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nArgBP2 regulates excitatory synapse formation by
controlling dendritic spine morphology
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Neural Abelson-related gene-binding protein 2 (nArgBP2) was orig-
inally identified as a protein that directly interacts with synapse-
associated protein 90/postsynaptic density protein 95-associated
protein 3 (SAPAP3), a postsynaptic scaffolding protein critical for
the assembly of glutamatergic synapses. Although genetic deletion
of nArgBP2 in mice leads to manic/bipolar-like behaviors resembling
many aspects of symptoms in patients with bipolar disorder, the
actual function of nArgBP2 at the synapse is completely unknown.
Here, we found that the knockdown (KD) of nArgBP2 by specific
small hairpin RNAs (shRNAs) resulted in a dramatic change in
dendritic spine morphology. Reintroducing shRNA-resistant nArgBP2
reversed these defects. In particular, nArgBP2 KD impaired spine-
synapse formation such that excitatory synapses terminated mostly
at dendritic shafts instead of spine heads in spiny neurons, although
inhibitory synapse formation was not affected. nArgBP2 KD further
caused a marked increase of actin cytoskeleton dynamics in spines,
which was associated with increased Wiskott-Aldrich syndrome pro-
tein-family verprolin homologous protein 1 (WAVE1)/p21-activated
kinase (PAK) phosphorylation and reduced activity of cofilin. These
effects of nArgBP2 KD in spines were rescued by inhibiting PAK or
activating cofilin combined with sequestration of WAVE. Together,
our results suggest that nArgBP2 functions to regulate spine mor-
phogenesis and subsequent spine-synapse formation at glutama-
tergic synapses. They also raise the possibility that the aberrant
regulation of synaptic actin filaments caused by reduced nArgBP2
expression may contribute to the manifestation of the synaptic dys-
function observed in manic/bipolar disorder.
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he postsynaptic enriched adaptor protein neural Abelson-

related gene-binding protein 2 (nArgBP2), a neural-specific
splice variant of the ubiquitous ArgBP2, was originally identified
as a binding partner of synapse-associated protein 90/post-
synaptic density protein 95-associated protein 3 (SAPAP3) (1). It
belongs to a family of adaptor proteins that are involved in the
regulation of cell adhesion, actin cytoskeleton organization, and
growth factor receptor signaling (2). This protein family is char-
acterized by a sorbin homology (SoHo) domain in the NH,-
terminal region and three Src homology 3 (SH3) domains in the
COOH-terminal region (3). Although the SoHo domain remains
poorly characterized, the SH3 domains bind signaling protein
kinases, the ubiquitin ligase, and protein involved in the regu-
lation of focal adhesions and adhering junctions (1, 4-6). The
NH,-terminal region of nArgBP2, which contains the SoHo
domain, interacts with spectrin, whereas the COOH-terminal
SH3 domains bind dynamin, synaptojanin, Wiskott—Aldrich syn-
drome protein-family verprolin homologous protein (WAVE)
isoforms, and WAVE regulatory proteins (3), all of which par-
ticipate in the regulation of the actin cytoskeleton. We also
found that the down-regulation of both ArgBP2 and nArgBP2
expression in astrocytes redistributes focal adhesion proteins and
increases peripheral actin ruffles (3), suggesting that nArgBP2
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controls the balance between adhesion and motility by coordi-
nating actin cytoskeleton dynamics.

WAVE and Racl are key players in the regulation of actin
dynamics. WAVE activates the actin-related protein (Arp2/3)
complex (7), and its phosphorylation by cyclin-dependent kinase
5 is known to regulate dendritic spine morphology (8). Racl also
regulates dendrite initiation, elongation, and the complexity of
branching, as well as spine formation (9, 10). The major down-
stream effector of Racl is p2l-activated kinase (PAK), which
controls LIM-domain containing protein kinase (LIMK), which,
in turn, facilitates actin filament stabilization through the phos-
phorylation and inactivation of the actin depolymerizing factor
cofilin (11-14). Aberrant WAVE/Racl/PAK signaling leads to
defects in neuronal connectivity and synaptic plasticity (15, 16).
Importantly, genetic analyses have revealed that mutations in
genes regulating the actin filament network at synapses are as-
sociated with intellectual disability (17), autism (18), and schizo-
phrenia (19), indicating dysregulation of actin cytoskeleton as one
of the common pathophysiological mechanisms for these disorders.

nArgBP2 mRNA is highly expressed in the isocortex, hippo-
campal formation, cortical subplate, striatum, thalamus, and
hypothalamus (20), the majority of which are regions of the brain
associated with bipolar disorder (BD) (21). Furthermore, genetic
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nArgBP2 primarily localizes to excitatory synapses in spiny neurons, and KD of nArgBP2 decreases mushroom-shaped spines and increases filopodia-

like protrusions. nArgBP2 clusters colocalized with PSD95 (A) and were also juxtaposed with vGLUT1 puncta in pyramidal spiny neurons (B). (Lower) Images
are enlarged views of the boxed regions. nArgBP2 clusters did not colocalize with gephyrin in spiny neurons (C) and were almost absent in aspiny neurons (D).
(E) nArgBP2 rarely colocalized with vGAT in spiny neurons. (Scale bars: A and B, Upper, 20 um; A and B, Lower and C-E, 10 um.) (F) Manders’ colocalization
coefficients (MCCs) of nArgBP2 clusters with PSD95 or gephyrin signals. M1 (yellow bars) indicates the fraction of nArgBP2 overlapping PSD95 or gephyrin,
and M2 (green bars) indicates the fraction of PSD95 or gephyrin overlapping nArgBP2 (M1: 0.78 + 0.02 for PSD95, 0.08 + 0.02 for gephyrin; M2: 0.85 + 0.01 for
PSD95, 0.08 + 0.01 for gephyrin). (G and H) Cortical neurons at DIV6 were infected with adenoassociated virus (AAV)-shRNA-nArgBP2, and the KD efficiency
was confirmed by Western blotting with anti-nArgBP2 antibody at DIV21. (/) Representative spine morphologies from dendrites of neurons expressing
scrambled (control) or shRNA-nArgBP2. Hippocampal neurons were transfected at DIV9 and fixed at DIV16. (Middle) Enlarged images of parts enclosed with
rectangles. (Lower) Three representative examples of mushroom spines from control neurons and filopodia-shaped protrusions from nArgBP2 KD. (Scale bars:
Upper and Middle, 20 pm; Lower, 2 um.) The numbers of mushroom-shaped spines (J) and filopodia (K) from control and shRNA-transfected neurons are
shown. *P < 0.05; **P < 0.01 by Student’s t test (n = 54 neurons from six independent cultures). (L) Representative images of spine morphologies from
dendrites of neurons coexpressing the shRNA with GFP full-length nArgBP2 (FL)-resistant or GFP-ASH3-nArgBP2 (ASH3)-resistant constructs. res, a silent
mutation that is resistant to shRNA. (Scale bar: 20 pm.) The numbers of mushroom-shaped spines (M) and filopodia (N) are shown (n = 36 neurons from five

independent cultures).

deletion of nArgBP2 in mice leads to manic/bipolar-like behavior
resembling many symptoms of BD (22, 23). A recent study also
showed that genetic deletion of SAPAP3, a binding partner of
nArgBP2, causes anxiety-like behaviors in mice, thus implicating
it in the pathogenesis of obsessive-compulsive behaviors (24).
Another recent study has shown overexpressed SH3 and multiple
ankyrin repeat domains 3 (Shank3) causes manic-like behaviors
(25), whereas loss of Shank3 is linked to autism spectrum dis-
orders (26, 27). Interestingly, Shank3 binds to SAPAP, which
interacts directly with nArgBP2, again positioning nArgBP2 as a
hub in the etiology of various mood disorders. Despite the high
possibility that nArgBP2 could be involved in the etiology of such
mood disorders, remarkably, nothing is known about the role of
nArgBP2 at synapses or its connection with the synaptic dys-
functions associated with these neurological disorders.

In the current study, we found that knocking down nArgBP2
causes a dramatic change in spine morphology and a robust in-
hibition of excitatory spine-synapse formation. nArgBP2 down-
regulation increases actin dynamics through the activation of the
Racl/WAVE/PAK pathway, which in turn decreases cofilin ac-
tivity. Thus, we provide evidence that nArgBP2 regulates spine
morphogenesis and glutamatergic spine-synapse formation by
controlling actin dynamics. Because recent reports have shown
that genetic deletion of nArgBP2 in mice leads to manic/bipolar-
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like behavior, our results revealed the underlying mechanism for
the synaptic dysfunction caused by nArgBP2 down-regulation
that may be associated with analogous human neurological
disorders.

Results

In cultured hippocampal neurons, nArgBP2 signals were pri-
marily detected in punctate clusters in dendrites that colocalized
with the excitatory postsynaptic scaffolding protein PSD95
(Fig. 1 A and F). Dendritic clusters of nArgBP2 were also jux-
taposed with the vesicular glutamate transporter 1 (vGLUT1; an
excitatory presynaptic protein) puncta in spiny neurons (Fig. 1B).
In contrast, nArgBP2 rarely overlapped with the inhibitory
postsynaptic scaffolding protein gephyrin in spiny neurons (Fig. 1
C and F) and was almost absent in aspiny gephyrin-positive
neurons (Fig. 1D and Fig. S1). Consistently, nArgBP2 clusters
were hardly juxtaposed with the vesicular GABA transporter
(VGAT,; an inhibitory presynaptic protein) (Fig. 1E and Fig. S1).
We found that nArgBP2 clusters were mainly detected in neu-
rons negative for the GABA synthetic enzyme glutamic acid
decarboxylase GAD67, whereas only nuclear and diffuse signals
were observed in GAD67-positive GABAergic neurons (Fig.
S1A4). Thus, we conclude that nArgBP2 primarily localizes to
excitatory synapses in spiny pyramidal neurons.

Lee et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600944113/-/DCSupplemental/pnas.201600944SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600944113/-/DCSupplemental/pnas.201600944SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600944113/-/DCSupplemental/pnas.201600944SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1600944113/-/DCSupplemental/pnas.201600944SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1600944113

C

A ~ Spiny neurons
Excitatory Inhibitory

Excitatory

i A ey

PSD95/vGLUT1 .'conrol Gephyrin/vGAT/control
. ESCEEEEN §
r %

PSD95/vGLUT1/shRNA  Gephyrin/vGAT/shRNA

B P B -l

-y

Aspiny neurons

PSD95/vGLUT1/ShRNA  Gephyrin/vGAT/ShRNA
Aspiny neurons

Inhibkoey Fig. 2. nArgBP2 KD impairs excitatory spine-synapse
formation, although it does not affect inhibitory
synapses. (A and B) Immunocytochemistry of den-
drites from scrambled (control) and nArgBP2 KD
(shRNA) spiny neurons (DIV21) colabeled with anti-
bodies against vGLUT1 and PSD95 or vGAT and
gephyrin to visualize pre- and postsynaptic elements
of excitatory or inhibitory synapses, respectively. Ar-

rowheads point to PSD95 clusters that form at den-

Inhibitory s . FeTs e
N.S dritic shafts instead of dendritic spines. (C and D)
25 = Analogous experiments to reveal excitatory and in-
20 hibitory synaptic contacts in aspiny neurons. To

generate a more contrasted picture, we have pseu-
docolored the gephyrin signal to red and the DsRed
10 signal by the shRNA vector to blue. The number of
excitatory synaptic contacts on dendritic spines in
spiny neurons (vGLUT1 and PSD95 puncta) was dra-

B Spiny neurons D
E Excitatory Inhibitory E Excitatory
* *
325 25 NS Sax NS
@20 20 3 20
Qo (=%
215 15 215
> >
) 7]
510 10 %5 10
353 5 3s
£ £
50 - - 0 S 0
Z spine shaft spine shaft control shRNA = control shRNA

control
E control shRNA

shRNA
control

matically reduced in KD neurons, although the
number of inhibitory synaptic contacts on the den-
dritic shaft (vGAT and gephyrin puncta) was not
changed. Neither excitatory nor inhibitory contacts
in aspiny neurons were altered. All data are mean +
SEM. *P < 0.01 (n = 52 neurons from five in-

control shRNA

i 4 N S e w '

F!:"_ * T2 N.S H';:T NS T
g"s g10 26 o
] 2 3 < 3
3 S ] =
g4 £ 6 34 %
w < I <
Q2 Q4 Q2 o
o Hd @ @
& &2 o a
E E o Eo £

. control shRNA control shRNA control shRNA

To assess the physiological effects of nArgBP2 on spine for-
mation, we generated small hairpin RNA (shRNA) targeting all
isoforms of nArgBP2. Suppression of nArgBP2 expression by
shRNA was confirmed by Western blot analyses of cultured
cortical neurons and GFP-nArgBP2—transfected HEK293T cells
(Fig. 1 G and H and Fig. S2). To investigate the effect of
nArgBP2 knockdown (KD) on dendritic spine formation, neu-
rons were transfected at 9 d in vitro (DIV9) with shRNA or
scrambled shRNA, and were fixed at DIV16. We found that the
density of total dendritic protrusions was decreased in KD, but
the most striking effect was on dendritic spine morphology.
nArgBP2 KD resulted in a dramatic decrease in the proportion
of mushroom-shaped spines (18.83 + 3.20 for control, 4.16 +
1.11 for KD; Fig. 1 I and J) and a concomitant increase of long,
thin, filopodia-like protrusions (Fig. 1 I and K). When a GFP
full-length nArgBP?2 that is resistant to sSiRNA (GFP-nArgBP2-
res) was introduced into KD neurons, the defect on dendritic
spine morphology was fully rescued, ruling out any off-target ef-
fect of shRNA expression (Fig. 1 L-N). The SH3 domain-deletion
mutant (GFP-ASH3-nArgBP2-res), however, failed to rescue the
KD phenotype, indicating that the SH3-mediated interactions are
required (Fig. 1 L and M).

Dendritic spines are actin-rich architectures that receive pre-
synaptic inputs in most excitatory synapses of the central nervous
system (28). To monitor excitatory/inhibitory synaptogenesis
in vitro, neurons were labeled with antibodies against presynaptic
vGLUT1 and postsynaptic PSD95 or presynaptic vGAT and
postsynaptic gephyrin to distinguish between putative excitatory
and inhibitory synapses, respectively (Fig. 2 A-D). Presynaptic
development was similar in both neurons as assayed by the
quantification of vVGLUT1- or vGAT-positive puncta (puncta per
50 pm of dendrite; vGLUT1: 19.04 + 1.13 for control, 17.31 +
1.81 for KD; vGAT: 17.49 + 1.14 for control, 17.80 + 1.72 for
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dependent cultures). N.S., not significant. (Scale bar:
A and C, 5 pm.) (E and F) nArgBP2 KD reduced the
frequency, but not the amplitude, of mEPSCs. Neu-
rons were transfected at DIV9 and analyzed at
DIV16. Sample traces of mEPSCs are shown in E. *P <
0.05 by Student'’s t test [n = 9 for control (scrambled)
and for KD]. (G and H) nArgBP2 KD had no effect on
the frequency or amplitude of miniature inhibitory
postsynaptic currents (mIPSCs) [n = 7 for control
and 8 for KD (Student'’s t test)]. Error bars indicate
mean + SEM.

control shRNA

KD), demonstrating that nArgBP2 KD did not interfere with the
establishment of presynaptic contacts. Intriguingly, excitatory
contacts between vGLUT1 and PSD95 in KD predominantly
formed at dendritic shafts instead of on spine heads in spiny
neurons (Fig. 2 4 and B). The number of synapse on spines was
decreased dramatically with concomitant increase of synapse on
shafts (18.20 + 2.50 on spines, 1.91 + 1.08 on shaft for control
and 1.899 + 0.83 on spines, 15.81 + 2.5 on shaft for KD; Fig. 2B).
The location of vGAT-gephyrin—positive inhibitory contacts on
dendritic shafts appeared unchanged (Fig. 2 4 and B). In con-
trast, excitatory and inhibitory synapses in aspiny neurons were
not altered by KD (Fig. 2 C and D). These data indicate that
nArgBP2 KD causes a specific reduction of spine-bearing syn-
apses, which is also consistent with the decrease in “matured”
mushroom-shaped spines in nArgBP2 KD neurons.

We next evaluated the functional consequence of nArgBP2
KD on synaptic transmission. nArgBP2 KD significantly reduced
the mean frequency of miniature excitatory postsynaptic currents
(mEPSCs), whereas the amplitude of the mEPSCs was unaf-
fected (Fig. 2 E and F). nArgBP2 KD had no effect on miniature
inhibitory postsynaptic currents in both frequency and amplitude
(Fig. 2 G and H), supporting its selective role in controlling
spine-bearing excitatory synapses. We further showed that GFP-
nArgBP2-res, but not GFP-ASH3 nArgBP2-res, rescued the de-
fects in mEPSC frequency by KD (Fig. S2).

To address the molecular mechanisms linking loss of nArgBP2
to aberrant spine morphology, we studied actin cytoskeleton
modifications (29-31). nArgBP2 interacts with WAVE and
proteins of the WAVE regulatory complex like PIR121 and
Napl1 (3). Thus, we followed the state of activation of WAVE in
nArgBP2 KD neurons and found increased levels of phospho-
WAVEL (Fig. 34), the active form of the protein.
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WAVE is activated by Racl, which also promotes phosphor-
ylation of cofilin via PAK-LIMK cascade (12, 32). Because the
role of PAK and cofilin on spine morphogenesis is well estab-
lished (15, 33-35), we hypothesized that loss of nArgBP2 may
enhance Racl activity, leading to activation of PAK and subse-
quent inactivation of cofilin, which may ultimately cause the loss
of mature mushroom-type spines and an overabundance of im-
mature filopodia-like protrusions. Indeed, we also observed an
up-regulation of phosphorylation of both PAK and cofilin in
nArgBP2 KD (Fig. 3 B and C), indicating that nArgBP2 KD
causes activation of WAVELI and PAK, and a subsequent inac-
tivation of cofilin. Furthermore, we found that the inhibition of
PAK by the coexpression of PAK-inhibitory domain (PID) or the
coexpression of a constitutively active cofilin mutant S3A (Fig. 3
D-H) both partially rescued the dendritic spine phenotype
caused by nArgBP2 KD.

Because nArgBP2 KD activates both WAVE and PAK path-
ways, we reasoned that just inhibiting PAK may not be enough to
rescue the phenotype fully. To prove this hypothesis, we decided
to block both WAVE and PAK activity in nArgBP2 KD back-
ground. Previously, we found that among three SH3 domains of
nArgBP2, the first and the second bind to WAVE, whereas the
third does not (3). Thus, we constructed mitochondria-targeting
SH3-1/2 and SH3-3 domains (mSH3-1/2 and mSH3-3). As ex-
pected, mSH3-1/2 (but not mSH3-3) sequesters WAVE from the
cytosol to the mitochondria (Fig. S3). Using these tools, we
showed that the sequestration of WAVE by mSH3-1/2 partially
rescues the dendritic spine phenotype caused by nArgBP2 KD
(Fig. S4). Furthermore, we demonstrated that the inhibition of
PAK by PID or cofilin by S3A, combined with sequestration of
WAVE by mSH3-1/2, almost totally rescues the aberrant spine
phenotype caused by nArgBP2 KD (Fig. 3 D-H). Together, these
results strongly indicate a causal relation between elevated
WAVE/PAK/cofilin phosphorylation and the aberrant dendritic
spine morphology observed in nArgBP2 KD neurons.

Previously we demonstrated that the ArgBP2/nArgBP2 KD in
astrocytes causes major changes in actin dynamics (3). We have
used live-cell imaging techniques to follow the spatial-temporal

6752 | www.pnas.org/cgi/doi/10.1073/pnas.1600944113
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dynamics of actin in dendritic spines. We derived outline profiles
of individual spines in successive time-lapse recording frames
and used these profiles to calculate a shape factor (Fig. 44,
details are provided in Materials and Methods). Changes in shape
factor during the time-lapse recording are an index of the spine
motility. Consequently, we found that the shape factor value
oscillates closer to 0.9 in control neurons (Fig. 4B), indicating
that spines are stable and rounder in these cells. In nArgBP2 KD
spines, however, wider fluctuations in the shape factor spanning
from 0.4 to ~0.8 were observed, suggesting the irregular shapes
and the highly dynamic nature of KD spines (Fig. 4C).

To study the actin dynamics within spines further, we per-
formed fluorescence recovery after photobleaching (FRAP) ex-
periments in neurons expressing GFP-actin. Individual spines
were photobleached, and the time of fluorescence recovery was
used as an indicator of actin dynamics (Fig. 4D). Because actin
filaments within the spines are in dynamic equilibrium, the re-
covery of fluorescence reflects the rate of turnover of actin.

In control spines, the average time constant for recovery of
GFP-actin after photobleaching was 29.99 + 1.65 s; 80.3 + 1.14%
of total actin was in a dynamic state, and 19.7 + 1.09% was stable
(Fig. 4 E-G and Table S1). In nArgBP2 KD, the rate of turnover
of actin was not significantly altered (t = 28.12 + 1.40 s), but al-
most all actin (95.1 + 1.16%) was in a dynamic state, whereas only
4.90 + 0.54% of the total was stable (Fig. 4 E-G and Table S1).
Finally, treatment of neurons with 10 pM N®-[2-[[4-(dieth-
ylamino)-1-methylbutyl] amino]-6-methyl-4-pyrimidinyl]-2-
methyl-4,6-quinolinediamine trihydrochloride (NSC23766), a
selective inhibitor of Racl-GEF, completely abrogated the effect
of nArgBP2 KD on actin composition, indicating that Racl acti-
vation is downstream of nArgBP2 KD (Fig. 4 and Table S1).

Discussion

Here, we show that nArgBP2 ablation reduces the number of
mushroom-shaped dendritic spines and selectively inhibits the
spine-synapse formation. FRAP experiments revealed that nArgBP2
KD increases the pool of dynamic actin and diminishes the amount
of stable F-actin. This alteration of actin dynamics correlates
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Fig. 4. nArgBP2 KD causes a marked increase of actin cytoskeleton dy-
namics in spines. (A) Shape factor (SF) of dendritic spines calculated from
time-lapse recordings of GFP-actin dynamics. Changes in spine shape were
assessed using the “shape factor” routine (sf = 4nA/p?) of the MetaMorph
program. Values close to 0 represent elongated or ruffled shapes, whereas
values around 1 describe a perfect circle. Fluctuations in shape factor values
reflect spine motility. Representative shape factor profiles of control (B) and
nArgBP2 KD (C) spines over time. Each color indicates an individual spine.
Hippocampal neurons were transfected at DIV9 and analyzed at DIV16.
Compared with control, nArgBP2 KD produces an irregular or elongated
spine shape and a wider fluctuation of the shape factor that indicates rapid
spine motility. (D) Example of fluorescence recovery in spines after photo-
bleaching. Neurons were transfected with GFP-actin at DIV9 and studied at
DIV16. Immediately after photobleaching, the images indicate a complete loss
of fluorescence in the bleached spines (arrowheads), although neighboring
spines are unaltered. Subsequent time-lapse images show gradual recovery of
fluorescence. (Scale bar: 2 ym.) (E) Fluorescence intensity in the bleached
spines, normalized to resting values. The continuous lines were given by
Eqg. S1. Fluorescence recovery was up to ~80% and ~98% in control neu-
rons and nArgBP2 KD cells, respectively. Treatment of neurons with 10 uM
Rac1 inhibitor NSC23766 completely abrogates the effect of nArgBP2 KD
on actin dynamics. Proportions of immobile actin (F) and mobile actin (G)
in control, nArgBP2 KD, and nArgBP2 KD spines treated with NSC23766 are
shown (exact numbers are shown in Table S1). Results clearly show that
nArgBP2 KD causes a dramatic increase in the fraction of dynamic actin
and a concomitant reduction in the fraction of stable actin in spines. *P <
0.05 by ANOVA, followed by Tukey’s HSD post hoc test (n = 15 neurons
from five independent cultures).

with the amplification of the shape factor fluctuation and the
increase in the dendritic spine motility.

nArgBP2 knockout mice show manic/bipolar-like behavior
resembling many aspects of BD (22, 23). The prefrontal cortex,
striatum, and amygdala have been implicated in the pathogen-
esis of the disease (21, 36), all of which are brain regions that
express nArgBP2 highly (20). Furthermore, a significant reduc-
tion in the average number of spines was found in individuals with
BD (37). Therefore, the reduction of the mushroom-shaped spines
and inhibition of the spine-synapse formation observed in this
study are consistent with the spine phenotypes in individuals
with BD.

The C-terminal SH3 domains of nArgBP2 bind to WAVEI1
and WAVE2, and to components of a WAVE regulatory com-
plex such as PIR121 and Napl (3). WAVE is controlled by Racl
with the WAVE regulatory complex. We showed that nArgBP2
KD increases levels of the active pool of WAVEL (Fig. 34).
These results are consistent with the increase in the dynamic
pool of F-actin observed in nArgBP2 KD spines and support our
previous observations that ArgBP2/nArgBP2 KD in astrocytes
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increases actin dynamics (3). Coherently with a global role of
nArgBP2 in the repression of WAVE, we also observed a mo-
lecular signature of Racl activation in nArgBP2 KD. We found
that both PAK and cofilin phosphorylation are elevated in
nArgBP2 KD (Fig. 3 B and C). Accordingly, either the inhibition
of PAKI1 or the activation of cofilin combined with sequestration
of WAVE compensates for the ablation of nArgBP2 and rescues
spine defects (Fig. 3 D-H). In addition, the inhibition of Racl by
NSC23766 successfully rescues the nArgBP2 KD phenotype in
actin composition (Fig. 4 E-G). Thus, we propose that the re-
covery of spine formation through the inhibition of the Racl/
PAK1 pathway is due to the ability of cofilin to balance the burst
of local polymerization of F-actin within spines caused by the
overactivation of the WAVE pathway.

A recent study (27) demonstrated the physical interaction of
nArgBP2 with Shank3, the loss of which is associated with autism
spectrum disorders. Interestingly, transgenic mice overexpressing
Shank3 show a hyperkinetic neuropsychiatric-like disorder, and
higher levels of Shank3 increase local accumulation of F-actin in
the dendritic spine through its direct effect on the Arp2/3 com-
plex (25). Thus, nArgBP2, through its action on WAVE, which is
closely interconnected with Shank3, regulates local polymeriza-
tion of F-actin in spine glutamatergic synapses and may play a
role in several neuropsychiatric disorders. Furthermore, PIR121,
which interacts with nArgBP2 (3), is also called cytoplasmic
fragile X mental retardation protein (FMRP) interacting protein
2 (CYFIP2) (38, 39), and FMRP-null neurons show a reduction
in mushroom-shaped spines and a increase of filopodia-like
structures (40), very similar to what we show here in nArgBP2 KD.

Finally, we observed a very striking absence of mushroom-
shaped spines in nArgBP2 KD excitatory neurons and a pref-
erential assemblage of synaptic contacts on the dendritic shafts.
The shaft synapses are relatively high in young animals, but
drop considerably during maturation. In an adult animal,
however, spine synapses increase shortly after long-term po-
tentiation (LTP) induction, and are converted into shaft syn-
apses during LTP maintenance (41). Behavioral experience
also alters spine and shaft synapses differently (42, 43). Epi-
leptiform activity leads to loss of spine synapses, but not shaft
synapses, whereas activity blockade induces a loss of shaft
synapses (44). Therefore, the balance between spine-synapse
and shaft-synapse controls neuronal efficacy, and any alteration
of this equilibrium could lead to various psychiatric disorders.
Indeed, a recent study showed that deletion of the autism-
associated gene neurobeachin reduces the number of spinous
synapses and forces excitatory synapses to terminate at den-
dritic shafts (45). Another related study showed that EphrinB3,
whose signaling is also linked to anxiety disorders, autism, and
mental retardation, selectively promotes synapse formation on
dendritic shafts (46). Changes in the proportion of excitatory
synaptic contacts formed either on dendritic spines or shafts
should have significant effects on network function and plas-
ticity (46-48). Previous studies, however, failed to produce
generally accepted evidence on the net effect of an unbalanced
ratio of these two types of synapse (46, 49-52). Our data
demonstrate that the increase of synapses on dendritic shaft
caused by nArgBP2 KD does not compensate for the alteration
of excitatory synaptic transmission due to the loss of synapses
on dendritic spines. Because the excitatory/inhibitory synaptic
imbalance likely leads to a broad spectrum of neuropsychiatric
disorders, the nArgBP2 KD that selectively alters excitatory
synapse formation may account for manic/bipolar-like behav-
iors observed in nArgBP2 knockout mice. Moreover, because
nArgBP2 interacts with proteins involved in different neuro-
logical disorders, such as autism, fragile X syndrome, and BD,
our finding on the role of nArgBP2 in the regulation of excit-
atory synapse formation implies that it could function as a hub
linking together etiological factors of different disorders. It
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certainly helps to broaden the knowledge base around these
diseases and will eventually contribute to identify novel mo-
lecular targets for their treatment.

Materials and Methods

Animal experimental procedures were approved by the Institutional Animal
Care and Use Committee of Seoul National University (approval ID no. SNU-
100930-5). Rat nArgBP2 ¢cDNA was constructed as previously described (3).
nArgBP2 KD was carried out by expressing shRNA duplexes through a pSIREN-
DNR-DsRed vector. Primary rat hippocampal or cortical neurons derived from E18
Sprague-Dawley fetal rats were prepared as described previously (53). Images
were analyzed using MetaMorph software and Imagel. More information about
the experimental procedures is available in S/ Materials and Methods.
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Note Added in Proof. While our manuscript was under revision, a study on the
genetic ablation of Sorbs2 (nArgBP2) in mice was published that showed the
reduction of dendritic complexity and excitatory synaptic transmission (22).
Unlike our data, Sorbs2 knockout mice did not show significant alterations
in dendritic spines. These observations were, however, conducted on den-
tate gyrus granule cells, which are constantly replaced by neurogenesis.
Thus, further analysis of other brain regions would be necessary to better
understand the effect of nArgBP2 ablation.
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