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The human cerebral cortex is the seat of our cognitive abilities and composed of an
extraordinary number of neurons, organized in six distinct layers. The establishment
of specific morphological and physiological features in individual neurons needs to be
regulated with high precision. Impairments in the sequential developmental programs
instructing corticogenesis lead to alterations in the cortical cytoarchitecture which is
thought to represent the major underlying cause for several neurological disorders
including neurodevelopmental and psychiatric diseases. In this review article we discuss
the role of cell polarity at sequential stages during cortex development. We first provide
an overview of morphological cell polarity features in cortical neural stem cells and
newly-born postmitotic neurons. We then synthesize a conceptual molecular and
biochemical framework how cell polarity is established at the cellular level through
a break in symmetry in nascent cortical projection neurons. Lastly we provide a
perspective how the molecular mechanisms applying to single cells could be probed
and integrated in an in vivo and tissue-wide context.

Keywords: cerebral cortex, polarity, neurogenesis, neuronal migration, axon, dendrite, break in symmetry,
GTPases

ESTABLISHMENT OF CELLULAR POLARITY IN SEQUENTIAL
STAGES OF CORTICAL DEVELOPMENT

Neural Stem Cell Polarity
The mammalian cerebral cortex emerges from the neuroectoderm. At the end of neurulation and
neural tube closure, occurring from embryonic day (E) 7 to E9 in mice, the early neuroepithelium is
composed of neuroepithelial stem cells (NESCs) from which all subsequent neural progenitor cells
and their neuron lineages derive (Figure 1). NESCs are highly polarized and their nuclei exhibit
interkinetic nuclear migration whereby they translocate from the ventricular (apical) side to the
more basal side in concert with the cell cycle (Lee and Norden, 2013). NESC polarity correlates with
the asymmetric distribution of cell fate determinants which are thought to control the fine balance
between symmetric and asymmetric progenitor divisions (Shitamukai and Matsuzaki, 2012). Such
balance is critical for the generation of the correct number of radial glia progenitor cells (RGPCs),
which are not only lineally related to NESCs but exhibit even more polarized cellular morphology
with an extended basal process (Taverna et al., 2014). In the initial stages of neurogenesis,
NESCs arrange the mitotic spindle in parallel (division plane perpendicular) to the ventricular
zone (VZ) and divide mostly symmetrically, thereby expanding the progenitor pool (Postiglione
and Hippenmeyer, 2014; Taverna et al., 2014). The disruption of the mitotic spindle, anchored
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to the lateral walls of NESCs, results in the precocious
generation of neurons and apoptosis (Yingling et al., 2008).
Thus the correct cellular polarization of the earliest neural
progenitor cells in the developing cerebral cortex is absolutely
essential for the correct lineage progression and eventual
neuron production. While it has been well established that
components of the planar cell polarity signaling pathway
play critical roles in establishing and maintaining progenitor
polarity (Knoblich, 2008; Homem et al., 2015), the signaling
cues and molecular mechanisms that instruct polarization and
the break of symmetry in NESCs are not well understood
in vivo.

Radial glia progenitors (RGPs) have been demonstrated
to be the major neural progenitors in the developing cortex
responsible for producing the vast majority of cortical excitatory
neurons (Malatesta et al., 2000; Noctor et al., 2001; Anthony
et al., 2004; Lui et al., 2011; Franco and Muller, 2013; Borrell
and Götz, 2014; Taverna et al., 2014). The RGP division
patterns and dynamics determine the number of neurons in
the mature cortex. RGP cell division during mitosis occurs at
the surface of the embryonic VZ and can be either symmetric
or asymmetric, which is defined by the fate of the two
daughter cells (Lui et al., 2011; Gao et al., 2014; Taverna et al.,
2014; Homem et al., 2015). The extrinsic and intracellular
signaling cues that instruct the mode of cell division are
not well understood. The directional segregation of cell fate
determinants such as Notch, components of the planar cell
polarity signaling module, or entire centrosomes (i.e., duplicated
centrioles) in dividing neural stem cells indicates however that
polarized secretion and/or trafficking is a key mechanism (Wang
et al., 2009; Lui et al., 2011; Paridaen et al., 2013; Taverna
et al., 2014). Symmetric RGP divisions generate two RGPs
to amplify the progenitor pool or two postmitotic neurons.
In contrast, asymmetric divisions produce a renewing RGP
and a neuron or an intermediate progenitor (IP). IPs can
further divide symmetrically in the subventricular zone (SVZ)
to produce neurons (Noctor et al., 2004; Kowalczyk et al.,
2009). Interestingly, IPs adopt a multipolar morphology (Noctor
et al., 2004; Kowalczyk et al., 2009) and it is currently not
known whether the transition from bipolar (RGP) to multipolar
(IP) state could correlate with, or even be instructive, for
the neurogenic potential in dividing IPs. RGPs may also
produce other types of transient amplifying progenitors, such
as short neural precursors (SNPs; Stancik et al., 2010) and
outer SVZ radial glial progenitors (oRGs aka basal RGs or
bRGs; Fietz et al., 2010; Hansen et al., 2010; Shitamukai et al.,
2011; Wang X. et al., 2011; Kelava et al., 2012; Betizeau
et al., 2013; Florio et al., 2015; Johnson et al., 2015; Pollen
et al., 2015). Although oRGs like RGPs are bipolar, they
have been shown to adopt different morphological states and
thus likely exhibit distinct cellular polarity since they lack
apical attachment at the ventricle. Distinct oRG morphologies
may reflect distinct competence states with respect to the
number and types of neurons which are generated (Betizeau
et al., 2013). Although the above studies provide a framework
of stem cell polarity and lineage progression at the cellular
level (Figure 1), the underlying molecular and biochemical

mechanisms of progenitor cell polarization are still poorly
defined.

Polarity in Nascent Postmitotic
Neurons—Implications for Neuronal
Migration
The basal processes of RGPs serve as a scaffold for nascent
cortical neurons, which migrate from the VZ/SVZ through
the intermediate zone (IZ), in order to reach the cortical
plate (CP; Rakic, 1972; Evsyukova et al., 2013). Cortical
layering occurs in an ‘‘inside-out’’ fashion whereby earlier
born neurons populate deep layers and later born neurons
occupy progressively upper layers (Angevine and Sidman,
1961; Rakic, 1974). Newly-born cortical neurons migrate, in a
step-wise fashion coupled with changes in cell polarity, from
the VZ/SVZ through IZ zone in order to reach the CP where
they position themselves at their final location (Figure 1;
Rakic, 1972; Nadarajah and Parnavelas, 2002; Noctor et al.,
2004; Tsai et al., 2005; Marín et al., 2010; Hippenmeyer,
2014). Timelapse and videomicroscopy approaches (Tabata
and Nakajima, 2008; Noctor, 2011; Tsai and Vallee, 2011)
with the goal to trace the migration paths of individual
cortical projection neurons have impressively revealed that:
(1) radially migrating neurons proceed though several
distinct migratory phases; (2) change their morphology
and polarize along the way; and (3) adjust their mode of
migration while transiting through the different zones along
the radial migratory path (Nadarajah et al., 2001; Tabata
and Nakajima, 2003; Noctor et al., 2004; Tsai et al., 2005;
Sekine et al., 2011; Figure 1). From these observations through
live-imaging, it is evident that nascent migrating neurons
undergo a series of morphological changes including the
depolarization and repolarization within the SVZ/IZ. The
molecular mechanisms controlling these morphological
transitions are poorly defined but if they are perturbed or
delayed, the development of the cortical cytoarchitecture may
be compromised. This is in particular relevant in humans that
suffer from e.g., Lissencephaly (a severe cortical malformation
disorder) where the loss of LIS1 activity results in a defect
to repolarize migrating neurons which in turn accumulate
in ectopic positions instead of properly migrating into the
developing CP (Tsai et al., 2005; Wynshaw-Boris et al., 2010).
LIS1 is only one of many molecules which are involved
in more than one cellular polarization process. As such
LIS1 plays a role in neural progenitor polarization and in the
establishment of polarity in postmitotic neurons. It will thus
be important to precisely dissect the sequential and/or distinct
functions of proteins orchestrating cellular polarity during
development.

Establishment of Axon and Dendrite
Compartments in Cortical Projection
Neurons
After nascent cortical projection neurons, exhibiting bipolar (BP)
morphology, have delaminated from the neuroepithelium at the
ventricular surface they move radially away to the SVZ. Within
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FIGURE 1 | Establishment of cell polarity in cerebral cortex development. (A) The early neuroepithelium is composed of highly polarized neuroepithelial stem cells
(NESCs, apical-basal polarity is indicated). NESCs give rise to radial glia progenitor stem cells (RGPCs) which exhibit even more polarized cellular morphology with an
extended basal process. During neurogenesis symmetric radial glia progenitor (RGP) divisions may generate two RGPs but asymmetric divisions produce a renewing
RGP and a neuron or an intermediate progenitor (IP). IPs further divide symmetrically in the subventricular zone (SVZ) to produce neurons. The basal processes of
RGPs serve as a scaffold for nascent post-mitotic neurons, which migrate in a step-wise fashion coupled with changes in cell polarity, from the ventricular zone
(VZ)/SVZ through the intermediate zone (IZ) in order to reach the cortical plate (CP). After nascent cortical projection neurons have delaminated from the
neuroepithelium at the ventricular surface they move radially away to the SVZ exhibiting bipolar (BP) morphology. Within the SVZ/IZ, neurons “sojourn” for about 24 h
or longer and most adopt a multipolar (MP) morphology, extending and retracting processes in all directions. At one point fundamental cellular polarization events
take place that predetermine the future axon of the neuron before the neuron again adopts a bipolar morphology and starts locomoting along the radial glial fiber
through the IZ. Once reaching the subplate (SP), neurons enter the CP and migrate towards the marginal zone (MZ) where they detach from the radial glial fiber.
Finally, neurons settle in their appropriate position in the CP and the leading process will eventually become the dendrite. (B) This panel depicts the migrating neuron
from panel (A) in higher detail with the leading and trailing processes which eventually become the dendrite and axon, respectively.

the SVZ neurons ‘‘sojourn’’ for about 24 h or longer and most
adopt a multipolar (MP) morphology, extending and retracting
processes in all directions (Tabata and Nakajima, 2003; Noctor
et al., 2004). While this stage is critical for the progression of the
sequential migration program it is also essential for establishing
the cellular compartments that later transform into axonal
and dendritic processes. During this phase, multipolar (MP)
neurons tend to migrate tangentially in an apparent random
fashion (Noctor et al., 2004; Jossin and Cooper, 2011). At one
point however, fundamental cellular polarization events take
place that predetermine the future axon of the neuron (Barnes
and Polleux, 2009) before the neuron again adopts a bipolar
morphology (Figure 1). In the remainder of this review we
synthesize a framework of neuronal polarization based upon
in vitro biochemical, cell culture and genetic loss of function
experiments in vivo. We reflect upon the relative contribution
of extrinsic cues and cell-intrinsic molecular and biochemical

signaling modules that dictate the break in symmetry and control
polarization of cortical projection neurons.

EXTRACELLULAR CUES CONTROLLING
PROJECTION NEURON POLARITY IN
CORTEX DEVELOPMENT

Developing cortical neurons can break symmetry in the absence
of external cues suggesting that the role of the extracellular
signals in the in vivo context is solely to activate/trigger an
intrinsic symmetry-breaking pathway. The intrinsic signaling
pathways on the other hand are dependent on the internal
biochemical state of the cell (Figures 2, 3 and see below
for detailed discussion). Albeit cell intrinsic mechanisms have
received much more attention than extracellular regulatory cues
it is clear that in the developing cortex, cell-to-cell interactions,
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FIGURE 2 | Molecular signaling pathways controlling neuronal polarization. (A) A simplified illustration of the biochemical network of axon determination. Only
interactions localized to the nascent axon are shown. (B) Positive feedback loops in the process of axon determination. (C) Probing PIP3 localization and
accumulation in polarizing neurons with Akt-pleckstrin-homology (PH)-GFP as a probe for PIP3.

the local microenvironment and long-range signaling constitute
essential factors for the establishment of projection neuron
polarity in vivo.

Cell-Cell Interactions
Nascent projection neurons are embedded in a heterogeneous
environment and cell-cell interactions are likely to play an
important role in neuronal polarization (Jossin, 2011; Gartner
et al., 2015; Namba et al., 2015). It has been suggested
that the radial glial scaffold, on which neurons perform
locomotion in the IZ, could be involved in the MP-to-BP
transition. Experiments inhibiting the cell-adhesion molecule
N-cadherin have shown that newly-born neurons expressing
a dominant-negative form of N-cadherin establish abnormal
leading processes (Gartner et al., 2012, 2015). These experiments
have also indicated that radial glial-neuron interactions mediated
by N-cadherin play an essential role in the initial radial
alignment of nascent neurons and thus possibly (albeit in
an indirect manner) in the subsequent MP-to-BP transition.
Interestingly, polarized N-cadherin localization has been shown
to occur in a single neurite during MP-to-BP transition and
thus likely represents one of the earliest consequences of the
symmetry-break (Gartner et al., 2012). In such context, it
has been proposed that the interaction of multipolar cells
and RGPs mediated by N-cadherin leads to the establishment
of axon-dendrite polarity through polarized distribution of

active RhoA in the neurite contacting the RGC and active
Rac1 on the opposite side where the axon is formed (Xu
et al., 2015). Physical interactions between pioneering axons
from earlier generated neurons and the dynamic neurites
from newly born neurons have been shown to contribute
to polarization in MP neurons (Namba et al., 2014, 2015).
These interactions involve the cell adhesion molecule transient
axonal glycoprotein 1 (TAG-1). The highest expression of
TAG-1 has been observed in the lower IZ (Namba et al.,
2014), exactly where nascent neurons switch from MP-to-
BP morphology. Current models propose that TAG-1 is
expressed in both MP cells and pioneering axons and thus
could mediate homophilic cell-cell contacts. Indeed, shRNA-
mediated knockdown of TAG-1 results in the disruption of
the MP-to-BP transition and axon specification. The underlying
mechanism of TAG-1 action in polarization may involve:
(1) an increase in physical tension in the immature neurite
leading to axon induction and formation; and (2) contact-
mediated activation of signaling molecules that instruct axon
specification (Namba et al., 2015). Interestingly, N-cadherin
is mainly expressed in the upper IZ (Xu et al., 2015) but
TAG-1 in the lower IZ (Namba et al., 2014). Thus N-cadherin
and TAG-1 could act as two separate polarity inducing cues
which might work complementary in axon-dendrite formation
as proposed by the Kaibuchi laboratory (Xu et al., 2015).
Whether the induction of cellular polarization within these
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FIGURE 3 | Table of key polarity proteins in C. elegans and their neuronal homologs. The localization of the nematode proteins is illustrated according to their
anterior or posterior domain affiliation. In neurons the respective localization is classified according to the indicated patterns (A–C). A supernumerary axon phenotype
is indicated by a plus sign, while 0 represents the absence of an axon upon overexpression or downregulation of the respective polarity protein. References
describing neuronal protein systems are marked with an asterisk.

two distinct zones correlates with a certain neuron type
(e.g., derived from either RGCs or IPs) remains to be
determined.

Secreted Factors
Reelin
Newly born cortical projection neurons migrate from the VZ
to the CP in order to reach their final target area (Marín
et al., 2010; Hippenmeyer, 2014). A key regulatory module
controlling neuronal migration includes the Reelin pathway
(Honda et al., 2011). The function of Reelin in neuronal
migration has been studied extensively for decades and several
hypotheses concerning the mechanism of Reelin action have
been put forward (Honda et al., 2011). However, it has
also become clear recently that Reelin fulfills an important
role in the polarization of nascent projection neurons (Jossin
and Cooper, 2011; Jossin, 2011). Reelin is mainly expressed
by Cajal-Retzius cells in the marginal one (MZ) in the
developing cortex (Ogawa et al., 1995). The Reelin protein
primarily binds to its two cognate receptors, very low density
lipoprotein receptor (VLDLR) and apolipoprotein E receptor 2
(ApoER2/LRP8; D’Arcangelo et al., 1999), which are mainly
expressed in RGPs and nascent migrating neurons (Perez-
Garcia et al., 2004). Binding of Reelin to its receptors triggers
the activation of a Src family kinase (SFK) called Fyn which
in turn phosphorylates the adaptor protein disabled-1 (DAB1;
Howell et al., 1997, 1999). Phosphorylated DAB1 functions
as a hub for several downstream intracellular signals and has
been shown to activate the effectors CRK, C3G and PI3K
which in turn regulate the activity of Limk1, Akt and

Rap1 to eventually modulate the dynamic cytoskeleton (Honda
et al., 2011; Sekine et al., 2014). Thus the Reelin-DAB1
pathway translates extracellular cues into cytoskeletal changes
in migrating neurons (Frotscher, 2010; Forster et al., 2010).
How Reelin might regulate dynamic polarization events in
nascent cortical projection neurons is less well understood.
Interestingly however, it has been shown that while VLDLR
is mainly localized on the leading processes of migrating
neurons in the MZ, ApoER2 is primarily localized to neuronal
processes and the cell membranes of multipolar neurons in
the SVZ and lower IZ. In addition to strong expression
of Reelin in the MZ, it was also demonstrated that Reelin
is also expressed in the IZ at early developmental stages
(Hirota et al., 2015). Ex vivo experiments where exogenous
Reelin was added to cultured brain slices have shown an
effect on the morphology and dynamic behavior of nascent
neurons in the IZ (Britto et al., 2014). Thus, based on the
expression pattern of Reelin and its cognate receptors it is
conceivable that Reelin could play a prominent role during
the polarization process of nascent cortical projection neurons.
Indeed, Jossin and Cooper propose a three step model (Jossin
and Cooper, 2011) how Reelin controls the radial orientation of
multipolar neurons in SVZ/IZ. First, multipolar neurons migrate
tangentially in a stochastic manner in the SVZ/IZ until they
encounter Reelin which leads to the activation of the small
GTPase RAP1, likely via pDAB1-CRK/CRKL-C3G signaling
(Ballif et al., 2004; Voss et al., 2008). Next, active RAP1 triggers
an increase of the surface level of N-Cadherin in multipolar
neurons. These increased cell surface levels of N-Cadherin
could then allow the multipolar neurons to sample local
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microenvironmental cues which then could initiate the break
in symmetry and induce polarization. The cortical projection
neurons then progressively exit the multipolar stage and adopt
a bipolar morphology (Jossin, 2011; Jossin and Cooper, 2011).
Altogether, the above data and model indicates that Reelin
acts as a critical cue for the directional movement of nascent
migrating cortical projection neurons and could serve as a
critical extracellular cue for modulating polarization of nascent
migrating cortical projection neurons. It will be intriguing to
decipher the precise intracellular and biochemical signaling
pathways controlling RAP1-dependent N-Cadherin trafficking
and how N-Cadherin-dependent signaling triggers the break in
symmetry.

Neurotrophins
Brain derived neurotrophic factor (BDNF) and neurotrophin-3
(NT-3) are highly expressed in the developing brain and have
been shown to stimulate axon specification and elongation
(Morfini et al., 1994; Nakamuta et al., 2011). Both, BDNF
and NT-3 as extracellular regulators of neuronal polarity are
of special interest since they act in an autocrine and/or
paracrine manner in cell-culture (Nakamuta et al., 2011). This
feature indicates that neurons are able to produce extracellular
stimuli (in form of secreted neurotrophins) that activate
the intrinsic machinery for axon-dendrite specification in a
cell-autonomous and non-cell-autonomous manner. BDNF and
NT-3 bind to tropomyosin related kinases receptors (TRK),
TRK-B and TRK-C respectively (Chao, 2003). Upon TRK
receptor binding, the small GTPase Ras and PI3K are activated.
This leads to the production of phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) and the activation of its downstream
signaling pathways (Reichardt, 2006). Neurotrophin signaling
through TRK receptors also leads to increased levels of
inositol triphosphate (IP3)-induced calcium release which in
turn activates the calmodulin-dependent protein kinase kinase
(CaMKK) and calmodulin-dependent protein kinase I (CamKI;
Nakamuta et al., 2011). The activation of CaMKK and CamKI
triggers the phosphorylation of microtubule affinity regulating
kinase 2 (MARK2). This leads to the phosphorylation of
downstream microtubule associated proteins (MAPs) MAP2/4,
Tau and DCX which reduces microtubule stability (Drewes et al.,
1997; Schaar et al., 2004; Nakamuta et al., 2011). Interestingly,
acute knockdown of MARK2 has been shown to stall MP-
to-BP transition in the IZ in mice (Sapir et al., 2008). Thus,
proper regulation of MARK2 appears to be essential for neuronal
polarization in vivo.

BDNF signaling via TrkB has been demonstrated in culture
experiments to lead to the activation of LKB1 (liver kinase
b1 in mammals and PAR-4 in C. elegans (Figures 2, 3; Shelly
et al., 2007). Loss of function of LKB1 either by genetic
knockout or knockdown by shRNA in nascent cortical projection
neurons results in striking phenotypes: axon specification is
completely abolished while the dendrite appears to still be
specified (Barnes et al., 2007; Shelly et al., 2007). In contrast,
overexpression of LKB1 in neural progenitors and postmitotic
neurons lead to formation of multiple axons. In a biochemical
pathway downstream of BDNF/TrkB, LKB1 is phosphorylated

by protein kinase A (PKA) or ribosomal S6 kinase (p90RSK)
at Serine 431 (Collins et al., 2000; Sapkota et al., 2001).
Phosphorylated LKB1 leads to downstream activation ofMARK2
(Shelly et al., 2007) and the SAD kinases which in turn
phosphorylate Tau-1 (Kishi et al., 2005; Barnes et al., 2007).
Remarkably, SAD-A/B double knockout precisely mimic the
LKB1 loss of function phenotype with complete absence
of the axon (Kishi et al., 2005). In summary, the above
studies established a model whereby BDNF signaling via TrkB
results in the activation of LKB1 which is translated into an
intracellular symmetry break in multipolar cortical projection
neurons while sojourning in the SVZ/IZ. Phosphorylated
LKB1 localizes into the nascent axon and is required for
axon extension and development. It will be interesting to
determine the extent of specificity and functional redundancy
of individual downstream components along the BDNF/TrkB-
LKB1-SAD-A/B signaling module while executing the break in
symmetry.

Semaphorins
Semaphorins consist of a large family of membrane bound
or secreted proteins (Nakamura et al., 2000). The secreted
semaphorin, Sema3A have been shown to act as a chemotactic
factor for migrating cortical projection neurons (Polleux et al.,
2000; Chen et al., 2008). Sema3A expression is highest near
the pial surface in the developing cortex and the Sema3A
expression domain establishes a descending gradient across
the emerging cortical layers (Polleux et al., 2000; Chen et al.,
2008). Sema3A binds its co-receptors Plexin and Neuropilin
(Negishi et al., 2005) and it has been suggested that Sema3A
may actively control the process of symmetry breaking and
cellular polarization. Sema3A activates a number of downstream
cascades resulting in the tuning of relative levels of cGMP and
cyclic adenosine 3′,5′-monophosphate (cAMP) which negatively
affects axon formation by downregulation of PKA-dependent
phosphorylation of LKB1 (Shelly et al., 2011). Interestingly,
exposure of undifferentiated neurites to local sources of Sema3A
in hippocampal neuron cell culture leads to the suppression
of axon-formation but promotion of dendrite formation in
culture conditions (Shelly et al., 2011). Strikingly, in vivo
knockdown of the Sema3A receptor neuropilin-1 in rat
embryonic cortical progenitors results in severe polarization
defects. Furthermore, Sema4D inactivates Ras (Oinuma et al.,
2004) while it activates RhoA (Swiercz et al., 2002) which
prevents axon formation and/or outgrowth via reduced actin
dynamics and actin contraction. Thus, Sema3A acting via the
neuropilin-1 receptor and semaphorins in general are critically
involved in the symmetry break and polarization of nascent
projection neurons in the developing cortex (Shelly et al.,
2011).

TGF-β
The transforming growth factor β (TGF-β) has been reported
to play an important role in the polarization of nascent cortical
projection neurons in the developing cerebral cortex (Yi et al.,
2010). Upon binding of one of the three TGF-β ligands
(TGF-β1-3) to the type II TGF-β receptor (TβR2), this receptor
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is recruited to the type I TGF-β receptor (TβR1) to form a
complex which triggers the phosphorylation of the two receptors
by the serine/threonine kinase domain (Shi and Massagué,
2003). The TβR2-TβR1 receptor complex has been shown to
phosphorylate Par-6 which in turn regulates Cdc42/Rac1 activity
by recruiting the ubiquitin ligase Smurf1 which promotes
proteasomal degradation of the RhoA GTPase. This results
in reduced activity of RhoA in the nascent axon thereby
stimulating its outgrowth (Gonzalez-Billault et al., 2012). Thus,
RhoA activity can be precisely regulated in response to TGF-β
signaling thereby controlling the dynamics of the local actin
organization which is essential for axon specification and
thus cellular polarization (Yi et al., 2010). Interestingly, TGF-
β2-3 is highly expressed near the VZ/SVZ. Thus nascent
developing neurons could be exposed to a gradient which
delivers a uniform stimuli for axon specification (Yi et al.,
2010). However, the majority of MP neurons extend their
axons tangentially (Hatanaka and Yamauchi, 2013) rather
than towards the ventricular side. It is thus conceivable that
TGF-β might only act as a stimulus for axon specification
rather than an axon guidance cue (Yi et al., 2010). Bone
morphogenic protein (BMP), also a member of the TGF-β
superfamily appears to play important functions in the MP-
to-BP transition as well. BMPs are known to signal via the
intracellular downstream mediator SMAD which leads to the
suppression of collapsin response mediator protein 2 (CRMP2),
a transcription factor known to promote microtubule assembly
(Shi and Massagué, 2003; Sun et al., 2010). Strikingly, upon
suppression of CRMP2 or overexpression of dominant negative
forms of CRMP2 multipolar cells accumulate in the SVZ/IZ
in the developing cortex. While these findings suggest that
a BMP-SMAD signaling pathway, via CRMP2, regulates the
polarization of cortical projection neurons the precise molecular
and biochemical mechanisms remain to be determined (Sun
et al., 2010). Altogether, different members of the TFG-β
superfamily play important roles in multipolar cortical neurons
and direct neuronal polarization through distinct signaling
pathways.

INTRINSIC BIOCHEMICAL NETWORKS
THAT MEDIATE NEURONAL POLARITY

While the above sections illustrated the role of extracellular cues
for triggering and/or execution of neuronal polarization, the
intrinsic molecular mechanisms involved in symmetry breaking
will be discussed in the sections belowwith a focus on in vitro and
cell culture experiments. Isolated neurons in cell culture form
one axon and several dendrites. External chemical or physical
cues of instructive or antagonistic nature that determine axon
formation have been identified (Lamoureux et al., 2002; Gomez
et al., 2007; Shelly et al., 2011). However, cultured neuronal cells
are able to polarize even in the absence of any external cue (Dotti
et al., 1988) suggesting that cells have intrinsic ability to break
symmetry, which is solely activated externally. What are the
functional cell-intrinsic networks that underlie cell polarization
and determine the biochemical state of the cell? Based on
Turing’s idea of a reaction-diffusion mechanism to explain

how spatial order during embryogenesis may arise (Turing,
1990), Gierer and Meinhardt developed a conceptual framework
for pattern formation, which is based on the local activation
in the form of self-enhancing feedback, which amplifies and
reinforces spatially asymmetric distributions of molecules,
coupled to long-range inhibitory processes (Meinhardt and
Gierer, 2000). While this concept was originally developed to
explain spatial patterning during morphogenesis, it also provides
a framework to understand cell polarity. Accordingly, cell
polarization is seen as a self-organized process (Wennekamp
et al., 2013), which involves local symmetry breaking, signal
amplification and long-range inhibition (Wang, 2009; Chau et al.,
2012).

Previous work was able to identify many molecular players
involved in the processes that allow a neuron to choose the
one neurite to become an axon (Barnes and Polleux, 2009).
While cell polarization can theoretically arise from a single
molecular species that features a positive feedback (Altschuler
et al., 2008), symmetry breaking in neurons likely reflects
interactions among multiple, partially redundant pathways with
crosstalk among them (Namba et al., 2015). This network can
be subdivided into several, partially overlapping modules, each
of which comprises a subset of molecular players that encode
for specific cellular functions. To a rough approximation, the
output of one module can serve as the input for a module
downstream. Here, we want to illustrate how these functional
modules orchestrate neuronal polarization and how they are
embedded in a more complex biochemical network giving
rise to axon specification. Importantly, individual modules are
often evolutionarily conserved among species and pathways
that regulate cell polarization in seemingly distinct tissues
and contexts are remarkably similar. Accordingly we can
to some degree take advantage of known cell polarization
concepts in yeast, C. elegans and migrating cells (Iden
and Collard, 2008), with the goal to anticipate a better
understanding of the molecular processes that underlie axon
specification.

PIP/PI3K Module
Molecules involved in the initial symmetry breaking event
are commonly localized to the plasma membrane, where not
only integral membrane proteins receive extracellular signals,
but where also peripherally binding membrane proteins bind
reversibly to the membrane (Cho and Stahelin, 2005). This
restricts the diffusion of these proteins, increases the efficiency
of protein-protein interactions and/or modulates their catalytic
activity (Vaz et al., 1984; Leonard and Hurley, 2011; Ebner
et al., 2017). As a result, the membrane can be interpreted
as a computational platform where transient protein clusters
integrate, interpret and amplify incoming biochemical signals
(Groves and Kuriyan, 2010).

One component of membrane-based signaling pathways
that was found to be essential for the establishment of
intracellular organization include phosphoinositides (PIPs).
Even though they represent only about 1% of membrane
phospholipids (Di Paolo and De Camilli, 2006), the associated
signaling pathways control cell growth, division, survival and
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differentiation, and allow to generate highly polarized neuronal
morphologies such as growth cones and synapses (Sasaki
et al., 2007). Cells use a precisely defined spatiotemporal
distribution of PIPs to control the activity of intracellular
signaling pathways. For cell polarity, it is the asymmetry of
phosphatidylinositol-3,4,5-phosphate (PI(3,4,5)P3 = PIP3) at
the plasma membrane that is used to establish a polarity
axis in the cell. The intramembranous PIP3 concentration
is controlled by activation of the phosphoinositide-3-kinase
(PI3K; Whitman et al., 1985) as well as phosphatases such
as phosphatase and tensin homolog (PTEN; Lee et al., 1999)
that directly antagonize PI3K by dephosphorylating PIP3 to
PI(4,5)P2 (PIP2) (Carracedo and Pandolfi, 2008). Overexpression
of PTEN or inhibition of the PI3K were both found to abolish
cell polarization and axon specification (Shi et al., 2003; Jiang
et al., 2005). In contrast, reduction of PTEN expression results
in neurons with multiple axons (Jiang et al., 2005). Together,
these results demonstrate that the activities of these enzymes
need to be tightly balanced to produce one and only one
axon.

Since polarization is a dynamic spatiotemporal process,
not only the total amount of phosphoinositides but also
their distribution in space and time needs to be precisely
regulated. In cells, the intracellular distribution of PIP3 can be
visualized using a fluorescent reporter protein that specifically
binds to PIP3; e.g., GFP fused to the Pleckstrin-homology
(PH) domain of the serine/threonine kinase Akt (Gray et al.,
1999). This probe visualized PIP3 accumulation at the tip of a
neurite contributing to neuronal polarity and axon specification
(Ménager et al., 2004). In contrast, EGFP-PLCd1-PH, which
binds to PI(4, 5)P2 or IP3 showed a homogeneous distribution
in cultured neuronal cells (Ménager et al., 2004).

The localized accumulation of PIP3 likely represents the first
spatial landmark that establishes the polarity axes of the cell.
In vivo, activity of PI3K and PIP3 production is most likely
regulated by asymmetric distribution of extracellular factors
(Namba et al., 2015), still, neurons polarize in cell culture without
obvious asymmetries in their environment (Dotti et al., 1988).
This suggest that starting from a homogeneous distribution
of signaling molecules, dedicated biochemical circuits are able
to amplify small fluctuations of signaling lipids in the plasma
membrane. These interactions eventually break the symmetry
of the cell and control cell morphogenesis (Wennekamp et al.,
2013). The biochemical network underlying phosphoinositide
polarity was studied in detail in other model systems. For
example, Dictyostelium discoideum cells (Malchow et al., 1973),
leukocytes and neutrophils (Trepat et al., 2012) polarize in
response to a gradient of the chemoattractant cAMP or a
variety of chemokines respectively by establishing domains of
different phosphoinositides: PIP3 at the leading edge of the
cell and PIP2 at its tail (Petrie et al., 2009). Importantly,
and similar to neurons, the ability to break symmetry is
independent from directional sensing, as cells that are placed
in a uniform distribution of chemoattractant are still able
to polarize (Petrie et al., 2009). Again, this illustrates the
intrinsic ability of biochemical networks to polarize the cell
in the absence of exogenous spatial signals (Wedlich-Soldner

and Li, 2003). While phosphoinositide signaling was found to
spatially organize the actin cytoskeleton, the initial symmetry
breaking event itself does not depend on actin filaments.
Fluorescently-labeled PHAkt and PTEN, which acted as probes
for PIP3 and PIP2 respectively, were found to self-organize into
traveling waves in Dictyostelium discoideum cells even in the
presence of the actin polymerization inhibitor latrunculin A
(Gerisch et al., 2012). Importantly, this finding indicates that
the ability to break symmetry in the membrane is established
upstream and independent of the cytoskeleton. Instead, a PIP3-
dependent negative regulation of PTEN recruitment to the
membrane was suggested to allow PIP3 to accumulate. In
addition, PTEN localization and activity has been found to
be dependent on the small GTPase RhoA, which was found
to restrict PTEN to the rear of chemotaxing leukocytes (Li
et al., 2005) and Dictyostelium cells. Arai et al. (2010) further
suggest a Ras-dependent positive feedback of PI3K activity to
stabilize the polarized state of the cell. In addition, negative
regulation of PTEN activity downstream of the PIP3 activated
AKT kinase has been reported, which constitutes a parallel
mechanism to maintain and stabilize polarity (Papakonstanti
et al., 2007).

While phosphoinositides are the most important lipid species
for cellular signaling there are also other lipid species involved
in neuronal polarization: plasma membrane ganglioside sialidase
(PMGS), which controls the ganglioside content in the plasma
membrane of neurons was also found to show an asymmetric
distribution of its activity: it is enriched in one of the stage
2 neurites and facilitates axon outgrowth by enhancing Rac
and PI3K activity (Da Silva et al., 2005). Thus, the asymmetric
distribution of two different kinds of lipid species appears to
control the polarity of the cell.

GEFs and Small GTPases
Which biochemical circuits underlie signal amplification in
neurons? By now, the identity of several PI3K-dependent
GTPases involved in neuronal polarization is known, such as
H-Ras (Yoshimura et al., 2006b), Cdc42 (Garvalov et al., 2007)
or Rap1B (Schwamborn and Püschel, 2004; Nakamura et al.,
2013). Similar to PI3K (Shi et al., 2003) their overexpression
results in supernumerary axons (see Figure 3), while their
knock down prevents axon formation (Schwamborn and
Püschel, 2004; Yoshimura et al., 2006b; Garvalov et al., 2007;
Nakamura et al., 2013), however, these proteins do not interact
with PIP3 themselves. Instead, the phosphorylation state of
phosphoinositides in the plasma membrane is recognized
by soluble guanine nucleotide exchange factors (GEFs) that
contain PIP3 binding domains, such as GEFs of the Dbl
and DOCK180 families (Rossman et al., 2005; Laurin and
Côté, 2014). These protein families in turn activate GTPases
while recruiting them to the membrane (Cherfils and Zeghouf,
2013). Though a systematic characterization of GEFs that
directly interact with PIP3 and control cell polarization is not
complete yet, candidate proteins include SOS and RasGFR,
both members of the Dbl family of GEFs that contain a
canonical DH-PH domain structure (Zheng, 2001). The PH
(Pleckstrin homology) domain binds to phosphoinositides and
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thereby controls localization and the DH (Dbl homology)
domain is responsible for catalyzing nucleotide exchange (Zheng,
2001). Dock7, a Dock180 related protein that catalyzes the
nucleotide exchange of Rac1 (Watabe-Uchida et al., 2006),
was found to specifically bind PIP3 via its DHR-1 domain
(Kobayashi et al., 2001; Cote et al., 2005). Importantly,
Dock7 is enriched in one of the stage 2 neurites—potentially
the designated axon—supposedly controlling polarization and
morphogenesis of the neuron (Watabe-Uchida et al., 2006).
Controlled by these regulators, small GTPases can show
phosphoinositide dependent activity patterns and a characteristic
spatial distribution in the cell. However, direct evidence that
GEF enrichment is a direct consequence of elevated PIP3
levels in a stage 2 neurite is largely missing. Accordingly, the
spatial distribution of GEFs could also depend on another PIP3
binding protein which is recruited to and initiates a nascent
axon.

As a result of their activation, GTP-bound GTPases engage
in specific protein-protein interactions. By recruiting so-called
effector proteins to the plasma membrane small GTPases
determining the spatiotemporal activation pattern of other
protein systems in the cell (Cherfils and Zeghouf, 2013). Effector
proteins can be categorized in two classes: first, they can
control cell morphology by directly acting on regulators of
the actin or microtubule cytoskeleton, namely by increasing
actin dynamicity and microtubule stabilization in the axon
while stabilizing actin filaments in dendrites (Neukirchen and
Bradke, 2011). For example, activation of Rac1 leads to a
stabilization of axon microtubules via the stathmin pathway
(Watabe-Uchida et al., 2006) while triggering actin remodeling
(Hall et al., 2001; Gonzalez-Billault et al., 2012). In contrast,
active RhoA promotes actin stabilization and contraction in
dendrites as revealed by fluorescent activity sensors (Gonzalez-
Billault et al., 2012). Second, effector proteins can be involved in
the regulation of other small GTPases (DerMardirossian et al.,
2004) or constituents of supramolecular complexes with various
functions (Joberty et al., 2000; Lin et al., 2000). For example,
they can act as coincidence detector for multiple binding
partners (Carlton and Cullen, 2005) or signal to additional
levels of regulation. For example, a common theme for the
activation of small GTPases is that they comprise positive
feedback loops. These self-amplifying circuits may not only
lead to a local enrichment of GTPases on the membrane, but
can also lead to collective, switch-like activation of proteins
(Mizuno-Yamasaki et al., 2012). Accordingly, these kind of
interactions can give rise to nonlinear signaling circuits with
emergent properties, which can be crucial for breaking the
symmetry and spatially organizing the cell (Yoshimura et al.,
2006a).

The importance of positive feedback regulation for the
symmetry breaking is probably best characterized in single-cell
organisms such as yeast (Johnson et al., 2011). Despite
the much lower complexity of this model organism, the
general architecture of the biochemical network leading to cell
polarization is most probably similar. In yeast, Cdc42 is the
main spatial organizer of the cell as it regulates asymmetric
cell division. Active, GTP-bound Cdc42 binds to the plasma

membrane via its prenylated C-terminus, while GDP-bound
Cdc42 is kept soluble in the cytoplasm via its interaction with
its Guanosine nucleotide dissociation inhibitor (GDI) Rdi1.
Cdc42-GTP is thought to form a locally confined protein cluster
on the membrane by a local amplification of spontaneous
asymmetries. The positive feedback is thought to arise from
an effector-GEF complex, where the activated GTPase recruits
an effector protein that in turn interacts with its activator. In
yeast, a small, transient patch of Cdc42-GTP would recruit the
scaffolding protein Bem-1 to themembrane, which interacts with
the Cdc42 GEF Cdc24. Bem-1 not only binds to Cdc24 but also
boosts its GEF activity. Thus Bem-1 efficiently catalyzes proximal
Cdc42-GDP to exchange their nucleotide to Cdc42-GTP which
again is able to recruit more Bem-1-Cdc24 complex (Nern
and Arkowitz, 1998; Gulli et al., 2000; Johnson et al., 2011).
Effector-GEF interactions have been found to be involved
for the regulation of many different small GTPases (Mizuno-
Yamasaki et al., 2012) and might be generally required for
collective, switch-like activation of GTPases. These kind of
decisive signaling reactions are of crucial importance for the
cell, as they not only lead to cell polarization, but also regulate
other fundamental processes such as membrane trafficking
and the dynamic properties of the actin and microtubule
cytoskeletons, thereby controlling the morphogenesis of the
cell.

While the role of many proteins involved in neuronal polarity
has been studied in neuronal cell culture, the function of
Cdc42 has also been studied in vivo (Garvalov et al., 2007). Only
about 30% of neurons derived from Cdc42 null mice were able
to form a Tau-1 positive axon and the activity levels of the actin
regulator cofilin were disturbed. However, when axon formation
in Cdc42 null cells was initiated by cytochalasin, axons formed
even if the drug was washed away. This indicates that Cdc42 is
needed for the initial steps of axon specification but is dispensable
for axon outgrowth (Garvalov et al., 2007).

The PAR System
During cell polarization, the asymmetric distribution of
phosphoinositides provides an initial signal to a number of
protein systems that together control cell morphogenesis. One
of those protein systems is the PAR system, which is recruited
downstream of activated Cdc42 (Etienne-Manneville and Hall,
2001; Yamanaka et al., 2001; Nishimura et al., 2005). The PAR
system is a set of highly conserved proteins that organize cell
polarity in all metazoan cells. In neurons, it was found that the
PAR system is required for axon dendrite polarity (Shi et al.,
2003; Chen et al., 2006), migration (Sapir et al., 2008) and
dendrite development (Terabayashi et al., 2007). However, a
complete mechanistic characterization of how these proteins
regulate axon formation is missing.

The PAR system is probably best studied in the nematode
Caenorhabditis elegans, where it controls the first division.
In a single cell embryo, the PAR proteins self-organize into
two non-overlapping domains (anterior and posterior domain)
to govern asymmetric spindle positioning and ultimately the
generation of daughter cells with different fate (Kemphues et al.,
1988; Gönczy and Rose, 2005). The PAR proteins have been
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categorized in anterior PARs (aPARs; PAR-3, PAR-6, PKC-3,
cdc42) and posterior PARs (pPARs; PAR-2, PAR-1, LGL-1), all of
which are peripheral membrane proteins. Their mutual exclusion
is thought to arise from cross-phosphorylation by the two kinases
PKC-3 and PAR-1, which leads to membrane detachment,
controls oligomerization state and hence their diffusivity (Feng
et al., 2007; Hoege and Hyman, 2013; Arata et al., 2016). PKC-3
can phosphorylate all posterior PARs (Hao et al., 2006; Hoege
et al., 2010), in return, PAR-1 phosphorylates PAR-3 (Guo and
Kemphues, 1995; Benton and St Johnston, 2003; Motegi et al.,
2011). A network of regulatory biochemical interactions between
aPARs and pPARs is thought to finely tune the activity of these
kinases, leading to two dynamically stable cellular domains that
govern a plethora of downstream events (Goehring, 2014).

Apart from PAR-2, the PAR system is conserved among
most multicellular organisms and defines polarity via mutual
exclusion in different contexts such as anterior-posterior polarity
in Drosophila oocytes and apical-basal polarity in epithelial
tissues (Morton et al., 2002; Goldstein and Macara, 2007;
Thompson, 2013). The overall importance of the PAR system
for axon dendrite polarity was firmly established in dissociated
hippocampal cell culture system and enrichment of anterior
PARs at the tip of the outgrowing axon has been observed (Shi
et al., 2003). Subsequent knock down or overexpression studies
of several PAR members showed that genetic manipulation
of the PAR system either results in no or supernumerary
axons (Figure 3). If mutual exclusion among aPARs and
pPARs is a universal feature of the PAR system one would
expect the posterior PAR-1 homolog MARK2 to be absent
from the tip of the axon. Surprisingly, fluorescence sensors to
measure MARK2 activity in the developing axon of cortical
neurons showed highest kinase activity in the growing axon
tip (Moravcevic et al., 2010; Timm et al., 2011). This indicates
that both active PAR-1 kinases and aPARs are co-localizing
at tip of the outgrowing axon and mutual exclusion of
the ‘‘opposing’’ PAR complexes is not a requirement for
axon dendrite polarity establishment. On a functional level,
antagonism between MARK2 and the aPAR complex has been
suggested (Chen et al., 2006). Analog to the C. elegans system,
aPKC phosphorylates MARK2, which results in membrane
detachment and most likely in reduced activity. Overexpression
of MARK2 in hippocampal neurons prevented axon formation
while knock down caused multiple axons (Chen et al., 2006; Wu
et al., 2011). The opposite was seen for aPKC overexpression,
which resulted in multiple axons (Figure 3; Parker et al.,
2013). The overexpression phenotype of MARK2 was rescued by
simultaneous overexpression of aPARs. No rescue was observed
with a non phosphorylatable MARK2, indicating that direct
inhibition of MARK2 by aPKC is responsible for the observed
rescue. In a simple view, this could mean that MARK2 is
a negative regulator of axon formation which is specifically
inhibited by axon enriched aPARs via aPKC phosphorylation.
However, in vivo knock out of the other PAR-1 homologs
(SAD-kinases) also inhibited axon formation (see also above),
indicating that a fine balance between these activities is needed
(Kishi et al., 2005). Both, MARK2 and SAD kinases have to
be activated by LKB1/PAR-4 (Lizcano et al., 2004; Shelly and

Poo, 2011), which itself is downstream of cAMP/PKA signaling
(Shelly et al., 2007). Thus, the PAR system not only translates
PIP3 dependent signaling into altered cytoskeleton dynamics but
also integrates the input of heterotrimeric G protein receptor
ligands. Interestingly and in contrast to C. elegans, LKB1/PAR-
4 is enriched in the axon (Shelly et al., 2007) while it is
homogenously distributed in the C. elegans zygote (Goehring,
2014). Knockdown of LGL-1 prevents axon formation but the
precise role of LGL-1 in axon development is still poorly
understood (Plant et al., 2003; Wang T. et al., 2011).

Another fundamental difference between the neuronal and
nematode PAR system is their dependence on a previous
symmetry breaking event. In C. elegans, the sperm entry marks
a single symmetry breaking event that starts actomyosin based
flows and facilitates PAR domain establishment whereas no
asymmetries of PIP3 have been reported. The PAR system
in neurons is clearly downstream of regulators that directly
control or are controlled by PIP3, such as PI3K or ATK/GSK3b,
Cdc42 and Rap1B (Insolera et al., 2011), whereas initial polarity
formation in C. elegans does not depend on these PIP3 controlled
proteins (Schlesinger et al., 1999; Insolera et al., 2011). A possible
explanation for this difference could be that neurons have to
screen their environment during development (open systems)
to remain a certain degree of plasticity while communication
with the extracellular space is less important in the early stages
of worm development. Thus, the PAR system is integrated
into a more complex signaling network in neurons while it
constitutes a rather autonomous polarity system in C. elegans.
Since many PAR system intrinsic reactions (like phosphorylation
events) seem to be conserved, it is still not clear how these
reactions have to occur in space and time in neurons for
faithful axon dendrite polarity establishment. Super resolution
microscopy and higher temporal resolution of simultaneous
activity monitoring of PARs and PIP3 may be required to solve
the question of how PARs fulfil their functions during neuronal
development.

Closing the Loop
So far, we have only considered biochemical reactions
downstream of an initial asymmetry of PIP3. For robust
symmetry breaking, a self-enforcing loop is required, which
would give rise to a local accumulation of PIP3 despite its
rapid diffusion in the plasma membrane and the proteins in the
cytoplasm. One possible functional network could originate from
PIP3 and at the same time further increase its local concentration
on the membrane. Therefore, the described functional modules
need to talk to each other and eventually feed back to the activity
of PI3K.

The molecular players involved for this regulatory network
could for example be GTPases or their GEFs and effector
proteins, which would not only translate local PIP3 enrichment
into altered cytoskeleton dynamics and transport, but themselves
further enhance the activity of PI3K. For example, Ras-GTP
(Sasaki et al., 2004) and Rac1-GTP (Srinivasan et al., 2003)
in combination with actin polymerization (Peyrollier et al.,
2000; Wang et al., 2002) or via additional players like
the Par6/Par3 aPKC complex where found to activate PI3K
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(Motegi et al., 2011; Laurin and Côté, 2014). Indeed, these
proteins were all found to be required for axon formation (Shi
et al., 2003; Yoshimura et al., 2006b; Tahirovic et al., 2010). H-Ras
is a direct activator of PI3K and is also activated downstream
of PI3K (Rodriguez-Viciana et al., 1994; Yang et al., 2012).
Interestingly, this feedback loop results in H-Ras translocation
via vesicle based transport into the future axon, which depletes
H-RAS from the other neurites, presumably leading to reduced
PI3K activity in other neurites and subsequently to inhibition
of their outgrowth (Fivaz et al., 2008). While the idea of this
amplifying circuit is at least partially based on experimentally
verified protein-protein interactions, the emergent properties of
this network have not been tested yet. For example, the role of
PTEN localization and activity for phosphoinositide polarization
in neurons is not yet clear (Kreis et al., 2014) and there might be
functional networks that involve either less or a different set of
molecular players. Furthermore, the connectivity of those circuits
could even change with time, different extracellular inputs or in
different subcellular locations.

Another layer of regulation can also be performed on the level
of GDP dissociation inhibitors (GDIs), whose main function is
to maintain their target, lipid-modified GTPases in an inactive,
soluble state (Cherfils and Zeghouf, 2013). There is evidence that
the affinity of RhoGDIs for different GTPases can be modulated
by phosphorylation. For example, the kinase PAK1 is an effector
protein of Rac1 that was found to phosphorylate RhoGDIs
(DerMardirossian et al., 2004). Phosphorylation of these GDIs
can enhance the dissociation of Rac1 from the GDI complex,
thereby increasing the rate of Rac1 activation. As this leads to
further stimulation of PAK1 activity such interaction may give
rise to another positive feedback and symmetry breaking in
neurons (Figure 2B).

Finally, and in addition to molecular processes that depend
on locally confined phosphorylation and dephosphorylation of
PIPs, PIP3 can also accumulate in the outgrowing axon with
the help of directed microtubule-based transport. For example,
the plus-end directed kinesin-like motor Gakin transports PIP3-
containing vesicles through the interaction with the adaptor
protein α-centaurin (Horiguchi et al., 2006). MARK2, a homolog
of PAR-1, inhibits this transport by phosphorylating Gakin
thereby preventing the development of axons (Yoshimura et al.,
2010). MARK2 itself is deactivated by the PIP3-regulated kinase
aPKC (Chen et al., 2006; Ivey et al., 2014). Thus a high local PIP3
concentration could inhibit MARK2 in the axon shaft, further
enhancing directed transport of PIP3-containing vesicles to the
growth cone. Accordingly, this could result in a self-perpetuating
feedback loop supporting axon outgrowth (Yoshimura et al.,
2010).

Collectively, these feedback loops stabilize polarity that can
arise from short-lived local concentration fluctuations of external
signals, temporal fluctuations in the output signal strength of
receptors (Ladbury and Arold, 2012) or subtle heterogeneities
on a coverslip. These small differences then lead to high and
persistent activity of modulators that favor actin dynamicity
and microtubule stability in the designated axon. Studies using
drugs that either stabilized microtubules (Witte et al., 2008)
or destabilized actin filaments (Bradke and Dotti, 1999) are

sufficient to induce the formation of multiple axons, consistent
with the view that the effects of the above mentioned circuits
are transmitted via selective modulation of the cytoskeleton. In
particular, these are the MARK2/SAD target and microtubule
stabilizing tau proteins, microtubule destabilizers such as
stathmin, actin dynamics modulators cofilin and WAVE and/ or
inactivation of regulators that prevent axon outgrowth such as
the RhoA/Rockmodule. This ultimately gives rise to a permanent
molecular difference between axon and dendrites that will later
on be manifested in a functional/electrophysiological difference
of the two compartments, axon and dendrites. How this
compartmentalization is maintained is not well understood and
probably also relies on long range inhibitory signals, but future
research will be needed to entangle the exact communications of
these compartments during neuronal development.

CONCLUSION AND PERSPECTIVES

The phenomenon of neuronal polarization has been extensively
studied in the last decades. Many of the analyses used the
elegant cell culture system developed by Dotti et al. (1988).
Thus the current model of neuronal polarization is to a large
extent based on single hippocampal cells in an isolated system.
Still, these extensive in vitro biochemical and cell biological
analyses have provided a solid understanding of the general
principles of cell polarization. A key question however remains:
what are the cell-intrinsic biophysical andmolecularmechanisms
that induce the initial break in symmetry in cortical progenitor
cells and developing cortical projection neurons in vivo? In
order to address this question it will be essential to establish
tools that allow the visualization and/or manipulation of the
precise localization of molecular markers at high resolution in
an in situ tissue context. The CRISPR-Cas9-dependent SLENDR
method promises a high-throughput platform to visualize the
endogenous localization of candidate proteins at high micro-
to nanometer resolution (Mikuni et al., 2016). Given that a
number of ‘‘polarity signaling systems’’ seem quite sensitive
to perturbation and not particularly resilient, the precise
determination of ‘‘polarity gene’’ function at distinct stages in
development represents a current challenge in the field. In order
to probe the function of genes encoding regulators of neuronal
polarity in vivo, the genetic mosaic analysis with double markers
(MADM) technology (Zong et al., 2005; Hippenmeyer et al.,
2010; Hippenmeyer, 2013) offers an experimental opportunity.
By exploiting MADM, one can induce sparse genetic mosaics
with wild-type and mutant cells labeled in two distinct colors
at high resolution. In combination with live-imaging such an
experimental MADM paradigm enables: (1) the dissection of
the cell-autonomous gene function; and (2) determination of
the relative contribution of non-cell-autonomous effects in situ
at the global tissue level (Beattie et al., 2017). Altogether, the
experimental platforms above promise a robust approach to
determine the so far unknown functions of regulators implicated
in the polarization process of progenitor cells and nascent cortical
projection neurons. A key open question in a functional context
is: what is the level of redundancy and specificity in extracellular
cues and intracellular amplification mechanisms? Interestingly,
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the process of MP-to-BP transition appears to involve not only
dynamic cytoskeletal-associated processes but also regulation at
the transcriptional level (Hippenmeyer, 2014; Ohtaka-Maruyama
and Okado, 2015). It will be important to analyze transcriptional
responses at high temporal resolution and evaluate the influence
on the general biochemical cell state. In future experiments it
will be also important to establish biochemical and biophysical
methods and assays that should allow the precise analysis of
the break in symmetry at high molecular and/or structural
resolution. In a broader context it will be important to address
the question whether cell-type diversity may imply the necessity
for adaptation in the mechanisms controlling polarization? In
other words, how conserved is the process of symmetry break
and polarization in distinct classes of neurons with different
morphologies? The future analysis of the core signaling modules
controlling cell polarity in a variety of brain areas and at high

cellular and molecular resolution promises great conceptual
advance.

AUTHOR CONTRIBUTIONS

AHH, CD, CM, ML and SH contributed equally to the writing of
the initial draft. All authors revised the manuscript.

ACKNOWLEDGMENTS

This work was supported by IST Austria institutional funds; the
European Union (FP7-CIG618444 to SH) and a program grant
from the Human Frontiers Science Program (RGP0053/2014
to SH). CD was supported by a postdoctoral ISTFELLOW
fellowship and CM was a postdoctoral fellow of the FWF Herta
Firnberg programme.

REFERENCES

Altschuler, S. J., Angenent, S. B., Wang, Y., and Wu, L. F. (2008).
On the spontaneous emergence of cell polarity. Nature 454, 886–889.
doi: 10.1038/nature07119

Angevine, J. B. Jr., and Sidman, R. L. (1961). Autoradiographic study of cell
migration during histogenesis of cerebral cortex in the mouse. Nature 192,
766–768. doi: 10.1038/192766b0

Anthony, T. E., Klein, C., Fishell, G., and Heintz, N. (2004). Radial glia serve as
neuronal progenitors in all regions of the central nervous system. Neuron 41,
881–890. doi: 10.1016/s0896-6273(04)00140-0

Arai, Y., Shibata, T., Matsuoka, S., Sato, M. J., Yanagida, T., and Ueda, M.
(2010). Self-organization of the phosphatidylinositol lipids signaling system
for random cell migration. Proc. Natl. Acad. Sci. U S A 107, 12399–12404.
doi: 10.1073/pnas.0908278107

Arata, Y., Hiroshima, M., Pack, C. G., Ramanujam, R., Motegi, F., Nakazato, K.,
et al. (2016). Cortical polarity of the RING protein PAR-2 is maintained by
exchange rate kinetics at the cortical-cytoplasmic boundary. Cell rep. 17:316.
doi: 10.1016/j.celrep.2016.09.044

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

Barnes, A. P., Lilley, B. N., Pan, Y. A., Plummer, L. J., Powell, A. W., Raines, A. N.,
et al. (2007). LKB1 and SAD kinases define a pathway required for the
polarization of cortical neurons. Cell 129, 549–563. doi: 10.1016/j.cell.2007.
03.025

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

Beattie, R., Postiglione, M. P., Burnett, L. E., Laukoter, S., Streicher, C.,
Pauler, F. M., et al. (2017). Mosaic analysis with double markers reveals distinct
sequential functions of lgl1 in neural stem cells. Neuron 94, 517.e3–533.e3.
doi: 10.1016/j.neuron.2017.04.012

Benton, R., and St Johnston, D. (2003). Drosophila PAR-1 and 14–3-3 inhibit
Bazooka/PAR-3 to establish complementary cortical domains in polarized cells.
Cell 115, 691–704. doi: 10.1016/s0092-8674(03)00938-3

Betizeau, M., Cortay, V., Patti, D., Pfister, S., Gautier, E., Bellemin-Ménard, A.,
et al. (2013). Precursor diversity and complexity of lineage relationships in the
outer subventricular zone of the primate. Neuron 80, 442–457. doi: 10.1016/j.
neuron.2013.09.032

Borrell, V., and Götz, M. (2014). Role of radial glial cells in cerebral cortex folding.
Curr. Opin. Neurobiol. 27, 39–46. doi: 10.1016/j.conb.2014.02.007

Bradke, F., and Dotti, C. G. (1999). The role of local actin instability in axon
formation. Science 283, 1931–1934. doi: 10.1126/science.283.5409.1931

Britto, J. M., Tait, K. J., Lee, E. P., Gamble, R. S., Hattori, M., and Tan, S. S. (2014).
Exogenous Reelin modifies the migratory behavior of neurons depending on
cortical location. Cereb. Cortex 24, 2835–2847. doi: 10.1093/cercor/bht123

Carlton, J. G., and Cullen, P. J. (2005). Coincidence detection in phosphoinositide
signaling. Trends Cell Biol. 15, 540–547. doi: 10.1016/j.tcb.2005.08.005

Carracedo, A., and Pandolfi, P. P. (2008). The PTEN-PI3K pathway: of feedbacks
and cross-talks. Oncogene 27, 5527–5541. doi: 10.1038/onc.2008.247

Chao, M. V. (2003). Neurotrophins and their receptors: a convergence
point for many signalling pathways. Nat. Rev. Neurosci. 4, 299–309.
doi: 10.1038/nrn1078

Chau, A. H.,Walter, J. M., Gerardin, J., Tang, C., and Lim,W. A. (2012). Designing
synthetic regulatory networks capable of self-organizing cell polarization. Cell
151, 320–332. doi: 10.1016/j.cell.2012.08.040

Chen, S., Chen, J., Shi, H., Wei, M., Castaneda-Castellanos, D. R., Bultje, R. S., et al.
(2013). Regulation of microtubule stability and organization by mammalian
Par3 in specifying neuronal polarity. Dev. Cell 24, 26–40. doi: 10.1016/j.devcel.
2012.11.014

Chen, G., Sima, J., Jin, M., Wang, K. Y., Xue, X. J., Zheng, W., et al.
(2008). Semaphorin-3A guides radial migration of cortical neurons during
development. Nat. Neurosci. 11, 36–44. doi: 10.1038/nn2018

Chen, Y. M., Wang, Q. J., Hu, H. S., Yu, P. C., Zhu, J., Drewes, G., et al.
(2006). Microtubule affinity-regulating kinase 2 functions downstream of
the PAR-3/PAR-6/atypical PKC complex in regulating hippocampal neuronal
polarity. Proc. Natl. Acad. Sci. U S A 103, 8534–8539. doi: 10.1073/pnas.0509
955103

Cherfils, J., and Zeghouf, M. (2013). Regulation of small GTPases by GEFs, GAPs
and GDIs. Physiol. Rev. 93, 269–309. doi: 10.1152/physrev.00003.2012

Cho, W., and Stahelin, R. V. (2005). Membrane-protein interactions in cell
signaling and membrane trafficking. Annu. Rev. Biophys. Biomol. Struct. 34,
119–151. doi: 10.1146/annurev.biophys.33.110502.133337

Collins, S. P., Reoma, J. L., Gamm, D. M., and Uhler, M. D. (2000). LKB1,
a novel serine/threonine protein kinase and potential tumour suppressor, is
phosphorylated by cAMP-dependent protein kinase (PKA) and prenylated
in vivo. Biochem. J. 345, 673–680. doi: 10.1042/0264-6021:3450673

Cote, J. F., Motoyama, A. B., Bush, J. A., and Vuori, K. (2005). A novel and
evolutionarily conserved PtdIns(3,4,5)P3-binding domain is necessary for
DOCK180 signalling. Nat. Cell Biol. 7, 797–807. doi: 10.1038/ncb1280

D’Arcangelo, G., Homayouni, R., Keshvara, L., Rice, D. S., Sheldon, M., and
Curran, T. (1999). Reelin is a ligand for lipoprotein receptors. Neuron 24,
471–479. doi: 10.1016/s0896-6273(00)80860-0

Da Silva, J. S., Hasegawa, T., Miyagi, T., Dotti, C. G., and Abad-Rodriguez, J.
(2005). Asymmetric membrane ganglioside sialidase activity specifies axonal
fate. Nat. Neurosci. 8, 606–615. doi: 10.1038/nn1442

DerMardirossian, C., Schnelzer, A., and Bokoch, G. M. (2004). Phosphorylation of
RhoGDI by Pak1 mediates dissociation of Rac GTPase. Mol. Cell 15, 117–127.
doi: 10.1016/j.molcel.2004.05.019

Di Paolo, G., and De Camilli, P. (2006). Phosphoinositides in cell regulation and
membrane dynamics. Nature 443, 651–657. doi: 10.1038/nature05185

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.

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 June 2017 | Volume 11 | Article 176

https://doi.org/10.1038/nature07119
https://doi.org/10.1038/192766b0
https://doi.org/10.1016/s0896-6273(04)00140-0
https://doi.org/10.1073/pnas.0908278107
https://doi.org/10.1016/j.celrep.2016.09.044
https://doi.org/10.1016/j.cub.2004.03.038
https://doi.org/10.1016/j.cell.2007.03.025
https://doi.org/10.1016/j.cell.2007.03.025
https://doi.org/10.1146/annurev.neuro.31.060407.125536
https://doi.org/10.1146/annurev.neuro.31.060407.125536
https://doi.org/10.1016/j.neuron.2017.04.012
https://doi.org/10.1016/s0092-8674(03)00938-3
https://doi.org/10.1016/j.neuron.2013.09.032
https://doi.org/10.1016/j.neuron.2013.09.032
https://doi.org/10.1016/j.conb.2014.02.007
https://doi.org/10.1126/science.283.5409.1931
https://doi.org/10.1093/cercor/bht123
https://doi.org/10.1016/j.tcb.2005.08.005
https://doi.org/10.1038/onc.2008.247
https://doi.org/10.1038/nrn1078
https://doi.org/10.1016/j.cell.2012.08.040
https://doi.org/10.1016/j.devcel.2012.11.014
https://doi.org/10.1016/j.devcel.2012.11.014
https://doi.org/10.1038/nn2018
https://doi.org/10.1073/pnas.0509955103
https://doi.org/10.1073/pnas.0509955103
https://doi.org/10.1152/physrev.00003.2012
https://doi.org/10.1146/annurev.biophys.33.110502.133337
https://doi.org/10.1042/0264-6021:3450673
https://doi.org/10.1038/ncb1280
https://doi.org/10.1016/s0896-6273(00)80860-0
https://doi.org/10.1038/nn1442
https://doi.org/10.1016/j.molcel.2004.05.019
https://doi.org/10.1038/nature05185
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Hansen et al. Cell Polarity in Cortex Development

Drewes, G., Ebneth, A., Preuss, U., Mandelkow, E. M., and Mandelkow, E. (1997).
MARK, a novel family of protein kinases that phosphorylate microtubule-
associated proteins and trigger microtubule disruption. Cell 89, 297–308.
doi: 10.1016/s0092-8674(00)80208-1

Ebner, M., Lucic, I., Leonard, T. A., and Yudushkin, I. (2017).
PI(3,4,5)P3 engagement restricts Akt activity to cellular membranes. Mol.
Cell 65, 416.e6–431.e6. doi: 10.1016/j.molcel.2016.12.028

Etienne-Manneville, S., and Hall, A. (2001). Integrin-mediated activation of
Cdc42 controls cell polarity in migrating astrocytes through PKCζ. Cell 106,
489–498. doi: 10.1016/s0092-8674(01)00471-8

Evsyukova, I., Plestant, C., and Anton, E. S. (2013). Integrative mechanisms of
oriented neuronal migration in the developing brain. Annu. Rev. Cell Dev. Biol.
29, 299–353. doi: 10.1146/annurev-cellbio-101512-122400

Feng, W., Wu, H., Chan, L. N., and Zhang, M. (2007). The Par-3 NTD
adopts a PB1-like structure required for Par-3 oligomerization and membrane
localization. EMBO J. 26, 2786–2796. doi: 10.2210/pdb2ns5/pdb

Fietz, S. A., Kelava, I., Vogt, J., Wilsch-Brauninger, M., Stenzel, D., Fish, J. L., et al.
(2010). OSVZ progenitors of human and ferret neocortex are epithelial-like and
expand by integrin signaling. Nat. Neurosci. 13, 690–699. doi: 10.1038/nn.2553

Fivaz, M., Bandara, S., Inoue, T., andMeyer, T. (2008). Robust neuronal symmetry
breaking by Ras-triggered local positive feedback. Curr. Biol. 18, 44–50.
doi: 10.1016/j.cub.2007.11.051

Florio, M., Albert, M., Taverna, E., Namba, T., Brandl, H., Lewitus, E., et al. (2015).
Human-specific gene ARHGAP11B promotes basal progenitor amplification
and neocortex expansion. Science 347, 1465–1470. doi: 10.1126/science.aaa1975

Forster, E., Bock, H. H., Herz, J., Chai, X., Frotscher, M., and Zhao, S.
(2010). Emerging topics in Reelin function. Eur. J. Neurosci. 31, 1511–1518.
doi: 10.1111/j.1460-9568.2010.07222.x

Franco, S. J., and Muller, U. (2013). Shaping our minds: stem and progenitor
cell diversity in the mammalian neocortex. Neuron 77, 19–34. doi: 10.1016/j.
neuron.2012.12.022

Frotscher, M. (2010). Role for Reelin in stabilizing cortical architecture. Trends
Neurosci. 33, 407–414. doi: 10.1016/j.tins.2010.06.001

Gao, P., Postiglione, M. P., Krieger, T. G., Hernandez, L., Wang, C., Han, Z., et al.
(2014). Deterministic progenitor behavior and unitary production of neurons
in the neocortex. Cell 159, 775–788. doi: 10.1016/j.cell.2014.10.027

Gartner, A., Fornasiero, E. F., and Dotti, C. G. (2015). Cadherins as regulators
of neuronal polarity. Cell Adh. Migr. 9, 175–182. doi: 10.4161/19336918.2014.
983808

Gartner, A., Fornasiero, E. F., Munck, S., Vennekens, K., Seuntjens, E.,
Huttner,W. B., et al. (2012). N-cadherin specifies first asymmetry in developing
neurons. EMBO J. 31, 1893–1903. doi: 10.1038/emboj.2012.41

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

Gerisch, G., Schroth-Diez, B., Muller-Taubenberger, A., and Ecke, M. (2012).
PIP3 waves and PTEN dynamics in the emergence of cell polarity. Biophys. J.
103, 1170–1178. doi: 10.1016/j.bpj.2012.08.004

Goehring, N. W. (2014). PAR polarity: from complexity to design principles. Exp.
Cell Res. 328, 258–266. doi: 10.1016/j.yexcr.2014.08.009

Goldstein, B., and Macara, I. G. (2007). The PAR proteins: fundamental players
in animal cell polarization. Dev. Cell 13, 609–622. doi: 10.1016/j.devcel.2007.
10.007

Gomez, N., Chen, S., and Schmidt, C. E. (2007). Polarization of hippocampal
neurons with competitive surface stimuli: contact guidance cues are preferred
over chemical ligands. J. R. Soc. Interface 4, 223–233. doi: 10.1098/rsif.
2006.0171

Gönczy, P., and Rose, L. S. (2005). ‘‘Asymmetric cell division and axis formation
in the embryo,’’ inWormBook, ed. The C. elegans Research Community, 1–20.
doi: 10.1895/wormbook.1.30.1

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

Gray, A., Van Der Kaay, J., and Downes, C. P. (1999). The pleckstrin
homology domains of protein kinase B and GRP1 (general receptor
for phosphoinositides-1) are sensitive and selective probes for the
cellular detection of phosphatidylinositol 3,4-bisphosphate and/or

phosphatidylinositol 3,4,5-trisphosphate in vivo. Biochem. J. 344, 929–936.
doi: 10.1042/0264-6021:3440929

Groves, J. T., and Kuriyan, J. (2010). Molecular mechanisms in signal transduction
at the membrane. Nat. Struct. Mol. Biol. 17, 659–665. doi: 10.1038/nsmb.1844

Gulli, M. P., Jaquenoud, M., Shimada, Y., Niederhauser, G., Wiget, P., and
Peter, M. (2000). Phosphorylation of the Cdc42 exchange factor Cdc24 by
the PAK-like kinase Cla4 may regulate polarized growth in yeast. Mol. Cell 6,
1155–1167. doi: 10.1016/s1097-2765(00)00113-1

Guo, S., and Kemphues, K. J. (1995). par-1, a gene required for establishing polarity
in C. elegans embryos, encodes a putative Ser/Thr kinase that is asymmetrically
distributed. Cell 81, 611–620. doi: 10.1016/0092-8674(95)90082-9

Hall, C., Brown, M., Jacobs, T., Ferrari, G., Cann, N., Teo, M., et al. (2001).
Collapsin response mediator protein switches RhoA and Rac1 morphology in
N1E-115 neuroblastoma cells and is regulated by Rho kinase. J. Biol. Chem. 276,
43482–43486. doi: 10.1074/jbc.c100455200

Hansen, D. V., Lui, J. H., Parker, P. R., and Kriegstein, A. R. (2010). Neurogenic
radial glia in the outer subventricular zone of human neocortex. Nature 464,
554–561. doi: 10.1038/nature08845

Hao, Y., Boyd, L., and Seydoux, G. (2006). Stabilization of cell polarity by the
C. elegans RING protein PAR-2. Dev. Cell 10, 199–208. doi: 10.1016/j.devcel.
2005.12.015

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

Hippenmeyer, S. (2013). Dissection of gene function at clonal level using mosaic
analysis with double markers. Front. Biol. 8, 557–568. doi: 10.1007/s11515-013-
1279-6

Hippenmeyer, S. (2014). Molecular pathways controlling the sequential steps
of cortical projection neuron migration. Adv. Exp. Med. Biol. 800, 1–24.
doi: 10.1007/978-94-007-7687-6_1

Hippenmeyer, S., Youn, Y. H., Moon, H. M., Miyamichi, K., Zong, H., Wynshaw-
Boris, A., et al. (2010). Genetic mosaic dissection of Lis1 and Ndel1 in neuronal
migration. Neuron 68, 695–709. doi: 10.1016/j.neuron.2010.09.027

Hirota, Y., Kubo, K., 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

Hoege, C., Constantinescu, A. T., Schwager, A., Goehring, N. W., Kumar, P., and
Hyman, A. A. (2010). LGL can partition the cortex of one-cell Caenorhabditis
elegans embryos into two domains. Curr. Biol. 20, 1296–1303. doi: 10.1016/j.
cub.2010.05.061

Hoege, C., and Hyman, A. A. (2013). Principles of PAR polarity in Caenorhabditis
elegans embryos. Nat. Rev. Mol. Cell Biol. 14, 315–322. doi: 10.1038/nrm3558

Homem, C. C., Repic, M., and Knoblich, J. A. (2015). Proliferation control
in neural stem and progenitor cells. Nat. Rev. Neurosci. 16, 647–659.
doi: 10.1038/nrn4021

Honda, T., Kobayashi, K., Mikoshiba, K., and Nakajima, K. (2011). Regulation of
cortical neuronmigration by the Reelin signaling pathway.Neurochem. Res. 36,
1270–1279. doi: 10.1007/s11064-011-0407-4

Horiguchi, K., Hanada, T., Fukui, Y., and Chishti, A. H. (2006). Transport of
PIP3 by GAKIN, a kinesin-3 family protein, regulates neuronal cell polarity.
J. Cell Biol. 174, 425–436. doi: 10.1083/jcb.200604031

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

Howell, B. W., Herrick, T. M., and Cooper, J. A. (1999). Reelin-induced tyrosine
[corrected] phosphorylation of disabled 1 during neuronal positioning. Genes
Dev. 13, 643–648. doi: 10.1101/gad.13.6.643

Iden, S., and Collard, J. G. (2008). Crosstalk between small GTPases and
polarity proteins in cell polarization. Nat. Rev. Mol. Cell Biol. 9, 846–859.
doi: 10.1038/nrm2521

Insolera, R., Chen, S., and Shi, S. H. (2011). Par proteins and neuronal polarity.
Dev. Neurobiol. 71, 483–494. doi: 10.1002/dneu.20867

Ivey, R. A., Sajan, M. P., and Farese, R. V. (2014). Requirements
for pseudosubstrate arginine residues during autoinhibition and
phosphatidylinositol 3,4,5-(PO4)3-dependent activation of atypical PKC.
J. Biol. Chem. 289, 25021–25030. doi: 10.1074/jbc.M114.565671

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 June 2017 | Volume 11 | Article 176

https://doi.org/10.1016/s0092-8674(00)80208-1
https://doi.org/10.1016/j.molcel.2016.12.028
https://doi.org/10.1016/s0092-8674(01)00471-8
https://doi.org/10.1146/annurev-cellbio-101512-122400
https://doi.org/10.2210/pdb2ns5/pdb
https://doi.org/10.1038/nn.2553
https://doi.org/10.1016/j.cub.2007.11.051
https://doi.org/10.1126/science.aaa1975
https://doi.org/10.1111/j.1460-9568.2010.07222.x
https://doi.org/10.1016/j.neuron.2012.12.022
https://doi.org/10.1016/j.neuron.2012.12.022
https://doi.org/10.1016/j.tins.2010.06.001
https://doi.org/10.1016/j.cell.2014.10.027
https://doi.org/10.4161/19336918.2014.983808
https://doi.org/10.4161/19336918.2014.983808
https://doi.org/10.1038/emboj.2012.41
https://doi.org/10.1523/jneurosci.3322-07.2007
https://doi.org/10.1016/j.bpj.2012.08.004
https://doi.org/10.1016/j.yexcr.2014.08.009
https://doi.org/10.1016/j.devcel.2007.10.007
https://doi.org/10.1016/j.devcel.2007.10.007
https://doi.org/10.1098/rsif.2006.0171
https://doi.org/10.1098/rsif.2006.0171
https://doi.org/10.1895/wormbook.1.30.1
https://doi.org/10.1002/cm.21034
https://doi.org/10.1002/cm.21034
https://doi.org/10.1042/0264-6021:3440929
https://doi.org/10.1038/nsmb.1844
https://doi.org/10.1016/s1097-2765(00)00113-1
https://doi.org/10.1016/0092-8674(95)90082-9
https://doi.org/10.1074/jbc.c100455200
https://doi.org/10.1038/nature08845
https://doi.org/10.1016/j.devcel.2005.12.015
https://doi.org/10.1016/j.devcel.2005.12.015
https://doi.org/10.1093/cercor/bhr383
https://doi.org/10.1007/s11515-013-1279-6
https://doi.org/10.1007/s11515-013-1279-6
https://doi.org/10.1007/978-94-007-7687-6_1
https://doi.org/10.1016/j.neuron.2010.09.027
https://doi.org/10.1002/cne.23691
https://doi.org/10.1016/j.cub.2010.05.061
https://doi.org/10.1016/j.cub.2010.05.061
https://doi.org/10.1038/nrm3558
https://doi.org/10.1038/nrn4021
https://doi.org/10.1007/s11064-011-0407-4
https://doi.org/10.1083/jcb.200604031
https://doi.org/10.1038/39607
https://doi.org/10.1101/gad.13.6.643
https://doi.org/10.1038/nrm2521
https://doi.org/10.1002/dneu.20867
https://doi.org/10.1074/jbc.M114.565671
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Hansen et al. Cell Polarity in Cortex Development

Jiang, H., Guo, W., Liang, X., and Rao, Y. (2005). Both the establishment and the
maintenance of neuronal polarity require active mechanisms: critical roles of
GSK-3beta and its upstream regulators. Cell 120, 123–135. doi: 10.1016/s0092-
8674(04)01258-9

Joberty, G., Petersen, C., Gao, L., andMacara, I. G. (2000). The cell-polarity protein
Par6 links Par3 and atypical protein kinase C to Cdc42. Nat. Cell Biol. 2,
531–539. doi: 10.1038/35019573

Johnson, J. M., Jin, M., and Lew, D. J. (2011). Symmetry breaking and the
establishment of cell polarity in budding yeast. Curr. Opin. Genet. Dev. 21,
740–746. doi: 10.1016/j.gde.2011.09.007

Johnson,M. B.,Wang, P. P., Atabay, K. D., Murphy, E. A., Doan, R. N., Hecht, J. L.,
et al. (2015). Single-cell analysis reveals transcriptional heterogeneity of neural
progenitors in human cortex. Nat. Neurosci. 18, 637–646. doi: 10.1038/nn.3980

Jossin, Y. (2011). Polarization of migrating cortical neurons by Rap1 and
N-cadherin: revisiting the model for the reelin signaling pathway. Small
GTPases 2, 322–328. doi: 10.4161/sgtp.18283

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

Kelava, I., Reillo, I., Murayama, A. Y., Kalinka, A. T., Stenzel, D., Tomancak, P.,
et al. (2012). Abundant occurrence of basal radial glia in the subventricular zone
of embryonic neocortex of a lissencephalic primate, the common marmoset
Callithrix jacchus. Cereb. Cortex 22, 469–481. doi: 10.1093/cercor/bhr301

Kemphues, K. J., Priess, J. R.,Morton, D. G., and Cheng, N. S. (1988). Identification
of genes required for cytoplasmic localization in early C. elegans embryos. Cell
52, 311–320. doi: 10.1016/s0092-8674(88)80024-2

Kishi, M., Pan, Y. A., Crump, J. G., and Sanes, J. R. (2005). Mammalian
SAD kinases are required for neuronal polarization. Science 307, 929–932.
doi: 10.1126/science.1107403

Knoblich, J. A. (2008). Mechanisms of asymmetric stem cell division. Cell 132,
583–597. doi: 10.1016/j.cell.2008.02.007

Kobayashi, S., Shirai, T., Kiyokawa, E., Mochizuki, N., Matsuda, M., and Fukui, Y.
(2001). Membrane recruitment of DOCK180 by binding to PtdIns(3,4,5)P3.
Biochem. J. 354, 73–78. doi: 10.1042/0264-6021:3540073

Kowalczyk, T., Pontious, A., Englund, C., Daza, R. A., Bedogni, F., Hodge, R.,
et al. (2009). Intermediate neuronal progenitors (basal progenitors) produce
pyramidal-projection neurons for all layers of cerebral cortex. Cereb. Cortex 19,
2439–2450. doi: 10.1093/cercor/bhn260

Kreis, P., Leondaritis, G., Lieberam, I., and Eickholt, B. J. (2014). Subcellular
targeting and dynamic regulation of PTEN: implications for neuronal cells and
neurological disorders. Front. Mol. Neurosci. 7:23. doi: 10.3389/fnmol.2014.
00023

Ladbury, J. E., and Arold, S. T. (2012). Noise in cellular signaling pathways: causes
and effects. Trends Biochem. Sci. 37, 173–178. doi: 10.1016/j.tibs.2012.01.001

Lamoureux, P., Ruthel, G., Buxbaum, R. E., and Heidemann, S. R. (2002).
Mechanical tension can specify axonal fate in hippocampal neurons. J. Cell Biol.
159, 499–508. doi: 10.1083/jcb.200207174

Laurin, M., and Côté, J.-F. (2014). Insights into the biological functions of
Dock family guanine nucleotide exchange factors. Genes Dev. 28, 533–547.
doi: 10.1101/gad.236349.113

Lee, H. O., and Norden, C. (2013). Mechanisms controlling arrangements
and movements of nuclei in pseudostratified epithelia. Trends Cell Biol. 23,
141–150. doi: 10.1016/j.tcb.2012.11.001

Lee, J. O., Yang, H., Georgescu, M. M., Di Cristofano, A., Maehama, T., Shi, Y.,
et al. (1999). Crystal structure of the PTEN tumor suppressor: implications for
its phosphoinositide phosphatase activity and membrane association. Cell 99,
323–334.

Leonard, T. A., and Hurley, J. H. (2011). Regulation of protein kinases by lipids.
Curr. Opin. Struct. Biol. 21, 785–791. doi: 10.1016/j.sbi.2011.07.006

Li, Z., Dong, X., Wang, Z., Liu, W., Deng, N., Ding, Y., et al. (2005). Regulation of
PTEN by Rho small GTPases. Nat. Cell Biol. 7, 399–404. doi: 10.1038/ncb1236

Lin, D., Edwards, A. S., Fawcett, J. P., Mbamalu, G., Scott, J. D., and
Pawson, T. (2000). A mammalian PAR-3-PAR-6 complex implicated in
Cdc42/Rac1 and aPKC signalling and cell polarity. Nat. Cell Biol. 2, 540–547.
doi: 10.1038/35019582

Lizcano, J. M., Göransson, O., Toth, R., Deak, M., Morrice, N. A., Boudeau, J.,
et al. (2004). LKB1 is a master kinase that activates 13 kinases of the AMPK
subfamily, including MARK/PAR-1. EMBO J. 23, 833–843. doi: 10.1038/sj.
emboj.7600110

Lui, J. H., Hansen, D. V., and Kriegstein, A. R. (2011). Development and evolution
of the human neocortex. Cell 146, 18–36. doi: 10.1016/j.cell.2011.06.030

Malatesta, P., Hartfuss, E., and Götz, M. (2000). Isolation of radial glial cells by
fluorescent-activated cell sorting reveals a neuronal lineage. Development 127,
5253–5263.

Malchow, D., Fuchila, J., and Jastorff, B. (1973). Correlation of substrate
specificity of cAMP-phosphodiesterase in Dictyostelium discoideum with
chemotactic activity of cAMP-analogues. FEBS Lett. 34, 5–9. doi: 10.1016/0014-
5793(73)80690-8

Marín, O., Valiente, M., Ge, X., and Tsai, L.-H. (2010). Guiding
neuronal cell migrations. Cold Spring Harb. Perspect. Biol. 2:a001834.
doi: 10.1101/cshperspect.a001834

Meinhardt, H., and Gierer, A. (2000). Pattern formation by local self-activation
and lateral inhibition. Bioessays 22, 753–760. doi: 10.1002/1521-
1878(200008)22:8<753::AID-BIES9>3.0.CO;2-Z

Ménager, C., Arimura, N., Fukata, Y., and Kaibuchi, K. (2004). PIP3 is involved
in neuronal polarization and axon formation. J. Neurochem. 89, 109–118.
doi: 10.1046/j.1471-4159.2004.02302.x

Mikuni, T., Nishiyama, J., Sun, Y., Kamasawa, N., and Yasuda, R. (2016). High-
throughput, high-resolution mapping of protein localization in mammalian
brain by in vivo genome editing. Cell 165, 1803–1817. doi: 10.1016/j.cell.2016.
04.044

Mizuno-Yamasaki, E., Rivera-Molina, F., and Novick, P. (2012). GTPase networks
in membrane traffic. Annu. Rev. Biochem. 81, 637–659. doi: 10.1146/annurev-
biochem-052810-093700

Moravcevic, K., Mendrola, J. M., Schmitz, K. R., Wang, Y. H., Slochower, D.,
Janmey, P. A., et al. (2010). Kinase associated-1 domains drive
MARK/PAR1 kinases to membrane targets by binding acidic phospholipids.
Cell 143, 966–977. doi: 10.1016/j.cell.2010.11.028

Morfini, G., DiTella, M. C., Feiguin, F., Carri, N., and Cáeres, A. (1994).
Neurotrophin-3 enhances neurite outgrowth in cultured hippocampal
pyramidal neurons. J. Neurosci. Res. 39, 219–232. doi: 10.1002/jnr.4903
90212

Morton, D. G., Shakes, D. C., Nugent, S., Dichoso, D., Wang, W., Golden, A.,
et al. (2002). The Caenorhabditis elegans par-5 gene encodes a 14–3-3 protein
required for cellular asymmetry in the early embryo. Dev. Biol. 241, 47–58.
doi: 10.1006/dbio.2001.0489

Motegi, F., Zonies, S., Hao, Y., Cuenca, A. A., Griffin, E., and Seydoux, G. (2011).
Microtubules induce self-organization of polarized PAR domains in C. elegans
zygotes. Nat. Cell Biol. 13, 1361–1367. doi: 10.1038/ncb2354

Nadarajah, B., Brunstrom, J. E., Grutzendler, J., Wong, R. O., 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

Nadarajah, B., and Parnavelas, J. G. (2002). Modes of neuronal migration in
the developing cerebral cortex. Nat. Rev. Neurosci. 3, 423–432. doi: 10.1038/
nrn845

Nakamura, F., Kalb, R. G., and Strittmatter, S. M. (2000). Molecular
basis of semaphorin-mediated axon guidance. J. Neurobiol. 44, 219–229.
doi: 10.1002/1097-4695(200008)44:2<219::AID-NEU11>3.0.CO;2-W

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

Nakamuta, S., Funahashi, Y., Namba, T., Arimura, N., Picciotto, M. R.,
Tokumitsu, H., et al. (2011). Local application of neurotrophins specifies
axons through inositol 1,4,5-trisphosphate, calcium, and Ca2+/calmodulin-
dependent protein kinases. Sci. Signal. 4:ra76. doi: 10.1126/scisignal.
2002011

Namba, T., Funahashi, Y., Nakamuta, S., Xu, C., Takano, T., and Kaibuchi, K.
(2015). Extracellular and intracellular signaling for neuronal polarity. Physiol.
Rev. 95, 995–1024. doi: 10.1152/physrev.00025.2014

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

Negishi, M., Oinuma, I., and Katoh, H. (2005). Plexins: axon guidance and
signal transduction.Cell. Mol. Life Sci. 62, 1363–1371. doi: 10.1007/s00018-005-
5018-2

Nern, A., and Arkowitz, R. A. (1998). A GTP-exchange factor required for cell
orientation. Nature 391, 195–198. doi: 10.1038/34458

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 June 2017 | Volume 11 | Article 176

https://doi.org/10.1016/s0092-8674(04)01258-9
https://doi.org/10.1016/s0092-8674(04)01258-9
https://doi.org/10.1038/35019573
https://doi.org/10.1016/j.gde.2011.09.007
https://doi.org/10.1038/nn.3980
https://doi.org/10.4161/sgtp.18283
https://doi.org/10.1038/nn.2816
https://doi.org/10.1093/cercor/bhr301
https://doi.org/10.1016/s0092-8674(88)80024-2
https://doi.org/10.1126/science.1107403
https://doi.org/10.1016/j.cell.2008.02.007
https://doi.org/10.1042/0264-6021:3540073
https://doi.org/10.1093/cercor/bhn260
https://doi.org/10.3389/fnmol.2014.00023
https://doi.org/10.3389/fnmol.2014.00023
https://doi.org/10.1016/j.tibs.2012.01.001
https://doi.org/10.1083/jcb.200207174
https://doi.org/10.1101/gad.236349.113
https://doi.org/10.1016/j.tcb.2012.11.001
https://doi.org/10.1016/j.sbi.2011.07.006
https://doi.org/10.1038/ncb1236
https://doi.org/10.1038/35019582
https://doi.org/10.1038/sj.emboj.7600110
https://doi.org/10.1038/sj.emboj.7600110
https://doi.org/10.1016/j.cell.2011.06.030
https://doi.org/10.1016/0014-5793(73)80690-8
https://doi.org/10.1016/0014-5793(73)80690-8
https://doi.org/10.1101/cshperspect.a001834
https://doi.org/10.1002/1521-1878(200008)22:8<753::AID-BIES9>3.0.CO;2-Z
https://doi.org/10.1002/1521-1878(200008)22:8<753::AID-BIES9>3.0.CO;2-Z
https://doi.org/10.1046/j.1471-4159.2004.02302.x
https://doi.org/10.1016/j.cell.2016.04.044
https://doi.org/10.1016/j.cell.2016.04.044
https://doi.org/10.1146/annurev-biochem-052810-093700
https://doi.org/10.1146/annurev-biochem-052810-093700
https://doi.org/10.1016/j.cell.2010.11.028
https://doi.org/10.1002/jnr.490390212
https://doi.org/10.1002/jnr.490390212
https://doi.org/10.1006/dbio.2001.0489
https://doi.org/10.1038/ncb2354
https://doi.org/10.1038/83967
https://doi.org/10.1038/nrn845
https://doi.org/10.1038/nrn845
https://doi.org/10.1002/1097-4695(200008)44:2<219::AID-NEU11>3.0.CO;2-W
https://doi.org/10.1111/gtc.12097
https://doi.org/10.1126/scisignal.2002011
https://doi.org/10.1126/scisignal.2002011
https://doi.org/10.1152/physrev.00025.2014
https://doi.org/10.1016/j.neuron.2013.12.015
https://doi.org/10.1007/s00018-005-5018-2
https://doi.org/10.1007/s00018-005-5018-2
https://doi.org/10.1038/34458
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Hansen et al. Cell Polarity in Cortex Development

Neukirchen, D., and Bradke, F. (2011). Neuronal polarization and the
cytoskeleton. Semin. Cell Dev. Biol. 22, 825–833. doi: 10.1016/j.semcdb.2011.
08.007

Nishimura, T., Yamaguchi, T., Kato, K., Yoshizawa, M., Nabeshima, Y., 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

Noctor, S. C. (2011). Time-lapse imaging of fluorescently labeled live cells in the
embryonic mammalian forebrain. Cold Spring Harb. Protoc. 2011, 1350–1361.
doi: 10.1101/pdb.prot066605

Noctor, S. C., Flint, A. C., Weissman, T. A., Dammerman, R. S., and
Kriegstein, A. R. (2001). Neurons derived from radial glial cells establish radial
units in neocortex. Nature 409, 714–720. doi: 10.1038/35055553

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

Ogawa, M., Miyata, T., Nakajima, 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

Ohtaka-Maruyama, C., and Okado, H. (2015). Molecular pathways underlying
projection neuron production and migration during cerebral cortical
development. Front. Neurosci. 9:447. doi: 10.3389/fnins.2015.00447

Oinuma, I., Ishikawa, Y., Katoh, H., and Negishi, M. (2004). The Semaphorin
4D receptor Plexin-B1 is a GTPase activating protein for R-Ras. Science 305,
862–865. doi: 10.1126/science.1097545

Papakonstanti, E. A., Ridley, A. J., and Vanhaesebroeck, B. (2007). The p110delta
isoform of PI 3-kinase negatively controls RhoA and PTEN. EMBO J. 26,
3050–3061. doi: 10.1038/sj.emboj.7601763

Paridaen, J. T., Wilsch-Bräuninger, M., and Huttner, W. B. (2013). Asymmetric
inheritance of centrosome-associated primary cilium membrane directs
ciliogenesis after cell division. Cell 155, 333–344. doi: 10.1016/j.cell.2013.08.060

Parker, S. S., Mandell, E. K., Hapak, S. M., Maskaykina, I. Y., Kusne, Y.,
Kim, J. Y., et al. (2013). Competing molecular interactions of aPKC isoforms
regulate neuronal polarity. Proc. Natl. Acad. Sci. U S A 110, 14450–14455.
doi: 10.1073/pnas.1301588110

Perez-Garcia, C. G., Tissir, F., Goffinet, A. M., and Meyer, G. (2004). Reelin
receptors in developing laminated brain structures of mouse and human. Eur.
J. Neurosci. 20, 2827–2832. doi: 10.1111/j.1460-9568.2004.03733.x

Petrie, R. J., Doyle, A. D., and Yamada, K. M. (2009). Random versus
directionally persistent cell migration. Nat. Rev. Mol. Cell Biol. 10, 538–549.
doi: 10.1038/nrm2729

Peyrollier, K., Hajduch, E., Gray, A., Litherland, G. J., Prescott, A. R., Leslie, N. R.,
et al. (2000). A role for the actin cytoskeleton in the hormonal and growth-
factor-mediated activation of protein kinase B. Biochem. J. 352, 617–622.
doi: 10.1042/0264-6021:3520617

Plant, P. J., Fawcett, J. P., Lin, D. C., Holdorf, A. D., Binns, K., Kulkarni, S., et al.
(2003). A polarity complex of mPar-6 and atypical PKC binds, phosphorylates
and regulates mammalian Lgl. Nat. Cell Biol. 5, 301–308. doi: 10.1038/
ncb948

Pollen, A. A., Nowakowski, T. J., Chen, J., Retallack, H., Sandoval-Espinosa, C.,
Nicholas, C. R., et al. (2015). Molecular identity of human outer radial
glia during cortical development. Cell 163, 55–67. doi: 10.1016/j.cell.2015.
09.004

Polleux, F., Morrow, T., and Ghosh, A. (2000). Semaphorin 3A is a
chemoattractant for cortical apical dendrites. Nature 404, 567–573.
doi: 10.1038/35007001

Postiglione, M. P., and Hippenmeyer, S. (2014). Monitoring neurogenesis in the
cerebral cortex: an update. Fut. Neurol. 9, 323–340. doi: 10.2217/fnl.14.18

Rakic, P. (1972). Mode of cell migration to the superficial layers of fetal monkey
neocortex. J. Comp. Neurol. 145, 61–83. doi: 10.1002/cne.901450105

Rakic, P. (1974). Neurons in rhesus monkey visual cortex: systematic relation
between time of origin and eventual disposition. Science 183, 425–427.
doi: 10.1126/science.183.4123.425

Reichardt, L. F. (2006). Neurotrophin-regulated signalling pathways. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 361, 1545–1564. doi: 10.1098/rstb.2006.1894

Rodriguez-Viciana, P., Warne, P. H., Dhand, R., Vanhaesebroeck, B., Gout, I.,
Fry, M. J., et al. (1994). Phosphatidylinositol-3-OH kinase as a direct target of
Ras. Nature 370, 527–532. doi: 10.1038/370527a0

Rossman, K. L., Der, C. J., and Sondek, J. (2005). GEF means go: turning on RHO
GTPases with guanine nucleotide-exchange factors. Nat. Rev. Mol. Cell Biol. 6,
167–180. doi: 10.1038/nrm1587

Sapir, T., Sapoznik, S., Levy, T., Finkelshtein, D., Shmueli, A., Timm, T.,
et al. (2008). Accurate balance of the polarity kinase MARK2/Par-1 is
required for proper cortical neuronal migration. J. Neurosci. 28, 5710–5720.
doi: 10.1523/JNEUROSCI.0911-08.2008

Sapkota, G. P., Kieloch, A., Lizcano, J. M., Lain, S., Arthur, J. S., Williams, M. R.,
et al. (2001). Phosphorylation of the protein kinase mutated in Peutz-Jeghers
cancer syndrome, LKB1/STK11, at Ser431 by p90(RSK) and cAMP-dependent
protein kinase, but not its farnesylation at Cys(433), is essential for LKB1 to
suppress cell growth. J. Biol. Chem. 276, 19469–19482. doi: 10.1074/jbc.
M009953200

Sasaki, A. T., Chun, C., Takeda, K., and Firtel, R. A. (2004). Localized Ras signaling
at the leading edge regulates PI3K, cell polarity, and directional cell movement.
J. Cell Biol. 167, 505–518. doi: 10.1083/jcb.200406177

Sasaki, T., Sasaki, J., Sakai, T., Takasuga, S., and Suzuki, A. (2007). The physiology
of phosphoinositides. Biol. Pharm. Bull. 30, 1599–1604. doi: 10.1248/bpb.
30.1599

Schaar, B. T., Kinoshita, K., and McConnell, S. K. (2004). Doublecortin
microtubule affinity is regulated by a balance of kinase and phosphatase
activity at the leading edge of migrating neurons. Neuron 41, 203–213.
doi: 10.1016/s0896-6273(03)00843-2

Schlesinger, A., Shelton, C. A., Maloof, J. N., Meneghini, M., and Bowerman, B.
(1999). Wnt pathway components orient a mitotic spindle in the early
Caenorhabditis elegans embryo without requiring gene transcription in the
responding cell. Genes Dev. 13, 2028–2038. doi: 10.1101/gad.13.15.2028

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

Sekine, K., Honda, T., Kawauchi, T., Kubo, K., 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

Sekine, K., Kubo, K., 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

Shelly, M., Cancedda, L., Heilshorn, S., Sumbre, G., and Poo, M. M. (2007).
LKB1/STRAD promotes axon initiation during neuronal polarization. Cell 129,
565–577. doi: 10.1016/j.cell.2007.04.012

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

Shelly, M., and Poo,M.M. (2011). Role of LKB1-SAD/MARK pathway in neuronal
polarization. Dev. Neurobiol. 71, 508–527. doi: 10.1002/dneu.20884

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

Shi, Y., and Massagué, J. (2003). Mechanisms of TGF-β signaling from
cell membrane to the nucleus. Cell 113, 685–700. doi: 10.1016/s0092-
8674(03)00432-x

Shitamukai, A., Konno, D., andMatsuzaki, F. (2011). Oblique radial glial divisions
in the developing mouse neocortex induce self-renewing progenitors outside
the germinal zone that resemble primate outer subventricular zone progenitors.
J. Neurosci. 31, 3683–3695. doi: 10.1523/JNEUROSCI.4773-10.2011

Shitamukai, A., and Matsuzaki, F. (2012). Control of asymmetric cell division of
mammalian neural progenitors.Dev. GrowthDiffer. 54, 277–286. doi: 10.1111/j.
1440-169X.2012.01345.x

Srinivasan, S., Wang, F., Glavas, S., Ott, A., Hofmann, F., Aktories, K., et al.
(2003). Rac and Cdc42 play distinct roles in regulating PI(3,4,5)P3 and polarity
during neutrophil chemotaxis. J. Cell Biol. 160, 375–385. doi: 10.1083/jcb.
200208179

Stancik, E. K., Navarro-Quiroga, I., Sellke, R., and Haydar, T. F. (2010).
Heterogeneity in ventricular zone neural precursors contributes to neuronal
fate diversity in the postnatal neocortex. J. Neurosci. 30, 7028–7036.
doi: 10.1523/JNEUROSCI.6131-09.2010

Frontiers in Cellular Neuroscience | www.frontiersin.org 15 June 2017 | Volume 11 | Article 176

https://doi.org/10.1016/j.semcdb.2011.08.007
https://doi.org/10.1016/j.semcdb.2011.08.007
https://doi.org/10.1038/ncb1227
https://doi.org/10.1101/pdb.prot066605
https://doi.org/10.1038/35055553
https://doi.org/10.1038/nn1172
https://doi.org/10.1016/0896-6273(95)90329-1
https://doi.org/10.3389/fnins.2015.00447
https://doi.org/10.1126/science.1097545
https://doi.org/10.1038/sj.emboj.7601763
https://doi.org/10.1016/j.cell.2013.08.060
https://doi.org/10.1073/pnas.1301588110
https://doi.org/10.1111/j.1460-9568.2004.03733.x
https://doi.org/10.1038/nrm2729
https://doi.org/10.1042/0264-6021:3520617
https://doi.org/10.1038/ncb948
https://doi.org/10.1038/ncb948
https://doi.org/10.1016/j.cell.2015.09.004
https://doi.org/10.1016/j.cell.2015.09.004
https://doi.org/10.1038/35007001
https://doi.org/10.2217/fnl.14.18
https://doi.org/10.1002/cne.901450105
https://doi.org/10.1126/science.183.4123.425
https://doi.org/10.1098/rstb.2006.1894
https://doi.org/10.1038/370527a0
https://doi.org/10.1038/nrm1587
https://doi.org/10.1523/JNEUROSCI.0911-08.2008
https://doi.org/10.1074/jbc.M009953200
https://doi.org/10.1074/jbc.M009953200
https://doi.org/10.1083/jcb.200406177
https://doi.org/10.1248/bpb.30.1599
https://doi.org/10.1248/bpb.30.1599
https://doi.org/10.1016/s0896-6273(03)00843-2
https://doi.org/10.1101/gad.13.15.2028
https://doi.org/10.1038/nn1295
https://doi.org/10.1523/JNEUROSCI.0650-11.2011
https://doi.org/10.1523/JNEUROSCI.0650-11.2011
https://doi.org/10.1016/j.neures.2014.06.004
https://doi.org/10.1016/j.cell.2007.04.012
https://doi.org/10.1016/j.neuron.2011.06.041
https://doi.org/10.1016/j.neuron.2011.06.041
https://doi.org/10.1002/dneu.20884
https://doi.org/10.1016/s0092-8674(02)01249-7
https://doi.org/10.1016/s0092-8674(03)00432-x
https://doi.org/10.1016/s0092-8674(03)00432-x
https://doi.org/10.1523/JNEUROSCI.4773-10.2011
https://doi.org/10.1111/j.1440-169X.2012.01345.x
https://doi.org/10.1111/j.1440-169X.2012.01345.x
https://doi.org/10.1083/jcb.200208179
https://doi.org/10.1083/jcb.200208179
https://doi.org/10.1523/JNEUROSCI.6131-09.2010
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Hansen et al. Cell Polarity in Cortex Development

Sun, Y., Fei, T., Yang, T., Zhang, F., Chen, Y. G., Li, H., et al. (2010). The
suppression of CRMP2 expression by bone morphogenetic protein (BMP)-
SMAD gradient signaling controls multiple stages of neuronal development.
J. Biol. Chem. 285, 39039–39050. doi: 10.1074/jbc.M110.168351

Swiercz, J. M., Kuner, R., Behrens, J., and Offermanns, S. (2002). Plexin-
B1 directly interacts with PDZ-RhoGEF/LARG to regulate RhoA and growth
cone morphology. Neuron 35, 51–63. doi: 10.1016/s0896-6273(02)00750-x

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.

Tabata, H., and Nakajima, K. (2008). Labeling embryonic mouse central nervous
system cells by in utero electroporation. Dev. Growth Differ. 50, 507–511.
doi: 10.1111/j.1440-169x.2008.01043.x

Tahirovic, S., Hellal, F., Neukirchen, D., Hindges, R., Garvalov, B. K., Flynn, K. C.,
et al. (2010). Rac1 regulates neuronal polarization through theWAVE complex.
J. Neurosci. 30, 6930–6943. doi: 10.1523/JNEUROSCI.5395-09.2010

Taverna, E., Götz, M., and Huttner, W. B. (2014). The cell biology of neurogenesis:
toward an understanding of the development and evolution of the neocortex.
Annu. Rev. Cell Dev. Biol. 30, 465–502. doi: 10.1146/annurev-cellbio-101011-
155801

Terabayashi, T., Itoh, T. J., Yamaguchi, H., Yoshimura, Y., Funato, Y., Ohno, S.,
et al. (2007). Polarity-regulating kinase partitioning-defective 1/microtubule
affinity-regulating kinase 2 negatively regulates development of dendrites on
hippocampal neurons. J. Neurosci. 27, 13098–13107. doi: 10.1523/JNEUROSCI.
3986-07.2007

Thompson, B. J. (2013). Cell polarity: models and mechanisms from yeast, worms
and flies. Development 140, 13–21. doi: 10.1242/dev.083634

Timm, T., von Kries, J. P., Li, X., Zempel, H., Mandelkow, E., and
Mandelkow, E. M. (2011). Microtubule affinity regulating kinase activity in
living neurons was examined by a genetically encoded fluorescence resonance
energy transfer/fluorescence lifetime imaging-based biosensor: inhibitors with
therapeutic potential. J. Biol. Chem. 286, 41711–41722. doi: 10.1074/jbc.M111.
257865

Trepat, X., Chen, Z., and Jacobson, K. (2012). Cell migration. Compr. Physiol. 2,
2369–2392. doi: 10.1002/cphy.c110012

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

Tsai, J. W., and Vallee, R. B. (2011). Live microscopy of neural stem cell migration
in brain slices. Methods Mol. Biol. 750, 131–142. doi: 10.1007/978-1-61779-
145-1_9

Turing, A. M. (1990). The chemical basis of morphogenesis. Bull. Math. Biol. 52,
153–197; discussion 119–152. doi: 10.1007/BF02459572

Vaz, W. L. C., Goodsaid-Zalduondo, F., and Jacobson, K. (1984). Lateral diffusion
of lipids and proteins in bilayer membranes. FEBS Lett. 174, 199–207.
doi: 10.1016/0014-5793(84)81157-6

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

Wang, F. (2009). The signaling mechanisms underlying cell polarity
and chemotaxis. Cold Spring Harb. Perspect. Biol. 1:a002980.
doi: 10.1101/cshperspect.a002980

Wang, F., Herzmark, P., Weiner, O. D., Srinivasan, S., Servant, G., and
Bourne, H. R. (2002). Lipid products of PI(3)Ks maintain persistent cell
polarity and directed motility in neutrophils. Nat. Cell Biol. 4, 513–518.
doi: 10.1038/ncb810

Wang, T., Liu, Y., Xu, X. H., Deng, C. Y., Wu, K. Y., Zhu, J., et al. (2011).
Lgl1 activation of rab10 promotes axonal membrane trafficking underlying
neuronal polarization. Dev. Cell 21, 431–444. doi: 10.1016/j.devcel.2011.
07.007

Wang, X., Tsai, J. W., LaMonica, B., and Kriegstein, A. R. (2011). A new subtype of
progenitor cell in the mouse embryonic neocortex. Nat. Neurosci. 14, 555–561.
doi: 10.1038/nn.2807

Wang, X., Tsai, J. W., Imai, J. H., Lian, W. N., Vallee, R. B., and Shi, S. H.
(2009). Asymmetric centrosome inheritance maintains neural progenitors in
the neocortex. Nature 461, 947–955. doi: 10.1038/nature08435

Watabe-Uchida, M., John, K. A., Janas, J. A., Newey, S. E., and Van Aelst, L.
(2006). The Rac activator DOCK7 regulates neuronal polarity through local

phosphorylation of stathmin/Op18. Neuron 51, 727–739. doi: 10.1016/j.
neuron.2006.07.020

Wedlich-Soldner, R., and Li, R. (2003). Spontaneous cell polarization:
undermining determinism. Nat. Cell Biol. 5, 267–270. doi: 10.1038/ncb0
403-267

Wennekamp, S., Mesecke, S., Nédélec, F., and Hiiragi, T. (2013). A
self-organization framework for symmetry breaking in the mammalian
embryo. Nat. Rev. Mol. Cell Biol. 14, 452–459. doi: 10.1038/nrm3602

Whitman, M., Kaplan, D. R., Schaffhausen, B., Cantley, L., and Roberts, T. M.
(1985). Association of phosphatidylinositol kinase activity with
polyoma middle-T competent for transformation. Nature 315, 239–242.
doi: 10.1038/315239a0

Witte, H., Neukirchen, D., and Bradke, F. (2008). Microtubule stabilization
specifies initial neuronal polarization. J. Cell Biol. 180, 619–632.
doi: 10.1083/jcb.200707042

Wu, P. R., Tsai, P. I., Chen, G. C., Chou, H. J., Huang, Y. P., Chen, Y. H.,
et al. (2011). DAPK activates MARK1/2 to regulate microtubule assembly,
neuronal differentiation and tau toxicity. Cell Death Differ. 18, 1507–1520.
doi: 10.1038/cdd.2011.2

Wynshaw-Boris, A., Pramparo, T., Youn, Y. H., and Hirotsune, S. (2010).
Lissencephaly: mechanistic insights from animal models and potential
therapeutic strategies. Semin. Cell Dev. Biol. 21, 823–830. doi: 10.1016/j.
semcdb.2010.07.008

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

Yamanaka, T., Horikoshi, Y., Suzuki, A., Sugiyama, Y., Kitamura, K., Maniwa, R.,
et al. (2001). PAR-6 regulates aPKC activity in a novel way and mediates
cell-cell contact-induced formation of the epithelial junctional complex. Genes
Cells 6, 721–731. doi: 10.1046/j.1365-2443.2001.00453.x

Yang, H. W., Shin, M. G., Lee, S., Kim, J. R., Park, W. S., Cho, K. H., et al. (2012).
Cooperative activation of PI3K by Ras and Rho family small GTPases.Mol. Cell
47, 281–290. doi: 10.1016/j.molcel.2012.05.007

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

Yingling, J., Youn, Y. H., Darling, D., Toyo-Oka, K., Pramparo, T., Hirotsune, S.,
et al. (2008). Neuroepithelial stem cell proliferation requires LIS1 for precise
spindle orientation and symmetric division. Cell 132, 474–486. doi: 10.1016/j.
cell.2008.01.026

Yoshimura, T., Arimura, N., and Kaibuchi, K. (2006a). Signaling networks in
neuronal polarization. J. Neurosci. 26, 10626–10630. doi: 10.1523/jneurosci.
3824-06.2006

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

Yoshimura, Y., Terabayashi, T., and Miki, H. (2010).
Par1b/MARK2 phosphorylates kinesin-like motor protein GAKIN/KIF13B
to regulate axon formation. Mol. Cell. Biol. 30, 2206–2219. doi: 10.1128/mcb.
01181-09

Zheng, Y. (2001). Dbl family guanine nucleotide exchange factors. Trends
Biochem. Sci. 26, 724–732. doi: 10.1016/s0968-0004(01)01973-9

Zong, H., Espinosa, J. S., Su, H. H., Muzumdar, M. D., and Luo, L. (2005). Mosaic
analysis with double markers in mice. Cell 121, 479–492. doi: 10.1016/j.cell.
2005.02.012

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Hansen, Duellberg, Mieck, Loose and Hippenmeyer. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 16 June 2017 | Volume 11 | Article 176

https://doi.org/10.1074/jbc.M110.168351
https://doi.org/10.1016/s0896-6273(02)00750-x
https://doi.org/10.1111/j.1440-169x.2008.01043.x
https://doi.org/10.1523/JNEUROSCI.5395-09.2010
https://doi.org/10.1146/annurev-cellbio-101011-155801
https://doi.org/10.1146/annurev-cellbio-101011-155801
https://doi.org/10.1523/JNEUROSCI.3986-07.2007
https://doi.org/10.1523/JNEUROSCI.3986-07.2007
https://doi.org/10.1242/dev.083634
https://doi.org/10.1074/jbc.M111.257865
https://doi.org/10.1074/jbc.M111.257865
https://doi.org/10.1002/cphy.c110012
https://doi.org/10.1083/jcb.200505166
https://doi.org/10.1007/978-1-61779-145-1_9
https://doi.org/10.1007/978-1-61779-145-1_9
https://doi.org/10.1007/BF02459572
https://doi.org/10.1016/0014-5793(84)81157-6
https://doi.org/10.1242/dev.016725
https://doi.org/10.1242/dev.016725
https://doi.org/10.1101/cshperspect.a002980
https://doi.org/10.1038/ncb810
https://doi.org/10.1016/j.devcel.2011.07.007
https://doi.org/10.1016/j.devcel.2011.07.007
https://doi.org/10.1038/nn.2807
https://doi.org/10.1038/nature08435
https://doi.org/10.1016/j.neuron.2006.07.020
https://doi.org/10.1016/j.neuron.2006.07.020
https://doi.org/10.1038/ncb0403-267
https://doi.org/10.1038/ncb0403-267
https://doi.org/10.1038/nrm3602
https://doi.org/10.1038/315239a0
https://doi.org/10.1083/jcb.200707042
https://doi.org/10.1038/cdd.2011.2
https://doi.org/10.1016/j.semcdb.2010.07.008
https://doi.org/10.1016/j.semcdb.2010.07.008
https://doi.org/10.1523/jneurosci.1266-15.2015
https://doi.org/10.1046/j.1365-2443.2001.00453.x
https://doi.org/10.1016/j.molcel.2012.05.007
https://doi.org/10.1016/j.cell.2010.06.010
https://doi.org/10.1016/j.cell.2008.01.026
https://doi.org/10.1016/j.cell.2008.01.026
https://doi.org/10.1523/jneurosci.3824-06.2006
https://doi.org/10.1523/jneurosci.3824-06.2006
https://doi.org/10.1016/j.bbrc.2005.11.147
https://doi.org/10.1128/mcb.01181-09
https://doi.org/10.1128/mcb.01181-09
https://doi.org/10.1016/s0968-0004(01)01973-9
https://doi.org/10.1016/j.cell.2005.02.012
https://doi.org/10.1016/j.cell.2005.02.012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

	Cell Polarity in Cerebral Cortex Development—Cellular Architecture Shaped by Biochemical Networks
	ESTABLISHMENT OF CELLULAR POLARITY IN SEQUENTIAL STAGES OF CORTICAL DEVELOPMENT
	Neural Stem Cell Polarity
	Polarity in Nascent Postmitotic Neurons—Implications for Neuronal Migration
	Establishment of Axon and Dendrite Compartments in Cortical Projection Neurons

	EXTRACELLULAR CUES CONTROLLING PROJECTION NEURON POLARITY IN CORTEX DEVELOPMENT
	Cell-Cell Interactions
	Secreted Factors
	Reelin
	Neurotrophins
	Semaphorins
	TGF-


	INTRINSIC BIOCHEMICAL NETWORKS THAT MEDIATE NEURONAL POLARITY
	PIP/PI3K Module
	GEFs and Small GTPases
	The PAR System
	Closing the Loop

	CONCLUSION AND PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


