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Neuron-glial related cell adhesion molecule (NrCAM) is a regulator of axon growth and repellent guidance, and has been implicated in
autism spectrum disorders. Here a novel postsynaptic role for NrCAM in Semaphorin3F (Sema3F)-induced dendritic spine remodeling
was identified in pyramidal neurons of the primary visual cortex (V1). NrCAM localized to dendritic spines of star pyramidal cells in
postnatal V1, where it was coexpressed with Sema3F. NrCAM deletion in mice resulted in elevated spine densities on apical dendrites of
star pyramidal cells at both postnatal and adult stages, and electron microscopy revealed increased numbers of asymmetric synapses in
layer 4 of V1. Whole-cell recordings in cortical slices from NrCAM-null mice revealed increased frequency of mEPSCs in star pyramidal
neurons. Recombinant Sema3F-Fc protein induced spine retraction on apical dendrites of wild-type, but not NrCAM-null cortical
neurons in culture, while re-expression of NrCAM rescued the spine retraction response. NrCAM formed a complex in brain with Sema3F
receptor subunits Neuropilin-2 (Npn-2) and PlexinA3 (PlexA3) through an Npn-2-binding sequence (TARNER) in the extracellular Ig1
domain. A trans heterozygous genetic interaction test demonstrated that Sema3F and NrCAM pathways interacted in vivo to regulate
spine density in star pyramidal neurons. These findings reveal NrCAM as a novel postnatal regulator of dendritic spine density in cortical
pyramidal neurons, and an integral component of the Sema3F receptor complex. The results implicate NrCAM as a contributor to
excitatory/inhibitory balance in neocortical circuits.
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Introduction
Efficient transmission of information in the brain requires an
intricate balance of excitation and inhibition (E/I balance), which
is established during development and later refined. Most excit-
atory synapses in the cerebral cortex are located on dendritic
spines and are distributed in such a way that allows correct func-
tioning of cortical networks (Yuste, 2011). During development
of the neocortex, spines are initially overproduced then undergo
substantial elimination (pruning) in adolescence to form rela-
tively stable adult circuits (Huttenlocher, 1979; Petanjek et al.,

2011). Abnormalities in spine pruning may perturb cortical E/I
balance in neuropsychiatric diseases such as autism spectrum
disorder (ASD; Rubenstein and Merzenich, 2003; Hayashi-
Takagi et al., 2011). Cortical pyramidal cells are implicated in
ASD and exhibit increased spine densities on apical dendrites,
which could arise from defective spine pruning (Parikshak et al.,
2013; Willsey et al., 2013), leading to hyperconnectivity and hy-
perexcitability within affected circuits (Courchesne et al., 2007).
However, the mechanisms regulating spine remodeling are in-
completely understood.

Neuron-glial related cell adhesion molecule (NrCAM) is an Ig
superfamily adhesion molecule (Maness and Schachner, 2007)
with an established role in axon growth and repulsion (Falk et al.,
2005; Williams et al., 2006; Demyanenko et al., 2011; Sakurai,
2012). NrCAM is one of four L1 family members that reversibly
engage the actin cytoskeleton through ankyrin B and ezrin-
radixin-moesin adaptors (Maness and Schachner, 2007). In ad-
dition NrCAM has a PDZ binding motif with the potential to
bind PSD scaffold proteins PSD-95 and SAP102 (Davey et al.,
2005; Dirks et al., 2006). Genetic alterations involving the adhe-
sion molecule NrCAM have been associated with vulnerability to
ASD (Bonora et al., 2005; Marui et al., 2009; Pinto et al., 2010;
Voineagu et al., 2011), intellectual disability (Docherty et al.,
2010), and addictive behavior (Sakurai et al., 2006; Ishiguro et al.,
2014). NrCAM-null mice display ASD-relevant behaviors in-
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cluding impaired sociability, cognitive inflexibility, and hyper-
sensitivity to sensory stimuli (Moy et al., 2009), and altered visual
cortical responses (Demyanenko et al., 2011). In the thalamocor-
tical system, NrCAM deficiency in mice causes misprojection of
thalamic axon contingents to the primary visual cortex (V1), as a
consequence of impaired repulsion from a gradient of
Semaphorin3F (Sema3F) in the embryonic ventral telencephalon
(Demyanenko et al., 2011). Interestingly, Sema3F has a distinct
postnatal role in constraining dendritic spine density on cortical
pyramidal neurons (Tran et al., 2007). During postnatal develop-
ment NrCAM is strongly downregulated in thalamic neurons but
is prominently expressed in the cortex (Demyanenko et al.,
2011), raising the possibility that NrCAM might have a dual func-
tion in repellent axon guidance and postnatal regulation of den-
dritic spine remodeling.

Here we report that NrCAM regulates spine density and ex-
citatory synapses, as shown in star pyramidal neurons in V1, by
promoting spine remodeling as an essential component of the
Sema3F receptor complex. These findings demonstrate for the
first time that an Ig-class adhesion molecule couples with repel-
lent signaling receptors to regulate spine and synaptic develop-
ment in pyramidal neurons, thus potentially impacting E/I
balance in cortical circuits.

Materials and Methods
Mice. NrCAM-null mice (Sakurai et al., 2001; from Dr. Martin Grumet;
Rutgers University) were originally on a mixed background of 129S6/
EvSvTac and Swiss Webster (CFW) but were subsequently bred for over
five generations to C57BL/6 mice. Sema3F-null mutant mice (Sahay et
al., 2003) from Dr. Alex Kolodkin (Howard Hughes Medical Institute,
HHMI; Johns Hopkins University) were on a C57BL/6 background. E0.5
was defined as the plug date and the day of birth as P0. For the trans-
double heterozygous genetic analysis NrCAM �/�;Sema3F �/� mice
were produced by intercrossing NrCAM �/� mice with Sema3F �/�

mice. All mice were handled according to the University of North Caro-
lina (UNC) Institutional Animal Care and Use Committee policies and
in accordance with NIH guidelines.

Immunoreagents. Monoclonal antibodies used were as follows: Tau,
VGluT2 (EMD Millipore), PSD-95 (ThermoFisher Scientific), VGAT
(Synaptic Systems), VGluT1 (NeuroMab, University of California Davis/
NIH NeuroMab facility, Davis, CA), MAP2, and NCAM clone OB11
(Sigma-Aldrich). Polyclonal antibodies were as follows: GFP, NrCAM,
and PlexA3 (Abcam); Npn-2 (R&D Systems); and NR1 (Santa Cruz Bio-
technology). Normal goat, rabbit, and mouse IgG and fluorescently la-
beled (Alexa Fluor 488, TRITC, and Cy5) secondary antibodies were
from Jackson ImmunoResearch. Fc fragment of human IgG was from
Abcam and Sema3F-Fc fusion protein was from R&D Systems.

In situ hybridization. DIG-labeled riboprobes for NrCAM were gener-
ated by in vitro transcription from a pBlueScript (pBS) plasmid contain-
ing mouse NrCAM cDNA (GenBank accession number AJ543321;
nucleotides 460 –1470), including nine bases from the 5� untranslated
region as described previously (Demyanenko et al., 2011). Riboprobes
for Sema3F (Giger et al., 1998; a gift from Dr. David Ginty, HHMI, Johns
Hopkins University) were generated from the pBS KS vector. In situ
hybridization (ISH) was performed in the histology core facility of the
UNC Neuroscience Research Center as described previously (Colbert et
al., 1995). Brains from WT P7 and P21 mice were immersion fixed in 4%
PFA overnight and cryoprotected in sucrose before sectioning horizon-
tally. Images were captured digitally on an Zeiss Axioplan 2 microscope.

Immunostaining and EGFP expression. Mice were anesthetized with
1.25% Avertin and transcardially perfused with 0.9% heparin saline, fol-
lowed by 4% PFA in PBS, and brains were removed at E16.5, P21, P27, or
P60. Brains were cryoprotected in a 10, 20, and 30% sucrose series, and
sectioned for immunostaining (14 –24 �m). Sections were permeabilized
with Triton X-100 and labeled overnight with the following antibodies:
polyclonal rabbit anti-NrCAM (Abcam #ab24344; 1:100), monoclonal

mouse anti PSD-95 (NeuroMab; 1:300), polyclonal guinea pig anti
VGLUT2 (Millipore #AB2251; 1:4000), monoclonal mouse anti VGAT
(Synaptic System catalog #131011; 1:500), monoclonal mouse anti
VGluT1 (NeuroMab #75– 066; 1:100), polyclonal guinea pig anti-
VGluT1 (Millipore AB-5905; 1:1000), polyclonal goat anti Neuropilin-2
(R&D Systems, #AF567; 1:200), anti-mouse PlexA3 antibody (R&D Sys-
tems, catalog #AF4075; 1:100), polyclonal rabbit anti PlexA3 (Abcam
#641564; 1:200), chicken anti MAP2 (Millipore Bioscience Research Re-
agents; 1:1000), polyclonal rabbit anti GFP IgG (Invitrogen; 1:500), and
chicken anti-GFP IgG (Abcam #ab13970; 1:1000). Secondary antibodies
were added for 1 h include Alexa Fluor488 (1:400), TRITC (1:150), and
Cy5 (1:150).

In utero electroporation of pCAGG-IRES-mEGFP plasmid into the
embryos of pregnant females (E14.5) was used to label neurons with
EGFP to visual spines, as previously described (Demyanenko et al.,
2010). Injected mice at P27 were perfused transcardially, brains sec-
tioned, and processed for GFP immunostaining to enhance spine
visualization.

Subcellular fractionation. WT and NrCAM-null mice (P21; n � 3/ge-
notype) were anesthetized, decapitated, and cortex and fractionated as
described previously (Cho et al., 1992). Briefly, cortex was dissected from
the brains and homogenized in HEPES-buffered sucrose (0.32 M sucrose,
4 mM HEPES, pH 7.4), containing the protease/phosphatase inhibitors: 1
mM phenylmethylsulfonyl fluoride, 10 �g/ml leupeptin, 0.11 TIU/ml
aprotinin, 200 �m Na-orthovanadate, and 10 mM NaF, and centrifuged
at 800 –1000 � g at 4°C to remove the pelleted nuclear fraction yielding a
supernatant (S1), which represented the clarified homogenate. S1 was
centrifuged at 10,000 � g for 15 min to yield the crude synaptosomal
pellet (P2) and supernatant (S2), which contained cytosol and light
membranes. The P2 pellet was lysed by hypo-osmotic shock, and centri-
fuged at 25,000 � g for 20 min to yield the S3 supernatant (crude synaptic
vesicle fraction) and P3 pellet (lysed synaptosomal membranes). The P3
pellet was resuspended in HEPES-buffered sucrose and centrifuged in a
discontinuous gradient containing 0.8 –1.0 to 1.2 M sucrose at
�150,000 � g for 2 h. Crude synaptic plasma membranes fractionated
between 1.0 and 1.2 M sucrose, and were extracted twice in 50 mM HEPES,
pH7.4, 2 mM EDTA, and 0.5% Triton X-100 then centrifuged at 32,000 �
g for 20 min to obtain the PSD-2T pellet. All solutions contained protease
and phosphatase inhibitors. Protein concentrations were determined us-
ing the bicinchoninic acid assay.

Spine density and Sholl analysis of Golgi-impregnated neurons. Mice
(P21 and P60) were anesthetized with isoflurane and brains were re-
moved and processed for Golgi staining using the FD Rapid GolgiStain
Kit (FD NeuroTechnologies). Brains were vibratome sectioned (150 �m)
and mounted on gelatin-coated microscope slides after staining. Golgi-
labeled neurons were analyzed in coronal sections of mouse brain using a
Zeiss Axioplan microscope with AxioVision LE digital image capture.
Spines and dendritic branching (Sholl analysis) were measured on digital
bright-field images captured using a 40� oil objective using Neurolucida
software (MBF Bioscience). For apical dendrites, spines were scored
along the primary segment 100 –150 �m distal to the soma, as there were
few spines proximal to the soma. For basal dendrites, spines were scored
along 35–50 �m segments on 3–5 secondary branches. Mean spine num-
ber per dendritic length (density) was calculated from measurements on
2D digital images, and thus represents an underestimate. Distinct spine
morphologies were manually scored as thin, stubby, or mushroom types
on apical dendrite segments from WT and NrCAM-null littermates
(P21), as defined previously (Peters and Kaiserman-Abramof, 1970). For
Sholl analysis Golgi-labeled image stacks were captured using a 20�
objective. Each neuron was reconstructed using Adobe Photoshop CS4
and Neurolucida software. The center of concentric circles was defined as
the center of the cell body at a soma detector sensitivity of 1.5 �m, and
then automatic tracing mode was used to seed and trace dendritic arbors.
Images in DAT format were subjected to Sholl analysis using Neurolu-
cida Explorer with a starting radius of 10 �m and radius increments of 10
�m ending at 300 �m.

For monocular deprivation (MD) mice (P24) were anesthetized using
Avertin (0.025 ml/g, i.p.), and eyelids trimmed and sutured for 3 d as
described previously (McCurry et al., 2010). At P27 brains were removed
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and fixed then processed for Golgi labeling as above. Dendritic spine
density was analyzed on layer 2/3 pyramidal neurons and layer 4 star
pyramidal cells in the binocular zone of V1 within hemispheres con-
tralateral and ipsilateral to the sutured, deprived eye. Binocular V1 was
located by stereotaxic coordinates (Franklin and Paxinos, 1997) and by
defined morphological criteria as described previously (Antonini et al.,
1999; Coleman et al., 2009).

EM. WT and NrCAM-null littermates (P21) were deeply anesthetized
and perfused transcardially with phosphate buffer (0.15 M sodium phos-
phate, pH 7.4) followed by 2% PFA and 2.5% glutaraldehyde in phos-
phate buffer. The brains were postfixed in the same fixative for 2 d, and
100-�m-thick coronal vibratome sections were cut using Leica VT1200S
vibratome. The vibratome sections were postfixed in 1% osmium tetrox-
ide with 1.25% potassium ferrocyanide in phosphate buffer for 20 min,
dehydrated in series of ethanol, and flat embedded in epoxy resin. Semi-
thin sections (1 �m) were cut, stained with toluidine blue, and used for
orientation. Ultrathin (70 nm) sections of cortex were cut using a Leica
Ultracut UCT microtome (Leica Microsystems) and mounted on 200
mesh copper grids (Electron Microscopy Sciences). Ultrathin sections
were contrasted with uranyl acetate and lead citrate, and imaged on an
LEO EM 910 transmission electron microscope (Carl Zeiss SMT) at the
UNC Microscopy Facility (Dr. Robert Bagnell, Director, Department of
Pathology, UNC School of Medicine). The same magnification and size
of electron micrograph was used to compare synaptic profiles in WT and
NrCAM mutant V1, layer 4. Excitatory synaptic profiles on spines were
identified by the presence of asymmetric PSDs aligned with a presynaptic
terminal membrane containing clustered synaptic vesicles, as described
previously (Coleman et al., 2009). In each micrograph, numerous spines
were observed in cross section, and those with asymmetric synaptic pro-
files were classified as containing one or multiple PSDs. In each micro-
graph, the numbers of synaptic profiles with PSDs (single or multiple
PSDs), terminal profile areas, and PSD lengths were counted on all
spines. The number of PSDs on spines within a unit cross-sectional area
of cortex was calculated from the magnification and image size, and
expressed as mean number of PSDs per 100 �m cortical area � SEM.
PSD length and spine cross-sectional areas were measured using ImageJ
software. Means were compared between genotypes by a two-tailed t test
assuming unequal variances for statistical significance ( p 	 0.05). Statis-
tical analyses were performed in Prism (v5.0).

Electrophysiology
Whole-cell patch-clamp recordings. Mice were anesthetized with ket-
amine/xylazine (80/8 mg/kg) and decapitated. Coronal slices (350 �m)
of the visual cortex were prepared from P27–P32 WT and NrCAM-null
mutant mice in ice-cold, oxygenated high-sucrose artificial CSF (ACSF;
240 mM sucrose, 26 mM NaHCO3, 2.5 mM KCl, 1 mM CaCl2, 4 mM

MgSO4, 1.25 mM NaH2PO4, and 10 mM D-glucose, pH 7.4, gassed with
95%O2/5% CO2). The slices were then incubated in extracellular record-
ing solution containing the following (in mM): 125 NaCl, 2.5 KCl, 2
CaCl2, 1.3 MgSO4 20 D-glucose, 1.25 NaH2PO4, and 26 NaHCO3; pH 7.4,
gassed with 95% O2/5% CO2 for 30 min at 34°C, followed by at least 30
min at room temperature. mEPSCs were recorded from star pyramidal
cells in layer 4, in whole-cell voltage clamp with a recording pipette
containing 68 mM CsMetSO3, 72 mM CsCl, 5 mM EGTA, 10 mM HEPES,
4 mM ATP, 0.3 mM GTP, 10 mM creatine phosphate, and 3 mM QX-314
chloride. Alexa Fluor 488 (0.1%, w/v; Invitrogen) was added to the inter-
nal solution to provide morphological identification of all recorded cells,
and only results from star pyramidal neurons are reported. The extracel-
lular solution was supplemented with 1 �M TTX to block action poten-
tials and 10 �M SR95531 to block GABAergic transmission. No series
resistance compensation was used. All chemicals were obtained from
Sigma-Aldrich, except SR95531(Tocris Bioscience). Recordings were
made with an AxoClamp 700B Amplifier (Molecular Devices), and ac-
quired with a custom MATLAB program (R2011a; The MathWorks). All
recordings were made at 34°C. mEPSC frequency, 10 –90% rise time, and
decay time constants were measured in Mini Analysis (Synaptosoft) from
60 to 180 s long traces exported from the MATLAB acquisition program.
mEPSCs were recorded from nine neurons per genotype, using litter-

mates. The rise time and decay time constants were measured from the
averaged mEPSCs. Statistical analyses were performed in Prism (v5.0).

Site-directed mutagenesis and subcloning. Mouse NrCAM splice variant
1 (GenBank accession number AJ543321) cDNA in pcDNA3 was pro-
vided by Dirk Montag (Leibniz Institute for Neurobiology, Magdeburg,
Germany). Mutations in the Npn-2 binding site of the first Ig domain of
NrCAM were generated using the QuikChange Site Directed Mutagene-
sis Kit (Agilent Technologies), according to manufacturer’s instructions
using the following mutagenic primers: TAR
NER: 5�-CCAGTGCACT-
GCAAGGGGAGCTGCCGTCTCC-3�; TARNEV: 5�-CCAGTGCACTG-
CAAGGAACGAGGTTGGAGCTGCCGTCTCC-3�; TARAAA: 5�-CCA
GTGCACTGCAAGGGCCGCGGCTGGAGCTGCCGTCTCC-3�.

WT or mutant NrCAM sequences were introduced into pCAGG-
IRES-mEGFP at the FseI and AscI restriction sites. FseI was introduced at
the 5� end and AscI at the 3� end of NrCAM through PCR using Phusion
DNA polymerase. The primers were as follows: FseFwd: 5�-CGATTG-
GCCGGCCCCTTACATGCCGAAGAAGAAGCACTTATCTGC-3� and
AscRev: 5�-GCTAAGGCGCGCCTTATTATTAAACAAAGGAGTTC
ATTGCG-3�.

PCR products and pCAGG-IRES-mEGFP were digested with FseI and
AscI. The restriction-digested pCAGG-IRES-mEGFP vector was treated
with calf intestinal alkaline phosphatase to remove terminal phosphate
residues at the restriction sites. The FseI/AscI-digested NrCAM cDNA
was ligated to pCAGG-IRES-mEGFP using the Quick Ligation kit from
New England BioLabs. Ligations were transformed into SoloPack Gold
Ultracompetent bacteria (Agilent Technologies), constructs screened,
and plasmids were amplified, purified, and sequenced. All enzymes were
from New England BioLabs.

HEK293T cell culture and transient transfection. HEK293T cells were
grown in DMEM-H supplemented with gentamicin/kanamycin (Life
Technologies) and 5% FBS (Atlanta Biologicals) in a humidified incuba-
tor with 5% CO2. On the day before transfection, cells were seeded at
700,000 cells/60 mm dish. Plasmids containing WT or mutant NrCAM
(8 �g) were transfected into cells with Lipofectamine 2000 (20 �l; Life
Technologies). Media was changed on the day following transfection,
and cells harvested 24 h later. Protein concentrations were determined
using BCA.

Immunoprecipitation. Homogenates of mouse forebrain (E15.5 and
P21) and cell lysates were prepared in RIPA buffer (20 mM Tris, pH 7.0,
0.15 M NaCl, 5 mM EDTA, 1 mM EGTA, 1% NP-40, 1% deoxycholate,
0.1% SDS, 200 �m Na3VO4, and 10 mM NaF, 1� protease inhibitors;
Sigma-Aldrich) as described previously (Demyanenko et al., 2011). Ly-
sates (0.5–1 mg) were precleared for 30 min at 4°C using Protein A/G
Sepharose. Precleared lysates were incubated with NrCAM, Npn-2, or
nonimmune IgG (nIg; rabbit or goat) antibodies for 2 h at 4°C. Protein
A/G Sepharose beads were added for an additional 30 min at 4°C before
washing. Immunoprecipitated proteins were released from the beads by
boiling in SDS-PAGE sample buffer.

Western blotting. Lysates (75 �g), protein fractions, or immunopre-
cipitations were subjected to SDS-PAGE and transferred to nitrocellu-
lose. Blots were blocked in TBS-Tween containing 5% milk and
incubated overnight in the following antibodies: anti-NrCAM (1:500),
anti-Npn-2 (1:500), anti-NR1 (1:500), anti-PlexA3 (1:500), anti-NCAM
(1:1000), anti-PSD-95 (1:2000), and anti-actin (1:5000). Blots were
washed and incubated in secondary antibodies (1:7500) for 1 h before
being developed using enhanced chemiluminescence (ThermoFisher
Scientific) and exposed to film. Films were scanned and analyzed for
Npn-2 association using ImageJ software (NIH Image).

Cortical neuron cultures. Cortical neurons were prepared from brains
of WT or NrCAM-null embryos (E14.5–E16.5) and electroporated with
pCAGG-IRES-mEGFP plasmid according to the method described pre-
viously (Tran et al., 2009). Media was changed on the cultures every 2 d
until 18 DIV. At 18 DIV, neurons were treated with Sema3F-Fc or Fc
control protein (3 nM) for 2 h before fixation and staining with anti-GFP
antibodies (1:200) overnight. Alexa Fluor488 anti-chicken antibodies
(1:400) were incubated for 1 h. Images were captured using a 60� oil-
immersion lens and 2� optical zoom on an Olympus FV500 microscope
at the UNC Microscopy Services Laboratory (Dr. Robert Bagnell, Direc-
tor). For rescue experiments, NrCAM �/� neurons were transfected with
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pCAGG-NrCAM-IRES-mEGFP plasmid or vector alone. Spines of la-
beled neurons were measured in confocal images along 20 –30 �m seg-
ments of apical dendrites and primary or secondary branches of basal
dendrites using Neurolucida software. Spine densities were measured on
dendrites of at least 10 neurons (30 –148 total spines) in each of four
replicate cultures per condition. Mean spine densities � SEM were de-
termined for each condition and compared by the two-tailed t test ( p 	
0.05). For colocalization, cortical neuron cultures (18 DIV) were fixed
and labeled overnight with rabbit anti-NrCAM (1:100), anti-Npn-2 (1:
50), and anti-MAP2 antibodies, processed for double immunofluores-
cence staining, and visualized by confocal imaging.

Results
Postsynaptic localization of NrCAM in visual cortex
To investigate a potential role for NrCAM in postnatal matura-
tion of pyramidal neurons, we examined the cortical expression
of NrCAM in V1 by ISH during early postnatal development
(P7–P21) before the onset of the critical period. NrCAM tran-
scripts were expressed during postnatal development (P7 and
P21) in V1, where they were enriched in layers 4 and 6 (Fig. 1A).
The distribution of NrCAM transcripts at these stages overlapped
that of Sema3F, which were also enriched in the middle and deep
layers of V1. NrCAM and Sema3F transcripts were also present in
primary motor and somatosensory cortical areas and medial pre-
frontal cortex, where they were observed in a nongraded pattern
along the rostrocaudal axis (data not shown). These findings were
consistent with previous results showing that NrCAM is ex-
pressed in developing postnatal mouse forebrain (P5–P20) and
localizes prominently in V1, layers 4 and 6 (Demyanenko et al.,
2011).

To localize NrCAM at the subcellular level, cortical pyramidal
neurons were labeled with EGFP by in utero electroporation of
pCAGG-IRES-mEGFP plasmid at E14.5 and immunostained for
NrCAM postnatally at P21 and P60 (Fig. 1B). Star pyramidal
neurons are the major excitatory neuron in layer 4 of V1 and
principal target of thalamocortical inputs (Maffei et al., 2006).
EGFP-labeled star pyramidal neurons in layer 4 of V1 displayed a
typically short apical dendrite lacking an apical tuft, laterally ori-
ented basal dendrites, and numerous dendritic spines (Fig. 1B1–
B3) as described previously (Jiang et al., 2010). At P21, when
spine maturation is rapid (Li et al., 2010) and critical period
plasticity begins (Espinosa and Stryker, 2012), NrCAM in layer 4
was discretely localized to EGFP-labeled spine heads along den-
drites of star pyramidal cells (Fig. 1B4). The PDZ binding motif
at the C terminus of NrCAM has been reported to bind PSD-95
(Davey et al., 2005; Dirks et al., 2006). NrCAM displayed a strik-
ing punctate distribution on dendritic processes identified by
colocalization with PSD-95 and the somatodendritic marker
MAP2 (Fig. 1C,D).

At embryonic stages NrCAM transcripts are expressed highly
in specific domains of the dorsal thalamus but decline to very low
levels by P5, while increasing postnatally in the cortical plate
(Demyanenko et al., 2011). Consistent with a lack of NrCAM at
thalamocortical terminals, NrCAM did not significantly colocal-
ize with VGluT2, a selective marker of thalamocortical synapses
in V1 (Nahmani and Erisir, 2005; Coleman et al., 2010) in brain
sections within V1, layer 4 of WT mice (P21) (Fig. 1E). Deletion
of NrCAM has been shown to cause mistargeting of subpopula-
tions of thalamic axons to V1 (Demyanenko et al., 2011). In
accord with the small number of mistargeting axons, the density
of VGluT2-positive puncta in V1, layer 4 of WT and NrCAM-null
mice (P27) was equivalent (Fig. 1F). NrCAM did not colocalize
with the presynaptic GABAergic inhibitory neuronal marker
VGAT (Fig. 1G), suggesting that NrCAM may be primarily asso-

ciated with excitatory synapses. Subcellular fractionation of P21
mouse brain showed that NrCAM was present in the clarified
homogenate (S1), the crude synaptosomal pellet (P2), light
membranes, and cytosol (S2), with little in the synaptic vesicle
fraction (S3). A portion of NrCAM distributed within Triton
X-100-resistant PSD fraction (PSD-2T) was identified by an en-
richment in postsynaptic markers NR1 and PSD-95 (Fig. 1H).
The PSD fraction also contained Npn-2 but only a marginal level
of a different NCAM. Fractionation of P21 mouse brain from
NrCAM-null mice showed that NrCAM loss did not significantly
alter the distribution or expression of Npn-2, NR1, or PSD-95
(Fig. 1H). The postsynaptic localization of NrCAM suggests that
in addition to its embryonic role in axon guidance, NrCAM has a
potential postnatal role in cortical pyramidal cells.

Increased dendritic spine density in NrCAM-null
pyramidal neurons
To evaluate a role for NrCAM in dendritic spine development
and synaptogenesis, Golgi labeling was performed on P21 and
adult (P60) brains of WT and NrCAM-null mutant mice. In-
creased spine density was observed on apical dendrites of star
pyramidal neurons in V1, layer 4 of NrCAM�/� mice at both P21
and adult (P60) ages (Fig. 2A–G). Spine density was assessed at
100 –150 �m from the cell soma, as few spines were observed in
soma or proximal dendrites. NrCAM loss specifically resulted in
increased spine density on apical dendrites but not on basal den-
drites (Fig. 2I). Increased dendrite spine density was also evident
on pyramidal neurons of NrCAM mutants in other layers of V1.
Analysis of Golgi-impregnated neurons revealed increased spine
density in layers 2/3 and 5 of V1 in NrCAM-null mice (P21; Fig.
2J). Increased spine density on the dendritic tree of pyramidal
cells in these layers was seen on both apical and basal dendrites of
NrCAM mutants. Little is understood about the functional dif-
ferences involving spine synapses on apical versus basal dendrites
of pyramidal neurons in V1; however, in somatosensory cortex
(S1) apical and basal dendrites have different connections as well
as forms of plasticity (Gordon et al., 2006). Elevated spine density
on apical but not basal dendrites was also reported for
Sema3F�/� and Npn-2�/� pyramidal neurons in layer 5 of
mouse S1 (Tran et al., 2009). These results point to a develop-
mental mechanism in which NrCAM cooperates with Npn-2 and
Sema3F in limiting spine number on pyramidal neurons in V1.

Dendritic spines are morphologically diverse and are typically
divided into three types based on the size of the spine head and
neck: thin (filopodial), mushroom (large head, narrow neck),
and stubby (uniform head and neck; Holtmaat and Svoboda,
2009). NrCAM deletion had no effect on the proportion of thin,
mushroom, or stubby spines on apical dendrites of star pyrami-
dal cells (P21; Fig. 2H). In addition, Sholl analysis of Golgi-
labeled star pyramidal neurons in WT and NrCAM�/� V1 (P21)
showed that loss of NrCAM did not significantly alter the extent
of dendritic arborization (Fig. 2K–M).

The finding that spine density on apical dendrites of star py-
ramidal cells was increased in NrCAM mutant mice at both post-
natal (P21) and adult (P60) stages indicated that the phenotype
appeared by P21 and was stable in adulthood. Hence, NrCAM
deficiency likely impairs a normal developmental process that
regulates spine density before P21 rather than plasticity. The bin-
ocular response of visual cortical neurons is altered by MD during
a critical period of postnatal development (Gordon and Stryker,
1996). Ocular dominance plasticity induced by brief (3– 4 d) MD
during the postnatal critical period in mice (P21–P28) is accom-
panied by decreased spine density on apical dendrites of pyrami-
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dal neurons in layers 2/3 of the contralateral binocular zone of V1
(Mataga et al., 2004), as well as by structural remodeling of
thalamocortical synapses (Antonini et al., 1999; Coleman et al.,
2009). To directly test for involvement of NrCAM in spine alter-
ation following brief MD, we performed 3 d MD in WT and
NrCAM-null littermates (P24 –P27). We then analyzed spine

density on Golgi-labeled star pyramidal cells and layer 2/3 pyra-
midal neurons in both the contralateral (MD) and ipsilateral
(nondeprived, ND) binocular zone of V1. In WT mice MD de-
creased spine density on apical dendrites of star pyramidal cells,
as well as on layer 2/3 pyramidal cells (Fig. 2N), similar to that
previously reported (Mataga et al., 2004). Spine density decreased

A)
A1

II-III

II-III

IV

IV

V

V

VI

VI

a
 S

em
a 

3F
 IS

H

d

sense

c

N
rC

A
M

 IS
H

b
II-III

IV

V

VI

sense

I

II-III

IV

V

VI

f

e

P21, V1P7, V1 B2

B3

NrCAM NrCAM

II

III   

IV

B1

PSD95
NrCAMC

MAP2
NrCAMD I

C2

G
NrCAM VGAT

E
NrCAM VGluT2

VG
lu

T2
 P

un
ct

a 
no

. /
10

0 
μm

2

WT NrCAM-/-
0

10

20

30

40F

A

B4

C1

 B 

C3

H

S1 P2 S2 S3 PS
D-

2T

P2 S2 S3 PS
D-

2T

WT NrCAM-/-

IB: NrCAM

IB: Npn2
IB: NR1

IB: PSD95

140 kDa

95 kDa

130 kDa
105 kDa

IB:NCAM     180 kDa
140 kDa

IB: Actin 42 kDa

S1

Figure 1. NrCAM expression during postnatal development in mouse visual cortex. A, a, b, ISH showed NrCAM mRNA expression overlaps with (d, e) Sema3F mRNA in developing V1 (P7 and P21).
c, f, Sense control. B, B1, Pyramidal neurons in V1, layers 3 and 4 of WT mice (P21) were labeled by in utero electroporation of pCAGG-IRES-mEGFP plasmid at E14.5. B2, B3, Star pyramidal neurons
labeled with EGFP in layer 4, V1 by in utero electroporation displayed strong labeling of processes and dendritic spines. B4, Immunostaining for NrCAM (red) showed discrete localization on spine
heads of EGFP-labeled, star pyramidal neurons in layer (arrows). C, Punctate immunofluorescent staining of NrCAM on dendritic spines in V1, layer 4 of WT mice (P21). Immunostaining for NrCAM
(red) colocalized with PSD-95 (blue) on vertically oriented apical dendrites in coronal (C1) and horizontal sections (C2). Control showing lack of staining of NrCAM-null mutant (P21) sections of V1,
layer 4 with NrCAM antibodies (C3). D, Punctate immunofluorescent colocalization of NrCAM (red) with MAP2 (blue) at dendritic spines in V1 at P21 in coronal sections. E, NrCAM immunofluores-
cence (red) did not colocalize with a presynaptic marker of thalamocortical terminal VGluT2 (green) at P21 in V1, layer 4. F, Quantification of the density of VGluT2-positive puncta in confocal images
corresponding to a unit area of 100 �m 2 layer 4 of V1 showed no significant difference between WT and NrCAM-null mutant mice at P27. N � 3 mice of each genotype; WT, n � 81 unit area;
NrCAM-null, n � 46 unit area (t test; p 	 0.05). G, NrCAM immunofluorescence (red) did not colocalize with the presynaptic marker of GABAergic inhibitory neurons VGAT (green) at P21 in V1, layer
4. H, Fractionation of P21 mouse brain showed that NrCAM distributed within PSD fraction (PSD-2T) identified by enrichment in postsynaptic markers, NMDA receptor NR1 subunit, and PSD-95. Loss
of NrCAM did not alter the distribution or expression of Npn-2, NR1, or PSD95. S1, clarified homogenate; P2, crude synaptosomes; S2, cytosol and light membranes; S3, synaptic vesicles; PSD-2T, 2 �
Triton X-100 washed PSD fraction. Scale bars: A–E, 100 �m; B1, 100 �m; B2, 50 �m; B3, B4, 5 �m; C–F, 5 �m. IB, immunoblot.

11278 • J. Neurosci., August 20, 2014 • 34(34):11274 –11287 Demyanenko, Mohan et al. • NrCAM Remodeling of Dendritic Spines



C 

D

WT, P21

NrCAM-/-, P21

0

2

4

6

8

10

12 WT NrCAM-/-

*

   Apical Basal

F
G

0
2
4
6
8

10 WT NrCAM-/-

Sp
in

e 
D

en
si

ty
 

  (
no

./1
0 

μm
) 

* *

P21 P60

%
 s

pi
ne

s

Mushroom Stubby0

20
30

50

10

40

60

Thin

H

NrCAM-/-, P60

WT, P60E

0

2

4

6

8

10

12

14

L2/3 Apical L2/3 Basal L5 Apical L5 Basal

WT NrCAM-/-J

0

2

4

6

8

10

12

Star WT Star KO L3 WT L3 KO

Sp
in

e 
D

en
si

ty
  (

no
./

10
 µ

m
)

ND

MD

N

WT

NrCAM-/-

K

L

20 300100

N
um

be
r o

f I
nt

er
se

ct
io

ns

Distance from Soma (μm)

WT (n=6)
NrCAM-/- (n=9)

M

0

2

4

6

8

10

12

200

A WT, P21 B NrCAM-/-, P21

I

ad ad

Sp
in

e 
D

en
si

ty
  (

no
./

10
 µ

m
)

Sp
in

e 
D

en
si

ty
  (

no
./

10
 µ

m
)

**

**

*
*

* *

IV IV

WT NrCAM-/-
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mice at P21 (A–D) and P60 (E, F ). ad, apical dendrite. G, Quantification of spine density on layer 4 apical dendrites of star pyramidal neurons in the binocular zone of V1 showed a significant increase
in spine density on dendritic segments located 100 –150 �m from the cell body in NrCAM-null compared with WT mice at both P21 and P60 (*p 	 0.05). Number of mice: 3 per genotype. Number
of neurons scored: WT, n � 51 (P21), n � 57 (P60); NrCAM-null, n � 57 (P21), n � 20 (P60). H, No differences were observed in the percentage of Golgi-labeled spines with thin, mushroom, or
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I, Quantification of spine density showed a significant increase in apical but not basal dendrites of star pyramidal neurons in V1, layer 4 of NrCAM-null compared with WT mice at P21
(*p 	 0.05). J, Quantification of spine density on pyramidal neurons in V1, layers 2–3 and 5 showed a significant increase on both apical and basal dendrites in NrCAM-null compared
with WT mice (*p 	 0.05). Three mice per genotype, n � 22–23 neurons scored for apical or basal dendrites in each genotype. K–M, Representative high-contrast images of
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to a similar extent on both cell types in NrCAM-null mice, sug-
gesting that this form of plasticity is unaffected by NrCAM loss.
The observation that spine density in the NrCAM mutant nor-
malized to WT levels after MD, despite being somewhat higher
initially, raised the possibility that synapse stability might be de-
creased by NrCAM loss, resulting in enhanced pruning by an
NrCAM-independent mechanism.

NrCAM deficiency increases excitatory spine synapse number
and neurotransmission
To evaluate whether elevated spine density in the NrCAM-null
cortex corresponded to increased numbers of excitatory spine
synapses, ultrastructural analysis was performed in V1, layer 4 of
NrCAM-null mice and WT littermates at P21. Excitatory syn-
apses on spines were identified in electron micrographs as asym-
metric synaptic profiles with a PSD juxtaposed to a presynaptic
terminal containing synaptic vesicles (Fig. 3A,B). The numbers
of synaptic profiles on spines with single or multiple PSDs were
scored within a unit cross-sectional area corresponding to 100
�m 2 of cortical area. The mean number of spine synapses with
single PSDs per 100 �m 2 was significantly increased (two-tailed t
test, p 	 0.05) in NrCAM mutants compared with WT (Fig. 3C).
There was also a small increase in the number of spine synapses
with multiple PSDs per unit area, possibly reflecting perforated
synapses. Loss of NrCAM did not affect mean spine area or PSD
length (Fig. 3D,E). This analysis suggests that elevated spine den-
sity on pyramidal neurons of NrCAM mutant mice is associated
with increased numbers of excitatory spine synapses.

The increased level of dendritic spines and excitatory synapses
in V1, layer 4 of NrCAM-null mice may contribute to an increase
in glutamatergic neurotransmission. To test this, whole-cell
voltage-clamp recordings were made from star pyramidal cells in
layer 4 of V1 in acute brain slice preparations from WT and

NrCAM-null mutant littermates (P27–P32; Fig. 4A). The mEPSC
frequency, amplitude, 10 –90% rise time, and decay time con-
stants were measured. In NrCAM mutants, variability of mEPSC
frequency was much larger in layer 4 star pyramidal cells than in
cells from WT mice (F(8,8) � 15.90, p � 0.0007; Fig. 4B). The
mEPSC frequency was, on average, also significantly higher in
mutant mice than WT mice (unpaired t test with Welch’s correc-
tion for unequal variances, t(9) � 3.867, p � 0.0038; Fig. 4B).
However, there was no significant difference in mEPSC ampli-
tude (unpaired t test, t(16) � 1.547, p � 0.14; Fig. 4C), rise (t(16) �
0.873, p � 0.40; Fig. 4D), or decay time constants (t(16) � 0.127,
p � 0.90; Fig. 4E) between WT and NrCAM mutants. Plots of the
relationship between rise versus decay time constants were also
not different between the two genotypes, indicating that the de-
tected synapses were not differentially distributed along the den-
dritic tree between the two genotypes.

The increase in mEPSC frequency in NrCAM-null star pyra-
midal cells is consistent with increased dendritic spine densities
on apical dendrites of these neurons and with increased numbers
of excitatory synapses in layer 4 of V1. Similarly, layer 5 pyrami-
dal neurons in primary somatosensory cortex of Sema3F-null
mice, which also have an increased number of morphological
synapses, displayed increased mEPSC frequencies (Tran et al.,
2009). Thus, NrCAM likely functions by limiting the number of
dendritic spines and excitatory synapses in developing star pyra-
midal cells.

Interaction of NrCAM with the Sema3F receptor
Because mice deficient in Npn-2, Sema3F, and PlexA3 display
increased spine density on apical but not basal dendrites of cor-
tical pyramidal neurons in the primary somatosensory cortex
(Tran et al., 2009), NrCAM may engage Npn-2 as an obligate
component of the Sema3F receptor complex (Npn-2 and PlexA3)
to promote Sema3F-induced dendritic spine retraction in post-
natal cortical neurons, as depicted in Figure 5A. NrCAM has been
shown to coimmunoprecipitate with Npn-2 from brain lysates
from mouse embryos (Falk et al., 2005; Demyanenko et al., 2011);
however, it is not known if NrCAM associates with Npn-2 in
brain of postnatal mice or if binding is direct. We found that
NrCAM coimmunoprecipitated with Npn-2 not only from ly-
sates of embryonic brain (E15.5) but also from postnatal fore-
brain at P21 (Fig. 5B). NrCAM also associated with PlexA3 from
brain lysates at both stages (Fig. 5B), but not with Npn-1, PlexA1,
or PlexA4 (data not shown). A direct interaction was suggested by
coimmunoprecipitation of NrCAM and Npn-2 from transfected
HEK293T cells (Fig. 5B). The Ig domains of L1 family adhesion
molecules mediate homophilic and heterophilic binding to mul-
tiple ligands and are targeted for mutation in human mental
retardation syndromes (Maness and Schachner, 2007). The Ig1
domain of NrCAM contains a sequence (TARNER) that shares
homology with Npn-1 binding sites in the Ig1 domains of L1
(FASNKL 120; Castellani, 2002) and Close Homolog of L1 (FAS-
NRL 115; Wright et al., 2007). These sequences have been shown
to be essential for Sema3A-induced growth cone collapse, and
affect a surface reside in the L1 motif (L3V 120), which is also a
human pathological mutation (Bateman et al., 1996). Site-
directed mutagenesis was used to mutate the NrCAM sequence
by deleting the residues N 121ER (TAR
NER), which is predicted
to change its polar character. The TAR
NER deletion effectively
disrupted NrCAM binding to Npn-2, as shown by coimmuno-
precipitation from transfected COS-7 cells (Fig. 5C). The single-
point mutation TARNEV or triple mutation TARAAA in
NrCAM were less effective than TAR
NER in reducing binding
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Figure 3. NrCAM deficiency increases excitatory spine synapses and neurotransmission in
layer 4 of visual cortex. A, B, Electron micrographs showed postsynaptic specializations on
spines (*) opposed to presynaptic terminals containing synaptic vesicles, which are character-
istic of excitatory synaptic profiles in layer 4 of NrCAM �/� and WT binocular V1 at P21. Scale
bar, 1 �m. C, The density of excitatory synaptic profiles with single PSDs or multiple PSDs on
spines within a unit area of V1, layer 4 was increased in NrCAM �/� mutants compared with WT
mice (two-tailed t test; p � 0.05); n � total number of spine PSDs analyzed in three WT and
three NrCAM-null mice (P21). D, Spine cross-sectional area (�m 2 � SEM) calculated from
electron micrographs was equivalent in WT and NrCAM-null mice (P21; n � 3 mice/genotype);
n � number of spines scored per condition (two-tailed t test; p 	 0.05). E, Mean PSD length of
spine synaptic profiles (�SEM) was equivalent in WT and NrCAM-null mice (P21; 3 mice per
genotype); n � number of PSDs scored per condition (two-tailed t test; p 	 0.05).
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to Npn-2, as shown by the relative levels of Npn-2 in NrCAM
immunoprecipitates (Fig. 5C). All NrCAM mutants and WT
NrCAM were expressed at equivalent levels at the cells surface,
which was verified by immunofluorescence staining in COS-7
cells (data not shown). Double immunofluorescence staining
showed colocalization of NrCAM and Npn-2 at numerous
puncta in confocal images of mouse brain (P21) in sections of V1,
layer 4, consistent with association studies in COS-7 cells (Fig.
5D). It was reported that Npn-2 colocalizes with PSD-95. In
Figure 1C, NrCAM staining of puncta in V1, layer 4 (P21)
overlapped with the postsynaptic marker PSD-95, while pyra-
midal cells labeled with EGFP by in utero electroporation

showed punctate labeling at the tip of spines for both NrCAM
and Npn2 (Fig. 5E).

Regulation of Sema3F-induced spine retraction by NrCAM
To investigate whether NrCAM was required for Sema3F-
induced spine retraction, we used an assay in which Sema3F-Fc
fusion protein was added to cultures of primary cortical neurons
from WT and NrCAM-null mice to induce spine retraction, as
described previously (Tran et al., 2009). Neuronal cultures were
prepared from embryos at E14.5-E16.5, electroporated with
pCAGG-IRES-mEGFP to visualize spines, and propagated for 18
DIV. Cells were treated with Sema3F-Fc or control Fc protein (3

A

B C

D E

Figure 4. NrCAM mice have higher rates of spontaneous mEPSCs. A, Example segments of traces of mEPSCs recorded in the presence of 1 �M TTX and 10 �M SR95531 from star pyramidal cells
in slices from a WT (left) and a NrCAM-null (right) mouse. Scale bars indicate the same values for both traces. Traces have been low-pass filtered at 2 kHz for display. B, mEPSC event frequency was
higher in cells from NrCAM-null mice than WT littermates; **p � 0.038, unpaired t test assuming unequal variances. C, There was no difference in mEPSC amplitude between NrCAM-null and WT
littermates. D, mEPSC 10 –90% rise time was similar between NrCAM-null and WT littermates. E, The mEPSC decay time constant did not depend on rise time in either genotype. Graphs B–E show
geometric mean with 95% confidence intervals; each point is an individual cell. N � 9 cells for each genotype. WT (n � 9 mice), NrCAM-null (n � 9 mice).
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nM) for 2 h, fixed, and immunostained for EGFP. Spine density
was scored on dendrites of neurons with pyramidal morphology
in confocal images using Neurolucida software. Spine density on
apical dendrites of cortical neurons from WT and NrCAM�/�

mice did not differ between genotypes (Fig. 6A,B). However,
treatment with Sema3F-Fc induced a significant reduction in
spine density (�75%) on apical dendrites of WT neurons but not
on apical dendrites of NrCAM�/� neurons (Fig. 6A,B). In some
Sema3F-Fc-treated NrCAM�/� cells a number of spines ac-
quired a more filopodial morphology, but this was not observed
throughout the culture and was likely a response restricted to a

subset of neurons rather than an additional overall phenotype.
To determine whether re-expression of WT NrCAM could rescue
Sema3F-induced spine retraction in NrCAM mutant neurons,
cultures from NrCAM-null mice were transfected with pCAGG-
NrCAM-IRES-mEGFP or empty vector together with the
mEGFP plasmid and treated at 18 DIV with Sema3F-Fc or Fc
proteins for 2 h. Spine density on apical dendrites of NrCAM�/�

neurons treated with Sema3F-Fc protein or Fc control were un-
changed; however, re-expression of WT NrCAM restored the
ability of Sema3F-Fc to decrease spine density (Fig. 6C). Spine
density on basal dendrites of NrCAM�/� neurons in culture was
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A1–A4, 100 �m; A5–A8, 5 �m. B, Quantification of spine density on apical dendrites of cortical neurons from WT or NrCAM-null mice treated with Fc or Sema3F-Fc protein and means � SEM
compared with significant differences (two-tailed t test; *p 	 0.05). C, D, Re-expression of WT NrCAM from pCAGG-NrCAM-IRES-mEGFP electroporated into cortical neuron cultures from
NrCAM �/� embryos restored the ability of Sema3F-Fc to decrease spine density on apical but not basal dendrites (two-tailed t test; *p 	 0.05). E, Double immunofluorescence staining of cortical
neuron cultures showed colocalization of NrCAM (green) and MAP2 (red) in dendritic processes and branches. Scale bar, 25 �m. Spine densities were measured on dendrites of at least 10 neurons
(30 –148 total spines) in each of four replicate, independent cultures per condition.
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unaffected by Sema3F-Fc treatment, re-
gardless of re-expression of WT NrCAM
(Fig. 6D). The ability of NrCAM to pro-
mote Sema3F-induced spine retraction
on apical but not basal dendrites was not
due to restricted localization, as NrCAM
was localized to all dendritic processes
and their branches, identified by the so-
matodendritic marker MAP2, as well as to
the axon (arrow) and soma of cultured
neurons (Fig. 6E). The selective effect of
NrCAM on spine remodeling in apical
dendrites likely is due to its interaction
with Npn-2, which has a restricted local-
ization on apical and not basal dendrites
in cortical neuron cultures (Tran et al.,
2009). These results support a postsynap-
tic function for NrCAM in mediating
Sema3F-induced spine retraction on api-
cal dendrites of cortical pyramidal
neurons.

Sema3F and NrCAM genetically
interact to regulate spine density
To investigate a genetic interaction be-
tween Sema3F and NrCAM in Sema3F-
mediated spine remodeling in vivo, we
conducted a trans-heterozygote genetic
test. This test has been used to evaluate
dominant interactions between pairs of
genes, for example, Sema3A and Fyn, in
regulating spine density (Morita et al.,
2006). Sema3F�/�; NrCAM�/� double
heterozygous mice were generated from
intercrosses of single heterozygotes. The
resulting double and single heterozygotes
and WT littermates were analyzed at P21
for spine density on apical or basal den-
drites of star pyramidal neurons in layer 4,
V1 after Golgi impregnation (Fig. 7A).
Spine densities on apical dendrites of
star pyramidal cells in Sema3F�/� or
NrCAM�/� heterozygous mice were sim-
ilar to WT, but density increased strik-
ingly in Sema3F�/�; NrCAM�/� double
heterozygotes attaining the same levels as
in NrCAM�/� and Sema3F�/� homozy-
gotes (Fig. 7B). In contrast, the basal den-
drites of star pyramidal cells were
equivalent in all genotypes (Fig. 7C). This
genetic test indicates that NrCAM shows
strong interaction with Sema3F in regu-
lating the density of excitatory synapses
on apical dendrites of star pyramidal cells
in vivo. The most likely interpretation of these results is that
Sema3F/Npn-2 and NrCAM induce spine retraction within the
same molecular pathway at postsynaptic sites in apical dendrites
during postnatal stages of cortical development.

Discussion
Here we identify NrCAM as a novel regulator of dendritic spines
and excitatory synapses in cortical pyramidal neurons with the
potential to modulate E/I balance in cortical circuits. We focused

on the visual cortex where development of intrinsic and extrinsic
circuitry has been most extensively studied (Sur et al., 2013), and
in particular on star pyramidal neurons. Several lines of evidence
support the conclusion that NrCAM mediates spine elimination
as an integral component of the Sema3F receptor complex in
postnatally developing pyramidal neurons. (1) Loss of NrCAM in
mutant mice resulted in an elevated spine density on apical den-
drites of star pyramidal neurons and an excess of functional ex-
citatory synapses, as indicated by increased mEPSC frequencies
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in V1, layer 4 pyramidal cells. (2) NrCAM was required for
Sema3F-induced spine retraction in cultured cortical neurons.
(3) NrCAM associated with the Sema3F receptor subunit Npn-2
at an identified binding site in the NrCAM Ig1 domain, and co-
immunoprecipitated with the Sema3F receptor signaling subunit
PlexA3. (4) A trans heterozygous genetic test demonstrated that
Sema3F and NrCAM pathways functionally interacted to con-
strain spine density on apical dendrites of star pyramidal cells in
vivo. This novel role for NrCAM is not restricted to star pyrami-
dal cells, as NrCAM functioned broadly to limit spine density in
the cortex, as shown by increased dendritic spine density in
NrCAM-deficient pyramidal neurons of layers 2/3 and 5 of V1, as
well as in somatosensory and prefrontal areas (data not shown).

Our studies demonstrate for the first time that a cell adhesion
molecule of the Ig superfamily functions cooperatively with re-
pellent signaling molecules to constrain the number of dendritic
spines and excitatory synapses in cortical pyramidal neurons. An
essential role for NrCAM in the mechanism of Sema3F-induced
spine retraction in cortical neurons is analogous to its ability to
promote axon repulsion and growth cone collapse to Sema3F
through Npn-2 (Falk et al., 2005; Demyanenko et al., 2011), al-
though it remains to be determined whether spine retraction and
growth cone collapse are achieved through different signaling
pathways impinging on the cytoskeleton. A distinct Ig-class ad-
hesion molecule, SynCAM1, has been shown to have an opposing
effect in stimulating spine growth and excitatory synapse forma-
tion in the hippocampus (Robbins et al., 2010). NrCAM might be
a bidirectional regulator of spine development and/or plasticity
as it physically associates with EphB2, a tyrosine kinase receptor
that stabilizes dendritic spines (Shi et al., 2009) and modulates
ankyrin B binding to NrCAM by phosphorylating a critical ty-
rosine residue in the NrCAM cytoplasmic domain (Dai et al.,
2013).

The cortical expression pattern and localization of NrCAM on
dendritic spines of star pyramidal cells, coupled with the ability of
NrCAM to rescue Sema3F-induced spine collapse when re-
expressed in NrCAM-minus cortical neurons support a postsyn-
aptic role for NrCAM in spine remodeling/elimination. During
postnatal development (P7–P21) NrCAM transcripts were en-
riched in V1, layers 4 and 6, mirroring Sema3F expression,
whereas NrCAM expression in thalamic neurons was in steep
decline as early as P5 (Demyanenko et al., 2011). These findings
are in accord with immunogold labeling in rat hippocampus
showing that NrCAM is associated with the PSD during synaptic
maturation (Petralia et al., 2005). The subset of postsynaptic spe-
cializations that were immunopositive for NrCAM (�1/3) was
consistent with the magnitude of increase in spine density on
apical dendrites of NrCAM-minus star pyramidal cells in vivo. In
cultured cortical neurons treated with Sema3F-Fc the decrease in
spine density was greater, possibly due to a larger proportion of
Sema3F-sensitive cells in vitro. Neuropilins have been shown to
cross-brace PlexinA subunits and lock secreted semaphorins into
a dimerized complex that is signaling ready (Janssen et al., 2012).
Through its ability to bind the scaffold proteins SAP102 or
PSD-95 (Davey et al., 2005; Dirks et al., 2006), NrCAM may
facilitate localization and clustering of Npn-2, which shares a
PDZ binding motif (Tran et al., 2009), together with associated
PlexA3 subunits at the early developing PSD to activate signaling.
Other binding motifs in the cytoplasmic domain of NrCAM
might provide additional coupling to the actin cytoskeleton
through ezrin-radixin-moesin (Schlatter et al., 2008) and ankyrin
(Dai et al., 2013). Adhesive interactions of the L1 family of cell

adhesion molecules are mediated through their Ig domains
(Sakurai, 2012). Ig1– 4 domains are involved in homophilic bind-
ing, which promotes neurite outgrowth (Gouveia et al., 2008;
Wei and Ryu, 2012), while the Ig1 domain is known to engage the
proteoglycans neurocan and phosphacan (Oleszewski et al., 2000;
Sakurai, 2012). Other NrCAM partners include Contactin-1/
F11/F3, Contactin-2/Axonin1/Tag-1, Neurofascin (Sakurai,
2012), PlexinA1, and Sema6D (Kuwajima et al., 2012). An inter-
esting possibility is that binding of the NrCAM Ig1 domain to
Npn-2 competes with or regulates its association with other part-
ners, which may promote Sema3F-induced spine elimination.

The origin of afferent inputs to apical versus basal dendrites of
pyramidal neurons in V1 is poorly understood (Karube and Kis-
várday, 2011), but the differences we have observed in NrCAM-
null mice suggest that cortical circuitry will be altered. The
elevated density of excitatory synaptic profiles and increased
mEPSCs of star pyramidal cells in NrCAM-null mutants indicate
that the observed excess of dendritic spines leads to functional
excitatory connections. The majority of excitatory inputs to star
pyramidal cells originates in layers 2/3 and 6, which may com-
prise a recurrent circuit necessary for signal amplification, orien-
tation tuning, or receptive field modulation (Stratford et al.,
1996; Binzegger et al., 2004; Douglas and Martin, 2007; Karube
and Kisvárday, 2011; Olsen et al., 2012). Altered intracortical
circuitry in layer 4 of V1 may contribute to the impairment in
visual acuity and visual cortical processing in NrCAM-null mice,
as they display normal retinogeniculate and geniculocortical
axon targeting (Demyanenko et al., 2011). Mistargeted thalamo-
cortical synapses are unlikely to account for increased dendritic
spine density, as the number of VGluT2-positive, thalamocorti-
cal synaptic puncta in the NrCAM-null V1 (layer 4) was equiva-
lent to WT. Moreover, only a small fraction of excitatory inputs
to layer 4 of V1 (�5%) are thalamocortical in origin (Ahmed et
al., 1994). Generation of NrCAM conditional mutant mice will be
needed to ascertain the postulated postsynaptic function for
NrCAM in dendritic spines remodeling in vivo.

Activity-dependent mechanisms are known to drive synaptic
elimination in development and plasticity (Alvarez and Sabatini,
2007). However, spine elimination induced by brief MD during
the critical period of visual cortical development was unaffected
by NrCAM loss on apical dendrites of pyramidal cells in layers 2/3
and 4 of binocular V1. It is unclear if secreted Sema3F is produced
by pyramidal cells, interneurons, or glia, and whether its expres-
sion is activity dependent. A future challenge is to determine
whether activity underlies spine remodeling through Sema3F and
NrCAM/Npn-2 at earlier stages of postnatal development when
synapse generation and elimination occur at high rates to achieve
an appropriate E/I balance. Alternatively, Sema3F-induced spine
remodeling through NrCAM/Npn-2 might serve to restrict syn-
aptic connections to specific cortical laminae or subcellular loca-
tions, analogous to the roles of class 5 semaphorins and DsCAM
adhesion molecules in the retina (Zipursky and Sanes, 2010; Mat-
suoka et al., 2011).

The significance of this work to neurodevelopmental disease is
underscored by autism-related polymorphisms at loci containing
NrCAM, Ank B (Willsey et al., 2013), Npn-2 (Wu et al., 2007;
Brooks-Kayal, 2010), and Sema5A genes (Melin et al., 2006;
Weiss et al., 2009). It is also noteworthy that abnormal visual
motion detection and binocular switching have been described in
cases of ASD (Farzin et al., 2008; Pellicano, 2008; Simmons et al.,
2009; Robertson et al., 2013). Our results suggest that NrCAM
deficiency may lead to defective spine elimination in cortical neu-
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rons during development of visual and other neocortical circuits
thus altering E/I balance and relevant behaviors.
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