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Summary

Ablation of the LIS1-interacting protein Nde1 (formerly
mNudE) in mouse produces a small brain (microceph-
aly), with the most dramatic reduction affecting the
cerebral cortex. While cortical lamination is mostly
preserved, the mutant cortex has fewer neurons and
very thin superficial cortical layers (Il to IV). BrdU birth-
dating revealed retarded and modestly disorganized
neuronal migration; however, more dramatic defects
on mitotic progression, mitotic orientation, and mitotic
chromosome localization in cortical progenitors were
observed in Nde1 mutant embryos. The small cerebral
cortex seems to reflect both reduced progenitor cell
division and altered neuronal cell fates. In vitro analy-
sis demonstrated that Nde1 is essential for centro-
some duplication and mitotic spindle assembly. Our
data show that mitotic spindle function and orientation
are essential for normal development of mammalian
cerebral cortex.

Introduction

The development of the cerebral cortex follows a strictly
regulated sequence of neuronal proliferation, migration,
and differentiation. In all mammalian species, cortical
neurons are generated in the proliferative pseudostrati-
fied ventricular zone, where neural progenitor cells go
through massive expansion before they exit the cell cy-
cle and form cortical neurons (Caviness et al., 1995;
Rakic, 1995). Upon finishing the terminal mitotic cell
cycle, newly born neurons leave the ventricular zone
and move toward the cortical pial surface through a
highly ordered process of neuronal migration (Takahashi
et al., 1995; Rakic, 1995; Caviness et al., 1995). While
terminal differentiation through extensive axonal and
dendrite remodeling and networking is completed after
neurons arrive at the cerebral cortex, the early prolifera-
tion and migration processes determine the number and
location of the cortical neurons and are essential for the
formation of the laminated functional cerebral cortex
(Rakic, 1988a, 1988b).

Disorders of cerebral cortical development are gener-
ally categorized by the developmental stage that is dis-
rupted (Barkovich et al., 1996). For example, impaired
neurogenesis affects brain size and results in “micro-
cephaly” (small brain) (Bond et al., 2002; Mochida and
Walsh, 2001), and defective neuronal migration results
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in cortical lamination defects as seen in a variety of
cortical malformations (D’Arcangelo et al., 1995; des
Portes et al., 1998; Dobyns et al., 1993; Fox et al., 1998;
Gleeson et al., 1998; Olson and Walsh, 2002; Reiner et
al., 1993; Yoshida et al., 2001). Lissencephaly (smooth
brain) is considered to be neuronal migration disorder
(Dobyns and Truwit, 1995). In addition to reduced or
absent gyri and sulci, lissencephalic brains typically
show an abnormally thickened cortex with striking dis-
ruption of the normal six-layered neocortical pattern at
the histological level (Barkovich et al., 1991; Dobyns et
al., 1993). Since many neurons in lissencephalic brains
are observed in deeper regions that are normally occu-
pied by glial cells, it has been believed that the disease
is primarily caused by a neuronal migration arrest during
embryonic development (Kato and Dobyns, 2003).

Heterozygous mutations of the LIST gene in human
are known to account for a large fraction of classical,
type | lissencephaly (Pilz et al., 1998), and the LIS1 pro-
tein is associated with multiple cellular proteins, includ-
ing platelet-activating factor acetylhydrolase, microtu-
bules, and dynein motors (Faulkner et al., 2000; Hattori
et al., 1995; Sapir et al., 1997; Smith et al., 2000). While
these interactions provided important information on
the molecular basis of LIS1 function, many questions
regarding the role of LIS1 in cortical neuronal migration
as well as the pathogenic mechanism of lissencephaly
remain unanswered. The LIST gene is ubiquitously ex-
pressed, and the observation of early embryonic lethality
of LIST homozygous mutations in mouse suggests that
it is also essential for other cellular functions beyond its
role in neuronal migration (Hirotsune et al., 1998). It is
still unclear why heterozygous mutations of LIS7 result
in a minimal phenotype in tissues outside of the cerebral
cortex. Moreover, the lissencephalic brain is also micro-
cephalic. In additional to neuronal migration defects,
Lis1 compound heterozygous mice also display prolifer-
ation defects in cortical neural progenitors (Gambello
et al., 2003; Hirotsune et al., 1998). However, the contri-
bution of impaired neurogenesis to the malformation of
LIS1 mutant brain is not yet known.

We previously identified Ndel1 (formerly known as
mNudE) through its direct physical interaction with LIS1,
and through its homology with NUDE, a genetic sup-
pressor of LIS1’s ortholog NUDF in the filamentous fungi
A. nidulans (Efimov and Morris, 2000; Feng et al., 2000b).
Nde1 is localized to the mammalian microtubule organiz-
ing center (MTOC, the centrosome) and directs y-tubulin
localization and hence microtubule organization in in-
terphase cells, including cortical neurons (Feng et al.,
2000b). In mammals, Nde1 shares high sequence iden-
tity with Ndel1 (formerly known as NUDEL), another ho-
molog of NUDE identified through interaction with LIS1
(Niethammer et al., 2000; Sasaki et al., 2000; Sweeney
et al., 2001). While Ndel1 appears to be more abundant
in general, Nde1 is highly expressed in the developing
cerebral cortex in cortical progenitors and young post-
mitotic neurons (Feng et al., 2000b). Blocking Nde1-LIS1
interactions in Xenopus embryos induced a small head
and small eye with striking lamination defects, sug-
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Figure 1. Generation of the Nde1 Null Mutation through Gene Targeting in Mouse ES Cells

(A) Strategy to generate mice lacking Nde1 protein. B, BamH1; R, EcoR1; X, Xba1; Nhe, Nhel.

(B) Southern blotting with probe P1 of BamH1-digested genomic DNA from wild-type, Nde1*/~, and Nde1~'~ mice, on which the 5.2 kb band
represents the wild-type and the 4 kb band represents the exon 2-deleted allele.

(C) Immunoblotting of total protein extracts from E12 wild-type, Nde7*/~, and Nde1~’~ embryos, indicating that deleting exon 2 ablates Nde1

protein completely.

gesting that Nde1 mediates LIS1’s function in forebrain
development. Here, we show that, by organizing mitotic
microtubules, Nde1 is essential for mitotic spindle as-
sembly and function and is required for determining
the mode and speed of cortical neural progenitor cell
mitosis. Homozygous mutation of Nde1 in mouse results
in a small brain that affects the cerebral cortex preferen-
tially. While homozygous Nde71 mutant mice showed
neuronal migration deficits, mitotic arrest and changes
in mitotic orientation were also seen. These mitotic de-
fects led to the failure of neural progenitor pool expan-
sion and alterations in neural cell fate, and they pro-
duced a smaller cerebral cortex with dramatically
reduced superficial cortical layers. Together, our results
demonstrate that Nde1 plays an essential role in de-
termining the pattern of progenitor cell division and the
size of the cerebral cortex.

Results

Nde1 Is Essential for the Development
of Cerebral Cortex
We created a Nde1 null mutation through gene targeting
in mouse embryonic stem cells (Figure 1A). By deleting
a 1.2 kb genomic region that contains exon 2 of the
mouse Nde1 gene, our targeting strategy yielded a non-
sense mutation that truncated the Nde1 protein at amino
acid 27. Southern blotting (Figure 1B) and immunoblot-
ting analysis (Figure 1C) confirmed the predicted geno-
mic deletion and ablation of Nde1 protein in the homozy-
gous Nde1 mutant (Nde7~'") mice. Though Nde1~'~ mice
are viable, they show a striking and completely pene-
trant small-brain phenotype from birth throughout
adult life.

Analysis of sixteen 6- to 8-week-old homozygous mu-
tant mice indicated that the Nde7’~ brain was one-
third smaller by mass than wild-type or heterozygous

counterparts (Figures 2A and 2B). Moreover, the size
reduction of the Nde71 mutant brain predominantly af-
fected the cerebral cortex, while other brain structures,
including the hippocampus, the midbrain, and the cere-
bellum, were either of normal size and structure or only
slightly reduced in size (Figures 2B, 2C, 2D, and 2E).

To examine the topography of the brain size reduction
of the Nde1~'~ mice, we compared anterior as opposed
to posterior and dorsal as opposed to ventral brain
structures in Nde7~'~ mice and their heterozygous coun-
terparts. Nde1*/~ and Nde1~'~ brains were first sepa-
rated into two parts along the forebrain-midbrain junc-
tion (Figure 2F). The mass of the anterior portion, which
includes the olfactory bulbs, the cerebrum, and the thal-
amus, was found to be reduced much more significantly
than the posterior structures in the Nde7~'~ brain com-
pared to their heterozygous counterparts (Figure 2F).
Moreover, we compared the area of the dorsal forebrain
(the neocortex) to the area of the ventral brain structures
(including the basal ganglia, the thalamus, and the hip-
pocampus, as well as the paleocortex) on coronal sec-
tions that represented three different levels of the fore-
brain along the anterior-posterior axis. The results
showed that the neocortical area represented by the
dorsal to ventral area ratio of Nde7~~ brain was signifi-
cantly smaller in all three levels examined (Figure 2G).
In contrast to the greatly reduced cerebral cortex, the
basal ganglia in the Nde7~~ mutant brain only showed
moderate reduction. Together, these data demonstrate
that the six-layered neocortex is the most severely af-
fected part in the Nde7~'~ brain and that Nde1 is essen-
tial for the development of the mammalian cerebral
cortex.

Specific Reduction in Upper Cortical Layers Due

to Nde1 Deficiency

Although the brains of Nde7~/~ mice showed apparently
normal overall patterning, the cerebral cortex was con-
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Figure 2. Nde1 Homozygous Mutation Results in a Reduction in the Size of the Cerebral Cortex

(A) Brain and body weight (mean + SD) of Nde7~~ mice (n = 16) and their wild-type (n = 13) and heterozygous (n = 34) littermates at 6-8
weeks, which shows that the Nde1~/~ brain is significantly lighter than the wild-type and Nde1"/~ brains in total wet weight (p < 0.0001, by
ANOVA F test). In contrast, no significant difference in body weight was detected between the Nde7/~ mutants and their wild-type and
heterozygous counterparts (p = 0.199, by ANOVA F test).

(B) Dorsal and side views of adult wild-type, Nde7*/~, and Nde7~’~ brains, which show that deleting Nde1 produces a smaller brain with
specific reduction in size and surface area involving the cerebral cortex. In contrast, the cerebellum and the olfactory bulb in the homozygous
Nde1 mutant are much less reduced in size. As a result of the reduced cerebral cortex, the midbrain in homozygous mutants is more exposed
and appears larger.

(C) Coronal sections of wild-type and Nde7~'~ brains (at 8 weeks old) stained with H&E, which shows that the Nde7~/~ brain is smaller, with
thinner cerebral cortex, but grossly normal.

(D) Sagittal sections that show the Nde7~’~ hippocampus is of normal size and structure, and the thinning of cerebral cortex is observed
throughout the entire brain.

(E) Sagittal sections of Nde1*/~ and Nde1~/~ brain, which show an essentially normal cerebellum in the Nde7~/~ mice.

(F) Weight comparison and ratio of the anterior and posterior portions of the Nde7/~ mutant brain (mean + SD). Homozygous Nde7 mutant
brains (n = 8) and the brains of their heterozygous counterparts (n = 8) are each separated into anterior and posterior part along the forebrain
and midbrain junctions as indicated in the schematic diagram, and the weight of each part (“A” and “P”; mean + SD) and the ratio of anterior
to posterior mass (Rup; mean + SD) are presented. The figure shows that the weight of anterior forebrain in Nde7~- mutants is significantly
reduced compared to that in the Nde7"/~ controls (p < 0.0001, by Student’s t test), whereas the posterior midbrain and cerebellum are only
reduced slightly (p < 0.03, by Student’s t test).

(G) Coronal sections at three different levels (L1, L2, and L3, as shown in the diagram to the left) of the forebrain are compared between Nde1
homozygous mutants (n = 6) and their heterozygous counterparts (n = 6). The area occupied by the six-layered neocortex on each section
(highlighted in blue as dorsal brain) was measured and graphed as the ratio to the area of ventral brain structures, including the basal ganglia,
the brain ventricles, the thalamus, the hippocampus, and the paleocortex (Rpy; mean + SD). The figure shows that the neocortex in the
Nde1~~ mutant brain is reduced significantly in size relative to the basal brain structures at all three levels (p < 0.0001 in all three levels, by
Student’s t test).
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Figure 3. Nde1 Homozygous Mutation Causes Thinning of the Superficial Cortical Layers

(A) Corresponding coronal sections of wild-type and Nde7~'~ neocortex stained with H&E, which shows the thinning of the cerebral cortex in
Nde1-'~ mice and more dramatic reduction in cortical thickness and number of cortical neurons in cortical layers II/1ll to IV. Specific reduction
of superficial cortical layers is also shown by decreased immunostaining of Cux1 and Brn1 at postnatal day 4, since Cux1 and Brn1 each
mark a subset of neurons in cortical layers Il to IV (B and C). The relative normal deeper cortical layer thickness is demonstrated by
immunostaining with Foxp2 and Tbr1 antibodies at P4—both are markers for cortical layer VI (E)—and by crossing the Nde7 mutation into a
thy1-YFP transgenic line in which YFP is expressed predominantly in a subset of layer V neurons in the neocortex (D). All immunostaining
signals were detected using Cy3-conjugated fluorescent secondary antibody shown in red, and sections were counterstained with Hoechst
33342 fluorescent dye in blue. The dotted lines indicate the position of cortical pial surface. The densities of YFP-positive neurons in layer V
and Foxp2-positive neurons in layer VI are also presented (mean + SD). Compared with both wild-type and Nde1 heterozygous, Nde1
homozygous brain showed significant increase in YFP neuronal density (p < 0.0001 opposed to wild-type; p < 0.002 opposed to Nde?"'",
by Student’s t test). Similarly, the density of Foxp2-positive neurons in the Nde1~/~ cortex were significantly increased compared to the wild-

type control (p < 0.0001, by Student’s t test).

sistently thinner, with fewer cortical neurons than wild-
type or Nde1*'~ littermates (Figures 2C and 2D). More-
over, the thinning of the cerebral cortex in Nde7~'~ mice
was much more pronounced in superficial cortical lay-
ers, which are formed near the end of neurogenesis
(Caviness et al., 1995; Rakic, 1978; Rakic and Caviness,
1995), whereas the earlier-born, deeper cortical layers
were of normal to very slightly reduced thickness (Figure
3A). The upper border of the large pyramidal neurons
that constitute layer V ends at about the same distance
from the ventricular surface in the Nde7~'~ cortex as in
control cortices, suggesting that the thicknesses of layer
V and of layer VI beneath it are not significantly reduced.
In contrast, layers II/lll and IV are much thinner in the
Nde1~'~ cortex (Figure 3A), while the marginal zone (layer
1) is also of normal thickness.

The reduction of the superficial cortical layers was
confirmed by immunostaining at postnatal day 4 with
antisera to Cux1, which labels pyramidal cells in layers
Il through IV (Nieto et al., 2004), or to Brn1, which labels
asubset of neurons in cortical layers Il through IV (McEv-
illy et al., 2002) (Figures 3B and 3C). Moreover, the re-
duced Brn1-positive neural population displayed a

somewhat disordered distribution in Nde7~/~ mice, sug-
gesting that a lamination defect was associated with
Nde1 mutation in upper layer neurons. The relatively
normal thickness of deeper cortical layers at P4 was
demonstrated by immunostaining with Foxp2 and Tbr1,
which are markers for cortical layer VI (Ferland et al.,
2003; Hevner et al., 2001), and by crossing the Nde?
mutant allele into a thy1-YFP transgenic line (Feng et
al., 2000a) in which YFP is expressed predominantly in
a subset of layer V neurons in the neocortex (Figures 3D
and 3E). Interestingly, although the thickness of layers V
and VI appeared to be normal in the Nde7~'~ mice, we
observed moderate but consistent increases in the den-
sity of YFP, Foxp2, and Tbr1 neurons in the mutant
(Figures 3D and 3E), suggesting a cell fate alteration
with increased proportions of specific deep layer neu-
rons. We also examined neocortical interneurons that
originated from the subcortical telencephalon by immu-
nostaining with antibodies to calbindin and parvalbumin
at various postnatal stages but did not find significant
change in the density and distribution of these neurons
(data not shown). Moreover, immunohistochemistry
analysis with GFAP antibody did not show abnormal
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Figure 4. BrdU Birthdating Study Reveals Neuronal Migration Defect in Nde1 Homozygous Mutants

Pregnant mice were injected intraperitoneally with BrdU at 50 pg/g of body weight at E13, E15, and E17, respectively. The animals were
analyzed 8-12 weeks postnatally. BrdU-positive neurons in the cerebral cortex were detected by immunostaining with a rat monoclonal
antibody to BrdU (Harlan-Sera Lab). The density and distribution of BrdU-positive neurons from Nde7 homozygous mutants and their wild-
type or heterozygous littermates were analyzed. The cerebral cortex from both Nde7~/~ and control brain sections were each divided into ten
equal layers, and the number of BrdU-stained neurons in each layer was plotted to represent the relative distance of neuronal migration from
the ventricular surface. Two to four brains from Nde7~/~ mutant mice and their heterozygous or wild-type littermates were analyzed at each
time point. Three pairs of representative sections of Nde7~~ and control brains were shown. The dotted lines indicate the position of cortical

pial surface.

gliogenesis in the Nde7~/~ brain (data not shown). To-
gether, our data suggested that Nde1 homozygous mu-
tations had a specific impact on cortical neurons that
arise from the cortical ventricular zone and reach the
cortex through radial migration; the mutation produced
a severe reduction in later-born superficial cortical neu-
rons and a moderate increase in earlier-born deeper
layer neurons.

Dual Defects of Neuronal Migration and Neurogenesis
in Nde1~'~ Brain

BrdU birthdating was performed to examine whether
the abnormalities in cortical layering reflected impaired
neurogenesis, abnormal neuronal migration, or both.
Nde1 mutants were labeled by the thymidine analog
5-bromo-2’'-deoxyuridine (BrdU), which is incorporated
into the DNA of dividing progenitor cells and serves as
a permanent marker if progenitors are labeled during
the last mitotic cell cycle. When analyzed in adulthood,
neurons labeled at E13 in the Nde1~'~ cortex showed a
predominant deeper layer distribution indistinguishable
from that in the wild-type and heterozygous littermate
control cortex. However, fewer BrdU-positive neurons
were observed in the adult Nde7~/~ brain when BrdU
was administrated at later stages of neurogenesis (E15
and E17). Moreover, neurons labeled at E15 and E17

showed a reduced distance of migration as well as a
more scattered distribution in Nde7~~ mutants relative
to the wild-type or heterozygous controls (Figure 4).
While these data, along with the Brn1 immunostaining,
suggested that Nde1 deficiency resulted in a neuronal
migration defect, no gross defect of cortical layering or
accumulation of later-born neurons in the deeper corti-
cal layers and the white matter was observed. However,
the consistent decrease in the overall number of neurons
labeled by BrdU at E15 to E17 (Figure 4) suggested that
Nde1 deficiency induced proliferation defects in cortical
progenitor cells.

Progressive Decrease in Cortical Progenitor Cells
Caused by Nde1 Deficiency

The defects in cortical progenitor proliferation in the
Nde1 homozygous mutants were further demonstrated
by the progressive decrease in number of progenitor
cells over the course of corticogenesis as shown by
BrdU pulse labeling. When the embryonic brains were
examined 30 min after BrdU administration, approxi-
mately equal numbers of BrdU-labeled progenitors were
observed in Nde1"/~ and Nde1~/~ cortices at E12.5, while
fewer BrdU-labeled cells were seen in Nde7~/~ cortex
at E15. The difference in BrdU-labeled cells became
even more pronounced at E17, when very few BrdU-
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Figure 5. Nde1 Deficiency Leads to Progressive Depletion of Cortical Progenitor Pool

(A) Analysis of S phase progenitor cells by BrdU pulse labeling of Nde7*/~ and Nde? ~~ embryos at E12.5, E15, and E17. BrdU was injected
to pregnant females intraperitoneally at 50 png/g of body weight. Embryos were fixed 30 min after the BrdU labeling and analyzed for BrdU-
positive S phase cortical progenitors by staining the brain sections with monoclonal anti-BrdU antibody. Dotted lines indicate the position of
cortical ventricular surface. The figure indicates a progressive reduction of S phase progenitor cells in the Nde7~’~ cortex relative to the
Nde1*'~ control. In contrast to the normal number of S phase cells at E12.5, striking reduction in S phase progenitors associated with Nde1
deletion was seen at E17, in which very few BrdU-positive cells were observed. The figure shown was representative of three repeated
experiments. The relative densities of BrdU-labeled cells at E12.5, E15, and E17 in the figure are also presented.

(B) Nestin immunostaining (in red) of the cortex of Nde7~~ embryos and their wild-type or heterozygous littermate controls at E12 and E15,
which shows that the number of nestin-positive neuronal and radial glial progenitor cells appears to be normal at E12 but is significantly reduced
in the Nde7~/~ cortex at E15. Brain sections were counterstained with Hoechst 33342 fluorescent dye in blue and shown as merged images.
(C) Brain sections from Nde1~/~ and their wild-type littermates were stained with antibody to Dcx (in red), which specifically expresses in
newly differentiated postmitotic neurons. The sections were also counterstained with Hoechst 33342 fluorescent dye in blue. From E12.5 to
E16.5, the size of cortical ventricular zone as presented by Dcx-devoid region is gradually reduced in the Nde7 homozygous mutants.

E16.5

positive cells were observed in the Nde1~~ cortex (Fig-
ure 5A).

The progressive decrease in BrdU-positive progeni-
tors was also in line with the progressively decreased
nestin immunoreactivity in Nde7~'~ mice from E12 to
E15 (Figure 5B), suggesting that the mutant mice either

failed to produce or had a net loss of progenitor cells
during the course of corticogenesis. As a result, thinning
of the cortical ventricular zone at mid to late stages of
corticogenesis was observed by Dcx immunoreactivity,
which showed that the ventricular zone, as represented
by the Dcx-negative region, was significantly smaller in
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the Nde7~/~ mutants than in wild-type controls at E14.5
and E16.5 (Figure 5C). Together, these data suggested
that the loss of Nde1 produced a progressive depletion
of the progenitor pool during later stages of corticogen-
esis and consequently led to the observed reduction in
late-born upper layer cortical neurons.

While we observed a very subtle increase in TUNEL
staining in the Nde1~'~ cortex at E15 and E17 (data not
shown), the total number of apoptotic cells in both con-
trol and the mutant brain remained very low, with typi-
cally one to three TUNEL-positive cells observed on
each brain section. Such a low incidence seems insuffi-
cient to cause major changes in the progenitor pool
and suggests that the increased apoptosis was not the
primary cause of the neural progenitor reduction that
we observed.

Mitotic Defects Are Responsible for the Reduction
of Cortical Progenitor Pool

The Nde1~'~ mutant was further examined to understand
the mechanism underlying the cortical progenitor pool
reduction. We first observed that the loss of Ndel is
associated with the accumulation of abnormal mitotic
cells in the cortical ventricular zone. At E15, an approxi-
mately 1.8-fold increase in mitotic (metaphase and ana-
phase) cells was observed along the ventricular surface
in the Nde1~/~ cortex compared to the Nde1*/~ control
(Figure 6A), labeled either by Syto11 or using the mitotic
marker phospho-Histone H3 (Figure 6C). The progres-
sive reduction of progenitor cells, coupled with the accu-
mulation of mitotic cells, strongly suggests a metaphase
and/or an anaphase delay/arrest of neural progenitors
in the Nde1~'~ brain.

The embryonic Nde1~/~ cortex also showed defects in
the mitotic orientation of neural progenitor cells. While the
majority of anaphase cells in normal E15 cortices dis-
played mitotic cleavage planes perpendicular to the ven-
tricular surface (vertical cleavage), Nde7~'~ brains showed
increased progenitors with mitotic cleavages parallel to
the ventricular surface (horizontal cleavage) (Figure 6B).
Vertically orientated cleavage planes are more com-
monly associated with “symmetrical” cell divisions, in
which one progenitor generates two proliferative daugh-
ter cells, whereas horizontal cleavage planes often yield
asymmetrical cell fates, with one proliferative daughter
cell and a postmitotic neuron (Chenn and McConnell,
1995; Haydar et al., 2003; Noctor et al., 2004). Hence,
the shift toward horizontal mitotic cleavages in Nde1~/'~
brain correlates well with a change in cell fate that de-
pletes the progenitor pool by increasing the proportion
of cell divisions that generate postmitotic neuronal prog-
eny and also suggests that the cell fate alteration that
leads to increases in deeper layer neuronal populations
(Figures 3D and 3E) might also be a reflection of the
increased asymmetrical cell division in the Nde1~'~ pro-
genitors.

The altered mitotic pattern in Nde1~'~ brains was fur-
ther revealed by phospho-Histone H3 immunoreactivity,
which showed the disordered localization of mitotic
chromosomes associated with Nde1 deficiency. Whereas
most mitotic chromosomes are normally localized along
the ventricular lumen, many Nde7~~ mitotic chromo-
somes were found in the region above the ventricular

surface at both E13.5 and E15 (Figure 6C, green arrows).
In neural epithelial cells, the position of the nucleus is
known to correlate with the phase of the cell cycle, with
nuclei of mitotic cells normally descending to the apical
ventricular surface by interkinetic nuclear migration (Ta-
kahashi et al., 1996). The ectopic phospho-Histone H3
staining in Nde7~'~ mice thus reflects a partial dissocia-
tion of nuclear positioning from the cell cycle. As the
position and the alignment of mitotic chromosomes are
controlled by the mitotic spindle apparatus, the misposi-
tioning of the mitotic chromosomes reflected abnormal
assembly and structure of the mitotic spindle. Such a
failure in mitotic spindle function might lead to the disco-
ordination of the phase of cell cycle and mitotic chromo-
some segregation in the Nde7~~ progenitor cells and
produce mitotic abnormalities of the Nde7~/~ cortical
progenitors.

Alteration of Neuronal Cell Fate by Mitotic Defects

While Nde1 deficiency results in mitotic arrest/delay in
cortical progenitor cells, it does not appear to com-
pletely block the mitosis of these cells by resulting in cell
death. On the other hand, our observation of alteration
in mitotic orientation toward vertical cleavage planes
(potentially asymmetrical cell division), along with in-
creased layer V and VI neuronal markers, suggested that
mitotically arrested Nde7~'~ progenitor cells might be
more likely to adopt a neuronal fate by exiting the cell
cycle. We thus examined the possibility that reduced
progenitor cells in the Nde7~'~ mice reflects a shift to-
ward neuronal cell fate by examining the fraction of
progenitor cells that exit the mitotic cell cycle during
midneurogenesis (Takahashi et al., 1995). Mouse embryos
were pulse labeled by BrdU injection into pregnant fe-
males at E14.5 and analyzed at E15.5 by double staining
with BrdU and Ki67 antibodies (Chenn and Walsh, 2002).
Since anti-Ki67 labels a nuclear transcription factor ex-
pressed from S phase through M phase, BrdU and Ki67
double-positive cells represent progenitors labeled at
E14.5 that remain in the cell cycle, whereas BrdU-posi-
tive but Ki67-negative cells represent progenitors la-
beled at E14.5 that have exited the cell cycle at E15.5.
We found that the fraction of BrdU-positive and Ki67-
negative cells is 1.4-fold higher in the Nde7~'~ mice in
comparison with that in the Nde7*/~ mice (Figure 6D),
suggesting that more progenitor cells in the Nde 7 homo-
zygous mutant adopt a postmitotic fate between E14.5
and E15.5. Since cortical neurogenesis at this stage
produces neurons that comprise predominantly the
deeper cortical layers, this result is consistent with the
observation of denser cortical layer V and VI neurons in
the Nde7~'~ mice (Figures 3D and 3E). In fact, the in-
crease in the number of the earlier-born cortical layer
neurons could be observed as early as E16.5, as indi-
cated by elevated immunoreactivity of both DCX and
Tbr1 (Figures 6E and 6F), because both mark newly
generated postmitotic cortical neurons at this stage.
Together, these data further suggested that shifts to-
ward neuronal fate may at least partially account for the
progressive reduction of neural progenitors, leading to
fewer late-born cortical neurons in the mutant mice.
Thus, the small cerebral cortex phenotype seen in
Nde1~'~ mice appears to be caused by mitotic spindle
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Figure 6. Mitotic Defects and Alteration of
Neuronal Cell Fate in Nde1 Homozygous Mu-
tant Brain

(A) Accumulation of mitotic cells in the
Nde1'~ cortex. Confocal images of cortical
ventricular zone stained with Syto11 show in-
creased number of cells with condensed mi-
totic chromosomes (indicated by red arrows),
suggesting mitotic arrest in Nde7~/~ brain at
E15. Average numbers (mean + SD) of mitotic
cells per 500 nm of ventricular lumen surface
from coronal sections of three pairs of lit-
termates are presented.

(B) Abnormal mitotic orientation of Nde7~/~
cortical progenitors at E15. Anaphase pro-
genitor cells were classified into three groups
according to the angle of mitotic cleavage
plane to the ventricular surface (vertical, 75°-
90°; horizontal, 0°-25°; and diagonal, 25°-75°).
Percentage of each class of mitotic cleavage
orientation from four pairs of Nde71*~ and
Nde1~~ embryos at E15 were summarized
(mean + SD). The figure indicates a dramatic
reduction in symmetrical cell division with
vertical cleavage planes (p < 0.001, by Stu-
dent’s t test) and corresponding increase in
asymmetrical cell division in the Nde7~/~ neu-
ral progenitors (p < 0.02, by Student’s t test).
(C) Mispositioning of mitotic chromosomes in
Nde~'~ cortical progenitors. Immunostaining
with the mitotic marker, the phospho-histone
H3 antibody, indicates increases in number
of mitotic progenitors with mispositioned
chromosomes (pointed by green arrows) in
the ventricular zone of E13.5 and E15 Nde1~/

embryos. Average numbers of mispositioned
M phase cells from three groups of E15 lit-
termates (mean + SD) were presented with
a diagram of normal nucleus positions in cor-
tical neural progenitors in correlation to G1,
S, G2, and M phases of the cell cycle.

(D) Cell cycle exit profiles of Nde1'’~ and
Nde1~'~ mice. Embryos in pregnant Nde7*’

females received a single dose of BrdU at
E14.5 and were analyzed at E15.5. Brain sec-
tions were stained with antibodies to BrdU

(in green) and to Ki67 (in red). Cells that exit
the cell cycle are counted as those that are
positive for BrdU but negative for Ki67 and
are presented as the percentage of total
BrdU-positive cells. An approximately 1.4-
fold increase in cell cycle exit was observed in
the Nde1~/~ cortex compared to the Nde1*/~
cortex (p = 0.013). The figure shows a repre-
sentative of four experiments with three pairs
of mutant and control littermates.

(E) Dcx staining of the E16.5 cerebral cortex,

which showed that the Nde7~'~ cortex had higher density of cortical plate neurons and suggested that a precocious neurogenesis is associated

with the Nde1 deficiency.

(F) Similarly, the density of Tbr1-positive neurons that comprise the deeper layers of the cortical plate also showed moderate elevation in the
Nde1~'~ brain, suggesting a shift of cell fate toward the generation of more neurons in the Nde71~'~ mice. CP, cortical plate; 1Z, intermediate

zone; VZ, ventricular zone; SVZ, subventricular zone.

defects that result in mitotic delay/arrest, shifted mitotic
orientation, altered neuronal cell fate, and failure in neu-
ral progenitor pool expansion.

Nde1 Is Required for Mitotic Spindle Assembly

and Function

To understand the molecular function of Nde1 in cortical
progenitor cell division, we investigated the role of Nde1

in mitosis in cultured cells. While Nde1 immunoreactivity
localized to the centrosome in interphase cells (Figure
7A, “G1”), it highlighted the spindle poles and partially
overlapped the spindle microtubules in mitotic cells.
Moreover, punctate staining that strongly resembles the
kinetochores also appeared in the midzone along the
aligned mitotic chromosomes and decorated the tips of
mitotic spindles during metaphase (Figure 7, “M” and
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“M’”). While Nde1 immunoreactivity persisted at the
spindle poles during anaphase and telophase (Figure 7,
“A/T”), Nde1 also appeared in the cleavage furrow or the
midbody during cytokinesis (Figure 7, “CK”). Together,
these data indicated that Nde1 localizes to important
sites for microtubule nucleation and bipolar spindle as-
sembly and suggested that it may play a role in organiz-
ing mitotic microtubules.

We have previously shown that Nde1 appears to act
as a scaffold interacting with multiple proteins and or-
ganizing them into functional complexes at the MTOC
of interphase cells (Feng et al., 2000b). Moreover, Nde1
was also found to function as homodimers or oligomers.
Yeast two-hybrid analysis suggested that the self-
association of Nde1 is mediated through its N terminus
(Supplemental Figure S1 at http://www.neuron.org/cgi/
content/full/44/2/279/DC1/). Coimmunoprecipitation
analysis of coexpressed GFP and myc-tagged Nde1
allowed us to map the Nde1 self-interaction domain to
the N-terminal approximately 100 amino acids as repre-
sented by Nde1 truncation constructs N1 and N2 (Fig-
ures 8A and 8B). This self-association domain does not
overlap with the binding domains for LIS1 and for other
Nde1 binding partners (Feng et al., 2000b). Thus, in con-
trast to the specific blockage of Nde1-LIS1 interaction
by overexpression of the LIS1 binding domain as pre-
viously shown (Feng et al., 2000b), overexpressing the
truncated Nde1-N1 and -N2 constructs should specifi-
cally block any functions of Nde1 that require self-asso-
ciation but not affect Nde1-LIS1 and other Nde1 interac-
tions.

Transient transfection of Nde1-N1 and -N2 into 293T
cells induced severe mitotic arrest (Supplemental Figure
S2 at http://www.neuron.org/cgi/content/full/44/2/279/
DC1/) of cells with 4N DNA content as demonstrated by
flow cytometry analysis (Figure 8C). Full-length Ndefl,
which expressed at a higher level than the Nde1-N1
and -N2 (Figure 8B), also enhanced the population of
4N DNA cells, but to a lesser extent than N1 and N2.
These data suggested that blocking the dimerization/
oligomerization of endogenous Nde1l by Ndel N-ter-

Figure 7. Nde1 Localizes to Important Sites
for Mitotic Spindle Assembly and Chromo-
somal Segregation

The figure presents cell cycle-dependent lo-
calization of Nde1 in Cos7 cells. Indirect im-
munofluorescence staining of Nde1 (red) and
microtubules (green) were visualized by laser
scanning confocal microscopy. Merged im-
ages of Ndel and microtubules are also
shown. G1, interphase; M, metaphase; A/T,
anaphase/telophase; CK, cytokinesis. Scale
bar, 5 um. The figure indicates that Nde1 lo-
calizes to the mitotic spindle pole and the
kinetochore during mitosis and to the mid-
body during cytokinesis.

minal truncation constructs could efficiently induce mi-
totic arrest, whereas increased full-length recombinant
Nde1 may also induce cell cycle arrest, perhaps by bind-
ing and sequestering the endogenous Nde1 dimer/oligo-
mers. In contrast, no significant mitotic arrest was ob-
served when LIS1 (which binds to Nde1 outside of the
self-association domain), Nde1-LB (a Nde1 construct that
binds LIS1) (Feng et al., 2000b), or Nde1-C (a C-terminal
fragment of Nde1) were expressed under the same con-
ditions, which further supports the notion that Nde1 dimer-
ization/oligomerization through its N terminus is directly
required for its scaffolding function in mitotic spindle
assembly. While others have reported that expression
of recombinant LIS1 also induces mitotic arrest (Faulk-
ner et al., 2000), the difference might reflect the type of
cell used and/or the level of recombinant LIS1 expres-
sion in various systems. However, the lack of effect of
Nde1-LB under these conditions suggests that the effect
of N-terminal Nde1 truncates is efficient and specific,
and Nde1 is more directly required for mitotic progres-
sion relative to LIS1. As the first 100 amino acids of
Nde1 are 90% homologous to the Ndel1, Nde1-N1 may
inhibit Ndel1 as well, which might explain why the de-
fects caused by Nde1-N1 are more severe than Nde1
homozygous mutations in mice.

Alarge fraction of M phase-arrested cells produced by
Nde1-N1 overexpression showed severe mitotic spindle
defects, including monopolar spindles, multipolar spin-
dles, and mispositioned spindles (Figure 8D). Multipolar
spindles were most common with partially or completely
unattached and unaligned mitotic chromosomes. In
many N1-expressing cells, the mitotic spindle was so
poorly assembled that it was completely detached from
the chromosomes (Figure 8D). While the centriolar pro-
tein centrin was localized to each pole of the multipolar
spindle, additional centrin immunoreactivity, presum-
ably representing extra centrioles, was also seen with
no apparent association with spindle poles (Figure 8E,
arrows). Since cells with odd numbers of centrioles
(such as 3 and 5) were frequently observed by imaging
through the entire Z series with confocal microscopy,
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Figure 8. Nde1 Is Essential for Mitotic Spindle Assembly and Organization

(A) Structure diagram of Nde1 and Nde1 deletion constructs and mapping of Nde1 self-association domain through coimmunoprecipitation.
The coiled-coil region from amino acid 20 to 180 of Nde1 is indicated by the hatched bar.

(B) Coimmunoprecipitation was performed to assess the interaction between myc- and GFP-tagged Nde1 expressed in 293T cells. Nde1 and
its deletion constructs were tagged by the myc epitope and coexpressed with GFP-Nde1. Myc immunoprecipitation was performed from
whole-cell protein extracts (WCE), and proteins precipitated by the myc antibody were analyzed on immunoblots with either anti-GFP or anti-
myc antibodies. The asterisk denotes the heavy and light chains of IgG used in immunoprecipitation.

(C) Blocking self-association of Nde1 results in mitotic arrest. 293T cells were transfected with myc-tagged LIS1, Nde1, and Nde1 deletion
constructs. Cells were harvested 40 hr posttransfection, fixed with 70% cold ethanol, and stained with anti-myc monoclonal antibody 9E10
followed by FITC-conjugated secondary anti-mouse antibody to indicate cells that express myc-tagged proteins. Propidium iodide was used
to stain the nuclear DNA for analyzing the DNA content of myc-positive cells by flow cytometry. Cell cycle profiles of myc-positive cells are shown.
(D) Blocking the oligomerization by the N terminus of Nde1 induces defects in mitotic spindle assembly. Cos7 cells transfected by myc-tagged



Nde1, Cortical Neurogenesis, and Mitotic Spindle
289

and because abnormal mitotic spindles could be seen
as early as 24 hr after Nde1-N1 transfection, the multiple
spindle poles and centrioles induced by Nde1-N1 clearly
did not result from failure in mitosis or cytokinesis. In-
stead, these data suggested that blocking Nde1 self-
association induced defective centrosomal duplication,
and this defect was at least partially responsible for
spindle misassembly. Moreover, expression of Nde1-
N1 in interphase cells does not induce microtubule de-
polymerization (Supplemental Figure S3 at http://www.
neuron.org/cgi/content/full/44/2/279/DC1/), so the ef-
fect of Nde1-N1 on mitotic spindles thus appears to
be specifically due to blocking Nde1’s self-association
and function.

Discussion

In summary, the findings reported here demonstrate that
Nde1 is essential for normal progenitor cell proliferation
in the cerebral cortex. By being essential for centroso-
mal duplication and mitotic spindle assembly, it is re-
quired for controlling the speed and mode of cortical
progenitor cell mitosis. Homozygous mutation of Nde1
in mouse results in severe mitotic arrest/delay, alteration
of mitotic orientation, and mispositioning of mitotic
chromosomes in cortical progenitor cells. These mitotic
defects are associated with the failure in maintenance
of progenitor cell population, alterations of neural cell
fates, progressive depletion of cortical progenitors, im-
paired neuronal migration, and a greatly reduced cere-
bral cortex with abnormal cortical layering. Our results
suggest that mitotic spindle regulation by Nde1 is not
only essential for the proliferation of cortical progenitors
but also has a great impact on neuronal fate determina-
tion and neuronal migration.

Nde1 Is Specifically Essential for Cerebral Cortex
Development in Mouse

The relative specific requirement for Nde1 in the cerebral
cortex relative to other brain structures is somewhat
surprising. Whereas other parts of the brain are probably
somewhat affected in the mutant mouse, the cerebral
cortex is clearly the focus of the effect. This may to
some extent reflect the expression patterns of Nde7 and
its paralog, Ndel1. In mammals, Nde1 is closely related
to another LIS1-interacting protein, Ndel1, which shares
almost 90% amino acid sequence homology in the
N-terminal coiled-coil domain and more than 70% se-
quence homology over the full-length protein (Feng et
al., 2000b; Niethammer et al., 2000; Sasaki et al., 2000).
Nde1 and Ndel1 are also similar in many other cellular
and molecular features, such as their subcellular local-

ization and their binding to LIS1 and to dynein motors
(Feng et al., 2000b; Sasaki et al., 2000). They both form
dimers or oligomers through their similar N-terminal do-
main (Sasaki et al., 2000). Therefore, the two genes may
be genetically redundant in tissues/cells where they
are coexpressed.

Although Nde1 is widely expressed in mammals, its
peak expression was observed in the cortical ventricular
zone neural progenitor cells. In situ hybridization analy-
sis demonstrated that the expression of Nde1 in brain
was specifically detected in the telencephalon between
E12 and E16, and the expression of Nde1 in the telen-
cephalon is predominately seen in the cortical ventricu-
lar zone (Feng et al., 2000b) (Supplemental Figure S4 at
http://www.neuron.org/cgi/content/full/44/2/279/
DC1/). By early postnatal ages, Nde7 mRNA can only
be detected in residual cortical progenitor cells but is
almost completely absent in the rest of the cerebral
cortex and other brain structures (Supplemental Figure
S4). In contrast, embryonic expression of Ndel1 in CNS
is complementary to Nde1 and is detected in most re-
gions of brain including the cortical plate but is largely
excluded from cortical progenitor cells (Supplemental
Figure S4). As Ndel1 expression in CNS remains high
postnatally and into adulthood (Sasaki et al., 2000), it is
most likely essential for postnatal neuronal differentia-
tion in the cerebral cortex and for the development of
other CNS structures. As the two paralogs show overlap-
ping expression in many non-CNS tissues during embry-
onic development (Supplemental Figure S4), the sim-
plest mechanism for the cerebral cortex-specific Nde1
mutant phenotype might be its tightly regulated expres-
sion in the cerebral cortex progenitors during neurogen-
esis. Therefore, Ndel1 expression in other regions might
rescue Nde1 loss of function.

Nde1 and Mitotic Spindle Regulation

in the Cerebral Cortex

An interesting question to consider is whether the corti-
cal-specific expression of Nde1 in turn reflects a distinct
aspect of mitotic spindle regulation in cortical neural
progenitors as opposed to elsewhere. For example, the
narrow window of neurogenesis (between E12 and E17
in mouse) in the cortical ventricular zone progenitors
requires a precise timing of cell division (Caviness et
al., 1995; Takahashi et al., 1995), and we observed signif-
icant increases in metaphase and anaphase cell popula-
tions in the ventricular zone of the Nde1~/~ cortex at E15
and a similar increase in cells with 4N DNA content by
blocking Nde1 function in vitro. These suggest that the
arrested/delayed mitosis and lengthened cell cycle con-
tributed largely to the neuronal reduction in the Nde1~/'~

Nde1l N1 were fixed and costained with anti-myc and anti-tubulin antibodies to visualize myc-positive cells (in red) and microtubule/mitotic
spindles (in green). Nuclear DNA was stained with Topro 3 iodide (in blue). Images were taken with a spinning disk confocal microscope. Four
different examples are presented that show that expression of Nde1-N1 results in disorganized mitotic spindles with poorly structured spindle
poles and unaligned and unattached mitotic chromosomes. Merged green, red, and blue images are also shown. Scale bar, 5 pm.

(E) Abnormal centrosome duplication is responsible for Nde1-N1-induced spindle assembly defects. The centrosomal numbers in Nde1-N1-
overexpressing cells were revealed by staining with the centriolar protein centrin (monoclonal antibody 20H5) in red. Microtubules were stained
by a rat monoclonal anti-tubulin antibody (MCA77) in green. Images were analyzed using a spinning disk confocal microscope. Multiple Z
sections were taken to reveal all centrioles and spindle poles, and one representative section is shown for each cell. While centrin staining
was observed on most poles of the multipolar spindle, additional centrin signals that do not associate with spindle poles were also seen,
suggesting that centrosome duplication defects in these cells are responsible for the abnormal spindle assembly.
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mutant brain. As the neuronal reduction in Nde7~'~ mice
was primarily observed in those cells that are derived
from the neocortical ventricular proliferative zone, the
cerebral cortex-specific size reduction due to Nde71 mu-
tation might, to a certain extent, reflect a specific speed
requirement of mitosis of the ventricular zone progeni-
tor cells.

The division of cortical progenitors is also precisely
regulated by unique processes such as interkinetic nu-
clear migration, in which proper positioning of the mi-
totic chromosomes by proper assembly of the mitotic
spindle appears to be pivotal for mitotic progression. In
contrast to the severe dislocation of the mitotic nuclei
from the ventricular surface in the Nde7~'~ progenitor
cells (Figure 6C), most of the S phase progenitor cells
were normally located in the outer half of the ventricular
zone in the Nde1~'~ brain (Figure 5A, E15). This suggests
that the interkinetic nuclear migration in the Nde1 mu-
tants was generally normal in cell cycle phases other
than M phase; the specific abnormality associated with
mitotic nuclei suggests a specific defect in the mitotic
microtubule organization. Thus, the misposition of mi-
totic nuclei in the Nde7~~ brain is more likely a direct
reflection of disorganized mitotic spindles and/or de-
tached mitotic chromosomes. However, current analysis
with fixed tissue samples does not allow us to observe
the mitotic spindle directly.

Mitotic Spindle and Neuronal Cell Fate

Nde1 mutant mice show an association of abnormal
mitotic spindle orientation and abnormal neuronal cell
fate choice, suggesting, though not proving, a linkage
between these two processes. Time-lapse imaging has
revealed that symmetrical cell divisions result in two
daughter progenitor cells, whereas asymmetrical cell
divisions appear to produce an apical progenitor cell
and a basal postmitotic neuron (Chenn and McConnell,
1995; Haydar et al., 2003). In developing Drosophila ner-
vous system, asymmetrical localization of cell fate deter-
minants such as PROSPERO, NUMB, and Lgl to the
basal surface of neuroblasts is essential for production
of distinct cell types (Doe and Spana, 1995; Hirata et
al., 1995; Knoblich et al., 1995; Peng et al., 2000; Rhyu
et al., 1994; Roegiers et al., 2001). As some of these fate
determinants are also asymmetrically localized in mouse
cerebral cortical progenitors and might be critical for
asymmetrical cell fates, normal mitotic spindle orienta-
tion might be a shared molecular mechanism for gener-
ating normal cell fates in both vertebrates and inverte-
brates (Klezovitch et al., 2004; Shen et al., 2002; Zhong
et al., 1996).

Recent studies in the Drosophila testis have specifi-
cally shown the essential role of spindle components
not just for proliferation, but also for the normal genera-
tion of cell fates that rely on the asymmetrical inheritance
of cell fate determining factors (Yamashita et al., 2003).
Mutations in the Drosophila centrosomin gene, which
encodes a widely expressed component of the mitotic
spindle apparatus, produces alteration in the normal
exquisitely controlled pattern of mitotic spindle orienta-
tion in the testis and consequently changes the inheri-
tance of cell fate components that are normally expressed
but abnormally inherited because of the alteration in

mitotic spindle orientation relative to this expression
pattern (Yamashita et al., 2003).

Nde1 was previously shown to be a central scaffold
of multiple centrosomal proteins in interphase cells
(Feng et al., 2000b). Our study now shows that it also
plays important roles in proper duplication of the centro-
some and the assembly of bipolar spindles at the onset
of mitosis. Nde1l may perform similar functions to
centrosomin in determining cell fates in ventricular zone
progenitors by regulating centrosomal position as well
as mitotic spindle orientation, so that proper mitotic
division planes are coordinated with the polarized ex-
pression of cell fate determinants such as numb (Zhong
et al., 1996) or B-catenin (Chenn and Walsh, 2002). In
the Nde1 mutant, altered spindle orientation is associ-
ated with precocious withdrawal of progenitor cells from
the cell cycle and precocious formation of neurons as
assayed by increased immunoreactivity to Dcx, Foxp2,
and Tbr1 and expression of YFP by layer V neurons.
Although recent studies using the TIS21-GFP knockin
mouse have suggested that oblique mitotic cleavage
planes could also be compatible with symmetric distri-
bution of the apical membrane and were not necessarily
indicative of a cell biologically neurogenic division (Ko-
sodo et al., 2004), it does not exclude the possibility
that the apical membrane can be unequally distributed in
abnormal mitotic cleavages caused by spindle defects.
Thus, altered mitotic orientation associated with Nde1
mutation is still likely to result in unequal separation of
cell fate determinants. The cortical-specific defects of
Nde1~'~ mice may reflect not only abnormalities in pro-
genitor cell division, but also alteration in neuronal fate.
While failure in progenitor pool expansion would result
in reduced production of neurons throughout the entire
course of corticogenesis, increased asymmetric mito-
ses might produce neurons at the expense of daughter
progenitor cells during early corticogenesis, resulting in
the seemingly normal thickness of deeper cortical layers
as we observed. Therefore, Nde1 is an ideal candidate
for connecting spindle orientation to cell fate in cerebral
cortical progenitors.

Nde1 and Lis1

The phenotype of Nde1~'~ mice closely resembles de-
fects produced by Lis7 mutations in mouse in affecting
both neurogenesis and neuronal migration (Gambello et
al., 2003; Hirotsune et al., 1998). Although homozygous
Lis1 knockout mice are peri-implantation lethal, com-
pound heterozygous mice expressing 35% of the wild-
type level of Lis1 protein show severe defects in both
neuronal migration and neurogenesis. Among various
defects, a mitotic delay with increased numbers of M
phase cells and with mispositioned mitotic nuclei was
also found in the Lis1 mutant embryos, which is similar
to our observations in Nde1 homozygous mutant mice
(Gambello et al., 2003; Hirotsune et al., 1998). While LIS1
has been known to be required for cortical neuronal
migration, the molecular function of LIS1 has been of
intense interest and controversy (Faulkner et al., 2000;
Hattori et al., 1995; Liu et al., 2000; Niethammer et al.,
2000; Reiner et al., 1993; Sapir et al., 1997). In addition
to cell migration, LIS1 has also been implicated in cell
division through the observation that Lis1 null cells in
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Drosophila show proliferation defects and that de-
creased LIS1 activity induced mitotic arrest in mamma-
lian cell culture (Faulkner et al., 2000; Liu et al., 2000).
Therefore, it is highly likely that LIS1 and Ndel are in
the same molecular and genetic pathway in regulating
progenitor cell mitosis.

On the other hand, the restriction of Nde1 loss-of-func-
tion phenotype to the six-layered neocortex and specifi-
cally to neurons originating from the cortical ventricular
precursors correlates very well with the observation that
haploinsufficiency of LIST in humans mostly presents
as a cerebral cortex-specific defect with little impact on
other brain structures such as the cerebellum and basal
ganglia (Barkovich et al., 1991; Dobyns et al., 1993).
This suggests that cortical progenitor cell proliferation
defects may also underlie the pathogenesis of lis-
sencephaly in humans. Since neural progenitor cell divi-
sion occurs prior to and is tightly coupled to neuronal
migration, the defects in the mode and duration of pro-
genitor proliferation may have a strong impact on subse-
quent neuronal migration processes. Moreover, we ob-
served a significant reduction of nestin-positive cells in
the cortex of Nde71~~ mice by E15, which suggested
that the mutant Nde7 mice may also have defective
radial glia processes due to mitotic arrest of both neural
and radial glial progenitors (Noctor et al., 2002). The
potential radial glia defect could also contribute to the
migration difficulties of neurons in these mice. As both
Nde1 homozygous and Lis71 heterozygous mice show
modest neuronal migration abnormalities, further study
of the correlation between cortical progenitor mitosis
and cortical neuronal migration with genetic models of
Nde1 and Lis1 double mutations would allow a better
understanding of the mechanism of both molecules in
corticogenesis and the pathological basis of lissen-
cephaly.

Nde1 and Other Microcephaly Genes

It is also interesting that the microcephaly of Nde1 mu-
tant mice resembles what is observed in abnormal spin-
dle protein microcephaly (ASPM)-associated micro-
cephaly in human (Bond et al., 2002), and the expression
patterns of ASPM and Nde1 are very similar. Like Nde1,
the Drosophila homolog of ASPM, Asp, is functionally
important for microtubule organization at the spindle
pole, and mutations of Asp in Drosophila result in aber-
rant mitotic spindle formation and metaphase arrest (do
Carmo Avides and Glover, 1999). Thus, the molecular
mechanism of Nde1 and ASPM in cortical progenitor
cell division could be quite similar. Moreover, the prefer-
ential loss of neurons in layers Il to IV in the Nde7 mutant
matches the most common pathological finding in hu-
man genetic forms of microcephaly (Mochida and
Walsh, 2001), in which the cerebral cortex becomes re-
duced in size. Therefore, Nde1 mutant mouse may also
represent an important animal model for these disor-
ders. It would be interesting to further explore whether
Nde1, ASPM, and other microcephaly genes act on a
common molecular pathway that is critical for determin-
ing the size of the mammalian cerebral cortex develop-
mentally, as well as whether they are targets for the
evolutionary forces that have increased cerebral cortical
size so dramatically between rodents and humans.

Experimental Procedures

DNA Constructs

Myc-Nde1, myc-LB (referred to as myc-DN previously), myc-LIS1,
GFP-Nde1, and the VP16-Nde1 constructs were described pre-
viously (Feng et al., 2000b). The N-terminal and C-terminal Nde1
deletion constructs N1, N2, and C were generated by PCR amplifica-
tion of the Nde1 cDNA encoding amino acids 1-93, 1-111, and
281-341, respectively, followed by subcloning the PCR products
into pcDNAS3 (Invitrogen).

Generation of Nde1 Mutant Mice

To generate targeted deletion of Nde1 protein, exon 2 of the mouse
Nde1 gene was flanked with loxP sites, so that deletion of the exon
2 by Cre-mediated recombination results in a nonsense mutation
that truncates the Nde1 protein at amino acid 27. The targeting
vector was introduced to mouse ES cells by conventional gene-
targeting techniques. Nde1-targeted clones were further transfected
with a Cre-recombinase expression plasmid, and the removal of
neomycin and TK cassette alone or with exon2 of Nde? gene was
selected with gancyclovir. Cre recombinant clones that were identi-
fied by Southern blotting were injected into C57BL/6 blastocysts
and subsequently transmitted into the germline by breeding the
male chimeric mice with the wild-type outbred Black Swiss females.

Histology and Quantitative Analysis

Mouse tissues were fixed by 4% paraformaldehyde followed by
cryoprotection in 30% sucrose or embedded in paraffin. Cryostat
sections were cut at 12-16 wm, and paraffin blocks were sectioned
at 5 pm. Brain sections were stained with hematoxylin-eosin (H&E).
Immunofluorescence was carried out by blocking in 5%-10% goat
or donkey serum and 0.05% Triton X-100 in PBS for 1 hr, followed
by incubation with primary antibody at 4°C overnight in the same
solution. Sections were washed in PBS, followed by incubation with
appropriate fluorescence-conjugated secondary antibodies for vis-
ualizing the immunosignals.

Quantitative measurement of cortical cell numbers was performed
on photomicrographs of comparable coronal sections for each ge-
notype using either Scion image 1.63 or ImageJ image processing
and analysis software. The number of mice in each experiment was
at least three per genotype. Data were presented as mean + SD. The
statistical significance of differences between Nde7~/~ and control
samples was assessed by one-way ANOVA with pairwise compari-
sons or by Student’s t test.

BrdU Labeling and Analysis

Pregnant mice were injected intraperitoneally with BrdU at 50 p.g/g of
body weight. The animals were either sacrificed 30 min after the
injection for analysis of BrdU pulse-labeled S phase progenitor cells
or in 24 hr for examination of cell cycle exits of the labeled progeni-
tors. Alternatively, BrdU-labeled pregnant females were left to give
birth, and their offspring were analyzed 8-12 weeks postnatally in
the birthdating study. BrdU-positive neurons in the cerebral cortex
were detected by immunostaining 2N HCl-treated brain sections
with a rat monoclonal antibody to BrdU (Harlan-Sera Lab). The den-
sity and distribution of BrdU-positive neurons from Nde71 homozy-
gous mutants and their wild-type or heterozygous littermates were
analyzed.

Cell Culture, Transfection,

and Immunofluorescence Microscopy

Cos7 and 293T cells were grown in DMEM with 10% FBS, trans-
fected, and analyzed as described (Feng et al., 2000b). Indirect
immunofluorescence images were taken either with an Olympus
AX70 fluorescence microscope, a BioRad Radiance 2000 confocal
microscope, or a Nikon TE2000/PerkinElmer Ultraview spinning disk
confocal microscope.

Coimmunoprecipitation and Immunoblotting

Nde1 and its deletion constructs were tagged by the myc epitope
and cotransfected with GFP-Nde1 in 293 cells. Myc immunoprecipi-
tation was performed from whole-cell protein extracts (WCE) 40 hr
after transfection as described (Feng et al., 2000b); proteins precipi-
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tated by anti-myc antibody were analyzed on immunoblots with
either anti-GFP (Clontech) or anti-myc antibodies using enhanced
chemiluminescence (ECL) detection (KPL).

Flow Cytometry Analysis

For analysis of cell DNA content, 293T cells were transfected with
either GFP-tagged or myc-tagged expression construct of LIS1 or
Nde1. Forty hours after transfection, cells were fixed with 70% cold
ethanol at —20°C for more than 24 hr. Cells expressing GFP-tagged
proteins were labeled with 50 pug/ml propidium iodide and then
subjected to flow cytometry analysis. For myc-tagged proteins, the
cells were rehydrated in PBS after cold ethanol fixation, blocked in
PBS plus 2% goat serum, and stained with 5 mg/ml 9E10 antibody
followed by a FITC-conjugated goat anti-mouse secondary anti-
body. The cells were then postfixed for 1 hr with 1% formaldehyde in
PBS and stained with 50 .g/ml propidium iodide for flow cytometry
analysis. The fluorescence of cells was measured and analyzed by
a Becton-Dickinson FACScan flow cytometer.
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