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Correction

DEVELOPMENTAL BIOLOGY
Correction for “PDK1–Akt pathway regulates radial neuronal
migration and microtubules in the developing mouse neocortex”
by Yasuhiro Itoh, Maiko Higuchi, Koji Oishi, Yusuke Kishi,
Tomohiko Okazaki, Hiroshi Sakai, Takaki Miyata, Kazunori
Nakajima, and Yukiko Gotoh, which appeared in issue 21, May
24, 2016, of Proc Natl Acad Sci USA (113:E2955–E2964; first
published May 11, 2016; 10.1073/pnas.1516321113).
The authors note that, due to a printer’s error, some of the

article text appeared incorrectly. On page E2961, right column,
first full paragraph, lines 9–11, “inhibition or activation of the
PDK1–Akt pathway shortens and activation of the PDK1–Akt
pathway lengthens the distance between the nucleus and cen-
trosome” should instead appear as “inhibition or activation of
the PDK1-Akt pathway respectively shortens or lengthens the
distance between the nucleus and centrosome.”

www.pnas.org/cgi/doi/10.1073/pnas.1608342113
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Cell Biology, Nagoya University Graduate School of Medicine, Nagoya 466-8550, Japan
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Neurons migrate a long radial distance by a process known as
locomotion in the developing mammalian neocortex. During loco-
motion, immature neurons undergo saltatory movement along
radial glia fibers. The molecular mechanisms that regulate the speed
of locomotion are largely unknown. We now show that the serine/
threonine kinase Akt and its activator phosphoinositide-dependent
protein kinase 1 (PDK1) regulate the speed of locomotion of mouse
neocortical neurons through the cortical plate. Inactivation of the
PDK1–Akt pathway impaired the coordinated movement of the nu-
cleus and centrosome, a microtubule-dependent process, during neu-
ronal migration. Moreover, the PDK1–Akt pathway was found to
control microtubules, likely by regulating the binding of accessory
proteins including the dynactin subunit p150glued. Consistent with this
notion, we found that PDK1 regulates the expression of cytoplasmic
dynein intermediate chain and light intermediate chain at a posttran-
scriptional level in the developing neocortex. Our results thus reveal
an essential role for the PDK1–Akt pathway in the regulation of a key
step of neuronal migration.

neuronal migration | neocortex | PDK1–Akt pathway | microtubule |
dynein

In the developing mammalian neocortex, excitatory projection
neurons born within the ventricular zone (VZ) migrate long

distances radially toward the pia to form the six orderly aligned
layers of the cortical plate (CP), thereby providing a basis for the
establishment of functional neuronal connectivity (1). After neu-
ronal fate commitment and delamination from the apical surface
of the VZ, neurons first move into the subventricular zone (SVZ)
and the intermediate zone (IZ), where they acquire a multipolar
morphology. They then become bipolar and steer into the CP,
through which they migrate by radial-glial–guided locomotion. As
the neurons approach the pia, they switch their mode of migration
to terminal somal translocation and settle down in the appropriate
layer. There is a precise relation between the temporal order in
which the various neuronal cell types are generated and their spatial
distribution in the neocortex across mammalian species (2–5); ab-
normal neuronal migration underlies some human disorders of
cortical development (6). Although various molecules and mecha-
nisms have been implicated in regulating neuronal migration from
its initiation to its termination (7–10), the mechanisms that regulate
the speed of neuronal locomotion have remained unclear.
Locomotion is a unique mode of neuronal migration in which

cells first stabilize and elongate their leading process. The cen-
trosome then moves forward from the perinuclear region into the
dilation/swelling of the leading process, followed by movement of
the nucleus toward the centrosome and retraction of the cell rear.
The cells then repeat this series of steps and move forward in a
saltatory manner (8–10). Because centrosome–nucleus coupling is
regulated by several genes that are mutated in human neurological
diseases, the molecular mechanisms have been studied extensively.
For example, Lis1, the product of a gene mutated in lissencephaly,
and its associated proteins regulate pulling of the nucleus toward
the centrosome by cytoplasmic dynein, a motor protein that di-
rects transport toward the minus end of microtubules (8–10). The

dynamic remodeling of microtubules is also important for neuronal
migration (11, 12). Microtubule dynamics reflect a balance be-
tween the elongation and shortening of individual microtubules,
and this balance is regulated by microtubule-associated proteins
(MAPs) that either stabilize or destabilize microtubules (13, 14).
Neuronal migration thus also depends on MAPs (8–10). Charac-
terization of the mechanisms underlying the control of microtubule
dynamics and the binding of MAPs to microtubules therefore is key
to an understanding of neuronal migration and brain development.
Moreover, the extracellular cues and intracellular signaling path-
ways that regulate microtubule dynamics in migrating neurons are
not understood.
The serine/threonine kinase Akt (also known as protein

kinase B) is phosphorylated and activated by phosphoinositide-
dependent protein kinase 1 (PDK1) (15). The PDK1–Akt axis
acts downstream of PI3K, which is activated by various extra-
cellular stimuli, and it plays key roles in many biological pro-
cesses, including microtubule stabilization, cell polarization, and
cell migration (16–18). PI3K activity is required for normal radial
migration in the neocortex (19, 20), but the contribution of the
PDK1–Akt pathway to neuronal locomotion has remained elu-
sive (20), possibly in part because of functional redundancy
among the three Akt family members and the early death of Akt-
and PDK1-mutant mice (21–23).
To examine the role of the PDK1–Akt pathway in neuronal

migration, we have now determined the effects of conditional
ablation of the PDK1 gene (Pdpk1) or inhibition of Akt with the
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use of in utero electroporation in the developing mouse CNS. We
found that this pathway controls the speed of neuronal migration
and the coordinated movement of the nucleus and centrosome
during neuronal locomotion within the CP. Furthermore, our
findings suggest that control of neuronal locomotion by the PDK1–
Akt pathway is mediated at the level of microtubules, possibly
through regulation of the cytoplasmic dynein/dynactin complex.

Results
Ablation of PDK1 Disrupts Neocortical Organization. To examine the
role of PDK1 in neocortical development, we first crossed mice
harboring a floxed Pdpk1 allele (23) with those harboring a
transgene for Cre recombinase under the control of a Nestin
enhancer (24) to delete Pdpk1 in neural progenitor cells (NPCs)
and their descendants throughout the CNS. We previously showed
that PDK1flox/flox;Nestin-Cre mice die shortly after birth and have
a reduced brain size (25). Immunohistofluorescence and immu-
noblot analyses confirmed that the abundance of PDK1 protein as
well as the extent of Akt activation (as reflected by PDK1-mediated
phosphorylation of Akt at Thr308 or phosphorylation of Akt sub-
strates with a typical Akt phosphorylation consensus sequence)
were markedly reduced in the brains of such mice at postnatal day
(P) 0 (Fig. S1 A–E and H), indicating efficient ablation of PDK1.
We tested whether PDK1 regulates neocortical layering at P0

by immunostaining for Ctip2, a marker protein expressed at a
high level in neurons of layer V and at a low level in those of
layer VI, and for Cux1, a marker expressed in neurons of layers
II–IV. The distribution of Ctip2+ neurons was largely unchanged
in PDK1flox/flox;Nestin-Cre mice compared with control animals
(Fig. 1 A and B). In contrast, Cux1+ neurons were displaced from
upper layers to deeper layers in the mutant brain (Fig. 1 A and C).

These findings suggested that ablation of PDK1 resulted in mal-
formation of the neocortex as manifested by a layering defect.

PDK1 Knockout Slows Radial Migration of Neocortical Neurons.
Given that malformation of neocortical layers may result from
defective neuronal migration, we examined whether radial migra-
tion of neurons is altered in the neocortex of PDK1flox/flox;Nestin-
Cre mice. We first performed birth dating analysis by injecting
dams with BrdU at embryonic day (E) 15.5 and examining the
neocortex at P0 (Fig. 1D). PDK1 mutation reduced the fraction of
BrdU+ cells in the CP and increased the fraction in the IZ, relative
to control (Fig. 1 D and E), suggesting that PDK1 is required for
the timely passage of migrating neurons from the IZ into the CP.
Furthermore, the proportion of BrdU+ cells in the upper region of
the CP was significantly reduced in the mutant neocortex, even
though the mutant brain is smaller. Thus these findings were
consistent with the notion that PDK1 ablation slows the rate of
radial neuronal migration.
To examine directly whether these changes in the distribution

of BrdU+ cells in the mutant neocortex were the result of slowed
neuronal migration, we performed in utero electroporation at
E15.5 with an expression plasmid for GFP and prepared brain slices
at E18.5. Neuron locomotion in the CP was analyzed by time-lapse
microscopy. Both control and mutant GFP+ cells migrated radially
toward the brain surface, rarely moving tangentially or backward
(Fig. 1G and Movies S1 and S2). The average speed of locomotion
of control GFP+ cells was 21.1 ± 4.5 μm/h (mean ± SD), consistent
with previous findings (26). However, mutant neurons migrated at
the significantly reduced speed of 14.5 ± 3.9 μm/h (Fig. 1H). Im-
portantly, we excluded rare dying cells from our analysis. These
findings suggested that PDK1 is required for an appropriate speed
of neuronal locomotion within the CP.
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Fig. 1. Ablation of PDK1 slows radial neuronal
migration in the developing mouse neocortex.
(A–C) Coronal sections prepared from the brains of
control or PDK1flox/flox;Nestin-Cre mice at P0 were sub-
jected to immunohistofluorescence staining with anti-
bodies to the deep-layer and upper-layer markers Ctip2
(A and B) and Cux1 (A and C). Nuclei were stained with
Hoechst 33342. (D–F) Coronal brain sections prepared at
P0 from mice exposed to BrdU in utero at E15.5 were
immunostained with antibodies to BrdU (D), and the
distribution of BrdU+ cells in the neocortical wall (E) or
within the CP (F) was determined. Quantitative data are
means ± SEM for the indicated number (n) of brains
analyzed. (G and H) Cortical slices prepared at E18.5
from embryos subjected to in utero electroporation at
E15.5 with a GFP expression plasmid were monitored
for 24 h by fluorescence microscopy to follow the mi-
gration of GFP+ cells (G). Colored arrowheads indicate
the progress of individual neurons. (H) The average
speed of radial migration was determined for individ-
ual neurons. Data are means ± SD for the 55 neurons
examined for control slices and the 27 neurons exam-
ined for PDK1flox/flox;Nestin-Cre slices. (Scale bars,
100 μm.) *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s
t test) versus the corresponding control value.
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Cell-Autonomous Regulation of Locomotion by PDK1. Neuronal mi-
gration is controlled by cell-autonomous as well as non–cell-
autonomous mechanisms (8–10). Cell nonautonomous regulation
includes the generation of Reelin-producing cells, formation and
maintenance of a radial glial scaffold, and interaction with sur-
rounding neurons. The distribution of Reelin+ cells and the struc-
ture of both the radial glial scaffold and basal lamina appeared to
be unchanged in the PDK1flox/flox;Nestin-Cre neocortex, suggesting
that PDK1 may be required cell autonomously (Fig. S1 F and G).
If PDK1 is required cell autonomously, then its knockout from

postmitotic neurons should also alter lamination. We took ad-
vantage of Nex-Cre knockin mice, which express Cre recombinase
in postmitotic neocortical pyramidal neurons, but not in NPCs or
interneurons, under the control of theNeurod6 promoter (27, 28).
Immunohistofluorescence analysis revealed that although PDK1
was expressed uniformly within the CP of the control mouse
neocortex at P1, its expression was attenuated in the superficial
region of the CP in PDK1flox/flox;NexCre/+ mice (Fig. 2A). Con-
sistent with this observation, phosphorylation of Akt at Thr308

and of Akt substrates was strongly reduced in the upper CP layers
in the mutant (Fig. 2 B and C). These findings suggested that
efficient ablation of PDK1 was achieved in neurons destined for
the upper layers of the CP in the PDK1flox/flox;NexCre/+ neocortex.
Because phosphorylation of Akt at Thr308 was attenuated through-
out the neocortex and hippocampus of the mutant mice by P10
(Fig. S2A), PDK1 protein might be more stable in postmigratory
than in migratory neurons in the developing neocortex, and a re-
sidual amount of PDK1 might be sufficient for Akt activation in
cortical neurons of deeper layers at P1.
We next examined the layer structure of the neocortex. The

distribution of deep-layer neurons as revealed by immunostain-

ing for Ctip2 or for Tbr1, a marker of layer VI neurons, appeared
unchanged in the brain of PDK1flox/flox;NexCre/+ mice at P1 (Fig.
2D). Most Cux1+ upper-layer neurons had already reached the
superficial region of the neocortex in both control and mutant
mice by this time; in the mutant mice, however, the percentage of
Cux1+ cells was increased in the deep layers, although the total
number of Cux1+ cells was unchanged (Fig. 2 E–G). Neurons
labeled with BrdU at E16.5 were also reduced in upper layers of
the mutant neocortex as compared with the control (Fig. 2 H–J).
Importantly, the fraction of Cux1+ cells among BrdU+ cells was
similar in the two genotypes (Fig. 2K). Ectopic Cux1+ neurons
persisted in the deep layers until at least P10 (Fig. S2 B and C).
These results suggested that upper-layer neurons of PDK1flox/flox;
NexCre/+ mice are mispositioned.
To test whether the lower positioning of upper-layer neurons

resulted from decreased migration, we measured the locomotion
of mutant cells directly by time-lapse analysis. Neuronal loco-
motion within the CP was slowed in the mutant neocortex rela-
tive to control [control, 20.8 ± 4.9 μm/h; PDK1flox/flox;NexCre/+,
15.6 ± 5.0 μm/h (mean ± SD)] (Fig. 2L and Movies S3 and S4).
Furthermore, PDK1 ablation in a small population of postmitotic
neurons, achieved by in utero electroporation of the brain of
PDK1flox/flox embryos with an expression plasmid for both GFP and
Cre under the control of the Neurod1 promoter, also was found to
retard radial migration (Fig. S2 D and E), supporting the notion
that PDK1 regulates the speed of neuronal locomotion through the
CP during neocortical development in a cell-autonomous manner.

Akt Kinase Activity Regulates Radial Neuronal Migration. PDK1
phosphorylates and activates Akt and other members of the AGC
protein kinase family (29). We focused on Akt in the present study

0

20

40

60 Upper uCP
Lower uCP

0

20

40

60

80

100

uCP

mCP

lCP

IZ

SVZ/VZ

Con
tro

l

PDK1
flo

x/f
lox ;

Nex
Cre

/+

0

0.2

0.4

0.6

0.8

1.0

1.2

Con
tro

l

PDK1
flo

x/f
lox ;

Nex
Cre

/+

0

20

40

60

80

100

Con
tro

l

PDK1
flo

x/f
lox ;

Nex
Cre

/+

II-IV

V-VI

IZ

B
rd

U
+
 c

el
ls

 (
%

)

B
rd

U
+
 c

el
ls

 in
 u

C
P

 (
%

)

C
ux

1+
 c

el
ls

 (
%

)

R
el

at
iv

e 
C

ux
1+

 c
el

l n
um

be
r

0

20

40

60

80

Con
tro

l

PDK1
flo

x/f
lox ;

Nex
Cre

/+

C
ux

1+
/B

rd
U

+
 c

el
ls

 (
%

)

*

*

***

Control PDK1flox/flox;
NexCre/+

IZ

CP

PDK1 Nucleus

Control PDK1flox/flox;
NexCre/+

IZ

CP

Akt pT308 Nucleus

Control PDK1flox/flox;
NexCre/+

IZ

CP

Akt p-substrate Nucleus

Control PDK1flox/flox;
NexCre/+

IZ

Tbr1 Ctip2 Nucleus

Control PDK1flox/flox;
NexCre/+

IZ

II-IV

V

VI

II-IV

V

VI

Cux1 Nucleus

100

Control PDK1flox/flox;
NexCre/+

IZ

uCP

BrdU Nucleus

F
G

I

J K
L

A B C D E

H

SVZ
/VZ

lCP

mCP

IZ

uCP

SVZ
/VZ

lCP

mCP

100

n 
=

 4

n 
=

 4

n 
=

 4

n 
=

 4

n 
=

 4

n 
=

 3

n 
=

 3

n 
=

 3

n 
=

 3

n 
=

 3

IZ

CP

IZ

CP

IZ

CP

IZ

II-IV

V

VI

IZ

II-IV

V

VI

0

10

20

30

40

PDK1flox/flox;NexCre/+Control

Con
tro

l

PDK1
flo

x/f
lox ;

Nex
Cre

/+

m

m

Fig. 2. PDK1 knockout in postmitotic neocortical neurons slows radial migration. (A–G) Coronal sections prepared from the brain of control or PDK1flox/flox;
NexCre/+ mice at P1 were subjected to staining with antibodies to the indicated proteins and Hoechst 33342 (A–E). Red brackets in A–C indicate the superficial
region of the CP where PDK1 is efficiently ablated in the mutant. (Scale bar, 100 μm.) (F and G) The distribution (F) and total number (G) of Cux1+ cells were
determined as means ± SEM for the indicated number (n) of brains analyzed. (H) Coronal brain sections prepared at P1 from mice exposed to BrdU in utero at
E16.5 were stained with antibodies to BrdU and Hoechst 33342. (Scale bar, 100 μm.) uCP, mCP, and lCP denote upper, middle, and lower regions of the CP,
respectively. (I–K) The distribution of BrdU+ cells in the neocortical wall (I) or within the upper CP (J) and the proportion of Cux1+ cells among BrdU+ cells
(K) were determined. Quantitative data are means ± SEM for the indicated number (n) of brains analyzed. (L) Cortical slices prepared at E18.5 from mouse
embryos subjected to in utero electroporation at E15.5 with a GFP expression plasmid were monitored for up to 15 h by confocal microscopy to follow the
migration of GFP+ cells. The average speed of radial migration was determined for individual neurons. Data are means ± SD for the 52 neurons examined for
control slices and the 54 neurons examined for PDK1flox/flox;NexCre/+ slices. *P < 0.05, ***P < 0.001 (Student’s t test) versus the corresponding control value.
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because of its role in nonneural cell migration (18). We examined
whether Akt regulates radial neuronal migration by manipulating
its kinase activity via in utero electroporation. To inhibit Akt kinase
activity, we performed electroporation with an expression plasmid
for both GFP and a kinase-inactive mutant of Akt1 (either K179A
or K179A/T308A/S473A). Because both mutants were shown
previously to function in a dominant-negative manner (16, 17) and
yielded similar results in all experiments in the present study, we
pooled the data obtained with the two constructs (together desig-
nated “Akt1 KN”). We also examined the effects of a constitutively
active mutant of Akt1 (Akt mΔPH), in which the pleckstrin ho-
mology (PH) domain is replaced with a myristoylation sequence (30).
Most GFP+ cells of control embryos transfected at E14.5 had

migrated out of the VZ/SVZ and entered the CP by E17.5 and
reached the superficial region of the CP by E18.5 (Fig. 3 A, E, I,
and K–O). Although overexpression of Akt1 KN had little effect
on GFP+ cells at E16.5, by E17.5 and E18.5 there was a signif-
icant inhibition of migration to the upper CP, with a substantial
increase in the number of cells remaining in the SVZ/VZ or IZ
(Fig. 3 B, F, J, and K–O). These results suggested that Akt kinase
activity is necessary for radial migration of neurons through the
IZ and CP. Conversely, overexpression of Akt1 WT increased
the proportion of GFP+ cells reaching the superficial region of
the CP and reduced the proportion of GFP+ cells remaining in the
IZ at E17.5, without having a significant effect at E16.5 (Fig. 3 C,
G, and K–M). Because cells overexpressing Akt1 WT showed a
moderately increased level of phosphorylation of Akt substrates
(Fig. S3), an increase in Akt kinase activity appeared to promote
the migration of neurons through the IZ and CP. In contrast,
overexpression of constitutively active Akt mΔPH markedly ab-
rogated the migration of neurons toward the brain surface, with
GFP+ cells apparently being stuck in the IZ and unable to enter

the CP at E17.5 (Fig. 3 D, H, and K–M), possibly as a result of
excessive or directionless activation of Akt (Discussion). Together,
these findings suggested that Akt might play an important role in
neuronal migration in a manner dependent on its kinase activity.
To examine whether Akt controls the speed of neuronal lo-

comotion within the CP, we performed time-lapse analysis with
cortical slices prepared at E16.5 or E17.5 from embryos sub-
jected to in utero electroporation at E14.5 with expression
plasmids for Akt1 WT or Akt1 KN, respectively. Although ex-
pression of Akt1 KN slowed radial migration [control, 21.1 ±
3.0 μm/h; Akt1 KN, 16.9 ± 3.2 μm/h (mean ± SD)] (Fig. 3P),
overexpression of Akt1 WT increased migration speed [control,
19.7 ± 2.5 μm/h; Akt1 WT, 26.8 ± 7.6 μm/h (mean ± SD)] (Fig.
3Q). We rarely observed cells undergoing apoptosis or migrating
tangentially or backward in the brains of embryos expressing
either Akt1 KN or Akt1 WT. These results thus implicated Akt
kinase activity in regulating the speed of neuronal locomotion
through the CP in the developing neocortex.

Akt Kinase Activity in Postmitotic Neurons Regulates Radial
Migration. We next investigated Akt function in neurons during
radial migration by manipulating Akt kinase activity specifically in
postmitotic neurons. NexCre/+ embryos at E15.5 were subjected to
in utero electroporation with plasmids constructed so that expres-
sion of the gene of interest is initiated by Cre-mediated excision of a
stop sequence flanked by loxP sites (27, 31). The distribution of
GFP+ cells in fixed brain sections and the speed of radial migration
within the CP of live brain slices were then determined.
Forced expression of Akt1 KN in postmitotic neurons reduced

the speed of radial migration [control, 22.9 ± 4.0 μm/h; Akt1 KN,
16.2 ± 4.1 μm/h (mean ± SD)] (Fig. 4 A, B, and E and Movies S5
and S6). Conversely, overexpression of Akt1 WT in postmitotic
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Fig. 3. Role of Akt kinase activity in radial neuronal migration. (A–O) The brains of embryos at E14.5 were subjected to in utero electroporation with expression
plasmids for GFP alone (Control) (A, E, and I) or for GFP together with Akt1 KN (B, F, and J), Akt1WT (C and G), or Akt mΔPH (D and H). GFP fluorescence (green) in
coronal brain sections prepared at E16.5 (A–D), E17.5 (E–H), or E18.5 (I and J) was analyzed. Nuclei were stained with Hoechst 33342 (purple). (Scale bar, 200 μm.)
The distribution of GFP+ cells in the neocortex (K, L, and N) or within the CP (M and O) at E16.5 (K), E17.5 (L andM), or E18.5 (N and O) was determined. Data are
means ± SEM for the indicated number (n) of brains analyzed. (P andQ) The brains of embryos at E14.5 were subjected to in utero electroporation with expression
plasmids for GFP alone (Control) or for GFP together with either Akt1 KN (P) or Akt1 WT (Q). Cortical slices were prepared at E17.5 (P) or E16.5 (Q), and the
migration of GFP+ cells was monitored for 11 h 30 min. The average speed of radial migration was determined for individual neurons. Data are means ± SD for
19 neurons examined in control slices and 36 neurons examined in Akt1 KN slices (P), and for 26 neurons examined in control slices and 22 neurons examined in
Akt1 WT slices (Q). *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t test) versus the corresponding control value.
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neurons increased migration speed [control, 21.7 ± 6.8 μm/h;
Akt1 WT, 26.3 ± 8.0 μm/h (mean ± SD)] (Fig. 4 C, D, and F and
Movies S7 and S8). Overexpression of either Akt1 KN or Akt1
WT in postmitotic neurons did not significantly affect the pro-
portion of Cux1+ cells among GFP+ cells [normalized proportion
of GFP+ cells expressing Cux1: 1.0 ± 0.07 versus 0.77 ± 0.10
(means ± SEM) for control versus Akt1 KN, P > 0.05; 1.0 ± 0.11
versus 1.1 ± 0.10 for control versus Akt1 WT, P > 0.05]. Together,
these results supported the notion that Akt kinase activity in
neurons plays an important role in controlling the speed of neu-
ronal locomotion through the CP in the developing neocortex.
We also examined whether glycogen synthase kinase 3 (GSK3),

a key substrate of Akt, might play a role in neuronal migration.
RNAi-mediated depletion of GSK3β perturbed radial migration
in the embryonic neocortex (Fig. 5 A–C), consistent with previous
observations (32). However, Akt-mediated phosphorylation of
GSK3α at Ser21 or of GSK3β at Ser9 may not be required for
radial migration, given that migration was unaffected in GSK3
knockin mice in which these serine residues had been replaced by
alanine (Fig. 5D–F) (33). These results suggested that Akt and GSK3
regulate radial neuronal migration by independent mechanisms.

The PDK1–Akt Pathway Controls the Distance Between the Nucleus
and Centrosome. We next asked which step (or steps) of locomo-
tion is regulated by the PDK1–Akt pathway. The distance between
the nucleus and centrosome in neurons migrating within the CP
was measured by labeling the centrosome with DsRed fused to the
centrosome-targeting domain of human pericentrin (Fig. 6A) (34).
We focused on cells that had entered the CP but had not yet
reached the pia. This analysis revealed that the position of the
centrosome ranged from close to the nucleus to as far away as
15 μm from the nucleus in control brains, with the distribution of
the distance similar to previous observations (Fig. 6B) (11). In
PDK1flox/flox;Nestin-Cre brains, however, this distance was re-
duced significantly (Fig. 6B). A similar shortening of the distance
between the nucleus and centrosome was induced by forced ex-
pression of Akt1 KN (Fig. 6C). Although overexpression of Akt1
WT did not significantly affect this distance (Fig. 6C), it increased
the proportion of migrating neurons in which the centrosome was
positioned >7 μm away from the nucleus (control, 14.6%; Akt1
KN, 8.4%; Akt1 WT, 22.5%). We performed time-lapse analysis
to observe time-dependent dynamics of the centrosome position-
ing. In both control and Akt1 KN-expressing neurons, the cen-
trosome was located at the root of a leading process during most
of the observation period. In control neurons, the centrosome
repeatedly exhibited transient forward movement into the leading
process, followed by forward movement of the cell body toward
the centrosome (Fig. 6D and Movie S9). In neurons overexpressing
Akt1 KN, however, the centrosome was less motile and remained
in closer proximity to the cell body (Fig. 6E and Movie S10). We
then measured the maximum distance between the centrosome
and the cell body during the observation period and found that
overexpression of Akt1 KN reduced that distance significantly (Fig.
6F). These results thus suggested that the PDK1–Akt pathway
regulates the distance between the nucleus and centrosome, pre-
sumably through Akt kinase activity.

PDK1 Regulates Microtubules and MAP Binding to Microtubules. Be-
cause we found that the PDK1–Akt pathway controls nucleus–
centrosome coupling, a process known to be dependent on
microtubules (8–10), we hypothesized that this pathway might also
regulate microtubule dynamics in cortical neurons. To examine this
hypothesis, we separated polymerized microtubules from soluble
tubulin in forebrain lysates of control and PDK1flox/flox;Nestin-Cre
mice at P0 by centrifugation and then compared the amount of
polymerized microtubules in the pellet fraction. PDK1 ablation was
found to reduce the amount of polymerized microtubules (Fig.
7A), suggesting that microtubules are less developed in the
PDK1flox/flox;Nestin-Cre brain.
We next investigated how PDK1 controls microtubules. Given

that the binding of MAPs can affect the balance between elon-

gation and shortening of microtubules and thereby the amount
of polymerized microtubules (13, 14), we purified polymerized
microtubules from the brains of control and PDK1flox/flox;Nestin-
Cre mice and then examined them for bound MAPs (Fig. S4).
Although the binding of tau was reduced only marginally, the
binding of MAP2a/b was attenuated markedly for microtubules
prepared from the mutant brain (Fig. 7B). In addition, PDK1
knockout reduced the amount of microtubule-associated Lis1
and doublecortin (Dcx); the dysfunction of each of these proteins
causes neuronal migration defects and brain malformation in
both humans and mice (9). Furthermore, binding of the dynactin
subunit p150glued and Ndel1, which together with Lis1 are reg-
ulators of dynein motor function (35), was reduced in microtu-
bules prepared from the mutant brain (Fig. 7B). These findings
suggested that the binding of MAPs to microtubules is widely
disturbed by PDK1 ablation.
To observe microtubule structure and MAP distribution within

neurons, we cultured cells isolated from the neocortex of control or
PDK1flox/flox;Nestin-Cre embryos at E15.5. Cells cultured for 3 or 4
d in vitro (DIV) were mostly positive for neuronal markers such as
Dcx (Fig. S5). Control neurons manifested dense microtubule
bundles along processes and mesh-like microtubule fibers sur-
rounding the nucleus, as revealed by immunostaining for α-tubulin
or tyrosinated α-tubulin, whereas mutant neurons exhibited thinner
microtubule bundles in processes and fewer mesh-like microtubule
fibers (Fig. 7C and Fig. S5A), suggesting that microtubules are less
developed in PDK1-deficient cortical neurons. We also found that
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Fig. 4. Akt kinase activity in postmitotic neurons regulates radial migration.
(A–D) The brains of NexCre/+ embryos at E15.5 were subjected to in utero
electroporation with Cre-dependent expression plasmids for GFP alone (Con-
trol) or for GFP together with Akt1 KN (A) or Akt1 WT (C). GFP fluorescence in
coronal brain sections prepared at E19.5 (A) or E18.5 (C) was analyzed. Nuclei
were stained with Hoechst 33342. (Scale bars, 100 μm.) The corresponding
distributions of GFP+ cells in the neocortex were determined as means ± SEM
for the indicated number (n) of brains analyzed (B and D). (E and F) The brains
of E15.5 NexCre/+ embryos were subjected to in utero electroporation with Cre-
dependent expression plasmids for GFP alone (Control) or for GFP together
with Akt1 KN (E) or Akt1 WT (F), and cortical slices prepared at E18.5 were
monitored for the migration of GFP+ cells for up to 20 h. The average speed of
radial migration was determined for individual neurons. Data are means ± SD
for 31 or 32 neurons. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t test)
versus the corresponding control value.
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the distribution of MAP2, Lis1, Ndel1, and p150glued was altered,
but tau and Dcx were largely unaffected, in mutant neurons (Fig. S5
B–G). These results thus supported the notion that PDK1 regulates
microtubule structure and MAP binding in cortical neurons.

Regulation of p150glued by Akt in Cortical Neurons. We previously
showed that Akt regulates microtubules in fibroblasts (17), but
the mechanism underlying this action of Akt has remained elu-
sive. We therefore examined whether Akt might regulate MAPs
in neurons. We subjected the neocortex of E14.5 embryos to in
utero electroporation with an expression plasmid for GFP alone
or GFP together with Akt1 KN or Akt1 WT, dissected the ma-
nipulated neocortical hemisphere at E15.5, dissociated the cells,
and cultured them for 3 DIV. Overexpression of Akt1 KN did
not appear to affect microtubule structure as visualized by immu-
nostaining for α-tubulin or tyrosinated α-tubulin. The staining
patterns of most of the MAPs we examined (tau, MAP2, Lis1, and
Dcx) were also unchanged by Akt1 KN (Fig. S5H and I). However,
overexpression of Akt1 KN reduced, but overexpression of Akt1
WT increased, the intensity of the p150glued signal in the cell body
(Fig. 7 D and E). These findings thus suggested that Akt contrib-
utes to the regulation of p150glued in neocortical neurons.

PDK1 Regulates the Expression of Cytoplasmic Dynein Subunits at a
Posttranscriptional Level. The findings described above imply a
regulation of the cytoplasmic dynein/dynactin complex by the

PDK1–Akt pathway. We noticed that PDK1 knockout significantly
reduces the levels of cytoplasmic dynein intermediate chain (DIC)
and cytoplasmic dynein light intermediate chain (DLIC) proteins
but not of p150glued in the P0 neocortex (Fig. 7F). Given that the
levels of Dync1i1 and Dync1li1 mRNAs (encoding DIC and DLIC,
respectively) were unchanged in the PDK1flox/flox;Nestin-Cre neo-
cortex (Fig. 7G), it is likely that PDK1 regulates the expression
of DIC and DLIC at a posttranscriptional level. Taken together, our
findings suggest that the PDK1–Akt pathway regulates neuronal
migration, possibly by regulating the cytoplasmic dynein/dynactin
complex.

Discussion
The PDK1–Akt pathway contributes to the regulation of pro-
liferation, survival, differentiation of, and metabolism in various
cell types (22, 25, 36), but its role in neuronal migration has been
unclear. We demonstrated a role for the PDK1–Akt pathway in
neocortical neurons through the specific manipulation of post-
mitotic cells with the use of NexCre/+ mice or a Neurod1 promoter–
dependent Cre expression plasmid. Previous work suggested
that Akt might be dispensable for neuronal locomotion (20).
The discrepancy between our results and that earlier work
(20) may be caused by differences in the experimental time
course. Because PDK1–Akt inhibition slows down but does not
arrest radial migration, the effects are most pronounced at short
time courses. Our results obtained using in utero manipulation
imply that the PDK1–Akt pathway is required cell autonomously,
and no defects were observed in the radial glia or Reelin-producing
cells. Furthermore, time-lapse imaging analysis of brain slices
allowed us to assess the migration process directly. Mechanistic
target of rapamycin (mTOR), a central regulator of cell metabo-
lism and a downstream effector of Akt, appears unlikely to mediate
the action of the PDK1–Akt pathway during radial migration, be-
cause rapamycin treatment or knockout of mTOR in postmitotic
cortical neurons was shown not to affect radial migration (37, 38).
Although, in theory, decreased cell survival might contribute to
decreased neuronal migration or brain malformation, the migra-
tion increase by Akt1 WT overexpression is presumably unrelated
to cell survival. Moreover, we found that the PDK1–Akt pathway
controls coupling of the nucleus and the centrosome via regulation
of microtubules. Because PI3K is implicated in regulating the
tangential migration of interneurons derived from the medial
ganglionic eminence (39), the PDK1–Akt pathway might have a
conserved role in neuronal migration across CNS regions and
neuronal subtypes.
An intriguing finding of our study is that Akt kinase activity is

important for setting the speed of neurons during bipolar loco-
motion. Neocortical neurons move discontinuously and change
their speed relatively frequently (26, 40), suggesting that they
may be equipped with mechanisms that allow them to adjust
their radial migration in response to changes in the extracellular
environment. In this regard, growth factor stimulation triggers
transient Akt activation, which decays within 10–30 min depending
on the stimulus and cell type (16, 41). Thus it is possible that Akt
activity modulates the speed of neuronal locomotion in response
to the extracellular environment.
In addition to temporal regulation, spatial regulation of Akt

kinase activity is an important factor in radial neuronal migration.
Overexpression of Akt1 WT enhanced radial migration, whereas
overexpression of a constitutively active Akt1 mutant (Akt mΔPH)
impaired radial migration. Given that Akt is activated locally as
a result of its translocation to the plasma membrane triggered
by the PI3K-mediated generation of phosphatidylinositol 3,4,5-
trisphosphate (PIP3), overexpression of Akt1 WT may have sensi-
tized neurons to unknown extracellular cues that induce the pro-
duction of PIP3. On the other hand, Akt mΔPH is activated at the
plasma membrane independently of PIP3 and without directionality
as a result of the replacement of the PH domain with a myristoylation
sequence. We therefore propose that correct activation of Akt is
important for neuronal migration. Forced expression of Akt mΔPH
also induced a marked accumulation of multipolar cells in the IZ
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(Fig. 3), suggesting that polarized Akt activation also might contrib-
ute to specification of the leading process (42).
The PDK1–Akt pathway is activated by various extracellular

factors. Ligands and receptors upstream of this pathway are not
addressed in our study. However, TrkB is a candidate receptor
for regulation of the PDK1–Akt axis during neuronal migration,
because TrkB is localized along the leading process of migrating
interneurons derived from the medial ganglionic eminence, TrkB
stimulation by BDNF activates Akt in cortical neurons, and
cortical neuronal migration is delayed by knockdown or knockout of
TrkB or by knockin mutation of TrkB intracellular residues critical
for Akt activation (39, 43, 44). The proneural transcription factor
NeuroD1 was recently shown to up-regulate TrkB expression (45),
suggesting that cortical cells may gain responsiveness to TrkB ligands
(such as BDNF) on commitment to the neuronal fate. In addition,
the extracellular matrix component laminin γ1 and its integrin re-
ceptor might function upstream of the PDK1–Akt pathway during
neuronal migration (46). Furthermore, given that N-cadherin medi-
ates neuron–glial cell adhesion and regulates Akt activation (36, 47),
Akt might be activated at sites of such adhesion in an N-cadherin–
dependent manner. Although previous work suggested that Akt
might function downstream of Reelin during cortical development
(38), PDK1 ablation resulted in a layering defect distinct from that of
reeler mutants, suggesting that Akt is not a central effector of Reelin
signaling, at least during radial neuronal migration.
Akt is required to localize the growing microtubule plus end-

tracking protein EB1 to the embryonic cell cortex in the Drosophila
early embryo (48). Furthermore, cytoplasmic dynein tracks the
growing microtubule plus end via p150glued in an EB1-dependent
manner (49). The PDK1–Akt pathway therefore might have a con-
served role in regulating microtubule organization, possibly through
an action at the microtubule plus end, across cell types with distinct
morphologies.

We identified the cytoplasmic dynein/dynactin complex as a
potential Akt effector in the regulation of radial migration.
Dynein is concentrated both at the dilation/swelling of the
leading process and in the soma of neocortical neurons. Dynein
at the dilation/swelling has been proposed to pull the microtu-
bule network and the centrosome, whereas dynein at the nuclear
surface is thought to contribute to the forward movement of the
nucleus by transmitting force to this organelle (11). Because we
found that inhibition or activation of the PDK1–Akt pathway
shortens and activation of the PDK1–Akt pathway lengthens the
distance between the nucleus and centrosome, we hypothesize
that activation of PDK1–Akt signaling facilitates dynein motor
activation in the leading process and around the dilation/swelling,
thereby triggering forward movement of the centrosome. Our study
revealed that PDK1 regulates the expression of cytoplasmic dynein
subunits at a posttranscriptional level, and we predict that the re-
duction in the binding of p150glued to polymerized microtubules in
the PDK1-null brain or the reduction in the amount of somal
p150glued by inhibition of Akt activity could be attributed, at least in
part, to the reduced expression of cytoplasmic dynein subunits. As far
as we are aware, mechanisms controlling the levels of cytoplasmic
dynein subunits in mammalian cells are not well understood, with the
exception that NudC-like protein contributes to the stabilization of
the DIC (50); therefore in future studies it would be interesting
to investigate the molecular mechanism by which the PDK1–Akt
pathway regulates cytoplasmic dynein/dynactin complex.
We showed that the PDK1–Akt pathway controls the speed of

radially migrating neurons, but inhibition or activation of this
pathway changed the speed by only 20–30%, an effect that might
not be considered substantial. Indeed, deep-layer neurons were
positioned normally at birth. In contrast, upper-layer neurons have
not reached their normal positions at birth, suggesting that neurons
migrating longer distances are more vulnerable to changes in
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Fig. 6. Coordinated movement of the nucleus and centrosome is controlled by the PDK1–Akt pathway. (A) Control or PDK1flox/flox;Nestin-Cre embryos at
E15.5 were infected in utero with retroviruses encoding both GFP and a fusion construct of DsRed and the centrosome-targeting domain of human peri-
centrin. Neurons migrating within the CP of the neocortex at P0 were examined for intrinsic DsRed fluorescence and for GFP immunofluorescence. Nuclei
were stained with TO-PRO3. Yellow lines indicate the distance between the nucleus and centrosome. (Scale bar, 5 μm.) (B) The distribution of this distance was
determined. The red lines indicate mean values for 112 neurons in control brains and 115 neurons in PDK1flox/flox;Nestin-Cre brains. *P < 0.05 (Mann–Whitney
test). (C) Analysis of the distance between the nucleus and centrosome in neocortical neurons migrating within the CP at E18.5 after in utero electroporation
at E14.5 with expression plasmids for GFP and centrosome-targeted DsRed either alone (Control) or together with Akt1 KN or Akt1 WT. Red lines indicate
mean values for 130, 154, and 142 neurons, respectively. *P < 0.05 (Mann–Whitney test). (D and E) Cortical slices prepared at E17.5 from embryos subjected to
in utero electroporation at E14.5 with expression plasmids for GFP (green) and centrosome-targeted DsRed (red) either alone (Control) (D) or together with
Akt1 KN (E) were monitored for 4.5 h. White lines indicate the level of centrosome location. (Scale bar, 10 μm.) (F) The maximum distance between the
centrosome and cell body during observation (indicated by yellow lines) was determined for individual neurons. Data shown in blue are from neurons shown
in D and E. Data are means ± SD for the nine neurons examined for control and the eight neurons examined for Akt1 KN. *P < 0.05 (Student’s t test).
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migration speed. Regulation of the speed of neuronal migration
therefore is likely to be of greater relevance in thicker cortical
regions, such as the frontal cortex, and in organisms with larger
brains, such as humans. A slowing of neuronal migration may
result in premature cessation of locomotion as a consequence of
the disappearance of the glial scaffold caused by the terminal
differentiation of radial glia into neurons or astrocytes. Dysre-
gulated Akt signaling has been associated with neurological
conditions such as autism spectrum disorders and focal cortical
dysplasia (51, 52), and AKT1 is a candidate susceptibility gene
for schizophrenia (53). An altered speed of radial neuronal mi-
gration and resultant layer malformation may contribute, at least
in part, to the pathogenesis of these psychiatric disorders.

Materials and Methods
Animals. Pdpk1flox/flox (PDK1flox/flox), Nestin-Cre, Nex-Cre, and GSK3αS21A/S21A

GSK3βS9A/S9A mice with a C57BL/6J background were described previously
(23–25, 27, 33). C57BL/6J and pregnant ICR mice were obtained from Oriental
Yeast Co. and CLEA Japan, respectively. E1 was defined as 12 h after detection
of a vaginal plug. Dams were injected i.p. with BrdU (50 mg/kg) diluted in PBS.
All mice were maintained and treated in accordance with protocols approved
by the Animal Care and Use Committee of the University of Tokyo.

PDK1flox/flox;Nestin-Cre mice die shortly after birth (25), whereas
PDK1flox/+;Nestin-Cre mice grow normally and are fertile. The brains of
PDK1flox/+;Nestin-Cre mice appeared indistinguishable from those of PDK1flox/+

or PDK1flox/flox mice in our analyses, and we therefore pooled data from
the brains of these genotypes as controls (unless indicated otherwise).
PDK1flox/flox;NexCre/+ mice are viable and survive to adulthood, but they
grow poorly and are sterile. PDK1flox/+;NexCre/+ mice grow normally and are
fertile. We crossed PDK1flox/+;NexCre/Cre male mice, which also grow normally

and are fertile, with PDK1flox/flox or PDK1flox/+ females to obtain control and
PDK1flox/flox;NexCre/+ animals. The brains of PDK1flox/+NexCre/+ mice appeared
indistinguishable from those of PDK1+/+NexCre/+ mice in our analyses; therefore
we pooled data from the brains of these genotypes as controls.

Plasmid Constructs and RNAi. cDNAs encoding constitutively active Akt1 [Akt
mΔPH, in which the PH domain (residues 4–129) of human Akt1 is replaced
with a myristoylation site at the NH2 terminus] and kinase-inactive human
Akt1 (Akt1 KA; K179A) were kindly provided by R. Roth, Stanford University,
Stanford, CA, and D. R. Alessi, University of Dundee, Dundee, UK, respectively.
Akt1 3A (K179A/T308A/S473A) was described previously (54). The cDNAs
encoding wild-type or mutant Akt1 were inserted into the expression vectors
pCAG-IRES-GFP or pCAG-floxpA. The plasmids pCAG-floxpA and pCAG-floxpA-
EGFP were kindly provided by F. Matsuzaki, RIKEN CDB, Kobe, Japan (31).
A cDNA for Cre recombinase was inserted into pCAGEN or pNeuroD1-IRES-GFP.
pCAG-IRES-GFP and pCAGEN were kindly provided by C. L. Cepko, Harvard
Medical School, Boston, and T. Matsuda, Kyoto University, Kyoto (55), and
pNeuroD1-IRES-GFP was kindly provided by F. Polleux, Columbia University,
New York (42). An expression plasmid for DsRed fused to the centrosome-
targeting domain of human pericentrin was kindly provided by S. Munro, MRC
Laboratory of Molecular Biology, Cambridge, UK (34), and cDNA encoding the
DsRed-pericentrin fusion protein was cloned into pMXs-IRES-GFP (56).

For construction of GSK3β shRNA vectors, oligonucleotides corresponding
to the target coding sequence and the complementary sequence were inserted
into the pSIREN vector (BD Biosciences) (57). The targeting sequences were as
follows: GSK3β shRNA no. 1, 5′-GACGCTCCCTGTGATCTATGT-3′; GSK3β shRNA no.
2, 5′-GTTCTACAGGACAAGCGATTT-3′; and control shRNA, 5′-GACGTCTAACGGAT-
TCGAGCT-3′.

In Utero Electroporation or Retroviral Infection and Slice Culture. Introduction
of plasmid DNA or retroviruses into neuroepithelial cells of the developing
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Fig. 7. The PDK1–Akt pathway regulates microtu-
bules in cortical neurons. (A) Fractionation of soluble
(Sup, monomer) and insoluble (Pellet, polymer) tu-
bulin by centrifugation of forebrain lysates prepared
from control (Cont) or PDK1flox/flox;Nestin-Cre (KO)
mice at P0. The total, soluble, and insoluble fractions
were subjected to immunoblot analysis with anti-
bodies to α-tubulin and GAPDH (as a loading con-
trol). The amount of insoluble α-tubulin normalized
by the amount of total α-tubulin is expressed in ar-
bitrary units. Each lane corresponds to one animal.
(B) Polymerized microtubules (MT fraction) purified
from E19.5 control or PDK1flox/flox;Nestin-Cre mouse
brain homogenates and the total homogenates (Ly-
sate) were subjected to immunoblot analysis with
antibodies to the indicated proteins. Similar results
were obtained for six animals of each genotype in
two independent experiments. (C) Primary neurons
isolated from the E15.5 neocortex were cultured for
3 or 4 DIV and then were stained with antibodies to
α-tubulin and Hoechst 33342. Arrows indicate rep-
resentative cells with a mesh-like microtubule struc-
ture; arrowheads indicate cells with a less elaborate
microtubule structure around the nucleus. (Scale bar,
10 μm.) Similar results were obtained for five control
embryos and four PDK1flox/flox;Nestin-Cre embryos.
(D) Primary neurons were isolated from the E15.5
neocortex of embryos subjected to in utero electro-
poration at E14.5 with expression plasmids for GFP
alone (Control) or for GFP together with Akt1 KN or
Akt1 WT. The neurons were cultured for 3 DIV and
then were stained with antibodies to p150glued and
Hoechst 33342. (Scale bar, 10 μm.) (E) The intensity of
p150glued immunofluorescence within the cell body
of GFP+ cells was measured. Data are means ± SEM
for 28, 20, and 25 cells (from three or four brains) for
control, Akt1 KN, and Akt1 WT, respectively. (F and
G) Expression of p150glued, DIC (Dync1i1), or DLIC
(Dync1li1) at the protein and mRNA levels in P0
control (Cont) or PDK1flox/flox;Nestin-Cre (KO) neo-
cortex analyzed by immunoblotting (F) or quantitative RT-PCR (G). Expression levels of protein or mRNA were normalized to that of α-tubulin or β-actin
(Actb), respectively. Data are means ± SD from three animals. **P < 0.01, ***P < 0.001 (Student’s t test).
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mouse neocortex was performed as previously described (58, 59). In brief,
plasmid DNA or retroviruses (1 μL) were injected into the lateral ventricle of
embryos at the indicated developmental stages. pCAG-IRES-GFP, pCAGEN,
and pSIREN plasmids were injected at 2 μg/μL, and pCAG-floxpA constructs
were injected at 1–8 μg/μL. DsRed-pericentrin or pNeuroD1 constructs were
injected at 0.5 or 4 μg/μL, respectively. For electroporation, electrodes were
positioned at the flanking ventricular regions of each embryo, and four or
five 50-ms pulses of 35 V were applied at intervals of 950 ms with an elec-
troporator (CUY21E; Tokiwa Science). The embryos were isolated after the
indicated number of days for immunohistofluorescence analysis of the brain.

For live imaging of migrating neurons, brain slices were prepared 2 or 3 d
after electroporation. The brainwas removed rapidly, and coronal slices (300μm)
were prepared with a vibratome (LinearSlicer PRO7; Dosaka EM) and main-
tained on Millicell inserts (EMD Millipore) in Neurobasal medium (Gibco) sup-
plemented with 2% B27 (Invitrogen) and 2 mM glutamate. Time-lapse images
were captured every 10–30 min for 6–24 h for low-magnification images (10×
objective) or every 7 min for 4.5 h for high-magnification images (40× objective,
long distance) with the use of a confocal (Leica SP5) or epifluorescence (Nikon)
microscope, each equipped with an incubation chamber (37 °C, 5% CO2, hu-
midified). Neurons migrating within the CP were analyzed with the use of
TCS-SP5 (Leica), Slide Book (Nippon Roper), or ImageJ software. Gaussian
blur filtering (pixel radius = 1) was applied to time-lapse images taken
with 40× objective lens.

Immunohistofluorescence Analysis. Immunohistofluorescence analysis was
performed as previously described (58). For BrdU or PDK1 staining, sections
were autoclaved in target retrieval solution (DAKO) or in 10 mM sodium
citrate buffer (pH 6.0) at 105 °C for 5 min. Images were acquired with an
LSM510 (Zeiss) or TCS-SP5 (Leica) confocal microscope and were processed
with Photoshop CS software (Adobe). The boundaries between the VZ and
the SVZ, between the SVZ and the IZ, and between the IZ and the CP were
determined by the orientation and density of counterstained nuclei. The
distance between the centrosome and nucleus was measured with the use of
LSM510 or TCS-SP5 software.

Antibodies. Primary antibodies for immunostaining or immunoblot analysis
included mouse monoclonal antibodies to BrdU (BD Biosciences, 347580,
1:200 dilution), to PDK1 (Santa Cruz, E-3, 1:500 for immunoblot analysis), to
Akt pS473 [Cell Signaling Technology (CST), 4051, 587F11, 1:200 for immu-
nostaining], to α-tubulin (Sigma, T6199, 1:1,000), to βIII-tubulin (Covance,
MMS-435P, 1:1,000), to GAPDH (Millipore, MAB374, 1:2,000), to tau
(Chemicon, MAB3420, 1:1,000), to MAP2a/b (Sigma, M1406, AP-20, 1:1,000),
to MAP2a/b/c (Sigma, M4403, HM-2, 1:1,000), to Lis1 (Sigma, L7391, 1:500 for
immunoblot analysis and 1:200 for immunostaining), to p150glued (BD Bio-
sciences, 610473, 1:300–1:500), to Nestin (BD Biosciences, 556309, 1:200), to
Reelin (CR-50, 1:2,000) (60), to DIC (Abcam, ab23905, 1:1,000), and to GSK3β
(BD Biosciences, 610201, 1:1,000 for immunoblot analysis and 1:500 for
immunostaining); goat polyclonal antibodies to Dcx (Santa Cruz, sc8066,
1:200); rat monoclonal antibodies to Ctip2 (Abcam, ab18465, 1:2,000) and to
tyrosinated α-tubulin (Millipore, MAB1864, YL1/2, 1:500); rabbit polyclonal
antibodies to GFP (MBL International, 598, 1:1,000), to Cux1 (Santa Cruz,
sc13024, 1:200), to PDK1 (Abcam, ab31406, 1:200 for immunostaining), to
Akt pT308 (Santa Cruz, sc16646, 1:300 for immunoblot analysis), to Akt
pS473 (CST, 9271, 1:1,000 for immunoblot analysis), to phospho-GSK3α/β
(CST, 9331, 1:200), to Tbr1 (Abcam, ab31940, 1:1,000), to Akt (CST, 9272,
1:400 for immunoblot analysis), to Ndel1 (1:10,000) (kindly provided by
K. Toyo-oka, Drexel University, Philadelphia) (61), to cleaved caspase-3 (CST,
9661, 1:1,000), to laminin (Sigma, L9393, 1:50), and to Foxp2 (Abcam,
ab16046, 1:1,000); and rabbit monoclonal antibodies to Akt pT308 (CST,
2965, C31E5E, 1:300–1:500 for immunostaining), to phosphorylated Akt
substrates (CST, 9614, 1:1,000 for immunoblot analysis and 1:500 for
immunostaining), to Akt (pan) (CST, 4685, 11E7, 1:200 for immunostaining),
to DLIC (Abcam, ab157468, 1:1,000), and to GSK3α (Upstate, 05–737, 1:500).
Alexa-labeled secondary antibodies were obtained from Molecular Probes.
Nuclei were stained with Hoechst 33342 (Molecular Probes) or TO-PRO3
(Invitrogen).

Retrovirus Production. Recombinant retroviruses encoding shRNAs or both
GFP and the DsRed-pericentrin fusion protein were generated as described
previously (57).

Primary Neuronal Culture and Immunocytofluorescence Analysis. The neo-
cortex of E15.5 ICR or C57BL/6J mice was dissected in ice-cold DMEM–F12
(Sigma), transferred to artificial cerebrospinal fluid (aCSF: 124 mM NaCl,
5 mM KCl, 0.1 mM CaCl2, 26 mM NaHCO3, 1.3 mM MgCl2, 10 mM glucose)

containing 0.1% trypsin (Sigma), DNase I (0.1 mg/mL, Roche), and hyal-
uronidase (0.67 mg/mL, Sigma), and incubated at 37 °C for 10 min. After the
addition of an equal volume of aCSF containing trypsin inhibitor (0.7 mg/mL,
Sigma), the tissue was transferred to Neurobasal Medium (Gibco) and was
dissociated mechanically into single cells. The dissociated cells were plated at
a density of 4.0 × 105 to 5.0 × 105 cells/mL on poly-D-lysine–coated glass
coverslips and were maintained in Neurobasal Medium supplemented with
1% GlutaMAX (Gibco) and 2% B27 (Invitrogen) for 3–4 DIV. For immuno-
staining, cells were fixed with 4% paraformaldehyde in PBS for 20 min at
37 °C, permeabilized with TBS/T [25 mM Tris·HCl (pH 7.5), 0.14 M NaCl, 0.1%
Triton X-100] containing 2% donkey serum for 30 min at room temperature,
incubated first overnight at 4 °C with primary antibodies in TBS/T containing
2% donkey serum and then for 30 min at room temperature with secondary
antibodies in the same solution, and mounted in Mowiol (Calbiochem).
Immunofluorescence for p150glued or Lis1 was quantified with the use of
TCS-SP5 (Leica) software.

Immunoblot Analysis and Quantitative RT-PCR. Immunoblot analysis and
quantitative RT-PCR were performed as described previously (58). The in-
tensity of immunoblot bands was measured with an ImageQuant LAS 4000
instrument (GE Healthcare). The sense and antisense primers, respectively,
were as follows: Dync1i1-cds, 5′-TTGAAGGAGCATCTGCCCTAAA-3′ and
5′-TCTCCAACATCGTAGATCCAAA-3′; Dync1i1-UTR, 5′-ATGATATGGTACAGGG-
CCAAA-3′ and 5′-AGCAGCAATGTTCTTGTAGT-3′; Dync1li1-cds, 5′-CATGA-
GAAGGAGATCATGGC-3′ and 5′-GTTGGAGGTTGCTTTGCTAA-3′; Dync1li1-
UTR, 5′-CTGGCCTCAAACTCAGAAATC-3′ and 5′-TGGCAATGCAAACAGTTATT-
CTAC-3′; and Actb, 5′-AATAGTCATTCCAAGTATCCATGAAA-3′ and 5′-GCGA-
CCATCCTCCTCTTAG-3′.

Microtubule Sedimentation. The forebrain of P0 mice was dissected, and one
neocortical hemisphere was lysed in a solution containing 20 mM Tris·HCl (pH
7.5), 150 mM NaCl, 10 mM β-glycerophosphate, 5 mM EGTA, 1 mM Na4P2O7,
5 mM NaF, 0.5% Triton X-100, 1 mM Na3VO4, 1 mM DTT, and protease in-
hibitors (1 mM phenylmethylsulfonyl fluoride, 1 μg/mL aprotinin, and 1 μg/mL
leupeptin) to yield a total fraction. The other neocortical hemisphere was
lysed in warm (37 °C) microtubule stabilization buffer [MSB: 100 mM Pipes-
KOH (pH 6.8), 1 mM EGTA, 2 mM MgCl2, 10% glycerol, 0.2% Triton X-100],
and the lysate was centrifuged for 10 min at 20,400 × g and 35 °C. The
resulting supernatant, representing the soluble fraction of tubulin, was re-
moved and mixed with 5× Laemmli sample buffer; the pellet, representing
the polymerized fraction of tubulin, was washed once with warm MSB and
then was resuspended in 2× Laemmli sample buffer. Total, supernatant, and
pellet fractions were subjected to immunoblot analysis with antibodies
to α-tubulin and to GAPDH. The intensity of the insoluble and total
α-tubulin bands was measured with an ImageQuant LAS 4000 instrument
(GE Healthcare).

Purification of Microtubules and Associated MAPs. Microtubules and bound
MAPs were purified from the brains of E19.5 control or PDK1flox/flox;Nestin-
Cre mice by temperature-dependent cycles of microtubule assembly and
disassembly as described previously (62), with modifications. The brain was
stripped of meninges and was homogenized manually in a 1-mL glass-Teflon
homogenizer containing 0.7 mL/g of a buffer solution [100 mM Mes-NaOH
(pH 6.8), 0.5 mM MgCl2, and 1 mM EGTA] containing 0.2 mM GTP. The ho-
mogenate was centrifuged at 20,400 × g for 60 min at 4 °C. The resulting
supernatant was mixed with a one-third volume of glycerol and 0.2 mM GTP
and then was incubated for 20 min at 37 °C to allow assembly of microtu-
bules. The microtubules were isolated by centrifugation at 20,400 × g for
45 min at 35 °C, and the supernatant was saved as the C1P fraction. The
pellet was resuspended in the above buffer containing 0.2 mM GTP at 4 °C,
homogenized gently with a glass-Teflon homogenizer at 4 °C, incubated on
ice for 20 min to induce microtubule depolymerization, and centrifuged for
30 min at 20,400 × g and 4 °C. The resulting supernatant (the C1S fraction)
was subjected to another cycle of microtubule assembly and disassembly as
described above, yielding the C2P and C2S fractions. The various fractions
obtained during the purification procedure were analyzed by electropho-
resis (Fig. S4). The C2S fraction was examined by immunoblot analysis with
the indicated antibodies (Fig. 7B).

Statistical Analysis. Data are presented as means ± SEM or SD and were an-
alyzed with the two-tailed unpaired Student’s t test or the Mann–Whitney
test. A P value of <0.05 was considered statistically significant.
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