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Extracellular stimuli regulate neuronal differentiation and subtype
specification during brain development, although the intracellular
signaling pathways that mediate these processes remain largely
unclear. We now show that the PDK1-Akt pathway regulates differ-
entiation of telencephalic neural precursor cells (NPCs). Active Akt
promotes differentiation of NPC into �-aminobutyric acid-containing
(GABAergic) but not glutamatergic neurons. Disruption of the Pdk1
gene or expression of dominant-negative forms of Akt suppresses
insulin-like growth factor (IGF)-1 enhancement of NPC differentiation
into neurons in vitro and production of neocortical GABAergic neu-
rons in vivo. Furthermore, active Akt increased the protein levels and
transactivation activity of Mash1, a proneural basic helix-loop-helix
protein required for the generation of neocortical GABAergic neu-
rons, and Mash1 was required for Akt-induced neuronal differentia-
tion. These results have unveiled an unexpected role of the PDK1-Akt
pathway: a key mediator of extracellular signals regulating the
production of neocortical GABAergic neurons.

GABAergic neuronal differentiation � neural precursor cells �
telencephalon

The mammalian central nervous system (CNS) arises from
common precursor cells (neural precursor cells, or NPCs),

which proliferate and generate both neurons and glia (1, 2). The
development of the CNS involves sequential waves of neurogenesis
and gliogenesis (3–5) and requires an appropriate balance between
the proliferation and differentiation of NPCs and their progeny (6).
Accumulating evidence has shown that extrinsic cues, including
cell-cell interactions and secreted molecules, are key determinants
of NPC fate. For instance, extrinsic factors such as Wnt-7a, platelet-
derived growth factor (PDGF), vascular endothelial growth factor
(VEGF), insulin-like growth factor (IGF)-1, bone morphogenetic
protein (BMP), erythropoietin, and the neurotrophic factors brain-
derived neurotrophic factor (BDNF), glial cell line-derived neuro-
trophic factor (GDNF), and neurotrophin-3 promote neuronal
differentiation by several mechanisms, including the selective ex-
pansion of neuronal progenitors, enhancement of the survival of
neurons (or their progenitors), and favoring neuronal fate (7–10).
However, few studies have investigated the underlying mechanisms
that mediate the neurogenic effects of these extrinsic factors.

Diverse types of neurons are produced during CNS development.
Two major types of neurons arise during development of telen-
cephalon: excitatory, glutamatergic neurons in the dorsal region,
and inhibitory, GABAergic neurons in the ventral region (11, 12).
A key issue in developmental neurobiology concerns the mecha-
nisms responsible for determining the generic and specific charac-
teristics of neurons. These mechanisms are mediated by combina-
tions of transcription factors including proneural basic helix-loop-
helix (bHLH) and homeodomain proteins (10, 13, 14). The bHLH
proteins neurogenin1 (Ngn1), Ngn2, and Mash1 are important for
neuronal fate determination of undifferentiated NPCs (15–17).
Ngns and Mash1 are expressed in complementary patterns in the
dorsal and ventral parts of the telencephalon, contributing to the
generation of glutamatergic and GABAergic neurons, respectively

(17, 18). Although some transcriptional/posttranscriptional regula-
tions on these transcription factors have been revealed, it largely
remains unclear how they are regulated by neurogenic extrinsic cues
during CNS development (7, 19–24).

A signaling module comprised of phosphoinositide-dependent
kinase 1 (PDK1) and Akt is activated via phosphoinositide 3-kinase
(PI3K) by various extrinsic cues. This signaling module plays a
pivotal role in the regulation of cell survival, proliferation, and size
in many systems (25–28). In fact, a number of studies has suggested
the roles of the PI3K-Akt pathway in NPC proliferation and/or
differentiation (29–33). However, even though PDK1 and all 3
members of the Akt family are expressed in the developing CNS,
genetic evidence for their importance in CNS development is
lacking. Mice deficient in 1 or 2 Akt family members exhibit little
embryonic defects in the CNS, possibly because of functional
compensation among the family members (28, 34, 35). Pdk1 knock-
out mice, in which Akt activity is almost completely absent, die
before CNS development starts (26). We therefore generated mice
in which Pdk1 is conditionally ablated in the CNS to examine the
role of the PDK1-Akt pathway in CNS development.

Here we show that PDK1 is essential for regulation of NPC
differentiation during CNS development. Disruption of Pdk1 or
expression of dominant-negative forms of Akt reduced neuronal
differentiation of NPCs. Moreover, constitutively active Akt pro-
moted NPC differentiation into GABAergic but not glutamatergic
neurons. Consistently, CNS-specific ablation of Pdk1 impaired
production of GABAergic but not glutamatergic neurons in the
telencephalon. We further show that Akt activates Mash1, a tran-
scription factor important for the differentiation of a subset of
GABAergic neurons, and that Akt has little effect on neuronal
differentiation in Mash1-deficient NPCs. Together, these results
demonstrate that the PDK1-Akt pathway regulates, through acti-
vation of Mash1, neuronal differentiation and subtype specification
during telencephalic development.

Results
Activation of Akt in NPCs of the Developing Telencephalon. We first
examined where the PDK1-Akt pathway is activated in the devel-
oping brain by immunohistochemical analysis with antibodies that
react specifically with the phosphorylated form of Akt substrates
(anti-phospho-Akt substrate antibodies). In the developing telen-
cephalon, immunoreactivity was detected in the mantle of the
cortex and the ventricular (VZ) and subventricular (SVZ) zones of
both the dorsal (pallium) and ventral (subpallium) regions of the
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telencephalon [supporting information (SI) Fig. S1 A–D ]. While
staining of the mantle was not affected, staining of the VZ and SVZ
was greatly reduced in mice having a CNS-specific disruption of
Pdk1 (Fig. S1 A–D) (see below). This confirms antibody specificity,
and shows that PDK1 is active in the VZ and SVZ, where
proliferating NPCs reside.

Reduced Potential of Pdk1�/� NPCs to Differentiate into Neurons. We
then examined the in vivo role of PDK1 during brain development
by generating mice in which Pdk1 is conditionally ablated in the
CNS (Fig. S1E). Compared with control (Pdk1flox/�) mice, the
amount of PDK1 in forebrain extracts was markedly reduced in
heterozygous mutant mice (Pdk1flox/� mice harboring the nestin
enhancer-Cre transgene), and the protein was virtually undetect-
able in homozygous mutant mice (Pdk1flox/flox mice harboring the
transgene), at postnatal day 0 (P0) (Fig. S1F). For the purposes of
this study, these 3 types of mice will be referred to hereafter as
Pdk1�/�, Pdk1�/�, and Pdk1�/�, respectively. The in vitro kinase
activity of Akt immunoprecipitates prepared from brain extracts of
Pdk1�/� mice was reduced by 60% compared with that in wild-type
or heterozygous mutant mice, and this reduction in Akt activity was
accompanied by reduced phosphorylation of Akt on Thr-308, which
is catalyzed by PDK1 (Fig. S1G). In contrast, phosphorylation of
Akt on Ser-473, which is catalyzed by TORC2, was unaffected (Fig.
S1G). The intensity of the bands detected by anti-phospho-Akt
substrate in NPC culture extracts of Pdk1�/� mice was also lower
than that in the corresponding wild-type extracts (Fig. S1H). These
results suggested that the abundance and activity of PDK1 was
substantially reduced in the brains of Pdk1�/� mice.

Given that PDK1 is active in NPCs, we next investigated the
differentiation potential of NPCs obtained from Pdk1�/� mice.
NPCs freshly isolated from the ganglionic eminence (GE) as well
as GE-derived NPC aggregates (so-called neurospheres) prepared
from floating culture were differentiated. The numbers of neurons
produced from Pdk1�/� NPCs were decreased in both cultures (Fig.
1A and Fig. S1 I–K). Since the percentage of dying cells was small
(3%) even in the absence of Pdk1 gene under the condition used
(Fig. 1B and Fig. S1L), the reduction of neuronal number by Pdk1
gene deletion was unlikely to be due to an increased cell death.
These results suggest that inhibition of PDK1 signaling reduces the
potential of NPCs to differentiate into neurons.

Akt Promotes Neuronal Differentiation of Telencephalic NPCs In Vitro.
We next examined whether Akt regulates neuronal differentiation
of NPCs. Infection of neocortex (NCX)-derived NPCs with a
retrovirus encoding a constitutively active form of Akt markedly
increased the proportion of cells that express the neuronal markers
�III-tubulin, MAP2, and NeuN (Fig. 1C and Fig. S2 A–C). Con-
versely, dominant-negative forms of Akt (Akt3A or AktKA) re-
duced the proportion of �III-tubulin-positive cells (Fig. 1D). These
results suggest a pivotal role for Akt in the neuronal differentiation
of embryonic NPCs.

At least 2 possibilities might account for the increase in the
proportion of neurons induced by Akt activation: Akt might instruct
commitment of undifferentiated NPCs to neuronal fate, or it might
selectively promote the proliferation of committed neuronal pro-
genitors. To distinguish between these possibilities, we performed
an in vitro clonal assay by infecting NPCs with retroviruses at a low
titer and classifying each single cell-derived clone on the basis of its
fate as a neuronal clone, nonneuronal clone, or mixed clone. This
method enabled us to examine neuronal commitment directly,
given that the extent of cell death in our culture system was
negligible (3%, revealed by immunocytochemical analysis with
antibody to cleaved caspase-3) (7). Expression of activated Akt
increased the percentage of pure neuronal clones (Fig. S2D),
suggesting that Akt promotes neuronal commitment of NPCs. The
number of neurons in the pure neuronal clones was also increased
(Fig. S2E), suggesting that Akt also promotes the proliferation of

neuron-producing progenitor cells. Together, these results indicate
that Akt affects neuronal fate and the proliferation of neuronal
progenitor cells simultaneously, resulting in a large increase in the
size of the neuronal population.

IGF-1 is expressed in the embryonic telencephalon (36) and has
been shown to enhance neuronal differentiation in NPC cultures
(8). Since IGF-1 is a well-known activator of the PDK1-Akt
pathway, we asked whether this pathway mediates the effects of
IGF-1 on neuronal differentiation. IGF-1 treatment indeed in-
creased the levels of Akt phosphorylation (Fig. S2F) and the
amounts of �III-tubulin (Fig. 1E). Importantly, expression of
dominant-negative forms of Akt (Akt 3A or Akt KA) suppressed
this increase (Fig. 1E). These results suggest that Akt may mediate
the effects of IGF-1 in promoting neuronal differentiation.

Selective Induction of GABAergic Neurons by Akt In Vitro. Most NPCs
residing on the dorsal side of the telencephalon give rise to
excitatory, glutamatergic neurons, whereas those on the ventral side
produce inhibitory, GABAergic neurons (11, 12). Several reports,
however, have shown that cultured NPCs derived from the NCX
have ventralized characteristics with marker expression patterns
intermediate between the NCX and GEs (cf. up-regulation of
Mash1 in Fig. 1E) and generate both glutamatergic and GABAer-
gic neurons (37–39). NCX-derived NPCs, which are prepared as
neurospheres for 3–6 days from the E12.5 NCX, therefore enabled
us to examine which type of neurons is produced in response to Akt
in the same cell source. Expression of active Akt markedly increased
the amount of GAD67 (a GABAergic neuronal marker) but only
slightly increased the amount of VGLUT1 (a glutamatergic neu-
ronal marker) (Fig. 2A). The slight increase of VGLUT1 is likely to
reflect the increased total protein synthesis (see GAPDH bands),
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Fig. 1. Role of PDK1-Akt signaling in neuronal differentiation. (A and B) NPCs
freshly isolated from the E14.5 MGE were infected with GFP retroviruses (see also
Fig. S1I), and differentiated for 2 days. The percentage of �III-tubulin- (A) or
cleaved caspase-3- (B) positive (�) cells among GFP� cells was determined. Data
are from 3 independent experiments. (C) NPCs prepared from 3-day neurosphere
cultures of the E12.5 NCX were infected with GFP (Control) or active Akt-IRES-GFP
(Active Akt) retroviruses, and differentiated for 2 days. The percentage of �III-
tubulin� cells among GFP� cells was determined. Data are from 4 independent
experiments. (D) Primary neuroepithelial cells prepared from the NCX were
infected with the indicated retroviruses. The cells were further cultured for 3 days
in suspension and then induced to differentiate and analyzed as in C. (E) NPCs
prepared from 6-day neurosphere cultures of the NCX were infected with the
indicated retroviruses and cultured for 2 days in the absence of FGF-2, EGF and
insulin, and either the absence or presence of IGF-1. The cell lysates were then
immunoblotted with antibodies to the indicated proteins. Asterisks indicate a
statistical difference between experimental groups (*, P � 0.0001; **, P � 0.03).
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and active Akt did not significantly increase the amount of Vglut1
protein relative to that of GAPDH protein in these cells. In
addition, reverse transcription (RT) and real-time polymerase
chain reaction (PCR) analysis revealed that expression of active but
not inactive Akt increased the amount of mRNA for Gad65
(another GABAergic neuronal marker) but slightly reduced that of
Vglut1 mRNA (Fig. 2 C and D). Furthermore, the proportion of
GABA-positive but not Tbr1 (a marker of the glutamatergic
lineage)-positive neurons was greatly increased by expression of
active Akt (Fig. 2 F and G and Fig. S3 A and B). Since GABAergic
neurons are normally produced from the GEs, we also confirmed
that the proportion of GABA-positive neurons, the levels of Gad65
mRNA and GAD67 protein were significantly increased when
active Akt was expressed in GE-derived NPCs (Figs. 2 B and E and

5C). Together, these results suggest that Akt selectively promotes
the generation of GABAergic neurons from NPCs.

Akt Promotes Production of GABAergic Neurons in the Developing
GEs. Given that Akt promotes GABAergic neuronal differentiation
in vitro, we next asked whether forced expression of active Akt
might affect GABAergic neuronal differentiation in the developing
GEs in utero. Expression plasmids were injected into the lateral
ventricles of mouse embryos at E12.5, and were introduced into
NPCs in the VZ of the GEs by electroporation. Electroporation of
plasmids encoding active Akt and GFP, but not control plasmid
encoding GFP alone, markedly increased the number of cells
strongly positive for GABA, as determined by immunohistochem-
ical analysis (Fig. 2 H and I). In contrast, forced expression of active
Akt in the NCX by in utero electroporation did not induce ectopic
differentiation of GABAergic neurons (Fig. S3C). This suggests
that Akt on its own is not sufficient to convert NPC fate from
glutamatergic to GABAergic, and that a target or cofactor of Akt
might be missing in the NCX for inducing GABAergic neurons.

We further tested whether inhibition of Akt might affect the
differentiation of GABAergic neurons. To test this, a dominant-
negative form of Akt was introduced into NPCs at the medial
ganglionic eminence (MGE) by electroporation in the telencephalic
explant culture. We found that the number of the cells positive for
calbindin (a GABAergic neuron marker) was greatly reduced by
expression of dominant-negative Akt (Fig. 2 J). These observations
support the notion that the Akt pathway promotes NPC differen-
tiation into GABAergic neurons in vivo. Importantly, these in utero
experiments, in addition to in vitro results, suggest that Akt
regulates NPC differentiation in a cell-autonomous manner.

Reduced Number of GABAergic, But Not Glutamatergic, Neurons in the
NCX of Pdk1�/� Mice. Given that Akt promoted the differentiation
of GABAergic but not glutamatergic neurons in vitro, we investi-
gated whether disruption of Pdk1 selectively affected the generation
of GABAergic neurons in the developing telencephalon by immu-
nohistochemistry using antibodies to neuronal subtype-specific
markers. Subpopulations of GABAergic neurons generated in the
ventral telencephalon migrate to the NCX, olfactory bulb, and
striatum (11, 12), and a large proportion of neocortical interneurons
are produced in a Mash1-dependent manner (16). The number of
GABA-positive neurons in the NCX was markedly decreased in
Pdk1�/� mice compared with wild-type mice at all rostrocaudal
levels analyzed (Fig. 3 A and B and Fig. S4 A and B). The number
of calbindin-positive neurons was also reduced in the NCX of
Pdk1�/� mice (Fig. S4C).

We further examined differentiation of GABAergic neurons in
Pdk1�/� mice at earlier stages. We found that Pdk1 deletion substan-
tially reduced expression levels of Lhx6 at E13.5, a marker for inter-
neurons derived from the MGE (Fig. 3C) as well as the number of
calbindin-positive cells in the MGE at E14.5 (Fig. S4 D–F). These
results indicate that PDK1 already affects the production of GABAer-
gic neurons, before their migration to the NCX (see also Fig. 4 E–G and
Fig. S6D for early phenotypes of Pdk1�/� mice).

We also examined whether striatal neurons are affected by Pdk1
ablation. Staining of brain sections from newborn (P0) mice with
antibodies against neuropeptide Y (NPY) or choline acetyltrans-
ferase (ChAT), markers of subsets of inhibitory striatal interneu-
rons, revealed that both types of interneurons were greatly reduced
in Pdk1�/� mice compared with control animals (Fig. 3 D and E and
Fig. S4 G and H). In contrast, the overall proportion of striatal cells
positive for DARPP32, a D1 receptor-associated protein found in
striatal projection neurons, was not markedly affected by Pdk1
deletion (Fig. 3F). Consistently, the expression patterns of Dlx1 and
Gsh2, regional markers of the lateral ganglionic eminence (LGE)
(which gives rise to striatal and olfactory GABAergic neurons),
were unaffected by Pdk1 deletion (Fig. S5A). These results together
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Fig. 2. Role of the PDK1-Akt pathway in the generation of GABAergic neurons.
(A–G) NPCs prepared from 3-day neurosphere cultures of the NCX (A, C, D, F, and
G) or the GE (B and E) were infected with the indicated retroviruses and differ-
entiated for 2 days. The cells were then subjected to immunoblot analysis with
antibodies to the indicated proteins (A), assayed for Gad65 and Vglut1 mRNAs by
real-time RT-PCR analysis (B–D) or subjected to immunostaining with antibodies
to GABA or Tbr1 and to GFP (E–G). The band indicated by the asterisk corresponds
to active Akt. Data in (B–D) are from 3 independent experiments. The percentage
of GABA� or Tbr1� cells among GFP� cells was determined (E–G). Data are from
4 different fields. (H and I) GFP or active Akt-IRES-GFP plasmid vectors were
introduced into the E12.5 VZ by in utero electroporation. After 2 days, the fate of
the GFP-positive cells was examined by immunohistochemistry with anti-GFP and
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suggested that PDK1 is essential for the generation of some, but not
all, GABAergic neurons.

In contrast to interneurons, cortical projection neurons were
largely unaffected by disruption of Pdk1. Expression of the gluta-
matergic neuron markers Vglut1 and Tbr1 was relatively normal
(Fig. 3 G and H and Fig. S5B). These results suggest that PDK1 is
important for producing interneurons but not projection neurons in
the cortex.

Akt Increases the Transcription Activity and Protein Levels of Mash1.
To address the mechanism by which the Akt pathway promotes the
differentiation of GABAergic neurons, we focused on regulation of
Mash1, a proneural bHLH protein that is required for the produc-
tion of a subpopulation of GABAergic neurons in the NCX and
striatum (ie, loss of Mash1 dramatically reduced GABAergic neo-
cortical interneurons and striatal interneurons including NPY- and
ChAT-positive cells but had little effect on striatal projection

neurons) (16, 40). NCX-derived NPCs were transfected with vec-
tors for Akt constructs, together with a vector encoding Mash1 and
a Mash1-reporter gene construct containing the luciferase gene
under the control of Mash1 binding sites (41). Expression of active
Akt, but not that of Akt3A, increased Mash1-dependent transcrip-
tional activity in a concentration-dependent manner (Fig. 4A).

Whereas active Akt increased the activity of ectopic Mash1 in
NPCs (Fig. 4A), it did not increase the amounts of endogenous
Mash1 mRNA in NPCs (Fig. 4B), suggesting that Akt modulates
Mash1 activity at a post-transcriptional level. Indeed, expression of
active Akt increased the amount of endogenous Mash1 protein in
NPCs as judged by both immunoblot analysis (Fig. 4C) and immu-
nostaining both in vitro and in vivo (Fig. S6 A and B). Furthermore,
expression of active Akt markedly suppressed degradation of
Mash1 protein in the presence of the protein synthesis inhibitor
cycloheximide in Cos-1 cells (Fig. 4D). We also observed that active
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Akt did not markedly increase the amount of Mash1 protein in the
presence of proteasome inhibitors (Fig. S6C). These results to-
gether indicate that Akt increases the amounts of Mash1 protein by
increasing its stability.

As mentioned above, we found that IGF-1 treatment promotes
neuronal differentiation through Akt activation. We also found that
IGF-1 treatment of the NPC culture increased the amount of
Mash1 protein, and that this was in part suppressed by the expres-
sion of dominant-negative forms of Akt (Fig. 1E). Thus, Akt may
mediate the regulation of Mash1 protein abundance by extrinsic
neurotrophic factors.

We next examined the abundance of Mash1 in the developing
Pdk1�/� mouse brain. The amounts of Mash1 in the MGEs of
Pdk1�/� mice were substantially reduced compared with those of
the controls as judged by both immunoblot analysis and immuno-
histochemistry (Fig. 4 E–G). We further found that Pdk1 deletion
reduced expression levels of Mash1-dependent genes Sp9 and Olig2
(Fig. S6D) (42). These results confirm that PDK1-Akt signaling
regulates the abundance and activity of Mash1 in vivo.

Requirement of Mash1 for Akt-Induced Neuronal Differentiation.
Given that Akt activated Mash1 in NPCs, we next examined
whether Mash1 is necessary for Akt-induced neuronal differenti-
ation. NCX-derived or GE-derived NPCs prepared from mice that
were either heterozygous or homozygous for Mash1 deletion (43)
were infected with retroviruses encoding GFP alone or GFP
together with active Akt. Whereas expression of active Akt mark-
edly promoted neuronal differentiation of the Mash1�/� or
Mash1�/� NPCs as judged by the expression of �III-tubulin, it had
little effect on that of the Mash1�/� NPCs as revealed by immu-
nocytochemistry (Fig. 5A) and immunoblot analysis (Fig. 5B). We
also observed that expression of active Akt significantly increased
the amounts of the GABAergic marker GAD67 in the Mash1�/�

NPCs, but not in the Mash1�/� NPCs derived from GE (Fig. 5C).

These results demonstrate that Mash1 is required for Akt-mediated
GABAergic neuronal differentiation.

Discussion
The PDK1-Akt pathway contributes to regulation of the survival,
proliferation, size, or metabolism of various cell types (27), but
the precise role of this pathway in neural development has not
been well understood (28). We have now provided several lines
of evidence demonstrating a previously unrecognized role of this
pathway in the promotion of neuronal differentiation, in partic-
ular that of a subset of GABAergic neurons, during mouse
telencephalic development. First, disruption of Pdk1 resulted in
the loss both of the neurogenic potential of NPCs in vitro and of
a subset of GABAergic neurons in vivo. Second, ectopic expres-
sion of an active form of Akt promoted the production of
(GABAergic) neurons in vitro and in vivo, whereas expression
of dominant-negative forms of Akt inhibited this production,
presumably in a cell-autonomous manner. Third, Akt was found
to activate the bHLH protein Mash1, a key regulator of differ-
entiation of GABAergic neurons (16, 17, 40). Akt signaling was
highly active in the Mash1-positive NPCs localized in the VZ and
SVZ of the MGE and LGE, which generate GABAergic neu-
rons, supporting an in vivo role of PDK1-Akt signaling in the
generation of such neurons. As development proceeds, this
signal may also act in migrating GABAergic interneurons since
PI3K has been reported to regulate tangential migration of
neocortical interneurons (44).

Proneural bHLH proteins are key determinants of neuronal fate
in the developing telencephalon (13, 15), and several studies have
shown how these proteins are regulated posttranscriptionally by
extrinsic cues (20–24). Our data now suggest that the PDK1-Akt
pathway mediates regulation of Mash1 by extrinsic cues. Candidates
for such extrinsic cues that activate the PDK1-Akt pathway during
telencephalic development include secreted factors that are capable
both of promoting differentiation of GABAergic neurons and of
activating PDK1-Akt signaling, including IGF-1, Shh, GDNF, and
BDNF (9). Other neurogenic factors such as erythropoietin,
PDGF, and EGF are also potential candidates. Indeed, we found
that IGF-1 promoted neuronal differentiation and increased Mash1
protein in our culture system in an Akt-dependent manner. Fur-
thermore, any endogenous signals that induce Akt activation in the
ventral telencephalon may control the timing and extent of the
generation of GABAergic neurons.

Extensive neuronal diversity is central to the many complex
functions of the CNS. The PDK1-Akt pathway appears to contrib-
ute to this diversity in the telencephalon, given that activation of
PDK1-Akt signaling induced expression of the GABAergic neu-
ronal markers GAD65, GAD67, and GABA but not that of the
glutamatergic neuronal markers VGLUT1 and Tbr1. This selective
action of the PDK1-Akt pathway in neuronal differentiation may
depend on the selective requirement of Mash1 among proneural
bHLH proteins for this pathway. The mechanism by which Akt
activates Mash1 appears to involve the stabilization of Mash1
protein, but the direct target of Akt in this process remains to be
determined. Although we detected a consensus sequence for Akt
phosphorylation at Ser-90 of the rat Mash1 (RQRSSS), mutation of
this residue to alanine did not affect Akt-induced activation of
Mash1 (Fig. S7A). We found that 2 well-established downstream
pathways of Akt, mTOR and GSK3, were not involved in Akt-
induced neuronal differentiation (Fig. S7 B–D). PDK1 is also
known to activate other downstream targets than Akt, including p70
S6 kinase and p90 Rsk, which might contribute, at least partly, to
the Pdk1�/� phenotypes (25).

Pdk1 mutant mice did not exhibit a severe loss of MGE observed
in Mash1 mutant mice (Fig. S8A) (16). We think that this difference
might be ascribable to at least 2 possibilities, based on our findings
that PDK1 deletion reduced Mash1 protein, but did not eliminate
it. One possibility is that high protein levels of Mash1 are necessary
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for GABAergic neurogenesis but not for the maintenance of MGE
cells, and PDK1 regulates only the former function of Mash1. The
other possibility is that PDK1 regulates Mash1 qualitatively, such as
the target specificity. In either case, although our results are
consistent with the notion that the PDK1-Akt pathway promotes
GABAergic neurogenesis through the increase of Mash1 protein,
only a part of the functions of Mash1 appears PDK1-dependent.

Although Pdk1�/� mice were born alive, none of them survived
for more than a few days after birth. The brains of the homozygous
mutant mice were approximately 30% smaller than those of the
wild-type controls (Fig. S8B). Our analysis of PDK1-deficient mice
also revealed that PDK1 is essential for regulation of their size,
proliferation, and survival (Fig. S8 C–E), the impairment of which
likely contributes to the reduced brain size of the mutant animals.
Consistent with these results, recent studies have shown that
Akt3-deficient adult mice have a reduced brain size as well as a
reduced size and number of brain cells (34, 35). Ectopic expression
of wild-type Akt1 has also been shown to promote the survival,
proliferation, and maintenance of neocortical NPCs (33). How does
PDK1-Akt signaling promote both the proliferation and differen-
tiation of NPCs, given that terminal neuronal differentiation is
normally accompanied by cell cycle arrest? We propose that PDK1
exerts these effects differentially in a manner dependent on ex-
pression levels of Mash1. PDK1 may thus promote the proliferation
and maintenance of NPCs irrespective of Mash1, while promoting
neuronal differentiation only when Mash1 expression is above a
threshold. Indeed, the size of the brain of Pdk1 mutant mice was
reduced even in Mash1-negative regions, suggesting a Mash1-
independent function for PDK1 in NPC population.

Recent studies have provided convergent evidence for impair-
ment of Akt1 signaling in schizophrenia (45). A reduced abundance
of Akt1 in the brain was found to be significantly associated with
schizophrenia, and Akt1 deficiency conferred a greater sensitivity
to the disruption of sensorimotor gating by amphetamine. Consid-
ering that a deficiency in a subpopulation of GABAergic neurons
in the prefrontal cortex is also associated with schizophrenia (46),
the loss of neocortical GABAergic neurons caused by the absence
of PDK1-Akt signaling demonstrated in the present study might
have important implications for the pathogenesis of schizophrenia.

Materials and Methods
Mouse Strains. Pdk1flox/flox, Mash1�/� and nestin-CRE mice have been described
(26, 43, 47, 48). All mice were maintained according to the protocol approved by
the Animal Care and Use Committee of the University of Tokyo. Details on other
methods are available in SI Methods.

Statistical Analysis. Data are presented as means � SEM, unless otherwise
indicated. Values were compared with Student’s t test. A P value of �0.05 was
considered statistically significant.
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