament
population required for dynamin-dependent apical carrier fission from the trans-Golgi network. Mol. Biol. Cell 20, 438–451 doi:10.1091/mbc.
E08-08-0891

201 Villarroel-Campos, D., Bronfman, F.C. and Gonzalez-Billault, C. (2016) Rab GTPase signaling in neurite outgrowth and axon specification. Cytoskeleton
73, 498–507 doi:10.1002/cm.21303

202 Tang, B.L. (2016) Rab, Arf, and Arl-regulated membrane traffic in cortical neuron migration. J. Cell. Physiol. 231, 1417–1423 doi:10.1002/jcp.25261
203 Wojnacki, J. and Galli, T. (2016) Membrane traffic during axon development. Dev. Neurobiol. 76, 1185–1200 doi:10.1002/dneu.22390
204 Mori, Y., Matsui, T. and Fukuda, M. (2013) Rabex-5 protein regulates dendritic localization of small GTPase Rab17 and neurite morphogenesis in

hippocampal neurons. J. Biol. Chem. 288, 9835–9847 doi:10.1074/jbc.M112.427591
205 Takano, T., Tomomura, M., Yoshioka, N., Tsutsumi, K., Terasawa, Y., Saito, T. et al. (2012) LMTK1/AATYK1 is a novel regulator of axonal outgrowth that

acts via Rab11 in a Cdk5-dependent manner. J. Neurosci. 32, 6587–6599 doi:10.1523/JNEUROSCI.5317-11.2012
206 Furusawa, K., Asada, A., Urrutia, P., Gonzalez-Billault, C., Fukuda, M. and Hisanaga, S.-i. (2017) Cdk5 regulation of the GRAB-mediated Rab8-Rab11

cascade in axon outgrowth. J. Neurosci. 37, 790–806 doi:10.1523/JNEUROSCI.2197-16.2016
207 Beffert, U., Weeber, E.J., Morfini, G., Ko, J., Brady, S.T., Tsai, L.-H. et al. (2004) Reelin and cyclin-dependent kinase 5-dependent signals cooperate in

regulating neuronal migration and synaptic transmission. J. Neurosci. 24, 1897–1906 doi:10.1523/JNEUROSCI.4084-03.2004
208 Kobayashi, H. and Fukuda, M. (2012) Rab35 regulates Arf6 activity through centaurin-β2 (ACAP2) during neurite outgrowth. J. Cell Sci. 125,

2235–2243 doi:10.1242/jcs.098657
209 Hernández-Deviez, D.J., Roth, M.G., Casanova, J.E. and Wilson, J.M. (2004) ARNO and ARF6 regulate axonal elongation and branching through

downstream activation of phosphatidylinositol 4-phosphate 5-kinase α. Mol. Biol. Cell 15, 111–120 doi:10.1091/mbc.E03-06-0410
210 Caviness, V.S. and Sidman, R.L. (1973) Time of origin of corresponding cell classes in the cerebral cortex of normal and reeler mutant mice: an

autoradiographic analysis. J. Comp. Neurol. 148, 141–151 doi:10.1002/cne.901480202
211 Lord, M.C.P. and Caviness, V.S. (1979) Determinants of cell shape and orientation: a comparative Golgi analysis of cell-axon interrelationships in the

developing neocortex of normal and reeler mice. J. Comp. Neurol. 187, 49–69 doi:10.1002/cne.901870104
212 Hartfuss, E., Förster, E., Bock, H.H., Hack, M.A., Leprince, P., Luque, J.M. et al. (2003) Reelin signaling directly affects radial glia morphology and

biochemical maturation. Development 130, 4597–4609 doi:10.1242/dev.00654
213 Tissir, F. and Goffinet, A.M. (2003) Reelin and brain development. Nat. Rev. Neurosci. 4, 496–505 doi:10.1038/nrn1113
214 Jossin, Y. (2004) Neuronal migration and the role of reelin during early development of the cerebral cortex. Mol. Neurobiol. 30, 225–251 doi:10.1385/

MN:30:3:225
215 Frotscher, M. (2010) Role for reelin in stabilizing cortical architecture. Trends Neurosci. 33, 407–414 doi:10.1016/j.tins.2010.06.001
216 Frotscher, M., Haas, C.A. and Förster, E. (2003) Reelin controls granule cell migration in the dentate gyrus by acting on the radial glial scaffold. Cereb.

Cortex 13, 634–640 doi:10.1093/cercor/13.6.634
217 Chai, X., Fan, L., Shao, H., Lu, X., Zhang, W., Li, J. et al. (2015) Reelin induces branching of neurons and radial glial cells during corticogenesis.

Cereb. Cortex 25, 3640–3653 doi:10.1093/cercor/bhu216
218 de Anda, F.C., Meletis, K., Ge, X., Rei, D. and Tsai, L.-H. (2010) Centrosome motility is essential for initial axon formation in the neocortex. J. Neurosci.

30, 10391–10406 doi:10.1523/JNEUROSCI.0381-10.2010
219 O’Dell, R.S., Ustine, C.J.M., Cameron, D.A., Lawless, S.M., Williams, R.M., Zipfel, W.R. et al. (2012) Layer 6 cortical neurons require reelin-Dab1

signaling for cellular orientation, Golgi deployment, and directed neurite growth into the marginal zone. Neural Dev. 7, 25 doi:10.1186/1749-8104-7-25
220 Totaro, A., Tavano, S., Filosa, G., Gärtner, A., Pennucci, R., Santambrogio, P. et al. (2012) Biochemical and functional characterisation of αPIX, a

specific regulator of axonal and dendritic branching in hippocampal neurons. Biol. Cell 104, 533–552 doi:10.1111/boc.201100060
221 Hayashi, K., Ohshima, T. and Mikoshiba, K. (2002) Pak1 is involved in dendrite initiation as a downstream effector of Rac1 in cortical neurons. Mol. Cell.

Neurosci. 20, 579–594 doi:10.1006/mcne.2002.1144
222 Hall, A. (2012) Rho family GTPases. Biochem. Soc. Trans. 40, 1378–1382
223 Wojnacki, J., Quassollo, G., Marzolo, M.-P. and Cáceres, A. (2014) Rho GTPases at the crossroad of signaling networks in mammals: impact of

Rho-GTPases on microtubule organization and dynamics. Small GTPases 5, e28430 doi:10.4161/sgtp.28430
224 Teixeira, C.M., Kron, M.M., Masachs, N., Zhang, H., Lagace, D.C., Martinez, A. et al. (2012) Cell-autonomous inactivation of the reelin pathway impairs

adult neurogenesis in the hippocampus. J. Neurosci. 32, 12051–12065 doi:10.1523/JNEUROSCI.1857-12.2012
225 Stockinger, W., Sailler, B., Strasser, V., Recheis, B., Fasching, D., Kahr, L. et al. (2002) The PX-domain protein SNX17 interacts with members of the

LDL receptor family and modulates endocytosis of the LDL receptor. EMBO J. 21, 4259–4267 doi:10.1093/emboj/cdf435
226 Lee, J., Retamal, C., Cuitiño, L., Caruano-Yzermans, A., Shin, J.-E., van Kerkhof, P. et al. (2008) Adaptor protein sorting nexin 17 regulates amyloid

precursor protein trafficking and processing in the early endosomes. J. Biol. Chem. 283, 11501–11508 doi:10.1074/jbc.M800642200
227 Steinberg, F., Heesom, K.J., Bass, M.D. and Cullen, P.J. (2012) SNX17 protects integrins from degradation by sorting between lysosomal and recycling

pathways. J. Cell Biol. 197, 219–230 doi:10.1083/jcb.201111121
228 Larios, J.A. and Marzolo, M.-P. (2012) Novel aspects of the apolipoprotein-E receptor family: regulation and functional role of their proteolytic

processing. Front. Biol. 7, 113–143 doi:10.1007/s11515-011-1186-7
229 Larios, J.A., Jausoro, I., Benitez, M.-L., Bronfman, F.C. and Marzolo, M.P. (2014) Neurotrophins regulate ApoER2 proteolysis through activation of the

Trk signaling pathway. BMC Neurosci. 15, 108 doi:10.1186/1471-2202-15-108
230 Taylor, C.A., Yan, J., Howell, A.S., Dong, X. and Shen, K. (2015) RAB-10 regulates dendritic branching by balancing dendritic transport. PLoS Genet.

11, e1005695 doi:10.1371/journal.pgen.1005695
231 Zou, W., Yadav, S., DeVault, L., Jan, Y.N. and Sherwood, D.R. (2015) RAB-10-dependent membrane transport is required for dendrite arborization.

PLoS Genet. 11, e1005484 doi:10.1371/journal.pgen.1005484

© 2017 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 3163

Biochemical Journal (2017) 474 3137–3165
DOI: 10.1042/BCJ20160628

http://dx.doi.org/doi:10.1083/jcb.200507061
http://dx.doi.org/doi:10.1083/jcb.200507061
http://dx.doi.org/doi:10.1523/JNEUROSCI.3907-09.2009
http://dx.doi.org/doi:10.1523/JNEUROSCI.3907-09.2009
http://dx.doi.org/doi:10.1091/mbc.E08-08-0891
http://dx.doi.org/doi:10.1091/mbc.E08-08-0891
http://dx.doi.org/doi:10.1091/mbc.E08-08-0891
http://dx.doi.org/doi:10.1091/mbc.E08-08-0891
http://dx.doi.org/doi:10.1002/cm.21303
http://dx.doi.org/doi:10.1002/jcp.25261
http://dx.doi.org/doi:10.1002/dneu.22390
http://dx.doi.org/doi:10.1074/jbc.M112.427591
http://dx.doi.org/doi:10.1523/JNEUROSCI.5317-11.2012
http://dx.doi.org/doi:10.1523/JNEUROSCI.5317-11.2012
http://dx.doi.org/doi:10.1523/JNEUROSCI.2197-16.2016
http://dx.doi.org/doi:10.1523/JNEUROSCI.2197-16.2016
http://dx.doi.org/doi:10.1523/JNEUROSCI.4084-03.2004
http://dx.doi.org/doi:10.1523/JNEUROSCI.4084-03.2004
http://dx.doi.org/doi:10.1242/jcs.098657
http://dx.doi.org/doi:10.1091/mbc.E03-06-0410
http://dx.doi.org/doi:10.1091/mbc.E03-06-0410
http://dx.doi.org/doi:10.1091/mbc.E03-06-0410
http://dx.doi.org/doi:10.1002/cne.901480202
http://dx.doi.org/doi:10.1002/cne.901870104
http://dx.doi.org/doi:10.1242/dev.00654
http://dx.doi.org/doi:10.1038/nrn1113
http://dx.doi.org/doi:10.1385/MN:30:3:225
http://dx.doi.org/doi:10.1385/MN:30:3:225
http://dx.doi.org/doi:10.1016/j.tins.2010.06.001
http://dx.doi.org/doi:10.1093/cercor/13.6.634
http://dx.doi.org/doi:10.1093/cercor/bhu216
http://dx.doi.org/doi:10.1523/JNEUROSCI.0381-10.2010
http://dx.doi.org/doi:10.1523/JNEUROSCI.0381-10.2010
http://dx.doi.org/doi:10.1186/1749-8104-7-25
http://dx.doi.org/doi:10.1186/1749-8104-7-25
http://dx.doi.org/doi:10.1186/1749-8104-7-25
http://dx.doi.org/doi:10.1186/1749-8104-7-25
http://dx.doi.org/doi:10.1111/boc.201100060
http://dx.doi.org/doi:10.1006/mcne.2002.1144
http://dx.doi.org/doi:10.4161/sgtp.28430
http://dx.doi.org/doi:10.1523/JNEUROSCI.1857-12.2012
http://dx.doi.org/doi:10.1523/JNEUROSCI.1857-12.2012
http://dx.doi.org/doi:10.1093/emboj/cdf435
http://dx.doi.org/doi:10.1074/jbc.M800642200
http://dx.doi.org/doi:10.1083/jcb.201111121
http://dx.doi.org/doi:10.1007/s11515-011-1186-7
http://dx.doi.org/doi:10.1007/s11515-011-1186-7
http://dx.doi.org/doi:10.1007/s11515-011-1186-7
http://dx.doi.org/doi:10.1007/s11515-011-1186-7
http://dx.doi.org/doi:10.1186/1471-2202-15-108
http://dx.doi.org/doi:10.1186/1471-2202-15-108
http://dx.doi.org/doi:10.1186/1471-2202-15-108
http://dx.doi.org/doi:10.1186/1471-2202-15-108
http://dx.doi.org/doi:10.1371/journal.pgen.1005695
http://dx.doi.org/doi:10.1371/journal.pgen.1005484


232 Peng, Y., Lee, J., Rowland, K., Wen, Y., Hua, H., Carlson, N. et al. (2015) Regulation of dendrite growth and maintenance by exocytosis. J. Cell Sci.
128, 4279–4292 doi:10.1242/jcs.174771

233 Vega, I.E. and Hsu, S.C. (2001) The exocyst complex associates with microtubules to mediate vesicle targeting and neurite outgrowth. J. Neurosci. 21,
3839–3848 PMID:11356872

234 Hertzog, M. and Chavrier, P. (2011) Cell polarity during motile processes: keeping on track with the exocyst complex. Biochem. J. 433, 403–409
doi:10.1042/BJ20101214

235 Zhang, X.-M., Ellis, S., Sriratana, A., Mitchell, C.A. and Rowe, T. (2004) Sec15 is an effector for the Rab11 GTPase in mammalian cells. J. Biol. Chem.
279, 43027–43034 doi:10.1074/jbc.M402264200

236 Prigent, M., Dubois, T., Raposo, G., Derrien, V., Tenza, D., Rossé, C. et al. (2003) ARF6 controls post-endocytic recycling through its downstream
exocyst complex effector. J. Cell Biol. 163, 1111–1121 doi:10.1083/jcb.200305029

237 Saito, A., Miyajima, K., Akatsuka, J., Kondo, H., Mashiko, T., Kiuchi, T. et al. (2013) CaMKIIβ-mediated LIM-kinase activation plays a crucial role in
BDNF-induced neuritogenesis. Genes Cells 18, 533–543 doi:10.1111/gtc.12054

238 Chesneau, L., Dambournet, D., Machicoane, M., Kouranti, I., Fukuda, M., Goud, B. et al. (2012) An ARF6/Rab35 GTPase cascade for endocytic
recycling and successful cytokinesis. Curr. Biol. 22, 147–153 doi:10.1016/j.cub.2011.11.058

239 Kobayashi, H. and Fukuda, M. (2013) Rab35 establishes the EHD1-association site by coordinating two distinct effectors during neurite outgrowth. J.
Cell Sci. 126, 2424–2435 doi:10.1242/jcs.117846

240 Kobayashi, H., Etoh, K. and Fukuda, M. (2014) Rab35 is translocated from Arf6-positive perinuclear recycling endosomes to neurite tips during neurite
outgrowth. Small GTPases 5, e29290 doi:10.4161/sgtp.29290

241 Villarroel-Campos, D., Henríquez, D.R., Bodaleo, F.J., Oguchi, M.E., Bronfman, F.C., Fukuda, M. et al. (2016) Rab35 functions in axon elongation are
regulated by p53-related protein kinase in a mechanism that involves Rab35 protein degradation and the microtubule-associated protein 1B. J. Neurosci.
36, 7298–7313 doi:10.1523/JNEUROSCI.4064-15.2016

242 Borg, J.P., Ooi, J., Levy, E. and Margolis, B. (1996) The phosphotyrosine interaction domains of X11 and FE65 bind to distinct sites on the YENPTY
motif of amyloid precursor protein. Mol. Cell. Biol. 16, 6229–6241 doi:10.1128/MCB.16.11.6229

243 Hoe, H.-S., Magill, L.A., Guenette, S., Fu, Z., Vicini, S. and Rebeck, G.W. (2006) FE65 interaction with the ApoE receptor ApoEr2. J. Biol. Chem. 281,
24521–24530 doi:10.1074/jbc.M600728200

244 Cheung, H.N.M., Dunbar, C., Mórotz, G.M., Cheng, W.H., Chan, H.Y.E., Miller, C.C. et al. (2014) FE65 interacts with ADP-ribosylation factor 6 to
promote neurite outgrowth. FASEB J. 28, 337–349 doi:10.1096/fj.13-232694

245 Radhakrishna, H., Al-Awar, O., Khachikian, Z. and Donaldson, J.G. (1999) ARF6 requirement for Rac ruffling suggests a role for membrane trafficking in
cortical actin rearrangements. J. Cell Sci. 112(Pt 6), 855–866 PMID:10036235

246 Koo, T.H., Eipper, B.A. and Donaldson, J.G. (2007) Arf6 recruits the Rac GEF kalirin to the plasma membrane facilitating Rac activation. BMC Cell Biol.
8, 29 doi:10.1186/1471-2121-8-29

247 Gonzalez-Billault, C., Muñoz-Llancao, P., Henriquez, D.R., Wojnacki, J., Conde, C. and Caceres, A. (2012) The role of small GTPases in neuronal
morphogenesis and polarity. Cytoskeleton 69, 464–485 doi:10.1002/cm.21034

248 Cotton, M., Boulay, P.-L., Houndolo, T., Vitale, N., Pitcher, J.A. and Claing, A. (2007) Endogenous ARF6 interacts with Rac1 upon angiotensin II
stimulation to regulate membrane ruffling and cell migration. Mol. Biol. Cell 18, 501–511 doi:10.1091/mbc.E06-06-0567

249 Chameau, P., Inta, D., Vitalis, T., Monyer, H., Wadman, W.J. and van Hooft, J.A. (2009) The N-terminal region of reelin regulates postnatal dendritic
maturation of cortical pyramidal neurons. Proc. Natl Acad. Sci. U.S.A. 106, 7227–7232 doi:10.1073/pnas.0810764106

250 Ampuero, E., Jury, N., Härtel, S., Marzolo, M.-P. and van Zundert, B. (2017) Interfering of the reelin/ApoER2/PSD95 signaling axis reactivates
dendritogenesis of mature hippocampal neurons. J. Cell Physiol. 232, 1187–1199 doi:10.1002/jcp.25605

251 Bustos, F.J., Varela-Nallar, L., Campos, M., Henriquez, B., Phillips, M., Opazo, C. et al. (2014) PSD95 suppresses dendritic arbor development in
mature hippocampal neurons by occluding the clustering of NR2B-NMDA receptors. PLoS ONE 9, e94037 doi:10.1371/journal.pone.0094037

252 Groc, L., Choquet, D., Stephenson, F.A., Verrier, D., Manzoni, O.J. and Chavis, P. (2007) NMDA receptor surface trafficking and synaptic subunit
composition are developmentally regulated by the extracellular matrix protein reelin. J. Neurosci. 27, 10165–10175 doi:10.1523/JNEUROSCI.1772-07.
2007

253 Kirilly, D., Gu, Y., Huang, Y., Wu, Z., Bashirullah, A., Low, B.C. et al. (2009) A genetic pathway composed of Sox14 and mical governs severing of
dendrites during pruning. Nat. Neurosci. 12, 1497–1505 doi:10.1038/nn.2415

254 Hung, R.-J., Pak, C.W. and Terman, J.R. (2011) Direct redox regulation of F-actin assembly and disassembly by Mical. Science 334, 1710–1713
doi:10.1126/science.1211956

255 Giridharan, S.S.P., Rohn, J.L., Naslavsky, N. and Caplan, S. (2012) Differential regulation of actin microfilaments by human MICAL proteins. J. Cell Sci.
125, 614–624 doi:10.1242/jcs.089367

256 Zhang, H., Wang, Y., Wong, J.J.L., Lim, K.-L., Liou, Y.-C., Wang, H. et al. (2014) Endocytic pathways downregulate the L1-type cell adhesion molecule
neuroglian to promote dendrite pruning in Drosophila. Dev. Cell 30, 463–478 doi:10.1016/j.devcel.2014.06.014

257 Wong, J.J.L., Li, S., Lim, E.K.H., Wang, Y., Wang, C., Zhang, H. et al. (2013) A Cullin1-based SCF E3 ubiquitin ligase targets the InR/PI3K/TOR pathway
to regulate neuronal pruning. PLoS Biol. 11, e1001657 doi:10.1371/journal.pbio.1001657

258 Dumanis, S.B., Cha, H.-J., Song, J.M., Trotter, J.H., Spitzer, M., Lee, J.-Y. et al. (2011) Apoe receptor 2 regulates synapse and dendritic spine
formation. PLoS ONE 6, e17203 doi:10.1371/journal.pone.0017203

259 Mullen, B.R., Ross, B., Chou, J.W., Khankan, R., Khialeeva, E., Bui, K. et al. (2016) A complex interaction between reduced reelin expression and
prenatal organophosphate exposure alters neuronal cell morphology. ASN Neuro 8, 1759091416656253 doi:10.1177/1759091416656253

260 Bosch, C., Masachs, N., Exposito-Alonso, D., Martínez, A., Teixeira, C.M., Fernaud, I. et al. (2016) Reelin regulates the maturation of dendritic spines,
synaptogenesis and glial ensheathment of newborn granule cells. Cereb. Cortex 26, 4282–4298 doi:10.1093/cercor/bhw216

261 Clatworthy, A.E., Stockinger, W., Christie, R.H., Schneider, W.J., Nimpf, J., Hyman, B.T. et al. (1999) Expression and alternate splicing of apolipoprotein
E receptor 2 in brain. Neuroscience 90, 903–911 doi:10.1016/S0306-4522(98)00489-8

262 Choi, S., Ko, J., Lee, J.-R., Lee, H.W., Kim, K., Chung, H.S. et al. (2006) ARF6 and EFA6A regulate the development and maintenance of dendritic
spines. J. Neurosci. 26, 4811–4819 doi:10.1523/JNEUROSCI.4182-05.2006

© 2017 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society3164

Biochemical Journal (2017) 474 3137–3165
DOI: 10.1042/BCJ20160628

http://dx.doi.org/doi:10.1242/jcs.174771
http://www.ncbi.nlm.nih.gov/pubmed/11356872
http://dx.doi.org/doi:10.1042/BJ20101214
http://dx.doi.org/doi:10.1074/jbc.M402264200
http://dx.doi.org/doi:10.1083/jcb.200305029
http://dx.doi.org/doi:10.1111/gtc.12054
http://dx.doi.org/doi:10.1016/j.cub.2011.11.058
http://dx.doi.org/doi:10.1242/jcs.117846
http://dx.doi.org/doi:10.4161/sgtp.29290
http://dx.doi.org/doi:10.1523/JNEUROSCI.4064-15.2016
http://dx.doi.org/doi:10.1523/JNEUROSCI.4064-15.2016
http://dx.doi.org/doi:10.1128/MCB.16.11.6229
http://dx.doi.org/doi:10.1074/jbc.M600728200
http://dx.doi.org/doi:10.1096/fj.13-232694
http://dx.doi.org/doi:10.1096/fj.13-232694
http://www.ncbi.nlm.nih.gov/pubmed/10036235
http://dx.doi.org/doi:10.1186/1471-2121-8-29
http://dx.doi.org/doi:10.1186/1471-2121-8-29
http://dx.doi.org/doi:10.1186/1471-2121-8-29
http://dx.doi.org/doi:10.1186/1471-2121-8-29
http://dx.doi.org/doi:10.1002/cm.21034
http://dx.doi.org/doi:10.1091/mbc.E06-06-0567
http://dx.doi.org/doi:10.1091/mbc.E06-06-0567
http://dx.doi.org/doi:10.1091/mbc.E06-06-0567
http://dx.doi.org/doi:10.1073/pnas.0810764106
http://dx.doi.org/doi:10.1002/jcp.25605
http://dx.doi.org/doi:10.1371/journal.pone.0094037
http://dx.doi.org/doi:10.1523/JNEUROSCI.1772-07.2007
http://dx.doi.org/doi:10.1523/JNEUROSCI.1772-07.2007
http://dx.doi.org/doi:10.1523/JNEUROSCI.1772-07.2007
http://dx.doi.org/doi:10.1038/nn.2415
http://dx.doi.org/doi:10.1126/science.1211956
http://dx.doi.org/doi:10.1242/jcs.089367
http://dx.doi.org/doi:10.1016/j.devcel.2014.06.014
http://dx.doi.org/doi:10.1371/journal.pbio.1001657
http://dx.doi.org/doi:10.1371/journal.pone.0017203
http://dx.doi.org/doi:10.1177/1759091416656253
http://dx.doi.org/doi:10.1093/cercor/bhw216
http://dx.doi.org/doi:10.1016/S0306-4522(98)00489-8
http://dx.doi.org/doi:10.1016/S0306-4522(98)00489-8
http://dx.doi.org/doi:10.1016/S0306-4522(98)00489-8
http://dx.doi.org/doi:10.1523/JNEUROSCI.4182-05.2006
http://dx.doi.org/doi:10.1523/JNEUROSCI.4182-05.2006


263 Mori, Y., Matsui, T., Furutani, Y., Yoshihara, Y. and Fukuda, M. (2012) Small GTPase Rab17 regulates dendritic morphogenesis and postsynaptic
development of hippocampal neurons. J. Biol. Chem. 287, 8963–8973 doi:10.1074/jbc.M111.314385

264 Brown, T.C., Correia, S.S., Petrok, C.N. and Esteban, J.A. (2007) Functional compartmentalization of endosomal trafficking for the synaptic delivery of
AMPA receptors during long-term potentiation. J. Neurosci. 27, 13311–13315 doi:10.1523/JNEUROSCI.4258-07.2007

265 Hoogenraad, C.C., Popa, I., Futai, K., Sanchez-Martinez, E., Wulf, P.S., van Vlijmen, T. et al. (2010) Neuron specific Rab4 effector GRASP-1 coordinates
membrane specialization and maturation of recycling endosomes. PLoS Biol. 8, e1000283 doi:10.1371/journal.pbio.1000283

266 Richards, P., Didszun, C., Campesan, S., Simpson, A., Horley, B., Young, K. et al. (2011) Dendritic spine loss and neurodegeneration is rescued by
Rab11 in models of huntington’s disease. Cell Death Differ. 18, 191–200 doi:10.1038/cdd.2010.127

267 Tashiro, A., Minden, A. and Yuste, R. (2000) Regulation of dendritic spine morphology by the rho family of small GTPases: antagonistic roles of Rac and
Rho. Cereb. Cortex 10, 927–938 doi:10.1093/cercor/10.10.927

268 Tashiro, A. and Yuste, R. (2004) Regulation of dendritic spine motility and stability by Rac1 and Rho kinase: evidence for two forms of spine motility.
Mol. Cell. Neurosci. 26, 429–440 doi:10.1016/j.mcn.2004.04.001

269 Zhang, H. and Macara, I.G. (2006) The polarity protein PAR-3 and TIAM1 cooperate in dendritic spine morphogenesis. Nat. Cell Biol. 8, 227–237
doi:10.1038/ncb1368

270 Duman, J.G., Tzeng, C.P., Tu, Y.-K., Munjal, T., Schwechter, B., Ho, T.S.-Y. et al. (2013) The adhesion-GPCR BAI1 regulates synaptogenesis by
controlling the recruitment of the Par3/Tiam1 polarity complex to synaptic sites. J. Neurosci. 33, 6964–6978 doi:10.1523/JNEUROSCI.3978-12.2013

271 Fukaya, M., Fukushima, D., Hara, Y. and Sakagami, H. (2014) EFA6A, a guanine nucleotide exchange factor for Arf6, interacts with sorting nexin-1 and
regulates neurite outgrowth. J. Neurochem. 129, 21–36 doi:10.1111/jnc.12524

272 Elagabani, M.N., Briševac, D., Kintscher, M., Pohle, J., Köhr, G., Schmitz, D. et al. (2016) Subunit-selective N-Methyl-D-aspartate (NMDA) receptor
signaling through brefeldin A-resistant Arf guanine nucleotide exchange factors BRAG1 and BRAG2 during synapse maturation. J. Biol. Chem. 291,
9105–9118 doi:10.1074/jbc.M115.691717

273 Park, M., Penick, E.C., Edwards, J.G., Kauer, J.A. and Ehlers, M.D. (2004) Recycling endosomes supply AMPA receptors for LTP. Science 305,
1972–1975 doi:10.1126/science.1102026

274 Weeber, E.J., Beffert, U., Jones, C., Christian, J.M., Förster, E., Sweatt, J.D. et al. (2002) Reelin and ApoE receptors cooperate to enhance hippocampal
synaptic plasticity and learning. J. Biol. Chem. 277, 39944–39952 doi:10.1074/jbc.M205147200

275 Gerges, N.Z., Backos, D.S. and Esteban, J.A. (2004) Local control of AMPA receptor trafficking at the postsynaptic terminal by a small GTPase of the
Rab family. J. Biol. Chem. 279, 43870–43878 doi:10.1074/jbc.M404982200

276 da Silva, M.E., Adrian, M., Schätzle, P., Lipka, J., Watanabe, T., Cho, S. et al. (2015) Positioning of AMPA receptor-containing endosomes regulates
synapse architecture. Cell Rep. 13, 933–943 doi:10.1016/j.celrep.2015.09.062

277 Loo, L.S., Tang, N., Al-Haddawi, M., Dawe, G.S. and Hong, W. (2014) A role for sorting nexin 27 in AMPA receptor trafficking. Nat. Commun. 5, 3176
doi:10.1038/ncomms4176

278 Tian, Y., Tang, F.-L., Sun, X.D., Wen, L., Mei, L., Tang, B.-S. et al. (2015) VPS35-deficiency results in an impaired AMPA receptor trafficking and
decreased dendritic spine maturation. Mol. Brain 8, 70 doi:10.1186/s13041-015-0156-4

279 Zheng, N., Jeyifous, O., Munro, C., Montgomery, J.M. and Green, W.N. (2015) Synaptic activity regulates AMPA receptor trafficking through different
recycling pathways. eLife 4, e06878 doi:10.7554/eLife.06878

280 Oku, Y. and Huganir, R.L. (2013) AGAP3 and Arf6 regulate trafficking of AMPA receptors and synaptic plasticity. J. Neurosci. 33, 12586–12598 doi:10.
1523/JNEUROSCI.0341-13.2013

281 Brachet, A., Norwood, S., Brouwers, J.F., Palomer, E., Helms, J.B., Dotti, C.G. et al. (2015) LTP-triggered cholesterol redistribution activates Cdc42 and
drives AMPA receptor synaptic delivery. J. Cell Biol. 208, 791–806 doi:10.1083/jcb.201407122

© 2017 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 3165

Biochemical Journal (2017) 474 3137–3165
DOI: 10.1042/BCJ20160628

http://dx.doi.org/doi:10.1074/jbc.M111.314385
http://dx.doi.org/doi:10.1523/JNEUROSCI.4258-07.2007
http://dx.doi.org/doi:10.1523/JNEUROSCI.4258-07.2007
http://dx.doi.org/doi:10.1371/journal.pbio.1000283
http://dx.doi.org/doi:10.1038/cdd.2010.127
http://dx.doi.org/doi:10.1093/cercor/10.10.927
http://dx.doi.org/doi:10.1016/j.mcn.2004.04.001
http://dx.doi.org/doi:10.1038/ncb1368
http://dx.doi.org/doi:10.1523/JNEUROSCI.3978-12.2013
http://dx.doi.org/doi:10.1523/JNEUROSCI.3978-12.2013
http://dx.doi.org/doi:10.1111/jnc.12524
http://dx.doi.org/doi:10.1074/jbc.M115.691717
http://dx.doi.org/doi:10.1126/science.1102026
http://dx.doi.org/doi:10.1074/jbc.M205147200
http://dx.doi.org/doi:10.1074/jbc.M404982200
http://dx.doi.org/doi:10.1016/j.celrep.2015.09.062
http://dx.doi.org/doi:10.1038/ncomms4176
http://dx.doi.org/doi:10.1186/s13041-015-0156-4
http://dx.doi.org/doi:10.1186/s13041-015-0156-4
http://dx.doi.org/doi:10.1186/s13041-015-0156-4
http://dx.doi.org/doi:10.1186/s13041-015-0156-4
http://dx.doi.org/doi:10.7554/eLife.06878
http://dx.doi.org/doi:10.1523/JNEUROSCI.0341-13.2013
http://dx.doi.org/doi:10.1523/JNEUROSCI.0341-13.2013
http://dx.doi.org/doi:10.1523/JNEUROSCI.0341-13.2013
http://dx.doi.org/doi:10.1083/jcb.201407122

	The functions of Reelin in membrane trafficking and cytoskeletal dynamics: implications for neuronal migration, polarization and differentiation
	Abstract
	Overview
	Introduction
	Reelin and its signaling pathway
	General aspects of cortex development and neuronal migration
	The roles of the cytoskeleton and membrane trafficking in neuronal migration and differentiation

	Reelin signaling in cortical development: neurogenesis, neuronal migration and polarization
	Neurogenesis
	Neuronal migration from the SVZ to the IZ
	Locomotion: radial glial fiber-dependent migration
	Terminal somal translocation and stop migration signal

	Reelin signaling in the regulation of neuronal polarization and differentiation
	Emergence, growth and branching of the axon
	Dendritic development
	Dendritic refinement
	Role of reelin in synaptogenesis

	Conclusions and perspectives
	Funding
	Competing Interests
	References


