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Neocortical dendritic complexity is
controlled during development by
NOMA-GAP-dependent inhibition
of Cdc42 and activation of cofilin

Marta Rosário,1,2,5 Steffen Schuster,1 René Jüttner,3 Srinivas Parthasarathy,1 Victor Tarabykin,1,4

and Walter Birchmeier2,4

1Neurocure Excellence Cluster, Institute of Cell and Neurobiology, Charité Universitätsmedizin Berlin, 10115 Berlin, Germany;
2Department of Signal Transduction, Invasion, and Metastasis of Epithelial Cells, 3Department of Developmental Neurobiology,
Max Delbrück Center for Molecular Medicine, 13092 Berlin, Germany

Neocortical neurons have highly branched dendritic trees that are essential for their function. Indeed, defects in
dendritic arborization are associated with human neurodevelopmental disorders. The molecular mechanisms
regulating dendritic arbor complexity, however, are still poorly understood. Here, we uncover the molecular basis
for the regulation of dendritic branching during cortical development. We show that during development,
dendritic branching requires post-mitotic suppression of the RhoGTPase Cdc42. By generating genetically
modified mice, we demonstrate that this is catalyzed in vivo by the novel Cdc42-GAP NOMA-GAP. Loss of
NOMA-GAP leads to decreased neocortical volume, associated specifically with profound oversimplification of
cortical dendritic arborization and hyperactivation of Cdc42. Remarkably, dendritic complexity and cortical
thickness can be partially restored by genetic reduction of post-mitotic Cdc42 levels. Furthermore, we identify the
actin regulator cofilin as a key regulator of dendritic complexity in vivo. Cofilin activation during late cortical
development depends on NOMA-GAP expression and subsequent inhibition of Cdc42. Strikingly, in utero
expression of active cofilin is sufficient to restore postnatal dendritic complexity in NOMA-GAP-deficient
animals. Our findings define a novel cell-intrinsic mechanism to regulate dendritic branching and thus neuronal
complexity in the cerebral cortex.

[Keywords: Cdc42; NOMA-GAP; cofilin; dendritic branching; dendritic complexity; neocortical development; neuronal
differentiation]
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The neocortex is involved in processing sensory informa-
tion and maintaining cognitive function. The dendritic
arbor is the site of information input and processing of the
neuron. The complexity and scope of the dendritic arbor
are subtype-specific and determine the richness of neu-
ronal interactions. During cortical development, the six
cortical layers are set up in an inside-out fashion by the
radial migration of neurons that are sequentially gener-
ated in the ventricular zone (VZ) and subventricular zone
(SVZ) (for review, see Molyneaux et al. 2007). Differenti-
ation of these neurons occurs through distinct space- and
time-separable steps. After birth, in the VZ/SVZ, neurons

undergo a multipolar stage characterized by the formation
and short extension of multiple short processes. This is
followed by polarization of the newly born neurons, axon
determination, and migration out of the SVZ along radial
glia processes. Axon extension starts during this migratory
phase. Unknown mechanisms prevent dendritic branching
during these early phases so that dendritic arborization is
only initiated after the neuron has reached its correct
position in the cortical plate. Finally, in postnatal stages,
following dendritic arborization, synaptic contacts be-
tween neurons are established, and dendritic spines are
formed along the branched dendritic tree.

Considerable attention has recently been paid to how
progenitor function and neuronal fate specification are
regulated during cortical development (for review, see
Molyneaux et al. 2007). Several primarily in vitro studies
have also started to address the mechanisms that regulate
the initial determination and outgrowth of neurites as
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well as the subsequent axonal extension. The mechanisms
that regulate dendritic branching in vivo, however, are
not understood. Evidence from Drosophila screens sug-
gests that specific transcription factors exist that specify
dendritic branching independently of axon formation
(Parrish et al. 2006). The targets of these transcription
factors and their downstream signaling are not known. It
is clear, however, that not only are axon extension and
dendritic branching initiated at different stages of neuro-
nal differentiation, but these structures also have distinct
organization, subcellular composition, and regulatory
mechanisms.

In humans, dendritic arborization starts prenatally,
after neurons reach their destined position in the neo-
cortex, and continues during early childhood (for review,
see Jan and Jan 2010). Alterations in dendritic tree
morphology have been reported in human neurological
diseases, in particular those associated with mental re-
tardation. Studies using Golgi staining of post-mortem
material from children with mental retardation-associated
syndromes report defects in dendritic branching, indicat-
ing a need to uncover the molecular mechanisms that
regulate this process (Marin-Padilla 1972; Huttenlocher
1974; Takashima et al. 1989; Bauman et al. 1995; Armstrong
et al. 1998; Schule et al. 2008; Judas et al. 2009).

Cdc42 is a RhoGTPase whose activity is required during
early phases of neuronal differentiation to promote pro-
genitor cell polarity and the number and initial lengthening
of neurites sprouting from newly born neurons (Threadgill
et al. 1997; Irie and Yamaguchi 2002; Scott et al. 2003;
Schwamborn and Puschel 2004; Cappello et al. 2006).
It has also been suggested to have positive roles during
axonal pathfinding and in the formation of spines (Irie
and Yamaguchi 2002; Scott et al. 2003). Its role, if
any, during dendritic branching is not known. Like other
RhoGTPases, Cdc42 activity is tightly regulated by mul-
tiple guanine nucleotide exchange factors (GEFs), guanine
nucleotide dissociation inhibitors (GDIs), and GTPase-
activating proteins (GAPs) that promote hydrolysis of
GTP and inactivation of the protein. These regulators
usually show activity against multiple RhoGTPase family
members. However, restricted tissue expression and con-
text-specific recruitment of GAPs in particular could
enable fine regulation of particular Rho family members.

Recently, we described a novel neuronal GAP, NOMA-
GAP, that shows specific activity toward the Rho family
member Cdc42 (Rosario et al. 2007). By generating trans-
genic animals and in utero electroporations, we now
show that inhibition of Cdc42 signaling is critical to
allow dendritic branching of upper-layer neurons during
cortical development. This is achieved through post-mi-
totic expression of NOMA-GAP. Our data further show
that suppression of Cdc42 signaling by NOMA-GAP in
vivo enables activation of the actin-binding protein cofilin
during late cortical development. Finally, using in utero
electroporation, we demonstrate that activation of cofilin
by NOMA-GAP is a key step for induction of dendritic
branching. Our data thus provide a novel molecular sig-
naling cascade responsible for the intrinsic regulation of
dendritic branching during cortical development.

Results

NOMA-GAP regulates neocortical thickness

Previously, we identified a neuronal Cdc42-specific GAP,
NOMA-GAP, that is strongly expressed in the adult
murine neocortex (Rosario et al. 2007). To analyze the
role of NOMA-GAP during cortical development, we
generated NOMA-GAP-deficient mice by replacing exons
7–12 of Arhgap33, the gene encoding NOMA-GAP, with
a nuclear-localized b-galactosidase (b-gal) gene, followed
by insertion of stop codons and resulting in a frameshift
(Fig. 1A; Supplemental Fig. 1A). One isoform of NOMA-
GAP has been predicted to exist in mice, but two
alternatively spliced isoforms, which use alternative start
codons in exons 0 and 6, respectively, have been predicted
in primates. Exons 7–12 code for the SH3 domain and the
N-terminal half of the RhoGAP domain and are present in
both isoforms. Replacement of exons 7–12 with the LacZ
cassette resulted in the loss of NOMA-GAP expression, as
shown by immunoprecipitation from whole-brain lysates
using an antibody directed against the C terminus of
NOMA-GAP (Fig. 1B). Analysis of cortical lysates from
NOMA-GAP-deficient (referred to as N�/�) animals by
Western blotting and immunoprecipitation using an anti-
body directed against the N terminus (exon 2) also failed to
detect truncated forms of NOMA-GAP, suggesting that
these mice are null (Supplemental Fig. 1E–G). However,
we cannot rule out possible expression of a 31-amino-acid
peptide coded by exon 6. Specific expression of the reporter
gene under the control of the NOMA-GAP promoter was
confirmed by LacZ assays in adult mouse brains and
embryonic day 13.5 (E13.5) embryos (Supplemental Fig.
1B,C). In accordance with our previous in situ hybridiza-
tion results (Rosario et al. 2007), NOMA-GAP promoter
activity is restricted to the nervous system and, in the
adult mouse brain, is present in all layers of the cerebral
neocortex as well as in the olfactory bulb, the hippocam-
pus, the striatum, the Purkinje cell layer of the cerebellum,
and distinct cell populations throughout the brain (Supple-
mental Fig. 1B). We used b-gal activity to further character-
ize NOMA-GAP expression during cortical development
(Fig. 1C). Expression of b-gal is first seen around E14.5 in
the cortical plate and increases within the neocortex
throughout late embryogenesis. No expression is seen in
the VZ or SVZ. Expression of b-gal does not appear to be
regionalized, although dorsal cortical areas show stronger
reporter activity at E18.5 than lateral areas (Fig. 1C).

NOMA-GAP-deficient mice are born at the expected
Mendelian ratio (24.7% mutant mice from heterozygotic
matings; n = 142) and are indistinguishable from their
littermates at birth in terms of appearance and total body
weight (Supplemental Fig. 1D). Magnetic resonance im-
aging (MRI) scans of living adult mice show that overall
brain structure is conserved (Fig. 1D). Volumetric mea-
surements, however, indicate a small (7.7%) reduction in
total brain volume in NOMA-GAP-deficient mice (Fig.
1E). Total sagittal brain length is unaltered (data not
shown). Analysis of the brain volume profile shows that
reduction in brain volume is predominantly found in the
forebrain region (Supplemental Fig. 1H). We therefore
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measured the cortical volume of these animals from MRI.
Figure 1F shows that loss of NOMA-GAP expression
results in a strong reduction (15.6%) in total cortical
volume in adult mice. As cortical thinning was visible
from the MRI analysis (Fig. 1D), we measured the thickness
of various cortical regions in matched Nissl-stained paraf-
fin sections of adult mouse brains (Fig. 1G,H; Supplemental
Fig. 1I). Loss of NOMA-GAP leads to a reduction in cortical
thickness in dorsal and dorsolateral cortical areas; namely,
in the secondary motor (11%), somatosensory (7%–9%),
parietal (11%–20%), retrosplenial granular (8%–14%), and
visual and auditory (12%–14%) cortex.

Region-dependent cortical thinning (in the range of
2%–7%, with the parietal cortex usually being most
affected) has been observed in multiple human neurolog-
ical disorders, including childhood neurodevelopmental
disorders such as autism and attention-deficient disorder,
where it correlates with disease severity (Shaw et al. 2006;
Wallace et al. 2010). Reduction in cortical thickness may be
a consequence of developmental defects or degenerative

shrinkage during adult life. We therefore measured neo-
cortical thickness in 5-d-old mice (Fig. 1I,J). NOMA-GAP-
deficient newborn mice show strongly reduced cortical
thickness in the parietal (16%–18%), somtosensory (22%),
and auditory (13%) regions, suggesting that cortical thin-
ning is due to developmental processes (Fig. 1J; data not
shown).

NOMA-GAP is not required for early stages
of neuronal development

We analyzed whether reduced cortical volume in N�/�

mice was due to a reduction in cell number. We found
that although NOMA-GAP-deficient newborn mice have
a visibly thinner neocortex, the cell number and distri-
bution across the cortex is not altered (Fig. 1K,L). In
addition, we did not detect changes in cell death in N�/�

animals (Supplemental Fig. 2). BrdU pulse labeling exper-
iments and staining for radial glia also failed to reveal any
alterations in the radial migration of pyramidal neurons

Figure 1. Loss of NOMA-GAP leads to
cortical thinning. (A) Schema of the targeted
NOMA-GAP gene generated. Exons 7–12 of
the murine gene encoding NOMA-GAP
were replaced with a nuclear-localized b-gal
gene. For details, refer to Supplemental
Figure 1A. (B) Deletion of exons 7–12 re-
sults in loss of NOMA-GAP expression.
NOMA-GAP was immunoprecipitated from
heterozygote (+/�) and mutant (�/�) whole-
brain extracts derived from P0 littermate
animals and was detected using an antibody
against the C terminus of NOMA-GAP. (C)
NOMA-GAP is expressed in the cortical
plate but is absent from the progenitor zone
during cortical development. Analysis of
LacZ reporter activity in coronal sections
of E14.5 and E18.5 N+/� embryos. (D) MRI
of brains of living NOMA-GAP-deficient
adult animals shows cortical thinning but
no alteration in overall brain structure. (E)
Quantification of the average total brain
volume per animal derived from analysis
of 500-mm-spaced MRI scans. n = 5 N�/�

and 4 N+/�; P = 0.03. (F) Quantification of
total cortical volume of adult mouse brains.
P = 0.0008. (G,H) Adult N�/� mice have
a thinner cortex. The thickness of different
cortical regions was determined from 40-mm
Nissl-stained coronal sections of adult mouse
brains. Representative images of the Nissl-

stained sections used are shown in G. Magnifications are shown in the right panels. The relative thickness of the parietal (PtA) and auditory
(Au) cortex is shown in H. Student’s t-tests were used to compare N+/� and N�/� animals. PPtA = 0.002; PAu = 0.02; n = 9. Additional
measured regions are shown in Supplemental Figure 1I. (I,J) Newborn NOMA-GAP-deficient mice have thinner cortices. The relative
thickness of different cortical regions was determined for P5 mice using matched Nissl-stained 10-mm coronal sections of littermate
animals. n = 4 N�/�, 5 N+/�, and 2 N+/+; PPtA = 0.0026, PAu = 0.004. Representative images of the sections used for quantification are shown
in I. The relative thickness of the parietal (PtA) and auditory (Au) cortex is shown in J. (K,L) Loss of NOMA-GAP does not affect the number
or distribution of cells in the somatosensory cortex of newborn mice. (K) The relative number of cortical cells in the barrel field region of the
primary somatosensory cortex of P5 animals was determined. n = 3 N+/+, 3 N+/�, and 4 N�/� animals; PANOVA = 0.5. Representative images
of the sections used for counting are shown in the right panels. (L) Distribution of cells across the cortex at P5. The cortex was divided into
10 equal-sized bins, and the proportion of cells in each bin was determined. Layer II/III corresponds to bins 8–9. PANOVA = 0.4 6 0.25 across
measured bins.
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or in radial glia structure upon loss of NOMA-GAP
(Supplemental Fig. 3A–C). Furthermore, loss of NOMA-
GAP did not affect the specification or location of the
different cortical layer neuronal subtypes, although com-
pression of the layers was observed postnatally (Supple-
mental Fig. 3E,F). This suggests that early events in cortical
development, including neuronal birth, fate determination,
and migration, are not regulated by NOMA-GAP.

Axon extension is initiated during radial migration.
Previously, using the PC12 pheochromocytoma cell line,
we showed that NOMA-GAP promotes the lengthening
of the longest neurite that is destined to become the axon
(Rosario et al. 2007). We therefore used several methods,
including injection of the lipophilic tracer DiI and staining
for axonal projections, to map the major cortical connec-
tions (cortico–cortico, cortico–thalamic, and cortico–spinal
tract) in NOMA-GAP-deficient mice (Supplemental Fig.
4). We could detect no defects in axon pathfinding nor any
changes in cortico–cortico or cortico–thalamic projections
and only a mild delay in projections along the cortico–
spinal tract in NOMA-GAP-deficient animals. These data
suggest that either NOMA-GAP does not play a significant
role in cortical axonal outgrowth and pathfinding or, in
vivo, other molecules can compensate for NOMA-GAP
function in these events.

NOMA-GAP is required for dendritic branching in vivo

Cortical thinning may arise from defective formation of
the dendritic tree. To assess whether NOMA-GAP regu-
lates dendritic arborization in vivo, we analyzed Golgi-
stained slices of adult mouse brains. Golgi staining showed
that NOMA-GAP-deficient upper-layer neurons possess
very simplified dendritic trees (Fig. 2A; Supplemental
Movies 1,2). Sholl analysis (Sholl 1953) was performed on
layer II/III or layer V neurons. This analysis quantifies
the complexity of the dendritic arbor by determining
the number of dendrites that cross (intersect) each of
30 10-mm-spaced concentric circles centered on the soma.

Sholl analysis of layer II/III pyramidal neurons revealed
a strong reduction in the dendritic complexity of N�/�

neurons, as seen by the downward shift of the intersec-
tion curve and the reduction in the average total number
of intersections per cell (Fig. 2B,C). No difference, how-
ever, was observed in the number of primary dendrites
emerging from the soma (number of dendrites at 10 mm
from the somal center) (Fig. 2B). Analysis of upper-layer
somatosensory neurons randomly labeled by injection of
Lucifer yellow dye confirmed these observations (data not
shown). We also analyzed the dendritic complexity of
deep layer V neurons to a distance of up to 300 mm from
the soma, which excludes apical branching. Unlike up-
per-layer neurons, we did not observe any changes in the
complexity of layer V neurons upon loss of NOMA-GAP
(Fig. 2E,F).

Dendritic extension and branching starts during late
embryogenesis, after axogenesis and termination of migra-
tion, and continues in the postnatal period. We assessed the
extent of dendritic development in the brains of late
embryonic and newborn mice (E18.5 and postnatal day
5 [P5]) by staining for the dendritic protein MAP2 (Fig.
3A,B). At both developmental stages, we observed weaker
cortical MAP2 staining in N�/� animals, particularly in
the upper layers (Fig. 3A,B). Quantification of the relative
area occupied by dendrites in the upper cortical layers
of newborn animals indicates that loss of NOMA-GAP
results in a strong reduction in dendritic processes (31%)
(Fig. 3C).

We next prepared primary cultures of cortical neurons
from N�/� and control littermate E16.5 embryos and
analyzed their morphology upon maturity (14 d in vitro
[DIV14]) (Fig. 3D). Surprisingly, staining for F-actin re-
vealed that loss of NOMA-GAP induces strong alterations
in cellular morphology. N�/� primary cortical neurons
showed a marked reduction in dendritic arborization but
also extensive formation of actin-rich lamellipodia and
filopodia. Neuronal identity of these cells was confirmed
by staining for the neuronal marker NeuN (Fig. 3D). Quan-

Figure 2. NOMA-GAP regulates dendritic complexity
in vivo. (A–C) Loss of NOMA-GAP severely reduces the
dendritic complexity of upper-layer cortical neurons.
(A) Golgi staining of P25–P26 animals shows decreased
dendritic arborization in N�/� upper-layer neurons.
Representative average projections of Z-stack images
of Golgi-stained upper-layer somatosensory cortex neu-
rons are shown. The Z-stack images of these and other
examples are available in the Supplemental Material
(Supplemental Movies 1, 2). (B) Sholl analysis of Golgi-
stained wild-type and NOMA-GAP-deficient layer II/III
pyramidal neurons shows a reduction in dendritic
complexity upon loss of NOMA-GAP. The average
number of total intersections per cell are shown in C.
n = 64 N+/+ and 36 N�/� cells from five and four
independent animals, respectively; P = 0.004. (D–F)
Sholl analysis of layer V neurons shows no significant
difference in the complexity of NOMA-GAP mutant

and wild-type neurons to a distance of 300 mm. Golgi-stained layer V neurons are shown in D. The Sholl profiles and average total
intersections per cell for layer V neurons are shown in E and F, respectively. n = 37 N+/+ and 33 N�/� cells from four and three
independent animals, respectively; P = 0.8.
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tification of soma size revealed a 2.6-fold increase in soma
area, resulting from the lamellipodial formation (Fig. 3E).

NOMA-GAP is a major regulator of the Cdc42/PAK
pathway in the developing neocortex

Next we analyzed the requirements for dendritic branch-
ing more closely by transfection of primary cortical
cultures derived from NOMA-GAP-deficient and control
littermate embryos. Cells were transfected with empty
vector or the indicated constructs together with a GFP
transfection marker, maintained for 5 d in culture, and
stained for GFP and the dendritic protein MAP2. During
this time, cortical neurons derived from heterozygotic
and wild-type animals start dendritic branching but do
not reach maturity or initiate synaptic contact (Fig. 4A;
data not shown). N�/� neurons, on the other hand, show
oversimplified dendritic trees with little/no branching
(Fig. 4A, quantified in B). Somal flattening is not yet
apparent at this stage. As was seen in vivo, the number of
primary dendrites is not affected by loss of NOMA-GAP
(Fig. 4C). Dendritic branching could, however, be rescued
by re-expression of full-length NOMA-GAP in N�/� cells
(Fig. 4A,B). Expression of NOMA-GAP in heterozygotic
cells did not alter dendritic branching, suggesting haplo-
sufficiency. Together with the in vivo analysis of N�/�

neurons, these data show that cortical dendritic branching,
but not initiation, is dependent on NOMA-GAP function.

Rho family GTPases have been shown to regulate cell
morphology through regulation of the actin cytoskeleton
in various cell types (for review, see Newey et al. 2005). In
particular, prolonged or constitutive activation of Cdc42
can induce the formation of filopodia and lamellipodia
in different cell types (Nobes and Hall 1995; Price et al.
1998; Kurokawa et al. 2004). Previously, we showed that
NOMA-GAP can function as a specific GAP for the
Rho family member Cdc42 (Rosario et al. 2007). Since
NOMA-GAP-deficient cortical neurons show extensive
filopodia and lamellipodia formation upon long-term
culture (Fig. 3D), we decided to address whether Cdc42-
GAP function is necessary for NOMA-GAP-induced den-
dritic branching. We therefore generated a deletion
mutant of NOMA-GAP lacking the RhoGAP domain
(delRhoGAP) (Fig. 4A,B). Expression of the RhoGAP de-
letion mutant of NOMA-GAP failed to rescue dendritic
branching in N�/� neurons, suggesting that GAP activity is
essential for NOMA-GAP function.

Post-mitotic elevated Cdc42 activity inhibits dendritic
branching in vivo

We hypothesized that impaired dendritic branching and
thus complexity of N�/� neurons could result from loss of
Cdc42-GAP activity and thus from aberrant activation of
the Cdc42 signaling pathway in these cells. To test this,
we used a dominant-negative mutant of Cdc42, N17 Cdc42,

Figure 3. NOMA-GAP regulates dendritic de-
velopment. (A,B) Loss of NOMA-GAP reduces
cortical MAP2 staining. MAP2 staining (brown)
in 10-mm coronal sections of littermate E18.5
(A) and P5 (B) brains is shown. Magnifications of
the upper cortical layers are shown on the right.
Bars: A, 200 mm, 50 mm B, 500 mm, 200 mm. (C)
Quantification of the relative dendritic area in
the upper layer of P4–P5 animals. n = 5 N+ and 4
N�/� animals; P = 0.0018. (D,E) Loss of NOMA-
GAP induces morphological changes and loss of
dendritic complexity in mature primary cortical
neurons at DIV14. Staining for F-actin (red) and
the neuronal marker NeuN (green) is shown for
cells derived from littermate N+/� and N�/�

E16.5 embryos. Bar, 20 mm. Magnification of the
F-actin staining is shown on the right. Bar, 5 mm.
(E) The somal area is significantly increased in
DIV14 N�/� neurons. n = 21 N+/� and 31 N�/�

cells; P = 1.7 3 10�8.
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to inhibit Cdc42 signaling in N�/� primary neurons (Fig.
4A,B, last panel). Expression of N17 Cdc42 in N�/�

neurons restored levels of dendritic branching, suggesting
that the loss of dendritic complexity in N�/� neurons
results from impaired regulation of Cdc42 signaling.

We then analyzed whether Cdc42 signaling is altered in
the developing neocortex of NOMA-GAP-deficient mice
by assessing the level of phosphorylation (and thus
activation) of the Cdc42 effectors PAK serine/threonine
kinases in embryonic cortical lysates (Fig. 4D). A robust
hyperactivation of PAK1/2 was detected in the cortex of
N�/� embryos, indicating that NOMA-GAP is a major
regulator of the Cdc42/PAK pathway during cortical
development.

Cdc42 activity is known to be required for early cortical
development (Cappello et al. 2006), but the possible
consequences of elevated Cdc42 signaling during cortical
development have not been addressed. We asked whether
hyperactivation of Cdc42 influences dendritic branching
in vivo by expressing a constitutively active mutant of
Cdc42 together with a membrane-targeted GFP marker
in the developing cortex of wild-type mice by in utero
electroporation at E15.5. V12 Cdc42 was expressed under

the control of a post-mitotic neuronal promoter (NeuroD1)
(de Anda et al. 2010). Brains were collected from postnatal
animals (P23) and analyzed for GFP fluorescence. Sholl
analysis of GFP-expressing layer II/III neurons at P23
revealed a significant reduction in dendritic branching
and complexity (Fig. 4E–G), suggesting that elevated Cdc42
activity can suppress dendritic branching.

Inactivation of Cdc42 by NOMA-GAP is necessary
for dendritic branching

Our data suggest that aberrant activation of Cdc42 during
embryonic development disturbs cytoskeletal dynamics
and thus dendritic complexity in NOMA-GAP-deficient
mice. To test this directly, we decreased Cdc42 expres-
sion in vivo by cre-mediated heterozygous deletion of one
floxed Cdc42 allele (fl/+). Cdc42 is needed for the function
of neuronal precursor cells (Cappello et al. 2006), which
do not express NOMA-GAP. In order to delete Cdc42 only
in post-mitotic neurons, we used the Nex1-cre recombi-
nase mouse line. Cre recombinase is expressed specifi-
cally in post-mitotic pyramidal neurons of the developing
neocortex in this mouse line and is absent from neural

Figure 4. NOMA-GAP is a major negative regulator
of Cdc42. (A,B) NOMA-GAP regulates dendritic
branching through Cdc42. Cortical cells derived
from N�/� or N+/� littermate embryos were trans-
fected at DIV1 with control empty vector or the
indicated expression constructs. Staining for MAP2
(red) and the GFP transfection marker (green) at DIV5
is shown in A. The average number of branchpoints
per cell for a representative experiment is shown in
B. n = 30, 30, 32, 32, 31, and 39 cells for the
conditions from left to right; PANOVA = 5 3 10�8;
PN+/� vs. N�/� = 4 3 10�6 ; PN�/� vs. N�/� wt = 1 3

10�6; PN�/� vs. N�/� del = 0.2; PN�/� vs. N�/� N17 = 2 3

10�5. (C) The number of primary dendrites per cell is
not affected by loss of NOMA-GAP. Quantification
was carried out using DIV5 cells derived from
littermate animals. n = 29 N+/� and 31 N�/� cells;
P = 0.99. (D) Loss of NOMA-GAP results in PAK1/2
kinase hyperactivation during late cortical develop-
ment. Phosphorylated PAK proteins were detected
by Western blotting of cortical lysates derived from
littermate embryos at E17.5 and E18.5. (E–G) Hyper-
activation of Cdc42 inhibits dendritic branching in
vivo. V12 Cdc42 was expressed under the control of
the NeuroD1 promoter in post-mitotic pyramidal
cells by in utero electroporation of wild-type NMRI
strain E15.5 embryos. Coelectroporation of a mem-
brane-targeted GFP construct was used for visuali-
zation of dendritic processes. Analysis was carried
out postnatally in cortical slices of P23 animals.
Representative average Z-stack projection images of
GFP fluorescence of electroporated upper-layer cor-
tical neurons in cortical slices derived from P23
animals are shown in F. Sholl analysis was performed
on these neurons. The average total number of
intersections per cell are shown in E (P = 0.0048),

and the Sholl profile is shown in G. Eighteen and 17 cells from three and two independent electroporations were analyzed for GFP
control and NeuroD-V12 Cdc42-expressing neurons, respectively.
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precursors, interneurons, oligodendrocytes, and astro-
cytes (Goebbels et al. 2006). Analysis of Cdc42 protein
levels shows that expression of Nex1-driven cre recom-
binase reduces the levels of Cdc42 protein in the neo-
cortex of E17 embryos (Fig. 5A,B). NOMA-GAP-deficient
mice with only one copy of Cdc42 (N�/� fl/+ cre) were
born at the expected Mendelian ratio and were indistin-
guishable from wild-type animals (data not shown). We
analyzed dendritic development in these mice by MAP2
staining of P5 littermate animals (Fig. 5C). As previously
seen, MAP2 staining was strongly reduced in the upper
cortical layers of NOMA-GAP-deficient animals (N�/�

Cdc42 fl/+). Apical dendrites originating in deeper layers
appear unaltered. Post-mitotic heterozygous deletion of
one Cdc42 allele in NOMA-GAP-deficient mice (N�/�

Cdc42 fl/+ cre mice), however, restored the intensity of
MAP2 staining in the upper cortical layers, suggesting
that dendritic development was restored in these animals
(Fig. 5C). To confirm this, the dendritic complexity of
mature upper-layer neurons was analyzed using Golgi-
stained sections of P25–P26 brains (Fig. 5D–F; Supple-
mental Movies 1–4). Expression of cre alone did not affect
dendritic complexity (Supplemental Fig. 5). Post-mitotic
deletion of one Cdc42 allele, however, partially restored

dendritic branching and arbor complexity in NOMA-
GAP-deficient mice, as seen through the upward shift of
the Sholl profile of N�/� Cdc42 fl/+ cre neurons as well as
the normalization of the average total number of in-
tersections per cell (Fig. 5E,F, respectively). Post-mitotic
excision of the Cdc42 allele did not affect the number of
primary dendrites, suggesting that this event is deter-
mined very early in cortical development before Nex-
induced cre expression (Fig. 5E, 10-mm distance). Further-
more, we determined the cortical plate thickness of the
lateral parietal cortex of P4–P6 N�/� Cdc42 fl/+ cre
animals relative to the littermate N+/� fl/+ control animals
(Fig. 5G,H). Heterozygotic deletion of one Cdc42 allele
significantly improved parietal cortical thickness in
NOMA-GAP-deficient animals (Fig. 5H). These data are
consistent with our observations using primary cell cul-
tures and indicate that post-mitotic inhibition of Cdc42,
mediated by NOMA-GAP, is a necessary requirement for
dendritic branching and thus cortical development.

Cofilin promotes cortical dendritic complexity

The molecular mechanism by which dendritic complex-
ity is regulated in vivo was further analyzed. Changes in

Figure 5. NOMA-GAP regulates dendritic branching
through inhibition of Cdc42 signaling. (A) Cdc42 ex-
pression can be decreased in vivo by expression of cre
recombinase under the control of the Nex promoter.
Cortical lysates derived from E17 embryos were West-
ern-blotted for Cdc42 and tubulin. (B) Quantification of
the reduction in Cdc42 protein expression in the cortex
of E17–E18 embryos with floxed (fl) Cdc42 gene and
Nex-regulated cre recombinase expression. n = 2, 3, and
1 animals; PANOVA = 0.01. (C) Post-mitotic Nex-cre-
mediated excision of one Cdc42 allele rescues dendritic
MAP2 staining in N�/� animals. Thirty-micrometer
vibratome brain sections of littermate P5 animals were
stained for MAP2 (brown). Magnifications of the upper
cortical layers are shown in the bottom panels. (D–F)
Dendritic complexity in N�/� mice can be rescued by
post-mitotic excision of one Cdc42 allele. (D) Represen-
tative average projections of Z-stack images of Golgi-
stained upper-layer pyramidal cortical neurons derived
from P25–P26 animals are shown. Additional Z-stack
images are available in the Supplemental Material
(Supplemental Movies 3, 4). (E) Sholl profile of Golgi-
stained P25–P26 N�/� Cdc42 fl/+ cre upper-layer pyra-
midal neurons indicates strong improvement in den-
dritic complexity following reduction of Cdc42 levels.
n = 18 N+ cre and 26 N�/� fl/+ cre cells. Sholl profiles for
N�/� and N+/+ have been described in Figure 2. The
average total number of intersections per cell is shown
in F. P = 0.4. (G,H) Post-mitotic excision of one Cdc42
allele improves the thickness of the cortical plate in
newborn N�/� animals. (G) Nissl-stained sections of P5
littermate animals are shown. The boxed region is
shown on the right. The cortical plate is marked by
a bracket. Bars, 500 mm and 100 mm, respectively. (H)

Relative thickness of the lateral parietal cortex of N�/� Cdc42 fl/+ cre P4–P6 animals. Measurements were made relative to littermate
N+/� fl/+ animals. n = 11 N+/� fl/+, 10 N�/� fl/+, and 12 N+/� fl/+ cre animals; PANOVA = 4.9 3 10�4; PN+/� fl/+ vs. N�/� fl/+ = 5.8 3 10�5 ;
PN+/� fl/+ vs. N�/� fl/+ cre = 0.27.

NOMA-GAP controls dendritic complexity in vivo

GENES & DEVELOPMENT 1749

 Cold Spring Harbor Laboratory Press on April 2, 2014 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://genesdev.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com


the activation of signaling proteins are often accompa-
nied by changes in phosphorylation state. Phosphorylated
proteins were immunoprecipitated from embryonic N�/�

and wild-type littermate neocortices and identified by
mass spectrophotometry (Supplemental Material). One
protein that was more abundant in the phospho-immu-
noprecipitations of N�/� embryos was the actin polymer-
ization regulator cofilin. We were unable to identify the
site phosphorylated in cofilin by mass spectrophotome-
try. However, Ser 3 has been reported to be the major
regulatory phosphorylation site in cofilin (Moriyama
et al. 1996). We therefore analyzed whether cofilin Ser 3
phosphorylation was altered in the N�/� animals by
Western blotting of E17 cortical lysates (Fig. 6A,B). Levels
of specific Ser3 cofilin phosphorylation were found to be

elevated 1.9-fold in lysates derived from the neocortex
of N�/� animals (Fig. 6B). Cofilin phosphorylation was
analyzed at a cellular level by staining mature (DIV14)
cultured primary cortical cells derived from N�/� and N+/�

littermate embryos (Fig. 6C,D). Cofilin has been shown to
translocate between the cytoplasm and nucleus (Ohta
et al. 1989). Phospho-Ser3 cofilin staining was observed in
the nucleus of both N+/� and N�/� cells and also in the
surrounding cytoplasm (Fig. 6C). Consistent with our
observations using cortical lysates, quantification of
somal phospho-cofilin levels revealed an almost twofold
up-regulation of cofilin phosphorylation in N�/� cells
(Fig. 6D). Finally, the distribution of cofilin phosphoryla-
tion in the developing neocortex was investigated (Fig.
6E). As previously reported for wild-type animals (Chai

Figure 6. Cofilin is regulated by NOMA-GAP
during cortical development. (A,B) Loss of NOMA-
GAP leads to an increase in cortical cofilin phos-
phorylation at Ser 3. (A) Total and phospho-Ser 3
cofilin levels were detected by Western blot of
E17.5 cortical lysates derived from littermate
embryos. (B) Quantification of specific phospho-
Ser 3 cofilin levels from Western blot analysis.
Phospho-cofilin/total cofilin values were calcu-
lated relative to the average value for N+/� litter-
mate controls. The change in specific cofilin
phosphorylation was then compared across different
litters. n = 14 +/� and 16 �/� animals; P = 1.4 3

10�4. (C,D) Elevation of phospho-Ser 3 cofilin
levels in N�/� cortical cells. (C) Cortical cells
derived from littermate E16.5 embryos were cul-
tured for 14 d and stained in parallel for phospho-
cofilin (white) and F-actin (red). (D) Quantification
of the average relative levels of phospho-Ser cofilin
in the soma of N+/� and N�/� DIV14 cortical cells.
n = 35 +/� and 31 �/� cells. P = 6.6 3 10�9. (E,F)
Phospho-Ser 3 cofilin levels are increased in the
neocortex of N�/� mice. (E) Fifty-micrometer vibra-
tome coronal brain sections of littermate E18.5
embryos were stained in parallel for phospho-Ser 3
cofilin. (F) Quantification of phospho-Ser 3 cofilin
in the upper cortical layer of E18.5 animals. The
relative mean staining intensity in the upper corti-
cal layers of three pairs of littermate heterozygote
and mutant embryos is shown. P = 7.7 3 10�5.
(G,H) Cortical cofilin, PAK, and LIMK phosphory-
lation are regulated by Cdc42 downstream from
NOMA-GAP. Representative Western blots of
cortical lysates derived from littermate E17.5
embryos were blotted for phospho-Ser 3 cofilin
(p-cofilin), phospho-PAK (p-PAK), and/or phospho-
LIMK (p-LIMK1/2) and LIMK1 as indicated. De-
tection of phospho and total forms of cofilin and
LIMK were carried out on duplicate Western blots.
The tubulin loading controls shown were carried
out on the membranes with anti-phospho anti-
bodies. (I,J) Expression of cofilin promotes den-

dritic branching in N�/� cortical cells. (I) E16.5 primary cortical cells were transfected 1 d after plating with empty vector (control),
wild-type cofilin, or S3A cofilin-expressing constructs together with a myr-GFP-expressing construct. Samples were stained at DIV5 for
MAP2 (red) and GFP (green). (J) Quantification of the number of branchpoints per cell. n = 30, 32, 32, 38, 34, and 35 cells for the
conditions from left to right. PANOVA = 4.2 3 10�5; PN�/� control vs. wt cofilin = 7.9 3 10�5; PN�/� control vs. SA = 7.7 3 10�6; PN+/� control vs.

wild-type cofilin = 0.6.
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et al. 2009), control N+/� E18.5 embryos show only weak
phospho-cofilin staining in the cortical plate and stronger
staining in the marginal zone. NOMA-GAP-deficient
embryos, however, showed strong up-regulation of cofilin
phosphorylation in the cortical plate (Fig. 6E). Cofilin
phosphorylation was especially marked in the upper
layers of N�/� animals (1.5-fold increase) (Fig. 6F). Phos-
phorylation of cofilin at Ser 3 negatively regulates cofilin
function (Moriyama et al. 1996). These data thus suggest
that NOMA-GAP is a major stimulator of cofilin activity
in the developing neocortex.

To address whether cofilin inactivation in the neo-
cortex of NOMA-GAP mice results from aberrant Cdc42
activation, we asked whether cortical cofilin activation
could be restored by decreasing post-mitotic Cdc42 levels
in vivo through post-mitotic cre-mediated excision of
one Cdc42 allele (Fig. 6G,H). As previously seen, cofilin
phosphorylation is elevated in the cortex of N�/� litter-
mate animals either containing one floxed Cdc42 allele or
expressing cre under the Nex promoter (Fig. 6G,H, re-
spectively). In vivo cre-mediated heterozygotic excision
of one Cdc42 allele, however, restored cofilin phosphor-
ylation levels in N�/� animals (Fig. 6G,H). These data
indicate that during cortical development, cofilin activation
is positively regulated by NOMA-GAP through inhibition
of Cdc42.

Cofilin phosphorylation at Ser 3 can be catalyzed by the
kinases LIMK1/2 (Arber et al. 1998; Yang et al. 1998;
Edwards et al. 1999). Furthermore, in epithelial and fibro-
blast cell lines, the Cdc42 effectors PAK kinases have been
shown to be able to activate LIMK (Edwards et al. 1999;
Dan et al. 2001). We therefore tested whether, during
cortical development, cofilin activation downstream
from NOMA-GAP was regulated through Cdc42/PAK
signaling. The levels of PAK and LIMK phosphorylation,
a measure of their activity, were analyzed by Western
blotting of cortical lysates derived from N�/� Cdc42 fl/+
cre and control animals (Fig. 6G,H). Phosphorylation levels
of both PAK and LIMK were increased in the neocortex
of N�/� animals. Heterozygotic deletion of Cdc42 in N�/�

mice restored the activity level of these kinases, suggesting
that during cortical development, PAK and LIMK activities
can be regulated by Cdc42 downstream from NOMA-GAP.

The role of cofilin during dendritic branching has not
been previously addressed. To analyze whether loss of
dendritic complexity in N�/� neurons was caused by
the inappropriate inhibition of cofilin in these cells, we
expressed wild-type or a phosphorylation-resistant mu-
tant of cofilin (S3A cofilin) in primary cortical neuronal
cultures. The number of dendritic branchpoints per cell
was quantified at DIV5 (Fig. 6I,J). Expression of cofilin in
heterozygotic cortical neurons had no significant effect
on the level of dendritic branching. Expression of either
wild-type or S3A cofilin in N�/� cortical neurons, how-
ever, restored the number of dendritic branchpoints in
these cells (Fig. 6I,J).

Finally, we investigated whether dendritic complexity
is regulated by cofilin in vivo (Fig. 7; Supplemental Movies
5–8). We expressed S3A cofilin in the cortex of N�/� and
littermate N+/� embryos by in utero electroporation.

Coelectroporation of an expression construct for plasma
membrane-targeted GFP was used as a control and to
visualize expressing cells. Embryos were electroporated at
E15.5 to label the late-born upper-layer neurons in the
somatosensory cortex, and brains were collected postna-
tally from P23 animals. As seen with Lucifer yellow- and
Golgi-stained samples (Fig. 2), loss of NOMA-GAP signif-
icantly reduces the branching of dendrites and results in
a strong reduction in arbor complexity (Fig. 7A–C). Separate
analysis of apical and basal dendrites indicates that the
complexity of basal dendrites, which contributes 57% of
total dendritic complexity, is particularly strongly affected
by loss of NOMA-GAP (Fig. 7E–H). Expression of S3A
cofilin in control N+/� neurons does not significantly affect
overall dendritic complexity, although premature branch-
ing of the apical dendrite was observed in these cells (Fig.
7D,H). Remarkably, in vivo expression of S3A cofilin in
N�/� neurons strongly promoted dendritic branching and
was sufficient to restore overall dendritic complexity (Fig.
7A–C; Supplemental Movies 5–8). Rescue of dendritic
complexity in N�/� cells was particularly strong in the
basal dendritic compartment (Fig. 7E,G). These data
show that cofilin activity is required in vivo for den-
dritic branching of upper-layer cortical neurons. Fur-
thermore, the data indicate that NOMA-GAP is a
critical regulator of cofilin activity and therefore neuronal
arbor complexity during neocortical development.

Discussion

Dendritic arborization is a critical step in late neuronal
differentiation and a direct prerequisite for complex
neuronal communication. Dendrites are a characteristic
of neurons and differ from other cellular processes such as
axons in their subcellular composition, morphology,
and function. Pyramidal neurons, the dominant cell
type in the mammalian cerebral cortex, generate complex
branched dendritic trees that form several thousand chem-
ical synapses per cell. The formation of the branched
dendritic arbor is one of the final steps in cortical devel-
opment, occurring only after most surrounding neurons
have been generated, have migrated to their final posi-
tions, and have extended axons. Little is known about
how dendritic arborization is prevented during early de-
velopmental stages or how this temporal inhibition is lifted
and branching is promoted once the neuron has reached the
designated position in the neocortex.

We show for the first time that suppression of Cdc42
signaling is required to promote the branching of the
dendritic tree in vivo and normal cortical thickness.
During cortical development, this is mediated by post-
mitotic expression of the recently identified Cdc42-GAP
NOMA-GAP. NOMA-GAP expression thus acts as a
molecular switch to initiate the generation of complex
neuronal connectivity. Furthermore, we demonstrate that
activation of the actin polymerization regulator cofilin
is a key step in promoting dendritic branching and thus
arbor complexity in vivo. Finally, we show that NOMA-
GAP enables cofilin activation during late cortical de-
velopment by suppression of Cdc42 activity.

NOMA-GAP controls dendritic complexity in vivo
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Inactivation of Cdc42 by NOMA-GAP permits
dendritic branching

We show that suppression of Cdc42 activity is an essen-
tial step for enabling dendritic branching and thus the
complexity of cortical neurons in vivo. This unexpected
result contrasts with the positive roles that have been
attributed to Cdc42 during early cortical development
(Threadgill et al. 1997; Cappello et al. 2006). Thus, while
Cdc42 activity has been shown by various groups to be
needed during early neuronal differentiation to promote
the number and outgrowth of neurites in newly born
neurons (Threadgill et al. 1997; Ruchhoeft et al. 1999;
Rosario et al. 2007), we now show that Cdc42 inhibits
later stages of neuronal differentiation; namely, the
branching of the primary dendrites. Genetic inactivation
of the Cdc42-GAP NOMA-GAP results in a reduction in
cortical thickness of up to 22%, with no change in cell
number or death. Cortical thinning is apparent at the end
of the first postnatal week (Fig. 1) and is associated with
profound impaired branching of the dendritic tree and
hyperactivation of Cdc42 signaling (Figs. 2, 4D). We show
that elevation of Cdc42 activity in post-mitotic neurons
during cortical development inhibits dendritic branching
in wild-type animals (Fig. 4F). Significantly, dendritic
branching and cortical thickness could be improved in

NOMA-GAP-deficient animals in vivo by post-mitotic
reduction of Cdc42 expression (Figs. 4, 5H). These data
demonstrate that NOMA-GAP is a major negative regu-
lator of Cdc42 in vivo and, more importantly, that this
regulation is essential to allow dendritic branching and
normal cortical development.

Our data indicate that Cdc42 activity must be sup-
pressed for cortical dendritic branching. The role of
Cdc42 in mammalian dendritic branching has not been
previously addressed independently from dendrite initia-
tion. However, work using Drosophila Cdc42 mutants
demonstrated that dendritic branching complexity is not
altered by loss of drosCdc42 (Scott et al. 2003). Over-
expression of dominant-active and dominant-negative
mutants of Cdc42 have also been used to look at dendritic
complexity in Xenopus neurons with contradictory re-
sults (Ruchhoeft et al. 1999; Li et al. 2000), which may
result from differences in neuronal subtype analyzed or
from the targeting of progenitor cells in these experi-
ments. Furthermore, in concurrence with our observa-
tions using in utero electroporation of NeuroD1-driven
V12 Cdc42, post-mitotic overexpression of a constitutively
active mutant of drosCdc42 in Drosophila peripheral
nervous system (PNS) neurons was reported to reduce
branching and induce thickening and shortening of the
primary dendritic branch (Gao et al. 1999), alterations

Figure 7. Cofilin promotes dendritic branching in
vivo. In vivo expression of S3A cofilin rescues dendritic
complexity in N�/� upper-layer cortical neurons. E15.5
embryos were electroporated in utero with a myr-GFP-
expressing construct alone or together with a construct
for S3A cofilin. GFP fluorescence was analyzed post-
natally in sections of P23 brains. Representative average
projection images of GFP fluorescence in electroporated
cortical neurons are shown in A. Z-stack movies are
available in the Supplemental Material (Supplemental
Movies 5–8). Sholl analysis was performed on GFP-
positive neurons. The average number of total inter-
sections per cell is shown in B. PANOVA = 1.0 3 10�5 ;
P+/� GFP vs. �/� GFP = 7.0 3 10�4; P�/� GFP vs. �/� SA =

3.5 3 10�6; P+/� GFP vs. +/� SA = 0.5. Sholl profiles for N�/�

and N+/� animals electroporated with S3A cofilin are
shown in C and D, respectively, together with GFP
control electroporated animals. (E–H) The complexity
of basal and apical dendrites was independently analyzed.
The average total number of basal or apical intersections
per cell is shown in E and F, respectively. (E) PANOVA = 5.4
3 10�5; P+/� GFP vs. �/� GFP = 0.0009; P+/� GFP vs. �/� SA =

0.59; P�/� GFP vs. �/� SA = 4.7 3 10�7; P+/� GFP vs. +/� SA =

0.29. (F) PANOVA = 9.0 3 10�3; P+/� GFP vs. �/� GFP = 0.06;
P+/�GFP vs. �/� SA = 0.93; P�/� GFP vs. �/� SA = 0.02;
P+/� GFP vs. +/� SA = 0.18. The Sholl profiles for basal
and apical dendrites are shown in G and H, respec-
tively. Four N�/� GFP, three N+/� GFP, three N�/� S3A
cofilin, and two N+/� S3A cofilin animals were used for
analysis. Ten cells were analyzed per animal.
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that are reminiscent of the morphological changes we
observed in long-term cultures of primary N�/� cortical
neurons (Fig. 3D). Cdc42 thus has functions distinct from
those of the related RhoGTPase Rac, which can positively
regulate dendritic branching (Lee et al. 2003; Rosso et al.
2005). Indeed, these proteins elicit distinct morphological
alterations in the large variety of cell types analyzed so far
(for review, see Etienne-Manneville and Hall 2002).

Post-mitotic onset of NOMA-GAP expression signifies
that the important early functions of Cdc42, such as the
regulation of progenitor function and induction of neurite
outgrowth, are not affected. Indeed, loss of NOMA-GAP
has little effect on cell number, neuronal fate determina-
tion, or migration (Fig. 1; Supplemental Fig. 3). In addi-
tion, loss of NOMA-GAP has no effect on the number
of primary neurites or dendrites in embryonic cultured
cortical neurons or mature cortical neurons, respectively,
in vivo, indicating that NOMA-GAP is not needed for
these early differentiation steps in the cerebral cortex
(Figs. 2, 4C). Moreover, while in vivo loss of NOMA-GAP
results in a profound decrease in dendritic complexity, it
has little effect on axon formation or connectivity (Sup-
plemental Fig. 4). Indeed, as opposed to dendritic branch-
ing, Cdc42 activity is necessary for axon formation (for
review, see Hall and Lalli 2010). These opposing roles of
Cdc42 imply the requirement for a differential stage or
location-specific regulation of this GTPase, such as is
provided by NOMA-GAP during dendritic branching.

The dendritic complexity of upper-layer II/III neurons
is strongly compromised by the genetic ablation of NOMA-
GAP. Layer V neurons, however, did not appear to be
affected to a distance of up to 300 mm from the soma. This
difference may reflect molecular and/or environmental
differences between these two classes of neurons. The
complexity of the basal dendrites of layer V neurons, for
example, has been shown to be regulated by calcium
signaling (Redmond et al. 2002). Furthermore, the ef-
fects of different neurotrophins on dendritic growth are
reported to be cortical layer-specific, with NT3 opposing
brain-derived neurotrophic factor (BDNF) action in layer
IV neurons and the opposite occurring in layer VI neurons
(McAllister et al. 1997). We previously showed that
NOMA-GAP can directly interact with the receptor for
another neurotrophin, NGF, and become phosphorylated
upon ligand binding (Rosario et al. 2007). It is possible
that NOMA-GAP activity and/or downstream signaling
are differentially regulated by extracellular signals, such
as the neurotrophin family members, in a layer-specific
fashion. The preferential up-regulation of phospho-Ser 3
cofilin in the upper cortical layers of N�/� animals also
suggests the existence of layer-specific regulation of
intracellular signaling (Fig. 6E). Such differences may be
necessary for the establishment of distinct neuron sub-
type-specific dendritic branching patterns.

Dendritic complexity is likely to be regulated by
NOMA-GAP in a cell-autonomous fashion, since com-
promised dendritic branching in E16.5 N�/� primary
cortical cell cultures can be rescued by re-expression of
NOMA-GAP (Fig. 4A). Rescue of dendritic branching can
also be achieved in vivo by expression of active cofilin in

individual upper-layer neurons of NOMA-GAP-deficient
animals (Fig. 7), further arguing for cell-autonomous
mechanisms of regulation of dendritic branching. Synap-
tic activity can regulate the extent of dendritic branching
(Coleman and Riesen 1968). The presence of dendritic
defects in the NOMA-GAP-deficient cortex and in pri-
mary cells at stages preceding synapse formation suggests
that regulation of dendritic branching by NOMA-GAP is
synapse-independent. However, we cannot exclude that
other forms of neuronal activity contribute to NOMA-
GAP-mediated dendritic complexity.

Post-mitotic heterozygous deletion of Cdc42 results in
a partial rescue of dendritic complexity in N�/�mice (Fig.
5E). Rescue appears to be more complete proximal to the
soma. This may reflect either the inability of this genetic
manipulation to accurately mimic the wild-type spatial
distribution of Cdc42 activation or a difference in how
branching is regulated in the apical and basal compart-
ments. Proximal complexity derives mostly from the
branching of basal dendrites. Expression of S3A cofilin
also results in a more complete rescue of basal as com-
pared with apical complexity in N�/� animals (Fig. 7),
suggesting that there may be molecular differences in
how branching is regulated in these two dendritic com-
partments. Interestingly, apical and basal dendritic com-
partments appear to be differentially affected in differ-
ent human neurodevelopmental conditions associated
with mental retardation (for review, see Kaufmann and
Moser 2000).

Cofilin promotes dendritic branching

Cofilin is a regulator of actin polymerization (for review,
see Bernstein and Bamburg 2010), whose activity has
been shown to regulate maintenance of the cortical pro-
genitor pool (Bellenchi et al. 2007). Inactivation of cofilin,
on the other hand, is necessary for various post-mitotic
events; namely, for Reelin-mediated termination of neu-
ronal radial migration, for repulsive axon guidance, and
for the maturation of dendritic spines (Aizawa et al. 2001;
Meng et al. 2004; Bellenchi et al. 2007; Chai et al. 2009;
Shi et al. 2009).

We show for the first time that cofilin has a role in
dendritic development, where it promotes branching. In-
deed, exogenous expression of active cofilin is sufficient
to rescue defective dendritic branching in N�/� animals
and in cultured primary cortical neurons (Figs. 6, 7). Fur-
thermore, we show that cofilin activity is positively
regulated by NOMA-GAP during late cortical development.
Loss of NOMA-GAP in vivo results in the inactivation of
cofilin through Ser 3 phosphorylation in the cortex (Fig. 6).

The relationship between Cdc42 and cofilin appears
to depend on the cellular context. While we show that
cofilin is inactivated by Cdc42 during late cortical de-
velopment, previous studies looking earlier at axon for-
mation found that Cdc42 activates cofilin, possibly in-
directly through regulation of Rho signaling (Chen et al.
2006; Garvalov et al. 2007). Overexpression studies in
epithelial and fibroblast cell lines as well as in vitro
assays, however, have indicated that Cdc42 can also
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mediate inhibition of cofilin through activation of LIMK
by kinases such as PAK (Edwards et al. 1999; Sumi et al.
1999, 2001). We show that during late cortical develop-
ment, Cdc42 predominantly acts to inhibit cofilin, most
likely through activation of PAK and LIMK. Indeed cofilin,
PAK and LIMK activities in the neocortex of N�/� embryos
can be restored in vivo by genetic heterozygotic ablation of
Cdc42 (Fig. 6G,H). Altogether, this suggests that Cdc42
and cofilin have flexible altering roles and relationships
that enable the specific morphological alterations occur-
ring at the different stages of neuronal differentiation.

In summary, our data provide a new insight into how the
branching of primary dendrites can initially be prevented
and subsequently promoted during cortical development.
While activation of Cdc42 has been clearly shown to be
required during early stages of cortical development, con-
tinued activation of Cdc42 in post-mitotic cells in the
cortex interferes with dendritic arborization. Post-mitotic
expression of the novel signaling molecule NOMA-GAP is
a key event in this process, as it mediates the inhibition of
Cdc42-initiated signaling. This initiates a cascade of sig-
naling events that leads to the downstream activation of
cofilin, a step that we show is key for the branching of
primary dendrites and thus for arbor complexity in the
mammalian neocortex. The molecular basis for the den-
dritic arbor defects commonly observed in many human
neurodevelopmental disorders such as mental retardation
and autism is mostly unknown. We believe that identifi-
cation of this novel regulatory signaling cascade will aid
understanding of the development of such conditions.

Materials and methods

Reagents

The following antibodies were used in this study: anti-cofilin,
phospho-Ser 3 cofilin, phospho-Pak, LIMK1, and phospho-LIMK1/2
(Cell Signaling); anti-GFP and NOMA-GAP (Abcam); a-tubulin
and MAP 2 (Sigma-Aldrich); anti-NeuN (Millipore); and anti-
Cdc42 (BD Transduction Laboratories). In addition, the following
cellular stains were used: phalloidin–tetramethylrhodamine B iso-
thiocyanate, 49,6-diamidino-2-phenylindole dihydrochloride, he-
matoxylin, and cresyl violet (Sigma-Aldrich).

V12 Cdc42 was subcloned into the multiple cloning site of
NeuroD1 promoter-driven IRESmCherry pA vector (kindly pro-
vided by Goichi Miyoshi and Gordon Fishell, New York Univer-
sity Langone Medical Center). SA and wild-type cofilin expression
constructs were kindly provided by Jun-Lin Guan (University of
Michigan) and have been described previously (Yoo et al. 2009).
The membrane-targeted GFP expression construct used is a
myristoylated Venus-GFP driven from a b-actin promoter. All
other plasmids have been previously described (Rosario et al. 2007).

Mice

All mouse experiments were carried out according to German
law and were approved by Landesamt für Gesundheit und
Soziales Berlin or Niedersächsisches Landesamt für Verbraucher-
schutz und Lebensmittelsicherheit. NOMA-GAP-null mutant
mice were generated by replacing exons 7–12 of the NOMA-GAP
gene Arhgap33 with a nuclear-localized LacZ reporter gene using
homologous recombination in embryonic stem cells (Supple-
mental Fig. 1A). Floxed Cdc42 and Nex1-cre recombinase mouse

lines were obtained from C. Brakebusch (University of Copen-
hagen) and K. Nave (Max Planck Institut für Experimentelle
Medizin), respectively.

Primary neuron culture

Cortical neuronal cells were isolated from E16.5 mice and grown
in neurobasal medium (Gibco) supplemented with 2% B27
(Invitrogen) and 200 mM glutamine (Gibco). For transfection,
1.5 3 105 cells were plated on poly-L-lysine-coated coverslips
and transfected with Lipofectamine (Invitrogen) 1 d after plating,
as indicated by the manufacturer.

MRI

MRI was performed using a 7 Tesla rodent scanner (Pharmascan
70/16, Bruker BioSpin). For imaging, a 1H-RF quadratur volume
resonator with an inner diameter of 20 mm was used. A T2-
weighted two-dimensional turbo spin echo sequence was car-
ried out (imaging parameters TR/TE = 4059/36 msec, rare factor
8, four averages). Thirty-five axial slices with a slice thickness
of 0.5 mm, a field of view of 2.60 3 2.60 cm, and a matrix of
256 3 256 were positioned over the whole brain. Data were
acquired with the Bruker software Paravision 4.0. Images were
blindly analyzed and quantified using ImageJ software. Dur-
ing the examinations, mice were placed on a heated circulating
water blanket to ensure a constant body temperature of 37°C.
Anesthesia was induced with 3% and maintained with 1.5%–
2.0% isoflurane (Forene, Abbot) delivered in a O2/N2O mixture
(30%/70%) via a facemask under constant ventilation monitoring
(Small Animal Monitoring and Gating System, SA Instruments).

In utero electroporation

In utero electroporation were performed on E15.5 embryos as
previously described (Saito 2006; Britanova et al. 2008). The
brains of electroporated animals were collected at P23, fixed in
4% PFA/PBS, and sectioned at 100 mm using a vibratome.

LacZ assay

LacZ assay was carried out on 12-mm cryo sections post-fixed in
0.2% glutaraldehyde/PBS for 10 min or on whole embryos fixed
for up to 2 h in 2%PFA/PBS. Samples were incubated in staining
solution [10 mM K3Fe(CN)6, 10 mM K4Fe(CN)6, 1 mg/mL X-Gal]
at 37°C until color developed.

Nissl staining

Nissl staining was performed in 1% cresyl violet acetate-buffered
(pH 4.5) solution. The cortical thickness of matched sections was
imaged, and the thickness of the cortical plate was measured
perpendicular to the pial surface using the AxioVision 4.8 soft-
ware on an Olympus BX60 microscope. Cell counting was carried
out on 163-mm-wide regions of the somatosensory cortex of P5
mice, respectively, using ImageJ software. All measurements were
carried out blind as to genotype. In all cases, measurements of
right and left hemispheres were separately quantified to obtain an
average value for each mouse.

Golgi impregnation

To analyze dendritic structure, P25–P26 female mice were
decapitated in ether anesthesia, and the brains were quickly
removed. Golgi impregnation of 200-mm sagittal sections was
conducted using the FD Rapid GolgiStain kit (FD Neuro Tech-
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nologies) according to the instructions. Briefly, the brain slices
were immersed in the initial impregnation solution in darkness
at room temperature. After 2 wk of incubation, the slices were
transferred into solution C and incubated for 5 d at 4°C. Slices
were then washed in ddH2O and transferred into a freshly pre-
pared mixture of solutions D and E. After dehydration through
graded ethanol, slices were cleared in xylene solution and
mounted in Permount (Fisher Scientific).

Immunofluorescence and immunohistochemistry

All stainings were done in parallel on samples or cells derived
from littermate animals. Primary neuron cultures and cryo
sections were fixed in 4% PFA/PBS permeabilized in 0.1%
TX100/PBS for 5–20 min, blocked in 10% fetal calf serum (FCS)/
PBS for 30 min, and incubated with the indicated primary an-
tibodies in PBS or 10% FCS/TNB buffer (0.1 M Tris HCl 150 mM
NaCl at pH 7.5) overnight at 4°C, followed by the appropriate
secondary antibody for 2 h. Vibratome sections were stained as
free-floating sections. Sections for phospho-cofilin staining
were permeabilized in a solution of 0.2% Triton X-100, 5%
serum, and 1% bovine serum albumin in TNB buffer for 1 h,
while sections for MAP2 staining were permeabilized in 0.4%
Triton X-100/TNB for 20 min followed by blocking in 10%
serum/TNB for 30 min. Sections were then incubated overnight
at 4°C, with the respective primary antibodies diluted in 10%
serum and 0.1% Triton X-100/TNB.

Detection of primary antibodies was carried out with appro-
priate peroxidase- or fluorochrome-coupled secondary antibodies
from Jackson Laboratories. Detection of peroxidase-coupled
secondary antibodies was carried out using the VectaStain ABC
kit (Vector Laboratories).

Fluorescent images were captured on a confocal Zeiss LSM 5
exciter microscope, and staining intensity was quantified using
the Zen 2009 software.

Sholl analysis

For analysis of Golgi-stained and fluorescent neurons, 3-mm-
spaced Z-stack images of neurons in the specified layers (II/III or
V) of dorsal cortical regions were taken with an Olympus IX81
microscope equipped with a F ViewII (sw) camera. Examples are
shown as Supplemental Movies 1–8. Sholl analysis (Sholl 1953),
was preformed blindly on the Z-stack images using 30 10-mm-
spaced concentric circles, and intersections were counted using
ImageJ software.

Western blotting

Freshly dissected cortices were lysed in Flag buffer (50 mM Tris
at pH 7.5, 100 mM NaCl, 1 mM EDTA, 1% [v/v] Triton X-100)
containing protease and phosphatase inhibitors (10 mg/mL
leupeptin, 10 mg/mL aprotinin, 1 mM benzamidine, 5 mg/mL
pepstatin, 0.5 mg/mL microcystin, 1 mM Na3VO4; Sigma-
Aldrich) and centrifuged at 135000 rpm for 10 min. Pro-
tein concentrations were determined using the BCA protein
assay kit (Thermo Scientific). Equal amounts of protein were
separated by SDS-PAGE and transferred to Immobilon-P
transfer membranes (Millipore). Proteins were detected by
incubation with the indicated antibodies followed by in-
cubation with the appropriate peroxidase-coupled secondary
antibodies (Jackson Laboratory) and were visualized by chemi-
luminescence (ECL Western blotting detection reagents, GE
Healthcare). Chemiluminescence was captured and quantified
using the Image Lab software on a ChemiDoc XRS+ detector
(Bio-Rad).

Statistics

Data are presented as mean 6 standard error of the mean (SEM).
Statistical significance was determined using ANOVA or two-
tailed t-tests as indicated. Probability outcomes are summarized
in graphs as follows: P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***).
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