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N-WASP-Arp2/3 signaling controls multiple steps of dendrite
maturation in Purkinje cells in vivo
Koichi Hasegawa, Takeshi K. Matsui, Junpei Kondo and Ken-ichiro Kuwako*

ABSTRACT

During neural development, the actin filament network must be
precisely regulated to form elaborate neurite structures. N-WASP
tightly controls actin polymerization dynamics by activating an actin
nucleator Arp2/3. However, the importance of N-WASP-Arp2/3
signaling in the assembly of neurite architecture in vivo has not
been clarified. Here, we demonstrate that N-WASP-Arp2/3 signaling
plays a crucial role in the maturation of cerebellar Purkinje cell (PC)
dendrites in vivo in mice. N-WASP was expressed and activated in
developing PCs. Inhibition of Arp2/3 and N-WASP from the beginning
of dendrite formation severely disrupted the establishment of a
single stem dendrite, which is a characteristic basic structure of PC
dendrites. Inhibition of Arp2/3 after stem dendrite formation resulted
in hypoplasia of the PC dendritic tree. Cdc42, an upstream activator
of N-WASP, is required for N-WASP-Arp2/3 signaling-mediated PC
dendrite maturation. In addition, overactivation of N-WASP is also
detrimental to dendrite formation in PCs. These findings reveal that
proper activation of N-WASP-Arp2/3 signaling is crucial for multiple
steps of PC dendrite maturation in vivo.
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INTRODUCTION
Brain function thoroughly relies on the sophisticated architecture of
neural networks (Luo, 2021). The precise spatial configuration of
axons and dendrites is assembled through the orchestration of
intrinsic and extrinsic signals during development, and this process
is imperative to establish functional neural circuits (Hasegawa and
Kuwako, 2022).
Purkinje cells (PCs) in the cerebellum form the most elaborate

dendritic trees in the vertebrate brain and have been an excellent
model for studying dendrite development. PCs construct their
dendritic arbors via consecutive dynamic remodeling during
postnatal cerebellar development (Sotelo and Dusart, 2009)
(Fig. 7). After migrating to the cerebellar cortex during the
embryonic stage, PCs show a bipolar ‘fusiform cell’ shape with a
few apical primitive dendrites until around postnatal day (P) 0.
Subsequently, PCs retract apical dendrites, then continuously
elongate and retract protrusions emerging from the cell body and
display the ‘stellate cell’ shape, with numerous disoriented
perisomatic dendrites by P4 (Armengol and Sotelo, 1991). After

the stellate cell stage, PCs dramatically change their dendritic
structure to one with a single apical stem dendrite, which is a basis
for ultimate dendritic form, entering the ‘young PC’ stage by P10.
A stem dendrite then begins to rapidly elongate and extensively
branch into the molecular layer to establish a highly elaborate fan-
shaped dendritic tree by P21 (Weiss and Pysh, 1978). Therefore, the
maturation process of the PC dendrite can be divided into two major
phases: the early phase, establishing the basic PC structure with a
single stem dendrite, that lasts 12-13 days from the end of migration
to the young PC stage; and the late phase, dramatically expanding
dendrites to establish the final form of the dendritic tree for
2-3 weeks after young PC stage (Fig. 7).

A great number of molecules and signaling pathways have been
found to be involved in PC dendrite formation in vivo; however,
most of them are related to the machineries in the late phase of
dendritic maturation, including the elongation, branching and
spatial configuration of dendrites. These include the α2δ-2
voltage-dependent Ca2+ channel accessory subunit (Brodbeck
et al., 2002), lysyl oxidase (Li et al., 2010), tissue plasminogen
activator (Li et al., 2013), a chromatin remodeling factor Snf2h (also
known as Smarca5; Alvarez-Saavedra et al., 2014), a GTPase Drp1
(Dnm1l; Fukumitsu et al., 2016), a serine/threonine kinase PDK1
(Liu et al., 2020), a vascular signaling angiopoietin Tie2 (Tek; Luck
et al., 2021) for dendritic elongation and/or branching, a
neurotrophin signaling neurotrophin 3 (NT-3; Ntf3)-tropomyosin-
related kinase C (TrkC; Ntrk3) (Joo et al., 2014) and a synapse
organizer GluD2 (Grid2)-Cbln1 (Takeo et al., 2021) for dendritic
arbor size control, an adhesion molecule Pcdhγ (Lefebvre et al.,
2012), a chemorepulsive signaling Slit2-Robo2 (Gibson et al.,
2014), a kinase signaling LKB1 (Stk11)-SIK1/2 (Kuwako and
Okano, 2018), an I-BAR superfamily protein MTSS1 (Kawabata
Galbraith et al., 2018) for non-overlapping dendrite construction,
and a cytoskeletal molecule β-III spectrin (Gao et al., 2011) for
monoplanar dendritic spacing. In contrast, only a few molecules,
including thyroid hormone 3,3′,5-triiodo-L-thyronine (T3)
(Vincent et al., 1982; Legrand, 1984) and its downstream
molecules retinoid-related orphan receptor alpha (RORα) (Landis
and Sidman, 1978; Soha and Herrup, 1995; Boukhtouche et al.,
2006; Takeo et al., 2015) and peroxisome proliferator-activated
receptor gamma co-activator-1α (PGC-1α; Ppargc1a) (Hatsukano
et al., 2017), have been identified to be involved in the early phase
of dendritic maturation in PCs. Therefore, the molecular
mechanisms that establish a single stem dendrite, which is the
basis for the elaborate dendritic structure of PC, remain largely
unknown.

Neural Wiskott-Aldrich Syndrome Protein (N-WASP) is a crucial
regulator implicated in actin polymerization via the specific
activation of an actin nucleator Arp2/3 complex (hereafter referred
to as Arp2/3), a stable assembly of seven subunits including two
actin-related proteins [Arp2 (Actr2) and Arp3 (Actr3)]. Arp2/3
generates branched actin networks by adding a monomer actin to an
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existing actin filament on the c-terminal domain of the activated
N-WASP at the juxtamembrane region (Pollard and Borisy, 2003).
The N-WASP-Arp2/3-mediated de novo polymerization of
branched actin filaments drives the protrusion of the plasma
membrane, thereby prominently contributing to regulating neural
structures such as growth cone and dendritic spine (Kessels et al.,
2011; Konietzny et al., 2017). Previous studies using cultured
hippocampal neurons and neuronal cell lines, such as N1E-115 and
PC12 cells, have demonstrated that N-WASP and Arp2/3 control
growth cone motility, spine formation, axonal and dendritic
elongation, and branching (Irie and Yamaguchi, 2002; Strasser
et al., 2004; Kakimoto et al., 2006; Pinyol et al., 2007; Korobova
and Svitkina, 2008;Wegner et al., 2008; Dharmalingam et al., 2009;
Chacón et al., 2012; Zhang et al., 2017). In addition, the nervous
system-specific ablation of N-WASP (Wasl) or Arpc2 (encoding
Arp2/3 complex subunit Arpc2) genes severely impairs
corticogenesis in mice, probably through the abnormalities in
ciliogenesis of ependymal cells or migration of neural precursor
cells (Jain et al., 2014; Wang et al., 2016). However, the importance
of the N-WASP-Arp2/3 signaling in the formation of dendritic or
axonal structures in the mammalian brain has never been elucidated.
Recently, Arp2/3 was found to be required to initiate dendrite
branchlet formation in vivo in Drosophila larva sensory neurons
(Stürner et al., 2019). Therefore, the N-WASP-Arp2/3 signaling in
mammalian nervous system may also have pivotal roles in the
assembly of elaborate neurite architectures.
In this study, we provide evidence that N-WASP-Arp2/3

signaling in PCs is essential to establish a single stem dendrite in
the early phase of dendritic maturation and to the assembly of
an elaborate dendritic tree in the late phase. These findings reveal an
essential role for the N-WASP-Arp2/3 signaling-mediated actin
dynamics regulation in dendritogenesis in vivo.

RESULTS
N-WASP is expressed and activated in developing PCs
To explore functions of N-WASP-Arp2/3 signaling in neurite
development in vivo, we focused on the dendritic maturation of PCs
in the cerebellum. We first examined the expression of the
molecules in N-WASP-Arp2/3 signaling in developing PCs using
immunohistochemistry. At P6, when PCs are constructing a stem
dendrite, N-WASP was highly expressed in the cell body of PCs
with multiple perisomatic dendrites (Fig. 1A; Fig. S1A). Tyrosine
253 phosphorylation is crucial for N-WASP to release its
autoinhibitory structure and subsequently activate Arp2/3
(Suetsugu et al., 2002). Using a specific antibody against
phosphorylated N-WASP that detects tyrosine 253
phosphorylation, N-WASP was found to be highly activated at P6
(Fig. 1A; Fig. S1A). In addition to N-WASP, its target Arp2/3 and
upstream regulator Cdc42 were also expressed in the cell body of P6
PCs (Fig. 1A; Fig. S1A). At P14, when PCs have already
established a single stem dendrite and are actively extending and
branching their dendrites, N-WASP, in addition to Arp2/3 and
Cdc42, were clearly localized in the dendrites (Fig. 1B; Fig. S1B).
Activated N-WASP was also localized in the P14 PC dendrites
(Fig. 1B; Fig. S1B). These results indicate that N-WASP-Arp2/3
signaling may have roles in developing PCs.

N-WASP-Arp2/3 signaling is involved in dendrite development
of PCs in vitro
The expression and activation of N-WASP in developing PCs
prompted us to investigate the function of N-WASP-Arp2/3
signaling in dendrite development. Because Arp2/3 is involved in

the initiation of dendrite branchlet formation in invertebrate neurons
(Stürner et al., 2019), we used time-lapse imaging to examine the
spatiotemporal dynamics of Arp2/3 in the elongating and branching
dendrites of cultured PCs. To analyze the localization of Arp2/3 in
the dendrites of growing PCs, mCherry-tagged Arp3 (Arp3-
mCherry) was co-transfected with green fluorescent protein (GFP)
that was expressed under the PC-specific L7 promoter (Fig. 2A,B).
Live-cell imaging revealed that Arp3-mCherry accumulated very
frequently at branching sites before the onset of de novo dendritic
protrusion (Movies 1-3). The intensity of mCherry fluorescence
signal was increased in 96.2% of the examined branching sites
compared with the basal level, with over 15% fluorescence increase
in 74.7% of the sites and over 30% increase in 30.4% of the sites
(Fig. 2C). Arp3-mCherry was also abundantly localized in the
growth cones of newly branched dendrites (Fig. 2B). These results
suggest that Arp2/3 is dynamically recruited to local sites involved
in dendritic branching and elongation.

Next, we used a pharmacological approach with specific
inhibitors to examine whether N-WASP-Arp2/3 signaling is
required for dendrite formation in PCs. When treated with
wiskostatin, a selective inhibitor of N-WASP (Peterson et al.,
2004; Ganeshan et al., 2006; King et al., 2011; Serrano-Pertierra
et al., 2012), for prolonged periods of time, PCs showed
marked reductions in dendrite length, branch number and area
at 21 days in vitro (DIV) (Fig. 2D-G). In addition, prolonged
treatment with CK-666 (Nolen et al., 2009) or ML-141
(Surviladze et al., 2010), specific inhibitors of Arp2/3 or
Cdc42, also significantly reduced PC dendrite length, branching
number, and area (Fig. 2D-G). Treatment with these inhibitors
had no adverse effects on PC health (Fig. 2H). These results
indicate that N-WASP-Arp2/3 signaling plays a pivotal role in
establishing PC dendrites in vitro.

N-WASP-Arp2/3 signaling plays an essential role in the early
phase of PC dendrite maturation in vivo
We next examined the role of N-WASP-Arp2/3 signaling during PC
dendrite maturation in vivo. To this end, the previously
characterized dominant-negative mutants of N-WASP that
strongly inhibit the functions of endogenous Arp2/3 or N-WASP
were introduced into the developing PCs. N-WASP is composed of
several functional domains, including the WASP homology 1/Ena-
VASP homology 1 domain that binds to the WASP-interacting
protein family proteins, the basic domain that binds to
phosphatidylinositol-(4,5)-biphosphate (PIP2), the GTPase-
binding domain (GBD) that binds to Cdc42, the proline-rich
domain (PRD) that binds to the BAR-domain proteins, and
C-terminal domains (Miki et al., 1996; Kurisu and Takenawa,
2009) (Fig. 3A). The C-terminal domains of N-WASP contain the
verprolin-homology domain (V) that binds to monomeric actin and
the central (C) and acidic (A) domains that bind to Arp2/3. In a basal
state, N-WASP is autoinhibited via the interaction between the GBD
and C-terminal VCA domain. The competitive binding of the
membrane-anchored Cdc42 to GBD recruits N-WASP to the plasma
membrane and induces its activation by releasing it from the
autoinhibitory structure. PIP2 that is abundant in the plasma
membrane also recruits and activates N-WASP synergistically with
Cdc42. Although the VCA domain interacts with Arp2/3 and
activates Arp2/3-mediated actin polymerization, the VCA fragment
of N-WASP (N-WASP VCA) lacks all other domains including
the basic domain and GBD. Therefore, N-WASP VCA fails
to localize at the plasma membrane (Fig. S2) and sequesters Arp2/3
in the cytoplasm (Machesky and Insall, 1998), serving as a
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dominant-negative mutant that strongly inhibits the Arp2/3 function
(Strasser et al., 2004; Wegner et al., 2008).
To analyze the role of the N-WASP-Arp2/3 signaling in the early

phase of dendritic maturation of PCs, N-WASP VCA was
specifically expressed in PCs using an in utero electroporation
method (Kuwako and Okano, 2018). In the postnatal stage, the

majority of N-WASP VCA-expressing PCs were normally aligned
in the Purkinje cell layer (PCL), even though a very small fraction
of PCs was ectopically localized in the granule cell layer and
white matter probably due to migration defect. To avoid non-cell
autonomous effects caused by abnormal PC location on dendrite
development, we analyzed only the PCs in the PCL. At P21, when

Fig. 1. N-WASP-Arp2/3 signaling molecules are expressed in developing PCs. (A,B) Sections of P6 (A) and P14 (B) cerebella were co-immunostained
with antibodies against calbindin (calb, a PC marker) and N-WASP/phospho-N-WASP (p-N-WASP)/Arp2/Arp3/Cdc42. Dotted boxes in the top and bottom
panels are magnified in middle panels. Note that N-WASP, p-N-WASP, Arp2, Arp3 and Cdc42 are expressed in the cell body and dendrites at P6 and P14
in PCs. H, Hoechst; IGL, internal granule cell layer; ML, molecular layer; PCL, Purkinje cell layer. Scale bars: 20 µm (top and bottom panels in A); 10 µm
(middle panels in A and B); 50 µm (top and bottom panels in B).
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mature dendrites had just developed in the control PCs (Weiss and
Pysh, 1978), N-WASP VCA-expressing PCs exhibited severely
stunted growth of dendrites (Fig. 3B,C). The dendrites of N-WASP
VCA-expressing PCs were significantly reduced to 12.9%, 13.2%
and 15.0% in length, branch number and area, respectively,
compared with control PCs (Fig. 3D-F). The forced expression of

PRDVCA fragment (Pinyol et al., 2007), which, like N-WASP
VCA, is unable to localize to the plasma membrane (Fig. S2), also
greatly reduced PC dendrites to 9.4%, 9.7% and 11.9% in length,
branch number and area, respectively, compared with control PCs
(Fig. 3A,B,D-F). On the other hand, the branching frequency of
dendrites did not differ between VCA- or PRDVCA-expressing PCs

Fig. 2. See next page for legend.
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and control PCs (Fig. 3G). Consistent with the putative mechanism
of these dominant-negative mutants, in which endogenous Arp2/3
is unable to localize at the juxtamembrane regions leading to loss of
function, the membrane-anchored forms of N-WASP VCA or
PRDVCA significantly attenuated the effects of the VCA or
PRDVCA fragment on PC dendrite development (Fig. 3B,D-F).
The N-WASP VCA or PRDVCA-expressing PCs at P21 extended
multiple perisomatic dendrites and did not possess an apparent stem
dendrite in most cases, whereas control PCs have a single apical
stem dendrite (Fig. 3C). Because these dendritic morphologies of
VCA- or PRDVCA-expressing PCs are strongly reminiscent of the
shape of immature PCs during development, we quantified the
orientation and number of dendrites. Developing PCs showed
drastic morphological changes of their dendrites during the early
postnatal stage (Sotelo and Dusart, 2009). Postmigratory PCs first
showed bipolar ‘fusiform’ shape at ∼P0 followed by the ‘stellate
cell’ shape with multidirectional perisomatic dendrites at ∼P4
(Fig. 3H; Fig. 7; Fig. S3A). Thereafter, by P10, PCs rapidly retract
basal and lateral dendrites and reduce number of dendrites to
become a polarized ‘young PC’ shape, which has a single stem
dendrite extending toward the molecular layer (Fig. 3H,I; Fig. 7;
Fig. S3A). However, the orientation and number of dendrites of
N-WASP VCA or PRDVCA-expressing PCs at P21 are similar to
that of control PCs transitioning from the satellite cell stage to young
PC stage at P6-P8, (Fig. 3H,I), suggesting that inhibiting Arp2/3
function halts the progression of PC dendrite maturation just after
the stellate cell stage. In addition, a few N-WASP VCA or
PRDVCA-expressing PCs had relatively elongated stem-like
dendrites, but most of them showed aberrant hypertrophic
structures with abnormal accumulation of the Golgi apparatus
(Fig. S4). We next analyzed the involvement of N-WASP as an
upstream regulator in the Arp2/3-mediated dendritic maturation of
PCs in vivo using another dominant-negative mutant of N-WASP
that lacks the VCA domain (N-WASP ΔVCA) (Fig. 3A) (Pinyol
et al., 2007; Wegner et al., 2008). The membrane-anchored form of
N-WASP ΔVCA (mem ΔVCA) can occupy its activators at the
plasmamembrane, such as Cdc42 and PIP2, but fails to interact with
Arp2/3, thereby preventing endogenous N-WASP from activating

Arp2/3. We found that N-WASP mem ΔVCA-expressing PCs at
P21 have numerous multidirectional perisomatic dendrites that are
similar to the dendrites of N-WASP VCA or PRDVCA-expressing
PCs (Fig. 3J; Fig. S5), suggesting that N-WASP is essential to
the machinery of Arp2/3-mediated dendritic maturation in PCs.
N-WASP PRDVCA or mem ΔVCA-expressing PCs at P35 showed
similar dendritic abnormalities to those at P21 (Figs S3B and S5B),
suggesting that inhibition of N-WASP-Arp2/3 signaling causes
arrest, but not delay, of dendritic maturation after stellate cell stage.
We then probed whether Cdc42, a major activator of N-WASP, was
involved in the N-WASP-Arp2/3-mediated dendritic maturation in
PCs using a rescue experiment. The defects in length, branch
number and area of PC dendrites caused by the expression of
N-WASP VCAwere largely rescued by co-expression of mCherry-
tagged wild-type N-WASP (Fig. 4A-D), supporting the fact that
N-WASP is a crucial upstream regulator of Arp2/3 in this context.
However, co-expression of mCherry-tagged N-WASP H208D
mutant, in which the histidine residue at 208 in the GBD was
substituted with aspartic acid, abolishing the Cdc42-binding to
N-WASP (Miki et al., 1998; Rohatgi et al., 1999), completely failed
to rescue the defects caused by the expression of N-WASP VCA
(Fig. 4A-D). This result suggests that Cdc42 is indispensable for
eliciting the N-WASP-Arp2/3-mediated maturation of PC dendrites.
Taken together, these results indicate that the Cdc42-N-WASP-
Arp2/3 signaling plays an essential role in the early phase of PC
dendrite maturation, particularly in the establishment of an apical
stem dendrite.

Arp2/3 signaling plays an essential role in the late phase of
PC dendrite maturation in vivo
We further investigated whether N-WASP-Arp2/3 signaling was
involved in the late phase of dendrite maturation in PCs. To this end,
N-WASP PRDVCA was specifically expressed in PCs under the
L7 promoter using the adeno-associated virus (AAV) vector after the
establishment of a single stem dendrite. We intravenously injected
N-WASP PRDVCA-expressing AAV at P7 and detected its
expression in PCs from P10 (Fig. 5A; Fig. S6). The expression of
N-WASP PRDVCA in PCs during the late phase of dendrite
maturation resulted in the significantly attenuated growth of the
dendritic tree at P21 (Fig. 5B). The dendrites of PCs that expressed
N-WASP PRDVCA from the young PC stage were significantly
reduced to 40.7% in length, 36.9% in branch number and 50.9% in
area compared with control PCs (Fig. 5D-F). The branching
frequency of dendrites was also decreased in N-WASP PRDVCA-
expressing PCs (Fig. 5G). In addition, abnormal hypertrophic
structures were frequently observed in the stem dendrites of PCs
expressing N-WASP PRDVCA (Fig. 5B,C), similar to some PCs
expressing N-WASP VCA or PRDVCA through in utero
electroporation (Fig. S4). These results strongly indicate that
N-WASP-Arp2/3 signaling also plays an essential role in the
machineries for elongation and branching of PC dendrites during
the late phase of dendrite maturation.

Proper activation level of N-WASP-Arp2/3 signaling is
required for PC dendrite development in vivo
We also investigated whether overactivation of N-WASP influences
the development of PC dendrites. We first overexpressed wild-type
N-WASP in PCs through in utero electroporation, and found that
those PCs normally developed an intricate dendritic tree without
any apparent defects at P21 (Fig. S7A). This observation indicates
that the upstream activation machinery for N-WASP, which is likely
to be mediated by Cdc42 (Fig. 4), is limited in the physiological

Fig. 2. N-WASP-Arp2/3 signaling is involved in dendrite development in
cultured PCs. (A-C) Live cell imaging analysis for dendrite branching and
Arp3 localization in cultured PCs. L7 promoter-driven GFP and CAG
promoter-driven Arp3-mCherry were co-expressed in PCs at 0 DIV. The
initial and final GFP images of a time-lapse series of a PC at 5 DIV are
shown in A. Magnified time-lapse images of the region in the dotted box in
A are presented in B. Arrows and arrowheads indicate the site of the new
dendritic branch and dendritic growth cone, respectively. Note that Arp3-
mCherry accumulated in the site of de novo dendritic protrusion before its
initiation and in the growth cone of newly branched dendrite. Quantification
of the number of branch sites that exhibit the increase or decrease of
mCherry-fluorescence intensity at the time point just before branching is
shown in C. In total, 79 branches from 51 PCs were analyzed. Higher
fluorescence signal was observed in 76 of the 79 branches, whereas only
three branches showed a decrease in fluorescence signal, and this was a
weak decrease (0-15% decrease). (D) Inhibitor experiments in vitro. PCs
cultured with N-WASP inhibitor wiskostatin (1 µM), Arp2/3 inhibitor CK-666
(50 µM) or Cdc42 inhibitor ML-141 (10 µM) for 21 days were immunostained
with antibody against calbindin. (E-H) Quantification of total dendrite length
(E), branch number (F), dendrite area (G) and percentage of PC with
pyknotic nucleus (H) at 21 DIV in the experiment shown in D. The data
represent the mean±s.e.m. n=74 cells (control), n=77 cells (wiskostatin),
n=74 cells (CK-666) and n=74 cells (ML-141) in (E-G). n=3 experiments
(40-55 cells were quantified in each experiment) for all conditions in (H).
****P<0.0001 (non-repeated one-way ANOVA with a post hoc Bonferroni
correction). Ns, not significant. Scale bars: 10 µm (A); 5 µm (B); 50 µm (D).
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Fig. 3. See next page for legend.
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condition in PCs. We then expressed a constitutively-active form of
N-WASP in PCs. N-WASP Y253E, in which the tyrosine residue at
253 was replaced by glutamic acid, is constitutively active because it
mimicked the phosphorylation state and released N-WASP
autoinhibition (Suetsugu et al., 2002). To increase the activation
level of N-WASP, the membrane-anchored form of N-WASP
Y253E (mem Y253E) was expressed in PCs (Fig. 6; Fig. S8).
N-WASP mem Y253E-expressing PCs at P21 showed different
dendritic phenotypes in different cells (Fig. 6A). Although, unlike
N-WASP VCA- or PRDVCA-expressing PCs, many N-WASP
memY253E-expressing PCs have a stem dendrite, the expression of
N-WASP mem Y253E caused increased primary dendrite number
in 31.7% of PCs, abnormal orientation in 23.4% and decreased
dendritic height in 25.4% (Fig. 6B). In addition, overactivation of
N-WASP by mem Y253E expression unexpectedly decreased the
branching frequency of dendrites (Fig. 6C). This result indicates that
an appropriate activation level of N-WASP is important for normal
development of PCs.

DISCUSSION
Arp2/3 constitutes a common pathway to generate actin filaments in
eukaryotes. Numerous in vitro studies have disclosed the functions
of N-WASP-Arp2/3 signaling in neurite morphogenesis, including
the regulation of the growth cone and dendritic spine; however, the
bona fide role and importance of this signaling in neurite formation
in vivo has not yet been described. The present study demonstrates
the essential roles of N-WASP-Arp2/3 signaling in dendrite
maturation in PCs in vivo, including the establishment of a single
stem dendrite and the expansion of dendritic tree.

Roles of N-WASP-Arp2/3 signaling in PC dendrite maturation
Although analyses by exogenous expression of dominant-negative
mutants generally involve concerns about nonspecific effects, the
dominant-negative mutants of N-WASP-Arp2/3 signaling used in
this study have been well established in a number of studies
(Machesky and Insall, 1998; Miki et al., 1998; Rohatgi et al., 1999;
Suetsugu et al., 2002; Strasser et al., 2004; Pinyol et al., 2007;
Wegner et al., 2008) and overexpression of wild-type N-WASP or
N-WASP Y253E without membrane-anchored signal did not affect
PC dendrite development (Fig. S7A,B). Therefore, the dendritic
phenotypes obtained by the forced expression of the dominant-
negative mutants of N-WASPmay represent the results of functional
inhibition of N-WASP-Arp2/3 signaling. The PCs that expressed
N-WASP VCA, PRDVCA or mem ΔVCA in the embryonic stage
retained a stellate cell-like shape, but not a fusiform cell shape, even
at P21 (Fig. 3; Fig. 7; Fig. S5A). Therefore, N-WASP-Arp2/3
signaling plays a crucial role in the formation of a stem dendrite, but
not in the elimination of primitive dendrites of fusiform PCs during
the early phase of dendrite maturation. In addition, inhibiting
N-WASP-Arp2/3 signaling after the young PC stage caused
abnormalities in the dendritic arbors at P21 (Fig. 5), suggesting
that this signaling is also indispensable in dendritic elongation and
branching during the late phase of dendrite maturation (Fig. 7).
De novo polymerization of branched actin filaments in the dendritic
growth cone and protrusion is likely to be the basis of the N-WASP-
Arp2/3 signaling-mediated elongation and branching of PC
dendrites during the late phase. Furthermore, overactivation of
N-WASP-Arp2/3 signaling led to a moderately anomalous dendritic
tree at P21 (Fig. 6), showing increased dendrite number, abnormal
dendrite orientation and reduced dendrite size, indicating that
maintaining an appropriate activation level of N-WASP-Arp2/3
signaling during the entire process of dendrite formation is essential
for normal dendrite development in PCs.

Mechanisms establishing a single stem dendrite in PCs
After the stellate cell stage, PCs dynamically reorganized their
dendritic structure to create a single stem dendrite in just 6 days
between P4 and P10, which became the basis for the subsequent
elongation and ramification into a highly branched fan-shaped
dendritic tree (Fig. 7; Fig. S3A). However, the molecular
mechanism for the formation of a single stem dendrite
specifically on the apical side has not yet been elucidated. This
process includes several sequential events that must involve
cytoskeletal reorganization: (1) selective regression of dendrites
emerging from the basal and lateral sides; (2) selective
strengthening of a single dendrite among apical dendrites; (3)
elimination of the remaining dendrites (Fig. 3H,I; Fig. S3A)
(Sotelo and Dusart, 2009). During this developmental process
between P4 and P10, most PCs that form a thick apical stem
dendrite still have lateral dendrites; further development
eliminates all but the stem dendrite (Fig. S3A), suggesting that
the three events described above are sequential, with some degree
of overlap.

The present study demonstrates that inhibition of N-WASP-Arp2/3
signaling severely impedes the formation of a single stem dendrite,
but it remains unknown how this signaling functions in the process
of a single stem dendrite formation. Accumulating evidence in
cultured primary neurons demonstrates that N-WASP-Arp2/3
signaling plays pivotal roles in growth cone motility through the
induction of lamellipodia and filopodia (Korobova and Svitkina,
2008; Chacón et al., 2012; SanMiguel-Ruiz and Letourneau, 2014).
We also observed the recruitment of Arp3 in the growth cone of

Fig. 3. N-WASP-Arp2/3 signaling is essential for the early phase of
dendritic maturation in PCs in vivo. (A) Schematic of N-WASP mutants
used in the experiments shown in (B-I). WH1, WASP homology domain 1;
B, basic domain; GBD, GTPase-binding domain; PRD, proline-rich domain;
VCA, verprolin-homology, central and acidic domains; PS, palmitoylation
signal; mem, membrane-anchored. (B) Z-sections of control, VCA, mem
VCA, PRDVCA and mem PRDVCA-expressing PCs at P21. HA-tagged
N-WASP mutants were specifically expressed in PCs through in utero
electroporation. Venus was co-expressed in PCs in all conditions to visualize
dendrite morphology. Sections were immunostained with antibodies against
GFP (for Venus) and HA. Dotted boxes indicate the positions of the high-
magnification images shown in C. (C) High-magnification images of Venus-
expressing cells in B. Bottom panels represent neurite reconstruction of a
PC using Neurolucida. (D-G) Quantification of total dendrite length (D),
branch number (E), dendrite area (F) and branching frequency (G) at P21 in
the experiment shown in B. The data represent the mean±s.e.m. n=35 cells
(control), n=38 cells (VCA), n=30 cells (mem VCA), n=42 cells (PRDVCA)
and n=31 cells (mem PRDVCA) from 3-5 mice. ****P<0.0001 (non-repeated
one-way ANOVA with a post hoc Bonferroni correction). ns, not significant.
(H,I) Quantification of orientation (H) and number (I) of perisomatic dendrites
in Venus-expressing control PCs between P4 and P21, and VCA or
PRDVCA (with Venus)-expressing PCs at P21. In total, 50 (control P4), 53
(control P6), 66 (control P8), 54 (control P10), 54 (control P14), 66 (control
P21), 62 (N-WASP VCA P21) and 63 (N-WASP PRDVCA P21) cells were
analyzed, and the proportions of PCs are shown. To quantify dendrite
orientation in H, PCs were divided into the following three groups: A+B+L,
PC with dendrites extending toward all directions (apical, basal and lateral
directions); A+L, PC with dendrites extending toward apical and lateral
directions; A, PC with dendrite(s) extending toward only apical direction.
ML, molecular layer; PCL, Purkinje cell layer; GCL, granule cell layer.
(J) Section of N-WASP mem ΔVCA and Venus-expressing PC at P21.
HA-tagged N-WASP mem ΔVCA and Venus were co-expressed in PCs by
in utero electroporation. Section was immunostained with antibodies against
GFP (for Venus) and HA. Note that N-WASP mem ΔVCA-expressing PC
possesses many multidirectional perisomatic dendrites without a stem
dendrite. Scale bars: 50 µm (B); 20 µm (C,J).
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elongating PC dendrites (Fig. 2B; Movies 1-3). However, inhibiting
N-WASP-Arp2/3 signaling promotes axonal elongation and
branching, in apparent contradiction to the positive effect of this
signaling on growth cone motility (Strasser et al., 2004; Kakimoto
et al., 2006; Pinyol et al., 2007; Dharmalingam et al., 2009).
Although this mechanism remains to be elucidated, the depletion of
N-WASP-Arp2/3 signaling may trigger the extension of Arp2/3-
independent parallel actin fibers in the growth cone periphery that
accelerate axonal elongation (Kessels et al., 2011). In addition, the
role of the N-WASP-Arp2/3 signaling in generating primary
dendrites in cultured hippocampal neurons is controversial; some
studies demonstrated an increase in primary dendrite number

(Pinyol et al., 2007; Zhang et al., 2017), some a decrease in number
(Korobova and Svitkina, 2008), and some showed no effect
(Dharmalingam et al., 2009). Thus, the functions and mechanisms
of N-WASP-Arp2/3 signaling in the assembly of neurite structure
are still ambiguous. In PCs, even if N-WASP-Arp2/3 signaling
promotes or suppresses the protrusion of primary dendrites, it is
hard to explain how this signaling leaves exactly one dendrite by
regulating growth cone motility. The phenomenon of leaving a
single stem dendrite among multiple dendrites is conserved in
zebrafish and mice PCs, even though zebrafish PCs have diverse
dendritic structures that differ from those of mice in many aspects
including complexity and planarity (Tanabe et al., 2010). In

Fig. 4. Cdc42 regulates N-WASP-Arp2/3 signaling-mediated maturation of PC dendrites. (A) Z-sections of control, N-WASP VCA and mCherry-N-WASP
wild-type or H208D-expressing PCs at P21. HA-tagged N-WASP VCA with or without mCherry-fused N-WASP wild-type or H208D were specifically
expressed in PCs through in utero electroporation as the indicated combination. Venus was co-expressed in PCs under all conditions to visualize dendrite
morphology. Sections were immunostained with antibodies against GFP (for Venus), RFP (for mCherry) and HA. (B-D) Quantification of total dendrite length
(B), branch number (C) and dendrite area (D) at P21 in the experiment shown in A. The data represent the mean±s.e.m. n=35 cells (control), n=31 cells
(VCA), n=34 cells (HA-NWASP VCA and mCherry-N-WASP wild-type) and n=33 cells (HA-NWASP VCA and mCherry-N-WASP H208D) from three mice.
****P<0.0001 (non-repeated one-way ANOVA with a post hoc Bonferroni correction). ns, not significant. Scale bar: 50 µm.
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zebrafish PCs, the specific accumulation of the Golgi apparatus at
the base of one of several immature dendrites appears to determine
that one as being the stem dendrite at the later stage (Tanabe et al.,
2010). In mice, between the stellate cell and young PC stages, the
PC nucleus is attached to the basal pole side, resulting in organelles
including the Golgi apparatus being confined to the apical side of
the cytoplasm (Larramendi, 1969). In addition, WASP-Arp2/3
signaling regulates the position of the Golgi apparatus in NIH3T3

cells (Magdalena et al., 2003). Therefore, N-WASP-Arp2/3
signaling in mouse PCs could possibly mediate a specific cellular
accumulation of the Golgi apparatus, leading to the selection of one
dendrite in the apical side for a future stem dendrite. Another
possible mechanism for the Arp2/3-mediated selection of a single
stem dendrite may involve the actin patch that is a specialized
microstructure of actin. The actin patch is a fewmicrons in diameter,
and is rich in branched F-actin, providing a site for filopodia

Fig. 5. N-WASP-Arp2/3 signaling is essential for the late phase of PC dendrite maturation in vivo. (A) Scheme of experiment using AAV-mediated gene
transfer shown in B. HA-N-WASP PRDVCA-expressing AAV was intravenously injected at P7, and PCs were analyzed at P21. mCherry-expressing AAV was
also injected to visualize dendrite morphology. (B,C) Z-sections of control and PRDVCA-expressing PCs at P21. Sections were co-immunostained with
antibodies against RFP (for mCherry) and HA. The arrows in B indicate the PC that co-expresses HA-N-WASP PRDVCA and mCherry. The dotted boxes in
B indicate the positions of high-magnification images shown in C. Note that hypertrophic structures were observed in the stem dendrite of PCs expressing
N-WASP PRDVCA. (D-G) Quantification of total dendrite length (D), branch number (E), dendrite area (F) and branching frequency (G) in the experiment
shown in B. The data represent the mean±s.e.m. n=35 cells (control) and n=30 cells (PRDVCA). ****P<0.0001, **P<0.002 (unpaired two-tailed Student’s
t-test). Scale bars: 50 µm.
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protrusion (Korobova and Svitkina, 2008; Willig et al., 2014).
Furthermore, Arp2/3 is the only regulator for actin branching, and is
involved in the formation of actin patches in neurons (Spillane et al.,
2011, 2012). Thus, we could investigate the detailed cellular
localization of the actin patch and Golgi apparatus between P4 and
P10 in normal and N-WASP VCA- or mem ΔVCA-expressing PCs,
and clarify their contribution to the determination of a single stem
dendrite.

Given that the dendritic elimination after the stellate cell stage
does not occur in PCs that have failed to form a stem dendrite
(Fig. 3B,C,J; Figs S3B,C and S5), assigning a single apical dendrite
to become a stem dendrite may serve as a trigger to activate
the unknown mechanism that eliminates the remaining dendrites.
A similar phenomenon is well-known in axon specification in
differentiating hippocampal neurons; once one of several immature
neurites is destined to become an axon, it triggers the differentiation

Fig. 6. Overactivation of N-WASP impairs development of PC dendrites. (A) Z-sections of control and membrane-anchored N-WASP Y253E (mem
Y253E)-expressing PCs at P21. HA-tagged N-WASP mem Y253E was specifically expressed in PCs by in utero electroporation. Venus was expressed in
PCs to visualize dendrite morphology. Sections were co-immunostained with antibodies against GFP (for Venus) and HA. Three examples of N-WASP
Y253E-expressing PCs are shown. The dotted lines indicate the top of the molecular layer. (B) Quantification of number, orientation and height of dendrites
in control and N-WASP mem Y253E-expressing PCs at P21 in the experiment shown in A. PCs were divided into the two groups, normal and abnormal,
according to the following criteria: dendrite number [normal, one dendrite (1); abnormal, more than two dendrites (2<)], dendrite orientation [normal, apical
only (A); abnormal, apical and lateral (A+L); see Fig. 3H] and dendritic height [normal, more than 70% height of the molecular layer (ML); abnormal, less than
70% height of the molecular layer]. A total of 84 (control, number), 63 (mem Y253E, number), 84 (control, orientation), 64 (mem Y253E, orientation),
74 (control, height) and 63 (mem Y253E, height) cells were analyzed and the proportions of PCs are shown. The numbers represent the percentage of
abnormal PCs. (C) Quantification of the branching frequency at P21 in the experiment shown in A. The data represent the mean±s.e.m. n=35 cells (control)
and n=32 cells (mem Y253E). ****P<0.0001 (unpaired two-tailed Student’s t-test). Scale bar: 20 µm.
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of the remaining neurites into dendrites, but not axons (Yoshimura
et al., 2006). As N-WASP-Arp2/3 signaling is not involved in the
machinery of actin depolymerization (Konietzny et al., 2017), this
signaling may not directly control the elimination of the remaining
PC dendrites via regulating the actin network. Consistently, the
inhibition of N-WASP-Arp2/3 signaling did not hamper the
elimination of the primitive apical PC dendrite after the fusiform
cell stage, resulting in the cells forming a stellate cell-like shape
(Fig. 3B,C,J; Figs S3B,C and S5). Therefore, N-WASP-Arp2/3
signaling likely plays a crucial role in the mechanism that selects
and/or strengthens a single dendrite to become a stem dendrite, and
inhibiting this signaling may cease PC development at the stellate
cell stage because the system eliminating surplus dendrites may
no longer be activated. Future studies aimed at unraveling the
N-WASP-Arp2/3 signaling-mediated mechanism assigning a single
stem dendrite are anticipated to facilitate our understanding of the
principle in dendrite specification.

Upstream signals activating N-WASP-Arp2/3 during
maturation of PC dendrites
Cdc42 is one of the key effectors in cytoskeletal organization
induced by diverse extracellular signals including growth factors,
guidance molecules, cytokines, trophic factors, G-protein coupled
receptor (GPCR) ligands and proteoglycans via their receptors
mainly categorized to receptor tyrosine kinases (RTKs) and GPCRs
(Sinha and Yang, 2008). The defect in the early phase of PC
dendrite maturation caused by N-WASP VCA was not restored by
the co-expression of N-WASP H208D, which cannot bind to
Cdc42, but was significantly restored by wild-type N-WASP
(Fig. 4). This fact suggests that the mechanism of PC dendrite
maturation through N-WASP-Arp2/3 signaling absolutely requires
Cdc42 as an upstream regulator, and may therefore be mediated to

some extent by an extracellular signal(s). In support of this idea, the
process of PC dendrite development in the dissociated culture and
cerebellar slice culture, where extracellular signals in the cerebellum
would have been disturbed, only partially recapitulates the in vivo
situation; for example, many cells fail to completely reorganize their
dendrites, thereby retaining multiple dendrites that are smaller than
PCs in vivo even after long cultivation (Fig. 2D) (Fujishima et al.,
2012). Thus, the extrinsic signals that are strictly regulated in time,
space and quantity in the cerebellum, could potentially instruct the
formation of a single stem dendrite via Cdc42-N-WASP-Arp2/3
signaling in PCs between P4 and P10. In the agranular cerebellum
and the cerebellum of weaver mice, the cerebellar granule cells die
owing to early postnatal X-irradiation or before migration,
respectively (Sotelo, 1975, 1978). Because of this, PCs are unable
to form a single stem dendrite and instead possess disoriented
multiple short dendrites. Therefore, granule cells are thought to be
the most potent source of extrinsic signals that direct PC dendrite
formation (Sotelo and Dusart, 2009).

The brain-derived neurotrophic factor (BDNF) and its receptor
TrkB (Ntrk2), an RTK, are expressed in both granule cells and PCs
in the developing cerebellum. In addition, Cdc42 regulates actin
dynamics downstream of BDNF-TrkB signaling to elicit spine
maturation in hippocampal neurons and growth cone movement in
retinal neurons (Chen et al., 2006; Shen et al., 2006). PCs in Bdnf-
deficient mice at P8, when wild-type PCs start to enter the young PC
stage, exhibit a severely atrophied morphology with multiple
dendrites that randomly emanate from the cell body (Schwartz et al.,
1997). Highly branched dendritic arbors were formed with a single
stem dendrite at P24, albeit less extensive than the wild-type (Carter
et al., 2002). Although the abnormality in the stem dendrite
formation in Bdnf-deficient mice at P8 is resolved at the later stage,
as described above, BDNF could possibly be the key extracellular
signal that activates Cdc42-N-WASP-Arp2/3 signaling to establish
a stem dendrite particularly between P4 and P10. In this case of
Bdnf-deficient mice, BDNF deletion would prevent the formation of
a stem dendrite during the correct period, but other extracellular
signal(s) might activate Cdc42 to form a stem dendrite at the later
stage. Indeed, various RTKs and their ligands, such as TrkC and
NT-3, that potentially activate Cdc42 are expressed by developing
PCs after P8 (Wüllner et al., 1998). Because the circulating T3,
deficiency of which causes a striking interference in PC dendrite
formation during the early phase of development (Vincent et al.,
1982; Legrand, 1984), promotes the expression of BDNF and NT-3
in the cerebellum (Neveu and Arenas, 1996; Koibuchi et al., 1999),
T3 may act as a further upstream signal for these neurotrophins to
accomplish dendritic maturation in PCs via Cdc42-N-WASP-Arp2/3
signaling.

In addition, T3 reportedly elicits PC dendrite development via
multiple downstream pathways. T3 induces the expression of
PGC-1α, a master regulator of mitochondrial biogenesis, in PCs
during cerebellar development. PGC-1α knockdown during the
embryonic stage severely impairs the structure of PC dendrites with
disoriented multiple short dendrites resembling PCs in the stellate
cell stage (Hatsukano et al., 2017), similar to PCs expressing
N-WASP VCA, PRDVCA or mem ΔVCA (Fig. 3B-J; Figs S3B,C
and S5). However, the molecular correlation between PGC-1α
and N-WASP-Arp2/3 signaling has not been clarified. Another T3
target is RORα, a nuclear receptor that participates in transcriptional
regulation, which is induced in PCs as early as P0 (Boukhtouche
et al., 2010). The RORa gene was originally identified as a
responsible gene in staggerermice (Hamilton et al., 1996). RORα is
involved in various steps of development of PC dendrites including

Fig. 7. Role of N-WASP-Arp2/3 signaling in PC dendrite maturation.
During postnatal development, the PC dramatically changes its dendrite
structure. The maturation process of PC dendrites is divided into two
phases: early phase, in which a single stem dendrite is established, and late
phase, in which dendrites rapidly expand. In the early phase, PCs progress
from the fusiform cell stage to young PC stage with a single stem dendrite
via the stellate cell stage. In the late phase, rapid elongation and extensive
branching of dendrites construct a large fan-shaped dendritic tree. N-WASP-
Arp2/3 signaling is essential for establishing a single stem dendrite and
expanding the dendritic tree.
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the transition from the fusiform cell stage to stellate cell stage, stem
dendrite formation and even spine maturation (Takeo et al., 2015).
Although RORα knockdown in PCs from P4 causes a phenotype of
multiple dendrites (Takeo et al., 2015), these dendrites are quite
long and differ significantly in morphology from PCs expressing
N-WASPVCA, PRDVCA or mem ΔVCA (Fig. 3B,C,J; Figs S3B,C
and S5). Therefore, RORαmay not be a direct upstream regulator of
N-WASP-Arp2/3 signaling during stem dendrite formation in PCs.
Nevertheless, as RORα targets the transcription of diverse genes in
the cerebellum (Gold et al., 2003), RORα could be indirectly
involved in N-WASP-Arp2/3 signaling through an unidentified
transcriptional program for a set of genes modulating that signaling.
Altogether, temporally precise activation of Cdc42 and

subsequent N-WASP-Arp2/3 signaling that might be, at least in
part, directed by extrinsic signal(s) during cerebellar development
may ensure stem dendrite formation at the appropriate time point
and subsequent sufficient dendritic expansion. Continued work
elucidating the upstream mechanisms of Cdc42-N-WASP-Arp2/3
signaling during cerebellar development will facilitate our
understanding of an overall program that establishes a single stem
dendrite in PCs.

MATERIALS AND METHODS
Animals
ICR (JAPAN SLC) mice were bred in the animal facility of Shimane
University School of Medicine (Japan). All animal care and experimental
procedures were performed in accordance with institutional guidelines
approved by the Experimental Animal Care Committee of Shimane
University School of Medicine. The day of confirmation of the vaginal
plug was set as embryonic day (E) 0, and the day of birth was set as P0. Mice
of both sexes were used for analyses.

Plasmids
The open reading frames (ORFs) of mouse Arp3 and N-WASP were
amplified using PCR from cDNA libraries of P4 and P12 mouse brains and
cloned into pCAG-neo (WAKO). pAAV-L7-6-GFP-WPRE (Addgene
plasmid #126462) (Nitta et al., 2017), pUCmini-iCAP-PHP.eB (Addgene
plasmid #103005) (Chan et al., 2017) and pHelper (Agilent Technologies)
were purchased. N-WASP truncates including VCA (385-501 amino acids),
PRDVCA (274-501 amino acids), and ΔVCA (1-384 amino acids) were
PCR amplified from pCAG-neo-N-WASP and cloned into the KpnI and
SpeI sites of pCAG-neo. To construct pAAV-L7-6-HA-N-WASP
PRDVCA-WPRE or pAAV-L7-6-mCherry-WPRE, GFP was excised
from pAAV-L7-6-GFP-WPRE by digestion at the AgeI and NotI sites,
and the PCR-amplified N-WASP PRDVCA or mCherry were cloned into
those sites. N-WASP Y253E and H208D were constructed using KOD
-Plus- Mutagenesis Kit (Toyobo). The hemagglutinin (HA) sequence was
inserted into the 3′-end of the N-WASP ORFs. The membrane-anchored
forms of N-WASP were constructed by insertion of the palmitoylation signal
of growth associated protein 43 into the 5′-end of the ORFs. For the pCAG-
neo vectors expressing mCherry-fused proteins, mCherry was cloned into the
5′-end of N-WASP wild-type or H208D and the 3′-end of Arp3.

Antibodies
The following primary antibodies were used for immunohistochemistry
and immunocytochemistry: anti-N-WASP (rabbit, ab126626, Abcam,
1:200), anti-phospho-N-WASP (rabbit, PA5-105307, Invitrogen, 1:500),
anti-Arp2 (mouse, sc-166103, Santa Cruz Biotechnology, 1:200), anti-
Arp3 (mouse, A5979, Sigma-Aldrich, 1:400), anti-Cdc42 (mouse,
ACD03, Cytoskeleton, 1:300), anti-calbindin (guinea pig, 214 004,
Synaptic Systems, 1:1000), anti-GFP (chick, GFP-1010, Aves, 1:1000),
anti-HA (rat, 11867423001, Roche, 1:2000), anti-RFP (rabbit, PM005,
MBL, 1:500), anti-giantin (rabbit, PRB-114C, Covance, 1:1000).
The following secondary antibodies from Jackson ImmunoResearch
were used at 1:1000; Alexa Fluor 594-conjugated donkey anti-rabbit

IgG (711-585-152), Alexa Fluor 594-conjugated donkey anti-mouse IgG
(715-585-151), Alexa Fluor 488-conjugated donkey anti-guinea pig
IgG (706-546-148), Alexa Fluor 488-conjugated donkey anti-chicken
IgY (703-545-155), Alexa Fluor 594-conjugated goat anti-rat IgG (112-
586-143), Alexa Fluor 647-conjugated donkey anti-rat IgG (712- 605-153),
Alexa Fluor 488-conjugated goat anti-rat IgG (112-546-143).

In utero electroporation
In utero electroporation was performed as previously described (Kuwako
et al., 2014; Kuwako and Okano, 2018), with some modifications. Briefly,
pregnant mice at E12 were anesthetized with isoflurane (Pfizer) in an
oxygenated carrier, and the uterus was externalized from the abdominal
cavity. Plasmids used for electroporation were purified using NucleoBond
Xtra midi kit (Macherey-Nagel) and dissolved in sterilized phosphate-
buffered saline (PBS). A total of 1.0-2.0 µl of plasmid DNA containing
0.01% Fast Green (Sigma-Aldrich) in PBS was injected into the fourth
ventricle with a glass capillary. An embryo was held with a forceps-type
electrode (CUY650P3, Nepagene) and was electroporated through the
uterine wall by NEPA21 electroporator (Nepagene) using the following
settings: poring pulse: 40 V, 30 ms pulse length, 50 ms pulse interval, two
pulses, 10% decay rate,+polarity; transfer pulse: 10 V, 50 ms pulse length,
50 ms pulse interval, three pulses, 40% decay rate,+polarity. After
electroporation, the uterus was repositioned in the abdominal cavity and
the abdominal wall and skin were closed, allowing the embryos to continue
normal development. The plasmids used for in utero electroporation were as
follows. Experiments for Venus expression alone (Fig. S3A): 1.0 µg of
pCAG-Venus. Experiments for N-WASP mutant expression (Figs 3 and 5;
Figs S3B, S4, S5, S7, S8): 5.0 µg of pCAG-neo and 1.0 µg of pCAG-Venus
for control; 5.0 µg of pCAG-neo-HA-N-WASP wild-type/VCA/PRDVCA/
mem VCA/mem PRDVCA/Y253E/mem Y253E/mem ΔVCA and 1.0 µg of
pCAG-Venus for N-WASP mutants. Rescue experiment (Fig. 4): 9.0 µg of
pCAG-neo and 1.0 µg of pCAG-Venus for control; 4.5 µg of pCAG-neo,
4.5 µg of pCAG-neo-HA-N-WASP VCA and 1.0 µg of pCAG-Venus for
N-WASP VCA without rescue, 4.5 µg of pCAG-neo mCherry N-WASP
wild-type/H208D and 4.5 µg of pCAG-neo-HA-N-WASP VCA and 1.0 µg
of pCAG-Venus for rescue by mCherry-fused N-WASP.

Immunohistochemistry
Immunohistochemistry was performed as described previously (Kuwako
and Okano, 2018). Briefly, mice were transcardially perfused with 4%
paraformaldehyde (PFA) in PBS (pH 7.4), and the brains were dissected
and postfixed in 4% PFA in PBS overnight at 4°C. Tissue sections (60 µm
thickness) were prepared using a vibratome (VT1000S, Leica). The
sagittal floating sections were permeabilized with 0.3% Triton X-100 in
PBS for 15 min at room temperature (RT), incubated with TNB blocking
buffer (PerkinElmer) for 1 h at RT and subsequently incubated with
primary antibodies in TNB blocking buffer overnight at 4°C, followed by
incubation with secondary antibodies in TNB blocking buffer for 1.5 h at
RT. For N-WASP, Arp2 and Cdc42-immunostaining, the floating sections
were treated with 10 mM sodium citrate buffer (pH 6.0), for 30 min
at 95°C using a BioShaker (Taitech) for antigen retrieval before
permeabilization. A Vectastain Elite ABC kit (Vector Laboratories) and
Tyramide Signal Amplification Plus Tetramethylrhodamine kit
(PerkinElmer) were used for phospho-N-WASP-immunostaining.
Nuclear DNA was detected with 10 µg/ml Hoechst 33342 (Dojindo).
The images were acquired using fluorescence microscopes (FV1000,
Olympus; BZ-X810, Keyence).

Immunocytochemistry
Primary PCs and NIH3T3 cells were fixed with 4%PFA in PBS (pH 7.4) for
15 min at 4°C, and then permeabilized with 0.3% Triton X-100 in PBS for
15 min at RT and incubated with TNB blocking buffer for 1 h at RT. Cells
were then incubated with primary antibodies in TNB blocking buffer
overnight at 4°C, followed by incubation with secondary antibodies in TNB
blocking buffer for 1.5 h at RT. Nuclear DNA was detected with 10 µg/ml
Hoechst 33342. The images were observed with a fluorescence microscope
(BZ-X810, Keyence).
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PC culture
The cerebella were dissected from E18 littermates in ice-cold Ca2+/Mg2+-
free HBSS (Thermo Fisher Scientific) and dissociated with 0.375 mg/ml
papain (Worthington). For pharmacological experiments, dissociated cells
were resuspended in DMEM/F12 (Thermo Fisher Scientific) with 10% fetal
bovine serum (FBS) (BioWest), plated on a 14 mm coverglass coated with
1 mg/ml poly-D-lysine (PDL) (Sigma-Aldrich) at a density of 1.0×106 cells
per well in 24 well culture plate, and incubated for 3 h at 37°C/5% CO2.
After incubation in DMEM/F12 with 10% FBS, the culture medium was
replaced by DFB27 medium [DMEM/F12 containing 1% B27 supplement
(Life Technologies), 0.6% glucose (Nacalai Tesque), 1.125 mg/ml NaHCO3

(WAKO), 0.05 M HEPES (Sigma-Aldrich), 20 μg/ml insulin (Sigma-
Aldrich), 100 μg/ml transferrin (Sigma-Aldrich), 30 nM sodium selenite
(Sigma-Aldrich), 40 nM progesterone (Sigma-Aldrich), 10 μg/ml
putrescine dihydrochloride (Sigma-Aldrich), 10 nM 3-iodo-L-tyrosine
(Sigma-Aldrich), 2× GlutaMax (Thermo Fisher Scientific), 0.1 mg/ml
bovine serum albumin (Nacalai Tesque), 1× penicillin (100 units/ml)/
streptomycin (100 µg/ml) (WAKO) and 3 µM cytosine β-D-
arabinofuranoside hydrochloride (Sigma-Aldrich)]. Cells were maintained
at 37°C/5% CO2 with partial replacement of the media every 4-7 days. For
live cell imaging experiments, dissociated cells were resuspended in Opti-
MEM (Thermo Fisher Scientific). Then 1.0-1.25×106 cells in 100 µl Opti-
MEM with 7.5 µg pAAV-L7-6-GFP-WPRE and 7.5 µg pCAG-neo Arp3-
mCherry were placed in an electrode cuvette (Nepagene). Cells were
electroporated using a NEPA21 electroporator using the following settings:
poring pulse: 150 V, 0.8 ms pulse length, 50 ms pulse interval, two pulses,
10% decay rate,+polarity; transfer pulse: 20 V, 50 ms pulse length, 50 ms
pulse interval, five pulses, 40% decay rate,±polarity. After electroporation,
cells were immediately resuspended in DFB27 medium with 10% FBS and
plated on 1 mg/ml PDL-coated four-well-cover glass chamber (IWAKI) at a
density of 2.0-2.5×106 cells per well and incubated at 37°C/5% CO2. After
3 h incubation, the culture medium was replaced by DFB27 medium.

Pharmacological experiments
N-WASP inhibitor wiskostatin (ab141085, Abcam), Arp2/3 inhibitor CK
666 (ab141231, Abcam), and Cdc42 GTPase inhibitor ML 141 (ab145603,
Abcam) were dissolved in dimethyl sulfoxide (DMSO), diluted in culture
medium and added to primary PCs throughout the duration of the culture at a
final concentration of 1 µM, 50 µM and 10 µM, respectively. DMSO was
used for control of inhibitors. The PC nuclei were visualized by Hoechst
staining to assess the dying PCs with pyknotic nucleus.

Live cell imaging and data analysis
Time-lapse images of electroporated cells at 3-7 DIV were acquired at
3-10 min intervals for 12 h using a fluorescence microscope BZ-X810
(Keyence) equipped with a stage top temperature-controlled thermal plate
[STR Model KIW(S/N990232), Tokai Hit]. During imaging, cells were
maintained in an incubation chamber at 37°C/5% CO2 and the focus was
auto-adjusted by the focus tracking mode of BZ-X810. The signal intensity
of mCherry fluorescence was measured by software (BZ-H4M, Keyence) at
the time point just before dendritic branching and the base points when the
fluorescence signals were stable 2 min 25 s to 26 min 40 s before the
aforementioned point.

Dendrite analysis
We analyzed lobes IV, V, VI, VII, VIII and IX of the cerebellum because of
the consistency of the number of electroporated PCs in each brain and the
identity of the phenotypes among those lobes. The entire morphology of
dendrites was visualized by sparse PC labeling with Venus, and 0.3 µm-
interval z-stack images were acquired with the z-stack mode of BZ-X810.
The dendrites were traced and skeletonized in reconstructed z-stack images
using Neurolucida 360 software (MBF Biosciences). Similarly, in
pharmacological analysis in vitro, the dendrites were traced and
skeletonized in two dimensional images using Neurolucida 360. The total
dendrite length and number of branches were calculated on a skeletonized
reconstruction using Neurolucida Explorer software (MBF Biosciences).
The dendrite area was calculated using the convex-hull method with

Neurolucida Explorer. The branching frequency was calculated by dividing
the total branch number by total dendrite length and converting the data to
the number of branches per 100 µm. The orientation of dendrites was
classified into three directions, apical, lateral and basal, as shown in the
scheme in Fig. 3H, and PCs were divided into the three groups: (1)
apical+basal+lateral, (2) apical+lateral and (3) apical. All the PCs that we
analyzed fell into one of the three groups. To quantify the dendrite number, a
dendrite was defined as the neurite(s), except for axon, that directly
elongated from the cell body of PC. For dendrite height, as the width of the
molecular layer varies from region to region within the cerebellar cortex,
the distance from the cell body to the highest dendrite and the width of the
molecular layer were measured, and dendrite height was calculated as a ratio
to the height of the molecular layer. For the experimental results shown in
Fig. 6B, dendrites with a height of less than 70% of the height of the
molecular layer were defined as abnormal.

Transfection into NIH3T3 cells
NIH3T3 cells were maintained in DMEM with 10% FBS and transfected
with 8.0 µg of pCAG-neo-HA-N-WASP VCA, mem VCA, PRDVCA or
mem PRDVCA using a NEPA21 electroporator. The cells were fixed 48 h
later for immunocytochemistry.

AAV production and injection
Recombinant AAV vectors were produced by HEK293T cells (GenHunter)
transfected with viral DNAs including pAAV-L7-6-HA-N-WASP
PRDVCA-WPRE, pUCmini-iCAP-PHP.eB and pHelper, as described
previously (Konno and Hirai, 2020). HEK293T cells were cultured in a
10 cm dish with DMEM (Sigma-Aldrich) supplemented with 10% FBS,
and transfected with viral vectors using the polyethylenimine method using
PEI MAX (Polysciences). The transfection reagent-containing culture
medium was replaced with serum-free DMEM at 24 h post-transfection.
After 5 days from medium change, AAV-containing medium was collected
and concentrated using Pierce Protein Concentrator PES, 100K MWCO,
5-20 ml (Thermo Fisher Scientific). The final volume of AAV solution was
∼200-500 µl. The viral genomic titer was measured by real-time quantitative
PCR using the extracted viral genomic DNA from the concentrated viral
solution and Thunderbird SYBR qPCR Mix (Toyobo) with the primers
for WPRE sequences being 5′-CTGTTGGGCACTGACAATTC-3′ and
5′-GAAGGGACGTAGCAGAAGGA-3′. The PCR reaction parameters
were an initial denaturation phase of 95°C for 1 min, two-step PCR phase of
95°C for 15 s, 60°C for 30 s (40 cycles). For viral transduction in ICR
mouse at P7, 100 µl of the viral solution mixture (AAV-L7-6-HA-N-WASP
PRDVCA; 4.0×1012 viral genome, AAV-L7-6-mCherry; 8.0×109 viral
genome) was intravenously injected into the retro-orbital sinus of mice using
a 0.5 ml syringe with a 30-gauge needle (Nipro).
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