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The Rho-GTPase cdc42 regulates neural progenitor

fate at the apical surface

Silvia Cappello!, Alessio Attardo?, Xunwei Wu?, Takuji Iwasato, Shigeyoshi Itohara?,
Michaela Wilsch—Bréiuningerz, Hanna M Eilken!, Michael A Riegerl, Timm T Schroeder!,
Wieland B Huttner?, Cord Brakebusch® & Magdalena Gotz!»

Stem cell persistence into adulthood requires self-renewal from early developmental stages. In the developing mouse brain, only
apical progenitors located at the ventricle are self-renewing, whereas basal progenitors gradually deplete. However, nothing is
known about the mechanisms regulating the fundamental difference between these progenitors. Here we show that the conditional
deletion of the small Rho-GTPase cdc42 at different stages of neurogenesis in mouse telencephalon results in an immediate
increase in basal mitoses. Whereas cdc42-deficient progenitors have normal cell cycle length, orientation of cell division and
basement membrane contact, the apical location of the Par complex and adherens junctions are gradually lost, leading to an
increasing failure of apically directed interkinetic nuclear migration. These cells then undergo mitoses at basal positions and
acquire the fate of basal progenitors. Thus, cdc42 has a crucial role at the apical pole of progenitors, thereby regulating the

position of mitoses and cell fate.

The mechanisms regulating neurogenesis have received increased
attention ever since it was accepted that neurogenesis can also continue
into adulthood in the mammalian brain. For this to occur, some neural
progenitors have to divide asymmetrically, in order for neural pro-
genitors to be maintained into adulthood. Progenitors located at the
apical side of the neuroepithelium in the zone lining the ventricle, the
ventricular zone (VZ), self-renew and generate a progenitor cell as well
as a postmitotic neuron during embryonic neurogenesis, whereas
progenitors located basally above the VZ, in the subventricular zone
(SVZ2)!, generate two neurons in most cases?™. However, it is not
known how these differences in fate are regulated at the molecular level.

The apically located VZ progenitors have an apico-basal polarity with
a specialized apical membrane domain that is separated by the adherens
junctions from the basolateral domain and is in contact with the
basement membrane®. In contrast, the basally located SVZ progenitors
contact neither the ventricle nor the basement membrane. Nevertheless,
basal progenitors can exhibit an intrinsic polarity, such as the unequal
distribution of the epidermal growth factor receptor at later develop-
mental stages’. Basal (SVZ) progenitors further differ from apical (VZ)
progenitors by the basal position of their mitosis, which is due to an
incomplete or absent downward (basal to apical) movement of the
nucleus during the G2/M phase?™. In contrast, apical VZ cells perform
interkinetic nuclear migration (INM), with their nuclei migrating
during the course of cell division from a basally located phase of DNA
synthesis to an apically located M phase and cytokinesis®. Similar move-

ments have also been observed for astrocyte-like neural stem cells lining
the lateral ventricle in the brain® that also seem to divide asymmetri-
cally!®!1, Thus, both during development and in adulthood, progenitors
with apical contact to the ventricle undergo INM and self-renew.

Besides this difference in INM, apical and basal progenitors in the
embryonic cortex also differ in the expression of some transcription
factors. For example, Pax6 is largely contained in apical, but not basal,
progenitors, whereas the transcription factor Tbr2 shows the comple-
mentary expression patternlz, similar to NeuroD1, Svetl, vGlut2 and
Cux2 (ref. 13).

Given the importance of SVZ progenitors in the phylogeny of the
cerebral cortex, where SVZ progenitors become more and more
predominant“’ls, we aimed to identify molecules involved in the
regulation of VZ versus SVZ progenitor fate. A key difference between
VZ and SVZ progenitors is their apico-basal polarity: only VZ
progenitors contain a specialized apical membrane domain containing
Par3, aPKC and prominin-1 (ref. 16, and see ref. 6 for a review). The Par
complex is well known as a key regulator of apical polarity, junction
formation and asymmetric cell division, and is regulated by the small
Rho-GTPase cdc42 (refs. 17-19). Moreover, this complex has also been
involved in the regulation of nuclear migration?>?!, prompting the idea
that cdc42 may simultaneously regulate apical polarity by the
Par complex and INM. However, despite the crucial role of this small
Rho-GTPase in various processeszz, its function has so far not been
elucidated in the developing nervous system.
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Figure 1 Cdc42 localization and deletion by Emx1::Cre in the cerebral cortex. (a—h) Micrographs of coronal sections of the cerebral cortex at E10 and E12,
immunostained as indicated. Note that cdc42 immunoreactivity is concentrated in neurons (doublecortin-immunoreactive, inset in b) and at the apical side
of progenitors (a,b; arrowheads, apical mitoses; arrows, basal mitoses (PH3-positive)). As early as E10, cdc42 immunoreactivity largely disappeared in the
Emx ] Crefede424ex2ffl cortex compared to wild-type cortex (green in ¢,d). Panels e and f depict the Cre immunoreactivity (nuclear localization shown in insets
in e,f) restricted to the cortex, causing the disappearance of cdc42 immunoreactivity (g,h) in most of the cortex except the lateral cortical regions (arrow in h)
and the ganglionic eminence (arrowhead in h; no Cre expression in the ganglionic eminence: e,f) in the Emx]Cre/cdcd24ex2fiffl mice, The apical side of the
neuroepithelium is indicated at the right side of the panels. CTX, cortex; DCx, doublecortin; GE, ganglionic eminence; ap, apical side. Scale bars: 20 um

ina; 10 um in c,d; 50 um in b,e-h.

RESULTS

Localization and deletion of cdc42 protein

First, we monitored Cdc42 localization throughout cortical neurogen-
esis (embryonic day, E, 10-16). Cdc42 immunoreactivity was enriched
at the apical side of the VZ progenitors (Fig. 1la—c), consistent with its
interaction with members of the apical Par complex. We also saw a high
intensity of cdc42 immunostaining in the basally located postmitotic
neurons, as detected by double staining with doublecortin (Fig. 1b).
However, we were surprised to find little cdc42 immunoreactivity
between these bands of high intensity, and most progenitors dividing at
basal positions were hardly immunopositive (Fig. 1a).

To elucidate the function of cdc42 in cortical progenitors, we deleted
exon2 of the loxP-flanked?? Cdc42 gene, by using a mouse line that
expresses Cre in the Emx1 locus (Emx1::Cre, ref. 24) from around E9.5,
just before the onset of neurogenesis in the developing cortex. In the
cortex of Enmx] Cre/eded24es2fUfl mice, cdc42 immunoreactivity was already
decreased at E10 (Fig. 1c,d; reduction of cdc42 immunoreactivity to
11% + 1.5 of that in the wild type, four E10/11 embryos, two litters). As
Cre expression showed a pronounced medial-to-lateral gradient similar
to that of the endogenous Emx1 (Fig. 1e,f), cdc42 was still present in
the lateral cortex, where Cre levels were too low to mediate recombina-
tion (arrow in Fig. 1g,h). Note the thickening of the cdc42-deficient
cortex at E12 (Fig. 1gh) that occurred at all rostro-caudal levels. Of
Emx1Cre/cded24ex2fUfl mmice 75% survived to adulthood (n = 36; 9% of
25% expected); in these, only the lateral and piriform cortex still
showed a normal layered organization (data not shown), whereas
most of the mutant cortex was severely disorganized, was much thicker
than the wild-type cortex and contained many hypertrophic glial
fibrillary acidic protein (GFAP)-positive astrocytes (Supplementary
Fig. 1 online). Notably, the hippocampal region was also disorganized,
but it was properly specified as visible by Math2 expression (Supple-
mentary Fig. 1). To understand how this phenotype develops we
examined the phenotype shortly after the onset of cdc42 deletion.

Increase in basal mitoses shortly after cdc42 deletion

At E10, the histological organization of the cdc42-deficient cortex was
still normal. In light of the higher cdc42 immunoreactivity in apical
versus basal progenitors, we examined whether the loss of cdc42
affected primarily the former but not the latter progenitor subtype.
As VZ and SVZ progenitors divide at apical and basal positions,
respectively, immunostaining for the phosphorylated form of histone
H3 (PH3) present in late G2/M phase allows for discriminating
between these distinct progenitors. In the wild-type cortex at E10,
most PH3-positive cells in M phase were located apically, lining the
ventricle; a few (3.3%) progenitors divided at some distance (5 cell
diameters or more; see ref. 25) from the ventricle (Fig. 2a). However,
upon cdc42 deletion, an increase in basal mitoses was readily
detectable (Fig. 2b; sevenfold increase, to 20% of all mitoses). This
phenotype became more severe during development, and at E12, about
70% of all progenitors divided at basal positions in the cdc42-deficient
cortex, compared to 30% in the wild-type or heterozygous cortex
(Fig. 2c—i). The high proportion of basal mitoses, as seen in the
cdc42-deficient cortex, was never observed in the wild-type cortex,
where apical mitoses are always predominant®2>,

As basally dividing progenitors typically generate more (two) neu-
rons per cell division than apically dividing progenitors (which only
generate one?®?7), we next examined the number of neurons after
conditional deletion of cdc42. Despite the immediate increase in basally
dividing cells at E10, neurogenesis was not affected: both the wild-type
and cdc42-deficient cortices had the same proportion of neurons
immunoreactive for BIII-tubulin, MAP2 (Fig. 2a,b,f) or HuC/D (data
not shown). However, the number of neurons in cdc42-deficient cortex
had increased by 30% 1 d later (Fig. 2h), and to twice the number of
those in the wild-type cortex by E12 (Fig. 2¢,dj). Thus, the increase in
neurogenesis in the cdc42-deficient cortex seemed to follow the increase
in basal progenitors by 1 d, consistent with the observation that basal
progenitors generate more neurons than those dividing apically*™.
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Figure 2 Cell division and neurogenesis in the cerebral cortex of
Emx ] Crefede424ex2fifl mice. (a—d) Micrographs of coronal sections of E10 and E12
wild-type and Emx]Cre/eded2Aexzfifl cerebral cortex, immunostained as indicated.

PH3-positive cells in G2/M phase located at nonsurface positions more than 5 cell

diameters from the ventricle are indicated by arrows in b and d; those dividing at
the ventricular surface are indicated by arrowheads in a and b. (e—j) Histograms

depicting the number of PH3-positive cells located at the ventricular surface or at
nonsurface positions (e,g,i), and number of BllI-tubulin—positive cells at the stages

indicated (f,h,j). VS-PH3, cells at ventricular surface; nVS-PH3, cells at
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nonsurface positions. Note the significant increase in the proportion of PH3-positive cells at nonsurface positions and the number of neurons present in the
cdc42-deficient cortex. Number of cells counted were as follows. e: wild-type n = 2,275; Emx]Crefcdc424ex2fffin — 2 368; both 3 mice, 2 litters. g: wild-type n =

654; Emx]Crefcded24exciifiip — 701: both 2 mice, 2 litters. i: wild-type n = 1,043;

Emx]Crefede424exzfifin — 1 036; both 3 mice, 2 litters. f: wild-type n = 1,141;

Emx]Crefeded2Aexzfifln — 1 334, both 3 mice, 2 litters. h: wild-type n = 1,359; Emx]Crefeded24exzfifin — 1,334, both 2 mice, 2 litters. j: wild-type n = 4,168;
Emx]Crefeded2Aex2fiffin — 2 400; both 3 mice, 2 litters. Error bars represent s.e.m. Student’s t-test, *P < 0.001. Scale bars: 50 pm in a,b; 100 pm in ¢,d.

Normal orientation of cell division and cell cycle

Basal progenitors may arise as a result of alterations in the orientation
of apically dividing progenitors?®?’, alteration in cell cycle phases that
are different in basal progenitors?, or defects in INM. As cdc42 has
been implicated in centrosome positioning?’, regulation of cell cycle
leng'[h30 and nuclear movements>!, we examined to what extent these
features are affected by the loss of cdc42.

Most progenitors in cortical neurogenesis divide vertically with
respect to the ventricular surface (VS)3>~34, and this was also the case
in the cdc42-deficient cortex when we quantified the orientation of
mitoses in ana- and telophase at the ventricle at E10 and E12 (details in
Methods; Supplementary Fig. 2 online). Thus, deletion of cdc42 does
not influence spindle orientation in the developing cerebral cortex.

Next, we examined cell cycle length by the cumulative labeling
method described previously®®, using consecutive injections of the
DNA-base analogon bromodeoxyuridine (BrdU). The number of
BrdU-labeled cells among all cells (the labeling index) increased from
50% after a single injection (Supplementary Fig. 2; see also ref. 35) to
almost 100% 5 h later, suggesting that 5 h are sufficient to label all the
cycling cells (Supplementary Fig. 2). These data allowed us to calculate
the cell cycle length (Supplementary Fig. 2), which was virtually
identical in wild-type cortex (9.4 h) and cdc42-deficient cortex
(9.6 h), in agreement with previous measurements>>. However, only
20% of all progenitors were dividing basally at E10 in the cdc42-
deficient cortex (Fig. 2e). We therefore measured the cell cycle length at
E12, when most progenitors were already dividing basally in the
mutant cortex (Fig. 2i). At this stage, in both wild-type and mutant
cortex, the cell cycle length was increased and the labeling index
decreased (to about 40%) after the first BrdU pulse (Supplementary
Fig. 2, see also ref. 35). The percentage of BrdU-positive cells reached

100% after four consecutive BrdU injections, 9.5 h after the first BrdU
injection when all cycling cells have been labeled by BrdU in S phase.
We detected no significant differences in the cell cycle length between
E12 wild-type and cdc42-deficient cortices, despite the strong pheno-
type in the position of cell division at this stage. Thus, the loss of cdc42
in corticogenesis does not affect cell cycle regulation.

However, we noted a different pattern in the distribution of BrdU-
labeled cells in the mutant compared to wild-type cortex. In the caudal
E12 cdc42-deficient cortex, many BrdU-positive cells were still located
in a basal band after the first pulse of BrdU, similar to the distribution
in the wild-type cortex (Supplementary Fig. 3 online). Whereas
cumulative BrdU labeling progressed only apically in the wild-type
cortex, consistent with the apically directed nucleokinesis between the S
and M phases (Supplementary Fig. 3), the cumulative BrdU labeling
spread in both apical and further basal directions in the cdc42 mutant
cortex (Supplementary Fig. 3). As these data suggest some aberrations
in INM, we next examined the progression of cells in INM from the S to
the M phase, by using a single BrdU pulse.

INM is affected in vivo but not in vitro

At E10, cells were labeled with BrdU in the S phase and their position
was determined 30 min, 2 h and 4 h after BrdU injection. After 30 min,
most BrdU-labeled nuclei were located in the basal part of the VZ, in
both wild-type and cdc42-deficient cortices (Fig. 3a—e). Within 2 h,
BrdU-labeled nuclei had moved apically in both wild-type and cdc42-
deficient cortices, and no difference was as yet detectable between the
genotypes (Fig. 3e). However, when the cortex was analyzed 4 h after
BrdU injection, most of the wild-type BrdU-labeled nuclei had now
reached the most apical positions, whereas some cdc42-deficient BrdU-
labeled nuclei were apparently trailing behind and remained at basal
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Figure 3 Analysis of interkinetic nuclear migration. (a—d) Fluorescent micrographs of coronal sections of E10 wild-type and Emx]Cre/cdcd424exzfifl cerebral cortex
30 min (a,b) or 4 h (c,d) after BrdU (green) injection. (e) Distribution of the BrdU-positive nuclei (wild-type: n = 2,490; Emx]Crefedc424ex2fifi n — 1 879,

6 mice, 5 litters) as percentage of all BrdU-positive nuclei per bin (one bin: 10-um high and 100-um wide; ref. 35). Note the increased number of BrdU-positive
cells at basal positions (bins 6-9) 4 h after BrdU injection in the cdc42-deficient cortex (arrowheads in d). (f) Percentage of bipolar cells in dissociated cell
cultures from E12 wild-type and Emx]Cre/ede424ex2fifl cortices, showing bidirectional nuclear movement as analyzed by time-lapse video microscopy for 2 d
(wild type: n = 148 cells, 4 mice, 2 litters; Emx]Cre/cdc424ex2fiffl, n — 126 cells, 3 mice, 2 litters). Error bars represent s.e.m. Scale bar, 10 pm.

positions (Fig. 3c—e). Notably, the increase in progenitors remaining at
basal positions 4 h after the S phase (17%, Fig. 3e) closely resembled
the increase in basal progenitors at this stage (20%, Fig. 2e). Thus,
shortly after cdc42 deletion, some progenitors remain at a basal
position between the S and M phases.

To clarify whether the defect in apically directed nuclear migration
was a direct effect of cdc42 on nuclear movement, we cultured E12
wild-type and cdc42-deficient cortical cells and followed their nucleo-
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Figure 4 Gradual loss of aderens junctions and Par complex in cdc42-deficient
cortex. (a—j) Fluorescent micrographs immunostaining (a,b,e—j) or phalloidin
staining (c,d). Note the gradual loss (starting at E11) of adherens junctions,
visible as honeycomb structures when looking onto the ventricular surface
(a,b,e) or as a continuous line when looking from the side (c,d), after cdc42

deletion. Also note the patchy loss of apical aPKC staining at E11 (h) and the vir-
tually complete absence of Par3 at the apical surface of E12 Emx]Cre/cdcd2Aexzfifl

cortex (j), in contrast to the complete apical band of immunoreactivity in the
wild-type cortex (g,i). The apical (ap) side of the neuroepithelium is indicated
at the right side of panels c,e—j. Scale bars: 10 um in a-h; 20 pm in i,j.

kineses by time-lapse videomicroscopy over 2 d (Supplementary
Videos 1 and 2 online). To examine nuclear movements in progenitors,
we focused on long bipolar cells with progenitor morphology, as has
been confirmed in sister cultures by nestin immunostaining. Notably,
we detected no difference between wild-type and cdc42-deficient cells
in terms of the proportion (90%, Fig. 3f) of bipolar cells making
nuclear movements in both directions over a 48-h time period. Thus, in
the absence of cdc42, nuclear movements can occur in dissociated cell
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cultures, suggesting that nucleokinesis itself is not directly affected by
the loss of cdc4?2 protein.

Loss of apical Par complex and adherens junction

A key difference between dissociated progenitors and these cells in vivo
is their organization; in vivo, progenitor cells are coupled by adherens
junctions at the apical side and contact the basement membrane at the
basal side. We therefore examined whether defects in anchoring at
either side may explain the defects in nuclear movements in vivo but
not in vitro.

First, we used laminin immunoreactivity to assess the anchoring of
neuroepithelial cells labeled by RC2 to the basement membrane. RC2-
positive processes contacted the basement membrane in the cdc42-
deficient and wild-type cortices from E10 to E14 (Supplementary
Fig. 4 online and data not shown), suggesting that deletion of cdc42
does not lead to defects at the basal side of progenitors.

By immunostaining for adherens junction proteins such as
[-catenin, cadherins or F-actin, we were able to visualize the char-
acteristic honeycomb pattern of adherens junctions (viewed from the
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Figure 6 Molecular characteristics of progenitors in cdc42-deficient

cortex. (a—d) Fluorescent micrographs of coronal sections of wild-type and

Emx ] Crefcded24ex2fiffl cerebral cortex, immunostained as indicated. Note the
decrease in Pax6-immunoreactive progenitors (red in ¢,d) and the increase of
Tbr2-positive cells (green in a-d) in the cdc42-deficient cortex (b,d) compared
to the wild type (a,c), suggesting an apical-to-basal fate conversion.

(e,f) Number of the Tbr2-positive and Ngn2-positive cells in wild-type and
Emx]Crefedc424ex2ffl cortex at E14. Note the increased percentage of Tbr2- and
Ngn2-positive cells in the Emx]Cre/ede424ex2fifl cortex normalized to wild-type
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Figure 5 Retraction of the radial process from the apical surface. (a) GFP-
labeled cells (white, electroporation at E10, culture for 16-20 h; arrows,

cell bodies; arrowheads, processes) in coronal sections (60-130 um) of the
cerebral cortex. The apical (ap) and basal (bl) side of the neuroepithelium
are indicated at the left side of the panels. (b) Percentage of cells with (black
bars) and without (white bars) apical processes (Emx]Cre/cdcd2Aex2fi/+,

n= 104, 3 mice, 2 litters; Emx1Cre/eded24ex2fffl. n — 92 2 mice, 2 litters).
Error bars represent s.e.m. Scale bar, 10 um.

apical side) in both wild-type and cdc42 mutant cortices at E10
(Supplementary Fig. 4). By E11, however, we noted the first irregula-
rities in this pattern in the cdc42-deficient cortex compared to that in
the wild type (Fig. 4ab); by E12, this had progressed to entire
apical patches devoid of adherens junctions (Fig. 4c,d). By El4,
hardly any pan-cadherin or B-catenin immunoreactivity (indicative
of adherens junctions) was detectable in the cdc42-deficient cortex
(Fig. 4ef). Thus, the loss of cdc42 leads to the gradual disappearance of
adherens junctions.

As cdc42 also recruits the Par complex to the apical side and to
adherens junctions!®!7-%, we examined the atypical protein kinases C
(aPKC-t and aPKC-A), Par3 and prominin-1, which is specifically
localized in the apical membrane®’, upon deletion of cdc42 in the
cortex. At E11, large patches were devoid of aPKC, Par3 or prominin-1
immunoreactivity in the cdc42 mutant cortex; by E12, this included
most of the apical surface. In contrast, a continuous apical band was
visible in wild-type cortex (Fig. 4g—j and data not shown). Thus, the
loss of aPKC and Par3 immunoreactivity seems to precede the loss of
adherens junctions upon cdc42 deletion, consistent with the role of this
complex in the formation and maintenance of adherens junctions’®.

The increase in basal mitoses was detectable as early as E10, while no
major defects in Par3 and/or aPKC immunoreactivity or in adherens
junctions were as yet detectable. However, defects in 20% of apical
endfeet may be difficult to resolve. We therefore conducted an in vivo
electroporation of the cortices, in which we used a plasmid expressing

Emx1Cre/cdc42Aex2fl/fl
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Big2' & 5E

cortex. Error bars represent s.e.m. Student’s t-test, *P < 0.001. Number of cells counted were as follows. e: wild-type n = 1,684; Emx]Cre/cdc42aex2fi/fi
n=1,661; both 2 mice, 2 litters). f: wild-type n = 1,201; Emx]Cre/cdcd2Aex2fiffin — 3 368 both 2 mice, 2 litters). (g—j) Expansion of Btg2 mRNA in coronal
sections of Emx]Cre/cde424ex2iifl cerebral cortex (h,j) compared to the wild type (g,i). Scale bars: 50 um in a-d,g,h; 100 pm in i,j.
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Figure 7 Molecular markers for basal progenitors (SVZ) expand in the cdc42-deficient cortex. (a—h) /n situ hybridization of coronal sections of the E14
wild-type or Emx]Cre/cded24ex2fiffl cerebral cortex for the mRNA indicated in the panels. Note the spread of mRNA specific for SVZ progenitors in E14
Emx ] Crefede424ex2ffl cortex (b,d,f,h) compared to wild-type littermates (a,c,e,g). Scale bars, 100 pum.

green fluorescent protein (GFP) with the membrane localization
sequence of GAP43 (GAP43-GFP), to label small groups of cortical
progenitors. As the plasmid is taken up from the ventricle, this labels
only those cells that have an apical process. We then cultured the
electroporated embryos for 16-20 h (ref. 39) and, using multiphoton
microscopy, looked for the presence or absence of an apical process
(arrows in Fig. 5a) by conducting a three-dimensional (3D) recon-
struction of single GFP-labeled cells in 60- to 130-pm-thick slices.
Whereas only 2.7% of GFP-labeled cells lacked an apical process in the
wild-type cortex, this percentage was increased to 13% in the cdc42-
deficient cortex (Fig. 5b). Thus, a higher proportion of cells lose their
apical contact as early as E10 in the cdc42-deficient cortex, consistent
with their transformation into basal progenitors.

Molecular identity of basally dividing progenitors

The results presented above raise the possibility that the loss of cdc42
causes defects in apical process maintenance and INM, thereby leading
to an increased number of progenitors dividing at basal rather than
apical positions. These progenitors may still maintain the identity and
fate of VZ progenitor cells, or they may convert to an SVZ fate. In the
cdc42-deficient cortex, we noted a strong increase in cells
immunoreactive for the transcription factor Tbr2, a marker of SVZ
progenitors'? (Fig. 6a—d). In contrast, Pax6 immunoreactivity, char-
acteristic of VZ progenitors in the cortex*, was strongly reduced
(Fig. 6¢,d). As SVZ progenitors are also heterogeneous—most generate
two postmitotic neurons immediately, and a few continue to proli-
ferate®™—we examined Btg2 (also known as Tis21) mRNA, which is
upregulated in neurogenic progenitors before the generation of post-
mitotic neurons®33. Indeed, Btg2 was expressed all over the cdc42-
deficient cortex (Fig. 6e-h), consistent with the neurogenic fate of the
scattered basal progenitors in the cdc42-deficient cortex. Analysis of
further SVZ markers such as Neurog2, the noncoding RNA SvetI (ref.
41), the bHLH gene NeuroD1 (ref. 42), Slc17a6 (also known as vGluT2;
ref. 42) and Cutl2 (also known as Cux2; ref. 13) revealed widespread
localization of neurogenic SVZ cells in the E14 Emx]Cre/cdes2deif
cortex, whereas expression of these genes was restricted to a small
band in the cortex of wild-type littermates (Figs. 6f and 7). Notably,

some of these were expressed at earlier stages in the progenitor lineage
(such as Neurog2, Tbr2, Svetl), whereas others, such as SlcI7a6 and
Cutl2, appeared later. The last two still had the latero-medial gradient
(Fig. 7c,d,gh), anticipating neocortical arealization in the cdc42-
deficient cortex. Taken together, these results suggest that basally
dividing progenitors in the cdc42-deficient cortex acquire the fate of
SVZ progenitors that are poised toward the generation of neurons.

Notably, the same phenotype of an immediate increase in Tbr2-
positive basal progenitors followed by an increase in neurogenesis was
also observed after cdc42 deletion at midneurogenesis (E13) by hGFAP-
Cre (Fig. 8a—h). However, as the cortical plate had been established
before recombination, the additional Tbr2-positive basal progenitors
did not spread into this layer (compare Figs. 8f and 6b).

DISCUSSION

So far, most of our knowledge about the function of Rho-GTPases in
vertebrate neural cells is based on dominant-negative or constitutively
active constructs used in vitro?>*3. Besides concerns about the speci-
ficity of these constructs (for example, some effects observed with
dominant-negative constructs could not be confirmed upon condi-
tional deletion of cdc42; ref. 44), cdc42 function has, until now, not
been examined in neural development in vivo. In this study, by
conditionally deleting cdc42 at different developmental stages in
cortical development, we showed that it has a key role in the main-
tenance of apico-basal polarity and self-renewing VZ progenitors. In
contrast, cdc42 deletion had no effect on spindle orientation, cell cycle
regulation or nuclear migration in dissociated cells. Thus, the main
function of cdc42 in mammalian neurogenesis is to activate the Par
complex to maintain adherens junction coupling and VZ progenitor
fate. The loss of cdc42 resulted in the gradual conversion of apical VZ
progenitors to basal SVZ progenitors that not only divided at basal
positions, but also acquired the characteristic fate determinants of SVZ
progenitors, such as Neurog2, Tbr2 and NeuroD1, as well as a higher
rate of neuron generation. These data therefore demonstrate that cdc42
is crucial for the maintenance of VZ progenitors in vivo, and provide a
first insight into the molecular mechanisms regulating the apical-to-
basal transition of progenitors.
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Figure 8 Cell division and neurogenesis in the cerebral cortex after removal of cdc42 by hGFAP-Cre. (a—f) Fluorescent micrographs of coronal sections of E14
wild-type and hGFAPCre/cdcd2Aex2fii+ or hGFAPCre/cded24ex2fifl cerebral cortex, immunostained as indicated. Note the absence of cdc42 immunoreactivity in the
E14 hGFAPCre/cdcd2Aex2fiffl cortex (b), compared to that in the hGFAPCre/eded24ex2fii+ cortex (a). Also note the increase in PH3-positive cells at nonsurface
position in the hGFAPCre/ede424ex2ffl cortex (arrowheads in d) compared to wild-type cortex (arrowheads in c). (g) Histogram depicting the number of PH3-
positive cells at surface and nonsurface positions (wild-type n = 889; hGFAPCre/cded2Aex2fffin — 950, both 2 mice, 2 litters). Concomitant to the increase in
basal progenitors, the number of Tbr2-immunoreactive cells was increased (e,f,h; wild-type n = 1,684; hGFAPCre/cde424ex2fiffin — 1 661; both 2 mice, 2
litters). The apical (ap) side of the neuroepithelium is indicated at the right side of panels a,b,e,f. CTX, cortex; GE, ganglionic eminence; CP, cortical plate;
SVZ, subventricular zone; VZ, ventricular zone. Error bars represent s.e.m. Student’s t-test, *P < 0.001. Scale bars: 10 um in a,b; 50 um in c—f.

Cdc42 function at the apical side of VZ progenitors

SVZ progenitors originate from VZ progenitors when the latter lose
their contact with the apical surface? %, Consistent with the enrichment
of cdc42 immunoreactivity at the apical membrane, progenitors
gradually lost their apical contacts in the cdc42-deficient cortex.
This role of cdc42 in forming cellular junctions by activating the Par
complex is well known in other epithelial cells*®. Upon the formation
of primordial adhesions by classical cadherins, the activation of the
Par complex by cdc42 or Racl is required for the formation of
tight junctions in epithelial cells. Taken together, these data imply
that the apically concentrated cdc42 has a crucial function in the apical
Par complex at the adherens junction, thereby distinguishing VZ from
SVZ progenitors.

Our data further show that the role of cdc42 in the formation of
junctions cannot be compensated for by Racl in neuroepithelial cells,
in contrast to the observations in epidermal keratinocytes*>. Moreover,
whereas the loss of cdc42 in the hair follicle keratinocytes
affects primarily canonical Wnt signaling??, this is the case only at
delayed stages in neuroepithelial cells (data not shown). These results
underline the importance of studying the role of cdc42 in diverse
cell types, as this versatile small GTPase exerts rather distinct
functions in different cellular contexts. As we show here by time-
lapse video microscopy, nuclear migration occurred normally in
cdc42-deficient progenitors in vitro, whereas nuclear movements in
postmitotic neurons are affected by manipulation of cdc42 function?®.
In vivo, however, nuclear migration of cortical progenitors was
impaired after deletion of cdc42, suggesting that the loss of adherens
junctions in vivo may be responsible for the impairment in the apically
directed nuclear movements of neural progenitors. BrdU analysis
revealed that the S phase still takes place at normal positions at early
stages after cdc42 deletion, consistent with a normal basal cell migra-
tion during the G1 phase. In contrast, the apically directed INM was
affected by the loss of cdc42, consistent with the need of an apical

contact to exert a pulling force during apically directed movements
between the S and M phases. In vitro, where anchoring is provided by
the culture substrate, nuclei of cdc42-deficient neuroepithelial cells
could migrate in both directions. Taken together, there is no direct
effect of cdc42 on nucleokinesis in progenitor cells, but cdc42 is
required at the apical side to maintain apico-basal polarity and
junctional coupling.

The role of cdc42 in neural progenitor cell fate

The consequences of interference with junctional coupling in neural
development have so far been associated with defects in signaling
pathways, such as the canonical Wnt signaling*” or Notch signal-
ing?®4°. Here we found that the deletion of cdc42 and adherens
junction in the presence of normal Wnt and Notch signaling (data
not shown) results in immediate fate conversion of VZ into SVZ
progenitors. Cdc42-deficient progenitors not only lost Pax6 expression,
but also upregulated Ngn2, Tbr2, NeuroDl1, Svetl, VGlut2 and
other molecules that are characteristic of neurogenic SVZ progenitors.
These data therefore implicate, for the first time, signaling by the
Rho-GTPase cdc42 in the maintenance of specific, self-renewing neural
progenitor fate.

These results imply that either the location of mitosis, apico-basal
polarity or activity of the Par complex is crucial for the maintenance of
self-renewing VZ progenitors. In this regard, the difference in pheno-
type upon conditional deletion of aPKC-A is very informative: in this
mutant, despite the loss of adherens junction coupling and an increase
in basal mitoses, neither SVZ markers such as Ngn2 (ref. 3) nor
neurogenesis were increased®. This is notably different from the
phenotype observed after cdc42 deletion at E10 by Emx!1::Cre or at
E13 (comparable to that in ref. 49) by hGFAP-Cre. The comparison of
the phenotypes of these mutants thus suggests that the location of
mitosis and the loss of apico-basal polarity may not be the only features
determining VZ to SVZ fate transition, as these are also affected in the
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aPKC-A—deficient cortex. However, signaling via the Par complex
should be different in the cdc42-deficient and aPKC-A—deficient
cortices, as the Par complex may still activate the aPKC-{ in the
aPKC-A mutant cortex®?, but no activation of any aPKCs will occur
in the absence of cdc42. These considerations suggest additional
functions of the cdc42-activated Par complex, beyond regulating
adherens junction coupling, that lead to the full conversion of apical
into basal progenitors. Taken together, these data demonstrate a
new role of cdc42 in neural progenitors, maintaining them in
a self-renewing state, a prerequisite for the maintenance of stem cells
into adulthood.

METHODS

Animals. Homozygous C57B1/6])//129/Sv-Cdc42l/f] possessing loxP sites flank-
ing exon 2 (ref. 23) were crossed to Emx] Cre/cdct2dex2fii+ or y GEA pereleded2dexzfi/+
mice (day of plug = E0) to obtain the cdc42 mutants Enmx] Cre/cdci2dex2fifl and
hGEAPCre/cdci24ex2fUfl The same litter included phenotypic wild-type embryos
with one or two JoxP-flanked (‘floxed’) alleles and no Cre. Genotyping was
performed by polymerase chain reaction (PCR), and each phenotypic analysis
was done with at least 2-3 independent litters (see figure legends).

Immunohistochemistry. Brains of embryos were fixed in 4% paraformalde-
hyde (PFA) in phosphate-buffered saline (PBS) for 2-3 h at 4 °C, cryoprotected
in 30% sucrose in PBS and cut, after embedding in Tissue-Tek, intol12-pm-
thick coronal sections at the cryostate. Sections were incubated in primary
antibody overnight at 4 °C in 0.5% Triton X-100 and 10% normal goat serum
in PBS. Primary antibodies were mouse antibody to aPKC-A (Transduction
Laboratories, 1:100), rat antibody to BrdU (ABCAM, 1:100; 30 min HCI 2M,
30 min borate buffer, pH 8.5), rabbit antibody to B-catenin (Sigma, 1:500),
mouse antibody to cdc42 (IgG3, Santa Cruz, 1:100), rabbit antibody to Cre
(Covance Research Products, 1:5,000), guinea pig antibody to doublecortin
(Chemicon, 1:1,000), rat antibody to Ki67 (Dako Cytomation, 1:50), rabbit
antibody to laminin (Chemicon, 1:40), mouse antibody to Ngn2 (IgG2a, gift
from D.J. Anderson, California Institute of Technology, Pasadena, California,
1:10), mouse or rabbit antibody to pan-cadherin (Sigma, 1:200), rabbit anti-
body to PH3 (Biomol, 1:200), rabbit antibody to Par3 (gift from D. Lin, Mount
Sinai Hospital, Toronto, 1:100), rat antibody to promininl (eBioscience, 1:100),
mouse antibody to RC2 (IgM, gift from P. Leprince, University of Liege, Liege,
Belgium, 1:500), rabbit antibody to Tbr2 (gift from R.E Hevner, University of
Washington, Seattle, Washington, 1:2,000, ref. 12) and mouse antibody to BIII-
tubulin (IgG2b, Sigma, 1:100). F-actin filaments were visualized using rhoda-
mine-labeled phalloidin (5 U ml~!, Molecular Probes) by incubation for 30 min
after previous blocking for 20 min in 0.1% Triton X-100 in PBS and for 1 h in
10% normal goat serum in PBS. Nuclei were visualized by incubating for
10 min with 0.1 pg ml™! 4,6-diamidino-2-phenylindole (DAPI, Sigma) in PBS.
Fluorescent secondary antibodies were used according to the manufacturer’s
protocol (Jackson ImmunoResearch or Southern Biotechnology) and sections
were analyzed using Zeiss or Olympus laser-scanning microscopes.

BrdU labeling. BrdU was injected intraperitoneally into pregnant mice at E10
or E12 (50 mg per kg body weight). Cumulative BrdU labeling was performed
by repeated intraperitoneal injections (3-h intervals) into pregnant mice. For
the cell cycle analysis (Supplementary Fig. 2), the proportion of BrdU-positive
nuclei among all DAPI-positive cells (which equals the labeling index, as almost
all cells are dividing in E10 cortex) was determined at E10, and cell cycle
parameters were calculated as described in ref. 35. For the cell cycle analysis at
E12, the proportion of neurons was quantified by BIII-tubulin immunostaining
and then subtracted from total number of DAPI-positive cells to calculate the
labeling index. The INM was measured by quantifying the number of BrdU-
positive cells in each bin, 30 min, 2 h and 4 h after a single BrdU injection (a
bin was defined as a 10-pm-thick, 100-pm-long stripe parallel to the VS, with
the apical-most bin as bin 1 and the basal-most bin as 9) (Fig. 3e).

In situ hybridization. In situ plasmids were linearized, and digoxigenin-labeled
RNA probes were made using DIG NTP labeling mix, RNA polymerases T3, T7
and Sp6, and RNase inhibitor (Roche) according to standard procedures. The

RNA probes used were Svetl (ref. 41; gift from V. Tarabykin, Max-Planck
Insitute for Experimental Medicine, Géttingen, Germany), NeuroD1 (ref. 42),
Slc17a6 (also known as vGluT2; ref. 42), Cutl2 (also known as Cux2; ref. 13; gift
from C. Schuurmans, University of Calgary, Calgary, Canada) and Brg2 (also
known as Tis21).

Electron microscopy. E10 embryos were fixed in 1% glutaraldehyde in 0.1 M
phosphate buffer. Then small pieces of the dorsal telencephalon were dissected
and postfixed in aqueous 1% osmium tetroxide for 1 h at room temperature
(18-30 °C). After dehydration and standard embedding in EMBed-812 (Science
Services), 70-nm ultrathin sections were cut on a Leica UCT ultramicrotome
(Leica Microsystems), poststained with uranyl acetate and lead citrate, and
viewed in a Morgagni electron microscope (FEI). Images were taken with a
MegaviewlI camera (SIS).

Morphological analysis by GFP electroporation. E10 embryos were cultured
in glass bottles with 1.5 ml medium as described previously®®. After equilibra-
tion for 1 h, the telencephali were injected with 0.7 pg pl™! of the GFP-
containing construct (pCAGGs containing a GFP localized to the plasma
membrane by the targeting sequence of the protein GAP43) in PBS, followed
by a square pulse for transfection. After 16-20 h of further culture, embryos
were decapitated and the heads were fixed in 4% PFA overnight, incubated in
sucrose (30% in PBS), sliced (300-500 um thick) with a tissue chopper
(Vibratome 600 Mcllvain, Ted Pella), and embedded in agarose for imaging
using an inverted Radiance 2100 multiphoton microscope (Bio-Rad) equipped
with Nikon optics (ECLIPSE TE300) and a Mira 900 titanium:sapphire laser
(Coherent) tuned to 900 nm, which was pumped by a Verdi 10 W solid-state
laser (Coherent). Single Z stacks were collected (thickness of optical cube:
45-100 pm) in 0.5-um steps, with 1024 x 1024 pixels and a scanning speed of
166-500 lines per s. Images were acquired using the Bio-Rad Laser Scan 2000
software. 3D reconstructions were computed using Imaris software (Imagic
A.G.) in either the maximum intensity projection mode (MIP) or the blend-
rendering mode; cells were scored manually for the presence or absence of
apical contact. Neurons were identified by morphology (that is, position in the
neuronal layer, nucleus orientation parallel to the apical surface, bi- or multi-
polar processes).

Dissociated cell culture and time-lapse video microscopy. Dissociated cortical
cell cultures from E12 wild-type, Enx]Cre/cdcd24ex2fife and Epma]Cre/cdes2dexafilf
mice were prepared as described in ref. 32 and cultured at 37 °C, at a density of
8 x 10° cells per well, in neurobasal medium (Gibco) with 2% FCS, 5 ng ml™!
fibroblast growth factor (FGF2), B27 and 0.5 mM glutamine. After 12 h in
37 °C and 5% CO,, the tissue culture plate was tightly sealed and time-lapse
microscopy was performed with a cell observer (Zeiss) at a constant tempera-
ture of 37 °C (Pecon). Phase contrast pictures of at least two different positions
per culture well were acquired at regular intervals of 10 min for 48 h with
Axiovision Rel. 4.5 software (Zeiss) and an AxioCam HRm camera, according
to the manufacturer’s instructions. Images were assembled into a movie and
analyzed frame by frame using Axiovision Rel. 4.5 and MetaMorph Offline
(Version 6.1r4, Molecular Devices) software. Long bipolar cells with progenitor
morphology were examined for bidirectional nuclear movement for 48 h (see
Supplementary Videos 1 and 2).

Quantitative analysis. PH3-, Tbr2- and Ngn2-positive cells were quantified
using Neurolucida software 6.0 (MicroBright Field). The cortex was defined as
the area from the cortical hem to the pallial-subpallial boundary (confirmed by
Pax6 immunostaining in mutants), and this area was measured. The number of
PH3-positive cells within this area was quantified and calculated as the number
of PH3-positive cells per 100 um? (Figs. 2e,g,i and 8g). Nonsurface positions
were defined as those located more than 5 cell diameters from the VS (see
ref. 25). Quantification of the number of neurons were performed on single
optical sections by quantifying all BIII-tubulin-immunopositive cells and
dividing by the number of DAPI-positive cells in a radial stripe comprising
all cortical layers (Fig. 2fh,j). Cells were scored as neurons only when BIII-
tubulin immunostaining clearly surrounded a DAPI-positive nucleus.

The orientation of cell division was determined by measuring the angle of
the cleavage plane of cells in ana- or telophase identified by propidium iodide
staining. Angles between 0° and 30° were scored as horizontal division, angles
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between 30° and 60° as oblique, and angles between 60° and 90° as vertical
(see, for example, ref. 32.).

To quantify the amounts of cdc42 protein, the average of the signal intensity
at the apical surface was measured at the confocal and set to 100% in the wild
type, followed by measurements in a corresponding region of the cdc42-
deficient cortex.

Quantifications are given as the mean * s.e.m.; statistical significance was
tested with the unpaired student’s t-test (P < 0.001 indicated by an asterisk in
the histograms).

Note: Supplementary information is available on the Nature Neuroscience website.
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