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A compelling amount of data is accumulating about the
polyphonic role of neuronal cadherins during brain
development throughout all developmental stages, starting
from the involvement of cadherins in the organization of
neurulation up to synapse development and plasticity. Recent
work has confirmed that specifically N-cadherins play an
important role in asymmetrical cellular processes in
developing neurons that are at the basis of polarity. In this
review we will summarize recent data, which demonstrate
how N-cadherin orchestrates distinct processes of polarity
establishment in neurons.

Extrinsic and Extrinsic Cues Influencing Neuronal
Polarity in Vivo and Modelling Polarity in Vitro

In biology the term polarity describes a non-uniform, asym-
metric organization of organs, single cells or even single cellular
compartments. A tightly controlled asymmetric localization of
molecules is necessary for cells to perform diverse biological pro-
cesses, such as asymmetric cell division, directional cell contact,
cell differentiation, cell orientation, cell migration and formation
of specific sub-cellular structures.

In its broadest sense, neuronal polarity refers to the asymmet-
ric organization of the neuron in axonal and dendritic domains
as well as to the asymmetric localization of organelles and biomo-
lecules throughout the development of the brain. Several
“polarized” processes can be identified during neuronal develop-
ment, including the generation of neurons from asymmetric divi-
sions, migration to a final homing position, axon/dendrite
formation and asymmetric trafficking. Ultimately, in neurons
polarity governs the subcellular organization of components that
gives rise to either an axonal or a dendritic domain. Specific
membranes, organelles, receptors and cytoskeletal components
characterize these specialized domains, ensuring the correct direc-
tional flow of electrochemical information within neurons. Since
polarity is crucial for the terminal differentiation of neurons and
for their correct wiring, failures in polarity establishment affect
the functioning of the brain and contribute to a number of dis-
eases such as mental retardation and epilepsy.'

*Correspondence to: Annette Gartner; Email:  Annette.Gaertner@med.
kuleuven.be

Submitted: 09/01/2014; Revised: 10/01/2014; Accepted: 10/03/2014
http://dx.doi.org/10.4161/19336918.2014.983808

www.tandfonline.com

In vivo, at least 3 polarity-related processes are required to
establish the final location and wiring of neurons in mammals
(Fig. 1A). Excitatory pyramidal neurons clearly exemplify these
processes. Pyramidal neurons originate from precursors localized
in the ventricular and in the subventricular zone of the dorsal tel-
encephalon (for a review see refs.2‘4). Upon radial migration,
pyramidal neurons move to the superficial layer of the developing
cortical plate populating the cortex within discrete layers.” Dur-
ing their journey pyramidal neurons first undergo a “mitotic
polarity” step, which coincides with the division of a neuronal
precursor that gives rise to a postmitotic neuron. The second step
corresponds to the “migration polarity,” which is necessary to
orient and determine the movement of these neurons to their
final destination. The third process is the establishment of the
definitive “axon/dendrite polarity” which starts during migration
and is manifested once neurons have reached their final
destination.

Not all neurons follow the same polarity phases. In some cell
types the “migrational polarity” is tightly maintained and gives
rise to the “axon-dendrite polarity,” as in the case of the develop-
ing retinal amacrine cells. In pyramidal neurons the first bipolar,
polarized stage is transiently substituted by a multipolar stage in
which cells form several short processes that are not aligned with
the radial glial fibers.” Neurons re-acquire a bipolar phenotype
later on, with the leading process —the apical dendrite- directed
toward the pia and the axon toward the ventricle, and complete
their journey to their final destination. The axon forms either
during the multipolar stage in the intermediate zone or during
migration when neurons enter the cortical plate as bipolar
neurons.®"?

The presence of at least 3 polarity events occurring in an inter-
mingled manner in situ complicates the interpretation of phar-
macological and genetic results aimed at defining the basic
determinants of polarity. As an example, genetic ablation of
SAD-A and SAD-B, the mammalian orthologs of a kinase discov-
ered in C. elegans, affects both “migrational polarity” and “axon-
dendrite polarity” impairing cortical layer formation, axon
orientation and showing a starburst morphology, where axons
are difficult to distinguish from dendrites."” Since the 3 polarity
processes overlap in several genetic and mechanistic aspects,
manipulating one of the polarity steps can affect the others. Fur-
thermore, polarity studies in vivo are complicated by the fact that
neurons in the developing brain are embedded in an intricate
3-dimensional environment composed by cells and extracellular
matrix components that contain several directional cues,
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Figure 1. Schematic representation of polarity stages in pyramidal neurons in vivo and hippocampal neurons in vitro. (A) Excitatory cortical neurons
derive from a radial glia cell, which divides asymmetrically giving rise to a supporting cell (gray) and a neuron (red). Following division, neurons have a
polar phenotype with a leading pole (LP) oriented toward the pia and a trailing pole (TP) oriented toward the ventricular/subventricular zone (VZ/SVZ).
In the intermediate zone (IZ) some cells show a multipolar stage characterized by several short processes that are not aligned with the radial glial fibers,”
which may initiate axon extension.2'? Finally, neurons re-acquire a bipolar axis with the LP directed toward the pia, completing their migration to their
final destination in the cortical plate (CP). Acquisition of mature polarized features, including the terminal differentiation of dendrites and somatic com-
partment is represented in green. (B) Hippocampal neurons are dissected from embryonic rodent hippocampus, trypsinized and plated on coverslips
grown with the help of a glial feeder layer. Shortly after plating round neurons have a polarized organization of the cytoplasm, with the organelle pole
not fixed in one direction (intracellular polarity; stage 0). An adhesion-dependent mechanism stabilizes the organelle pole and supports the sprout of
the first neurite (pre-polarity stage 1, monopolar neuron). Note that the first neurite has the highest chances to become the axon at later stages.
Subsequently, neurons acquire a bipolar axis with the growth of a second neurite from the pole in the opposite side of the first sprout (bipolar stage 2).
Several other neurites grow, giving rise to a multipolar phenotype (multipolar stage 2). During the multipolar stage 2, rapid growth occurs from one of
the 2 predisposed neurites of the bipolar axis (stage 3).'*'®
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functioning as extracellular variables that compete with the
intrinsic cell polarity pathways.

Notably, the process of axon formation, and more specifically
the decision of conferring axonal identity to one specific emerg-
ing neurite, is one of the most striking and more thoroughly
studied events of neuronal polarization. Historically, to simplify
the interpretation of experiments, axon formation has been
largely modeled in culture, where neurons do not migrate and
their morphology can be studied in great detail. Neurons in cul-
ture differentiate in a very stereotyped manner.'* Following dis-
sociation from E16-E18 mouse or rat hippocampus cells appear
round (stage 1). In 4-24 hours neurons extend several morpho-
logically similar minor neurites that elongate and retract in a
dynamic cycle not showing net growth (stage 2). After
24-36 hours, one of the minor neurites rapidly elongates and
undergoes transformation into an axon (stage 3). This model set
the emergence of the axon at the transition between stage 2 and
3, when one of the minor neurites elongates and phenotypically
becomes the axon (Fig. 1B).

More recently this model has been updated (Fig. 1B) when it
was shown that the first neurite that arises from round cells has
the highest probability to become the axon during subsequent
development.'” Furthermore, the final axon-dendrite identity is
not stochastically determined, but it is pre-defined by a bipolar
axis.'® To continue with the previous classification of stages, the
immediate post-mitotic neuron corresponds to stage 0, which
already has a polarized cytoplasm. The stage in which the neuron
grows its first sprout from the organelle pole site is named stage
1. Subsequent stages are comparable with the previous classifica-
tion. Under this perspective, the establishment of axonal polarity
has 2 new significant steps. The first step corresponds to the pro-
cesses occurring immediately after mitosis, at the transition
between stage 0 and stage 1, when the first bud forms. The sec-
ond important step corresponds to the transition from the bipo-
lar stage 2, when the neuron has previously defined its preferred,
intrinsic axis of growth, to growth of the future axon. In fact, at
the bipolar stage, even though the 2 processes are morphologi-
cally indistinguishable, the neuron “knows” which of them has
the highest chances to become the axon.

The above evidences suggest that an intrinsic program of
polarity is already present in the round, postmitotic neurons. In
support of this conclusion, 7z vitro axon specification occurs in
the absence of extracellular asymmetrical cues.'*'”"'® It was long
hypothesized that in a homogenous environment, free of asym-
metric cues (such as a clean coverslip), the selection of a neurite
to undergo axonal transition would be stochastically determined
by intrinsic cellular factors. Eventually, extracellular cues can
interfere with the intrinsic pathways. Extrapolating to the in vivo
scenario, neuronal polarization appears as an extremely complex
process critically defined by the numerous cell-cell adhesion and
soluble cues present in the 3 dimensional environment of the
brain tissue.'?® Although the relative weight of intrinsic/extrin-
sic signals is difficult to be put into perspective, recent work show
that adhesion molecules, and in particular N-cadherin can
instruct the intracellular polarity program and establish the polar-
ity axis of developing neurons.

www.tandfonline.com

As we will see, cadherins are a family of molecules able to inte-
grate extracellular cues with adhesion and intracellular signaling
pathways. In this review we highlight the importance of N-cad-
herin, a classical member of the cadherin superfamily family,
which combines environment sensing through adhesion and
modulates neuronal polarity. We start by introducing the cad-
herin family and in particular classical cadherins, focusing on
ways to regulate their surface availability and signaling capacities;
later we explore their ability to influence polarity in general, and
in the last paragraph we show how N-cadherin specifically regu-
lates the establishment of neuronal polarity.

Cadherins: Linking Adhesion to Signal
Transduction

Cadherins are a large protein family, and all members have in
common several extracellular so called cadherin motifs which are
important for calcium-dependent cell adhesion.”” The initially
identified “classical cadherins” are the prototypic cell adhesion
molecules, while many other members have diverse signaling
functions.?® Importantly, many cadherins are specifically
expressed in the nervous system and have important roles in brain
function and development.

Given the large number of excellent reviews on the superfam-
ily of cadherins and their specific signaling and physiological

28:29 we will here concentrate on those classical cadher-

functions,
ins, which were recently described to play a role in neuronal
polarity control during development.

Classical cadherins are type I transmembrane proteins and dis-
play 5 extracellular cadherin motifs. The extracellular cadherin
domains are stabilized by calcium and are thus able to interact in
cis and in trans with other cadherins, typically in a homophilic
manner. While the trans-interactions mediate cell-cell adhesion,
it is thought that the cis/lateral interactions support the clustering
of cadherins at junctions.”® In theory this interaction of cadherins
in cis and/or trans could create different levels of adhesiveness
depending on the local cadherin availability. The trans-binding
leads to the binding of N-cadherin to the cytoskeleton® and the
reorganization of the actin cytoskeleton, which induces changes
in cell morphology and motility.”* For the interaction with the
cytoskeleton and in order to trigger strong adhesion, the intracel-
lular domain is essential. This domain contains binding sites for
p120 catenin and B-catenin, the latter binding to a-catenin,
which then directly mediates the interaction to the cytoskeleton.
The interaction with the cytoskeleton is crucial for regulating cell
polarity and is mediated by direct interaction of a catenins with
actin or with actin and microtubule binding molecules or Rho
GTPases (see list of catenin binding partners in ref.?; see scheme
of interactors in Fig. 2).

Classical Cadherins in Cell Polarity

Adhesion is an efficient way to create asymmetry by clustering
molecules in adhesion complexes and recruiting interactors in
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Figure 2. Schematic representation of domains in classical cadherins, main interactors and most rele-
vant signaling pathways. Classical cadherins mediate homophilic interactions with other cadherins in
the extracellular space, while intracellularly they organize the actin cytoskeleton and integrate several
signaling pathways. The extracellular domains of cadherins are characterized by the repetition of sev-
eral copies (5) of the cadherin motif, which mediates cell adhesion in a @ dependent manner.?”
Several interactions can be established with receptors and other adhesion molecules (for a review
see refs.?®?°), Proteolytic processing of cadherin is regulated by the gamma-secretase/ADAM com-
plex and mediates the release of intracellular and extracellular domains.*® The intracellular domain of
cadherin interacts with p120-catenin and with the B-catenin core complex. The protein p120-catenin
stabilizes adhesions and regulates interactions with other adhesion molecules and membrane
remodelling complexes (for a review see ref.%%). The core B-catenin complex has the dual function of
regulating both adhesion and gene transcription. Adhesion is mediated by the interaction with a-cat-
enin, which contacts actin and vinculin. These interactions are at the basis of actin/cytoskeletal
remodelling events. Beta catenin is also implicated in the activation of wnt signaling pathways (for a

to P-catenin at the cell-junction side
promotes the accumulation of myosin
light chain and actin filaments. Those
data suggest that N-cadherin regulates
the subcellular distribution of diverse
signaling molecules through different
effectors.*

How 7 vivo a local cadherin surface
expression and thus polarized adhesion
and signaling are regulated is to date an
open question. One possibility is via
cadherin expression control, at the tran-

.37 As a matter of fact,

scriptional leve
the rate of adhesiveness depends on the
relative concentration of cadherins on
the different cell surfaces (similar con-
centration in different, opposing, cells
result in more efficient adhesiveness)
which could lead to a preferential adhe-
sion between certain cells within a tis-
sue.® In addition, differences in
adhesiveness could be obtained through
the local control of cadherin within dif-
ferent cells. An efficient means of local
control is via regulated and directional
membrane remodelling. Endocytosis of
N-cadherin molecules was described to
be regulated in migrating neurons by
rab7 and 11°? or via B-catenin in synap-
ses.®® In addition, the lateral diffusion
and recruitment of cadherins can be

review see ref.?%).

influenced by the interaction with other

their microenvironment. /z vitro cadherin cell adhesions can be
studied in a spatial limited area, e.g. contacting only one pole of
a cell by means of patterned substrates.®® Similar results can be
achieved by severing cell-cell interactions just at one pole, for
instance by removing mechanically cells with a scratch.>* Wound
healing assays revealed for instance that following the wound kid-
ney epithelial cells reposition their centrosome and orient their
migration axis in the direction of the cell-free areas, in an E-cad-
herin, actin and cdc42-dependent manner.>> The intracellular
pathways mediating this organelle polarization seem to differ
between cell types, since for instance hippocampal neurons reori-
ent the centrosome toward, and not away, from N-cadherin con-
tact sites in a PI3-kinase, actin and microtubule dependent
manner.”” Another study in dissociated cerebellar granule cells
showed that E-cadherin recruits the centrosome in GAP-43
dependent manner toward the extrinsically applied E-cadherin
substrate.*® In a recent study using mouse endothelial fibroblasts
growing on micro-patterns where one pole of the cell is in contact
with another cell and the other in cellECM contacts, it was
shown that N-cadherin dependent engagement of p120 sup-
presses integrins near the N-cadherin junction, indirectly pro-
moting the activation of PI3-kinase and Rac at the cell-free
end.” In this same work, it was shown that N-cadherin binding
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adhesion systems such as nectins®! or
protocadherins in a synergistic42 or antagonistic manner.*? Fur-
thermore, spatially-restricted adhesion can be obtained in a rapid
manner without large changes in the cadherin complexes via an
“inside out signaling.” In this regard, it was shown that growth
factors can change intracellular signaling and affect adhesiveness
by changing the interaction of cadherin with catenins either via
direct tyrosine phosphorylation of a-catenin and p120 catenin®®
or via other targets of tyrosine kinases which indirectly influence
cadherin mediated adhesion (for a review see ref.*’). Moreover,
localized cadherin changes can be mediated by cadherin-catenin
complexes interacting with receptor-type tyrosine kinases such as
FGF receptors and EGF receptors outside of adhesion com-
plexes.28 This last mechanism links cell-cell adhesiveness of neu-
rons with the chemical cues normally present in a graded manner
in situ. Yet one additional mechanism for the regulation of cell
surface N-cadherin levels is proteolytic processing of the full-
length mature N-cadherin protein by ADAM10. This proteolysis
has a dual effect: 1) it releases a soluble ectodomain potentially
acting as a signaling molecule in a long-distance range and 2) it
generates a 40 kDa C-terminal membrane-bound fragment
which is further processed by the y-secretase into a 35 kDa intra-
cellular fragment. This fragment participates in the regulation of

gene expression by redistributing B-catenin, ¢
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Figure 3. Schematic representation of neuronal polarity steps regulated by N-cadherin during different developmental steps. (A) The clustering of N-
cadherin molecules in round neurons is able to recruit the Golgi complex and the MTOC.?>? In dissociated neurons N-cadherin promotes orientation
and elongation of neurites.?>*° (B) In vivo during the establishment of polarity in pyramidal neurons, N-cadherin orients the Golgi complex in multipo-
lar neurons in a Dab1-Rap1 dependent mechanism that is induced by a reelin gradient established by the Cajal-Retzius cells in the marginal zone.>® In
bipolar neurons N-cadherin contributes to the radial orientation that is necessary for migration,
mediated by Rab5-Rab11 membrane rearrangement.>> Once neurons reach the Cajal-Retzius cells in the marginal zone, N-cadherin promotes soma

2259 and supports the radial glia locomotion of neurons

In summary these examples illustrate the multiple ways by
which classical cadherins can receive signals to modulate adhe-
siveness in a spatially defined way, highlighting the complex lev-
els of regulation of the cadherin pathways and, in the end, the
precise spatiotemporal regulation of cadherin signaling that
ought to occur to assure proper brain development.

Cadherins in Neuronal Polarity and in Brain
Development

The attention toward a role of cadherins in the organization of
the developing cortex derived from the fact that cadherins are
expressed very early in development in the brain,"” and that
many cadherin genes are linked with neuropsychiatric disorders
(for a review see ref.*®). In fact, a number of publications show
that cadherins are involved in neural tube formation and region-
alization, in neuronal migration and polarity, axon outgrowth,
neural circuit formation, spine morphology, synapse formation
and synaptic remodelling (for a review see refs.”®**7).

As previously mentioned, pyramidal neurons during the
acquisition of their polarity 7z vivo migrate through a number of
different extracellular environments and encounter different types

www.tandfonline.com

of cells. Thus, local cadherin signals, which could support polariza-
tion, are likely to act for a very restricted period of time and in a
precisely spatially-defined way, positively or negatively regulating
adhesiveness. This continuous remodelling of adhesion through
signaling is essential in order to actively maintain polarity and to
support migration. We next summarize recent work showing how
the classical type I cadherin N-cadherin is involved specifically in
the establishment of neuronal polarity (Fig. 3).

Axon specification and outgrowth
N-cadherin triggers neurite outgrowth in vitro® and in vivo,
suggesting that its polarized presence could master polarized

50

growth. Indeed, dissociated hippocampal neurons which were
cultured on patterned substrates” using alternating stripes of N-
cadherin and poly-L-lysine always orient their axon toward the
N-cadherin substrate side.”” One possible mechanism underlying
this substrate-specific outgrowth could be the proposed molecu-
lar clutch mechanism, which couples actin flow with N-cadherin
adhesions.’!

However, as mentioned earlier, neuronal polarity iz vitro is
defined well before axon outgrowth starts, as early as during the
time of sprouting of the first neurite, and even earlier."” In order
to understand whether N-cadherin could also influence those
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early stages of axon determination, freshly dissociated hippocam-
pal neurons were cultured on alternating stripes of N-cadherin
and poly-L-lysine.”” This study showed that indeed neurons
extend the first neurite from the N-cadherin contacting site.**
This study also revealed that intracellular organelles such as cen-
trosome and the Golgi are recruited to the first neurite after this
has formed. A similar polarization was observed in sensory neu-
rons in Drosophila in vivo, where a cadherin-landmark was
formed shortly after neuron generation, followed by the recruit-
ment of the centrosome.”” Those data show that neuronal polari-
zation is triggered by cadherin and one could assume that this
cadherin cluster is triggered by extrinsic cues, most likely a homo-
philic interaction with cadherins on neighboring cells. Although
being a logic assumption, this view cannot explain that neurons
can polarize in complete isolation, in the absence of any asym-
metric cell-cell contacts."* This in fact indicates that a cell auton-
omously defined polarity signal, for example the N-cadherin
cluster, can suffice to trigger growth signaling. In agreement with
this idea, N-cadherin was found to be polarized even before cell
attachment in dissociated neurons.”> Moreover, the data in sen-
sory neurons in Drosophila pupae suggest that the cell autono-
mous accumulation of cadherin could be the consequence of the
inheritance of components from the last mitosis cleavage zone in
the new neuron.”® These 2 visions could be reconciled if one
would see the intrinsically defined N-cadherin cluster as a site
where not only cadherins concentrate but also other growth-regu-
latory molecules. This type of specialized molecular asymmetry
would certainly increase the probability of asymmetric growth in
response to different types of external cues, irrespective of their
polarized or uniform distribution (for instance BDNF). This
type of intrinsically produced growth cluster or “polarity
platform” could in principle support the polarization of any type
of neuron: specificity could be provided by the type of environ-
mental cue (Fig. 3A).

N-cadherin regulates axis orientation and thus migration

The in vitro results described above suggest that extrinsic N-
cadherin (when present) greatly facilitate polarized growth from
the pole with an intrinsically asymmetric N-cadherin cluster®>”’
Recent work suggests that the intrinsic-extrinsic N-cadherin
polarity signaling persists during the time when neurons become
bipolar.”* However it is important to understand how and
whether this type of mechanism participates in the polarization
and thus spatial orientation of cortical neurons 7z vivo. One
indication that this might be the case comes from the observa-
tion that N-cadherin is polarized to the apical junctions of the
neuroepithelium, suggesting that N-cadherin could play a role
in the polarized organization of neuroepithelial cells and radial
glia cells.”> Consistently, the loss of N-cadherin in early embryos
disrupted those junctions resulting in the abnormal organization
of radial glia fibers,”® which are crucial for proper neuron migra-
tion. Furthermore, it is known that the apical N-cadherin con-
taining membrane remains to a large extent in the daughter
radial glia cell after asymmetric cell division.’® However, N-cad-
herin is also present in neurons in the developing cortex in the

22,55

form of clusters, suggesting a role during neuronal
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asymmetry as well. Recent studies addressed this possibility by
reducing N-cadherin function in a specific and moderate man-
ner by in utero electroporation®” of dominant negative forms of
N-cadherin.?>*®>° With this approach the mutant protein was
delivered to a subset of cells in a mosaic manner, allowing the
observation of N-cadherin deficient neurons on a wild-type
background. The inhibition of N-cadherin function in neurons
using the dominant negative N-cadherin construct perturbed the
transition of multipolar into bipolar neurons and also reduced
the directional movement of migrating neurons and Golgi orien-
tation toward the cortical plate, strengthening the notion that
N-cadherin plays a role in neuronal polarity.5 ? Furthermore, the
presence of the dominant negative form of N-cadherin resulted
in orientation defects in neurons in their bipolar phase, poten-
tially altering the onset of migration along radial fibers.”* How-
ever, once N-cadherin deficient neurons attached to radial glia
cells, their migration speed and directionality was not
changed.SB’59 The latter and other studies also indicated that the
surface expression of N-cadherin in multipolar and bipolar neu-
rons is regulated via small GTPases.® In turn, Rapl seems to be
regulated by Reelin, which is secreted by Cajal-Retzius cells in
the marginal zone.” Therefore the Reelin signal can act as a spa-
tial signal which, in theory, could affect N-cadherin surface sig-
naling on the pole oriented toward the pial direction and thus
in the direction of radial migration. This is also supported by:
(1). the observation that the Golgi is recruited toward the pial
side, possibly to prepare multipolar neurons for bipolar migra-
tion>” and (2). the observation that N-cadherin signaling for
polarized growth induces Golgi translocation to the base of the
growing neurite.”> To date it remains to be proven whether
reelin can truly polarize N-cadherin signaling in multipolar neu-
rons iz vivo. Another study suggests that N-cadherin trafficking
in the developing cortex is regulated by a Rab5-dependent endo-
cytotic and a Rabl1-dependent recycling pathway and contrib-
utes to cortical neuronal migration along radial glial fibers .*
However, this mechanism was not observed when a Rapl regu-
lated N-cadherin surface expression was studied: there only
radial glia independent migration modes such as somal translo-
cation’® and multipolar migration®” but not radial glia guided
locomotion were found to regulated by N-cadherin. This opens
the interesting debate of how different spatio-temporal regula-
tion of N-cadherin during development via distinct pathways
could influence the response of the neurons. Moreover, it is cur-
rently not clear which is the precise mechanism used by N-cad-
herin to drive the transition into bipolar cells and what is the
intracellular pathway that orients the cell axis (Fig. 3B).

N-cadherin in tangential and collective migration

N-cadherin was also shown to be a key player in the establish-
ment of polarity in inhibitory neurons, which derive from the
medial ganglionic eminence (MGE) and migrate tangentially
over a longer distance toward the cortical plate in the cortex.’! In
these in vivo and in vitro studies, MGE cells with inactivated cad-
herin exhibited slowed and less directed migration and polarity
defects associated with abnormal actomyosin contractility. Fur-
ther confirming the important role of cadherins in tangential
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migration, Cadherin-2 (the zebra fish homolog of N-cadherin)
was shown to play a role in the migration of cerebellar granule
neurons, which migrate in chain-like structures using homophilic
interactions mediated by cadherin-2. Cadherin-2 transiently
translocate to the front of granule cells, followed by the polariza-
tion of the centrosome in the direction of migration.> This
work corroborates the idea that N-cadherin is an essential player
in the different types of 3-dimensional cellular arrangements of
the brain, by regulating the motility of individual cerebellar gran-
ule neurons and coordinating their collective migration behavior.

Conclusions

We have summarized the role of N-cadherin in regulating
neuronal polarity and showed a number of different steps during
neuron development in which N-cadherin is important.

In most studies the authors showed that one important feature
of N-cadherin in polarity regulation is the recruitment of the cen-
trosome toward the site of cadherin concentration. It is still not
clear which mechanisms are engaged in this process as well as the
true biological significance of centrosome positioning. Moreover,
even if the polarized signaling of N-cadherin is important for the
recruitment of the centrosome in vitro, it remains to be proven
whether this, and what for, operates in vivo.

The data based on hippocampal neurons in vitro illustrate
both that these neurons are born with a N-cadherin cluster and
are still able to polarize in complete isolation, in the absence of
any asymmetrically distributed exogenous N-cadherin, or any
other extrinsic asymmetric cue. This, which intuitively would
lead to the conclusion that the establishment of polarity is an
eminently intrinsic process, may reflect that N-cadherin is just
one among several molecules with ability to transduce external
signals into growth (the polarity “platform”). It remains to be
demonstrated the validity of this prediction and the underlying
molecular mechanisms.

Another open question is whether a different regulation of
N-cadherin surface availability may lead to different functions
during development. For instance this could explain the distinct
regulation by Rab5 and 11 during locomotion, which was not
achieved by a Rap1 dependent regulation.

Another challenging open question is how the remodelling of
N-cadherin clusters and adhesion points trigger migration and a
continuous change in the response to the environment during
migration in the distinct environments migrating neurons
encounter.
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