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The phosphoinositide (PI) 3-kinase/Akt signaling pathway plays essential roles during neuronal development. 3-Phosphoinosi-
tide-dependent protein kinase 1 (PDK1) coordinates the PI 3-kinase signals by activating 23 kinases of the AGC family, including
Akt. Phosphorylation of a conserved docking site in the substrate is a requisite for PDK1 to recognize, phosphorylate, and acti-
vate most of these kinases, with the exception of Akt. We exploited this differential mechanism of regulation by generating neu-
ron-specific conditional knock-in mice expressing a mutant form of PDK1, L155E, in which the substrate-docking site binding
motif, termed the PIF pocket, was disrupted. As a consequence, activation of all the PDK1 substrates tested except Akt was abol-
ished. The mice exhibited microcephaly, altered cortical layering, and reduced circuitry, leading to cognitive deficits and exacer-
bated disruptive behavior combined with diminished motivation. The abnormal patterning of the adult brain arises from the
reduced ability of the embryonic neurons to polarize and extend their axons, highlighting the essential roles that the PDK1 sig-
naling beyond Akt plays in mediating the neuronal responses that regulate brain development.

The phosphoinositide 3-kinase (PI3K) signaling pathway regu-
lates cell survival, proliferation, growth, and motility, as well as

metabolism, in response to extracellular signals. Class I PI3Ks
phosphorylate the membrane phospholipid phosphatidylino-
sitol-4,5-bisphosphate [PtdIns(4,5)P2] to generate the phos-
phatidylinositol-3,4,5-trisphosphate [PtdIns(3,4,5)P3] second
messenger (1, 2). In neurons, stimulation of PI3K by neu-
rotrophic factors, neurotransmitters, or guidance cues results in
the activation of protein kinase B (PKB) (also termed Akt), the
most studied downstream effector of this signaling pathway. Akt
phosphorylates and inactivates a number of cellular substrates
controlling different aspects of neuronal development. They
include PRAS40 and TSC2, leading to mammalian TORC1
(mTORC1) activation, which in turn promotes the synthesis of
selected sets of proteins involved in the differentiation program
(3); glycogen synthase kinase 3 (GSK3), which regulates cytoskel-
eton dynamics and participates in the establishment and mainte-
nance of neuronal polarity (4, 5); and FOXO, which promotes the
expression of genes inhibiting apoptosis (6). Genetic analysis in
mice has uncovered the functional significance of PI3K for brain
morphology and physiology (7–10), whereas deregulation of this
signaling pathway has pathophysiological consequences in human
neurodevelopmental disorders, such as schizophrenia (11–13)
and autism (14, 15).

3-Phosphoinositide-dependent protein kinase 1 (PDK1) trans-
duces many agonist-induced cellular responses by activating an
entire set of AGC kinase family members, in addition to Akt (16).
They include S6K, SGK, RSK, and protein kinase C (PKC) iso-
forms. Upon cell stimulation, PDK1 is enabled to phosphorylate
the T loops of all these AGC kinases, resulting in their activation
(17, 18).

Since PDK1 is constitutively active in cells, the previous phos-
phorylation of a second activating residue located in a C-terminal
conserved hydrophobic motif becomes rate limiting for PDK1 to
bind and activate most substrates. The phosphorylated hydropho-
bic motif acts in this manner as a substrate-docking site recog-
nized by a small groove within the PDK1 catalytic domain termed
the PIF pocket (19, 20). In contrast, phosphorylation of Akt at
the hydrophobic motif is not required for PDK1 to activate the
kinase. The exclusive presence in both PDK1 and Akt of pleck-
strin homology (PH) domains able to specifically interact with
PtdIns(3,4,5)P3 results in their colocalization at the plasma mem-
brane, where PDK1 can phosphorylate and activate Akt (16).

The final demonstration that these two mechanisms operate in
vivo came from analysis of two single-amino-acid, rationally de-
signed PDK1 mutations abrogating the function of either the PH
domain or the PIF pocket motif (21). We recently reported how in
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PDK1K465E/K465E knock-in mice, which express a mutant form
of PDK1 incapable of phosphoinositide binding, activation of
Akt was selectively affected. As a consequence, the ability of
hippocampal and cortical embryonic neurons to differentiate was
markedly impaired (22).

Full knock-in mice expressing a mutant form of PDK1 in
which the leucine residue at position 155 within the PIF pocket
was replaced by glutamic acid (L155E) were previously generated
and died at midgestation. In the PDK1L155E/L155E mice, activation
of all the PDK1-regulated substrates with the exception of Akt was
totally abolished (23). To define the contribution of PDK1 signal-
ing beyond Akt to neurodevelopmental regulation, here we tar-
geted the expression of the PDK1 L155E mutant protein to the
developing brain. The PDK1 mutant mice were microcephalic,
with neuronal polarization and axonal elongation significantly in-
hibited in the mutant neurons. As a consequence, the patterning
of the brain was dramatically perturbed, as demonstrated by cor-
tical layering alterations and reduced circuitry. This resulted in
impaired cognition, along with abnormal behavior, which further
highlights the importance of PDK1 targets different from Akt in
mediating signaling responses that are key to brain development.

MATERIALS AND METHODS
Mice. The nestin-Cre transgenic mice were kindly provided by Ulrich
Mueller at the Scripps Research Institute (24), whereas the PDK1 L155E
conditional knock-in mice and the genotyping procedures were previ-
ously described (25). Animal maintenance conditions and experimental
research were in accordance with publication 2010/63/UE regarding the
care and use of animals for experimental procedures. The study complies
with the ARRIVE guidelines developed by the NC3Rs (26).

Primary cultures. Neuronal primary cultures were established from
embryonic day 15.5 (E15.5) embryos as previously described (22). Corti-
cal cells were plated at a density of 20 � 104 cells/ml on plates coated with
50 �g/ml of poly-D-lysine and maintained for 6 days in vitro (DIV) before
treatments, whereas hippocampal cells were plated at a density of 7.5 �
104 cells/ml on 12-mm glass coverslips coated with 150 �g/ml poly-D-
lysine and placed in 24-well plates for 4 days in vitro.

MRI analysis. Adult mice were terminated, their brains were dis-
sected, and the right hemispheres were kept at �80°C for biochemical
analysis. The left hemispheres were fixed for 2 h in 4% paraformaldehyde,
preserved in 70% ethanol solution at 4°C, and embedded in 1.5% agarose
in phosphate-buffered saline (PBS). 1H magnetic resonance imaging
(MRI) studies were performed in a 7T Bruker BioSpec 70/30 USR spec-
trometer equipped with a mini-imaging gradient set (400 mT/m), a
72-mm inner-diameter circular polarized linear transmitter volume coil,
and a received-only mouse head surface coil. Images were acquired using
a multislice fast low-angle shot (FLASH) sequence from the Bruker Para-
vision 5.1 library (repetition time, 450 ms; echo time, 5.4 ms; excitation
flip angle, 40°) in 33 contiguous 0.5-mm-thick slices, an acquisition ma-
trix of 256 by 256, and a field of view of 19.2 mm by 19.2 mm, giving a
voxel resolution of 0.0028125 mm3. The imaging data were Fourier trans-
formed in ParaVision and then visualized using ImageJ software.

Determination of organ volume and cell size. Organ volume was
determined using the Cavalieri method (27) applied to either MRI data
sheets of the adult brain or physical sections of embryonic brain samples.
MRI images were displayed in ImageJ and outlined, and the total number
of pixels was multiplied by the voxel resolution and by a factor of 2 to
obtain the adult brain volume, which was assumed to be twice the volume
of one hemisphere. Embryonic brain paraffin-embedded sections 5 �m
thick were collected at systematically spaced locations (where the distance
between sections [k] was 96 �m) from a random starting position and
photographed with a Nikon SMZ800 stereomicroscope at �1 magnifica-
tion using a digital camera. A square lattice grid of 0.9149 mm2 (d2) was

then overlaid on the photograph using the program Photoshop vCS5.1,
and the number of intersections (P) hitting either the whole head or the
brain was scored. The volume was estimated by using the formula �P �
d2 � k. The number and size of the cells were determined on E15.5 disso-
ciated cortex tissues with a Scepter 2.0 handheld automated cell counter
(Millipore).

Evaluation of neuronal proliferation, apoptosis, and survival. For
the survival studies, cortical neurons obtained at E15.5 were cultured in
complete neurobasal medium with the B27 supplement for 6 days in vitro,
washed twice with Dulbecco’s modified Eagle’s medium (DMEM) with-
out serum, and then either reincubated in conditioned medium or trophic
factor deprived for 24 h in serum-free neurobasal medium in the absence
or presence of 50 ng/ml of brain-derived neurotrophic factor (BDNF)
(Alomone). Cell viability was determined by the MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide] reduction assay, whereas
the percentage of apoptosis was determined after Hoechst staining by
scoring the number of cells with fragmented or condensed nuclei, as de-
scribed previously (22). For the proliferation and apoptosis studies, E15.5
cortical neurons were cultured in complete neurobasal medium supple-
mented with B27 for the indicated number of days in vitro and then pro-
cessed for immunocytochemistry with antibodies recognizing the Ki67
proliferation marker and the active caspase 3 apoptotic marker.

Immunocytochemistry. Cells were fixed in 4% paraformaldehyde in
PBS for 20 min at room temperature; rinsed twice with PBS; permeabil-
ized with 0.02% saponin diluted in PBS for 7 min at room temperature;
and blocked with 5% bovine serum albumin (BSA), 0.01% saponin, 10
mM glycine in PBS for 1 h at room temperature. Primary antibodies
diluted in PBS with 0.01% saponin and 1% normal goat serum were
incubated overnight at 4°C. The cells were then incubated with the appro-
priate secondary antibodies diluted 1:400 in the same solution for 90 min
and counterstained with 1 �g/ml of Hoechst 33342 (ThermoFisher no.
H1399) for 30 min. Coverslips were mounted on microscope slides with
FluorSave (Calbiochem no. 345789) reagent.

Evaluation of differentiation. Hippocampal cells fixed at different
days in vitro were immunostained with the dendritic marker MAP2 and
the axonal marker Tau-1 and counterstained with 1 �g/ml of the nuclear
dye Hoechst 33342. Images for the green, red, and blue channels were
taken simultaneously with an epifluorescence microscope (Nikon Eclipse
90i) interfaced with a DXM 1200F camera at �20 magnification. The
numbers and lengths of axons, dendrites, and dendritic branches and the
soma diameter were measured with the NeuronJ plugin and scored with
the cell counter from ImageJ 1.42q (Wayne Rasband, National Institutes
of Health).

Generation of protein extracts and Western blot analysis. E15.5 cor-
tical neurons cultured for 6 days in vitro in complete neurobasal medium
supplemented with B27 were starved for 4 h in neurobasal medium with-
out B27 and subsequently stimulated with 50 ng/ml BDNF for 15 min.
Cells were scraped from the wells in ice-cold lysis buffer (50 mM Tris-HCl,
pH 7.5, 1 mM EGTA, 1 mM EDTA, 1 mM sodium orthovanadate, 50 mM
sodium fluoride, 5 mM sodium pyrophosphate, 10 mM sodium-glycero-
phosphate, 0.27 M sucrose, 1%, [wt/vol] Triton X-100, 0.1% [vol/vol]
2-mercaptoethanol, and a 1:100 dilution of protease inhibitor cocktail;
Sigma). Tissue extracts were prepared by homogenizing the frozen tissues
on ice in a 10-fold volume excess of ice-cold lysis buffer using a Polytron
(10674; Kinematika GmbH). The lysates were centrifuged at 4°C for 10
min at 13,000 rpm, and the supernatants were aliquoted and preserved
at �20°C. Protein concentrations were determined by the Bradford
method using bovine serum albumin as a standard. The activation states
of the different pathways were assessed by immunoblotting the extracts
(10 �g) with the indicated antibodies, which were detected with the ap-
propriate horseradish peroxidase-conjugated secondary antibodies.
Membranes were incubated with the enhanced chemiluminescence
(ECL) reagent and then either exposed to Super RX Fujifilm and devel-
oped, or detected using a ChemiDoc MP imaging system (Bio-Rad), and
then quantified using ImageJ software.
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Affinity purification of PDK1. Streptavidin-Sepharose (10 �l; GE
Healthcare) was conjugated to 0.5 �g of biotinylated PIF peptide
(biotin-C6 spacer-REPRILSEEEQEMFRDFAYIADWC) and incubated
with 0.3 mg of precleared tissue lysates at 4°C overnight on a shaking
platform. The pulldown products were washed twice with 1 ml of lysis
buffer supplemented with 150 mM NaCl, resuspended in sample loading
buffer, electrophoresed, and then immunoblotted for PDK1.

Antibodies. The Akt and PRAS40 total antibodies were kindly pro-
vided by Dario Alessi, University of Dundee. The PDK1 (no. 3062), TrkB
Tyr706/707-P (no. 4621), TrkB (no. 4603), Akt Thr308-P (no. 4056), Akt
Ser473-P (no. 4060), PRAS40 Thr246-P (no. 2997), pan-PDK1 site PKC�
Thr514-P (no. 9379), S6K Thr389-P (no. 9234), S6K (no. 9202), S6 pro-
tein Ser235/236-P (no. 4858), S6 protein (no. 2217), ERK1/2 (no. 9102),
RSK Ser380-P (no. 9335), and RSK 1/2/3 (no. 9355) antibodies were pur-
chased from Cell Signaling Technology. The RSK Ser227-P (no. 12445)
antibody was obtained from Santa Cruz Biotechnology, the SGK1 anti-
body (no. S5188) from Sigma, and the PKC� antibody (no. P16520) from
Transduction Laboratories. Secondary antibodies were from Pierce.

For immunofluorescence experiments, we used the Tau-1 (no.
MAB3420), GAD67 (no. MAB5406), parvoalbumin (no. MAB1572), and
NeuN (no. MAB377) antibodies from Millipore; the pan-axonal neuro-
filament (no. SMI-312R) antibody from Covance; the rabbit MAP2 (no.
M3696) antibody from Sigma; the CUX1 (no. 13024) antibody from
Santa Cruz Biotechnology; the Ki67 (no. ab156956) and doublecortin
(no. ab18723) antibodies from Abcam; and the caspase 3 cleaved (no.
9661) antibody from Cell Signaling Technology. Alexa Fluor 594-con-
jugated goat anti-rabbit (no. A11072), Alexa Fluor 488-conjugated goat
anti-mouse (no. A11017), and Alexa Fluor 594-conjugated goat anti-rat
(no. A11007) secondary antibodies were obtained from Molecular Probes
(Life Technologies).

Immunohistochemistry. Adult mice were intraperitoneally anesthe-
tized with 0.4 mg/g body weight of pentobarbital, and then, an intracar-
diac injection of 70 heparin units was administered before perfusion with
0.9% NaCl, followed by 4% buffered paraformaldehyde. Brains were ex-
tracted, postfixed for 2 h in 4% paraformaldehyde, and preserved in 70%
ethanol solution at 4°C. Embryos were dissected from E15.5 plug-tested
pregnant females and decapitated, and the whole heads were fixed for 2 h
in 4% paraformaldehyde and then preserved in 70% ethanol solution at
4°C. In both cases, samples from three littermates of different genotypes
were embedded in the same paraffin block, with three as the final number
of blocks, which were then sliced into 5-�m-thick coronal sections with a
Leica RM2255 microtome. The sections were dry heated for 2 h at 60°C;
rehydrated; boiled for 10 min in 10 mM sodium citrate, pH 6, for antigen
retrieval; cooled for 30 min on ice; and washed three times with Tris-
buffered saline (25 mM Tris, pH 7.5, 150 mM NaCl) (TBS). Samples were
blocked in TBS containing 0.02% Triton and 5% goat serum for 30 min
and incubated overnight at 4°C with primary antibodies diluted in
the same blocking solution. The sections were rinsed with TBS buffer,
incubated for 1.5 h at room temperature with the corresponding sec-
ondary antibodies diluted 1:400 in TBS, and counterstained with 1 �g/ml
Hoechst 33342 before mounting in FluorSave reagent. Immunostained
sections were photographed with a Nikon Eclipse 90i epifluorescence mi-
croscope, and the captured images were processed and analyzed with
ImageJ 1.42q (Wayne Rasband, National Institutes of Health) and Fiji
(http://pacific.mpi-cbg.de/wiki/index.php/Main_Page) software.

Behavioral analysis. A sample of 12-month-old female mice (six
PDK1fl/fl CRE� mutants and six PDK1�/fl CRE� matched controls) were
confronted with a standardized battery of behavioral tests (28, 29) admin-
istered over 10 consecutive days for preliminary screening of the behav-
ioral phenotypes of the mutant mice. On day 1, observation of undis-
turbed behavior in the home cage, including sociability, barbering, and
sleeping in a group pattern, was immediately followed by the assessment
of several sensorimotor tasks. Motor coordination and equilibrium were
assessed in the wooden and wire rod tests by the distance covered and the
latency to falling off a horizontal 1.3-cm-wide wooden rod and a 1-cm-

diameter wire rod in two consecutive 20-s trials. Prehensility and motor
coordination were measured as the distance covered on the wire hang test,
where the animals were allowed to cling with their forepaws for two trials
of 5 s and a third, 60-s trial. Muscle strength was measured as the time
needed to fall off the wire in the 60-s trial. Nesting behavior using paper
towels was measured in isolation (housing conditions on day 10), accord-
ing to Deacon’s 5-point scale (30). The secondary and tertiary screens
addressed neuropsychiatric-like deficits by assessing spontaneous explor-
atory behavior, anxiety-like behavior, circadian activity, and cognition in
a series of tests involving different degrees of complexity. Neophobia in
the corner test was recorded on day 2 in a new home cage by the horizontal
(number of visited corners) and vertical (number and latency of rearings)
activity during a period of 30 s. Immediately after, exploratory activity and
anxiety-like behaviors in a standard open-field test were measured for 10
min. Horizontal (centimeters) and vertical (rearings) locomotor activities
were recorded for each minute of the test. The following items of behavior
were recorded: freezing (latency of initial movement), thigmotaxis (la-
tency of leaving the central square and that of entering the peripheral ring
10 cm from the walls), and self-grooming behavior (latency, number, and
duration of groomings). Defecation and urination were also measured.
On day 3, a marble-burying test was performed in standard cages contain-
ing 10 glass marbles (1 by 1 by 1 cm) evenly spaced on a 5-cm-thick layer
of sawdust. Latency to contacting a marble was measured, and at the end
of the 30-min test, the number of marbles was determined as follows:
intact (the number of unmanipulated marbles), change in position (the
number of marbles at least half buried in sawdust and rotated 90° or 180°),
and buried (the number of marbles 100% buried in sawdust) (30). On the
next 3 days (days 4 to 6), perceptual visual learning and spatial learning
and memory were assessed in a 3-day water maze. The animals were
trained to a criterion (90% escaping in under 60 s) in a series of cued
visible-platform trials (7-cm-diameter platform 1 cm above the water
surface, with the position of the platform indicated by a visible 5- by 8-cm
striped flag; 20-min intertrial time) in a pool (Intex Recreation Corp., CA;
91-cm diameter; 40 cm deep; 25°C opaque water). This required four
platform trials (cued visible-platform trial 1 [CUE1] to CUE4). The last
visible-platform trial of any animal was considered to be its posthabitua-
tion baseline and was designated CUE4. Mice that failed to find the plat-
form within 60 s were manually guided to the platform and placed on it for
5 to 10 s, the same period as successful animals. Twenty-four hours after
the last cued platform trial, the animals were tested in a series of four
hidden-platform trials (PT1 to PT4, 20 min apart). In these place-learning
tasks, the hidden platform (1.5 cm below the water surface) was located in
a new position opposite the one used for cue learning. Escape latencies
were measured with a stopwatch. Episodes of immobility (flotation) were
measured. On days 7 to 10, circadian motor activity was tested for 84
consecutive hours in a home cage equipped with a running wheel (31).

Statistical analysis. Two-way analysis of variance and Student’s t test
analysis were applied to compare differences among categories, as de-
picted in the figures. Data analysis was done using Prism software (Graph-
Pad Software, La Jolla, CA).

RESULTS
Generation of neuron-specific PDK1 L155E knock-in mice. We
followed the minigene conditional knock-in approach to limit the
expression of the PDK1 mutant protein to the neuronal lineage
(25). In this method, a conditional allele was constructed in which
the wild-type protein was expressed from the endogenous locus
through the first two PDK1 exons, whereas expression of the re-
maining coding region occurred through a LoxP site-flanked
minigene DNA cassette consisting of the wild-type PDK1 open
reading frame from exons 3 to 14 followed by the natural tran-
scriptional termination and polyadenylation signals. The con-
struct was designed so that upon CRE recombinase-mediated ex-
cision of the floxed minigene, a mutated version of exon 4 coding
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for glutamic acid at position 155 of the mouse PDK1 protein
would be transcribed (Fig. 1A).

A potential drawback of this floxed allele is its reported inabil-
ity to efficiently use the termination signals of the minigene cas-

sette to finish transcription, which continued into the knock-in
region of the gene even in the absence of CRE and produced sig-
nificant amounts of mRNA for mutant PDK1 (25). However, we
reasoned that this attribute, after the appropriate genetic crosses,
would give rise to a valuable allelic series with increasing expres-
sion of the mutant PDK1 protein. Hence, mice homozygous for
the PDK1 conditional transgene were crossed with nestin-CRE
mice, which express the CRE recombinase under the control of the
neuron-specific enhancer of the nestin promoter in precursors of
both neurons and glia starting at E10.5 (24). The PDK1 L155E
conditional floxed allele is referred to here as PDK1fl for simplic-
ity. PDK1fl/fl CRE� mice, but not PDK1�/fl CRE�, PDK1�/fl

CRE�, or PDK1fl/fl CRE� mice, were born in a reduced Mendelian
distribution (Fig. 1B). We confirmed that the PDK1 protein was
expressed at similar levels in samples of the different genotypes
analyzed (Fig. 1C). We next incubated protein extracts from either
brain or liver with Sepharose conjugated to PIF-tide, a synthetic
polypeptide corresponding to the amino acid sequence of the
PDK1 substrate-docking site. PIF-tide interacts strongly with the
PIF pocket of wild-type PDK1 but cannot interact with the PDK1
L155E mutant protein (32, 33). PDK1 could be affinity purified
with high efficiency from PDK1�/fl CRE�, PDK1�/fl CRE�, and,
to a lesser extent, PDK1fl/fl CRE� brain extracts but not from
PDK1fl/fl CRE� mutant mouse brain extracts, thereby biochemi-
cally confirming the expected gradation in the expression of the
mutant PDK1 L155E protein rather than the wild-type protein. As
a control, we demonstrated that in liver tissues, which do not
express CRE, PDK1 could be affinity purified with the same re-
duced efficiency from PDK1fl/fl CRE� and PDK1fl/fl CRE� mice,
which are homozygous for the conditional leaky allele, in compar-
ison to PDK1�/fl CRE� and PDK1�/fl CRE� controls, which re-
tain a wild-type copy of the PDK1 gene (Fig. 1C).

The resultant PDK1fl/fl CRE� mutant mice, as well as the
PDK1fl/fl CRE� mice, which also express high levels of the PDK1
L155E mutant protein in nonneuronal tissues (Fig. 1C), were vi-
able and fertile and displayed a 25% reduction in body weight
compared to PDK1�/fl CRE� mice, which retain a wild-type copy
of the PDK1 gene (Fig. 2B).

Stereological analysis demonstrated that both the brain and
head volumes were proportionally reduced by 20% in PDK1fl/fl

CRE� and PDK1fl/fl CRE� E15.5 embryos compared to PDK1�/fl

CRE� controls (Fig. 2A and C). While the PDK1fl/fl CRE� mice
exhibited a 25% reduction in both the volume and mass of the
brain compared to the PDK1�/fl CRE� controls, which is propor-
tional to the reduction in body weight, the PDK1fl/fl CRE� adult
mutant mice exhibited microcephaly, with brains showing a re-
duction of about 50% in volume and mass compared to those
from the PDK1�/fl CRE� controls (Fig. 2D). Determination of the
volume of the neuronal soma and the number of neurons purified
at E15.5 from the embryonic cortex suggested that the small brain
size of the PDK1fl/fl CRE� and PDK1fl/fl CRE� mice might be
mostly due to a reduction in the size of the cells rather than to a
reduced number of cells (Fig. 2E and F).

S6K, RSK, SGK, and PKC are not activated in the PDK1fl/fl

CRE� brain. To define the importance of the PDK1 substrate-
docking site in the ability of PDK1 to activate its different cellular
targets, primary cultures of cortical neurons derived from litter-
mate PDK1�/fl CRE�, PDK1fl/fl CRE�, and PDK1fl/fl CRE� em-
bryos were stimulated with BDNF for 15 min. As a control for
stimulation, the activation of the BDNF receptor TrkB was mon-

FIG 1 Generation of brain-specific PDK1 L155E mice. (A) Diagram depicting
the 5= end of the PDK1 gene from exons 2 to 7 (PDK1); the targeting construct
containing the thymidine kinase (TK) negative selectable marker and the
minigene cassette, which includes the PDK1 open reading frame from exons 3
to 14 plus the natural polyadenylation signals (A�) and is flanked by LoxP sites
(CONSTRUCT); the targeted allele, which drives the expression of the PDK1
wild-type protein in control tissues (PDK1 WT); and the excised allele, in which
the CRE recombinase-mediated deletion of the minigene cassette allows the ex-
pression of the PDK1 mutant protein (PDK1 L155E). The white boxes represent
exons, the triangles represent LoxP sites, and the mutated exon 4 containing the
Leu155Glu amino acid substitution is represented by black boxes labeled with
asterisks. (B) Breeding strategy used for generation of mice expressing the PDK1
L155E mutant protein in brain. The number (n) and proportion (%) of mice of
each genotype resulting from the depicted experimental breeding are indicated
both at E15.5 and at birth (P0). **, the lower-than-expected frequency of PDK1fl/fl

CRE� pups was statistically significant (P 	 0.005 by 
2 test). (C) PDK1 was
affinity purified on PIF-Sepharose from liver or brain embryonic extracts of the
indicated genotypes. The expression levels of the PDK1 wild-type protein were
quantified on the indicated genotypes and tissues from the PDK1 immunoblot
signals of the PIF-Sepharose pulldowns (middle blots), normalized by the total
PDK1 protein levels derived from the whole tissue lysate immunoblot signals (up-
per blots), and represented as percentages of those of the PDK1�/fl CRE� controls
(top). Each bar represents the means and standard errors of the mean for the
immunoblot signals derived from two independent experiments. A representative
Western blot is shown, where each lane corresponds to a sample derived from a
different mouse. Immunoblots with the ERK1/2 antibody are also shown as con-
trols for protein loading (bottom blots). **, P 	 0.005 compared to controls.
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itored by measuring its phosphorylation at the activation loop
residues Tyr706/707, which was very robust in all three genotypes
analyzed (Fig. 3A). In contrast, phosphorylation of TrkB was not
detectable in whole brain tissue lysates at E15.5, despite the high
levels of expression of the receptor (Fig. 3B).

BDNF induced clear activation of Akt to the same extent in all
three genotypes analyzed, as judged by the level of phosphoryla-

tion of the two activating residues, Thr308 and Ser473. This was
corroborated by measuring the phosphorylation levels of the Akt
substrate PRAS40 at Thr246, which was not affected by the PDK1
L155E mutation (Fig. 3A). To further validate these data in a more
physiological context, the levels of phosphorylation and activation
of Akt were also measured in whole protein extracts derived from
the E15.5 developing brain, which were similar in all three differ-
ent genotypes analyzed (Fig. 3B).

In contrast, phosphorylation of S6K at the T loop Thr229 site
by PDK1 was markedly reduced in the PDK1fl/fl CRE� cell and
tissue samples compared with the PDK1�/fl CRE� controls and
almost abolished in the PDK1fl/fl CRE� samples. As a conse-
quence, S6K activation, as monitored by the phosphorylation of
the S6 ribosomal protein at Ser235, was similarly affected (Fig. 3).

BDNF also induced robust autophosphorylation of the Ser380
hydrophobic-motif site of RSK and the consequent recognition
and phosphorylation of the Ser227 T loop site by PDK1 (34) in the
PDK1�/fl CRE� control cells. In contrast, phosphorylation of RSK
at Ser227 by PDK1 was gradually reduced in the PDK1fl/fl CRE�

and PDK1fl/fl CRE� cells and tissues (Fig. 3).
Activation of SGK1 requires the phosphorylation of the hydro-

phobic motif at Ser422 by mTORC2, which primes the binding of
PDK1 (35). As expected, BDNF-induced phosphorylation of
SGK1 at the Thr256 PDK1 site within the T loop was reduced in
the PDK1fl/fl CRE� cortical cultures compared with the PDK1�/fl

CRE� controls and further decreased in the PDK1fl/fl CRE� sam-
ples and tissues (Fig. 3).

PDK1 also controls the stability of PKC isoforms through the
phosphorylation of their T loop sites (36). We found that both the
levels of phosphorylation and the levels of expression of PKC�
were reduced in the PDK1fl/fl CRE� cells and tissues (Fig. 3) com-
pared to the PDK1fl/fl CRE� and PDK1�/fl CRE� samples.

Binding of the PDK1 PIF pocket to the substrate-docking site
is not essential to support neuronal survival. The neuron-spe-
cific PDK1 PIF pocket mutation most likely compromised growth
responses during brain development, leading to microcephaly in
the PDK1fl/fl CRE� mutant adult mice. It is well known than the
PI3K/PDK1/Akt signaling pathway plays critical roles in mediat-
ing the responses to survival signals that antagonize the intrinsic
programmed cell death in the developing nervous system (6, 37).
We recently showed how decreasing the efficiency of PKB/Akt
activation by expressing the mutant form of PDK1 K465E, which
is incapable of phosphoinositide binding, had no consequences
for neuronal survival (22). From that, it was postulated that either
the reduced levels of Akt activity attained in the PDK1K465E/K465E

mice were sufficient to preserve normal neuronal viability or that
PDK1-activated kinases other than Akt were responsible for trans-
ducing the survival program elicited by extracellular signals. To
address this question, we took advantage of the PDK1 L155E neu-
ron-specific knock-in mice. Neuronal programmed cell death can
be accurately recapitulated in vitro in primary cultures of embry-
onic cortical neurons, which survive in the presence of particular
neurotrophins, such as BDNF, and die through apoptosis upon
trophic factor withdrawal. Trophic factor deprivation induced the
death of about half of the cells, as evidenced by a 50% decrease in
the MTT reduction values (Fig. 4A) and a 5-fold increase in the
number of apoptotic cells (Fig. 4B and C) in all four genotypes
analyzed. BDNF completely restored the cell viability values (Fig.
4A) while decreasing by 2- to 3-fold the number of cells exhibiting
apoptosis (Fig. 4B and C), to the same extent in all four genotypes

FIG 2 (A, C, and D) Microcephaly of PDK1fl/fl CRE� mice. The organ volume
was measured from physical histological sections of the E15.5 embryo head (A)
and brain (C) or MRI images of one hemisphere of the adult brain (D) by using
the Cavalieri method, as described in Materials and Methods. The data are
represented as means and standard errors of the mean obtained for three
different mice per genotype and are expressed as percentages of the controls.
(C and D) Total-volume values and representative photographs of E15.5 em-
bryonic brains (C) or adult brain left hemispheres (D) are shown at the bot-
tom, where the scale bars correspond to 1 mm and 2 mm, respectively. (B)
Mean body weights of mice of the indicated genotypes. The values represent
the means and standard errors of the mean for the indicated numbers of mice
(n). (E and F) The number of cells (E) and the cellular volume (F) were deter-
mined from E15.5 dissociated cortical neurons with a Scepter 2.0 handheld
automated cell counter (Millipore). The data are represented as the means and
standard errors of the mean for the indicated numbers of embryos obtained
from 11 independent litters. *, P 	 0.05; **, P 	 0.005 compared to controls.

Role of PDK1 in Neurodevelopment Behavior Disorders

December 2016 Volume 36 Number 23 mcb.asm.org 2971Molecular and Cellular Biology

http://mcb.asm.org


analyzed. From this, it was concluded that the PDK1 PIF pocket-
dependent AGC kinases were not essential for the neuroprotective
actions of BDNF, at least in cortical neurons.

We next measured proliferation, as well as cell death parame-
ters, in primary cultures of cortical neurons during the first 4 days
in vitro by using the Ki67 proliferation marker and the cleaved/

active caspase 3 apoptotic marker. At DIV0, the PDK1�/fl CRE�

control cultures reached their highest proliferation rates, above
20%, which were significantly reduced in both the PDK1fl/fl CRE�

and PDK1fl/fl CRE� cultured cortical neurons (Fig. 5A and B).
This proliferation activity, most likely corresponding to the neu-
rogenesis peak of the progenitors that would later populate the

FIG 3 Activation of S6K1, RSK, SGK1 and PKC but not Akt is inhibited in PDK1fl/fl CRE� mice. (A) Cortical neurons from three independent embryos of the
indicated genotypes were cultured for 6 DIV and then serum starved for 4 h and either left unstimulated (0) or stimulated with 50 ng/ml of BDNF for 15 min (15).
(B) Whole-brain protein extracts were obtained at E15.5 from three independent embryos of each depicted genotype. Lysates were immunoblotted with the
indicated antibodies to monitor the activation of Akt, S6K, RSK, SGK, and PKC. Each lane corresponds to a different embryo. Band densitometry quantification
of the ratio between phosphorylated and total protein levels is shown at the bottom, where the bars represent the means and standard errors of the mean obtained
for three different mice per genotype analyzed, and is expressed as a percentage of the BDNF-stimulated control samples (A) or control brain tissue samples (B).
*, P 	 0.05; **, P 	 0.005 compared to controls.
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upper cortical layers, mostly ceased as the cells progressed to
DIV4, which was accompanied by a moderate increase in the
apoptotic index to similar levels in all three genotypes analyzed
(Fig. 5A and C). Accordingly, coronal brain sections from E15.5
embryos stained with the newborn neuron marker doublecortin
revealed a clear reduction of the neuronal progenitor cells in
PDK1fl/fl CRE� and PDK1fl/fl CRE� embryos compared to the
PDK1�/fl CRE� controls (Fig. 5D and E). In contrast, no evidence
of apoptosis was observed in any of the three genotypes analyzed,
as judged by the near absence of active caspase 3 staining (Fig. 5D
and F). Since the soma size analysis of hippocampal neurons in
culture revealed a genotype-dependent decrease in the diameter of
the cellular soma (Fig. 6D), altogether, our data demonstrate a
combined reduction in progenitor proliferation and cell growth
responses.

PDK1 promotes neuronal polarization and axonal out-
growth through PIF pocket-dependent substrates. The PI3K
signaling pathway controls several aspects of neuronal morpho-
genesis, including neuronal polarization, axonal outgrowth, and
dendrite arborization (38). In PDK1K465E/K465E mice, the Akt/
mTORC1 axis regulated PI3K-mediated neuronal polarization
and axon outgrowth (22). Since S6K is a major effector of
mTORC1 in controlling the translation of proteins that are rele-
vant for neuronal differentiation, we reasoned that the PDK1
L155E mouse model, with normal levels of Akt activity but in
which S6K cannot be activated by PDK1, could be instrumental in
defining the contribution of S6K to neuronal differentiation. To
that end, we analyzed cell polarization and measured axon length
during the differentiation of hippocampal primary neurons in
culture. In the PDK1�/fl CRE� control cultures, most of the neu-
rons exhibited a differentiated axon by DIV3, as evidenced by the

expression of the axon-specific microtubule-associated protein
Tau-1. In contrast, neuronal polarization was severely impaired in
both the PDK1fl/fl CRE� and PDK1fl/fl CRE� mutant hippocam-
pal cultures, in which only half of the neurons showed axons by
DIV3 and -4 (Fig. 6A and B). The complexities of the neuritic
processes, as inferred from the number of neurites per cell (Fig.
6C), as well as their lengths and the numbers of ramifications (Fig.
6E), were similar in PDK1�/fl CRE�, PDK1fl/fl CRE�, and PDK1fl/fl

CRE� mouse hippocampal neurons at all the time points ana-
lyzed. In contrast, the average length of the axon was reduced by
30% in the PDK1fl/fl CRE� neurons and as much as 40% in the
PDK1fl/fl CRE� neurons compared to the PDK1�/fl CRE� control
cells at both DIV3 and -4 (Fig. 6E).

Reduced connectivity and abnormal cortical layering in the
adult mutant mouse brain. We next explored how the deficient
differentiation abilities of the PDK1fl/fl CRE� and PDK1fl/fl CRE�

embryonic neurons detected ex vivo had physiological conse-
quences in the adult brain. Immunostaining of brain sections
with antibodies to microtubule-associated proteins that are se-
lectively localized in either axons (SMI312) or dendrites (MAP2)
revealed a clear decrease in the density of axonal fibers in var-
ious regions of the PDK1fl/fl CRE� and PDK1fl/fl CRE� cortex
(Fig. 7A) and hippocampus (Fig. 7B), in a genotype dose-de-
pendent manner.

The PI3K signaling pathway also controls the radial migra-
tion of newborn cortical neurons during cortex development,
resulting in an ordered arrangement of neurons into six differ-
ent cortical layers. It has been proposed that Akt, but not
mTORC1, controls cortical development downstream of PI3K
activation (39). Since the neuronal differentiation program is
integrated with the program of neuronal migration, we aimed

FIG 4 Neuronal survival responses are preserved in PDK1fl/fl CRE� mice. Cortical cells of the indicated genotypes were either sham treated (CONTROL) or
deprived of trophic factors in the absence (TD) or presence of 50 ng/ml of BDNF (TD�BDNF) for 24 h. The data represent the means and standard errors of the
mean for at least 3 independent mouse embryos per genotype from 6 independent litters. (A) Viability was determined with the MTT reduction assay and is
expressed as a percentage of the untreated cells. (B) The percentage of apoptotic cells was obtained by scoring the numbers of nuclei exhibiting chromatin
fragmentation from six different fields per well and 4 wells per condition divided by the total. (C) Representative micrographs of Hoechst-stained cortical
neurons of the indicated genotypes after 24 h of the indicated treatment; the arrowheads indicate apoptotic nuclei.
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to determine whether the PI3K/PDK1 effectors that are inde-
pendent of Akt activation were also important for cortical de-
velopment. We observed that in the PDK1fl/fl CRE� adult
brain, neurons in layer IV of the somatosensory cortex were
packed together (Fig. 8B) and further compacted in PDK1fl/fl

CRE� mice (Fig. 8C) compared to the PDK1�/fl CRE� controls
(Fig. 8A), as revealed by immunohistochemical analysis with
the NeuN neuronal marker.

Cortical layer IV is mainly composed of pyramidal neurons

and GABAergic interneurons. For that reason, we employed anti-
bodies against CUX1, a transcription factor that is expressed in
glutamatergic cortical neurons from upper layers II to IV of the
somatosensory cortex, and GAD67, the decarboxylase that cata-
lyzes the conversion of glutamate to the GABA-inhibitory neu-
rotransmitter in the GABAergic interneurons. While CUX1 stain-
ing confirmed that the neuronal packing arises from an increase in
the glutamatergic-neuron density with an unchanged number of
cells (Fig. 9A to D), a clear decrease in GAD67 expression in the

FIG 5 Reduced neuronal-progenitor proliferation in PDK1fl/fl CRE� and PDK1fl/fl CRE� embryos. (A) Representative micrographs of E15.5 embryonic cortical
cultures of the indicated genotypes immunostained with the described antibodies. Insets show enlarged single-cell representative images of the nuclear staining
of Ki67 in red and the cytoplasmic active caspase-3 staining in green. (B and C) The percentages of primary cortical neurons expressing the Ki67 proliferation
marker (B) or the active caspase 3 apoptotic marker (C) were scored at the indicated time points. The bars correspond to the means and standard errors of the
mean from 10 different fields per culture and three independent embryonic cultures per genotype. (D) Epifluorescence microscopy images of E15.5 embryonic
brain coronal sections of the indicated genotypes immunostained with the described antibodies. DCX, doublecortin. (E and F) The intensity of doublecortin
staining (INTDEN) (E) and the number of caspase 3-positive cells per field (F) were quantified and expressed as the means and standard errors of the mean from
three independent sections per embryo obtained from three different embryos per genotype. A.U, arbitrary units. *, P 	 0.05; **, P 	 0.005 compared to controls.
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somatosensory cortex (Fig. 9A and E) and the cingulated cortex
(Fig. 9F) was observed, arising from the increase in the PDK1
L155E mutant protein levels across the different genotypes an-
alyzed. Moreover, the parvalbumin-positive interneurons were
mostly excluded from layer IV in the PDK1fl/fl CRE� cortex sam-
ples compared with its distribution in the PDK1fl/fl CRE� and
PDK1�/fl CRE� cortices (Fig. 9B).

Neuropsychiatric-like behaviors in brain-specific PDK1
L155E mutant mice. A three-stage protocol for behavioral and
functional comprehensive phenotype assessment of mutant mice

(28, 29) evaluated the physical condition, sensorimotor functions,
behavioral and psychological profiles (spontaneous behavior, lo-
comotor and exploratory activities, anxiety-like behaviors, and
motivation), and cognition (learning and memory, attention,
and executive functions). Somatic growth, as measured by body
weight, was reduced, with lower food intake (Fig. 10A). Sensori-
motor functions were severely (2-fold) reduced, even in an easy
task, such as the wooden rod test (Fig. 10B). A deficiency in a
highly preserved daily life ethological activity, such as nesting be-
havior, evidenced impairment of executive functions (Fig. 10C).

FIG 6 Deficient polarization and axonal outgrowth in PDK1fl/fl CRE� and PDK1fl/fl CRE� mice. (A) Representative micrographs of hippocampal cultures from
the indicated genotypes at different DIV stained with the dendrite-specific marker MAP2 (red) and the specific axonal marker Tau-1 (green). (B to E) The
percentage of polarization (B), the number of neurites per cell (C), the diameter of the soma (D), and the lengths of neurites, neurite ramifications, and axons (E)
were measured at different time points on samples from the indicated genotypes. Each bar represents the means � standard errors of the mean for 100 neurons
from three different embryos per condition. *, P 	 0.05; **, P 	 0.005 compared to controls.
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The mutant mice showed apparently undisturbed behavior in the
home cage, with normal socialization and sleeping in groups but
absence of barbering. Disrupted behavior was aroused by han-
dling, with a high incidence of hyperreactivity shown as refusal
to be handled (5/6), vocalizations (3/6), bizarre behavior (4/6)
(Fig. 10D) (stereotyped stretching), refusal to perform tests like
the hanger test (6/6), and diminished motivation to swim in the
water maze (Fig. 10G) (flotation). Neophobia in the corner test
suggested flight behavior, which in a more anxiogenic environ-
ment, such as the open-field test (Fig. 10E), turned into freezing
behavior. Overall reduced total vertical exploratory activity was
observed, while the thigmotaxis ratio (locomotion in the periph-
ery versus the center) was maintained in the mutants. These re-
sults were confirmed in the 84-h continuous circadian activity
recordings in a cage equipped with a wheel (Fig. 10H). In that
setting, the time course from the first (novelty) to the fourth (ha-
bituation) night was strikingly reduced in the mutant mice, mostly
within the first two nocturnal activity periods. In the marble-
burying test, the mutants exhibited a higher number of marbles
changed in position, to the detriment of the number of buried
pieces (Fig. 10F). With respect to their cognitive abilities, the two
groups solved the first experience in the water maze equally well.

However, a poorer acquisition curve was seen in the mutant group,
resulting in a worse cognitive capacity at the end of the perceptual
visual learning paradigm, which involves attention and motiva-
tion (Fig. 10G, CUE1 to -4). Similarly, on the subsequent days, the
mutant mice showed cognitive deficits in their spatial-learning
and memory abilities in the place-learning task. They performed
similarly in the first trial of each day (long-term memory) but did
not progress successfully in the trial-by-trial test (short-term and
working memory), again with worse learning curves and ratios
than the age-matched wild-type group. A higher incidence of pe-
riods of immobility (flotation), as a nonsearching behavior indic-
ative of changes in motivation in the mutants, was also shown
throughout the test (Fig. 10G).

DISCUSSION

In the present study, we characterized the Akt-independent roles
that the PDK1 signaling pathway plays during brain development.
Disrupting the interaction of PDK1 with its substrates in the
PDK1L155E/L155E full knock-in mice resulted in an embryonic-le-
thal phenotype, with embryos dying at E12 and exhibiting severe
retardation and a major reduction in forebrain size, highlighting
the essential roles that the Akt-independent branch of the PDK1

FIG 7 Reduced connectivity in PDK1fl/fl CRE� and PDK1fl/fl CRE� mouse brains. (A) Epifluorescence micrographs of coronal sections of the somatosensory
cortex from mouse brains of the indicated genotypes stained with the dendrite-specific marker MAP2, the general axonal marker SMI312, and the nuclear
Hoechst dye. Merged signals are also shown. The cortical layers are indicated on the right from I to VI. (B) Image magnifications of cortical layers IV and VI, as
well as the hippocampal dentate gyrus (DG) and CA3 and CA1 regions stained with SMI312 and Hoechst dye. The arrowheads indicate differences in the densities
of axonal fibers between genotypes.

Cordón-Barris et al.

2976 mcb.asm.org December 2016 Volume 36 Number 23Molecular and Cellular Biology

http://mcb.asm.org


signaling network plays during embryonic development (23, 40).
To circumvent this lethal period, we targeted the expression of the
PDK1 L155E mutant protein to neuronal tissues by conditional
knock-in methodologies. The PDK1fl/fl CRE� genotype was ob-
served at birth at a 3-fold-reduced Mendelian frequency. In con-
trast, the PDK1fl/fl CRE� mice were born at the expected fre-
quency, indicating that low levels of PDK1 wild-type protein were
sufficient for the PDK1fl/fl CRE� mice to complete embryonic
development and that the further and specific ablation of the wild-
type PDK1 sequence in the nervous system was responsible for the
lethality in the PDK1fl/fl CRE� mutant embryos. The hypomor-
phic nature of the PDK1 L155E conditional knock-in allele, which
can drive the expression of as much as 60 to 70% of PDK1 L155E
mutant protein without compromising the viability of these mice,
makes the PDK1fl/fl conditional knock-in mice an excellent ge-
netic tool to study the function of PDK1, beyond Akt, in a more
physiological context. At the same time, these mice could repre-
sent an appropriate experimental model to validate the effects of
new allosteric modulators targeting the PDK1 PIF pocket that are
now being developed and that have enormous therapeutic poten-
tial (41).

Activation of S6K, RSK, SGK, and PKC but not Akt was selec-
tively decreased in the PDK1fl/fl CRE� mouse cortical neurons
compared to the PDK1�/fl CRE� controls and further abolished
in the PDK1fl/fl CRE� neurons and tissues. We and others re-
cently described how, in the absence of PtdIns(3,4,5)P3 bind-
ing, PDK1 can still activate Akt by binding to the phosphory-
lated-Akt hydrophobic motif (42, 43). In agreement with that,
in the PDK1K465E/K465E knock-in mice expressing a mutant form
of PDK1 incapable of phosphoinositide binding, activation of Akt
was selectively affected but not fully abolished (22). In contrast, in

the PDK1fl/fl CRE� neurons and tissues, Akt was normally acti-
vated, demonstrating that under physiological conditions, Akt ac-
tivation by PDK1 relies mostly on the phosphoinositide-mediated
colocalization of both kinases at PtdIns(3,4,5)P3-rich cellular
membranes rather than on the docking-site interaction.

The reduced phosphorylation of S6K and RSK at their activa-
tion loops by PDK1 arises from the inability of the PDK1 L155E
mutated PIF pocket to interact with the phospho-hydrophobic-
motif docking site in S6K and RSK. Unexpectedly, the level of
phosphorylation of S6K at the Thr389 and of RSK at the Ser380
hydrophobic-motif sites was also decreased to the same extent as
that of the activation loops. The AGC kinases possess a hydropho-
bic groove in the small lobe of their kinase domains similar to the
PDK1 PIF pocket. This hydrophobic pocket establishes intramo-
lecular interactions with the phosphorylated hydrophobic motif
that are fundamental for the transition of the enzyme to the active
conformation (44). In the absence of activation loop phosphory-
lation, the active, closed conformation is not favored, which may
allow the exposure of the hydrophobic motif phosphorylation site
to the action of phosphatases (23).

PDK1 plays a major role in the processing and maturation of
several PKC isoforms. Newly synthesized PKC polypeptides are
first phosphorylated at their hydrophobic motifs, allowing PDK1
to interact with and phosphorylate the T loops. These first phos-
phorylation events do not depend on apical agonist stimulation
and stabilize the enzyme in a conformation that is catalytically
inactive but at the same time competent to respond to the diacyl-
glycerol and calcium second messengers (45, 46). In agreement
with that notion, both the levels of phosphorylation and the levels
of expression of PKC� were reduced in the PDK1fl/fl CRE� em-
bryonic-brain samples, as well as cortical cell extracts, but not in

FIG 8 Abnormal cortical layering with compaction of layer IV in PDK1fl/fl CRE� (B) and PDK1fl/fl CRE� (C) mouse brains compared to the PDK1�/fl CRE�

controls (A). (Bottom) Epifluorescence microscopy images of coronal sections of the somatosensory cortex from mice of the indicated genotypes stained with the
neuronal marker NeuN and the nuclear Hoechst dye, as indicated. Adjacent hematoxylin and eosin (H-E)-stained sections and merged signals are also shown.
The cortical layers are indicated on the right from I to VI. (Top) Low-magnification micrographs of the H-E-stained sections and high-magnification images of
the merged epifluorescence images corresponding to layers II to V.
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FIG 9 Reduced GAD67 levels and abnormal parvalbumin staining patterns in PDK1fl/fl CRE� and PDK1fl/fl CRE� mouse brains. (A and B) Epifluorescence
microscopy images of coronal sections of the somatosensory cortex from mice of the indicated genotypes stained with the layer II- to IV-specific marker CUX1,
the GABAergic neuron-specific marker GAD67, the interneuron marker parvalbumin, and the nuclear Hoechst dye, as indicated. The cortical layers are indicated
on the right from I to VI. (C to E) The density of neurons in layer IV (C), the percentage of CUX1-positive neurons in layer IV among the total number of
CUX1-positive neurons in layers I to IV (D), and the intensity of GAD67 staining (E) were quantified and expressed as the means and standard errors of the mean
from three independent sections per embryo obtained from three different embryos per genotype. (F) Epifluorescence microscopy images of coronal sections of
the cingulated cortex from mice of the indicated genotypes stained with the GABAergic neuron-specific marker GAD67 and the nuclear Hoechst dye. Higher-
magnification images of layer II and III (a) and layer V (b) regions are also shown. **, P 	 0.005 compared to controls.
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the PDK1fl/fl CRE� samples compared to the PDK1�/fl CRE� con-
trols (Fig. 3), indicating that the reduced levels of expression of the
wild-type PDK1 protein in PDK1fl/fl CRE� mice were sufficient to
regulate phosphorylation and stability of PKC isoforms, which
was unchanged upon BDNF stimulation of cortical neurons
(Fig. 3A).

One salient finding of these studies is that disrupting the inter-
action of PDK1 with its substrates in the PDK1fl/fl CRE� mutant
mice had no consequences for neuronal survival. This is consis-
tent with the fact that the PKB/Akt kinase, which is the only PDK1
substrate that is not affected by the PDK1 L155E mutation, is

thought to be the critical downstream effector of this pathway in
promoting survival by antagonizing programmed cell death (47).
However, in PDK1K465E/K465E knock-in mice, reduced activation
of Akt isoforms was also sufficient to dictate neuronal survival
(22). We recently demonstrated how the inhibition of mTORC2,
the Akt and SGK hydrophobic-motif kinase, modestly compro-
mised the viability of PDK1 wild-type neurons at doses that did
not affect Akt activation, and this was further aggravated in the
PDK1K465E/K465E mutant neurons (43). Altogether, these results
point to a synergistic role for both Akt and SGK in controlling
neuronal survival by coordinately regulating the phosphorylation

FIG 10 Disruptive behavior with diminished motivation and cognitive deficits in PDK1fl/fl CRE� mice. The somatic growth-related parameters (A), sensori-
motor performance on the wooden rod test (B), executive functions in the nesting behavior daily life activity (C), incidence of bizarre behaviors (D), exploratory
activity and anxiety-like behaviors in a standard open-field test (E), level of interaction in the marble-burying test (F), cognitive abilities in the water maze and
depression-like diminished motivation measured by episodes of immobility (G), and circadian activity on running wheels (H) were assessed in six PDK1�/fl

CRE� (WT) and six PDK1fl/fl CRE� (L155E) adult female mice. *, P 	 0.05; **, P 	 0.005 compared to controls. The error bars indicate the means and standard
errors of the means.
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of some substrates that are relevant to the control of apoptosis. In
contrast, both cell proliferation and cell growth were reduced in
the PDK1fl/fl CRE� mutant mice, which might be due to the in-
ability of PDK1 to activate S6K despite unaffected PI3K/Akt/
mTORC1 signaling. These results implicate S6K as the most crit-
ical downstream effector of this signaling pathway in instructing
cell and organism growth.

The observation that both the neuronal polarization and ax-
onal elongation responses of hippocampal neurons from PDK1fl/fl

CRE� and PDK1fl/fl CRE� mice were inhibited by the PDK1 PIF
pocket mutation is particularly relevant, since the establishment
of the axon-dendrite axis is an essential morphogenetic mecha-
nism for the appropriate assembly of neurons into functional neu-
ronal circuits. This process is triggered by different extracellular
signals acting through a number of intracellular signaling path-
ways. Among them, the interplay between the PI3K/Akt signaling
pathway (48), the Par3-Par6-atypical PKC complex (4), and the
LKB1/BRSK axis (49, 50) is fundamental in controlling axon spec-
ification and growth. In agreement with this, in PDK1K465E/K465E

mice, the PI3K/Akt/mTORC1-dependent regulation of the BRSK
protein levels represents an integration point for both the PI3K
and LKB1 signaling pathways in axonal morphogenesis (22). In
these mice, the hypomorphic reduction of Akt signaling toward
the PRAS40/TSC2/mTORC1/S6K axis caused mild phenotypes
that could be mimicked ex vivo with the Akti-1/2 inhibitor,
which reduced Akt activity by inhibiting Akt1 and Akt2 but not
the Akt3 isoform, and aggravated by using the mTORC1 inhib-
itor rapamycin. Interestingly, in PDK1fl/fl CRE� and PDK1fl/fl

CRE� mice, in which the PI3K/Akt/mTORC1 axis is normally
activated, the defects in both the polarity and axonal-elonga-
tion processes were more severe than those reported in
PDK1K465E/K465E mice, which phenocopied the severe differentia-
tion defects previously observed with the mTORC1 inhibitor (22).
Altogether, these observations place a PIF pocket-dependent ki-
nase, namely, S6K, as a key effector of the PI3K/Akt/mTORC1 axis
in controlling the synthesis of proteins that are relevant for neu-
ronal morphogenesis. Moreover, while in PDK1K465E/K465E mice
the transient alterations in the timing of the differentiation pro-
gram did not translate into gross abnormalities in the patterning
of the adult brain (22), the genetic ablation of S6K activation with
intact Akt signaling in PDK1fl/fl CRE� adult mice caused micro-
cephaly with profound structural and molecular brain alterations,
ruling out the implication of Akt or mTORC1 substrates other
than S6K in these phenotypes.

Further experiments must be undertaken in the future to elu-
cidate the connection between the impaired PDK1 PIF pocket-
dependent signaling in mutant mice and the altered population of
interneurons evidenced by the GAD67 and parvoalbumin marker
defects. In this regard, defects in the translation machinery in neu-
rons caused by elongator subunit Elp3 deletion have been recently
related to impaired neuronal differentiation and unbalanced neu-
rogenesis, leading to microcephaly resulting from the premature
differentiation of neurons (51, 52). In an analog form, the S6K PIF
pocket-dependent kinase is indispensable for preinitiation com-
plex (PIC) formation and protein translation (53, 54). Abrogation
of S6K activation in PDK1 L155E mutant mice could have im-
paired the normal protein translation in neurons, leading to un-
balanced neurogenesis, thereby generating a potential molecular
connection between the PIF pocket mutation and the described
brain defects associated with microcephaly. Moreover, the defi-

cient polarization and axonal outgrowth of the PDK1 L155E mu-
tant neurons might have caused altered migration patterns during
cortex lamination, contributing to the decreased density of axonal
fibers in the cortex and hippocampus, increased density of gluta-
matergic neurons with normal numbers of cells in cortical layers II
to IV, decreased GAD67 expression levels, and mislocalized
parvalbumin-positive interneurons, which were mostly excluded
from layer IV. Intriguingly, these alterations are commonly
observed in human mental diseases, such as schizophrenia.
They included reduced axonal density in the cortex and the
hippocampus (55); elevated neuronal density in cortical layer
IV (56); GAD67 deficits in the upper cortical layers, especially in
the cingulated cortex (57); and abnormal localization of the par-
valbumin-positive interneurons (58). The current hypotheses for
the etiology of schizophrenia state that this molecular and struc-
tural scenario is thought to result in deregulated GABAergic
interneuron-mediated inhibition of glutamatergic neurons, re-
sulting in overactivation of the neuronal circuits and thus contrib-
uting to the characteristic symptoms of the disease.

In PDK1fl/fl CRE� mice, the behavioral disturbances included a
wide array of impairments, ranging from sensorimotor and basic
species executive functions to both cognitive and noncognitive
behavioral alterations. The different tests assessed point to rele-
vant and persistent bizarre behavior, severe reduction of explor-
atory activity, increased freezing, diminished motivation, and im-
paired short-term working memory. Much future work needs to
be performed to determine whether the presence of exacerbated
disruptive behavior, suggesting hypersensitivity to stressful situa-
tions, but reduced activity and diminished motivation have valid-
ity as negative symptoms that characterize the clinical features of
the schizophrenia spectrum (59). Moreover, cognitive impair-
ment affecting learning and memory, but also attention and exec-
utive functions, would also be compatible with cognitive clinical
symptoms of schizophrenia.

Human schizophrenia might arise from an inherited genetic
predisposition causing brain developmental alterations combined
with environmental factors that can influence brain maturation
during childhood. A number of genes that have been associated
with familiar forms of schizophrenia converge on the same signal-
ing pathway. They include the neuregulin 1 (NRG1) growth factor
gene (60, 61), the dystrobrevin-binding protein 1 (DTNBP1) gene
(12), the DISC1 scaffolding protein gene (13), and the Akt1 gene
(11), which together participate in modulation of Akt signaling
outputs. To our knowledge, this is the first report showing the
involvement of PDK1 downstream effectors other than Akt in
mouse neuropsychiatric-like disorders, with potential face and
construct validity for negative and cognitive symptoms of
schizophrenia. Our results point to a prominent function for
PIF pocket-dependent kinases as major effectors of this signaling
hub downstream of Akt in the etiopathogenesis of schizophrenia
that might provide construct validity to the PDK1 L155E mutants.
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