










upIZ and loCP was not different in the hMyo10 shRNA group,
but was greatly increased in both the Myo10 and fMyo10
shRNA groups (Fig. 4a,b,d). To further investigate this pheno-
type, we coelectroporated the different Myo10 shRNAs with

centrin-red fluorescent protein (RFP), which labels the centro-
some to reveal the direction of migration (Sapir et al. 2008).
In control neurons, centrosomes were positioned at the base
of the leading process extending toward the pia mater, thus

Figure 4. Knocking down fMyo10 and hMyo10 affects neuronal orientation and morphology, respectively. (a) Microscope images showing the distribution of electroporated
neurons in the upIZ–loCP of E18.5 mouse cortices (left-hand panels) and tracings of representative green � uorescent protein (GFP+) neurons (right-hand panels) in each group.
Red arrowheads point to bipolar neurons with varied orientations; red asterisks indicate neurons with multipolar shape; black and white arrows indicate the direction of radial
migration. (b) Representative GFP-labeled neurons in the upIZ–loCP region in each group. Radial glia � bers are stained with Nestin to illustrate the radial orientation, and the nuclei
are stained with 4',6-diamidino-2-phenylindole (DAPI). White arrows indicate the direction of radial migration. (c) Centrin-red � uorescent protein (RFP) plasmid was
coelectroporated with control, Myo10, fMyo10, or hMyo10 shRNA plasmids. Red arrows represent the direction of radial migration, and angle degrees indicate the deviation of
GFP-labeled neurons relative to the direction of radial migration (black arrows). (d) Percentage of misorientated migrating neurons in the upIZ–loCP in each group. (e) Percentage
of multipolar neurons in the upIZ–loCP in each group. (f ) Fifteen hours live cell images showing the movement of representative cortical neurons after electroporating control,
fMyo10, or hMyo10 shRNA plasmids. Representative migrating cortical neurons (red box) are outlined in right-hand panels. Black and white arrows indicate the direction of radial
migration. (g) Representative images showing GFP-labeled neurons in the upIZ–loCP from brains that received coelectroporation of Myo10ΔMo with fMyo10 or hMyo10 shRNAs.
Red arrowheads point to nonradially migrating neurons. (h) Percentage of misorientated neurons in the upIZ–loCP in each group. (i) Percentage of multipolar neurons in the upIZ–
loCP in each group. n= 5 for each; *P<0.05; **P< 0.01; ***P< 0.001; 1-way ANOVA followed by Fisher’s PLSD post hoc test. Data represent mean ± SEM. Scale bars:
50 µm (a and g) and 20 µm (b, c, and f ).
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indicating that these neurons were migrating radially
(Fig. 4c). In contrast, centrosome positioning in Myo10 or
fMyo10 shRNA-expressing neurons was highly variable, with
some neurons pointing toward the VZ, away from the direc-
tion of radial migration (Fig. 4b). Importantly, this migratory
defect phenotype was not observed in hMyo10
shRNA-expressing neurons (Fig. 4b), suggesting that fMyo10
is involved in regulating the radially migrating direction,
while hMyo10 is not.

To further ensure these findings, we conducted time-lapse
imaging on cortical neurons 2 days after electroporation at
E15.5. We traced GFP-labeled neurons in the upIZ for 15 h
under culture conditions. As expected, neurons expressing
control plasmid migrated at an average speed of 13 μm/h
toward the upCP with a bipolar shape, and the leading
process pointed to the pial matter (Fig. 4f, top panel). On the
other hand, neuron expressing fMyo10 shRNA plasmids dis-
played a curved leading process, migrated with varied direc-
tions, and most of them remained near the original sites at the
end of observation (Fig. 4f, middle panel). Furthermore, in
the hMyo10 shRNA-electroporated group, a clearly visible
leading process was not observed at the beginning of the
observation. Among 5 neurons examined, 3 neurons migrated
upwards for a short distance and 2 neurons remained at the
original sites. At the end of observation, these 5 neurons grew
out multiple processes (Fig. 4f, bottom panel).

We next analyzed neuronal morphology and migration
after coexpressing Myo10ΔMo with either hMyo10 or fMyo10
shRNA. Interestingly, coexpression of Myo10ΔMo with hMyo10
shRNA led to a drastic decrease in the proportion of multipo-
lar neurons in the upIZ and loCP, bringing it back to control

levels (Fig. 4g,i). However, this manipulation also resulted in
an increase in the proportion of nonradially migrating
neurons (Fig. 4h). A possible explanation is that the
expression of the Myo10ΔMo construct may lead to overload-
ing of hMyo10 activity, which promotes the morphogenesis
and the morphological transition from multipolar to bipolar
shapes by inhibiting neurite morphogenesis and, thus, multi-
polar phenotype caused by hMyo10 shRNA is largely rescued.
On the other hand, in the case of coexpressioning Myo10ΔMo

with fMyo10 shRNA, premature morphological transition
could be induced by the expression of Myo10ΔMo, which
leads to an increase of nonradially migrating bipolar neurons
compared with that caused by fMyo10 shRNA alone (Fig. 4h).
Taken together, these findings suggest that the Myo10 has di-
vergent functions in cortical neuron migration with both of its
isoforms, whereby fMyo10 is mainly required to establish
proper orientation and hMyo10 is predominately involved in
regulating the morphological transition.

DCC Is Involved in fMyo10-Regulated Orientational
Selection, but Not hMyo10-Controlled Morphological
Transition
Previous studies have reported that Myo10 transports the
netrin-1 receptor DCC as cargo in neurons during axonal
pathfinding (Zhu et al. 2007), we therefore wondered
whether this is also the case in radial cortical neuron
migration. Immunohistochemical analysis revealed that
Myo10 expression overlapped with that of DCC in E15.5
mouse cortices (Fig. 5a). To determine whether DCC plays a
role in cortical neuron migration, we designed and tested

Figure 5. Myo10 regulates the direction of migration via DCC. (a) Immunohistochemistry of cortical sections illustrates the overlapping expression patterns of Myo10 and DCC.
The nuclei are stained with DAPI. (b–e) Coelectroporation of fMyo10 shRNA with DCC reduces neuronal accumulation in the VZ/SVZ and increases the number of neurons in the
IZ and loCP compared with the expression of fMyo10 shRNA alone. On the other hand, coelectroporation of hMyo10 shRNA with DCC increases neuronal accumulation slightly in
the VZ/SVZ and IZ and decreases the proportion of neurons in the CP compared with the expression of hMyo10 shRNA alone. Arrows indicate the direction of radial migration.
(f ) Comparative quantitative analysis showing the percentage of misorientated neurons in the upIZ–loCP in each set of experiment. (g) Comparative quantitative analysis showing
the percentage of multipolar neurons in the upIZ–loCP in each set of experiment. n=5 for each; ***P< 0.001; 1-way ANOVA followed by Fisher’s PLSD post hoc test. Data
represent mean ± SEM. Scale bars: 100 µm (a and b) and 50 µm (c).
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DCC shRNA plasmids, the most effective of which was then
electroporated into mouse E15.5 cortices (Supplementary
Fig. S4). Three days after electroporation, cortical neurons ex-
pressing DCC shRNA were abnormally located, as evidenced
by an accumulation of labeled neurons in the VZ/SVZ (Sup-
plementary Fig. S5). The observed phenotype was reminis-
cent of what we found after knocking down fMyo10, leading
us to ask whether the migratory defects associated with the
loss of Myo10 are DCC dependent. To test this, a DCC
expression vector (Zhu et al. 2007) was coelectroporated
into the embryonic cortex together with Myo10 shRNAs. Un-
expectedly, severe inhibition of CP entry was observed after
over-expression of DCC (Supplementary Fig. S4). Neverthe-
less, over-expression of DCC partially rescued the migratory
defects caused by fMyo10 shRNA, as shown by the increase of
the proportions of neurons in the CP and by decrease of that
in the VZ/SVZ (Fig. 5b,d), with the percentage of nonradially
migrating neurons falling back to control levels in the upIZ–
loCP (Fig. 5c,f). On the other hand, over-expression of DCC
in hMyo10 shRNA-electroporated cortices appeared to further
impede radial migration, as shown by the reduction of neur-
onal proportion in the CP and by the increase of neuronal
population in the IZ and VZ/SVZ (Fig. 5b, e), with a higher
percentage of multipolar migrating neurons in the upIZ and
loCP (Fig. 5c,g). These findings suggest that the regulatory
effects of fMyo10 on cortical neuron migration are mediated
at least in part by DCC.

Discussion

In this study, we present evidence showing that Myo10 is an
important regulator of radial neuronal migration in the em-
bryonic mouse cortex. Knocking down Myo10 led to
migratory defects, as evidenced by the accumulation of corti-
cal neurons in deep cortical regions.

The 2 Myo10 isoforms, fMyo10 and hMyo10, were differen-
tially expressed within the embryonic mouse cortex from VZ/
SVZ to IZ, and that knocking each of them down resulted in
distinct migratory defects in the developing cerebral cortex.
By examination of the morphology of these neurons, we
found that the majority of neurons expressing fMyo10 shRNA
showed bipolar shape but displayed varied orientations in the
SVZ/IZ, suggesting that fMyo10 is implicated in the selection
of radial migration when the migration is initiated. By con-
trast, most of the neurons expressing hMyo10 shRNA exhib-
ited multipolar shape in the upIZ/loCP, implying that the
morphological transition from multipolar to bipolar neuronal
shapes is interrupted during the initiation of migration from
the IZ to the CP.

The idea that the 2 Myo10 isoforms play distinct roles in
cortical neuron migration is further supported by the results
obtained by coexpression of Myo10ΔMo, a construct that lacks
the motor domain of Myo10 with the same domain as
hMyo10 (Zhu et al. 2007). Coexpression of Myo10ΔMo and
fMyo10 shRNA significantly increased the proportion of mis-
orientated bipolar neurons compared with that caused by the
expression of fMyo10 shRNA alone. As discussed above,
hMyo10 promotes the morphological transition from multipo-
lar to bipolar shapes by inhibiting neurite morphogenesis.
Coexpression of Myo10ΔMo with fMyo10 shRNA may further
increase the proportion of misorientated bipolar neurons by
promoting premature morphological transition. Consistently,

the phenotype (the increase of the proportion of multipolar
neurons) caused by the expression of hMyo10 shRNA is
largely rescued by coexpression of Myo10ΔMo possibly by re-
plenishing hMyo10 activity. On the other hand, it is generally
accepted that the newly generated postmitotic neurons at least
in the VZ/SVZ are bipolar shape with short process, they
achieve multiple processes in the IZ and then transform into
bipolar neurons migrating into the CP. We found that fMyo10
mRNA is mainly expressed in the VZ/SVZ, but the intense
Myo10 immunoreactivity is present in the IZ, suggesting
fMyo10 protein may also be expressed by neurons in the IZ.
Further studies are needed to explore if the orienting effect by
fMyo10 occurs before or after the multiple processes stage. On
the basis of the previous and present findings, we propose
that the role of hMyo10 in the morphological transition in the
IZ may be achieved by remodeling the multiple neurites via
the rearrangement of cytoskeleton, contractile proteins,
cytoskeleton-associated proteins, and membrane-bound pro-
teins (da Silva and Dotti 2002; Brown and Bridgman 2003,
2004; Schaar and McConnell 2005), hereby transforming to the
bipolar shape for radial migration.

DCC functions as a netrin-1 receptor, and its role in axon
growth and guidance has been well characterized (Keino-Masu
et al. 1996; Fazeli et al. 1997). Although DCC has been found to
direct the several types of neuronal migration by receiving
environmental signals (Yee et al. 1999; Schwarting et al. 2001;
Murase and Horwitz 2002; Ding et al. 2005; Guijarro et al.
2006; Shi et al. 2008; Marcos et al. 2009), its involvement in cor-
tical radial migration has not been reported. Using loss- and
gain-of-function approaches, we demonstrated here that DCC is
required for neuronal migration in the developing cortex. Both
over-expressing and knocking down DCC led to cortical
migration defects, implying that proper expression of DCC in
appropriate cortical regions is necessary for normal cortical de-
velopment. This speculation is supported by a recent in vivo
study, showing that the balance between DCC and Unc5D
(another receptor for Netrin-1) is required for morphological
transition during the multipolar phase of migrating cortical
neurons (Miyoshi and Fishell 2012).

Structural analysis has provided evidence showing that
cargoes including DCC competitively bind to Myo10 (Hirano
et al. 2011; Wei et al. 2011). As reported in our previous study
in axonal pathfinding (Zhu et al. 2007), fMyo10 may also bind
the intracellular domain of DCC and cargo it to the mem-
brane, thereby regulating cortical neuron migration. It is poss-
ible that after being assembled to the membrane by fMyo10.
DCC appears not to be involved in hMyo10-implicated mor-
phological transition and, therefore when the 2 manipula-
tions, expression of DCC and knocking down hMyo10, were
applied simultaneously, an additive effect in impairing corti-
cal neurons migration was observed.

In summary, we propose that Myo10 is involved in 2 key
aspects of cortical radial migration: First, fMyo10 helps establish
the proper migration orientation of postmitotic neurons by in-
teracting with membrane components such as DCC; secondly,
hMyo10 regulates the transition of cortical neurons from the
multipolar to the bipolar morphology (Supplementary Fig. S5).

Supplementary Material
Supplementary material can be found at: http://www.cercor.oxford-
journals.org/
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