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The precise development of neuronal morphologies is crucial to the establishment of synaptic circuits and, ulti-
mately, proper brain function. Signaling by the axon guidance cue semaphorin 3A (Sema3A) and its receptor com-
plex of neuropilin-1 and plexin-A4 has multifunctional outcomes in neuronal morphogenesis. Downstream
activation of the RhoGEF FARP2 through interaction with the lysine-arginine-lysine motif of plexin-A4 and conse-
quent activation of the small GTPase Rac1 promotes dendrite arborization, but this pathway is dispensable for
axon repulsion. Here, we investigated the interplay of small GTPase signaling mechanisms underlying Sema3A-
mediated dendritic elaboration in mouse layer V cortical neurons in vitro and in vivo. Sema3A promoted the bind-
ing of the small GTPase Rnd1 to the amino acid motif leucine-valine-serine (LVS) in the cytoplasmic domain of
plexin-A4. Rnd1 inhibited the activity of the small GTPase RhoA and the kinase ROCK, thus supporting the activity
of the GTPase Rac1, which permitted the growth and branching of dendrites. Overexpression of a dominant-
negative RhoA, a constitutively active Rac1, or the pharmacological inhibition of ROCK activity rescued defects in
dendritic elaboration in neurons expressing a plexin-A4 mutant lacking the LVS motif. Our findings provide insights
into the previously unappreciated balancing act between Rho and Rac signaling downstream of specific motifs in

plexin-A4 to mediate Sema3A-dependent dendritic elaboration in mammalian cortical neuron development.

INTRODUCTION

The formation of distinct neuronal morphologies is tightly connected
to their functions (1). In particular, it is crucial for developing neu-
rons to establish proper dendritic branching patterns and densities
to ensure that the correct number of functional synapses is formed.
The formation of abnormal neuronal connections, impaired den-
drite morphology in particular, has been shown to contribute to
neurodevelopmental and neurological disorders, including intellec-
tual disability (2, 3), autism spectrum disorder (4), schizophrenia
(5), and epilepsy (6).

The neurodevelopmental processes of neurite outgrowth, for both
dendrites and axons, are largely dependent on and initiated by a
number of factors that include cell-cell adhesion, extracellular matrix
adhesion, and extracellular guidance cues. These factors mediate
functions by regulating cytoskeletal components, actin and micro-
tubules, leading to morphological changes in neurites (7, 8). The
class 3 secreted semaphorins (Sema3s) are among the most studied
guidance cues in the developing mammalian nervous system because
of their compelling multifunctionality and link to downstream cyto-
skeletal components. In particular, Sema3A has been demonstrated
to bind and activate the same holoreceptor complex of neuropilin-1
(Nrp1) and plexin-A4 to promote axonal repulsion and dendritic
morphogenesis in different neuronal populations both in vitro and
in vivo (9-13). It was shown that PlxnA4~'~ or PlxnA3~'~/PlxnA4™"~
double-mutant mice exhibit exuberant axonal projections in dorsal
root ganglion sensory neurons (13), and both Nrp1%™*~ (a mutated
receptor that cannot bind to Sema3A) and PlxnA4™~~ animals dis-
played severe reductions in basal dendrite outgrowth of layer V cor-
tical pyramidal neurons (10, 12). However, the underlying signaling
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mechanisms that enable the same ligand/receptor complex (Sema3A-
Nrpl/plexin-A4) to mediate such disparate functions are largely
unknown. The complexity of the cytoplasmic domain in plexin-A4
may mediate the disparate cellular responses observed upon the re-
ceptor’s activation by Sema3A. Previously, we performed an in vitro
structure-function analysis and identified several cytoplasmic do-
mains or motifs involved in dendritic elaboration and axon guid-
ance (11). We identified three amino acids, Lys-Arg-Lys (hereafter,
KRK), in the cytoplasmic domain that are required for the binding
of band 4.1, ezrin, radixin, and moesin (FERM) domain-containing
Rho guanine nucleotide exchange factor (GEF) proteins, including
FERM, ARHGEE and pleckstrin domain-containing protein 1 (FARP1)
and FARP2 (14, 15), and are sufficient to enable Sema3A-induced
cortical neuron dendritic elaboration in vitro (11). In addition, the KRK
motif is necessary for Sema3A-induced, Nrp1/plexin-A4-mediated
dendritic morphogenesis, but not axonal repulsion, in cortical layer V
pyramidal neurons and does so by associating with the GEF FARP2
leading to the activation of the small guanosine triphosphatase (GTPase)
Racl (16). Although several other Rho GTPases—including but not
limited to RhoA, RhoD, and Rnd1—are known to either associate
with or be downstream of plexin-A signaling to mediate different
cellular processes (17-20), it is not known whether any of these
small GTPases are also required for dendritic morphogenesis in re-
sponse to Sema3A.

Several of these Rho GTPases bind to the Hinge/Rho binding
domain (H/RBD) region of plexin-A receptors, which has been re-
vealed to be crucial for releasing the autoinhibition of the C1 and
C2 GTPase activating protein (GAP)-like domains of the receptor
and allowing activation of the receptor (21-24). Of the several Rho
GTPases that bind the H/RBD domain of plexin-A family members,
Rnd1 is of particular interest because of its low intrinsic GTPase
activity, which renders it constitutively active and functionally regu-
lated mainly by its expression and cellular localization (25, 26).
Rnd1l promotes the rearrangement of the actin and microtubule
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dynamics (26), leading to dendrite elaboration (27) and dendritic
spine elongation (28) in rat hippocampal neurons through inactiva-
tion of the RhoA-Rho-associated protein kinase (ROCK) pathway
(26, 28-36). Previously, Rnd1 has been characterized to associate
with the H/RBD region of plexin-Al, which contains the conserved
amino acid motif leucine-valine-serine (LVS) (23, 37, 38), and plexin-
B1 (19, 37, 39); its association with plexin-A1l induces axonal repul-
sion (15). However, it is not known whether Rnd1l also interacts
with plexin-A4 at the LVS motif and whether this interaction con-
tributes to neuronal dendrite elaboration.

Here, we generated a new, genetically modified mouse line,
PlxnA4"5 %A wherein the LVS amino acid motif was substituted
with GGA in the H/RBD region of plexin-A4 using the CRISPR-
Cas9 gene editing method. Using this mouse line, we investigated
whether the LVS motif is required for Sema3A/plexin-A4-induced
cortical pyramidal neuron dendritic development in vivo and in vitro.
The results suggest independent and cross-talking Rho GTPase-
mediated pathways that coordinate Sema3A-dependent dendritic
branching and growth in cortical neuron development.

RESULTS

Generation and validation of PlxnA4''> G6A/LVS-GGA

mutant mouse line

To investigate the requirement of the LVS motif of plexin-A4 in
Sema3A-Nrpl/plexin-A4-induced dendritic elaboration, we gener-
ated a novel mouse mutant, using CRISPR-Cas9 technology, to spe-
cifically target the sequence encoding the LVS motif in the plexin-A4
locus with the substitution of GGA (PlxnA4LYSCGALVSGGAY e
LVS nucleotide sequence (5-TTAGTGTCC-3') was substituted
with GGA (5'-GGAGGGGCC-3’). The specificity of the desired
mutation was confirmed using DNA sequencing (Fig. 1A) and tail
tip genomic DNA polymerase chain reaction (PCR) genotyping
(Fig. 1B). Total plexin-A4 protein levels were also evaluated using
biochemical analysis in the mutant mouse line. Plexin-A4 protein
levels in PlxnA4LVS-GGA/LVS-GGA adult animal cortices were compa-
rable to wild-type (WT) littermates (Plan4+/+ ) and heterozygotes
(PlxnA4*LVS-GGA; Big  1C). Moreover, the PlxnA4LVS-GGA/LVS-GGA
mutation did not affect the dendritic localization of plexin-A4 re-
ceptor compared with WT neurons immunostained for plexin-A4
under conditions without Triton X-100 (Fig. 1D). Last, the associa-
tion between plexin-A4 and its coreceptor Nrpl remained intact
and at comparable levels between PlxnA4™* and PlxnA4™S COVLVS GGA
brains (Fig. 1E). These findings suggest that the LVS-to-GGA muta-
tion did not affect the expression and distribution of plexin-A4 in
cortical neurons or the holoreceptor formation between Nrpl and
plexin-A4, enabling us to use the mutant mouse line in this study.

The LVS motif in the H/RBD domain of plexin-A4 receptor

is required for dendritic elaboration in cortical pyramidal
neurons in vivo

To investigate whether the LVS motif in the H/RBD domain of plexin-
A4 receptor is necessary for cortical pyramidal neuron dendritic
morphogenesis, we used adult brain tissue from PlxnA4"> COALVSGGA
mutant mice (2 to 3 months old) to assess the dendritic morphology
of deep layer cortical pyramidal neurons using the unbiased Golgi
staining in comparison to PlxnA4~'~ and WT PlxnA4*’* brains. Den-
dritic morphology assessment was done using well-established meth-
ods (16) such as number of dendritic intersections (Sholl analysis),
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dendritic length, and dendritic complexity. Our findings show im-
paired dendritic morphology of basal dendrites of deep-layer corti-
cal pyramidal neurons in PlxnA4"SCOALVSGGA 4nimals, as also
observed in PlxnA4™'~ animals, in comparison with PlxnA4*'* ani-
mals that exhibit a normal dendritic phenotype in vivo (Fig. 2A).
Sholl analysis showed significant impairments in dendritic morphol-
ogy in both PlxnA4LVS-GGA/LVS-GGA and PlxnA4~'~ animals (Fig. 2B).
Consistent differences in PlxnA4™SCCALVSGGA and PlxnA4™ in
comparison with PlxnA4** were also found in total dendritic
length (Fig. 2C) and dendritic complexity (Fig. 2D). These results
demonstrate that the LVS motif of plexin-A4 is essential for den-
dritic elaboration in cortical neurons in vivo.

The LVS motif in the H/RBD domain of plexin-A4 is required
for Sema3A/plexin-A4-induced dendritic elaboration in
cortical pyramidal neurons in vitro
Next, to test whether the LVS motif in plexin-A4 increases dendritic
elaboration specifically through Sema3A signaling, we addressed
the role of the LVS motif in Sema3A-induced plexin-A4 activation
in cortical pyramidal neurons in vitro. Primary cortical neurons
were cultured from PlxnA4"VSGOALVS-GOA 344 PlxnA4** (control)
mice on embryonic day 13.5 (E13.5) in neurobasal medium for 5 days.
Cortical neurons from the two genotypes were then stimulated with
either alkaline phosphatase (AP) alone or AP-Sema3A (5 nM) for
24 hours to induce dendritic elaboration; then immunostained with
antibody to microtubule associated protein 2 (MAP2), a dendritic
marker (11, 16); and assessed for the number of dendritic intersec-
tions, total dendritic length, and dendritic complexity.
PlxnA4"VS CGAVSGGA™ cortical neurons were unresponsive to
Sema3A-induced dendritic elaboration, as has been previously
shown in PlxnA4™'~ neurons overexpressing PlxnA4LVS-GGA/LVS-GGA
(11, 16), in comparison with PlxnA4*"* neurons that exhibit an in-
crease in the number of dendritic branches in response to Sema3A
treatment (fig. S1A). Sholl analysis showed a significant decrease in
dendritic intersections in PlxnA4LYS-GOA/LVS-GGA peyrons compared
with PlxnA4*/* neurons in response to Sema3A treatment (fig. S1B).
Consistent with the Sholl analysis results, the PlxnA4LVS-0GA/LVS-GGA
neurons exhibited decreased total dendritic length and dendritic
complexity index (DCI; fig. S1B) compared with the control neu-
rons in response to Sema3A treatment. The current findings are in
line with our previous in vitro structure-function screen (11) and
our in vivo findings (Fig. 2, A to D). Collectively, our findings dem-
onstrate that the LVS motif in the H/RBD region of plexin-A4 fa-
cilitates Sema3A-induced dendritic morphogenesis in cortical
pyramidal neurons during development.

The Rho GTPase Rnd1 associates with the LVS motif of
plexin-A4 and is necessary for Sema3A/plexin-A4-mediated
dendritic elaboration
Next, we aimed to address the signaling downstream of the LVS mo-
tif that mediates Sema3A-induced dendritic elaboration. The Rho
GTPase Rnd1 is known to interact with the H/RBD region of other
plexins, namely, plexin-Al (37, 38) and plexin-B1 (19, 37, 39).
Whether Rnd1 also interacts with plexin-A4 and whether the LVS
motif is required for this interaction to induce dendrite elaboration
are not known.

To examine the role of Rho GTPase Rndl in Sema3A-induced
dendritic elaboration, we first examined whether Rnd1 can associ-
ate with WT plexin-A4 and whether the LVS motif is required for
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Fig. 1. Validation of the PlxnA4"/S GGA/LVS-GGA
mutant mouse line. (A) Genomic DNA se-
quencing shows the specific substitution of
the LVS amino acid sequence to GGA in the
endogenous plexin-A4 receptor. WT, wild
type. (B) PCR analysis of tail genomic DNA
from PIxnA4LVS-GOAVS-GGA pi.p p g+/VS-GGA 5
PIxnA4~~ mice aged P21 to P27. Dashed line
indicates where two images, each from sepa-
rate gels, have been combined. (C) Western
blot analysis of adult cortices extracted from
PIXNA4LYSGEAVSGGA ply o A +AVSGGA Dl p g/~
PIxnA47'~, and PIxnA4** mice, with quantifi-
cation of plexin-A4 protein levels relative to input
control B-tubulin. Data are means + SEM from

A

PIxnA4-LVS (WT)

C PixnA4  PlxnA4
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this association. First, cortical neurons from PlxnA4-YS-GOA/LVS-GGA.

PlxnA4™~, and PlxnA4*"* E13.5 embryos were isolated and cul-
tured for 5 days and were treated with either AP alone or AP-
Sema3A for 15 min, followed by protein lysate collection. The
total protein lysates from each sample were then subjected to
immunoprecipitation (IP) with antibody to plexin-A4 and were
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probed with antibody to Rnd1 in Western blot analysis. Our re-
sults showed that AP-Sema3A treatment was able to induce
increased Rndl association with the WT plexin-A4 receptor
compared with AP-alone control treatment from the PlxnA4**
control neurons. On the other hand, AP-Sema3A treatment was
unable to promote more association between Rnd1 and plexin-A4
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Fig. 2. The LVS motif in plexin-A4 is re-
quired for dendritic elaboration in cortical
neurons in vivo. (A) Representative images
and overlay tracings of Golgi-stained layer V
cortical pyramidal neurons from the indicated
mouse lines, analyzed in (B) to (D). Scale bar,
20 pm. (B) Sholl analysis of the number of
dendritic intersections in layer V cortical pyra-
midal neurons from the indicated mouse
lines. Data are means + SEM from 20 neurons
from each of n = 3 animals per genotype.
#P < 0.001 versus PIxnA4** by two-way
ANOVA and Tukey’s post hoc analysis. (C and
D) Quantification of total dendritic length (C)
and the dendritic complexity index (D) in lay-
erV cortical pyramidal neurons from the indi-
cated mouse lines. Data are means + SEM
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from the PlxnA4lVSCCA/LVS-GGA heyrons compared to the
AP-alone treatment. Furthermore, the amount of Rnd1 pulled
down from PlxnA4™'~ neurons was significantly diminished for
both AP-Sema3A and AP-alone treatments (Fig. 3, A and B).
Therefore, we also confirmed the interaction between Rnd1 and
plexin-A4 in cortical tissue lysates from postnatal day 5 (P5)
pups, because the majority of dendritic growth in cortical neurons
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occurs during the first postnatal week (40, 41). In P5 animals, mu-
tant PlxnA4LVS-CGA/LVS-GGA receptors were still able to associate with
Rndl, but this association was significantly less (or weaker) compared
with the WT PlxnA4""* receptors, and little to no Rnd1 proteins were
pulled down in the cortical lysate samples from the PlxnA4™'~ ani-
mals (Fig. 3, C and D). These findings show that Rnd1 interacts
with plexin-A4, in part by binding to the LVS motif, and Sema3A
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Fig. 3.Sema3A induces Rnd1 association with plexin-A4 through the LVS motif of the H/RBD cytoplasmic domain. (A) Western blotting (WB) analysis for Rnd1 and
control proteins in lysates of E13.5 PIxnA4*/* (WT), PlxnA4-S COAYS-6GA and PlxnA4™'~ mouse cortical neurons treated with AP alone or AP-Sema3A for 15 min and im-
munoprecipitated with antibody to plexin-A4. Blots are representative of three independent experiments. (B) Quantification of the abundance of Rnd1 in blots described
in (A) relative to that of p-ll-tubulin and IgG. Data are means + SEM from n = 3 independent cultures per condition. Color code in inset legend follows in sequence top to
bottom as plots display left to right. P > 0.05 (ns, not significant), ***P < 0.001, and **P < 0.01 by one-way ANOVA and Tukey’s post hoc analysis. (C and D) Assay and
analysis as described in (A) and (B), respectively, on cortical tissues from 5-day-old mice, n = 4 per condition.

activation of plexin-A4 increases this interaction in developing cor-
tical neurons.

We next investigated the physiological role of Rnd1 in Sema3A-
induced dendritic elaboration. Using our established primary cor-
tical neuron cultures, we transfected PlxnA4*'* cortical neurons
with either scrambled or RndI-targeted small interfering RNA
(siRNA) and cultured neurons for 5 days. Cortical neurons were
then stimulated with AP alone or AP-Sema3A (5 nM) for 24 hours
to induce dendritic elaboration, and dendrites were immunostained
with antibody to MAP2. Cortical neurons transfected with Rnd1
siRNA were unresponsive to Sema3A treatment in comparison
with cortical neurons transfected with scrambled siRNA in elabo-
rating dendrites (Fig. 4, A to C). Biochemical analysis confirmed
the efficient and significant knockdown of Rndl in the cortical
neuron cultures (Fig. 4D). Overall, these results show that Rnd1
associates with the Sema3A signaling receptor plexin-A4 through
the LVS motif and is required for Sema3A-induced dendritic
elaboration.

Abushalbagq et al., Sci. Signal. 17, eadh7673 (2024) 16 January 2024

Sema3A/PIxnA4-mediated cortical dendrite elaboration
requires RhoA inactivation downstream of the LVS

motif signaling

Rndl promotes activity-dependent dendrite elaboration (27) and
dendritic spine elongation in rat hippocampal neurons (28) by de-
creasing RhoA activity and its downstream effector, ROCK (26,
28-36). Therefore, we examined whether inactivation of RhoA/ROCK
signaling by Rnd1 is required for dendritic elaboration in response
to Sema3A. We first examined whether RhoA activity is decreased
in response to Sema3A in cortical neurons. Primary neurons were
isolated from PlxnA4™VS COAVS-GGA ply A4/~ and PlxnA4™* em-
bryos, grown for 5 days in vitro (DIV), and were treated with either
AP alone or AP-Sema3A for 15 min. Protein lysates were obtained
and probed for RhoA-guanosine 5’'-triphosphate (GTP) (active
RhoA) and total RhoA in Western blot analysis. Sema3A treatment
induced a decrease in RhoA-GTP levels compared with control
treatment only in PlxnA4*/* cortical neurons (fig. S2, A and B). In
contrast, Sema3A treatment did not induce RhoA inactivation in
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Fig. 4.The Rho GTPase Rnd1 and subsequent RhoA inactivation is necessary for Sema3A-induced dendritic elaboration in cortical neurons in vitro. (A) Repre-
sentative images of E13.5 cortical neurons from PlxnA4*/* mice, transfected with Scrambled siRNA, Rnd1 siRNA, or Rnd1 siRNA + RhoADN-GFP (GFP dominant-negative
RhoA) construct, then cultured for 5 days, treated with either AP alone or AP-Sema3A (5 nM) for 24 hours, and immunostained for the dendritic marker MAP2 (green) and,
for the RhoADN-GFP transfected sets, GFP (red). Scale bar, 20 um. (B) Sholl analysis representing the number of dendritic intersections under each condition of PlxnA4*/*
cortical neurons. Data are means + SEM from 15 neurons in each of n = 3 independent cultures per condition. Color code in inset legend follows in sequence top to bot-
tom as bars display left to right. *P < 0.001 versus scrambled + AP and #P < 0.001 versus Rnd1 siRNA + Sema3A by two-way ANOVA with Tukey’s post hoc test. (C) Total
dendritic length and dendritic complexity index under each condition of PlxnA4*/* cortical neurons. Data are means + SEM from 15 neurons from each of n = 3 indepen-
dent cultures per condition. Color code follows that in (B), same sequence. *#**P < 0.001 by one-way ANOVA Tukey’s post hoc test. (D) Western blotting analysis and
quantification of Rnd1 levels in E13.5 cortical neurons transfected in culture with scrambled or Rnd1-targeted siRNA. Data are means + SEM for n = 3 independent cultures

per condition. **P < 0.01 by Student’s t test.

Plxn A4S GOA/IVS-GGA o Pl A4™~ neuronsin response to Sema3A. To
confirm the specificity of the RhoA-GTP antibody in our Western
blot, we performed an IP using the RhoA-GTP antibody, then
probed for total RhoA, and found that the IP RhoA(-GTP) did in-
deed decrease with AP-Sema3A in comparison with AP-alone treat-
ment, consistent with our Western blotting analysis (fig. S2, C and D).
Next, we tested the relationship between Rnd1 and RhoA activity in
the context of Sema3A signaling. WT primary cortical neurons were
transfected with either scrambled siRNA or Rndl1 siRNA, followed
by AP-alone control or AP-Sema3A treatments. Our biochemical

Abushalbagq et al., Sci. Signal. 17, eadh7673 (2024) 16 January 2024

analysis showed that Sema3A treatment of control neurons (trans-
fected with scrambled siRNA) resulted in lower levels of active
RhoA as indicated by anti-RhoA-GTP densitometry compared with
the AP-alone control treatment, whereas neurons transfected with
Rnd1 siRNA without Sema3A treatment showed the highest level of
active RhoA compared with all conditions (fig. S2, E and F). These
results suggest that the Sema3A-induced decrease in RhoA activ-
ity is able to occur through another pathway in addition to the one
mediated by Rnd1. We also examined whether RhoA inactiva-
tion occurs in vivo during dendritic development using cortical

60of 14

$202 ‘61 Anf uo ANSIOATUN) SIOTINY e S10°00ULIdS MMM //:SANY WOoIF popeojumo(]



SCIENCE SIGNALING | RESEARCH ARTICLE

A E13.5 cortical neurons from PixnA4”
GFP GFP RhoACA-GFP RhoACA-GFP RhoADN-GFP RhoADN-GFP
+ AP + AP-Sema3A + AP + AP-Sema3A + AP + AP-Sema3A

MAP2

GFP

B B GFP+ AP
“» I GFP + AP-Sema3A
g 15 B RhoA CA-GFP + AP -
= . B [ RhoA CA-GFP + AP-Sema3A Sk —~ P
2 # o “# . [C] RhoA DN-GFP + AP ok s 8 ns
- # - N —_ Q
3 <2 iaf.#, . H RhoADN-GFP+AP-Sema3A E 1000 — 3 . ns
£109 o« #e = ns 310,000
© L LI £ 800{ —— £ 9000
B T g sk dokk 2 8000
§ e i 5 o
2 5 LA PN . 5 400 £ iggg
° nm o+ ¢ 5 S 3000
g | i J B 20 £ 2000
T £ 1000
E o 1Y T o 5 "%
= = 9]
z 10 15 20 25 30 35 40 45 50 55 60 a)
Distance from soma (um)
c E13.5 cortical neurons from PlxnA4" ¢ 6
RhoADN-GFP RhoADN-GFP
GFP + AP GFP + AP-Sema3A + AP + AP-Sema3A
= e /
«~ \ - ;
Y ; >
3\ , ¥ !
) #
o
w
D
W GFP + AP
215 B GFP + AP-Sema3A
.f__) . B RhoADN-GFP + AP
S *Toxx [ RhoA DN-GFP + AP-Sema3A
» sokok =
o} — o Ak
€ 10 T a0 NS kkx o ns Kook
o E F1oo0 T T
= g 21460
£ S 600 <. 8000
S 5 & £ 7000
3 o 400 % 6000
- £ g
o bS] £ !
5 5§ ° % 8 2000.
k] ° o 1000
€ 0 4_(5 0 =] 0
2 10 15 20 25 30 35 40 45 50 55 60 kel °
[
a

Distance from soma (um)

Fig. 5. Altered RhoA activity downstream of the LVS motif in plexin-A4 is seen with cortical dendritic elaboration in vitro. (A) Representative images of E13.5 corti-
cal neurons from PlxnA4*"* mice, transfected with either GFP, constitutively active RhoA (RhoACA-GFP) or dominant-negative RhoA (RhoADN-GFP), cultured for 5 days,
treated with either AP alone or AP-Sema3A (5 nM) for 24 hours, and immunostained for the dendritic marker MAP2 (green) and GFP (red). Scale bar, 20 pm. (B) Analysis of
imaging described in (A) for the number of dendritic intersections (by Sholl analysis), total dendritic length, and dendritic complexity in E13.5 PlxnA4*/* cortical neurons
transfected and treated as indicated. Data are means + SEM from 15 neurons from each of n = 3 independent cultures per condition. Color code in inset legend follows in
sequence top to bottom as bars and plots display left to right. For Sholl analysis, *P < 0.001 versus GFP + AP and #P < 0.001 versus RhoACA-GFP + Sema3A by two-way
ANOVA and Tukey'’s post hoc analysis. For total dendritic length and DCl, **#P < 0.001 and **P < 0.01 by one-way ANOVA and Tukey’s post hoc analysis ("*P > 0.05, not
significant). (C and D) As described and analyzed in (A) and (B), respectively, in E13.5 cortical neurons from PlxnA4-/S CoAYS-664 mice. Scale bar, 20 pm.
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Fig. 6. ROCK inhibition downstream of the LVS motif in the plexin-A4 receptor is required for Sema3A-induced dendritic elaboration in cortical neurons in vitro.
(A) Representative images of E13.5 cortical neurons from PlxnA4*"* mice cultured for 5 days; treated with AP alone, AP-Sema3A (5 nM), AP alone, or AP-Sema3A with ROCK
inhibitor Y-27632 (10 uM) for 24 hours; and immunostained for the dendritic marker MAP2 (green). Scale bars, 20 pm. (B) Dendritic measurements (intersections and
length) in the PIxnA4*"* neurons described in (A) for ROCK inhibitor experiment: Sholl analysis and total dendritic length in neurons. Data are means + SEM from 15 neu-
rons from each of n = 3 independent cultures per condition. Color code in inset legend follows in sequence top to bottom as bars and plots display left to right. For Sholl
analysis, *P < 0.001 versus +AP and # P < 0.033 for Y-27632 + AP-Sema3A versus +AP-Sema3A by two-way ANOVA and Tukey’s post hoc analysis. For total dendritic length,
##kp < 0.001 by one-way ANOVA and Tukey’s post hoc analysis. (C and D) Assays and analysis as described in (A) and (B), respectively, for E13.5 cortical neurons from
PlxnA4tVS O6AVSGGA miice. Scale bars, 20 pm.
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tissue lysates from P5 pups (40, 41). In P5 animals, RhoA-GTP lev-
els were significantly lower in PlxnA4*'* cortices compared with
PlxnA4PVS-COALVS-GGA 3nq PlxnA4™ cortices (fig. S2, G and H).
These findings show that RhoA activity decreases in response to
Sema3A, downstream of the LVS motif signaling in cortical neurons.

To test the physiological requirement of RhoA inactivation in
Sema3A-mediated dendritic elaboration, we introduced constitu-
tively active RhoA into PlxnA4*'* primary cortical neurons and
quantified Sema3A-induced dendritic elaboration (Fig. 5, A and B).
Our results indicate that the presence of constitutively active RhoA
abolished dendritic elaboration in response to Sema3A in compari-
son with control-green fluorescent protein (GFP) transfected neu-
rons treated with Sema3A (Fig. 5, A and B). In contrast, transfecting
PlxnA4*"* cortical primary neurons (Fig. 5A), or PlxnA4*'* neu-
rons transfected with Rnd1 siRNA (Fig. 4A), with a dominant nega-
tive RhoA construct induced even more dendritic branching and
complexity regardless of the presence or absence of Sema3A com-
pared with the control-GFP transfected neurons (Figs. 4, B and C,
and 5C). These results indicate that RhoA activity suppresses den-
dritic branching and complexity. To investigate whether RhoA inac-
tivation is mediated downstream of the LVS motif signaling, we
transfected PlxnA4"S CGALVSGGA cortical neurons with dominant
negative RhoA and quantified their dendritic morphology. The in-
troduction of dominant negative RhoA was able to rescue Sema3A-
induced dendritic elaboration in comparison with control-GFP
transfected PlenA4™SCCAIVSGEA hoyrons treated with Sema3A
(Fig. 5D). Collectively, our findings demonstrate that RhoA activity
is decreased downstream of the Sema3A/plexin-A4(LVS)-Rnd1
signaling pathway and that this low level of RhoA activity is essential
for Sema3A-induced cortical branching.

We also investigated whether ROCK is operating downstream
of RhoA in Sema3A-mediated dendritic elaboration. In primary
PlxnA4** cortical neurons treated with AP-Sema3A (5 nM) and
the ROCK inhibitor (Y-27632; 10 pM) for 24 hours, these neurons
were able to promote even more dendritic branching and growth
compared with neurons treated with AP-Sema3A only (Fig. 6, A and
B). We further examined whether the activity of ROCK is decreased
downstream of the LVS motif signaling.

Our findings show that the inhibition of ROCK in PlxnA4"S CGAVSC6A
neurons rescued the dendritic phenotypes as compared with
PlxnA4"S COAIVSCGA peyrons treated with AP-Sema3A or with
AP-alone control condition (Fig. 6, C and D). This suggests that
ROCK is inhibited downstream of the LVS motif in Sema3A/plexin-
A4-induced cortical dendritic elaboration.

Balancing act between LVS-Rnd1-RhoA/ROCK and
KRK-FARP2-Rac1 signaling

Pathways in cortical neuron dendrite elaboration

We previously showed that the KRK motif is required for Sema3A/
plexin-A4-induced cortical neuron dendritic elaboration through
FARP2-Racl signaling in vitro and in vivo (16). Here, we describe
another pathway that is necessary for Sema3A/plexin-A4-induced
dendritic elaboration through the LVS motif of the plexin-A4 recep-
tor, which is required for GTPase binding and receptor activation
(19, 23, 38). Therefore, we next asked whether there is interplay be-
tween the two signaling pathways to promote dendritic elaboration.
To answer this question, we used our established cortical neuron
culture system by transfecting PlxnA4*"* cortical neurons with con-
stitutively active Racl and quantified Sema3A-induced dendritic
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elaboration. Our results indicate that the presence of constitutively
active Racl promoted more dendritic elaboration, irrelevant of
Sema3A treatment, in comparison with control-GFP transfected
neurons (Fig. 7, A and B). We next asked whether constitutively ac-
tive Racl is able to rescue the abrogated LVS-Rnd1-RhoA-mediated
dendritic elaboration in PlxnA4VS GOA/LVS-GGA cortical neurons. We
transfected PlxnA4™S COVIVS-CGA ortical neurons with constitu-
tively active Racl and evaluated their dendritic morphology. The
introduction of constitutively active Racl was able to rescue den-
dritic elaboration, with or without AP-Sema3A treatment, in com-
parison with control-GFP transfected PlxnA4™S CCAVSGEA (pig 7,
C and D). Together, our findings suggest cross-talk between LVS-
Rnd1-RhoA and KRK-FARP2-Racl pathways underlying the
Sema3A/plexin-A4 signaling mechanisms in promoting cortical
neuron dendritic elaboration.

DISCUSSION

In this study, we characterized a signaling mechanism that is en-
gaged downstream of Sema3A/plexin-A4 signaling to induce dendrit-
ic growth in developing mouse cortical neurons. In this mechanism,
the LVS motif within the H/RBD domain of plexin-A4 mediated
the receptor’s association with and activation of the small GTPase
Rndl and the repression of RhoA-ROCK signaling to promote
dendritic elaboration. Thus, our results suggest cross-talk between
two GTPase-mediated signaling pathways downstream of plexin-
A4: FARP2-Racl (11, 16) and Rnd1-RhoA-ROCK (Fig. 8, A and
B) in promoting dendritic elaboration during cortical neuron
development.

Given that both Rnd1 and RhoA are Rho GTPases, Rndl is un-
likely to directly decrease RhoA activity. Several molecules have the
potential to act downstream of Rnd1 in the Sema3A-Nrp1/plexin-
A4 signaling pathway in developing neurons. One study using fibro-
blasts reported that Rndl decreases RhoA activity through the
activation of p190 RhoGAP, a negative regulator of RhoA, resulting
in the extension of cellular processes (35). This cellular effect is also
seen in response to other Rnd1-interacting proteins: socius in fibro-
blasts (31) and the heat shock protein 70 (Hsp70)/Hsp90 cochaper-
one stress—inducible protein-1 (42) in fibroblasts and PC-12 cells
(43). Moreover, the microtubule regulator SCG10 (superior cervical
ganglia neural-specific 10 protein) exhibits binding specificity to
Rnd1 and promotes Rnd1-induced axonal extension in hippocam-
pal neurons (44). The related Ras GTPase protein family member
R-Ras has previously been shown to promote the association of
Rnd1 with plexin-A1 (15) and plexin-B1 (21) to induce plexin GAP
activity (21, 45). Another closely related family member to R-Ras,
M-Ras, is a potential molecule downstream of Rnd1 in dendrite de-
velopment (46). M-Ras is highly abundant in the central nervous
system, particularly in the cortex and hippocampus (47, 48), and
promotes dendritic arborization by activating the extracellular
signal-regulated kinase pathway through B-Raf and lamellipodin in
cortical neurons (47-50) and PC-12 cells (47, 51).

Other mechanisms could also be involved. In Sema6A-induced
plexin-A4-mediated dendritic growth of motor neurons in the ver-
tebrate spinal cord, RhoGEF FARP1 is an effector that promotes
dendritic growth by regulating RhoA GTPase activity (52). Rnd3, a
closely related homolog of Rnd1, interacts with ROCK1 to inhibit it
from promoting stress fiber assembly in non-neuronal cells (53). A
much-needed future study would be to evaluate whether these
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Fig. 7. RhoA and Rac1 interact downstream

E13.5 cortical neurons from PlxnA4”™

of Sema3A/plexin-A4 signaling in primary
cortical neuron dendritic elaboration. (A) Rep-
resentative images of E13.5 cortical neurons
from PlxnA4*"* mice, transfected with either
GFP or constitutively active Rac1 (Rac1CA-GFP),
cultured for 5 days, then treated with either
AP alone or AP-Sema3A (5 nM) for 24 hours,
and immunostained for the dendritic marker
MAP2 (green) and GFP (red). Scale bars, 20 pm.
(B) Dendritic measurements in the PlxnA4*/*
neurons described in (A). Data are means +
SEM from 15 neurons from each of n = 3 inde-
pendent cultures per condition. For Sholl
analysis, *P < 0.001 versus GFP + AP by two-
way ANOVA and Tukey'’s post hoc analysis. For
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potential molecules are indeed downstream of the plexin-A4-LVS/
Rnd1 pathway in cortical neurons to promote dendritic elaboration.

Previous findings from our group described a pathway of den-
dritic elaboration downstream of the KRK motif of plexin-A4
through FARP2-Racl signaling that is dispensable in Sema3A/plexin-
A4-mediated axon guidance events (16). Our current findings un-
covered another signaling pathway downstream of the LVS motif of
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the plexin-A4 receptor through its associations with Rnd1, which
led to RhoA inactivation to enable dendritic elaboration in the same
cortical neurons during development. Clues from previous studies
suggested a number of potential cross-talk mechanisms. Early evidence
showed that Rnd1 promotes neurite formation through regulating
Racl activity in PC-12 cells (54). This is further supported by the
finding that upon Sema3A activation, Racl binds the Rho GTPase
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binding domain (H/RBD) of plexin-Al, which contains this LVS
motif that is conserved in all type A plexins. This interaction further
increased the levels of active Racl, suggesting a positive feedback
loop in this signaling pathway (23, 45). Moreover, one model sug-
gested that Rnd1 and Racl exhibit sequential binding to the plexin
H/RBD cytoplasmic domain (55); the constitutively active Rnd1l
binds the H/RBD domain to release the autoinhibitory folding of the
plexin cytoplasmic domains, which then allows active Racl to bind
to the H/RBD domain (23). This model suggests that the binding
site on the plexin-A4 receptor for Racl may also be the LVS motif,
which supports our findings because it appears that endogenous
Racl was not able to suppress the dendritic phenotypes in the
PlxnA4*VS COAVSGGA_nytant cortical neurons after Sema3A stim-
ulation. However, the overexpression of a constitutively active Racl
was able to rescue the dendritic phenotype in the same neurons,
supporting the idea that Racl activation and/or binding to plexin-
A4 was abolished because of the switch of the LVS to GGA. Future
experiments will test whether Racl and RhoA compete for interac-
tion with plexin-A4 at the LVS motif.

Our study demonstrated that the conserved LVS motif in the cy-
toplasmic domain of the guidance receptor plexin-A4 is sufficient to

Abushalbagq et al., Sci. Signal. 17, eadh7673 (2024) 16 January 2024

cortical neurons, suggesting cross-talk between the LVS-Rnd1-RhoA and KRK-FARP2-Rac1 pathways.

promote dendrite growth and branching in developing mouse corti-
cal neurons. Upon activation by its specific ligand Sema3A, the LVS
motif in plexin-A4 binds to the small GTPase Rnd1, which leads to
the inhibition of another small GTPase RhoA; this promotes den-
dritic elaboration, mostly likely through the reorganization of the
cytoskeleton. These findings provide new insights into the multi-
functional Sema3A/plexin-A4 signaling pathways that orchestrate
the proper elaboration of neuronal morphologies and neuronal wir-
ing during nervous system development.

MATERIALS AND METHODS

Animals

For all animals, E0.5 was determined as the day that the vaginal plug

was observed. Pups were weaned at P21 and kept on a 12-hour

light/12-hour dark cycle at controlled temperature with food and

water ad libitum. All animal work in this study was approved by the

Institutional Animal Care and Use Committees Rutgers Univer-

sity Newark.
PlxnA4"VS CGALVSGGA mice were generated by introducing point

mutations in the cytoplasmic LVS motif of the plexin-A4 receptor at
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the Rutgers Cancer Institute of New Jersey Genome Editing Shared
Resource (P30CA072720-5922). Using the CRISPR-Cas9 system,
PlxnA41.1596, V1597, and S1598 in exon 27 were changed to GGA. CRISPR
guide RNA (GGTACCAGATGGTTCTGTGG) (MilliporeSigma)
complexed with Cas9 protein (MilliporeSigma) was microinjected
with SSODN donor [Integrated DNA Technologies (IDT)] sequence
5-TGACCACACCTGCTTTGGATGCTTCTACTTCCCACCCCT
TACACCTGATGAGATCTTACCATATTTACTTGCT-
GAAGTCCTGGAGACAGTGGAGTTGTTCACTGCATTGTAG-
GCTGTCACTTGCTTGGcCcCTccAGCgACCACAGAAC-
CATCTGGTACCTAGGGGAAAGGTTTCTAAGA-3' [lower case are
mutations to put in the glycines and change the protospacer adjacent
motif (PAM)] into C57BL/6] zygotes. Founders were obtained after
screening with HaelIl (NEB) digest (underlined in donor SSODN)
and were then bred to C57BL/6]. The specificity of the desired muta-
tion was confirmed using Sanger sequencing (Fig. 1A) and tail tip ge-
nomic DNA PCR genotyping (Fig. 1B). In PCR genotyping, primers
PlxnA4A (5'-AAGGTGCTAATTGTCCCTCACTGC-3') and PlxnA4B
(5'-GGTCAGCTGACCTGATCCTCTATC-3’) were used, followed
by Haelll restriction digest.

PlxnA4™"~ mice were previously generated as described (13). E13.5
embryo cortices were dissected, and cortical pyramidal neurons were
cultured as described in the methods below.

Primary neuronal cultures

Cortical neurons were dissected from E13.5 PlxnA4
PlxnA4™~"~, and PlxnA4*™"* mice as described in our previous studies
(11, 16). Before plating Plxn A4S COALVSGGA 4 d PlxnA4*"* neurons,
dissociated neurons were transfected with Rnd1 siRNA (Dharmacon,
M-055272-01-0005), scrambled siRNA (Dharmacon, #D-001206-
13-05), constitutively active RhoA plasmid (Addgene, #12968), dom-
inant negative RhoA plasmid (Addgene, #12960), constitutively
active Racl plasmid (Addgene, #12981), or pmaxGFP vector (Lonza,
#VPG-1001) using the Amaxa Mouse Neuron Nucleofector Kit (Lonza,
#VPG-1001). In addition, some primary neuronal cultures were treated
with the ROCK inhibitor Y-27632 (10 pM; Abcam, #ab120129) (56).
Neurons were then seeded at a density of ~11,000 cells/cm” on glass
coverslips (coated with poly-p-lysine, 0.1 mg/ml; #P6407) in 12-well
plates (TPP, #92412) or in poly-D-lysine-coated six-well plates.
Neurons were grown in neurobasal growth medium supplemented
with 2% B-27 (Gibco, #17504-044), 1% penicillin-streptomycin
(Gibco, #15140122), and 1% GlutaMAX (Gibco, #35050) for 5 DIV. On
DIV 5, PlxnA4*VS-COALVS-CGA 40 d PlxnA4™* cortical neuronal cul-
tures were treated with 5 nM of either AP-Sema3A or AP-only li-
gands for 24 hours before processing for immunocytochemistry,
co-IP, or Western blotting.

LVS- GGA/LVS-GGA
b

AP-Sema3A production

Human embryonic kidney (HEK) 293T cells (American Type Culture
Collection, #CRL-3216) were used to generate AP-tagged Sema3A
(AP-Sema3A) or AP alone as established earlier (11, 16). HEK293T
cells were grown in Dulbecco’s modified Eagle medium containing
10% fetal bovine serum (VWR, #97068-085) and 1% penicillin-
streptomycin. HEK293T cells were transfected with an AP-alone or
AP-Sema3A plasmid (57) using BioT (Bioland Scientific, #B01-01).
The secreted AP alone or AP-Sema3A in the medium was collected
in Amicon ultra-15 UFC (MilliporeSigma, #910024). AP alone or
AP-Sema3A concentration was measured using AP activity as-
say (11, 16).

Abushalbagq et al., Sci. Signal. 17, eadh7673 (2024) 16 January 2024

Immunocytochemistry

To examine cortical neuron dendritic morphology, cortical neurons
were fixed with 4% paraformaldehyde and processed for immuno-
cytochemistry as established before (11, 16). The following primary
antibodies were used (table S1): polyclonal rabbit anti-MAP2 (1:1000;
Cell Signaling Technology, catalog no. 4542S) and monoclonal mouse
anti-GFP (1:1000; Invitrogen, catalog no. A-11120). Secondary anti-
bodies were as follows: Alexa Fluor 488 donkey anti-rabbit immu-
noglobulin G (1:500; Thermo Fisher Scientific, catalog no. A-21206)
and Cy3 donkey anti-mouse (1:500; Jackson ImmunoResearch, cat-
alog no. 715-165-150). After immunostaining, coverslips were fixed
on microscope slides using mounting medium (Mowiol, Millipore-
Sigma, #81381)/10% p-phenylenediamine (Sigma-Aldrich, catalog
no. 78460). For cell surface expression of PlxnA4-"S CCA/IVS-GGA 5 q
PlxnA4** proteins, primary cortical neurons were immunostained
without Triton permeabilization.

Golgi staining

Whole-brain tissue from adult mice (2 to 3 months old) from differ-
ent genotypes, males and females, was dissected out and prepro-
cessed for Golgi staining as per the kit manufacturer’s instructions
(FD Rapid GolgiStain Kit, FD NeuroTechnologies, #PK401). Brain
tissues were then embedded in optimal cutting temperature (OCT)
embedding solution (Tissue-Tek, catalog no. 4583) and sectioned
into 100-pm sagittal sections using a cryostat and mounted onto mi-
croscope slides. Golgi staining protocol provided by the kit manu-
facturer was followed exactly.

Western blotting

Cortices from PlxnA4"VS-CGA/LVSGCA plyy A4™/~ and PlxnA4*"*
P5 pups, both males and females, or E13.5 cultured primary cortical
neurons were lysed in modified radioimmunoprecipitation assay
(RIPA) buffer [1X tris-buffered saline (TBS), 10% glycerol, 1%
Triton X-100, and 1% NP40, protease inhibitors (Roche cOmplete,
#11697498001)] and then centrifuged at 14,000¢ for 10 min.
Protein levels were quantified using Bradford assay (58), and pro-
tein samples were eluted in 4X Laemmli buffer. Samples were
loaded into a 10% polyacrylamide gel for SDS-polyacrylamide
gel electrophoresis, were run to resolve proteins, and then were
transferred onto nitrocellulose membranes (Bio-Rad, #1620097).
Membranes were then incubated in 5% blocking solution in
TBS-Tween for 1 hour at room temperature. Membranes were kept
in the desired primary antibody solution overnight at 4°C with one
of the following antibodies (table S1): anti-plexin-A4 rabbit poly-
clonal antibody (Cell Signaling Technology, #C5D1), anti-Rnd1
mouse monoclonal antibody (1:2000; OriGene Technologies, #TA501691),
anti-f-tubulin rabbit antibody (1:5000; Cell Signaling Technology,
#5568), anti-Nrp1 goat antibody (1:1000; R&D Systems, #AF566),
anti-RhoA-GTP mouse monoclonal antibody (1:1000; NewEast
Biosciences, #26904), or anti-RhoA rabbit polyclonal antibody
(1:1000; Abcam, #Ab68826). The anti-RhoA-GTP antibody was
validated for Western blot to specifically detect active RhoA(-GTP)
on a Western blot in a previous study (59). Membranes were washed
three times for 10 min each and then incubated in secondary
antibodies (anti-mouse IRDye 680RD donkey anti-mouse IgG
(1:10,000; LI-COR, #926-68072) and IRDye 800CW donkey anti-
rabbit IgG (1:10,000; LI-COR, #926-32213). Membranes were
scanned using a LI-COR scanner, and images were analyzed
using Image].
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Coimmunoprecipitation

Cortices from PlinA4™SCCAIVSCCA " pley A4~ and PlxnA4*"*
pups at P5 or E13.5 cultured primary cortical neurons were lysed in
modified RIPA buffer (1x TBS, 10% glycerol, 1% Triton X-100, and
1% NP40, protease inhibitors) and then centrifuged at 14,000g for
10 min. Protein levels were quantified using the Bradford assay, and
500 pg of total protein underwent preclearing with Protein G Sepharose
4 Fast Flow (GE Healthcare, #GE17-0618-01) for 2 hours at 4°C on
a rotor. After centrifugation at 14,000¢ for 7 min, supernatants were
incubated with anti-plexin-A4 antibody (Cell Signaling Technolo-
gy, #C5D1; table S1) or anti-Nrpl goat antibody (R&D Systems,
#AF566) at 4°C on a rotor overnight. Fifty microliters of Protein G
Sepharose 4 Fast Flow was incubated with the lysates for 4 hours at
4°C on a rotor. Immunoprecipitates were washed three times with
ice-cold modified RIPA buffer, extracted in 2X Laemmli buffer, and
processed for Western blotting. Membranes were incubated with rab-
bit polyclonal anti-plexin-A4 antibody (Cell Signaling Technology,
#C5D1), anti-Rnd1 mouse monoclonal antibody (1:2000; OriGene
Technologies, #TA501691), and rabbit anti—-tubulin antibody (1:5000;
Cell Signaling Technology, #5568). As a protein loading control,
membranes were initially probed with the secondary antibody anti-
rabbit (primary antibody from rabbit). We acknowledge that using
the total levels of plexin-A4 input as the reference control would
have been better practice and more definitive than normalizing to
the IgG. Unfortunately, because of unforeseen circumstances around
the pandemic, the depleted mouse resources did not make it possi-
ble to correct this after the fact.

Microscopy and photodocumentation

Z-stack confocal micrographs were obtained from Golgi-stained
brain sections or immunofluorescence-stained primary cortical neu-
rons on glass coverslips. An Axio Examiner Z1 upright microscope
with a Yokogawa spinning disk (Carl Zeiss) and an oil immersion
63X (numerical aperture 1.4) objective (PlanApo, Carl Zeiss) were
used to obtain the images. Z-stacks projections were generated for
each neuron and used for dendritic morphology analysis. Images
were used to trace dendritic arbors in each neuron in grayscale mode
using Adobe Photoshop for quantifications.

Dendritic arbor quantifications

Sholl analysis quantifies the complexity of dendritic trees by plotting
the number of dendritic intersections against the radial distance
from the center of the soma (60). The National Institutes of Health
Image] and Sholl Analysis Plugin were used to perform Sholl analy-
sis. Sholl analysis parameters were set as the following: The radial
distance started from 10 to 60 pm, and the interval between differ-
ent distances was 5 pm.

Total dendritic length was acquired using Neuron] plugin on
Image] software (61). DCI is a quantitative representation of the
complexity of the dendritic arbor based on branch tip orders, num-
ber of branch tips, total arbor length, and number of primary den-
drites (62). The DCI was calculated using the following equation:

Y branch tip orders + # of branch tips

DCI =
(# of primary dendrites) X (total dendrite length)

Statistical analysis
For the plexin-A4 protein levels experiment, five animals of each geno-
type were analyzed, and statistical analysis was performed using
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one-way analysis of variance (ANOVA) and Tukey’s post hoc analy-
sis (P < 0.001). In Golgi-stained layer V cortical pyramidal neurons,
three animals per genotype were analyzed. In cortical neuronal cul-
tures, three or four independent cultures were performed per ex-
perimental condition where each culture represents cortices taken
from embryos from one-timed pregnant female mouse. For den-
dritic arbor quantifications, two-way ANOVA with Tukey’s post hoc
analysis was used in Sholl analysis, whereas one-way ANOVA with
Tukey’s post hoc analysis was used in total dendritic length and DCI
(P values are indicated in each figure). For co-IP experiments, three
cultures per genotype in vitro and four animals per genotype in vivo
were analyzed. Statistical analysis was done using one-way ANOVA
and Tukey’s post hoc analysis (P values are indicated on each figure).
For Rnd1 siRNA knockdown protein levels experiment, three cul-
tures per condition were included and analyzed using Students # test
(P < 0.01). For RhoA activity experiments, statistical analysis was
done using one-way ANOVA and Tukey’s post hoc analysis (P val-
ues are indicated on each figure). GraphPad Prism was used for sta-
tistical analyses of the different experiments.
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