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Abstract

Neuron-glial related cell adhesion molecule NrCAM is a newly identified negative regulator of spine density that genetically
interacts with Semaphorin3F (Sema3F), and is implicated in autism spectrum disorders (ASD). To investigate a role for
NrCAM in spine pruning during the critical adolescent period when networks are established, we generated novel
conditional, inducible NrCAM mutant mice (Nex1Cre-ERT2: NrCAMflox/flox). We demonstrate that NrCAM functions cell
autonomously during adolescence in pyramidal neurons to restrict spine density in the visual (V1) and medial frontal cortex
(MFC). Guided by molecular modeling, we found that NrCAM promoted clustering of the Sema3F holoreceptor complex by
interfacing with Neuropilin-2 (Npn2) and PDZ scaffold protein SAP102. NrCAM-induced receptor clustering stimulated the
Rap-GAP activity of PlexinA3 (PlexA3) within the holoreceptor complex, which in turn, inhibited Rap1-GTPase and
inactivated adhesive p1 integrins, essential for Sema3F-induced spine pruning. These results define a developmental
function for NrCAM in Sema3F receptor signaling that limits dendritic spine density on cortical pyramidal neurons during

adolescence.
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Introduction

Dendritic spines on pyramidal neurons harbor more than 90%
of excitatory synapses in the mammalian brain (Shen and
Cowan 2010). During postnatal development, spines are ini-
tially overproduced, eliminated in substantial numbers during
adolescence, and then stabilized in adulthood (Huttenlocher
1979; McAllister 2007; Holtmaat and Svoboda 2009; Petanjek
et al. 2011). These overlapping stages of spine and excitatory

synapse maturation are essential for wiring and fine-tuning of
neuronal circuits (Alvarez and Sabatini 2007). Although much is
known about spine structural plasticity in the adult brain, less
is understood about mechanisms that regulate dendritic spines
during development. Altered regulation of such processes likely
contributes to increased spine density in autism spectrum dis-
orders (ASD) (Hutsler and Zhang 2010; Tang et al. 2014) and
decreased spine density in schizophrenia and bipolar disorder
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(Glausier and Lewis 2013; Konopaske et al. 2014; Phillips and
Pozzo-Miller 2015).

Neural cell adhesion molecule (CAM) NrCAM is a member of
the L1 family of immunoglobulin (Ig)-class recognition mole-
cules (NrCAM, L1, Close Homolog of L1 [CHL1], and Neurofascin),
which have diverse roles in adhesion, axon growth, and synap-
tic targeting (Maness and Schachner 2007). Its importance is
underscored by multiple studies in which genetic variants in
the NrCAM gene have been associated with ASD (Pinto et al.
2010; Voineagu et al. 2011; Sakurai 2012). Furthermore, NrCAM
null mice display autism-related behaviors of impaired sociabil-
ity, reversal learning, and sensory processing (Moy et al. 2009;
Demyanenko et al. 2011; Shigematsu et al. 2016). Studies with
global knockout mice revealed a surprising new function for
NrCAM as a negative regulator of dendritic spine density of cor-
tical pyramidal neurons in a genetically interacting pathway
with the repellent secreted ligand Sema3F (Demyanenko et al.
2014). Single knockout lines deleted for NrCAM, Sema3F, or the
Sema3F receptor subunits Npn2 or PlexA3, all exhibit increased
spine and excitatory synapse density on apical but not basal
dendrites of pyramidal neurons in sensory cortical areas (Tran
et al. 2009; Demyanenko et al. 2014). Like NrCAM, Npn2 (Melin
et al. 2006; Wu et al. 2007; Weiss 2009; Hosseinpour et al. 2017),
PlexA3 (D’Gama et al. 2015), and Sema3F (Butler et al. 2015) have
been linked genetically to ASD.

A key question is whether NrCAM mediates spine pruning
in cortical pyramidal neurons during the critical adolescent
period, when an appropriate excitatory/inhibitory balance is
established in cortical circuits. To investigate this, we gener-
ated a novel conditional mouse line in which NrCAM is deleted
from pyramidal cells under tamoxifen-inducible control by
Nex1Cre-ERT2 (Agarwal et al. 2012). It was of further interest to
determine if NrCAM regulates spine density in the medial fron-
tal cortex (MFC), where cortical and subcortical inputs integrate
into circuits regulating ASD-relevant behaviors of sociability
and cognitive flexibility (Douglas and Martin 2004; Pan and Gan
2008; Belmonte et al. 2010), in addition to the primary visual
cortex (V1). Finally, we used molecular modeling and mutagen-
esis to investigate the mechanism by which NrCAM transduces
Sema3F signaling leading to spine elimination.

We demonstrate for the first time that NrCAM functions cell
autonomously in pyramidal neurons during early postnatal
and adolescent development to limit spine density on apical
dendrites in both the MFC and V1. Furthermore, we identify a
novel mechanistic role for NrCAM in promoting oligomeric
clustering of Sema3F receptor subunits through a molecular
interface with Npn2, and by interaction with PDZ scaffold pro-
teins such as SAP102. NrCAM-induced receptor clustering
induces PlexA3’s intrinsic Rap-GTPase activating protein (GAP)
activity, which in turn inhibits Rap1l GTPase and inactivates p1-
integrins in the dendritic membrane. This NrCAM-dependent
signaling pathway may promote spine detachment prior to
elimination.

Materials and Methods

Generation of NrCAM Conditional Mutant Mice and
Tamoxifen Induction

Murine ES cells (NrCAM clone EPD0479-4-E10) targeted to insert
LoxP sites flanking NrCAM exons 11 and 12 were obtained from
the NCRR-NIH supported KOMP Repository (www.komp.org)
generated by the CSD consortium for the NIH funded Knockout
Mouse Project (KOMP). Methods used for the targeted alleles

have been published (Testa et al. 2004). Southern blotting of
genomic DNA from the NrCAM E10 clone with a 5’ probe
showed a novel band of correct size for the mutant allele (8 kb)
compared with the WT allele (10kb), indicating that targeting
was correct. 3’ PCR analysis further validated the correct target-
ing. The NrCAM E10 clone was injected into C57Bl/6 N (Agouti)
blastocysts, resulting in 5 pups that were strong chimeras.
Germline transmission and removal of an internal Rosa26-flpe
transgene and Frt-flanked neo cassette were obtained by breed-
ing chimeras to FLPE deleter mice (C57Bl/6]-albino). Genotypes
and selectable marker removal were assessed by PCR, and
yielded 5 F1 offspring with the NrCAM floxed allele and Flpe
removed. These NrCAM floxed mice were crossed with C57Bl/6
mice for colony expansion. For conditional expression of a fluo-
rescent marker, NrCAM floxed mice were crossed to the Ai9
reporter line  Rosa-CAG-(LoxP-Stop-LoxP-tdTomato)-WPRE
(C57BY/6]) (Madisen et al. 2010).

NrCAM floxed mice were crossed to the NexCre-ERT2 line
(C57Bl/6; from Klaus-Armin Nave) to induce recombination in
postmitotic, postmigratory pyramidal neurons upon induction
by treatment with tamoxifen as described (Agarwal et al. 2012).
To induce expression of CreERT2 recombinase, daily doses of
tamoxifen (100 mg/kg) were administered via intraperitoneal
injection from P10 to P13, and mice analyzed at P21 and P8&0.
For adult induction, 10 daily doses of tamoxifen were given
starting at P55, and mice analyzed at P80. Other mice included
NrCAM null mutants (Sakurai et al. 2001), which were on a
C57Bl/6 background. All mice were handled according to the
University of North Carolina Institutional Animal Care and Use
Committee policies in accordance with NIH guidelines.

Immunoreagents

Monoclonal antibodies used were directed against: PSD95
(ThermoFisher Scientific), SAP102 (NeuroMab), and conforma-
tionally active p1 integrins (9EG7, BD Pharmingen). Polyclonal
antibodies were: Npn-2 (R&D Systems), NR2B, PlexA3, and Rap1
(Santa Cruz Biotechnology). Normal goat, rabbit and mouse IgG,
and AlexaFluor488, AlexaFluor565, and AlexaFluor647-conjugated
secondary antibodies were from Jackson ImmunoResearch.
Human IgG Fc was from Abcam, and Sema3F-Fc was from R&D
Systems.

Immunostaining and Spine Analyses

Mice were anesthetized with 1.25% Avertin, perfused transcar-
dially with PBS followed by 4% paraformaldehyde (PFA)/PBS,
and brains were stored overnight in 4% PFA/PBS. Brains were
vibratome-sectioned coronally (80pM), permeabilized with
Triton X-100, and labeled with the following antibodies: rabbit
anti-RFP (AbCAM# 62 341), rabbit anti-GFP (Life technologies
#A6455) rabbit anti-NrCAM (Abcam #ab24344), mouse anti-
VGIuT1 (NeuroMab #75-066), mouse anti-SAP102 (NeuroMab
#75-058), mouse anti-Gad67 (Millipore #MAB5406), chicken anti-
GFP (Abcam #ab13970), rat anti mouse active pl-integrin (clone
9EG7 #553715 BD). Secondary antibodies were: AlexaFluor488,
AlexaFluor565, and AlexaFluor647 (1:400). Slides were mounted
in Slow-fade Gold antifade mountant (Life Technologies).
Digital images were obtained by confocal microscopy using
Zeiss LSM700 or 710 confocal microscopes at the Microscopy
Services Laboratory at UNC Chapel Hill (Pablo Ariel, Director).
Objectives used were an EC Plan Neofluar 40x/1.3 oil lens or
Plan Apochromat 40x/1.4 oil lens on the LSM700 and 710,
respectively. Images were acquired using a pinhole size of 1 AU,
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filter settings optimized for each fluorophor, and with adjust-
ments to other parameters to avoid pixel saturation. Zoom was
adjusted to obtain pixel sizes of 0.13-0.14 pm.

Spines were traced and quantified on 30 um segments of the
first branch of apical or basal dendrites from confocal z-stack
images as described (Demyanenko et al. 2014) using Neurolucida
software (MBF Bioscience). Spines were manually scored as thin,
stubby, or mushroom types on apical dendrites as in (Peters and
Kaiserman-Abramof 1970). Spine neck length, head area, and vol-
ume were quantified using the quick measure tool of Neurolucida.
To produce 3D reconstructions, dendritic z-stacks were decon-
volved using Autoquant 3 software (Media Cybernetics) with
default blind deconvolution settings and Imaris (Bitplane) soft-
ware. Mean spine densities/10 pM + SEM (standard error of the
mean) and other parameters of spine morphology were com-
pared by the t-test (2-tailed, P < 0.05). For direct integrin activa-
tion, neurons were treated with 4mM MnCl,4H,0 (Sigma
#203 734) for 1h before treatment with Sema3F-Fc or Fc.

Site-Directed Mutagenesis and Subcloning

Mouse NrCAM splice variant 1 (GenBank accession number
AJ543321) and mouse Npn2 (accession number NM_001 077 404)
cDNAs were used. NrCAM mutations in the Npn2 and PDZ
binding sites, and Npn2 (al domain) mutations in the NrCAM
binding site were generated by the Q5 Site-Directed Mutagenesis
Kit (New England Biolabs, Ipswich, MA), using the following
mutagenic primers:

TARANER: F 5'-CCAGTGCACTGCAAGGGGAGCTGCCGTCTCC-3'
R 5'-GGAGACGGCAGCTCCCCTTGCAGTGCACTGG-3’
ASFV: F 5'-CCTGTCAACGCAATGAACTAAGTCTTTAAGC-3’
R 5-GCTTAAAGACTTAGTTCATTGCGTTGACAGG-3’
R126E: F 5'-GTGCACTGCAGAAAACGAGCGTG-3’

R 5'-TGGTAGACTCCTTCATAG-3’

R126A: F 5- GTGCACTGCAGCAAACGAGCGTG-3’

R 5'-TGGTAGACTCCTTCATAG-3".

E56R: F 5'- CCAGAACTGTCGGTGGATTGTCTACG-3’

R 5'-TGGGAGGGATAGTCCTGG-3’

In Utero Electroporation

In utero electroporation (IUE) was performed as described
(Yokota et al. 2007) to introduce vector (pCAGG-IRES-mEGFP),
WT NrCAM or NrCAM ASFV plasmids into E14.5 embryos of
pregnant females. Briefly, 1-2 pl of plasmid DNA (1.5 pg/pl) was
injected into the embryonic lateral ventricles and electropo-
rated with 5 pulses at 30V for 50 ms at 950 ms intervals through
the uterine wall using a BTX ElectroSquarePorator (ECM 830).
Brains were vibratome-sectioned and immunostained for GFP
for quantification of spine density.

Cortical Neuron Cultures

Neuronal cultures were prepared from brain of WT or NrCAM
null embryos (E15.5), transfected at DIV11 with pCAGG-IRES-
mEGFP or additional plasmids where indicated, and assayed at
DIV14 for spine density as described (Demyanenko et al. 2014).
Essentially, cells were cultured on laminin, poly-b-lysine coated
chamber slides, fixed in 4% PFA, permeablized with Triton
X-100, blocked in 10% serum, and labeled with anti-GFP to
enhance visualization of spines. Spine densities were measured
from confocal images on at least 10 EGFP-labeled neurons of
pyramidal morphology in each of 4 replicate cultures. Mean

spine densities + SEM were compared by the t-test (2-tailed, P <
0.05). For SAP102 immunostaining, neuronal cultures trans-
fected with pCAGG-IRES-mEGFP were fixed at DIV14 in 4% PFA,
permeablized with Triton X-100, blocked in 10% horse or don-
key serum, and labeled with anti-GFP, anti-NrCAM, and mouse
monoclonal SAP102 (NeuroMAB). Secondary antibodies
AlexaFluor488, AlexaFluor565, and AlexaFluor647 (1:500) were
added for 1h before mounting and confocal imaging.

Structural Modeling

The horseshoe shape of Igl-Ig4 domains of NrCAM was mod-
eled using MODELLER (Webb and Sali 2014) based upon the
crystallographic structure of human Neurofascin (PDB ID 3P3Y)
(Liu et al. 2011). Human Neurofascin and NrCAM are closely
related homologs that share 49% overall sequence identity with
63% identity in the Igl domain. The model for Npn2 al-b2 in an
extended conformation was generated based on the experi-
mental structure of Npn1 al-b2 (PDB 4GZ9) (Janssen et al. 2012)
again using MODELLER. The ClusPro protein-protein docking
server was used for protein-protein interaction prediction
between the NrCAM Igl domain and the Npn2 al domain
(Comeau et al. 2004; Kozakov et al. 2006). Docking poses were
screened for high-ranking docking solutions as defined in the
Results section.

Sema3F Receptor Clustering

Cortical neuron cultures from WT or NrCAM null mice were
transfected with pCAGG-IRES-mEGFP and empty vector pCMV6,
WT NrCAM, or NrCAM mutants, and after 48h were treated
with Sema3F-Fc or Fc control protein (3nM) for 5-30min.
Cultures were fixed with 4% PFA and blocked in 10% horse
serum/PBS. Slides were incubated in primary antibodies (anti-
PlexA3, anti-Npn2) overnight at 4°C. Secondary antibodies
(Alexa 555, Alexa 647) were added for 1h and mounted.
Confocal images were obtained with Zeiss LSM700 and LSM710
microscopes using a Plan-Apochromat 63 x 1.4 numerical aper-
ture objective with x2 optical zoom using Zeiss Zen software.
Only apical dendrites of GFP positive cells were imaged for
analysis. Colocalization of endogenous PlexA3 and Npn2 was
analyzed using Image] plugins: Colocalization Test and
Colocalization Threshold (Wright Cell Imaging Facility, Toronto
Western Research Institute) (www.uhnresearch.ca/facilities/
wcif/imagej). Colocalization was assessed using Pearson corre-
lation coefficients (R-Total), which indicate the degree of corre-
lation of the 2 fluorescent signals, and can vary between -1 (no
correlation) and 1 (absolute correlation). For each time point, an
average from measurements of at least 20 images, in which
individual GFP positive cells were selected as regions of interest
(ROIs), was reported. Heat maps of colocalization were gener-
ated from merged images of colocalized pixels as previously
described (Sullivan et al. 2016).

Immunostaining of Activated p1-Integrins

Neuronal cultures transfected with pCAGG-IRES-mEGFP were
fixed at DIV14 in 4% PFA, permeablized with Triton X-100,
blocked in 10% horse or donkey serum, and labeled with anti-
GFP (Abcam), and anti-CD29 (clone 9EG7, BD Pharmingen)
directed against activated pl-integrins. Secondary antibodies
AlexaFluor488, and AlexaFluor555 (1:500) were added for 1h
before mounting. Dendritic z-stacks were obtained on a confo-
cal LSM700 microscope using constant settings. Images were
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deconvolved using Autoquant 3 software (Media Cybernetics)
with default blind deconvolution settings. In Imaris (Bitplane)
software, all images were subjected to same threshold settings.
A mask was created for the green labeling, and the red pixels
outside the green were excluded from the analysis. The mean
intensity of red pixels (active pl integrin) was calculated for
those within the green EGFP-labeled area. Overall, 10 neurons
from 2 different experiments were analyzed. Mean intensity +
SEM was compared by the t-test (2-tailed, P < 0.05).

Rap1 GTPase Assay

Rapl activation was assayed as described (Garcia-Mata et al.
2006). After treatment with Sema3F-Fc or control Fc (3 nM) for
30 min, cells were washed with PBS and lysed with RIPA buffer.
Lysates were cleared by centrifugation, and active Rapl was
precipitated with glutathione-Sepharose beads precoupled to
beads containing a GST fusion protein of the Ras association
domain of Ral guanine nucleotide dissociation stimulator (GST-
Ral-GDS). Precipitates were washed with lysis buffer and solubi-
lized in SDS sample buffer. A portion of the cell lysate was
reserved for analysis of total Rap content. Rapl was detected
following Western blotting with anti-Rap1 antibody specific for
Rap1 (Santa Cruz Biotechnology, Dallas, TX).

Transient Cell Transfection

HEK293T or COS7 cells were grown in Dulbecco’s modified
Eagle’s medium-H supplemented with gentamicin/kanamycin
(Life Technologies, Grand Island, NY) and 10% fetal bovine
serum (Atlanta Biologicals, Flowery Branch, GA) in a humidified
incubator with 5% CO,. On the day prior to transfection, cells
were seeded at 2 x 10° cells/100 mm dish. Plasmids expressing
WT or mutant NrCAM, Npn2, and SAP102-GFP were transfected
into cells with Lipofectamine 2000 (Life Technologies). Media
was changed on the day following transfection, and cells har-
vested 24 h later. Protein concentrations were determined using
the BCA assay.

Immunoprecipitation

Homogenates of mouse forebrain (P21) and cell lysates were
prepared in lysis buffer (1% Brij98, 10mM Tris-Cl pH 7.0,
150 mM NaCl, 1 mM EDTA, 1 mM EGTA), 200 pM Na3VO,, 10 mM
NaF, 1x protease inhibitors (SigmaAldrich #P8340). Lysates
(0.5-1mg) were precleared for 30 min at 4 °C using Protein A/G
Sepharose. Precleared lysates were incubated with NrCAM,
Npn-2, GFP or normal IgG (nlg) antibodies for 2h at 4 °C. Protein
A/G Sepharose beads were added for 30min at 4°C prior to
washing, and bound proteins were eluted by boiling in SDS-
PAGE sample buffer.

Synaptoneurosome Preparation

Synaptoneurosomes were isolated as in Villasana et al. (2006).
Briefly, mouse cortices (P28, n = 4) were homogenized in 8 ml of
synaptoneurosome buffer (10mM HEPES, 1mM EDTA, 2mM
EGTA), 200 1M sodium orthovanadate, 10 mM NaF and 1x prote-
ase inhibitor cocktail (P8340 Sigma). After sonication sample
was filtered through a 100pum filter followed by a 5pm cell
strainer. The final filtrate was centrifuged at 1000 x g for 10 min
at 4 °C. The pellet was resuspended in 500 pl of RIPA lysis buffer
(20 mM Tris pH 7.0, 0.15M NaCl, 5mM EDTA, 1 mM EGTA, 1%
NP-40, 1% deoxycholate, 0.1% SDS, 200 mM Na;VO,4, 10 mM NaF,
1x protease inhibitors), agitated for 40 min on a rocker, and

centrifuged at 16 000 x g for 10 min. The supernatant was col-
lected as the synaptoneurosome fraction.

Western Blotting

Lysates (50 pg), protein fractions, or immunoprecipitations were
subjected to SDS-PAGE and transferred to nitrocellulose. Blots
were blocked in TBS-Tween containing 5% nonfat milk, and
incubated overnight with antibodies directed against: NrCAM
(1:1000), Npn-2 (1:1000), NR2B (1:500), PlexA3 (1:500), PSD95
(1:2000), SAP102 (1:500) or GAPDH (1:1000). Blots were washed
and incubated in secondary antibodies (1:10 000) for 1h, before
developing using enhanced chemiluminescence (ThermoFisher
Scientific) and exposed to film.

Results

NexCre-Driven Deletion of NrCAM From Cortical
Pyramidal Neurons

NrCAM localizes to spines on apical dendrites of approximately
30% of pyramidal neurons in V1 (Demyanenko et al. 2014), but
it is also expressed in some glia (Zhang et al. 2014) and in
embryonic thalamic neurons, where it regulates axon targeting
to sensory cortical areas (Demyanenko et al. 2011). To evaluate
the consequences of NrCAM deficiency specifically in pyrami-
dal neurons, and to ascertain whether it functions during ado-
lescence, we developed a conditional inducible line by first
generating NrCAM floxed mice from targeted murine embry-
onic (ES) stem cells. PCR-based genomic DNA analysis of wild
type (WT), heterozygous, and homozygous NrCAM floxed mice
showed the expected DNA fragments for WT (532 kb) and floxed
(728 kb) alleles (Fig. 1A). NrCAM floxed mice were intercrossed
with NexCre-ERT2 knock-in mice, in which a modified Cre
recombinase fused to the human estrogen receptor ligand bind-
ing domain is expressed under control of endogenous regula-
tory sequences in the Nex1 (Neurod6) gene (Agarwal et al. 2012).
Temporal regulation of recombination is achieved by tamoxifen-
induced nuclear import of the modified Cre recombinase.
Postnatal tamoxifen induction in Nex-CreERT2 mice has been
shown to elicit cell-specific targeting of postmitotic cortical and
hippocampal pyramidal neurons with no detectable targeting of
interneurons, oligodendroglia, astrocytes, or non-neural cells
(Agarwal et al. 2012). To permanently label pyramidal neurons in
which recombination occurred, mice were also crossed to the Ai9
reporter line (Rosa-CAG-LSL-tdTomato-WPRE) (Goebbels et al. 2006;
Madisen et al. 2010; Agarwal et al. 2012).

In the mouse, peak stages of spinogenesis (~PO-P15), spine
pruning (~P15-P30), and synaptic stabilization (~P40) occur in
postnatal life (Holtmaat et al. 2005). To achieve recombination
in early adolescence (P21-24) (Laviola et al. 2003), NexCre-ERT2:
NrCAM F/+; tdT (referred to as NrCAM F/+) and NexCre-ERT2:
NrCAM F/F; tdT mice (referred to as NrCAM F/F) were given daily
tamoxifen injections from P10 to P13 (Agarwal et al. 2012), then
analyzed at P21. Induction of tdTomato in V1 was prominent in
NrCAM F/+ and NrCAM F/F mice, and negligible in noninduced
cortex (Fig. 1B), in accord with high cytoplasmic retention of
Cre-ERT2 (Agarwal et al. 2012). Cortical lysates from NrCAM F/F
mice showed a significant reduction in NrCAM protein com-
pared with NrCAM F/+ mice (Fig. 1C). Residual NrCAM protein
was likely due to uninduced pyramidal neurons or other cell
types. Nissl staining showed no alteration in general anatomy,
size, or architecture of brain structures in NrCAM F/F mice
(Supplementary Fig. S1A). At P21 and P80 (adult) stages NrCAM
protein localized to tdTomato+ pyramidal neurons in V1
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Figure 1. Generation of Nex-CreERT2:NrCAM; tdT conditional mutant mice. (A) PCR genotyping showing diagnostic fragments for WT (532 bp), NrCAM F/+ (532 and
728bp), and NrCAM F/F (728 bp) mice. (B) tdTomato labeling of V1 neurons in NrCAM F/+ and NrCAM F/F mice (P21) induced at P10-13, and lack of labeling in unin-
duced mice (bar=100 pm, layers 1-6). (C) NrCAM immunoblot from cortical lysates of NrCAM F/+ or F/F mice (P21). Histogram shows the relative pixel densities of the
blot (mean + SEM, n = 3, *P < 0.05, t test). (D) NrCAM in pyramidal neurons marked by tdTomato in NrCAM F/+ but not in NrCAM F/F mice (V1, layer 4, P21 and P80 (bar =
50 um). (E) tdTomato+ neurons in NrCAM F/+ mice express vGlutl but not GAD67 (bar = 50 um). (F) tdTomato labeling of MFC neurons (Cgl) in NrCAM F/F mice (P21) after
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in NrCAM F/+ but not in NrCAM F/F at P21 and P80 (bar = 50 ym).

following induction (P10-P13) in NrCAM F/+ mice, and substan-
tially decreased in NrCAM F/F mice (Fig. 1D). The specificity of
NexCre-ERT2 recombination was verified by coexpression of
tdTomato and pyramidal cell marker VGlutl, but not with
GABAergic interneuron marker GAD67 (Fig. 1E).

Tamoxifen induction of NrCAM F/F mice (P10-P13) resulted
in tdTomato labeling of MFC pyramidal neurons at P21, as
shown in layer 2/3 neurons of primary cingulate cortex (Cgl),
with little labeling in uninduced Cgl (Fig. 1F). NrCAM protein
localized to pyramidal neurons in MFC at both P21 and P80 in
NrCAM F/+ mice, and was efficiently lost upon induction in
NrCAM F/F mice (Fig. 1G).

Temporal Regulation of Dendritic Spines Mediated by
NrCAM
In NrCAM global null mice, increased density of spines and

excitatory synapses on apical dendrites occurs in star pyrami-
dal neurons, the principal recipients of thalamocortical inputs

in V1, layer 4 (Demyanenko et al. 2011, 2014). Apical dendrites
differ from basal dendrites in having higher levels of thalamo-
cortical (Turner et al. 2015) and intracortical inputs (Brooks-
Kayal 2010), as well as distinct temporal plasticity properties
(Gordon et al. 2006). To determine if NrCAM functioned within
pyramidal neurons to constrain spine density on apical den-
drites in early postnatal life, NrCAM was deleted by tamoxifen
treatment a (P10-P13) and spines analyzed at P21. NrCAM loss
resulted in increased spine density on apical but not basal den-
drites of star pyramidal neurons of V1, layer 4 at P21 (Fig. 2A,B).
Apical dendrites of NrCAM F/F star pyramidal neurons dis-
played normal proportions of filopodial, stubby, and mushroom
spines, as well as normal arborization and overall morphology
(Supplementary Fig. S1B,C). The spine phenotype was stable
upon maturation, as increased spine density was also observed
on apical dendrites of star pyramidal neurons of NrCAM F/F
mice in adulthood (P80) following deletion of NrCAM at P10-P13
(Fig. 2C,D). To determine if deletion of NrCAM in pyramidal neu-
rons during adulthood also affected spine density, recombination
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Figure 2. NrCAM deletion in pyramidal neurons in early postnatal development increases spine density on apical dendrites in V1 and MFC. (A) Early postnatal dele-
tion of NrCAM increased spine density on apical but not basal dendrites of V1 star pyramidal neurons at P21 in NrCAM F/F compared with F/+ mice (bar =10 pm). (B)
Histogram shows mean spine density + SEM from apical and basal dendrites of V1 cortex at P21 (n = 20, neurons from 3 brains in each condition, *P < 0.05, t test). (C)
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density from apical dendrites at P80 (n = 20, neurons from 3 brains in each condition, *P < 0.05, t test). (E) Early adult deletion of NrCAM has no effect on apical spine
density in V1 star pyramidal neurons at P80 (bar = 10 pm). (F) Quantification of spine density + SEM from apical dendrites of layer 4 pyramidal neurons in V1 at P80
after early adult induction at P55. (n = 20, neurons from 3 brains in each condition, P < 0.05, t test) (G) Early postnatal deletion of NrCAM increased spine density on
apical but not basal dendrites of Cgl layer 2/3 neurons in NrCAM F/F compared with F/+ mice at P21 (bar = 10 pm). (H) Quantification of spine density + SEM from api-
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from the adult (P80) mice layer 2, 3 pyramidal neurons of Cgl cortex after early postnatal induction (bar=10 pm). (J) Quantification of spine density + SEM from apical
dendrites of Cgl pyramidal neurons at P80 (n = 20, neurons from 3 brains in each condition, *P < 0.05, t test). (K) No difference in spine density on apical dendrites of
pyramidal neurons in Cgl, layer 2/3 of adult NrCAM F/F mice (P80) following induction in young adults (P55) (bar = 10 um). (L) Quantification of spine density + SEM
from apical dendrites of layer 2/3 pyramidal neurons in Cgl at P80 after early adult induction at P55. (n = 20, neurons from 3 brains in each condition, P < 0.05, t test).
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was induced by tamoxifen treatment in young adults (P55-P65),
and spine density analyzed in mature adults (P80). Deletion of
NrCAM from pyramidal neurons in early adulthood had no effect
on spine density of apical dendrites in mature adults as shown in
V1 (Fig. 2E,F).

Tamoxifen-induced deletion of NrCAM at early postnatal stages
(P10-P13) also resulted in increased spine density on apical but
not basal dendrites in Cgl (layers 2 and 3) of NrCAM F/F mice in
early adolescence (P21) (Fig. 2G,H) and adulthood (P80) (Fig. 21).
Tamoxifen-induced deletion of NrCAM in the MFC of young adult
mice (P55-65) did not significantly alter spine density on apical
dendrites of pyramidal neurons in Cgl (layer 2/3) in mature ani-
mals (P80) (Fig. 2K,L). Spine morphology and dendritic branching
were normal in Cgl pyramidal neurons following conditional
deletion of NrCAM (not shown). We also observed a significant
increase in apical spine densities in L5 and L6 pyramidal neurons
in the MFC of NrCAM F/F mice compared with NrCAM F/+ at both
P21 and P80 (Supplementary Fig. S1E,F).

Taken together, these results demonstrated that NrCAM
functions in pyramidal neurons during adolescent stages to
limit the density of spines on apical dendrites in both V1 and
MFC, and that NrCAM deletion in early adulthood does not
affect spine density in mature adults.

NrCAM Acts Cell Autonomously in Pyramidal Neurons
to Regulate Spine Density and Requires the SAP102-
Interacting PDZ Motif

To determine if NrCAM regulates spine density in cortical pyra-
midal neurons in a cell autonomous manner, NrCAM was re-
expressed in pyramidal cell precursors of NrCAM global null
embryos using IUE. Either WT NrCAM in pCAGG-IRES-mEGFP or
empty vector was electroporated in utero into the lateral ven-
tricles of NrCAM null embryos (E14.5) to achieve sparse labeling
of cortical pyramidal neurons (Seiradake et al. 2013). EGFP-
labeled star pyramidal neurons in V1 (layer 4) were analyzed
for spine density at P21. Re-expression of NrCAM significantly
decreased spine density on apical dendrites of sparsely labeled
pyramidal neurons in the NrCAM null cortex compared with
empty vector, consistent with a cell autonomous, postsynaptic
function (Fig. 3A,B). The NrCAM cytoplasmic domain contains a
carboxyl-terminal PDZ binding site (SFV) with the potential to
engage scaffold proteins at the spine postsynaptic density
(PSD) (Davey et al. 2005; Dirks et al. 2006; Yamagata and Sanes
2010). To determine if this motif was required for limiting spine
density in vivo, a deletion mutant of NrCAM lacking the SFV
motif (ASFV) was expressed in neural precursors following IUE
of NrCAM null embryos (E14.5). Unlike WT NrCAM, the NrCAM
ASFV mutant was unable to rescue spine density on apical den-
drites of star pyramidal neurons, indicating that interactions at
the PDZ binding motif were important for regulating spine den-
sity (Fig. 3A,B).

The PDZ-containing scaffold protein Synapse-Associated
Protein (SAP102) localizes to the PSD of immature spines in fetal
and neonatal brain, and is replaced by PSD95 (SAP90) at mature
synapses (Murata and Constantine-Paton 2013). SAP102 loss-of-
function mutations in humans are associated with nonsyndromic
mental retardation (Tarpey et al. 2004; Zanni et al. 2010), while
null mice have learning defects and do not thrive (Cuthbert et al.
2007). NrCAM coimmunoprecipitated with SAP102 from a synap-
toneurosome fraction isolated from P28 mouse brain, but not
with PSD95 even though each protein was present in the fraction
(Fig. 3C). Through an amino terminal sequence distinct from its 3
PDZ domains SAP102 binds NR2B, an early developmental subunit
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Figure 3. NrCAM rescues spine density in null mutant pyramidal neurons, and
requires the carboxyl-terminal PDZ binding motif SFV, which recruits SAP102.
(A) IUE was performed in NrCAM null embryos (E14.5) with empty vector,
PpCAGG-IRES-WT NrCAM-mEFGP, or pCAGG-IRES-ASFV NrCAM-mEGFP. Apical
spines were imaged in V1, layer 4 at P21 after EGFP immunostaining (scale bar
10pm). (B) Mean spine densities on apical dendrites (n > 500 spines from 3
brains in each condition, *P < 0.05, t test). (C) Coimmunoprecipitation of NrCAM
from synaptoneurosomes with SAP102 and NR2B but not PSD95. (D) SAP102
association requires the PDZ binding motif SFV in NrCAM, as shown by coim-
munoprecipitation in NrCAM and SAP102-GFP transfected COS7 cells.

of the NMDA receptor important for spine morphogenesis (Wei
et al. 2015). NrCAM coimmunoprecipitated from synaptoneuro-
somes with NR2B, likely due to indirect binding of NR2B with
SAP102 (Fig. 3C). Immunofluorescence staining of cortical neurons
expressing EGFP in culture showed colocalization of NrCAM and
SAP102 on dendritic spines (Supplementary Fig. S1D). NrCAM
appeared to interact directly with SAP102 as shown coimmuno-
precipitation from COS7 cells coexpressing WT NrCAM and GFP-
tagged SAP102 (Fig. 3D). The association of NrCAM with SAP102
required the NrCAM SFV motif, as shown by SAP102-GFP coim-
munoprecipitation with WT NrCAM but not with NrCAM ASFV
(Fig. 3D). In other experiments (not shown) NrCAM did not coim-
munoprecipitate from P21 brain lysates with the following cell
adhesion, scaffold, and signaling proteins: SynCAM1, SAP97,
Shank3, StGAP2, FARP1.

NrCAM Association With Npn2 and PDZ Scaffolds
Mediates Sema3F-Induced Spine Elimination

The mechanism of action of class 3 Semaphorins requires bind-
ing to transmembrane receptors that comprise heteromeric
complexes of Neuropilins, Plexins, and CAMs. We have shown
earlier that NrCAM forms a molecular complex with Npn2 and
PlexinA3 (Demyanenko et al. 2014). To understand how NrCAM
engages the Sema3F holoreceptor complex, we developed a
structural model for predicting the nature of the interface
between NrCAM and Npn2. We reported that the last 3 residues
(NER'?) of a sequence in the NrCAM Igl domain (TAR'?
NER'?) is involved in Npn2 binding (Demyanenko et al. 2014)
(Fig. 4A). A conserved sequence (FASNR/KL) in the
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corresponding location in the Igl domain of L1 and CHL1 binds
Npn1 (Castellani et al. 2002; Wright et al. 2007). In none of these
cases is the location of the binding site on Npn1/2 identified.
We modeled the structure of NrCAM Ig 1-4 based on the crystal
structure of Neurofascin (PDB 3P3Y) (Liu et al. 2011), and the
structure of Npn2 al-a2 domains based on the Npnl al/a2/bl
structure (PDB 4GZ9) (Janssen et al. 2010). Npn1 forms a multi-
domain globular unit in which the al domain is linked to a2-
bl-b2 domains by a flexible linker of ~5 residues, while the a2
domain interfaces with both the bl and b2 domains. We used
ClusPro 2.0 (https://cluspro.bu.edu/) (Chen et al. 1998; Kozakov
et al. 2006) to predict candidate interfaces, which we then

tested through mutagenesis. We hypothesized that the inter-
face occurred between NrCAM TARNER motif and the Npn2 al
domain. The NrCAM Igl domain was docked onto the Npn2 a1l
domain using ClusPro 2.0, and high-ranking docking solutions
were evaluated by (1) inclusion of the TARNER motif in the
interface with Npn2, (2) lack of steric hindrance by NrCAM Ig2-
Ig4 domains, and (3) compatibility of the NrCAM/Npn2 interac-
tion within a Sema3F/Npn2/PlexA3 holoreceptor based on the
Sema3A/Npn1/PlexA2 complex (PDB 4GZ9) (Janssen et al. 2010).
One docking solution fit all 3 criteria. We also tested whether
the Npn2 a2 domain contained an interface for NrCAM, but
charge reversal mutations of residues in the Npn2 a2 domain
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(E270R, R287E, D431R) with the potential to bind the NrCAM
TARNER motif did not perturb coimmunoprecipitation of
NrCAM with Npn2 from HEK293T cells (data not shown).

In our structural prediction, NrCAM Igl engaged the Npn2
al domain through an interface where Argl20 in the
TAR™NER motif interacted electrostatically with Glu56 in the
Npn2 al domain (Fig. 4B). To test this, Argl20 was mutated to
create either a charge reversal (R120E) or neutral (R120A) substi-
tution, and binding to Npn2 assessed by coimmunoprecipita-
tion from transfected HEK293T cells. The NrCAM mutation
R120E effectively perturbed binding between NrCAM and Npn2
compared with WT NrCAM, while the neutral substitution
R120A partially inhibited binding (Fig. 4C). To evaluate the cor-
responding role of Glu56 in the Npn2 al domain, a charge
reversal mutation (ES6R) was tested for binding to NrCAM by
coimmunoprecipitation from HEK293T cells. The Npn2 ES6R
mutant showed little binding to NrCAM (Fig. 4C). Surface bioti-
nylation of transfected HEK293T cells confirmed that equiva-
lent levels of WT and mutant proteins were expressed on the
cell surface (data not shown).

The NrCAM mutants were then tested in a functional assay
for Sema3F-induced dendritic spine collapse in primary cortical
neurons (Tran et al. 2009; Demyanenko et al. 2014). Primary corti-
cal neurons were cultured from NrCAM null embryos (E14.5) and
transfected at 11 days in vitro (DIV) with vector (pCAGGS-IRES-
mEGFP) or plasmids containing WT, R120E, ANER, and ASFV
NrCAM. Cells were treated at DIV14 with Sema3F-Fc or control Fc
(3nM) for 30 min, stained for EGFP, and spine density quantified
on apical dendrites from confocal z-stacks. Neurons transfected
with WT NrCAM exhibited decreased spine density after Sema3F-
Fc treatment compared with Fc, whereas NrCAM null neurons
transfected with empty vector showed no change (Fig. 4D,E), as
reported (Demyanenko et al. 2014). In contrast, neurons expres-
sing the NrCAM mutants R120E, ANER, or ASFV did not respond
to Sema3F-Fc (Fig. 4D,E). These results demonstrated that the
interface between the NrCAM TARNER motif and Npn2, as well as
interactions involving the PDZ binding motif were crucial for
Sema3F-mediated dendritic spine retraction.

NrCAM Induces Sema3F Receptor Clustering and
Activates PlexA3 Rap-GAP Signaling

The class 3 Semaphorin-3F (Sema3F) acting through the Neuropilin-
2/Plexin-A3 (Npn2/PlexA3) holoreceptor complex signals to restrain
apical dendritic spine morphogenesis of cortical pyramidal
neurons (Tran et al. 2009; Shiflett et al. 2015). Plexins form
homodimers (or multimers) on the cell surface, and interac-
tion with ligand induces conformational changes necessary
for signal activation. Specifically, ligand-induced clustering acti-
vates the autoinhibited Rap-GAP function of PlexinAs (He et al.
2009). We used a fluorescence-based assay to analyze cocluster-
ing of Npn2 and PlexA3, analogous to one we developed to
assess NCAM association with EphA3 (Sullivan et al. 2016). To
establish the assay, WT cortical neuron cultures were transfected
with pCAGGS-mIRES-mEGFP and treated with Sema3F-Fc or Fc
(3nM) for 0-30 min at DIV14. Immunofluorescence staining for
Npn2 and PlexA3 in EGFP-labeled apical dendrites was imaged
confocally, and colocalization assessed by Pearson’s correlation
coefficients. Sema3F-Fc increased coclustering of Npn2 and
PlexA3 within 15-30 min compared with controls (Fig. 5A,B). In
parallel, there was a significant reduction in spine density in
Sema3F-Fc treated neurons (Fig. 5C).

To evaluate a possible functional role for NrCAM in receptor
clustering, cortical neuron cultures from NrCAM knockout (KO)

mice were transfected with WT NrCAM plasmid or empty vec-
tor. Cultures were treated with Sema3F-Fc or Fc for 30 min, and
analyzed for colocalization of Npn2 and PlexA3. Sema3F-Fc
induced robust coclustering of Npn2 and PlexA3 on apical den-
drites in neurons expressing WT NrCAM, as shown in merged
images and heat maps (Fig. SD,E). In NrCAM KO neurons,
Sema3F-Fc caused a small increase in clustering that was not
statistically significant. To assess the importance of NrCAM
interaction with Npn2 and PDZ scaffolds, cortical neuron cul-
tures from NrCAM KO mice were transfected with WT NrCAM,
TARNER mutant (R120E), PDZ mutant ASFV, or empty vector.
Sema3F-Fc did not significantly increase Npn2-PlexA3 cluster-
ing in neurons expressing R120E or ASFV compared with WT
(Fig. 5D,E), demonstrating the importance of NrCAM association
with Npn2 and PDZ scaffold proteins such as SAP102. Because
Npn2 has a carboxyl-terminal PDZ binding motif (CEA) (Wang
et al. 2003), it might additionally interact with SAP102.

Ligand-induced dimerization of Plexin A family members
relieves auto-inhibition of the cytoplasmic domain, initiating
intrinsic Rap-GAP activity (He et al. 2009). In turn, Rap-GAP is
able to recruit and inactivate Rapl by hydrolyzing bound GTP
to GDP. To determine if NrCAM, through its ability to promote
receptor clustering, activates PlexA3 Rap-GAP signaling, we
measured the activity of Rapl GTPase in GST-pulldown assays
from cortical neuronal cultures (Garcia-Mata et al. 2006).
Cortical neuron cultures from WT or NrCAM null mice were
treated at DIV14 with Sema3F-Fc or control Fc (3 nM) for 30 min,
lysed, and assayed for active GTP-bound Rapl. Sema3F-Fc
strongly decreased the levels of GTP-bound Rapl in neurons
expressing NrCAM but did not alter levels of Rapl-GTP in
NrCAM null neurons (Fig. 6A,B). These results provide strong
evidence that NrCAM mediates Sema3F-induced Rap1 inactiva-
tion. Although clustering was not linked directly to Rap1-GTP
in these experiments, it is probably that this is due to
clustering-induced activation of PlexinA3 Rap-GAP.

PlexA3 binds Npn2 and coimmunoprecipitates with NrCAM
in brain and transfected cells (Demyanenko et al. 2014) but its
requirement for Sema3F-induced spine retraction has not been
assessed. To address this, cortical neuron cultures from WT
mice were transfected at DIV11 with a dominant inhibitory
PlexA3 mutant (R¥°7/14%8A) or with empty vector (pCAGGS-
IRES-mEGFP). The R'497/%4087 double mutation lies within the
Rap-GAP catalytic site of PlexA3 and abolishes signaling (He
et al. 2009). At DIV14, cultures were treated with Sema3F-Fc or
control Fc (3nM), and spine density measured on apical den-
drites after 30min. PlexA3 R%7/14%A strongly inhibited
Sema3F-induced spine retraction (Fig. 6C,D), indicating that the
Rapl-GAP activity of PlexA3 mediates Sema3F-induced spine
retraction in cortical neuron cultures. Activated Rap1 is known
to recruit talin to the p-integrin tail, triggering integrin activa-
tion (Lilja et al. 2017). We further investigated if downregulation
of activated Rapl upon Sema3F treatment inactivated pl-integ-
rin on dendrites and spines, as a possible mechanism for de-
adhesion and spine collapse. WT neurons were transfected
with EGFP and treated with Sema3F-Fc or Fc (3nM, 30 min) at
DIV14. Immunostaining was carried out using monoclonal p1-
integrin antibody (9EG7), which specifically recognizes the
active pl-integrin conformation (Lilja et al. 2017). A significant
reduction in the levels of activated f1-integrin was observed on
dendrites and spines after Sema3F treatment (Fig. 6E,F). To fur-
ther test the role of PlexinA3 we transfected WT neurons with
dominant inhibitory PlexA3 mutant (R14°7/2408a) at DIV11, and
treated with Sema3F-Fc or Fc (3nM, 30min) at DIV14. There
were no differences in active pl-integrin levels in Sema3F-Fc or
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Fc treated neurons expressing the PlexA3 inhibitory mutant
(Fig. 6G,H). We also measured active fl-integrin levels in cul-
tured NrCAM KO neurons transfected at DIV11 with empty vec-
tor (pCAGGS-IRES-mEGFP) or plasmid expressing WT NrCAM,
then treated with Sema3F-Fc or Fc (3nM, 30min) at DIV14.
There were no significant differences in active fl-integrin
levels in NrCAM KO neurons containing empty vector upon
Sema3F-Fc treatment, but a significant reduction in active p1-
integrin after Sema3F-Fc treatment of neurons expressing WT
NrCAM (Fig. 61J). We further tested if it was possible to rescue
spine collapse by activating p1-integrin directly by treating neu-
rons with Mn**, a potent activator of pl-integrins (Mould et al.
2002). EGFP-transfected WT neurons were pretreated with
4mM MnCl, for 1hour prior to stimulation with Sema3F-Fc or
Fc (3nM, 30 min). Results showed that MnCl, rescued Sema3F-
mediated spine collapse, as there was no significant difference
in spine density between Fc or Sema3F-Fc treated neurons that
received 4 mM MnCl, (Fig. 6K,L). Taken together, these results
demonstrated that Sema3F inactivated pl-integrins leading to
spine collapse, and that NrCAM and PlexinA3 are required in
this process.

Discussion

Molecular mechanisms governing spine pruning during the crit-
ical juvenile to adult transition are incompletely understood.
Using a novel mouse line (NexCre-ERT2: NrCAM F/F; tdT) to indu-
cibly delete NrCAM at different developmental stages, we dem-
onstrate that NrCAM functions cell autonomously in immature
pyramidal neurons during adolescence to constrain spine num-
ber on apical dendrites in the MFC and V1. In contrast, NrfCAM
deletion in adulthood had no effect, and thus may not regulate
the slower spine turnover associated with increasing age in
mature cortical circuits (Holtmaat et al. 2005). NrCAM was found
to have a novel role in promoting developmental spine pruning
through its ability to induce membrane clustering/oligomeriza-
tion of the Sema3F holoreceptor complex. Receptor clustering
was mediated through binding between NrCAM Igl (TARNER)
and Npn2 al extracellular domains, and also required the
NrCAM PDZ binding motif, which engaged the immature synap-
tic scaffold protein SAP102. NrCAM-dependent Sema3F receptor
clustering stimulated the intrinsic Rap-GAP activity of PlexA3,
leading to decreased Rapl GTPase activity, pl-integrin inactiva-
tion, and spine elimination. Our results also provide evidence
that NrCAM and PlexA3 are required for Sema3F-mediated p1-
integrin inactivation, which leads to spine collapse.

The molecular mechanism by which Ig recognition molecules
such as NrCAM promote neuronal repellent responses has
remained enigmatic. NrCAM binds Npn2 in the absence of
Sema3F or PlexA3 through a motif (TARNER) in NrCAM Igl
(Demyanenko et al. 2014), but neither the molecular determi-
nants mediating this interaction nor the consequences on spine
remodeling were known. ClusPro docking of NrCAM Igl with the
Npn2 al domain predicted a binding interface involving Arg120
in the NrCAM TAR'NER motif and Glu56 in the Npn2 a1l
domain. Charge reversal substitutions in NrCAM TAR2NER
(R™E) or Npn2 (E°°R) inhibited NrCAM-Npn2 binding, and
allowed us to test the hypothesis that NrCAM promotes mem-
brane clustering of Sema3F receptors necessary for nascent spine
elimination. We found that NrCAM, through binding to Npn2,
promoted clustering/oligomerization of Sema3F holoreceptors in
the dendritic membrane, inducing PlexA3 Rap-GAP signaling and
spine retraction. Similarly, clustering of Eph receptors transduces

intracellular signaling depending on the degree of multimerization
(Seiradake et al. 2013; Schaupp et al. 2014).

In WT cortical neuron cultures treated with Sema3F-Fc,
Rap1 GTPase activity was inhibited as a result of PlexA3 Rap-GAP
activation, and pl-integrins became conformationally inactivated
in dendrites and spines. Rapl-GTPase is known to activate
inside-out signaling of pl-integrins and to enhance cell adhesion
through talin binding (Lilja et al. 2017). Hence, Sema3F-induced
inactivation of pl-integrins in spines may promote de-adhesion
as an initial step in spine retraction. Additional signaling steps
on the pathway that contribute to spine loss remain to be iden-
tified, such as effectors of cytoskeletal modulation or protein
degradation. In addition, NrCAM could participate in as yet
unidentified Sema3F-independent events necessary for spine
elimination.

Postsynaptic scaffolding of synaptic proteins can dictate
spine loss versus stability (Lambert et al. 2017). The NrCAM
spine phenotype was not rescued by a construct lacking the
PDZ binding motif (SFV), which has been shown to bind
MAGUK (membrane-associated guanylate kinase) family scaf-
fold proteins, including SAP97, SAP102, and PSD95 (SAP90)
(Davey et al. 2005; Dirks et al. 2006; Yamagata and Sanes 2010).
NrCAM coimmunoprecipitated with SAP102 and NR2B from P28
synaptoneurosomes, but not with PSD95. NrCAM also coloca-
lized with SAP102 on dendritic spines in cortical neuron cul-
tures. SAP102 binds and regulates trafficking of NR2B at
nascent spine postsynaptic densities (Zheng et al. 2010, 2011,
Chen et al. 2012), whereas PSD95 preferentially traffics NR2A-
NMDA receptors at mature postsynaptic densities (Elias et al.
2008). The PDZ binding motif of NrCAM was also found to be an
essential determinant of both Sema3F-induced receptor clus-
tering and spine retraction in vitro. Although the direct role of
SAP102 was not demonstrated, these results implicate SAP102
with its 3 PDZ muotifs, in facilitating oligomerization of Sema3F
receptors at immature synapses or restricting PlexA3 signaling
to sites localized in the spine or dendritic membrane.

Our results provide a new understanding of the role of
NrCAM and other L1-CAMs in class 3 Semaphorin signaling. We
suggest that binding of NrCAM Igl to the Npn2 al interface,
together with cytoplasmic PDZ scaffold interaction, stabilizes
Npn2-PlexA3 binding so that Sema3F dimers can more effi-
ciently form an active holoreceptor signaling complex. Our
study is in general accord with a low resolution (2.7 A) crystal
structure of the related Sema3A receptor, which implicated
Npn1l in cross-bridging PlexA2 and Sema3A dimers to form a
hexameric complex (Janssen et al. 2012). A limitation of that
work was that L1 or CHL1 were not included in the model, even
though their binding to Npn1 is required for Sema3A function
(Wright et al. 2007; Bechara et al. 2008). Because the affinity of
PlexA2 for Npn1l (Kd 66 uM) or Npnl/Sema3A (Kd 6 pM) is rela-
tively low (Janssen et al. 2012), formation of a stable signaling
complex could be limited. Based on our findings with NrCAM,
L1, and/or CHL1 may similarly add stability to the Sema3A
holoreceptor complex thus promoting oligomerization and
downstream signaling.

Temporal restriction of NrCAM function to adolescent rather
than adult development adds to accumulating evidence that neo-
cortical mechanisms of juvenile and adult plasticity differ
(Hubener and Bonhoeffer 2014). Postnatal deletion of NrCAM from
developing pyramidal neurons likely enhances cortical excitabil-
ity, since deletion of NrCAM in global null mice increases the
number of excitatory synapses and mEPSC frequencies in pyrami-
dal neurons, and reduces their response to visually evoked poten-
tials (Demyanenko et al. 2011). Developmental spine pruning
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through NrCAM and Sema3F may cooperate with other adhe-
sion molecules including Cadherins (Wang et al. 2014; Bian
et al. 2015), SynCAM1 (Cheadle and Biederer 2012), Contactins
(Gdalyahu et al. 2015), and short-range repellent ligands such
as Sema5A (Duan et al. 2014) and Ephrins (Penzes et al. 2011,
Um et al. 2014), which regulate diverse aspects of spine mor-
phogenesis and dynamics.

The present study reveals a novel temporal function for NrCAM
in regulating Semaphorin-mediated dendritic spine pruning in
pyramidal neurons in developing neocortex. Understanding
how the density of spine subpopulations is regulated by NrCAM-
dependent Sema3F signaling may illuminate how appropriate
cortical E/I balance is established, and provide current insight into
neurodevelopmental disease.
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