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Many neurons resemble other cells in developing embryos 
in migrating long distances before they differentiate. How-
ever, despite shared basic machinery, neurons differ from 
other migrating cells. Most dramatically, migrating neu-
rons have a long and dynamic leading process, and may 
extend an axon from the rear while they migrate. Neu-
rons must coordinate the extension and branching of their 
leading processes, cell movement with axon specification 
and extension, switching between actin and microtubule 
motors, and attachment and recycling of diverse adhesion 
proteins. New research is needed to fully understand how 
migration of such morphologically complicated cells is 
coordinated over space and time.

Nervous systems are the organs through which animals perceive, 
interpret, and respond to the world around them. They consist of 
specialized, electrically active cells connected together in net-
works. Essentially, all nervous systems develop by four main 
stages: the proliferation of progenitors in an epithelium, the spec-
ification of neurons and glia, the growth and guidance of axons 
and dendrites, and the development and refinement of electrical 
and chemical synapses. However, some more complex nervous 
systems, including those of vertebrates, have another stage in 
which newly specified neurons migrate before they differentiate 
and form synapses. Some migrations cover long distances—up 
to thousands of cell diameters—and follow complex routes, 
changing direction at landmarks along the way (a key to the major 
migratory routes, terminology, and abbreviations is provided in 
Box 1 and Fig. 1). Because they migrate, neurons from different 
proliferative zones, and correspondingly distinct lineages and ge-
netic programs, are able to position close to each other and com-
municate, potentially increasing efficiency. In addition, different 
types of neurons arrive at a particular location at different times 
during development, so circuits are established in a specific order. 
For these reasons, it is generally thought that neuron migrations 
facilitate circuit formation and improve nervous system function, 

although this hypothesis has not been critically tested by the appro-
priate mutation studies.

This short review presents an overview of neuron migra-
tion mechanisms for the cell biologist. For brevity, the short-
range and long-range extracellular cues that guide neurons are 
not discussed; many of the same cues that guide neurons also guide 
axon growth cones and have been reviewed in depth recently 
(Kolodkin and Tessier-Lavigne, 2011; Vitriol and Zheng, 2012). 
Collective cell migrations and migrations in the peripheral ner-
vous system are also ignored. Instead, we discuss the cellular 
machinery used by neurons migrating in the developing central 
nervous system. We focus on aspects that are peculiar or exag-
gerated in neurons compared with other cells: the long leading 
process, the linkage between the centrosome and nucleus, the 
use of microtubule motors and actomyosin to move the nucleus, 
and the variety of adhesion proteins and attachment points for 
traction. Not all neurons are alike, however, and exhibit almost 
as much variation in their migration as slime molds, keratino-
cytes, fibroblasts, and other cells commonly used as model sys-
tems. In addition to describing these differences, where possible 
we provide somewhat speculative unifying hypotheses to bring 
out common themes.

The leading process
Migrating neurons generally have a long leading process, tipped 
by dynamic filopodia and lamellipodia, which resembles a growth 
cone on a dendrite or axon. In some neurons, the leading pro-
cess is branched and dynamic, with different branches growing 
and collapsing as migration proceeds, whereas in others there is 
a single, stable leading process that moves forward continuously 
at the tip. Diverse mechanisms regulate stabilization and guid-
ance of the leading process.

Multiple, branched leading processes as guid-

ance sensors. Highly branched, dynamic leading processes 
are characteristic of several types of neurons that migrate tan-
gentially, including cortical interneurons (CINs), pontine neu-
rons, and neuroblasts in the rostral migratory stream (Bellion 
et al., 2005; Schaar and McConnell, 2005; Ward et al., 2005; 
Martini et al., 2009; Watanabe and Murakami, 2009). The branch-
ing may facilitate route finding by measuring the concentrations 
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the leading process appears to be a “grappling hook” for haul-
ing in the cell body. Somal translocation is also the main mech-
anism of CPN movement early in cortical development, when 
the intermediate zone has not developed, and there are no mul-
tipolar or locomotion phases. Instead, the new neuron inherits a 
long basal process from its radial glia progenitor (Miyata et al., 
2001). The pial process is under tension (Miyata and Ogawa, 
2007). The newborn neuron down-regulates apical junctions in 
the ventricular zone and the cell smoothly moves upward by 
somal translocation.

The role of the leading process therefore changes several 
times as CPNs journey from the ventricle to the marginal zone. 
In the intermediate zone there are multiple unstable processes, 
with the cell following whichever process is dominant at a par-
ticular time. Then, a single, stable leading process leads the way 
up the radial glia, and subsequently provides an attachment site 
during somal translocation.

Signals that regulate process stability. The con-
trast between the multiple, branched, unstable processes of mul-
tipolar neurons and the single, relatively undivided, stable process 
during locomotion suggests that growth tip stability and side 

of chemoattractants or repellents across a broad area (Valiente 
and Marín, 2010). Whereas a single growth cone can only com-
pare the concentrations of attractant or repellant across its width 
(J.Q. Zheng et al., 1996), a cell may be able to compare attractant 
and repellant concentrations at widely different locations using 
multiple growth cones (Fig. 2 A, i). Indeed, the leading process 
does not turn when the source of attractant changes (Ward et al., 
2005; Martini et al., 2009). Rather, branches are selectively stabi-
lized based on proximity to the source of attractant: the branch 
whose growth cone is nearer the attractant is stabilized while 
others retract (Fig. 2 A, i). A dilation in front of the nucleus, con-
taining the centrosome and Golgi, translocates to the branch point 
and then into the dominant process, with the nucleus follow-
ing behind (Fig. 2 A, ii–iii). Competition between different 
branches also steers pontine neurons from tangential to radial 
paths (Watanabe and Murakami, 2009). Thus, selective stabiliza-
tion of different growth cones determines the direction for moving 
the centrosome and nucleus. We speculate that increased growth 
cone stability may lead to more cytoskeletal tension in that pro-
cess and more “pull” on the centrosome, steering the centrosome 
into the dominant process.

Similar principles may apply to cortical projection neurons 
(CPNs) in the intermediate zone of the developing neocortex. 
These cells are multipolar, extending and retracting unstable 
processes as they thread their way between tangentially aligned 
axons and radially aligned glial fibers. The cells change direc-
tion frequently, one process then another taking the leading role 
(Nadarajah et al., 2003; Tabata and Nakajima, 2003; Kriegstein 
and Noctor, 2004; Noctor et al., 2004; Sakakibara et al., 2013). 
The growth cones on individual processes may detect short-range 
or long-range signals and be differentially stabilized, like the 
branched processes of CINs (Fig. 2 B). Cytoskeletal forces may 
then pull the centrosome to the base of the dominant process, thereby 
steering the nucleus and selecting the direction for migration.

Single, undivided processes lead radially mi-

grating cells. When a multipolar CPN nears the top of the 
intermediate zone, a radially oriented process becomes domi-
nant, and the CPN migrates radially (Sakakibara et al., 2013). 
The CPN then migrates by locomotion, with the leading pro-
cess entwined around radial glia (Rakic, 1972). The cells are 
called bipolar, although there is only one leading process and 
the trailing process is actually the axon, growing from the rear. 
The leading process is relatively unbranched and its tip moves 
forward continuously, without collapsing (Nadarajah et al., 2001). 
The leading process may help create a passage between the 
radial glia fiber and surrounding differentiating neurons. The 
base of the leading process, near the cell body, provides adhe-
sion sites for moving the nucleus. Adhesion is discussed at 
the end of the review.

The locomotion phase ends when the leading process 
nears the pia and the cell body reaches a dense layer of imma-
ture neurons called the primitive cortical zone (Nadarajah et al., 
2001; Sekine et al., 2011). The tip seems to anchor to the pia and 
the nucleus migrates smoothly up the leading process, penetrat-
ing the primitive cortical zone. The velocity is 60 µm/h, similar 
to the speed of individual forward “jumps” made during loco-
motion. In this form of migration, known as somal translocation, 

Box 1
Neuron migration routes. Neuron migration routes in the develop-
ing mammalian brain are complex (Marín and Rubenstein, 2003; 
Ayala et al., 2007). The brain develops from the anterior end of 
the neural tube: a pseudo-stratified epithelial tube with its apical 
surface inside and basal surface outside. Neuroepithelial cells, 
known for much of development as radial glia (RG), span the wall 
of the neural tube with their apical junctional complexes at the 
ventricle—the fluid-filled center of the neural tube—and long pro-
cesses extending to the pia—a basal lamina surrounding the tube. 
RG cell bodies lie close to the ventricle and undergo inter-kinetic 
nuclear movement (IKNM) linked to the cell cycle, moving basally 
(toward the pia) during G1 and apically (toward the ventricle) 
during G2 (Fig. 1 A, green cells). Asymmetric divisions of RG 
give rise to post-mitotic neurons or intermediate progenitors at the 
ventricular surface. In some brain regions, such as the basal fore-
brain, neurons coalesce into “nuclei” that may be passively dis-
placed away from the ventricle as neurogenesis continues. However, 
in many other regions, newborn neurons actively migrate away 
from the ventricle.

Neuron migrations are broadly classified as radial (paral-
lel to RG) or tangential (orthogonal to RG, either around the cir-
cumference of the neural tube or along its length). Radial migrations 
include the glial-guided locomotion phase and glia-independent 
somal translocation phase of cortical projection neurons (CPNs; 
Fig. 1 A, blue arrows and cells, steps 2 and 3), locomotion of cere-
bellar Purkinje cells (Fig. 1 B, blue), and locomotion of post-mitotic 
granule cells (GCs; Fig. 1 B, orange: note these cells are moving 
toward the ventricle). Tangential migrations include cortical interneu-
rons in the marginal zone and intermediate zone (CINs; Fig. 1 A, 
red, steps 1 and 2), cerebellar granule cell precursors (Fig. 1 B, 
red), and pontine neurons (Fig. 1 B, purple). Some migrations are 
hard to classify: late-stage CINs switch from tangential to radial 
migration into the neocortex (Fig. 1 A, red, step 3), and CPNs 
migrate in random directions in the intermediate zone during their 
multipolar phase (Fig. 1 A, blue, step 1).

Migrations are termed neurophilic if they follow axons of 
other neurons, or gliophilic if they follow glia fibers. Gliophilic migra-
tions include the locomotion phase of CPN migration (Fig. 1 A, 
blue, step 2), Purkinje cell migration (Fig. 1 B, blue, step 1), and part 
of the granule cell migration (Fig. 1 B, orange, step 2). Some stages 
of pontine neuron migration may be neurophilic. Some tangential 
migrations occur in direct contact with the extracellular matrix of 
the pia.
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suppress side branches (Fig. 2 D). The suppression mechanism 
is unknown, but one possibility, as yet untested, is that a local 
excitation–global inhibition process might coordinate tip stability 
and side branch suppression in a similar way that migrating amoe-
bae polarize toward a chemoattractant (Xiong et al., 2010).

Chemotactic signals may also stabilize one process at the 
expense of others. Semaphorin 3A (Sema3A) is important to sta-
bilize the radial process of multipolar CPNs and induce loco-
motion (Chen et al., 2008). Sema3A is secreted near the top of 
the cortical plate and forms a gradient. Multipolar CPNs express 

branching are coordinately regulated (Valiente and Marín, 2010). 
Single, unbranched processes are presumably stabilized by 
adhesion or secreted factors that stimulate actin dynamics and 
delivery of new membrane, as described for growth cones (Vitriol 
and Zheng, 2012). These inputs may also suppress branching 
(Fig. 2 C, i). Indeed, branching is stimulated by mutations that 
reduce adhesion (Fig. 2 C, ii; Elias et al., 2007). This suggests 
that adhesive signals from the process tip may inhibit branch-
ing along the shaft (Fig. 2 C, i). Similarly, anchoring of the tip of 
the leading process to the pia during somal translocation may 

Figure 1. Major neuron migrations in the developing rodent brain. Transverse sections (A and B) through the developing rodent brain (top). Top panels 
show the migration routes and bottom panels show the types of migration. The colors of arrows in the top panels correspond to the colors of cells in the 
bottom panels. (A) The neocortex. Cortical interneurons (CINs, red) migrate tangentially along the marginal zone (1) and intermediate zone (2) from their 
origins in the basal forebrain. Later they migrate into the cortical plate (3). Radial glia (RG, green) undergo interkinetic nuclear movement (IKNM), with 
mitosis apical (1) and S phase basal (2). Cortical projection neurons (CPN, blue) migrate through three phases: multipolar (1), locomotion (2), and somal 
translocation (3). (B) The cerebellum and pons. Granule cell precursors (red) migrate in the marginal zone, forming a granule cell layer. Purkinje cells 
(blue) undergo radial locomotion along RG, which also undergo IKNM. Post-mitotic granule cells (GCs, orange) migrate radially inward along Bergmann 
glia (steps 1, 2, and 3), leaving a bifurcated axon behind. Pontine and other precerebellar neurons (purple) migrate tangentially in the marginal zone of 
the pons. Note that these migrations do not all occur at the same time.
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stimulates radial migration is not clear, however. Rap1A and 
N-cadherin are not needed for locomotion along radial glia, sug-
gesting that N-cadherin–dependent adhesion is not required 
(Franco et al., 2011; Jossin and Cooper, 2011). Exit from the 
multipolar stage also requires membrane traffic, with roles for 
dynamin, clathrin, exocyst component Sec8, and early endosome 
regulator Rab5 (Letinic et al., 2009; Kawauchi et al., 2010; Shieh 
et al., 2011). Inhibiting Rab5 increases surface N-cadherin, which 
increases neuron–glia adhesion in vitro but inhibits radial migra-
tion in vivo (Kawauchi et al., 2010). On the other hand, strong 
knockdown of N-cadherin also inhibits radial migration (Kawauchi 
et al., 2010; Jossin and Cooper, 2011). It appears that too much 
or too little surface N-cadherin is detrimental.

Cerebellar granule neurons (CGNs) have a relatively un-
branched leading process during their radial migration along 
Bergmann glia in vivo. The migration requires a chemoattrac-
tant, brain-derived neurotrophic factor (BDNF; Zhou et al., 2007). 
The BDNF gradient in vivo is very shallow: the concentration 
of BDNF at the front of a migrating CGN is only 6% more than 
at the back. Remarkably, CGNs cultured in vitro in a similarly 
shallow BDNF gradient show remarkable directional persistence, 
even though Bergmann glia are absent. The mechanisms are com-
plex and involve positive feedback loops.

The first positive feedback loop is that external BDNF stimu-
lates BDNF exocytosis by the migrating cells (Zhou et al., 2007). 
Mutant CGNs that cannot make BDNF cannot orient in an exter-
nal BDNF gradient. Presumably, more BDNF is secreted on the 
side of the cell nearer the external BDNF source, sharpening 
the gradient. Another positive feedback loop is provided by the 
internalization of active BDNF receptor (TrkB) into signaling 
endosomes in the leading process. Internalization requires the 
endocytic adaptor Numb, which binds to and colocalizes with 
active TrkB (Zhou et al., 2011). Active TrkB stimulates atypical 
PKC (aPKC) to autophosphorylate and phosphorylate Numb. 
Numb phosphorylation further increases Numb binding to TrkB 
and sharpens the gradient of endosomal TrkB and Numb across 
the length of the leading process. Through these concatenated 
positive feedback loops, a shallow gradient of BDNF across the 
length of the cell can be converted to a robust difference in TrkB–
Numb–aPKC activity and provide a compass for the cell to fol-
low. However, positive feedback loops are unstable. Presumably 
slow negative feedback loops are required for directional per-
sistence, but these negative loops have not been identified.

Intracellular regulation of process stability 

and branching. Extracellular signals that regulate process 
stability are interpreted by intracellular machinery. Cell autono-
mous regulators of leading process stability and branching include 
the proneural basic helix-loop-helix gene, neurogenin2 (Ngn2; 
Hand et al., 2005). Ngn2 is induced soon after the last progeni-
tor division, and stimulates a cascade of transcription events 
that lead ultimately to neuronal differentiation and the induc-
tion and repression of various migration genes (Ge et al., 2006). 
Mutation of a phosphorylation site in Ngn2, Y241, prevents 
migration but not differentiation (Hand et al., 2005). A key Ngn2 
target gene encodes a small GTPase, Rnd2, which opposes 
RhoA (Heng et al., 2008). If Rnd2 is not induced, all phases 
of cell migration from the ventricle to the intermediate zone 

receptors for Sema3A. Either ablating Sema3A receptors or 
flooding the system with Sema3A inhibits radial migration, sug-
gesting that Sema3A is a chemoattractant. Another factor is Ree-
lin, which is synthesized near the pia (Tissir and Goffinet, 2003). 
Processed fragments of Reelin diffuse down to the intermediate 
zone (Jossin et al., 2007). Blockade of Reelin receptors or of a 
Reelin-activated GTPase, Rap1A, inhibits radial migration out of 
the intermediate zone (Jossin and Cooper, 2011). Reelin and 
Rap1A normally ensure the cell surface expression of N-cadherin, 
which is needed for radial migration. Quite how N-cadherin 

Figure 2. Morphology and functions of the leading process. (A) The elabo-
rate leading processes of tangentially migrating neurons are continuously 
remodeled as migration progresses, with individual branches growing and 
collapsing. (i) A chemoattractant (concentration gradient indicated by orange 
shading) stimulates signaling at growth cones (red dashes). A growth cone 
in a higher concentration of chemoattractant generates a stronger signal 
and becomes dominant. Presumably, the cell has a mechanism to compare 
the signals from different growth cones and determine which is stronger, 
but the mechanism is unknown (black arrow). In this illustration, the right-
hand process has more signal and becomes dominant. (ii) A dilation in 
front of the nucleus, containing the centrosome and Golgi apparatus (red dot), 
translocates to the branch point. (iii) The nucleus moves to the branch point  
and the centrosome relocates into the dominant process. The cycle contin-
ues in a new direction. (B) Multipolar neurons extend and retract processes 
in various directions from the cell soma. At any given time one process  
is dominant, recruits the centrosome, and directs movement. Other pro-
cesses can take over, presumably based on relative stabilization of growth  
cones by short-range and long-range signals. It is unclear how the signal 
strengths at different growth cones are compared (black arrow). (C, i) Radially 
migrating neurons undergoing locomotion along radial glia have a simple, 
relatively unbranched leading process. Branching may be suppressed by 
long-range signaling from receptors at the tip of the leading process (black 
arrow). (ii) Mutations that interfere with adhesion also destabilize the lead-
ing process and induce branching. (D) The leading process in neurons 
undergoing somal translocation is anchored to the cells or extracellular 
matrix at the pia. Branching is also suppressed, perhaps by unidentified 
long-range inhibitory signals (black arrow). Question marks represent un-
known mechanisms.
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part of the leading process, then the nucleus catches up, in a “two-
stroke” cycle (Rivas and Hatten, 1995; Solecki et al., 2004; Bellion 
et al., 2005; Schaar and McConnell, 2005). Microtubules extend 
from near the centrosome to surround the nucleus in a “cage” in 
CGNs (Rivas and Hatten, 1995; Solecki et al., 2004) or a “fork” 
in CPNs (Xie et al., 2003). Apical polarity complex proteins such 
as Par6 localize to the centrosome, and knockdown or over-
expression of Par6 perturbs the microtubule cage and inhibits 
CGN migration in vitro (Solecki et al., 2004). Microtubules 
connect to the nucleus by SUN and Nesprin proteins in the outer 
nuclear envelope, which are required for interkinetic nuclear move-
ment (IKNM) of radial glia and locomotion of CPNs (Zhang 
et al., 2009).

On some occasions, the nucleus moves with the centrosome 
behind it, for example, when CGNs reverse their usual direction 
of migration (Umeshima et al., 2007). CPNs also sometimes over-
take their centrosomes during locomotion (Sakakibara et al., 
2013). The centrosome also lags behind the nucleus when a 
CPN precursor first divides from its radial glia sister and moves 
away from the ventricle (Ochiai et al., 2007). This motion is 
similar to the basal movement of the nucleus of radial glia pro-
genitors during IKNM, discussed in more detail in the next sec-
tion. Overall, migration with the centrosome behind the nucleus 
seems to be the exception rather than the rule.

In addition to orienting migration, the centrosome also dic-
tates the site of axon emergence (de Anda et al., 2005). However, 
many neurons, including CPNs and CGNs, extend their axons 
from the rear of the cell during migration (Zmuda and Rivas, 
1998; Hatanaka and Murakami, 2002). How does the centrosome 
regulate axon emergence as well as migration? Careful observa-
tion shows that multipolar neurons first enter the lower interme-
diate zone with their centrosome toward the pia (de Anda et al., 
2010). The centrosome then rotates, aligning with the dominant 
process as the cells move randomly in the intermediate zone 
(Sakakibara et al., 2013). After some time, a lateral process with 
the centrosome at its base extends dramatically to form an axon. 
Manipulations that change the centrosome position alter the 
axon position (de Anda et al., 2010). After the axon emerges, the 
centrosome reorients again to the base of a pia-directed process 
that becomes dominant. The neuron begins migrating radially, 
other side processes are lost, and the axon grows from the rear 
(Sakakibara et al., 2013). In vitro studies show that axons require 
the centrosome for specification but not for extension (Stiess 
et al., 2010). The centrosome thus appears to designate the dom-
inant process, whether it is the incipient axon or the leading pro-
cess for migration (Sakakibara et al., 2013).

Moving the nucleus: Microtubule and  
actin motors
Like other cells, neurons migrate using forces generated by 
microtubule and actin motors, but their relative importance and 
sites of action are highly variable (Fig. 3). Microtubule motors 
are paramount during IKNM in radial glia in the rodent cortex 
(Fig. 3 B; Tsai et al., 2005, 2010; Xie et al., 2007). Microtubules 
emanate from the centrosome near the apical pole, and extend 
past the nucleus toward the basal end feet. Dynein and a kine-
sin, Kif1a, localize to the nuclear envelope. Consistent with 

(multipolar and radial) are delayed. Cells lacking Rnd2 remain 
multipolar for an increased time, and when they start migrating 
radially they have a branched leading process. Somewhat para-
doxically, a transcription inhibitor, RP58, is needed for the mul-
tipolar-to-radial transition, apparently by inhibiting Ngn2 and 
down-regulating Rnd2 (Ohtaka-Maruyama et al., 2013). There-
fore, the correct ratio of Rnd2 and RhoA may promote the sta-
bilization of a single leading process.

Cytoskeletal and membrane proteins also regulate branch-
ing and migration. Slit-Robo GAP2 (srGAP2) decreases tip sta-
bility, stimulates branching, and slows migration (Guerrier et al., 
2009). Although srGAP2 regulates Rac1, it stimulates branching 
through its F-BAR domain, which interacts with membranes. 
srGAP2 expression is dynamically regulated during neuron mi-
gration, and srGAP2 is one of a small number of genes that has 
undergone duplication after humans diverged from other pri-
mates (Charrier et al., 2012). The human-specific paralogues act 
as partial dominant-negatives, stabilizing the leading process and 
sustaining radial migration. Regulation of srGAP2 expression 
or activity during migration may be important to adapt neuron 
migrations to increasing cortical thickness during evolution.

Most mutations that inhibit exit from the intermediate zone 
simply prolong multipolar migration (LoTurco and Bai, 2006); 
however, removing or inhibiting the actin regulatory protein 
lammellipodin (Lpd) causes a remarkable phenotype. The cells 
stabilize a single process sooner than normal (at the bottom of the 
intermediate zone), and the stable process is oriented perpendic-
ular to the radial glia, parallel to the axons that are abundant in 
the intermediate zone (Pinheiro et al., 2011). The mutant cells 
bind and align with axon bundles in vitro and move at the same 
speed in vivo as they would normally migrate along radial glia. 
Absence of Lpd causes an increase in monomeric actin and thereby 
inhibits serum response factor (SRF), a transcription factor. Inhi-
bition of SRF causes the same mis-oriented phenotype as absence 
of Lpd (Pinheiro et al., 2011). The results suggest that actin poly-
merization and SRF activity are required for radial orientation, 
and the default is to migrate along axons. Because SRF regulates 
the transcription of many genes and micro-RNAs, it is not clear 
which specific SRF target genes are involved. As in normal radial 
migration, the leading process may be stabilized by adhesion, but 
the adhesion has switched from glia to axons.

Orienting migration: The microtubule 
cytoskeleton and the centrosome
Many cultured cells, and most neurons, migrate with the centro-
some/microtubule-organizing center, Golgi apparatus, and recy-
cling endosomes in front of the nucleus (Tsai and Gleeson, 2005). 
The centrosome may be “pulled” to the front by microtubule-
binding proteins such as Dcx and IQGAP at the leading edge 
(Schaar et al., 2004; Kholmanskikh et al., 2006). This orienta-
tion allows microtubule-directed membrane traffic to supply 
new membrane and protein complexes to the front of the cell for 
forward movement (Li and Gundersen, 2008). Indeed, the cen-
trosome seems to regulate nuclear translocation when CGNs 
and CPNs migrate along glia and CINs migrate ex vivo. Nuclear 
movement is intermittent or “saltatory” (Nadarajah et al., 2001). 
The centrosome moves forward into a dilation in the proximal 
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Figure 3. Adhesion points, the centrosome, microtubules, and motors. (A) Composite of events described for somal movement during migration of various 
neuron types. (i–v) Sequential stages in migration. The growth cone moves forward, stimulated by short-range adhesive interactions or long-range chemotac-
tic signals. The centrosome and nucleus move forward in a “two stroke” cycle, with dynein pulling the centrosome into a dilated region where the leading 
process is attached to the substrate, while myosin squeezes the nucleus forward from behind. Note the need to recycle adhesion proteins from the rear of 
the soma into the leading process. (B) Interkinetic nuclear movement (IKNM) in rodent cortex. (i) Apical movement during G2 is driven by dynein. (ii) Basal 
movement during G1 is driven by Kif1a. (C) IKNM in zebrafish neuroepithelia. (i) Apical movement is driven by myosin. (ii) Passive basal movement results 
from apical movement of surrounding cells. +TIPs, plus-end tubule-binding proteins. See text for references and details.
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slices and CINs migrating in slices or in vitro, myosin seems to 
act at the rear. Cells in the act of nuclear translocation have con-
densed actin, phosphorylated myosin light chains, and membrane 
blebs at their rear (Bellion et al., 2005; Schaar and McConnell, 
2005; Tsai et al., 2007; Martini and Valdeolmillos, 2010). This 
suggests that myosin squeezes the sides of the cell behind the 
nucleus, pushing the nucleus forward like toothpaste from a tube 
(Fig. 3 A). In contrast, CGNs migrate using actomyosin contrac-
tion in front of the nucleus. The pulling point is not clear: when 
CGNs migrate on glia fibers in vitro, the proximal part of the 
leading process, ahead of the nucleus, contains active myosin, 
and actin flows forward toward the dilation (Solecki et al., 2009). 
This is consistent with myosin pulling actin filaments toward the 
dilation. However, when CGNs migrate on polylysine/laminin, 
pulling forces come from the process tip (He et al., 2010). Severing 
or damaging the leading tip, or inhibiting myosin, actin, or Rho 
kinase anywhere along the leading process, stops nuclear move-
ment. Actin flows toward the tip, which is where most phos-
phorylated myosin light chains are localized. This suggests that 
adhesions at or near the tip of the leading process provide attach-
ments for actin filaments that create tension on the cell body, as 
in fibroblasts (Munevar et al., 2001) or axon growth cones (Bray, 
1979; Lamoureux et al., 1989). It is not clear whether the dif-
ferences in pulling points are due to the different geometry—a 
“one-dimensional” glia fiber or a two-dimensional coverslip—or 
different substrates (glia versus polylysine/laminin), but the evi-
dence favors a pulling model for CGNs, versus a pushing model 
for CPNs and CINs.

Adhesion sites and membrane traffic
Neurons migrate along a variety of substrates, including radial 
glia, other neurons, axons, and ECM. In many cases, the sites of 
attachment and adhesion molecules are still poorly understood 
despite years of effort (Solecki, 2012). Electron microscopy has 
revealed apparent junctional complexes, resembling the api-
cal junctional complexes in an epithelium, between migrating 
Purkinje cells and radial glia in vivo (Yuasa et al., 1996) and 
between CGNs and Bergmann glia ex vivo (Gregory et al., 1988). 
Unlike the classical focal adhesions of cultured fibroblasts, how-
ever, it is difficult to discern cytoskeletal connections, so it is 
not clear how traction forces are generated.

Two adhesion molecules, astrotactin and JAM-C, are 
required for CGN migration along Bergmann glia in vitro 
and in vivo (Fishell and Hatten, 1991; C. Zheng et al., 1996; 
Adams et al., 2002; Famulski et al., 2010). Both proteins are 
regulated so they are available when CGNs reach the Bergmann 
glia. Astrotactin is induced transcriptionally (C. Zheng et al., 
1996), while JAM-C is up-regulated on the cell surface by 
Pard3-dependent exocytosis (Famulski et al., 2010). Before 
migration, Pard3 levels are low due to ubiquitylation by the 
Siah E3 ubiquitin ligase and proteasomal degradation. During 
migration, Siah activity decreases, Pard3 levels increase, and 
JAM-C traffics to the surface. Because Pard3 forms an apical 
polarity complex with Par6 in polarized epithelial cells, and 
Par6 regulates polarity of migrating granule cells (Solecki et al., 
2004), Pard3 might also be important for orienting granule 
cell migration.

microtubule orientation, minus end–directed dynein is required 
for apical movement and plus end–directed Kif1a for basal move-
ment (Tsai et al., 2010). Presumably, in order for Kif1a to pull 
effectively, the microtubules must be anchored near their plus 
ends. The plus end anchor has not been identified, but +TIPs 
(plus end tubule-interacting proteins), dynein, or IQGAP in the 
basal process may perform such a function (Kholmanskikh et al., 
2006). IKNM is coordinated with the cell cycle, so there must be  
a switch in motor use. In this regard, the microtubule-associated 
protein Tpx2 is required specifically for apical movement 
(Kosodo et al., 2011). Tpx2 is detected on apical microtubules 
during apical nuclear movement but is down-regulated during 
basal nuclear movement. Cell cycle regulation of Tpx2 may co-
ordinate IKNM with the cell cycle.

Microtubule motors are also important for linking the cen-
trosome and nucleus during the “two-stroke” saltatory movement 
of CGNs, CPNs, and CINs (Fig. 3 A). Microtubules in the lead-
ing process and trailing axon are oriented with their minus ends 
toward the centrosome (Tsai et al., 2007). Dynein, a minus end–
directed motor, is concentrated at the nucleus as well as in the 
dilation near the base of the leading process. The dilation contains 
mitochondria, rough ER, and part or all of the Golgi and may be 
a major point of attachment to generate traction forces (Bellion 
et al., 2005). Dynein in the dilation may “pull” the centrosome 
forward, while dynein at the nucleus pulls the nucleus toward the 
centrosome (Tsai et al., 2007). Indeed, knockdown of dynein or 
associated proteins Lis1 and Ndel1 loosens the linkage between 
the centrosome and nucleus and inhibits radial migration of CPNs 
(Shu et al., 2004; Tanaka et al., 2004).

Although dynein and kinesin drive IKNM in rodent cor-
tex, actin and myosin are needed for IKNM in zebrafish retina 
or hindbrain (Fig. 3 C; Norden et al., 2009). Apical movement 
is continuous and rapid (40 µm/h), consistent with an active 
process. Actin and myosin are recruited to the basal side of the 
nucleus a few minutes before it starts moving apically, as though 
actomyosin is pushing from behind (Leung et al., 2011). In con-
trast, movement in the basal direction is slow, discontinuous, 
and interrupted by reversals of direction (Leung et al., 2011), 
and actin and myosin are on both sides of the nucleus (Norden 
et al., 2009). It appears that basal movement is stochastic and 
passive, and is caused by pressure from the surrounding cells as 
they move apically (Leung et al., 2011). The same passive mech-
anism may explain the slow rate of basal IKNM in mouse cortex 
(Kosodo et al., 2011), although an alternative explanation is 
that Kif1a is a slow motor compared with dynein (Tsai et al., 
2010). The relative importance of microtubule motors for IKNM  
in rodents and of actomyosin in zebrafish may be related to the 
respective cell shapes (Lee and Norden, 2013). Actomyosin might 
be effective for moving the nucleus in the relatively squat cells 
of zebrafish but not in the skinny cells of mammals, where mi-
crotubule motors may be more effective.

Actin and myosin are also needed for nuclear movement in 
migrating CGNs, CINs, and CPNs in vivo and in vitro (Vallee 
et al., 2009). However, a major unresolved question is whether 
myosin pushes the nucleus from behind or pulls it from in front, 
and the answer may vary according the neuron type and the con-
ditions of the experiment. For CPNs migrating in neocortical 
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mechanism involving Reelin and Rap1A (Ballif et al., 2004). How-
ever, Franco et al. (2011) report that N-cadherin is also required 
and point out that adherens junction–like structures (which typi-
cally contain cadherins) are detected by electron microscopy, 
apparently linking radial glia end feet to neuronal processes. In 
contrast, Sekine et al. (2012) detect activated integrin 51 and its 
ligand, fibronectin, in the marginal zone. They provide evidence 
that Reelin-dependent Rap1A signaling activates integrin 51, 
suggesting an inside-out mechanism to secure the tip of the lead-
ing process and provide anchorage for somal translocation.

Moving forward
Despite the varied morphologies and dynamics of different types 
of migrating neurons, the underlying mechanisms are likely very 
similar. While the leading process can be dynamic or stable, 
branched or simple, myosin or microtubule motors may be dom-
inant, and the migration substrate may be extracellular matrix, 
neurons, or glia, the intracellular machinery for migration is 
apparently much the same in neurons as in most other cells. How-
ever, additional research will be required to understand how a 
particular process becomes dominant, how process branching is 
regulated, how the growth tip communicates with the centrosome, 
how motors are switched at different stages of migration cycles, 
and how adhesions are regulated and recycled.
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