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SUMMARY

Cortical development depends upon tightly
controlled cell fate and cell survival decisions that
generate a functional neuronal population, but the
coordination of these two processes is poorly under-
stood. Here we show that conditional removal of a key
apical complex protein, Pals1, causes premature
withdrawal from the cell cycle, inducing excessive
generation of early-born postmitotic neurons fol-
lowed by surprisingly massive and rapid cell death,
leading to the abrogation of virtually the entire cortical
structure. Pals1 loss shows exquisite dosage sensi-
tivity, so that heterozygote mutants show an interme-
diate phenotype on cell fate and cell death. Loss of
Pals1 blocks essential cell survival signals, including
the mammalian target of rapamycin (mTOR) pathway,
while mTORC1 activation partially rescues Pals1 defi-
ciency. These data highlight unexpected roles of the
apical complex protein Pals1 in cell survival through
interactions with mTOR signaling.
INTRODUCTION

The cerebral cortex is formed by the orderly generation of post-

mitotic neurons through symmetric and asymmetric cell division

of neural progenitors during neurogenesis (Farkas and Huttner,

2008; Götz and Huttner, 2005; Huttner and Kosodo, 2005;

Miyata et al., 2001). The proliferation of cortical progenitor cells,

followed by their irreversible depletion near the time of birth, is

tightly orchestrated by cellular and molecular events that

balance the generation of early-born neurons with the mainte-
nance of progenitors for later-born neurons (Caviness et al.,

1995; Götz and Huttner, 2005; Takahashi et al., 1996). Two neural

progenitor cell types are identified in the developing cortex. One

is a radial neuroepithelial cell, with a cell body in the ventricular

zone and an apical process that inserts into the ventricular lining,

and a long, thin basal processes that reaches the pial surface at

the outside of the brain (Anthony et al., 2004; Fishell and Krieg-

stein, 2003; Noctor et al., 2001, 2002; Tamamaki et al., 2001).

These radial cells serve both as progenitors and migratory guides

for newly born neurons. The other progenitor cell type is a more

recently characterized basal progenitor, which localizes primarily

to the subventricular zone (SVZ) and undergoes one or more cell

divisions, typically symmetrically, to generate neurons in the

cerebral cortex (Haubensak et al., 2004; Kowalczyk et al.,

2009; Miyata et al., 2004; Noctor et al., 2004, 2008). Radial neuro-

epithelial progenitors form an epithelial structure with their

apical, ventricular processes connected to adjoining cells by

adherens junctions. Although considerable progress has been

made in understanding the cellular events of radial glial progen-

itor cell division, the molecular control of cell fate decisions

remains poorly understood.

Recent work suggests that similar functions of apical complex

proteins in cell fate determination may unite flies and mammals

(Doe, 2008; Wodarz, 2005). The apical polarity complex of flies,

which includes the proteins Bazooka (Par3), Par6, and aPKC,

restricts cell fate determinants to one side of neural stem cells,

termed neuroblasts, such that these determinants are inherited

preferentially by one daughter cell that retains the neuroblast

cell fate. On the other hand, the basal complex proteins, Lgl/

Dlg/Scb and Numb, are segregated to the other daughter cell,

termed the ganglion mother cell (Roegiers and Jan, 2004;

Wodarz, 2005), which is an intermediate progenitor that gener-

ates two neurons or two glial cells. Genetic studies of the verte-

brate Numb orthologs have uncovered a number of roles in
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neurogenesis (Li et al., 2003; Petersen et al., 2002, 2004; Rasin

et al., 2007). However, in contrast to its role in invertebrates,

deletion of aPKCl in mice at E15 (midway through neurogenesis)

did not clearly affect cell fate decisions in a fashion comparable

to its role in invertebrates (Imai et al., 2006). On the other hand,

mouse Lgl1 mutants showed hyperproliferation of progenitors

in the brain, in conjunction with Numb mislocalization (Klezovitch

et al., 2004). Recent work suggests that Par3 is segregated

asymmetrically in cortical progenitors and also serves as

a cell-autonomous regulator of Notch signaling (Bultje et al.,

2009). In addition, knockdown and overexpression studies of

Par3 and Par6 (Costa et al., 2008) and conditional knockout of

their upstream regulator Cdc42 (Cappello et al., 2006) suggest

that the apical complex proteins are essential for self-renewal

of neural progenitors in the developing mammalian cortex. While

it seems likely that evolutionarily conserved polarity complex

proteins have roles in proliferation control, whether they also

play a role in maintaining neural progenitor cell fate has not

been shown genetically.

Here, we study a functionally related apical complex protein,

Protein associated with Lin7 (Pals1), and extend the role of the

apical complex to control cell survival as well. Pals1 belongs to

the Membrane Associated Guanylate Kinase (MAGUK) family

of proteins, which are scaffolding factors containing both post-

synaptic density 95/discs large/zona occludens-1 (PDZ) and

Src homology 3 (SH3) domains (Kamberov et al., 2000). Pals1

also contains two L27 domains that bind PatJ and Lin7, both crit-

ical components of tight junction formation and maintenance.

The PDZ domain of Pals1 links it to Crb1, -2, and -3, Crumbs

vertebrate homologs, which encode transmembrane proteins

with EGF-like repeats, thus forming a tripartite PatJ-Pals1-

Crbs complex (Roh et al., 2002a). In addition, an evolutionarily

conserved domain whose structure is not yet understood medi-

ates binding of Pals1 to the Par6-Par3-aPKC apical complex.

Thus, Pals1 links these two evolutionarily conserved apical

complex signaling pathways (Hurd et al., 2003). The critical

function of Pals1 (Nagie oko in zebrafish) is well established in

epithelial polarity and adherens junction assembly in mammalian

cells, in zebrafish embryos, and in invertebrates (Bachmann

et al., 2001; Hong et al., 2001; Straight et al., 2004; Wei and

Malicki, 2002), but a role for Pals1 has not been studied in cell

fate decisions.

In this study, we show that Pals1 loss causes defects not only

in cell fate decisions but also surprisingly in cell survival, and we

use genetics to elucidate key downstream effectors of these

roles. We find that absence of Pals1 leads to the depletion of

progenitor cells by premature withdrawal from the cell cycle,

generating excessive early-born postmitotic neurons. Unexpect-

edly however, Pals1-deficient cells undergo massive and rapid

cell death, which leads to the total abrogation of almost the entire

cortical structure. Since accumulating evidence has implicated

interactions between mammalian target of rapamycin (mTOR)

pathway components and polarity proteins (Massey-Harroche

et al., 2007; Pinal et al., 2006; von Stein et al., 2005), we investi-

gated the genetic relationship between Pals1 and mTOR

signaling. Activation of the mTOR signaling pathway by elimina-

tion of a negative regulator, Tuberous sclerosis complex subunit

2 (Tsc2), partially restores the medial cortex in Pals1 mutants,
70 Neuron 66, 69–84, April 15, 2010 ª2010 Elsevier Inc.
suggesting genetic interaction between the two signaling path-

ways. Taken together, our findings identify a connection

between the apical complex and mTOR signaling that couples

cell fate and cell survival during cortical development.

RESULTS

Pals1 Is Essential for Histogenesis
of the Mammalian Cortex
Several aspects of Pals1 expression suggested that Pals1 plays

an important role during mammalian neurogenesis. First, Pals1

expression in cortical progenitors was very high during the period

of neurogenesis and rapidly downregulated over the course of

neurogenesis so that Pals1 mRNA and protein were significantly

reduced by P0, when neurogenesis nears completion (Fig-

ure S1A) (Ishiuchi et al., 2009). In wild-type mice, Pals1 localized

apically in the cortical neuroepithelium along the ventricular

surface, and its expression overlapped extensively with mem-

bers of both apical polarity complexes, including Crb2, aPKCz,

and Patj (Figure S2A). In addition, several apical complex proteins

coimmunoprecipitated with Pals1 from E13 forebrain lysates

(Figure S2A), suggesting that murine apical complex proteins

physically interact as in other species (Hurd et al., 2003). Apical

proteins localized adjacent to adherens junctions marked by

b-catenin (Figure S2A), reflecting an intimate link between the

apical complex and adherens junctions in the developing brain.

We removed Pals1 in mouse embryos using a conditional

mutation created by inserting LoxP sites into introns 2 and 3 of

the mouse Pals1 gene (Figure S1B), since complete loss of

Pals1 was lethal at early embryonic ages (data not shown).

Pals1 floxed homozygote neonates and adults showed no

identifiable phenotype and had normal lifespan and breeding.

Cre-mediated recombination removed exon 3, resulting in a

nonsense mutation with early truncation of the 867 amino acid

Pals1 protein at amino acid 122 (Figure S1C), removing most

of Pals1’s known functional domains (Roh et al., 2002b). Deleting

Pals1 using Emx1-Cre (Pals1loxp/loxp: Cre+ [CKO] animals),

which drives Cre-mediated recombination in cortical progenitors

of medial cortex and hippocampus (Gorski et al., 2002), resulted

in undetectable Pals1 expression by E11 (Figure S1D) in progen-

itor cells of these structures, confirmed by immunostaining with

three distinct antisera (Figure S1D and data not shown) (Chae

et al., 2004; Roh et al., 2002b).

Surprisingly, given the expected role of apical complex

proteins in cell fate determination, Emx1-Cre mediated removal

of Pals1 (Pals1 CKO) produced not merely a smaller cortex but

a cortex that was essentially completely absent, lacking virtually

all cortical neurons. Extreme thinning was seen in the lateral

cortex, where some Pals1 expression was retained due to

weaker or delayed Cre expression (Figures 1A–1D) (Gorski

et al., 2002). Heterozygote Pals1loxp/+:Cre+ animals (Het) also

showed an extremely small cortex, with small residual medial

cortical structures, including the hippocampus. Magnetic reso-

nance imaging (MRI) revealed that the space typically occupied

by the neocortex in the wild-type mouse was replaced by a fluid-

filled cystic space contiguous with the lateral ventricles in the

Pals1 CKO mouse (Figure 1B). There was no apparent change

in the size of the third and fourth ventricles, where Cre was not



Figure 1. Cerebral-Cortex-Specific Ablation of Pals1 Causes Severe Cortical Malformation

(A) Complete loss of medial cortex is seen after cortical-specific deletion of Pals1, using Emx1-Cre (Figure S3). The heterozygote cortex is smaller, though lateral

cortex is relatively spared.

(B) Representative rostral, medial, and caudal 2T-weighted MRI sections of wild-type (WT) and Pals1 CKO adult mice. Arrows point to intact third and fourth

ventricles. Arrowheads point to a fluid-filled cystic space in Pals1 CKO mice that would normally be occupied by the cerebral cortex in WT mice.

(C) X-gal labeling at E16 shows that areas with strong Cre expression in normal brain are absent in Pals1 CKO; Rosa26 brain.

(D) Histology of the whole brain at P4 shows a reduced brain size in both Pals1 Het and Pals1 CKO animals. The medial structures are completely absent in Pals1

CKO animals.

The size markers represent 1 mm. See also Figure S1.
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expressed (Figure 1B, data not shown). Therefore, in contrast to

Drosophila Stardust, which is not required for neuroblast cell fate

determination (Bachmann et al., 2001; Hong et al., 2001), Pals1 is

required for normal histogenesis of the cerebral cortex, and

interestingly this requirement is dose-dependent with milder

heterozygote phenotypes.

Preserved and Defective Behaviors in Pals1 CKO Mice
Remarkably, Pals1 CKO mice survive into adulthood, represent-

ing an adult mouse with virtually no cerebral cortex. We found

that Pals1 CKO mice survived, fed, and bred in the laboratory

environment and, in general, appeared surprisingly healthy,

though their overall body weight was lower than age-matched

wild-type (WT) controls (Figure 2A), and their fur appeared less

kempt in adulthood (data not shown). Basic neurological

reflexes, such as the righting reflex, appeared intact (data not

shown). Pals1 CKO mice responded to tail pinch, and there

were no detectable differences in their speed to tail withdrawal

in the hot water tail flick test when compared to Het or WT

controls (data not shown). Preservation of the Preyer reflex indi-

cated that the Pals1 CKO and Het mice registered auditory cues

(data not shown). Perhaps most remarkably, considering the

ablation of the entire frontal motor cortex, no differences were

detected between groups of mice in a motor coordination test

using the accelerating rotarod, in either acquiring the task

(data not shown) or in test day performance (Figure 2B). Hence,

Pals1 CKO mice uncover a series of behaviors that are governed

predominantly by cortex-independent circuitry.

Not surprisingly, Pals1 CKO mice exhibited severely compro-

mised behaviors in several tests previously shown to depend

upon intact cortical circuitry. For example, their movements

were irregular and jumpy, disrupting their stride and gait
(Figure 2C). Pals1 CKO performed poorly in the wire hang

(Figure 2D). Pals1 CKO mice swam; however, while there was

no significant difference between the groups of mice in swim-

ming speed, Pals1 CKO mice did so in a characteristic circling

pattern (Figure 2E). They typically failed to locate a visible

platform in the Morris water maze (success rates: +/+ = 10/10;

+/� = 5/10; �/� = 4/10; Figure 2E), as if they were blind to it,

and spent less time searching for the visible platform in the

appropriate quadrant than Het or WT controls (Figure 2F).

Pals1 CKO mice also failed in the visual forepaw reach test

(data not shown). Finally, Pals1 mutant mice had reduced explor-

atory initiative and locomotor behavior in the open field test

(Figure 2G). After 3 min in the open field, 6/10 Het mice, and

9/10 Pals1 CKO mice remained in the center quadrant while

10/10 WT control mice had by this time started exploring the

novel environment. Neither Pals1 CKO nor Het mice were

noticeably distressed in the center of the field. During the course

of the full 10 min trial, both Pals1 CKO and Het mice preferred

the center quadrant over any other quadrant (Figure 2H). In

fact, 4/10 of the Pals1 CKO mice remained in the center quadrant

for the entire duration of the experiment. Taken together,

these data demonstrate a broad range of behavioral deficits

arising from the absence of appropriate cortical feed-forward

and feedback circuitry in the Pals1 CKO mouse. In addition,

the Het displays an intermediate behavioral phenotype, under-

scoring the importance of appropriate Pals1 gene dosage during

cortical development.

Pals1 Is Necessary and Sufficient for Cortical Progenitor
Self-Renewal
In order to investigate the reason for the absence of almost the

entire cortex, we examined Pals1 CKO animals and noted
Neuron 66, 69–84, April 15, 2010 ª2010 Elsevier Inc. 71



Figure 2. Pals1 Loss Reveals Dorsal-

Cortex-Dependent and -Independent

Behaviors

(A) Body and brain weight of littermates at 4 weeks

of age. The brain mass of Pals1 CKO and Pals1 Het

mice are smaller than WT (t test, p < 0.001; n = 3–5).

(B) Mice tested on the accelerating rotarod showed

no significant differences between Pals1 CKO,

Pals1 Het, or control mice.

(C) Footprint patterns of wild-type (top), Pals1 Het

(middle), and Pals1 CKO (bottom) mice.

(D) Pals1 CKO mice had reduced latency to fall in

the wire hang test versus controls and Pals1 Het

mice (t test: p < 0.0005 and p < 0.05, respectively,

n = 10).

(E) Representative traces of swimming patterns of

WT (left), Pals1 Het (middle), and Pals1 CKO (right)

mice in a Morris water maze where mice swam

toward a visible platform (P) located in quadrant 3.

(F) Quantification of time spent per quadrant during

swimming trial in (E). Pals1 CKO mice spent the

least time in the quadrant with the platform versus

wild-type and Pals1 Het mice (t test: p < 0.005;

n = 10).

(G) Representative traces of exploratory behavior

of WT (left), Pals1 Het (middle), and Pals1 CKO

(right) mice during a 10 min open field trial.

(H) Quantification of time spent in center quadrant

during open field test (G). Pals1 Het and Pals1 CKO

mice spent less time exploring the open field

versus WT controls (t test: p < 0.05 and p < 0.0005,

respectively; n = 10).

Data are represented as mean ± SEM.
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striking changes in cortical size and morphology at E12 and E14

(Figures 3A and 3B). Consistent with the proposed role of the

apical complex in regulating cell fate (Bultje et al., 2009; Costa

et al., 2008), Pals1 CKO animals did show dramatic changes in

progenitor cell renewal and cell fate (Figures 3C–3H). S phase

cells, marked by BrdU incorporation, were diminished almost

2-fold compared to the WT. M phase cells, marked by phos-

pho-Histone H3 (PH3) immunoreactivity (Figures 3D–3F), were

similarly reduced at E12.5 and E14.5, with Hets showing inter-

mediate numbers in both cases. To determine the cause of

progenitor cell loss, we labeled progenitor cells with BrdU at

E10–E11 and labeled those progenitors still cycling 18–24 hr

later by immunostaining with Ki67, as previously described

(Chenn and Walsh, 2002). Of the progenitors labeled at E10,

15.7% of Pals1 CKO progenitors exited the cell cycle on E11

(and were hence not double labeled with Ki67), compared to

8.5% in wild-type and 9.7% in Hets, suggesting that Pals1-defi-

cient progenitors prematurely withdraw from the cell cycle.

Mutant progenitors labeled at E11 exited the cell cycle by E12

at 2.3-fold the rate of normal progenitors (Figures 3G and 3H).

Furthermore, postmitotic neurons (marked by Reelin, Dcx,
72 Neuron 66, 69–84, April 15, 2010 ª2010 Elsevier Inc.
Map2, and Tbr1) were increased at E11

and E12 transiently in CKO brains (Fig-

ures S3A–S3F), suggesting that some

progenitor cells exit the cell cycle to

become neurons in the absence of
Pals1. Basal progenitors, i.e., intermediate progenitors located

in subventricular zone and labeled by Tbr2 immunoreactivity,

were also significantly reduced in number at E12 and later stages

(Figures S3G–S3J).

To determine whether these defects in self-renewal are cell-

autonomous, we employed shRNA technology to acutely knock-

down Pals1. Pals1 shRNA effectively reduced the expression of

Pals1 in cultures of NIH 3T3 cells and in electroporated cells

in vivo (Figures S4A and S4B and data not shown) (van Rossum

et al., 2006). Pals1 shRNA effects were rescued by coelectropo-

rating a shRNA resistant human PALS1 expression vector, indi-

cating that the defects were specific to Pals1 (Figure S4C). Two

days following shRNA administration, endogenous Pals1 was

undetectable by Pals1 immunostaining in the electroporated

cortical area (Figure S4A). Progenitors electroporated with Pals1

shRNA also showed defects in self-renewal as revealed by PH3

or transient BrdU labeling compared to control (Figures 4A–4J,

arrow). Furthermore, greater numbers of shRNA-treated cells

were positive for the neuronal marker Tuj1 compared to control

shRNA-treated cells, indicating a cell-autonomous generation

of neurons accompanying reduction of Pals1 (Figures 4K–4N).



Figure 3. Pals1 Deficiency Depletes the Neural Progenitor Pool by Premature Cell Cycle Exit

(A) The Pals1 CKO cortex is smaller than littermate controls at E12.

(B) At E14, both Pals1 Het and Pals1 CKO cortices are extremely small compared to controls.

(C) A schematic of interkinetic movement of neural progenitors.

(D–F) S phase cells transiently labeled by BrdU and M phase cells labeled with anti-P-H3 are substantially reduced in the Pals1 CKO brain. Intermediate reduction

is seen in Pals1 Het embryo compared to WT at E12 and E14 (t test; BrdU at E12, p < 0.001; BrdU at E14, p < 0.005; P-H3 at E12, p < 0.01; P-H3 at E14, p < 0.01;

n = 3 and n = 4).

(G and H) Neural progenitors exiting the cell cycle after 24 hr are double labeled by BrdU and Ki67. Cells exiting the cell cycle are positive for BrdU but negative for

Ki67 and are increased in the Pals1 CKO versus controls.

Data are represented as mean ± standard deviation. The size markers represent 75 mm. See also Figure S3.
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We next tested whether overexpression of Pals1 in neural

progenitors is sufficient to maintain progenitors in the prolifer-

ating state. Cortical progenitor cells electroporated at E13 and

examined later at postnatal day 3 (P3) revealed that the majority

of Pals1-overexpressing cells were located in the cortical plate

(CP). However, some Pals1-overexpressing cells persisted in

proliferative regions such as the SVZ (Figure 4P, arrows). By

contrast, no Pals1-expressing cells were observed in the SVZ

in control experiments, and all control cells were tightly localized

in the cerebral cortex by P3 (Figure 4O). The persistent SVZ cells

overexpressing Pals1 were frequently immunoreactive for Ki67

(64% ± 8%), while no Ki67-positive cells were found in the CP
(Figures 4Q and 4R). The cells in the CP appeared to be postmi-

totic neurons based on their typical neuronal morphology and

the fact that they were Ki67 negative. Pals1-overexpressing cells

were also more widely dispersed in the cortical wall than in

control electroporated cells (Figures 4O, 4P, 4S, and 4T), sug-

gesting that Pals1 overexpression may delay or disrupt cell cycle

exit and/or normal cortical migration. When overexpressed,

Pals1 localized to apical junctions as well as the cytoplasm

(Figures 4U–4X), so that additional signaling roles of Pals1

beyond the maintenance of the polarized structure of progeni-

tors cannot be completely ruled out. Taken together, these find-

ings indicate that Pals1, like Par3 (Bultje et al., 2009; Costa et al.,
Neuron 66, 69–84, April 15, 2010 ª2010 Elsevier Inc. 73



Figure 4. Pals1 Is Necessary and Sufficient for Self-Renewal of Neural Progenitors

(A–E) Progenitors in mitosis (P-H3-positive staining cells) are decreased in the Pals1 silenced (Pals1 shRNA) cortical region, and dispersed from the apical margin.

(A) Nontarget shRNA vectors were used as controls.

(B–E) The proportion of P-H3-positive cells in the Pals1 shRNA-treated cells (GFP-positive) reduced to 17% as compared to control 21% (t test; p < 0.005; n = 5).

(F–J) Reduction and scattering of S phase proliferative cells in Pals1 shRNA tissue was analyzed 1 hr after a BrdU pulse.

Arrows (C and H) separate electroporated regions from adjacent nonelectroporated regions.

(J) Quantification of BrdU-positive cells among shRNA-treated cells reveals fewer S phase proliferating cells upon Pals1 shRNA versus control (t test; p < 0.0001;

n = 5). Data are represented as mean ± standard deviation.

(K–N) Pals1 downregulation increases Tuj1-positive staining neurons compared to control, indicating a premature cell-cycle exit of cortical progenitors. GFP and

Tuj1 immunoreactivity largely overlap, indicating a substantial cell-autonomous impact of Pals1 silencing in promoting neuronal differentiation.

E13.5 embryos were electroporated with GFP (O and S) or pCAGGS-Pals1 (P, Q, R, and T), and cortical tissue was analyzed at P3.

(O and S) GFP electroporated neurons are clustered in the cortical plate.

(P and T) Conversely, Pals1-overexpressing cells are scattered more widely in the cortical and subcortical regions, suggesting abnormalities in exiting the VZ and

potentially in neuronal migration. A small fraction of cells were still localized in the SVZ, suggesting failure to leave the proliferative regions (arrows).

(Q) High-magnification images show Pals1 overexpression.

(R) Example of Pals1-overexpressing cells confined to the SVZ. These cells continue to express Ki67, indicating their persistent proliferative state.

(S and T) Higher-magnification images of the boxed areas in (O) and (P), respectively.

(U and V) Two days after pCAGGS-Pals1 electroporation, Pals1 is highly expressed in the cytoplasm and in the apical junction in overexpressing cells.

(W and X) High-magnification pictures of boxed areas of (V).

See also Figure S4.
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Figure 5. Pals1 Deficiency Causes Massive and Rapid Cell Death of Abnormally Generated Postmitotic Neurons
(A and B) More cells in the Pals1 CKO undergo apoptotic cell death than in Pals1 Het or WT littermates, as seen by TUNEL staining at E12. Dying cells are observed

by E10 and peak at E11–E12 (ANOVA; WT versus Het, p < 0.05; WT versus CKO, p < 0.0005; Het versus CKO, p < 0.05; n = 3 and n = 5).

(C) The cells undergoing apoptotic cell death in the Pals1 CKO are primarily neuronal, as shown by double labeling with progenitor markers (apical progenitors,

Pax6; basal progenitors, Tbr2) and the nuclear neuronal markers Hu and Tuj1 together with TUNEL staining. Hu and Tuj1 extensively overlap with TUNEL-stained

dying cells, while progenitor markers rarely overlap with TUNEL-positive staining cells.

(D) The cells in M phase or G2 phase, which are labeled by a 4.5 hr BrdU pulse, rarely overlap with cleaved caspase 3 (CC3)-positive staining cells.

(E) Cells labeled by a 7.5 hr BrdU pulse are mainly in G1 or exiting the cell cycle. In the Pals1 CKO brain, many BrdU-positive cells double label with CC3 (E, arrow).

(F) Pals1 knockdown cells acutely undergo apoptotic cell death, since over 20% of Pals1 shRNA-treated cells are TUNEL-positive as early as 15 hr after electro-

poration.

Data are represented as mean ± standard deviation The size markers represent 75 mm. See also Figure S5.
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2008), is both necessary and sufficient to maintain progenitors in

the cycling state.

Pals1 Removal Causes Widespread Apoptotic
Cell Death
Though Pals1 regulates cell fate, the profound loss of medial

cortex in the Pals1 CKO suggested that additional mechanisms

beyond merely a cell fate change must contribute, and we found
that massive apoptotic cell death took place in the developing

mutant medial cortex. Cell death could be observed in Pals1

CKO mice as early as E10.5 (Figure 5, data not shown). In order

to determine the types of cells dying, we first visualized dying

cells by TUNEL staining. TUNEL-positive cells primarily localized

dorsally in the intermediate zone and cortical plate in Pals1 CKO

mice, where extensive cell death peaked at E11–E12 (Figures 5A

and 5B and data not shown). Double staining with the nuclear
Neuron 66, 69–84, April 15, 2010 ª2010 Elsevier Inc. 75
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neuronal marker Hu revealed many TUNEL-Hu double-positive

cells, suggesting that cell death involved many postmitotic

neurons. The neuronal identity of TUNEL-positive cells was

also consistent with their location outside of the VZ where they

overlapped with cells staining with the neuronal marker Tuj1

(Figure 5C). In contrast, dying cells could be rarely, if ever, double

labeled with progenitor markers such as Pax6 and Tbr2

(Figure 5C).

Cleaved caspase 3 (CC3), an earlier marker of apoptosis, also

identified dying cells predominantly outside of the VZ. However

in contrast to TUNEL staining, CC3-positive cells were also

found in the VZ even at the apical surface as early as E11.

Pax6 and CC3 immunoreactivity colocalized only very rarely

(Figure S5), further suggesting that most dying cells are recently

born neurons. However, we cannot rule out a contribution of

progenitor cells to the apoptotic population, since 9 hr after

Pals1 knockdown, most GFP-positive cells, which were

apoptotic, were weakly Pax6 positive (data not shown).

Double-labeling studies using CC3 and BrdU also suggested

that dying cells had mainly withdrawn from the cell cycle.

Following a BrdU pulse at E11, we examined dying cells either

after 4–5 hr, at which time BrdU-labeled cells are primarily in

M phase and G2 phase (Takahashi et al., 1996) or after 7.5 hr.

CC3-positive cells rarely overlapped with BrdU 4–5 hr after

labeling (Figure 5). By contrast, 7.5 hr following the BrdU pulse,

we observed BrdU and CC3 double-labeled cells (Figures 5D

and 5E, arrows), suggesting that the majority of dying cells

were exiting the cell cycle. Similar to genetic ablation, some

neurons generated by shRNA-mediated Pals1 knockdown

underwent apoptotic cell death and could be double labeled

with TUNEL (Figure 5F). Already 15 hr following Pals1 knock-

down, over 20% of Pals1 knockdown cells were TUNEL positive,

with the proportions of dying cells reducing slightly with time

(Figure S5). Pals1 may be essential in the transition from progen-

itor to neuron, or at the very earliest stages of neuronal differen-

tiation, since removal of Pals1 in postmitotic neurons using syn-

apsin Cre, or RNAi-mediated knockdown of Pals1 in cortical

neurons in vitro, did not result in massive neuronal death (data

not shown). Taken together, these data highlight an unexpected

role for Pals1 in neurons and neural progenitors in cell survival,

implicating potential interactions between the apical complex

and cell survival pathways.

Pals1 Removal Disrupts Other Apical
and Basolateral Components
Removal of Pals1 disrupted the in vivo expression and localiza-

tion of all apical complex proteins examined, suggesting that

Pals1 is a central hub for apical complex proteins. Crb2 and

aPKCl immunoreactivity were already diminished in E11–E12

CKO mice, the earliest date we observed reduction of Pals1

expression (Figures 6A and 6B). In time course experiments

using shRNA-electroporated mouse embryonic cortices, Crb2

mislocalization occurred 9 hr after electroporation (Figure 6C),

whereas aPKC localization was normal at 9 hr after RNAi,

but became abnormal at later time points, such as 48 hr

postelectroporation (Figure S2). These findings suggest that,

while Pals1 links both Par3/Par6/aPKC and Pals1/Crb/Patj

apical complexes, one of the earliest defects associated with
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Pals1 loss is a disruption of the Pals1/Crb/Patj apical complex

(Figure 6C).

Pals1 has also been implicated in adherens junction formation

in cultured cells (Wang et al., 2006), and adherens junction

components such as b-catenin (Chenn and Walsh, 2002; Zech-

ner et al., 2003) and a(E)-cadherin (Lien et al., 2006) regulate

neural progenitor renewal. We first detected adherens junction

defects in Pals1 CKO animals at E13, at which point adherens

junctions were either displaced basally or absent altogether

(Figure 6D). Adherens junction loss appeared to follow the loss

of apical protein immunoreactivity by about 24 hr, as adherens

junctions appeared relatively intact at E12 (Figure 6D). Adherens

junction defects were also observed in Pals1 knockdown cells

with a time course mirroring that observed in Pals1 CKO mice

(data not shown).

Disruption of the apical complex also led to other apical

defects. Basal bodies marking the base of cilia identified by

pericentrin staining were reduced (Figure 6E), and scanning

EM revealed that primary cilia were reduced in number and

size in Pals1 CKO compared to wild-type controls (Figure 6E).

Together, these data suggest that loss of apical complex leads

to impaired adherens junctions, as well as apical structures.

Loss of mTOR Activity Is in Part Responsible for
Postmitotic Neuron Apoptosis
In order to understand Pals1’s role in cell survival, we examined

alterations in signaling pathways that regulate cell survival.

Several recent studies suggest that cell polarity proteins and

the mTOR pathway, a major cell growth and survival pathway,

have physical and functional interactions (Feng et al., 2008; Pinal

et al., 2006). We used the level of phosphorylated ribosomal S6

protein (pS6), which promotes protein synthesis upon phosphor-

ylation by activated mTORC1, as a measure of mTORC1 activity

(Sarbassov et al., 2005). Pals1 CKO animals showed striking

downregulation of pS6 levels in neurons marked by Tuj1

(Figure 7A). To quantify the postmitotic cells that were pS6 posi-

tive, we employed the double staining of nuclear staining of cell

cycle inhibitor p27 (Kip1) immunostaining (Nguyen et al., 2006),

which extensively overlapped with the early neuron markers

Tbr1 at E11 (data not shown) and pS6 (Figure 7B). While 71%

of p27 (Kip)-positive cells were pS6 positive in wild-type

controls, only 30% of p27 (Kip1)-positive cells were pS6 positive

in Pals1 CKOs and 48% of p27 (Kip1)-positive cells were pS6

positive in Pals1 Het animals, (Figure 7C), suggesting that

Pals1 loss impairs mTOR signaling in neurons in a dose-depen-

dent manner. Thus, Pals1 function appears essential, presum-

ably at the transition from progenitor to neuron, to form neurons

capable of normal mTOR signaling.

To test whether activation of mTOR could rescue the dying

cells in the Pals1 CKO animals, we created a double mutant of

Pals1 and a Tsc2 floxed allele, both under the control of Emx1-

Cre (Gorski et al., 2002). Tsc2 negatively regulates mTOR

through inhibition of Rheb, a small GTPase protein, by its

GTPase activating protein (GAP) activity, so that the removal of

Tsc2 activates mTORC1 by Rheb activation (Figure 7D). At

E12, the expression of pS6 was increased in the Tsc2; Pals1

double mutant and remarkably, the expression of pS6 in postmi-

totic neurons was restored in the double mutant. At postnatal



Figure 6. Pals1 Loss Disrupts Apical Complex Proteins and Adherens Junctions

(A) The expression of Pals1 in the neuroepithelium at E12 is diminished in a medial to lateral gradient in Pals1 CKO mutant mice versus WT.

(B) At E12, the apical complex proteins aPKCl and Crb2 were reduced in an analogous manner to the Pals1 loss in the Pals1 CKO.

(C) Defects of Crb2 protein localization are observed as early as 9 hr after Pals1 shRNA electroporation. The Crb2 protein diffuses in the cytoplasm in the shRNA-

treated cells, whereas the cells treated with control shRNA show apical localization.

(D) Adherens junctions are relatively intact at E12 in Pals1 CKO mutant mice. At E13, adherens junctions are either displaced basally or absent in Pals1 CKO mice.

At E14, adherens junctions are completely absent in medial cortex of mutant mice. The size marker represents 75 mm.

(E) (Top panels) Scanning EM reveals fewer primary cilia in the Pals1 CKO neuroepithelium compared to wild-type (arrowheads). Data are represented as mean ±

standard deviation. (Middle panels) Pericentrin staining was reduced in Pals1 CKO mice, indicating a reduction in basal bodies (the base of cilia). (Lower panels)

Pals1 CKO mice have shorter cilia than WT controls. In the Pals1 CKO, the apical membrane shows large and irregularly shaped particles compared to controls,

which have smaller and relatively uniform particles at E12 (arrows). The size marker represents 2.5 mm.

See also Figure S2.
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day 21, unlike the Pals1 CKO animals that do not have any medial

cortex, double mutants partially restored the medial cortex of

Pals1 mutants, in which both early-born neurons and late-born

neurons were found (Figure 7E, data not shown). These data

suggest that activation of mTOR signaling by Tsc2 mutation

can partially rescue the neuronal death caused by Pals1 removal.

To further examine mTOR function in Pals1-deficient neurons,

we downregulated GSK-3b in order to activate downstream

mTOR signaling. Since GSK-3b can inhibit mTOR signaling via

phosphorylation of Tsc2 (Buller et al., 2008; Inoki et al., 2006),

we coelectroporated the Pals1 shRNA together with a kinase-
dead GSK-3b construct, which inhibits GSK-3b signaling (Stam-

bolic and Woodgett, 1994), into developing cortices at E13.5 to

test whether the downregulation of GSK-3b activity would

rescue the apoptotic cell death caused by Pals1 knockdown.

Interestingly, 31% of GFP-positive electroporated cells were

CC3 positive in the Pals1 shRNA targeted cortical domain, while

only a minority (�1%) of cells were CC3 positive upon simulta-

neous electroporation of the kinase-dead GSK-3b (Figures 8A–

8F, 8M, and 8N), suggesting that GSK-3b knockdown efficiently

rescues the cell death induced by loss of Pals1 activity.

Conversely, the proportions of CC3-positive cells were
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Figure 7. mTOR Activity Is Attenuated in Pals1 CKO Neurons

(A–C) Abnormally generated neurons marked by Tuj1 (A) and p27 (B and C) in the Pals1 CKO mice show reduced or absent pS6 expression, indicating attenuation

of mTOR activity compared to WT littermates at E11. In control animals, 72% of p27-positive cells express pS6 while in the Pals1 heterozygote and Pals1 CKO

mice, 48% and 30% of p27-postive cells overlap with pS6, respectively (t test, p < 0.05; n = 3 for WT, n = 3 for Het, and n = 5 for CKO). Data are represented as

mean ± standard deviation.

(D and E) The activation of mTOR by elimination of a negative regulator, Tsc2, genetically restores pS6 staining in postmitotic neurons marked by Tuj1 in the

double mutants (Pals1 CKO; Tsc2 CKO; Emx1-Cre) at E12 compared to single mutant (Pals1 CKO). (E) At P21, the medial cortex of the Pals1; Tsc2 double mutant

is partially restored compared to the Pals1 CKO single mutant in which the medial cortex is almost absent.
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increased 2-fold when wild-type GSK-3b was electroporated

together with the Pals1 shRNA (Figures 8G–8N). Taken together,

these data strongly suggest that the reduction of mTOR activity

in the abnormally generated neurons likely contributes to the

massive cell death in Pals1 CKO animals.

DISCUSSION

Our genetic study demonstrates a near-complete abrogation of

cortical development in the absence of the apical complex

protein Pals1. Surprisingly, despite the absence of most cortical

structures, Pals1 CKO mice survive and display relatively normal

health, thus providing a unique animal model that distinguishes

essential functions of the cerebral cortex. Our data also suggest

that the role of Pals1 in cell fate determination, in which mutation

of Pals1 results in a cell fate shift to generate neurons instead of

progenitor cells, likely relates to the proper localization and main-

tenance of apical complex proteins in the apical membrane, and

the establishment of normal apical membrane structures, such

as primary cilia. Finally, we have uncovered an unexpected
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role of Pals1 in cell survival, which is closely coupled to the cell

fate defects. Virtually all of the abnormally generated neurons

die, and their death is associated with defects in mTOR

signaling. This unexpected connection between cell fate and

survival signaling by the apical complex protein Pals1 sheds light

on how Pals1 integrates signaling events during neurogenesis to

regulate neuronal number.

Pals1 in Cell Fate and Cell Survival
Our study uncovers a role for Pals1 in regulating progenitor cell

fate and cell survival. Pals1 deficiency produces premature exit

from the cell cycle that is tightly coupled to defects in survival

of recently differentiated neurons (Figures 3–5). The rapid clear-

ance of dying cells does not allow us to definitively exclude roles

for Pals1 in regulating the survival of progenitors as well, though

at most few double-labeled dying progenitors are seen. Since

the expression of Pals1 decreases in postmitotic neurons

(Figure S1A) and since neither Pals1 knockdown in postmitotic

neurons nor neuron-specific Pals1 deletion promotes neuronal

death (data not shown), it appears that loss of Pals1 in progenitor



Figure 8. GSK-3b Activity Has a Synergistic Effect on Neuronal Cell Death Together with Pals1 Downregulation

(A–F) Neuronal cell death induced by Pals1 downregulation (A–C) is efficiently rescued by simultaneous downregulation of GSK-3b activity obtained by expres-

sion of a kinase-dead GSK-3b expression vector (D–F).

(G–L) GSK-3b overexpression elicits only a minor effect on cell death in control cortical tissue, while when combined with Pals1 downregulation exerts a dramatic

increase in neuronal cell death (J–L). DNA constructs are electroporated in E13.5 mouse cortices and results analyzed 48hr later.

(C, F, I, and L) Merged images of CC3-positive (red, apoptotic cells) and GFP electroporated cells (green).

(M) Quantification of the electroporated (GFP+, green) and apoptotic (CC3+, red) cells per field for each different condition analyzed in (A)–(L) (ANOVA; p < 0.0001;

n = 3).

(N) Percentage of CC3-positive apoptotic figures within the total electroporated GFP-positive each different condition analyzed (ANOVA; p < 0.0001; n = 3).

Data are represented as mean ± standard deviation.
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cells results in cells that express a neuronal fate, but which are

deficient in mTOR signaling, and hence rapidly, and virtually

quantitatively, die. Thus, Pals1 appears to play a key role not

only in the regulation of asymmetric cell division (Bultje et al.,

2009; Costa et al., 2008; Srinivasan et al., 2008) but also is

essential for the subsequent transition from progenitor to

neuron, and the survival of the neuron.
Defects in progenitor and neuron survival are also a feature of

Notch 1 and Notch 3 conditional knockouts (Mason et al., 2006).

The shared cell death phenotype between Notch and Pals1

CKOs raises the possibility that either Pals1 acts through Notch

or that Pals1 and Notch signaling converge on common targets

to govern cell survival. Indeed, similar to Drosophila neuroblasts

(Wodarz, 2005), Par3 modulates Notch signaling through an
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interaction with Numb to regulate asymmetric division during

mammalian cortical neurogenesis (Bultje et al., 2009). Since

Pals1 regulates localization of Par3 and other apical complex

proteins in neural progenitors (data not shown and Figure 6B),

Pals1 loss may disrupt Notch signaling by improper localization

of Par3. Consistent with this model, upregulation of mTOR

signaling through inactivation of Tsc1 or overexpression of

Rheb orthologs in Drosophila activate Notch signaling, regu-

lating cell fate choices of daughter cells of sensory organ

progenitors (Karbowniczek et al., 2010).

Thus, the apical complex and mTOR signaling connect two

major biochemical pathways involved in proliferation and

survival. While the failure to appropriately specify neural progen-

itor cell fate has been associated with cell death (Ohtsuka et al.,

1999; Petersen et al., 2002), the molecular pathways coupling

these processes in cortical progenitor cells have remained

incompletely understood. mTOR signaling is a well-established

regulator of cell survival through interactions with proapoptotic

proteins, including BAD and P53 (Feng et al., 2005; Freilinger

et al., 2006). Here, we found mTOR signaling to mediate apical

complex signaling events governing cell fate determination and

survival. Both Tsc1 and Tsc2 localize to the cytoplasm and the

apical membrane (Massey-Harroche et al., 2007), and Tsc2

interacts with Patj, providing a biochemical link between the

apical complex to mTOR signaling pathway (Massey-Harroche

et al., 2007). The brain-specific Tsc2 mouse model has an

enlarged brain and a significant reduction in the number of

early-born neurons (Way et al., 2009), a phenotype in some

ways complementary to the Pals1 CKO phenotype.

The expression level of Pals1 and other apical complex

proteins is closely linked to the normal progression of neurogen-

esis (Figure S1A; Costa et al., 2008). The ability of Pals1 overex-

pression to delay cell cycle exit of progenitors and the prominent

defects in Pals1 Het mice support the conclusion that Pals1

regulates progenitor maintenance and cell survival in a dose-

dependent manner. Interestingly, Pals1 Hets also displayed

intermediate levels of attenuation of mTORC1 signaling (Figures

7A–7C). The rescue of the Pals1 CKO cortex phenotype in the

Tsc2 CKO; Pals1 CKO; Emx1-Cre double-knockout mice was

only partial. The efficacy of rescue corresponds to the gradient

of Emx1-Cre expression, which is highest medially, where no

rescue takes place, and lower laterally, where lower levels of

Emx1-Cre mediate less complete Pals1 recombination (Figures

1C and 7). Thus, the dose-dependent function of Pals1 as a

scaffolding protein may be essential for recruiting appropriate

signaling molecules, such as components of the mTOR signaling

pathway.

While most of the Tsc2 forebrain-specific mutant mice die

before postnatal day 15 (data not shown), some rescue of both

their viability and body size was observed in the Tsc2 CKO; Pals1

CKO; Emx1-Cre double-knockout mice (data not shown), further

supporting a genetic interaction. Taken together, our data

suggest that the interaction between Pals1 and mTOR signaling

plays a key role in mediating neuronal survival, and more broadly,

in ensuring appropriate brain development on the whole.

Because both apical complex proteins and the mTOR signaling

cascade are highly conserved, the interactions between apical

complex proteins and mTOR signaling may generalize beyond
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the cortex to other organ systems and species. Abnormal

mTOR signaling was recently implicated as a potential common

downstream target of several mouse models of Retinitis pigmen-

tosa (Punzo et al., 2009), a degenerative condition in which retinal

photoreceptors, whose highly specialized apical membranes

form light-sensitive elements, are lost. Moreover, mutations in

human Crumbs homolog 1 (CRB1), a Pals1-interacting protein,

lead to Retinitis pigmentosa 12/Leber’s congenital amaurosis 8

(den Hollander et al., 1999). Thus, together with our findings,

these data suggest that in addition to mediating survival signaling

during normal development, the apical complex, when dysregu-

lated, may contribute to degenerative disease by regulating

mTOR signaling.

Finally, the apical membrane gives rise to primary cilia, which

are significantly reduced in length in Pals1-deficient progenitors

(Figure 6E). Primary cilia play important roles in relaying extracel-

lular signals, including Sonic hedgehog and Wnt to cells (Casp-

ary et al., 2007; Eggenschwiler and Anderson, 2007; Rohatgi

et al., 2007). Interestingly, cortical progenitor cells extend their

primary cilia directly into the cerebrospinal fluid (Figure 6), raising

the possibility that progenitor cells might obtain instructive cues

from the embryonic cerebrospinal fluid. In this manner, impaired

ciliary development may result in severely disrupted signaling for

a host of developmental cues.

Distinguishing Cortex-Dependent from
Cortex-Independent Behaviors in Pals1 CKO Mice
Despite a nearly complete loss of the cortex, Pals1 CKO mice

survive and are relatively healthy, unlike several other known

mutants associated with severe defects in cortical structure

(De Pietri Tonelli et al., 2008; Depaepe et al., 2005; Hatakeyama

et al., 2004). Using a battery of behavioral paradigms, we found

that, as expected, Pals1 CKO mice show severe impairment in

tasks that are known to be cortex dependent, including perfor-

mance in the open field, the wire hang, and locating a visible plat-

form in the Morris water maze (Figure 2) (Crawley, 2008). Consis-

tent with the absence of visual and association cortices, we were

not able to detect any evidence for intact vision (Figure 2E and

data not shown). Several tasks known to depend principally on

subcortical areas are spared in Pals1 CKO mice, despite deficits

in cortical feedback projections to these areas. For example, the

Pals1 CKO mice performed as well as control mice on the accel-

erating rotarod, despite the lack of a motor cortex and a pyra-

midal tract. In addition, the mice are able to swim (Figure 2E),

an activity that typically requires bilateral coordination.

The ability of Pals1 CKO mice to retain some but not other

behaviors presumably depends on compensatory pathways,

and an intriguing candidate is the superior colliculus, a subcor-

tical structure that appears intact and even somewhat enlarged

in Pals1 CKO mice compared to wild-type controls (data not

shown), despite the loss of its sizable innervation from many

cortical regions. The superior colliculus, an ancient structure

that antedates the cerebral cortex evolutionarily, tends to be

relatively larger in mammals with less developed, smaller

cortices (Finlay et al., 2001). The superior colliculus is thought

to underlie retained visual functions in decerebrate cats, such

as luminance discrimination (Fischman and Meikle, 1965), as

well as the phenomenon of ‘‘blindsight,’’ in which some patients
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with occipital lobe damage can accurately point to stimuli that

they deny visual awareness of (Weiskrantz et al., 1974). The

superior colliculus is also known to coordinate sensorimotor

functions, consistent with our observations of intact rotarod

and swimming behaviors. On a practical level, the long-term

viability of the Pals1 CKO mouse, in the absence of virtually all

cortical mantle and hippocampus, should facilitate in vivo

studies of development and function of the superior colliculus

and other subcortical structures by allowing direct access for

imaging and electrophysiology studies.

EXPERIMENTAL PROCEDURES

Mice and Generation of Targeted Animals

Mice were housed and handled in accordance with protocols approved by the

IACUC of Harvard Medical School, Stem Cell Research Institute, Dibit, H. San

Raffaele, and University of Texas, Health Science Center at Houston. The tar-

geted allele was generated by inserting LoxP sites flanking exon 3 of the Pals1

gene with a neomycin resistance (neor) cassette using homologous recombi-

nation in ES cells (Feng et al., 2006). The targeted allele created a truncated

N-terminal Pals1 protein (122 aa). The targeting construct was transfected

into ES cells. Targeted clones were confirmed by southern blot using a 50

and 30 probe with EcoRV and EcoR1 digestion. The targeted allele was

detected by PCR analysis of DNA from tail biopsies or embryonic tissues.

Genotyping was carried out using two primers: 50 TTTTTCCCACTTCTCATTA

CAGTG; 30 GCCCTCCGTTTCCTCTTATC. The conditional allele contained a

LoxP site and flanking sequence, thereby generating a 236 bp PCR product

as compared to wild-type sequence of 191 bp. The conditional allele of Tsc2

mice were genotyped as previously described (Hernandez et al., 2007).

Pals1 f/+, Tsc2f/+ Emx1-Cre and Pals1 f/+, Tsc2f/+ Emx1-Cre mice were bred

for double conditional mutant mice.

Magnetic Resonance Imaging

Perfused adult mouse brains were imaged with an 8.5T magnet at the BIDMC

Center for Basic MR Research. 2T-weighted axial images were analyzed using

ImageJ.

Behavior Analysis

n = 10 for each group tested in all behavioral paradigms. No statistically signif-

icant differences were observed between male and female behavior in any

group tested (data not shown). The righting reflex, wire hang, stride and gait,

and visual reach were tested using standard procedures (Crawley, 2008).

The hot water tail flick test was used to calculate the latency to withdraw tail

from water maintained at 55�C (Fairbanks and Wilcox, 1997). The Preyer reflex

was observed as mice responded with an ear flick to a 96 dBSL click gener-

ated by a Clickbox (MRC Institute of Hearing Research) held at a 30 cm

distance.

The accelerating rotarod apparatus (TSE RotaRod System V4.0.2) was used

to measure motor coordination. Mice were trained for 2 consecutive days at

constant speed (4.0 rpm) for a maximum duration of 300 s per trial. A single

training session consisted of three trials with 5–10 min intertrial intervals.

During testing on day 3, mice were placed on an accelerating rotarod from

4.0–40.0 rpm for 300 s. The testing day consisted of three trials with 10 min

intertrial intervals, and the latency to fall was measured. Rotarod data were

analyzed by t test. Data are represented as mean ± SEM.

The open field test was conducted in a brightly illuminated square arena

(485 mm3). Mice were placed in the center of the arena and allowed to explore

the area for 10 min. Behavior was tracked using a ceiling-mounted camera

(Panasonic WV BP332). Data were analyzed by t test. Data are represented

as mean ± SEM.

Swimming was assessed in a Morris water maze during a visible platform

test. Training consisted of placing a mouse on a visible platform with a flag

for 20 s with 20 s intertrial intervals for three trials in a pool (1.2 m in diameter)

filled with water rendered white with nontoxic paint. The mice were then placed

in water and guided to swim to the platform for three separate trials. Unas-
sisted swimming was subsequently monitored and analyzed by ceiling-

mounted video tracking as above.

In Situ Hybridization and histology

Tissue was fixed overnight in 4% paraformaldehyde/PBS at 4�C, transferred to

30% sucrose, embedded in OCT, and cryosectioned for in situ hybridization

with the Pals1 (892-1600) probe. Alternatively, for histological analysis, tissue

was embedded in paraffin and sectioned at 5 mm. H&E staining was carried out

by standard procedures.

X-Gal Labeling

Whole heads or brains were placed in a solution of 100 mM sodium phosphate

(pH 7.3), 2 mM MgCl2, 0.01% sodium deoxycholate, 0.02% NP-40 for 30 min.

For the color reaction, 5 mM potassium ferricyanide, 5 mM potassium ferrocy-

anide, and 1 mg/ml X-gal were added to this solution.

Quantification of S Phase and M Phase Cells

BrdU-labeled cells were counted after a 30 min pulse. E12 and E14 paraffin

sections were stained with BrdU (Harlan Laboratories) and P-H3 (Upstate)

antibodies. Quantification was performed on three to five WT, Pals1 Het,

and Pals1 CKO embryos for each time point. Cells were manually counted

from four different areas of each embryo on a digital image generated either

by confocal microscope (Leica) or inverted epiflouresence microscope (Zeiss).

Quantification of Dying Cells

Dying cells were labeled in three to five embryos at E12 with an In Situ Cell

Death Detection kit (Roche). Four sections from each embryo were stained,

and total numbers of cells was determined by manually counting cells with

positive Hoechst 33258 staining nuclei in the unit area on a digital image gener-

ated as described above.

Quit Fraction Using BrdU Labeling and Ki67 Staining

BrdU was injected into the timed pregnant females at E10 and E11. Three to

five pups of each genotype and age were harvested after 18 or 24 hr, and

four sections of each embryo for each genotype were stained with BrdU and

Ki67. The cells that are BrdU positive but Ki67 negative were manually counted

and compared on a digital image generated as described above.

Immunohistochemistry

Five micron sections were prepared as described above, deparaffinized, and

rehydrated through an ethanol series into distilled H2O. After antigen retrieval

using Antigen Unmasking Solution (Vector Laboratories), sections were rinsed

in PBS and incubated with antisera to b-catenin (BD Biosciences), Nestin

(Developmental Studies Hybridoma Bank), Glast (Chemicon), BrdU (Harlan),

Ki67 (Nova Castra), Pals1 (Chae et al., 2004) (Upstate, gift from Dr. B. Margolis;

Roh et al., 2002b), P-H3 (Upstate), aPKCz, aPKC l (Transduction Laborato-

ries), Dcx (Gleeson et al., 1999), Reelin (G10, Chemicon), or Pericentrin-1

(Covance) in PBS containing 5% blocking sera for 2 hr at room temperature

or overnight at 4�C. Sections were washed four times in PBS for 10 min and

incubated with secondary antibodies (goat anti-mouse IgG antibody) (Jackson

Immuno Research Laboratories) or Alexa 488 goat anti-rabbit antibody

(Molecular Probes) at 1:500, followed by Hoechst 33258 staining.

In Utero Electroporation

In utero electroporation was performed as described previously (Saito, 2006).

Briefly, uterine horns of anesthetized pregnant dams were exposed through an

incision in the peritoneum. DNA (3–4 mg/ml) was injected manually through the

uterine wall into the telencephalic vesicle using pulled micropipettes. Four

pulses of 40–55 V (50 ms duration) were applied across the uterine wall using

a BTX ECM830 pulse generator. The uterus was then replaced in the abdom-

inal cavity and embryonic development allowed to proceed normally.

Pals1 shRNA Knockdown

Pals1 knockdown experiments were performed with previously reported and

verified Pals1 shRNA constructs (van Rossum et al., 2006) or GFP or unrelated

shRNAs (Mpp4, scrambled) that were injected and electroporated into
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developing cortices (E13 or E14). At least three different sections from three

different embryos were analyzed with BrdU, P-H3, and Tuj1.
Pals1 Overexpression

The Pals1 coding sequence (2027 bp) was amplified from human cDNAs and

cloned into a pCAGGS expression vector upstream of pIRES-GFP. pCAGGS-

Pals1 or its pCAGGS empty vector control was injected into E13 cortices and

analyzed at P3. Ki67-positive and GFP-positive cells that localized in the

ventricular layer were counted. Three different sections for each of two

Pals1-overexpressing brains together with three control GFP-electroporated

embryos that do not have any GFP-positive staining cells in the proliferative

regions were used in the analyses.
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