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During prenatal and postnatal development of the mammalian brain, new neurons are generated
by precursor cells that are located in the germinal zones. Subsequently newborn neurons migrate
to their destined location in the brain. On the migrational route immature neurons interact via a
series of recognition molecules with a plethora of extracellular cues. Stimuli that are conveyed
by extracellular cues are translated into complex intracellular signaling networks that eventually
enable neuronal migration. In this Focused Review we discuss signaling networks underlying
neuronal migration emphasizing molecules and pathways that appear to be neuron-specific.
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INTRODUCTION

In mammals neuronal migration is a fundamental
process in the development of nervous system.
The peripheral and central nervous system (CNS)
comprise numerous neurons that are born in vari-
ous locations during development and migrate
shorter or longer distances to their destination
site. Precise coordination of neuronal migration
is a prerequisite for the correct positioning and
subsequent wiring of neurons into functional
circuits. Impairment in migration results in
structural defects that are accompanied by severe
mental abnormalities.

In the peripheral nervous system, neuronal
precursors originate from undifferentiated neu-
ral crest cells and migrate during embryonic
development to their final locations (Francis and
Landis, 1999; Glebova and Ginty, 2005). In the
CNS, most neurons derive from precursor cells
that reside in the ventricular zone. Projection
neurons are born in the ventricular zone of the
dorsal telencephalon and migrate radially toward
the pia (Marin and Rubenstein, 2003). On the
contrary, interneurons are born in the ventral
telencephalon, i.e., in the ventricular zone of
the medial, lateral, and caudal ganglionic emi-
nences from where they migrate tangentially to
the dorsal telencephalon (Corbin et al., 2001;

Marin and Rubenstein, 2003). Postnatally new
neurons continue to be generated in two brain
regions, namely in the subgranular zone (SGZ)
of the dentate gyrus in the hippocampus and
the subventricular zone (SVZ) of the lateral
ventricles (Lledo et al., 2006; Zhao et al., 2008).
Neuroblasts (immature neurons) in the hip-
pocampal SGZ migrate a short distance into the
granule cell layer of the dentate gyrus and inte-
grate into previously established neural circuits
(Kempermann etal.,2004). Neuroblasts originat-
ing in the SVZ migrate over long distances via the
rostral migratory stream to the olfactory bulb,
where they mature into granule or periglomeru-
lar neurons (Lledo and Saghatelyan, 2005; Alonso
etal.,2006). Under pathological conditions, neu-
roblasts generated in the SVZ migrate also into
injured cortex and striatum (Parent et al., 2002;
Kreuzberg et al., 2010). On the migratory route,
neuroblasts receive different stimuli from extra-
cellular cues that are paramount in migration
guiding. As a result, a number of intracellular
signaling molecules are activated. Ultimately, all
signaling pathways are integrated in a “master
network” that controls the final intracellular out-
put in response to all extracellular inputs and
modifies the cytoskeleton machinery accordingly
resulting in neuroblast migration.
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Subventricular zone

Germinal zone in the postnatal brain in
many mammals. Spans a few
intermixed cell layers located in the
lateral wall of the paired lateral
ventricles. Contains slow-dividing
neural stem cells, fast-dividing
transit-amplifying precursors,
neuroblasts, and a few other support
cell-types.

Neuroblasts

Immature neurons with a small cell
body and usually one leading neurite.
Neuroblasts migrate by protruding
neurite and then pulling cell body in the
direction of migration.

Rostral migratory stream

Stream of migrating neuroblasts from
the subventricular zone to the olfactory
bulb. Identified in many mammals
including rodents, sheep, and primates.

Small GTPases

GTP/GDP-binding proteins. They are
active when bound to GTP and inactive
when bound to GDP. Exchange of GDP
with GTP (=activation) is catalyzed by
proteins called “guanine nucleotide
exchange factors” (GEFs). GTP
hydrolysis (=inactivation) is catalyzed
by “GTPase-activating proteins”
(GAPs).

Kinases

Enzymes that add phosphate groups
(=phosphorylate) to other proteins or
to themselves. Phosphorylation can
result in activation or inhibition of the
recipient protein.
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SPECIFIC SIGNALING FOR NEURONAL
MIGRATION

An ever-growing number of studies on neuronal
migration employing by and large anatomical
techniques goes back to the 1960s. Starting in the
1980s, the function of particular genes/proteins in
neuronal migration became the focus of numer-
ous experimental investigations. Whilst these
valuable studies have identified important players
in migration, many of which were cytoskeleton
proteins, during the last decade the interest grew
in identifying whole pathways and understanding
their complex interactions.

In a recent study (Khodosevich et al., 2009)
using microarray gene expression analysis we
identified several intracellular signaling pathways
underlying neuroblast migration. The identi-
fied pathways were corroborated and further
expanded using bioinformatics analysis derived
from mining of public data that also included
information obtained in other cell-types and
species (see Data mining for signaling pathway
analysis). This powerful approach allows filling
in of gaps and proposing whole pathways that
would be difficult to identify if one used experi-
mental data from one system only. Needless to
say, the signaling components resulting from
bioinformatics analysis can and should be tested
experimentally to provide functional proof for
their involvement in a specific system (in our
study it was murine neuroblasts migrating in
the rostral migratory stream). For this Focused
Review we used only data obtained in studies on
mammalian neuronal migration to generate a sig-
naling network whose components are discussed
in more detail. The ultimate goal is to eventually
arrive at a unique intracellular network under-
lying signaling in migrating neuroblasts. Here
we collected published data for all subtypes of
migrating neuroblasts regardless of their birth-
place (prenatal ganglionic eminences, postnatal
SVZ, precursors of peripheral nervous system,
etc.), mode of migration (radial and tangential
migration; migration in cell chains and individual
cell migration). We also used data obtained in
vitroincluding neurite outgrowth studies. Clearly,
each subtype of migrating neuroblasts has its
own signaling components that are “tuned” to
the microenvironment (i.e., available extracellu-
lar stimuli) of migration. Furthermore, different
modes of neuroblast migration might rely more
on one type of molecular cues in microenviron-
ment than the other, e.g., soluble factors, mem-
brane-bound receptors, or extracellular matrix.
However, subtypes of migrating neuroblasts share
the majority of intracellular signaling compo-
nents that integrate external stimuli and result

in appropriate output. With the increasing avail-
ability of experimental data it will be eventually
possible to perform a similar analysis focusing on
distinct types of migration and investigate shared
and specific molecules and their connections.

HUBS IN A SIGNALING NETWORK
CONTROLLING NEURONAL MIGRATION

In Figure 1 we summarize the results derived from
several hundred studies focusing on some aspects
of signaling that control neuronal migration/neu-
rite outgrowth (the names of the individual com-
ponents are legible upon downloading of Figure
S1in Supplementary Material). The main feature
of the signaling network is the uneven distribu-
tion of connections between individual molecules
resulting in clustering of connections. Seven key
“hubs” (shown in yellow) of intracellular sign-
aling involve 2/3 of the connections within the
network (Figures 1A,B). Such network clustering
is typical for signaling networks and was shown
in many proteomic studies (see, e.g., Giot et al,,
2003; Pocklington et al., 2006). These signaling
hubs control the input and output of the network:
cell division protein kinase 5 (Cdk5), disabled
homolog 1 (Dabl), ras-related C3 botulinum
toxin substrate 1 (Racl), focal adhesion kinase
(FAK), rat sarcoma (Ras), Rous sarcoma onco-
gene (Src), and phosphatidylinositol 3 kinase
(PI3K). Based on their connectivity resulting from
our analysis, seven hubs can be further subdivided
into two groups: Cdk5, Dabl, and Racl having
each 13-14 connections, while FAK, Ras, Src, and
PI3K having 7-9 connections.

While the small GTPase Racl and to a much
lesser extent Cdk5 kinase are involved in migra-
tion of non-neuronal cell-types, Dabl is a spe-
cific component of neuronal migration signaling
(Bielas et al., 2004; Ayala et al., 2007). Dabl is
a cytoplasmic adaptor molecule that was first
described as a binding partner of the Src family
kinases Src and Fyn (Howell et al., 1997). Later its
action was also linked to Reelin signaling (Bielas
etal.,2004). However, Dab1 is involved in neuro-
nal migration not only as a target in Reelin signal-
ing, but also in amyloid precursor protein (APP;
Young-Pearse et al., 2010) and integrin signaling
(Dulabon et al., 2000; Figure 2A). Furthermore,
Dabl is connected to other pathways via Cdk5
and Src kinases (Keshvara et al., 2002; Bock et al.,
2003; Kuo etal., 2005; Figure 2A). Since Dab1 also
directly binds to several microtubule-associated
proteins — Lis1, DISC1, and CRMP (Assadi et al.,
2003; Yamashita et al., 2006; Young-Pearse et al.,
2010) —itis a strong candidate that “tunes” com-
mon mechanisms of cell migration to neuron-
specific migration (Figure 2A).
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FIGURE 1 | Signaling network controlling neuronal migration — the scheme  yellow). (B) More than 2/3 of the network connections (shown by red lines)

is based on experimental data derived from several hundred publications. involve hubs. Color code for molecules: yellow — signaling hubs, red —

The only legible names denote network components that constitute “signaling extracellular ligands/matrix components, green — transmembrane receptors/
hubs.” The scheme is legible upon downloading Figure S1 in Supplementary channels/transporters, etc., blue — intracellular signaling molecules, magenta —
Material. (A) Seven hubs in the neuronal migration signaling network (shown in microtubule/actin-associated proteins, orange — cell nucleus components.
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FIGURE 2 | Signaling hubs in migrating neurons. (A) Dab1 signaling. (B) Cdk5 signaling. (C) Rac1 signaling. (D) FAK signaling. (E) Src signaling. (F) PI3K signaling.
(G) Ras signaling. Arrow — activation, circle — interaction, T-shaped end — inhibition. Color code of molecules is the same as in Figure 1. Note that some links are
indirect, for full scheme see Figure $1in Supplementary Material.

FAK

Other central hubs in the signaling net- Cdk5 was mentioned also in the context of
work of neuronal migration are Cdk5 and non-neuronal cell migration, most evidence
Racl (Figures 2B,C, respectively). Although for its role in migration has been derived from
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Data mining for signaling pathway
analysis

Analysis of published data to connect
many molecules, usually obtained after
microarray search, in signaling
pathways. Data mining is performed
with the help of bioinformatics software
searching in published literature for
pairs of genes/proteins in the same
article/abstract/sentence, with/without
linking words, such as activation/
inhibition, etc.

studies focusing on neuronal migration. Thus,
this signaling hub can be considered by and
large neuron-specific (Gupta and Tsai, 2003;
Nikolic, 2004). Conversely, Racl is a signal-
ing component of many migratory cell-types
(Fukata et al., 2003). In neurons almost all
extracellular migratory stimuli, such as Slit,
integrins, laminins, semaphorins, Reelin, GDNEF,
EGF, neurotrophin-3 (NT-3), neurotrophin-4
(NT-4), brain-derived neurotrophic factor
(BDNF), netrin, calcium, etc. (see Figure S1 in
Supplementary Material), eventually converge
on these two intracellular proteins. Both hubs
are directly connected to microtubules and actin
filaments (Figures 2B,C). Thus, the convergence
of activating and inhibitory signals onto Cdk5
and Racl confers them a pivotal role in deter-
mining the direction and speed of neuronal
migration. Cdk5/Racl are also key players in
controlling the initiation and stop of migration.

Cdk5 and Racl activation is modulated by
other signaling molecules. Cdk5 is phosphor-
ylated and thus activated by p35, p39, and c-Abl
(Zukerberg et al., 2000; Keshvara et al., 2002;
Beffert et al., 2004; Zhao et al., 2009). However,
the regulation of these proteins that modulate
CdKk5 activity in migrating neurons has not been
explored much so far. Whilst it was shown that
PKCd and Pctaire-1 regulate p35 activity (Cheng
etal.,2002; Zhao et al., 2009), there is no informa-
tion regarding the identity of molecules operating
upstream of p39. c-Abl tyrosine kinase, known
to be involved in migration of other cell-types
as well, exerts its action in neuronal migration
downstream of Slit/Robo signaling (Rhee et al.,
2002). Thus, modulation of Cdk5 in migrating
neurons remains to be explored.

Racl is a small GTPase whose activity is trig-
gered by guanine nucleotide exchange factors
(GEFs) and inhibited by GTPase-activating pro-
teins (GAPs; Figure 2C). Four GEFs activate Racl
in migrating neurons — Vav2/3, FARP2, Trio, and
P-Rex1 (Schmid et al., 2004; Toyofuku et al., 2005;
Yoshizawa et al., 2005; Khodosevich et al., 2009;
Pengetal.,,2010), but only one GAP inactivates it
—Slit-Robo GAP (stGAP; Wong et al.,2001). The
discrepancy in inhibitory and activating inputs
can be explained to some extent that activating
signaling is easier to detect. However, it is very
likely that there are other, still to be identified
GAPs that inactivate Racl in migrating neurob-
lasts. Interestingly, Racl activity is also modu-
lated by PKCC, a kinase critically involved in the
neuronal polarization (Khodosevich et al., 2009;
Khodosevich and Monyer, 2010).

Amongst the less connected hubs, FAK and Src
are noteworthy (Figures 2D,E, respectively) since

they receive input from many receptors, such as
DCC, L1, integrins, Reelin receptors ApoER2
and VLDLR, EGEFR, TrkB, etc. (see Figure S1 in
Supplementary Material). Independent of their
individual activation, these kinases can interact
with each other resulting in FAK activation by Src
(Kuo etal.,2005). FAK and Src operate upstream
of the major cytoskeleton-linked hubs, Cdk5 and
Racl. There is only limited evidence for a direct
connection between Src and the cytoskeleton in
migrating neurons. It involves the phosphoryla-
tion of cortactin, an actin-binding protein, by Src
(Hienola et al., 2006).

Interestingly, two other hubs, namely PI3K and
Ras, that are importantly involved in migration
of other cell-types are not that heavily connected
within the signaling network in migrating neu-
rons (Figures 2EG, respectively). PI3K is a kinase
involved in numerous cell processes. However, in
neuronal migration signaling PI3K is activated
only by growth factor receptors and it is also a
downstream effector of Dabl (Figure 2F). The
same holds true for Ras, with an addition of
semaphorin signaling (Figure 2G), in particular
if one takes into account that in our scheme Ras
stands for the whole protein family comprising
about 30 members. Direct involvement in neu-
ronal migration was demonstrated for two Ras
family members, R-Ras and Rap1 (Oinuma et al.,
2004; Toyofuku et al., 2005; Voss et al., 2008). Such
limited involvement of PI3K and Ras activity in
migrating neurons can hardly be explained by
a scarcity of study — these are well-known sig-
naling molecules, which have been studied for
decades. Most likely, PI3K and Ras have major
roles in growth factor and semaphorin signal-
ing while in other signaling cascades they play a
minor role (Figures 2EG, see also Figure S1 in
Supplementary Material for full scheme).

NEURONAL-SPECIFIC SIGNALING PATHWAYS
Signaling network in migrating neuroblasts is
complex and consists of hundreds interconnected
molecules that have been identified already and
yet more to be added to this list (Figure 1 and
Figure S1 in Supplementary Material). However,
the complexity can be reduced when focusingon a
specific stimulus (e.g., HGF or hepatocyte growth
factor; Figure 3A) or a group of similar stimuli
(e.g., all four members of neurotrophin protein
family; Figure 3B). Distinct extracellular stimuli
activate only one or a few subsets/pathways of the
signaling network in migrating neuroblasts and
some signaling pathways are specific for migrating
neurons. Most notable neuronal-specific exam-
ples are those that involve calcium, neurotrophin,
and Notch signaling (Figure 3C).
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FIGURE 3 | Examples of signaling pathways in migrating neurons. (A) Scheme of
HGF signaling (highlighted by red). (B) Scheme of signaling for neurotrophin protein
family (NT3, N4, NGF, BDNF; highlighted in red). (C) Calcium, neurotrophin, and

Notch signaling are shown together. Arrow — activation, circle — interaction, T-shaped
end — inhibition. Color code of molecules is the same as in Figure 1. Note that some
links are indirect, for full scheme see Figure S$1 in Supplementary Material.

Frontiers in Neuroscience

www.frontiersin.org

March 2011 | Volume 5 | Article 28 | 5


http://www.frontiersin.org/Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Neuroscience/archive

Khodosevich and Monyer

Signaling in migrating neuroblasts

Studies describing intracellular signaling
mediating calcium responses in migrating neu-
rons are by and large limited to the effect of
calcium per se and calcium-dependent kinases
(Figure 3C). Calcium was shown to activate RhoA
(Guan et al., 2007) and the Racl-activating pro-
tein IQGAP1 (Kholmanskikh et al., 2006), most
likely also through some intermediate partners.
Interestingly, while RhoA inhibits neuronal
migration, Racl stimulates it, clearly showing
that, depending on the upstream stimulus,
calcium-signaling can have opposite effects. The
first calcium-signaling intermediate protein is
calmodulin (CaM) that is activated directly by
calcium binding to it. CaM in turn activates
CaMKII (Ca/calmodulin dependent kinase II)
and CaMKK?2 (Ca/calmodulin dependent kinase
kinase 2). As CaMKII can bind F-actin filaments,
it constitutes the link between calcium-signaling
and cytoskeleton remodeling (Fink et al., 2003).
CaMKK2 activates another Ca/calmodulin
dependent kinase — CaMKIV that upon activa-
tion translocates into the nucleus and upregulates
BDNF expression (Kokubo et al., 2009). Indeed,
we could recently demonstrate the involvement
of CaMKIV in the migration of neuroblasts
in the rostral migratory stream (Khodosevich
et al., 2009). These are the only intracellular
calcium-signaling components for which there
is experimental evidence that they are involved
in neuronal migration. Missing players in the
calcium-signaling network can be proposed,
but such an educated guess would rely on data
from other cell-types or model organisms. Of
the signaling hubs only Racl has been linked to
calcium-signaling via IQGAP1 (Kholmanskikh
et al., 2006).

The neurotrophin protein family comprises
four members, NT-3, NT-4, BDNE, and nerve
growth factor (NGF), which regulate neuronal
migration via tropomyosin-receptor-kinases
(Trk) A, B, and C (Figure 3C). All neurotrophins
activate hubs of intracellular signaling, such as
PI3K, Ras, Racl, and Cdk5 (Yamauchi et al,,
2003; Berghuis et al., 2005; Yoshizawa et al., 2005;
Chiaramello et al., 2007), that, as discussed above,
will eventually lead to cytoskeleton remodeling.
Interestingly, already the expression and release
of the neurotrophins themselves is tightly con-
trolled during neuronal migration. As we men-
tioned above, calcium-signaling can activate
BDNF expression via CaMKIV (Kokubo et al.,
2009). The expression of neurotrophin NT-3
on the other hand is activated by the homeobox
protein Barhl1 (Lietal., 2004). On the next stage,
the release of neurotrophin-containing secretory
granules is mediated by Ca-dependent activa-
tor protein for secretion 2 (CAPS2), a secretory

granule-associated protein that constitutes a
further link between calcium and neurotrophin
signaling (Sadakata et al., 2007).

In addition to its major and well-studied func-
tion in determining cell fate choice and survival,
Notchl also plays a role in neuronal migration
(Figure 3C). Upon ligand binding and stimula-
tion, the Notch receptor gets cleaved by ADAM10
and subsequently by the presenilin 1-containing
v-secretase complex (Louvi et al., 2004; Jorissen
et al., 2010). Notch-ICD (intracellular domain)
translocates into the nucleus to interact with
RBP-J and activates Notch-dependent transcrip-
tion of Hesl and Hes5 (Hashimoto-Torii et al.,
2008). It is of note that the signaling hub Dabl
controls Notch-ICD degradation by inhibiting
Fbxw7, a component of the ubiquitin protein
ligase complex (Hashimoto-Torii et al., 2008).

TRANSCRIPTION ACTIVATION IN MIGRATING
NEUROBLASTS

Although migrating neuroblasts are still able to
proliferate, a major switch in the transcription
program between precursor cells and neurob-
lasts must take place to account for proliferation
and migration. Thus, it stands to reason that
genes involved in precursor cell proliferation are
downregulated with a concomitant upregulation
of genes responsible for migration, leading to a
dramatic change in the gene expression profile.
This is supported by our previous results dem-
onstrating that around 1000 genes changed their
expression in neuroblasts that had migrated some
distance from the site of origin, the postnatal SVZ
(Khodosevich et al., 2009).

One of the most prominent transcription fac-
tors involved in the switch from precursor cells
to neuroblasts is distal-less homeobox protein
DIx1/2 (see Figure S1 in Supplementary Material
for full scheme of transcriptional control). DIx1/2
knockout animals exhibit strong neuronal migra-
tion defects (Cobos et al., 2007). Regulation by
DIx1/2 include expression of a number of note-
worthy genes that are known to mediate several
fundamental processes in neuronal migration,
including repulsion/attraction, stop signal for
migration, motility, and cytoskeleton reorgani-
zation (Ghashghaei et al., 2007; Tran et al., 2007).
Whilst expression of Sema3A, Reelin, and Arx
is upregulated by DIx1/2, that of Pak3, MAP2,
Tau, Robol, GAP43, and Npn2 is downregulated
(Cobos et al., 2007; Le et al., 2007).

Another transcription factor, neuregulin 2
(Ngn2),downregulates the expression of the small
GTPase RhoA and upregulates the expression of
Dcx, p35, and small GTPase Rnd2 (Ge et al., 2006;
Heng et al., 2008). Dcx (doublecortin) is a neuro-
nal-specific microtubule-associated protein that,
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together with Dcx-like kinase (Dcxl), is required
for proper microtubule remodeling in response to
migratory stimuli (Friocourt et al., 2007). Rnd2
and p35 activate RhoA and Cdk5, respectively
(Keshvara et al., 2002; Beffert et al., 2004; Tanaka
et al., 2006; Heng et al., 2008). Since RhoA and
Cdk5 have opposite functions in the regulation of
neuronal migration, precise control of their sign-
aling by Ngn2 is very important (also taking into
account that RhoA expression per se is regulated
by Ngn2). Which other factors may interact with
Ngn2 and specify stimulation of either RhoA or
CdkS5 signaling remains to be determined.

Cooperation between transcription factor
E2F3 and retinoblastoma (Rb) results in the
inhibited expression of several genes, including
Reelin receptor VLDLR (McClellan et al., 2007).
Reelin is one of the major extracellular ligands
controlling several stages of neuronal migra-
tion. Knockout of Reelin or any of its receptors
cause various defects in brain formation due to
impaired neuronal migration during embryonic
development (Assadi et al., 2003; Hack et al.,
2007).

Finally, other mechanisms than conventional
transcription factors that regulate gene expression
in migrating neuroblasts should be mentioned.
Thus, actin per se controls its own expression via
a negative feedback loop. There are two types
of actin in migrating neurons — polymerized,
F-actin, and depolymerized or free, G-actin.
When in excess, free G-actin translocates into
the nucleus and downregulates the expression of
actin by inhibiting the expression of the transcrip-
tion factor MRTF (myocardin family transcrip-
tion factor) that together with serum response
factor (SRF) controls actin expression (Stern
et al., 2009).

Posttranscriptional RNA processing is also
subject to regulation in migrating neuroblasts.
For instance, alternative splicing of the key sign-
aling hub Dabl is regulated by the RNA-binding
protein Nova2 preventing the inclusion of two
additional exons (Yano et al.,2010), which is nec-
essary for correct migration of cortical neurons
during development.

Last but not least, as already mentioned above,
calcium and Notch signaling are involved in regu-
lation of transcription in neuroblasts.

CONCLUSION

This study and others (see, e.g., Lee and Megeney,
2005; Pocklington et al., 2006) using similar
approaches clearly highlight how complex sign-
aling in different systems (e.g., migrating neurons,
synapse signaling, yeast kinase signaling) can be
reduced to major components eventually leading
to the identification of general network principles.

The morphological features of migrating neu-
roblasts differ from those of many other types of
migratory cells. During migrational “step” neurob-
last extends leading process in the direction con-
trolled by external stimuli, then nucleus moves into
the leading process and finally the trailing process is
retracted. The majority of cytoskeleton-associated
components are concentrated at the very tip of the
leading process — the growth cone. Hence neuro-
nal migration differs from the classical one known
in fibroblasts. It is not surprising that the unique
neuroblast morphology is also reflected in idi-
osyncratic intracellular signaling. Thus, although
migrating neuroblasts share a significant number
of hubs and pathways involved in the migration
of other cell-types, they are equipped with neu-
ronal-specific actors in migration that most likely
adjust the common “migratory machinery” to the
specific neuronal needs. Furthermore the weights
between certain components or even whole path-
ways within a network exhibit neuronal-specificity.
It may be that these neuronal-specific pathways in
migration are not only critical for neuroblasts get-
ting to the right place but are already a prerequisite
for neuronal connectivity.
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