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Abstract

N-cadherin and B-catenin form a transsynaptic adhesion complex required for spine and synapse
development. In adulthood, N-cadherin mediates persistent synaptic plasticity, but whether the role
of N-cadherin at mature synapses is similar to that at developing synapses is unclear. To address
this, we conditionally ablated N-cadherin from excitatory forebrain synapses in mice starting in
late postnatal life and examined hippocampal structure and function in adulthood. In the absence
of N-cadherin, $-catenin levels were reduced, but numbers of excitatory synapses were unchanged,
and there was no impact on number or shape of dendrites or spines. However, the composition of
synaptic molecules was altered. Levels of GIuA1 and its scaffolding protein PSD95 were
diminished and the density of immunolabeled puncta was decreased, without effects on other
glutamate receptors and their scaffolding proteins. Additionally, loss of N-cadherin at excitatory
synapses triggered increases in the density of markers for inhibitory synapses and decreased
severity of hippocampal seizures. Finally, adult mutant mice were profoundly impaired in
hippocampal-dependent memory for spatial episodes. These results demonstrate a novel function
for the N-cadherin/B-catenin complex in regulating ionotropic receptor composition of excitatory
synapses, an appropriate balance of excitatory and inhibitory synaptic proteins and the
maintenance of neural circuitry necessary to generate flexible yet persistent cognitive and synaptic
function.
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Introduction

N-cadherin and p-catenin compose part of a transcellular, homophilically-binding adhesive
complex that has multifaceted roles in mammalian brain development. At early stages, N-
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cadherin/p-catenin linkage to actin generates traction important for neuronal and axonal
growth cone migration, and homophilic adhesion contributes to axonal target recognition
(Yamagata and Sanes 1995; Poskanzer et al. 2003; Kadowaki et al. 2007). At later stages, N-
cadherin becomes concentrated at excitatory synapses (Yamagata et al. 1995; Fannon and
Colman 1996; Benson and Tanaka 1998), where together with B-catenin, it plays a
significant role in generation of synapses, elaboration of dendrites, morphogenesis of
dendritic spines and maturation of presynaptic functional properties (Togashi et al. 2002;
Bamji et al. 2003; Yu and Malenka 2003; Bozdagi et al. 2004; Jungling et al. 2006; Bekirov
et al. 2008).

Studies of cultured hippocampal neurons show that at early stages, when synapses are first
assembling, acutely interferring with cadherin adhesion directly (using dominant-negative
entities) or indirectly (by depolymerizing the actin network leading to dispersion of
synaptically-clustered N-cadherin) significantly disrupts apposition of pre- to-postsynaptic
membranes (Zhang and Benson 2001; Togashi et al. 2002; Bozdagi et al. 2004). In contrast,
after synapses have become established, these same manipulations have little or no effect on
the structural integrity of pre- to-postsynaptic membrane apposition (Zhang and Benson
2001; Bozdagi et al. 2004), suggesting that after a certain period of development, cadherins
become dispensible for synaptic adhesion necessary for holding pre- and postsynaptic
membranes together. Nevertheless, the N-cadherin/B-catenin complex remains a prominent
component of excitatory forebrain synapses throughout adulthood. Thus, it is uncertain what
N-cadherin contributes to mature synaptic circuit structure and function, particularly /in vivo.
Recent studies have shown that mature hippocampal CA1 synapses lacking N-cadherin
display significant deficits in long-term potentiation (LTP) and are unable to sustain the
dendritic spine enlargement that accompanies LTP, but have no apparent defects in long-term
depression (LTD) or changes in properties of baseline synaptic neurotransmission (Bozdagi
et al. 2010). The anatomical and/or molecular underpinnings and the behavioral significance
of such selective synaptic deficits are unknown. Based predominantly on cell culture models
of N-cadherin/B-catenin function, such deficits could reflect altered synapse morphology,
turnover and stability (Mendez et al. 2010) or they could result from changes in the
composition of receptors and anchoring proteins important for dynamic synaptic
neurotransmisson (Coussen et al. 2002; Tai et al. 2008).

Here, we investigated these possibilities /77 vivo using a conditional genetic deletion strategy
that eliminates N-cadherin and reduces levels of p-catenin at hippocampal and other
forebrain synapses starting in late postnatal life. In contrast to early development, N-
cadherin/B-catenin complex is not required for maintaining dendrite, spine or synapse
number or morphology in adult hippocampus. Instead, the complex becomes crucial for the
selective maintenance of levels and localization of GIuA1 and its scaffolding protein PSD95,
without affecting other AMPA receptor (AMPAR) or NMDA receptor (NMDAR) subunits
or their scaffolding proteins. Moreover, GABAergic synapse markers are elevated in
hippocampus while seizure severity is significantly reduced, suggesting that inhibitory
circuitry is functionally enhanced by the loss of N-cadherin. Together, these changes in the
molecular architecture and physiology of mature excitatory and inhibitory circuits likely
contribute to significant impairment in spatial memory displayed by the conditional
knockout (cKO) mice.
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Materials and Methods

Animals

Details of the generation and characterization of the N-cadherin cKO mice were reported
previously (Bozdagi et al. 2010). Briefly, the cKO mice were generated on a C57BI6
background by crossing a line of LoxP-flanked (floxed) N-cadherin mice (Kostetskii et al.
2005) with an aCaMKII-Cre driver line of mice (Camk2a-Cre; T29-1 line; Jackson Labs
(Tsien et al. 1996)). In this line, Cre recombinase is expressed in principal neurons of DG,
CAl and CA3 (Tsien et al. 1996); Allen Brain Atlas). Treatment and use of all animals were
strictly in accordance with animal welfare protocols approved by Mount Sinai’s Institutional
Animal Care and Use Committee and followed guidelines established by the NIH.

Stereological analysis of neuron and synapse density

Adult (5 mo-old) cKO or floxed control mice (n=3 male mice per genotype) were perfused
with 2% paraformaldehyde/2% glutaraldehyde and embedded in Lowicryl as described
previously (Elste and Benson 2006; Bozdagi et al. 2010). Stereological methods were used
to estimate neuron density, synapse density and to calculate number of synapses-per-neuron
in CA1 according to methods outlined previously (Kleim et al. 1996). Briefly, neuron
density in CA1 was estimated using Neurolucida software (MBF Biosciences) in which the
double-dissector method was applied to serial 1 um-thick Lowicryl-embedded sections
stained with methylene blue (Geinisman et al. 1996). Synapse density in CA1 was estimated
by applying the double-dissector method to electron-micrographs of CA1 stratum radiatum
obtained from serial ultrathin sections (70 nm) cut from the same series of semi-thin sections
used to estimate neuron density. The number of synapses-per-neuron was then calculated by
dividing the number of synapses per cubic volume by the number of neurons per cubic
volume.

Dendrite and spine morphological analysis

Morphometric analysis of apical dendritic branching and spine density and morphology was
determined from young adult (3-6 mo) male cKO (n=4) or floxed control (n=3) mice. Mice
were perfused intracardially with 4% paraformaldehyde and 250 pm-thick sections through
hippocampus were cut on a vibratome. Pyramidal neurons in CAl, CA3 and dentate gyrus
granule neurons (8-18 neurons per region per genotype) were then intracellularly filled with
5% Lucifer Yellow delivered iontophoretically through a glass micropipette as described
(Radley et al. 2006). Total apical dendritic length and a Scholl analysis of apical dendritic
branching was determined for CA1 pyramidal neurons using NeuroExplorer software (MBF
Biosciences). Apical dendritic spine density/morphology analysis was carried out on CA3
and DG neurons as done previously for adult N-cadherin cKO and floxed CA1 neurons
(Bozdagi O et al. 2010), with some additional analyses of all three subregions. Apical
dendritic segments (9-15 per neuron) were imaged on a Zeiss 510 confocal microscope.
Low-power (40x) image stacks through the soma and dendritic tree were acquired initially.
Three concentric circles centered on the soma were then drawn with radii of 50, 100 or 150
pum. These were used as a guide for high-resolution imaging (100x) of secondary and tertiary
apical dendrites that intersected the circles. These high-resolution image stacks were
deconvolved and analyzed using an automated program (NeuronStudio) that classifies
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subtypes of spines (stubby, thin, mushroom) based on several parameters including spine
head-to-neck ratio and spine-head diameter (Wearne et al. 2005; Rodriguez et al. 2006). The
detection and classification algorithms were validated in the same dataset by visual
inspection of the spines analyzed.

Immunoblotting

Immunoblotting was carried out on whole-hippocampal lysates from cKO or floxed control
tissue (n=3 mice per genotype of either sex) as described (Bozdagi et al. 2010), or on
synaptoneurosomes isolated from whole-hippocampus (n=3 male mice per genotype) as
described (Chen et al. 2011). All analyses were carried out on adult animals (3-6 mo-old)
except for the developmental analysis shown in Figure 2, the ages for which are indicated in
the legend. Synaptoneurosomes were prepared from hippocampi that were homogenized in
lysis buffer containing 10 MM HEPES, 2 mM EDTA, 2 mM EGTA, 0.5 mM DTT,
phosphatase and protease inhibitor cocktails (Sigma) using a glass-Teflon homogenizer. To
one-fifth volume of the homogenates, NaCl was added to a final concentration of 0.2 M,
incubated for 30 minutes, then centrifuged for 30 minutes. Supernatants were sequentially
filtered through a 100 um nylon-mesh filter followed by a 5 pm nitrocellulose filter. Filtrates
were centrifuged at 1,000g for 10 minutes and pellets were dissolved in lysis buffer. Protein
concentrations were determined using Bio-Rad protein assay (Bio-Rad Laboratories,
Hercules, CA). 10 pg protein from each animal was resolved simultaneously by SDS-PAGE
and transferred to Immune-Blot PVDF membranes (Bio-Rad) by Semi-Dry electroblotting.
Membranes were blocked for 1 hour in 10% NBCS/TBST at room temperature and then
incubated in primary antibodies overnight at 4°C. The primary antibodies or sera used in this
analysis were directed against the following: N-cadherin (BD Transduction Labs, 1:2000); -
catenin (Millipore, 1:7500); GluAl (Millipore, 1:7500); GIuA2 (BD Pharmingen, 1:1000);
GIuN1 (Millipore, 1:2000); GIuN2B (Chemicon, 1:1000); gephyrin (Millipore, 1:1000);
glutamic acid decarboxylase-65 (GAD65; Millipore, 1:1000); SynCAM-1 (clone 3E1; MBL
International, 1:1000); vesicular GABA transporter (VGAT; Synaptic Systems, 1:1000);
PSD95 (clone 7E3-1B8; Thermo Scientific, 1:2000); pan-PSD95-family (clone 6G6-1C9;
Thermo Scientific, 1:1000); S-SCAM/MAGI-2 (Sigma-Aldrich, 1:5000) and synaptophysin
(Sigma-Aldrich, 1:15,000). Antibodies to tubulin (Abcam, 1:1000), GAPDH (Trevigen,
1:25,000) or actin (Millipore, 1:4000) were used as loading controls. For the blots shown in
Figs. 2, 6, and 7, membranes were subsequently washed, treated with secondary horseradish
peroxidase-labeled antibody for 1 hour at room temperature and washed again. Membranes
were then incubated with ECL detection reagents (Thermo Scientific, Pittsburgh, PA) for 30
seconds and exposed to HyBlotCL (Denville Scientific, Denville, NJ) and developed. For the
blots shown in Figs. 1 and 8, membranes were washed and treated with fluorophore-
conjugated secondary antibodies (DyLight 800, Cell Signaling, and DyL ight 680, Pierce)
and visualized using a Li-cor Odyssey ClIx imaging system (Li-Cor Biosciences). For each
primary antibody, levels of immunoreactivity were determined from three independent
experiments by film densitometry (ImageJ) in which band intensity of the protein of interest
was normalized to that of its loading control within the same lane. Figure 1 verifies the
enrichment of two representative postsynaptic proteins (the synaptic cell adhesion molecule
SynCAM and PSD95 in the synaptoneurosome preparation in comparison with whole-tissue
lysates from wildtype C57BI6 adult male mice (n=7-9). For the developmental analysis (n=3
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mice per timepoint), band intensity at each age was normalized to its loading control, then
expressed as a percentage of the average values for the 6 mo-old floxed mice.

Immunofluorescence

Procedures, controls and quantitative analyses have been described in detail previously
(Brock et al. 2004; Bozdagi et al. 2010). Experiments were conducted on adult (4-6 mo-old)
cKO or floxed mice (n=4-8 mice per genotype, both sexes). All mice were perfused with 4%
paraformaldehyde and serial hippocampal sections were cut on a vibratome. Sections were
subjected to an antigen retrieval protocol that consisted of incubation in dH,0 for 6.5 min at
37°C followed by incubation in a 0.2N HCI solution containing 1 mg/ml pepsin at 37°C for
one hour. Sections were then incubated in one of the following primary antibodies: N-
cadherin (1:400); B-catenin (1:500); GIuA1 (1:500); GIuA2 (1:200); GIuN1 (1:1000);
PSD95 (clone 7E3-1B8 1:500), GAD65 (1:1000) and gephyrin (1:1500), all from the
companies listed above, plus vesicular glutamate transporters (vGluts) 1 and 2 (Millipore,
1:2500). Antibody binding was visualized with Alexa fluorophore-conjugated secondary
antibodies (Molecular Probes). Immunofluorescent detection of primary antibody binding
was achieved by acquiring images on a Zeiss 510 laser-scanning confocal microscope.
Image acquisition parameters were optimized for floxed controls and held constant.
Quantitative analysis was conducted by an investigator blinded to genotype. Immunolabeled
puncta density and size were determined from 3-6 sections per mouse by thresholding
following deconvolution (Metamorph, Molecular Devices). All quantitative values (puncta
density and size) for each hippocampal subfield were normalized to floxed control values for
that subfield.

Antibody specificity (Table 1)

Table 1 lists the antibodies or sera used in this study. We have verified the specificity of the
N-cadherin antibody previously. Briefly, this antibody recognizes L-cells transfected with
full-length N-cadherin, but not L-cells transfected with full-length E-cadherin (Brock et al.
2004). Immunoblot analysis of hippocampal or spinal cord lysates shows a single band of
the appropriate (~125 kd) molecular mass (e.g. Fig. 2). Additionally, in N-cadherin cKO
mice, hippocampal synaptic immunolocalization is abolished and, similarly, there is no
labeling found in hippocampal postsynaptic density fractions (Bozdagi et al. 2010). Previous
studies have shown that the PSD95 antibody (clone 7E3-1B8) is strongly reactive to PSD95,
has minimal cross-reactivity to PSD93, and no cross-reactivity to SAP97 or to SAP102
(Sans et al. 2000). The antibody to pan-PSD95 family members (clone 6G6-1C9, used only
for the blots shown in Fig. 1) is strongly reactive to SAP97, PSD93 and PSD95 but displays
no reactivity to SAP102 (Sans et al. 2000). The antibodies or sera used as synaptic markers
(postsynaptic scaffolding molecules, SynCAM-1, GIluRs, GADG65, gephyrin, VGAT, and
synaptic vesicle markers) all produced immunolabeling patterns and/or showed expected
bands of the appropriate molecular mass as described previously by others under similar
experimental conditions. Controls for non-specific binding of the secondary antibodies
included processing sections immunofluorescently as described except for omitting the
primary antibodies. No specific labeling was observed under these conditions.
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Kainic acid injection and seizure behavior

Wildtype mice (n=3 males, 3-4 mo-old) or cKO mice (n=4 males, 3-4 mo-old) were injected
with kainic acid (Sigma; 35 mg/kg IP in 0.9% saline) or saline alone (vehicle control).
Behavioral manifestations of seizure activity were observed in real time over a 3-hr period
using an adaptation (McKhann et al. 2003) of a previously described behavioral scale
(Racine 1972): 0= no behavioral abnormalities; 1 = immobility; 2 = forelimb and/or tail
extension; 3 = repetitive scratching, circling, or head bobbing (automatisms); 4 =
intermittant forelimb clonus, rearing, and/or falling; 5 = continuous repetition of stage 4; and
6 = whole-body tonic—clonic convulsions. For each animal, the 3-hr observation period was
divided into 10-min bins; the highest behavioral score during each 10-min bin was then
plotted for that bin as a pseudo-colored heatmap. A mean cumulative seizure score over the
3-hr observation period was obtained for animals of each genotype, and comparisons of
these mean scores between genotypes were evaluated using an unpaired t-test.

Behavioral tests for spatial reference memory

A six-arm radial water maze was used to test adult (4-6 mo-old) cKO (n=13) and floxed
control mice (n=11) of either sex for spatial reference memory using procedures that
followed previous descriptions (Fletcher et al. 2007; Shirvalkar et al. 2010).

Apparatus—The radial arm water maze consisted of a white circular tank (170cm
diameter, 62.5cm height) with six arms, formed with equally spaced triangular dividers
projecting radially from the center, extending 55.5cm into the maze. The tank was filled with
water to a depth of 48cm, made opaque with white tempura paint (Dick Blick Arts), and
maintained at a temperature of 22-24°C. A clear acrylic escape platform (25 x 25 cm?) was
placed at the end of one arm adjacent to the tank wall and submerged 1cm. Different objects
were placed on the walls surrounding the pool to allow for spatial orientation within the
maze, and were held constant for the remainder of the experiment.

Pretraining—Mice underwent two-three days of cue-approach pretraining during which
the platform was not submerged and a visible cue was suspended ~6 inches above the
platform. Location of the visible cue and the platform was changed at the start of each cue-
approach pretraining day. Once the mouse was able to locate the visible platform in under 12
seconds for four consecutive trials, the mouse moved on to the training phase.

Training—The purpose of training was to ensure that the mouse could locate a hidden
platform. In the training phase, the platform was submerged and there was no visible cue
suspended above the platform. Location of the platform was changed at the start of each cue-
approach training day. For both training and subsequent testing in the tasks, the platform was
placed at the end of a pseudorandomly chosen arm (goal arm). The criteria required for a
mouse to move on to the testing phase was defined as having the ability to locate the hidden
platform in under 12 seconds for four consecutive trials.

Testing: Matching-to-place task—At the beginning of each of 6 days of testing, a
submerged escape platform was placed at the end of a pseudorandomly chosen goal arm
where it remained for each of the 8 trials of that day. In each trial, a mouse was placed in the
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water facing the end of a pseudorandomly chosen start arm and could escape the water by
finding the position of the submerged platform. The mouse was given one initial trial (the
sample trial) to find the location of the platform by trial-and-error. Optimum performance
required that the mouse learn the location of the escape platform on the sample trial (trial 1)
in order to swim directly to it on subsequent match trials (trials 2-8, intertrial interval 70
sec). The location of the escape platform was changed for each daily testing session,
requiring the mice to learn the position of a different goal arm each day. Mice were given 60
seconds per trial to find the platform. If the platform was not found at the end of 60 seconds,
the mouse was guided there by the experimenter, where it remained on the platform for ten
seconds before being moved to a rest block for one minute (Intertrial interval of 70 sec).
Swim path data were obtained using a computerized tracking system (Datawave) and
included escape distance (cm), latency to reach the platform (sec) and swim speed. Errors
were recorded by the experimenter and were counted when the mouse’s hind legs entered an
arm without reaching the platform or if the mouse stayed in one arm for >15 sec without
reaching the platform. Data averaged from the match trials were used in analyses.

Testing: Win-shift task—This four day task consisted of twelve trials per day, with goal
arm location being randomly chosen without same day repeats and changed before sample
trials 1, 5, and 9. Intertrial intervals remained constant at 70sec in between trials, whether or
not there was a platform location change. Averaged data from trials 2-4, 6-8, and 10-12 (the
match trials) were used for analysis. Data were log-transformed in order to ensure Gaussian
distribution for statistical analysis.

All data are presented in the figures as mean values + SEM. Statistical tests were performed
with GraphPad Prism software. Unpaired student’s t-tests were used to compare neuron,
spine, synapse and immunofluorescent puncta densities; puncta area and dendritic arbor
length. The immunoblot data shown in Fig. 1 were analyzed with a two-tailed, paired t-test.
Developmental western blot data of Fig. 2 were analyzed using a one-way ANOVA and
Bonferroni post-hoc tests. Scholl data were analyzed by a two-way mixed-model repeated-
measures ANOVA with genotype as a between-groups factor and radial distance from soma
(in 30 um increments) as a within-group factor. Differences at individual distances in the
Sholl analysis were determined with Bonferroni post-hoc tests. Performance on behavioral
tasks was analyzed using a two-way repeated-measures ANOVA or Student’s t-tests, where
appropriate. For all tests, a = 0.05.

of conditional N-cadherin deletion

In order to delete N-cadherin from excitatory neurons of the hippocampus, we crossed a
mouse line expressing floxed N-cadherin with another line expressing Cre recombinase
driven by the aCaMKII promoter as we reported previously (Bozdagi et al. 2010). As
expected from the onset of expression of Cre recombinase (Tsien et al. 1996; Fukaya et al.
2003; Sonner et al. 2005; Gould et al. 2008), N-cadherin levels in hippocampal lysates taken
from conditional knockout (cKO) mice (Ncad floX/flox: Cre=/+) were comparable to floxed
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control mice (Ncadflox/flox: Cre=/-) at two postnatal weeks, but then declined significantly
thereafter (Fig. 2A, p<0.01). In sections from hippocampus, N-cadherin
immunofluorescence, which is typically punctate reflecting localization at synapses, was
also largely eliminated throughout hippocampus in dentate gyrus (DG) and CA3 as well as
in CA1 in the cKO mice (Fig. 2B, E) (Bozdagi et al. 2010). The residual N-cadherin was
expressed by astrocytes, endothelial cells and GABA neurons (Bozdagi et al. 2010), none of
which express aCaMKII-Cre and would therefore not be affected by the mutation.

In cultured cell lines, N-cadherin protects B-catenin from degradation through binding
(Sadot et al. 1998). We therefore analyzed whether conditional loss of N-cadherin in neurons
would affect levels of B-catenin. We found that at two postnatal weeks, prior to onset of N-
cadherin ablation, there were no differences between genotypes in hippocampal 3-catenin
levels, but by 24 weeks, B-catenin levels were significantly lower in N-cadherin cKO mice in
comparison with floxed controls (Fig. 2C, p<0.05). Quantitative immunolocalization verified
the western blot analysis and revealed significantly diminished density of B-catenin
immunolabeled puncta in CA1 (Fig. 2D, F; p <0.01) and DG (Fig. 2D, F; p < 0.05). In CA3,
the density of B-catenin puncta was on average lower in comparison with floxed controls, but
this difference was not statistically significant (Fig. 2D, F; p=0.33). Together, these
converging data demonstrate both the late postnatal onset of N-cadherin ablation and a
correlated reduction in B-catenin levels in hippocampus of cKO mice.

Effects of conditional deletion on hippocampal neuronal structure

The N-cadherin/B-catenin complex has been implicated in synaptogenesis and
morphogenesis of dendritic arbors and spines (Yu and Malenka 2003; Okuda et al. 2007,
Hirano and Takeichi 2012). We therefore asked whether N-cadherin was important for the
maintenance of dendritic arbors and synaptic architecture in adulthood. Reconstructions of
CAL neurons that had been intracellularly filled with Lucifer Yellow showed no differences
in pyramidal cell dendritic branching (Fig. 3A, B; p > 0.1) or total dendritic arbor length
(Fig. 3C, p > 0.2). Additionally stereological analysis of sections using electron microscopy
showed no differences in CA1 neuron density (Fig. 3D-F, p > 0.8) nor in numbers of
excitatory synapses-per-neuron (Fig. 3G-1, p > 0.9) between cKO and floxed control mice.
Dentate gyrus incorporates new neurons throughout life and might be expected to be more
vulnerable to the loss of N-cadherin, but comparisons of dendritic spine density and
morphology showed no evidence for differences between genotypes in the overall density of
spines nor in the distribution of morphological subtypes of spines (thin, stubby, mushroom)
in DG, CA3 or CA1 (Fig. 4). Together, these data demonstrate that in maturity, hippocampal
synaptic circuitry and architecture are maintained normally in the absence of N-cadherin,
unlike during early development.

Altered molecular composition of synapse in the absence of N-cadherin

N-cadherin is an integral component of a macromolecular complex of synaptic proteins
(Husi et al. 2000). Thus, N-cadherin ablation could alter the level or localization of
molecules within or near synapses that are unaltered in number or morphology. To test this
idea, we immunolabeled the predominant glutamate receptor subunits found in adult CA1
synapses: GluA1, GIuA2 and GIuN1. Consistent with previous immunolocalization studies,
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the distribution of each of these GIuR markers was predominantly clustered, representing
both synaptic and non-synaptic pools (Huntley et al. 1994; Baude et al. 1995; Fritschy et al.
1998; Rubio and Wenthold 1999; Petralia et al. 2010). We found that GluA1-
immunopositive puncta were significantly decreased in density and size in all subfields of
the hippocampus in the cKO mice compared to floxed controls (Fig. 5A-C). In contrast,
there were no changes in density or size of puncta immunoreactive for GIuUA2 (Fig. 5D-F) or
GIuN1 (Fig. 5G-H) in any subfield. We did not attempt to examine co-distribution with
presynaptic markers as an index of synaptic localization because antibodies penetrate thick-
tissue sections to different depths, often yielding false negatives as demonstrated in previous
studies using similar approaches (Piekut and Casey 1983; Huntley and Benson 1999; Brunig
et al. 2002a; Stevens et al. 2007). Instead, we used Western blot analyses of
synaptoneurosomes prepared from whole-hippocampal lysates to confirm a significantly
diminished level of synaptic GIuAl (Fig. 6A, C), with no changes in levels of GIuA2 (Fig.
6A,C), GIuN1 (Fig. 6A, C) and GIuN2B (Fig. 6A, C). Taking both anatomical and
biochemical approaches together, the data suggest that levels of GIuA1 are diminished in the
absence of N-cadherin, and at least some of this represents the synaptic/perisynaptic pool.

GluAl is dynamically positioned and maintained at the synapse by the scaffolding protein
PSD95 (Schnell et al. 2002; Ehrlich and Malinow 2004) while GIuA2 is positioned similarly
at the synapse by the scaffolding protein S-SCAM/MAGI-2 (Danielson et al. 2012). We
therefore tested whether the loss of GIuAL and the preservation of GIuA2 reflected similar
alterations in levels of their respective scaffolding proteins. In hippocampal sections from
cKO mice immunolabeled for PSD95, a marker that is almost exclusively postsynaptically
concentrated (Sans et al. 2000; Marrs et al. 2001; Chen X et al. 2011; MacGillavry et al.
2013), we found a significantly diminished density of PSD95-labeled puncta in all subfields
in comparison with floxed controls (Fig. 5J, K) without changes in the size of the remaining
puncta (Fig. 5L). The lower density of PSD95 puncta in the cKO hippocampus was matched
by significantly decreased levels of synaptic PSD95 determined by immunablot of
synaptoneurosomes (Fig. 6B, C). In contrast, by similar methods, we found no significant
differences between cKO and control mice in levels of synaptic S-SCAM/MAGI-2 (Fig. 6B,
C).

In contrast to changes in levels and localization of GIuA1 and PSD95, neither the levels nor
the localization of presynaptic vesicle protein markers differed between cKO and floxed
mice. Sections immunolabeled for both vesicular glutamate transporters 1 and 2 (vGlutsl
and 2; Fig. 7A-C), which cluster at nearly all excitatory presynaptic terminals in
hippocampus (Kaneko et al. 2002; Fremeau et al. 2004; Herzog et al. 2006), and
immunoblots for synaptophysin, an integral synaptic vesicle protein (Navone et al. 1986)
(Fig. 7D) were similar across genotypes. These observations are consistent with the previous
demonstration that the paired-pulse ratio, a measure of presynaptic function, is unaltered at
CA3-CAL1 synapses in adult N-cadherin cKO mice (Bozdagi et al. 2010). Taken together,
conditional ablation of N-cadherin alters the level and localization of a subset of signaling
and scaffolding proteins on the postsynaptic side of glutamatergic excitatory synapses.
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Compensatory alterations in GABAergic inhibitory circuitry

PSD95 knockdown in cultured hippocampal neurons increases the density of GABAergic
innervation (Graf et al. 2004; Prange et al. 2004; Levinson et al. 2005; Levinson et al. 2010).
If similar effects occur in the adult brain, then the reduced levels of PSD95 in the N-cadherin
cKO mice should also increase GABAergic circuitry in the hippocampus. We tested this idea
first by evaluating whether GABAergic inhibition was altered functionally in the
hippocampus of cKO mice. This was accomplished using a standard protocol of measuring
the severity of behavioral seizures in response to administration of the anticonvulsant kainic
acid or saline (vehicle) to adult male cKO or wildtype mice. The rationale behind this
approach is that levels of GABAergic inhibition can regulate seizure severity (Ben-Ari and
Cossart 2000), thus differences between genotypes in seizure severity could indicate that
GABAergic circuits are altered in the cKO mice. We administered kainic acid or saline and
then scored resulting seizure activity over time according to a 6-point scale, where 0 = no
seizure activity and 6 = whole-body tonic-clonic convulsions (McKhann et al. 2003) (see
Materials and Methods). No animal displayed any seizure activity prior to drug
administration or following injection of saline alone (Fig. 8A). However, as predicted, the
cKO mice displayed a significantly lower seizure severity profile in comparison with
controls following kainic acid administration (Fig. 8H; cKO mice: 1.91 + 0.13 vs control
mice: 3.94 + 0.15; p < 0.0002, unpaired Student’s t-test). These data are consistent with the
idea that functional GABAergic inhibition is increased in the cKO mice.

We next analyzed a potential anatomical basis for such changes in seizure severity by
examining the density of pre- and postsynaptic GABA markers in CAL in immunolabeled
hippocampal sections from adult cKO and floxed mice. An antibody to the 65kD isoform of
glutamic acid decarboxylase (GAD65) marked presynaptic GABAergic boutons; an
antibody to gephyrin, a GABA, receptor anchoring molecule, marked postsynaptic
GABAergic sites. Previous localization studies have shown that at GABA synapses,
gephyrin forms multiple, smaller clusters in comparison with GAD65-labeled boutons
(Brunig et al. 2002b; Bozdagi et al. 2004; Tyagarajan and Fritschy 2014), consistent with
our observations in both cKO and floxed mice (Fig. 8B, C, E, F). Both GAD65 (Fig. 8B-D)
and gephyrin (Fig. 8E-G) puncta densities were increased in the cKO mice compared to
floxed controls, without any detectable changes in puncta size (Fig. 8D, G). We next
examined overall hippocampal levels of GADG65, gephryin and VGAT by immunoblot, and
found no overt differences between genotypes in levels of these proteins (Fig. 8H). Taken
together, these data suggest that functional GABA inhibition is increased in cKO mice by a
redistribution of molecules on both pre- and postsynaptic sides of the synapse.

Cognitive deficits in the absence of N-cadherin

The molecular changes to hippocampal synapses described above together with previously
reported deficits in persistence of LTP at CA1 synapses (Bozdagi et al. 2010) suggest that
hippocampal dependent cognition should be impaired in the cKO mice. Indeed, spatial
learning and memory, but not other behavior abilities, were impaired in the cKO (n=13)
compared to the floxed control (n=11) mice. The two groups had similar general health,
spontaneous activity, elicited reflexes, sensory and motor functions, grip strength, and
performance on a rotarod (the SHIRPA protocol (Rogers et al. 1997)), as well as similar
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locomotor activity and anxiety measured in an open field test (data not shown). Performance
in a six-arm radial water maze, however, varied with cognitive demand and hippocampal
dependent memory function.

A water maze had six arms radiating from a central open area (Fig. 9A,B). In each task, the
mouse was placed at the end of one alley and could escape the water by swimming to the
end of another alley and climbing onto a platform. Performance was measured by the
number of incorrect arm entries, as well as the duration and distance of each swim. Both
cKO and floxed control mice learned rapidly to approach the platform when it was visible,
verifying that sensory, perceptual, motivational and motor abilities were intact in the cKO
mice (Fletcher et al. 2007; Shirvalkar et al. 2010). This cue-approach task does not require
spatial memory or hippocampal function (Morris et al. 1986; Fletcher et al. 2006) (Fig. 9C).
The cKO mice were impaired, however, in a matching-to-place task that required the
animals to learn and remember hidden platform locations. In one task, the platform was kept
in the same location for each day’s testing session, but changed from one day to the next.
Therefore, in the first, sample trial of the day, the mouse explored each arm and found the
platform by trial and error. During the next seven match trials, the mouse was placed in a
different start arm and could return directly to the platform by remembering its location.
Both groups learned the general rules of the matching task at similar rates, reaching the
platform in <12 seconds in four consecutive trials within four training days (Fig. 9C). Both
groups also performed similarly during the sample trials, when the mice had to explore the
maze to find the platform and memaory could not guide performance (errors, escape
latencies, and swim distances were equivalent in both genotypes, (t(22): errors = 1.41,
p>0.17; latency = 1.38, p=0.18 and distance = 1.70, p=0.10).

During matching trials, however, the cKO mice revealed deficits in both spatial learning and
the persistence of spatial memory. Floxed control mice swam more directly to the escape
platform and made fewer errors than the cKO mice (Fig. 9A,B,D,E; p < 0.05). The floxed
mice also demonstrated memory for the previous day’s platform position by returning to that
location the next day in “perseverative errors”. The proportion of these entries into the
previous day’s goal was significantly higher in the floxed control than the cKO mice (Fig.
9F, p < 0.05). Hence, the floxed mice made fewer errors than the cKO mice overall, and
those errors suggested memory for the previous day’s platform location. The cKO mice
made more errors overall, and the pattern of errors revealed no memory for the previous
day’s platform location.

To further test memory demand and cognitive flexibility, we increased proactive interference
by giving the mice three matching-to-place tests each day. For each block of four trials the
platform was kept in the same place, the first trial was a sample, and the next three were
matches. The platform was moved after each block, and the mice were tested on three blocks
each day. The cKO and floxed control mice performed similarly during the sample trials
(t(22): errors=0.18, p=0.74; distance=0.14, p=0.77; latency=0.09, p=0.79), showing intact
exploratory behavior. Overall across all matching trials, the cKO mice were impaired, with
longer swim paths despite showing no difference in swim speed (cKO: 309.0 + 29.6 cm;
floxed: 228.3 + 18.1 cm, F(1,22): distance=5.601, p<0.05; speed=0.001, p=0.97) . While
errors and latencies were not significantly different when averaged across all days (F(1,22):
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errors=3.97, p=0.06; latency=3.25, p=0.09), there were significant differences in
performance between genotypes as time progressed. The control mice adapted to the high
interference condition, and made fewer errors at the end of testing then at the beginning,
whereas the cKO mice made more errors and did not improve (Fig. 9G, repeated measures
ANOVA, first vs last testing days, F(1,22): genotype = 3.34, p = 0.08; days = 16.2, p < 0.01;
genotype x day = 5.12, p < 0.05). Similarly, by the last two days of testing, significant
differences in performance were evident between genotypes in the latency (F(1,22):
genotype=3.07, p=0.09; days=6.28, p<0.05; genotype x day=2.59, p=0.12) and swim paths
(F(1,22): genotype=5.21, p<0.05; days=9.03, p<0.01; genotype x day=1.94, p=0.18) (Fig.
9H, ).

Together, the data suggest that while both genotypes learned task rules and were motivated
to escape to the platform, the cKO mice learned slower and remembered less than the floxed
control mice. When the platform location moved once a day, the cKO mice made more
spatial memory errors, and the errors were not influenced by memory for the previous day’s
platform location, in contrast to the floxed control mice. When the platform moved several
times a day, the cKO mice adapted poorly to the new contingencies and did not learn to
return efficiently to the most recent platform location.

Discussion

By using a conditional genetic ablation strategy in mice that eliminates N-cadherin and
reduces levels of -catenin at excitatory forebrain synapses starting in late postnatal life, we
show that in maturity, N-cadherin/B-catenin take on new and selective roles in regulating
levels and localization of postsynaptic glutamate receptor subunits and their associated
scaffolding molecules. We found that GIuA1 and PSD95 levels and density of
immunoreactive puncta were significantly diminished across all subfields of the
hippocampus, while in contrast, levels and localization of GIUAZ2, its postsynaptic scaffold
S-SCAM/MAGI-2 and NMDAR subunits GIuN1 and GIuN2B were unchanged.
Surprisingly, the cKO mice also displayed a significantly greater density of pre- and
postsynaptic GABAergic inhibitory synapse markers in CA1 and a higher threshold for
kainic acid-induced seizures. Together, this suggests that there is a compensatory increase in
functional inhibition in the absence of N-cadherin. Collectively, such molecular alterations
in both excitatory and inhibitory circuits within the hippocampus likely contribute to
deficient maintenance of hippocampal LTP (Bozdagi et al. 2010) as well as impaired
hippocampal-dependent cognitive function, as we found that adult cKO mice displayed
profound deficits in memory for spatial episodes.

A selective role for the N-cadherin/p-catenin complex in modulating the activity-dependent
regulated pathway of AMPAR subunit trafficking in vivo

We demonstrated previously that adult N-cadherin cKO mice exhibit significant impairment
in persistence, but not induction, of LTP and accompanying spine enlargement at CAl
synapses (Bozdagi et al. 2010). Our observations here suggest a plausible basis for such
abnormal synaptic plasticity. At adult hippocampal synapses, AMPARS consist
predominantly of hetero-oligomers comprising either GIUA1/GIuA2 subunits or GIuA2/
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GIuA3 subunits (Wenthold et al. 1996). PSD95 contributes to membrane-surface delivery of
GluAl as part of a regulated, activity-dependent pathway (Passafaro et al. 2001; Schnell et
al. 2002; Stein et al. 2003; Ehlers et al. 2007; Yudowski et al. 2007; Yang et al. 2008; Opazo
and Choquet 2011). Although not universally agreed upon (Granger et al. 2013), many
studies indicate that such synaptic delivery of GIuA1l via PSD95 is required for persistence
of LTP and spine enlargement (Shi et al. 1999; Ehrlich and Malinow 2004; Park et al. 2004;
Kopec et al. 2006; Kopec et al. 2007; Yang et al. 2008). Thus, the failure of LTP and spine
enlargement to persist at cKO synapses is likely a direct reflection of diminished levels of
GluAl and PSD95; normal /nauction of both forms of synaptic plasticity, which requires
NMDARs (Yang et al. 2008), is consistent with unaltered levels and localization of GIuN1
and GIuN2B. In cell culture, N-cadherin can bind directly to GIuA1 /n cisthrough
ectodomain interactions, while a dominant-negative form of N-cadherin reduces surface
GIluALl levels (Nuriya and Huganir 2006). Thus, /n vivo, levels of GIuAl and/or PSD95 may
be insufficient for proper extrasynaptic delivery and/or incorporation into the synapse during
LTP. Alternatively, residual levels of these molecules may be sufficient for proper delivery,
but the lack of N-cadherin impairs synaptic insertion or trapping of GIuAL. In any event, this
scenario implies that one primary function of the N-cadherin/p-catenin complex at adult
synapses is to translate activity patterns into appropriate molecular signaling cascades that
support persistent synaptic plasticity. How this occurs mechanistically remains to be
investigated, but relevant signals could be generated by any number of dynamic changes that
N-cadherin or f-catenin undergo in response to appropriate patterns of synaptic activity,
including changes in conformation, localization, dimerization and downstream signaling
cascades (Tang et al. 1998; Bozdagi et al. 2000; Tanaka et al. 2000; Murase et al. 2002; Tai
et al. 2007; Yasuda et al. 2007).

Trapping of GIuA1 at the synapse might also be expected to fail because of reduced levels of
PSD95 “slots”, which are thought to anchor AMPAR-TARP (transmembrane AMPAR
regulatory protein) complexes to the synaptic membrane during LTP (Opazo et al. 2012).
Alternatively, the diminished level of GIuA1 may be secondary to the diminished level of
PSD95, since PSD95 knockdown reduces surface levels of GluA1 (Nakagawa et al. 2004;
Chen X et al. 2011). The loss of PSD95, in turn, could reflect diminished levels of -catenin,
as these molecules have been shown to interact biochemically in cultured chick retinal
ganglion cells (Honjo et al. 2000).

In contrast to impaired persistence of LTP and spine plasticity at mutant CA1 synapses,
properties of baseline synaptic neurotransmission in CA1 are unaltered in these adult cKO
mice in comparison with controls (Bozdagi et al. 2010). GIuA2 is delivered to synapses
through a constitutive pathway (Shi et al. 2001; Malinow and Malenka 2002; Ehrlich and
Malinow 2004) that requires interactions with S-SCAM/MAGI-2 for maintaining normal
synaptic levels (Danielson et al. 2012). The present results suggest that the preserved levels
of GIuA2 and S-SCAM/MAGI-2 in the cKO mice are sufficient for maintaining normal
properties of baseline synaptic transmission in part due to the sustained availability of S-
SCAM/MAGI-2 in the cKO mice. This was unexpected in light of the diminished levels of
[3-catenin, as synaptic targeting of this scaffold depends on binding to p-catenin in
developing neurons (Nishimura et al. 2002). Appropriate GIuA2 localization may also be
supported by binding interactions with other proteins, including GRIP (glutamate receptor
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interacting protein), ABP (AMPAR binding protein), NSF (N-ethylamide-sensitive fusion
protein), PICK1 (protein interacting with C-kinase-1) and f3-containing integrins (Malinow
and Malenka 2002; Cingolani et al. 2008). GIuA1, which is diminished in the cKO mice,
likely does not normally contribute to basal AMPAR responses as there are no changes in
baseline synaptic properties at CAL synapses in GIuUAL knockout mice (Zamanillo et al.
1999) nor in wildtype mice exposed to spermine, a polyamine that blocks GluA2-lacking
AMPARs (Mainen et al. 1998). Taken together, the results here establish a molecular
framework of predictable alterations in GIuR function that can be tested by combined
electrophysiological/pharmacological approaches in future studies.

Lack of presynaptic effects of N-cadherin deletion at mature excitatory synapses in vivo

Previous studies, principally in cultured neurons, have shown that knockdown of N-cadherin
or B-catenin alters presynaptic vesicle accumulation and functional properties of release at
excitatory synapses (Bamiji et al. 2003; Bozdagi et al. 2004; Jungling et al. 2006; Sun et al.
2009; Stan et al. 2010; Sun and Bamji 2011; Pielarski et al. 2013). It was therefore
surprising to find no overt evidence for changes in levels or localization of excitatory
presynaptic molecular markers (present results) or indices of presynaptic functional
properties (Bozdagi et al. 2010) at adult mutant synapses. Together, these observations
support the idea that functions of the N-cadherin-catenin system evolve over time: at early
stages of synapse formation, the transsynaptic N-cadherin/B-catenin linkage establishes
presynaptic and postsynaptic structure and function coordinately, likely through
collaborative interactions with other molecules such as Neuroligin (Nlg)-1 and S-SCAM/
MAGI-2 (Stan et al. 2010). However, at more mature stages, N-cadherin functions
predominantly postsynaptically, becoming dispensable for maintenance of excitatory
presynaptic organization.

Compensatory changes in GABAergic circuitry

N-cadherin is not normally localized to mature hippocampal or neocortical GABAergic
synapses (Benson and Tanaka 1998; Huntley and Benson 1999), but in the absence of N-
cadherin, the density of markers of inhibitory synapses and seizure thresholds are increased.
Somewhat surprisingly, however, we did not find by immunaoblot that overall levels of
several GABA synaptic molecular markers were elevated in the cKO mice. This could mean
that in the absence of N-cadherin, GABA molecular markers are redistributed to new sites or
accumulate at established sites at a level that allowed detection by immunolabeling.
Alternatively, immunoblotting of whole-hippocampal tissue may not be sensitive enough to
detect subtle changes in circuitry. Regardless of the precise mechanism, both functional and
anatomical lines of evidence are consistent with increased inhibition in the conditional
absence of N-cadherin. However, electrophysiological analysis of inhibitory synaptic
function will be required in future studies to directly confirm this.

It is possible that the diminished levels of PSD95 resulting from N-cadherin deletion may
have driven alterations in GABAergic circuitry through compensatory redistribution of Nigs.
PSD95 interacts with several Nlgs and coordinates different Nlg isoforms to specify
excitatory and inhibitory synapses and to control proper balance of excitation and inhibition
(Shipman et al. 2011). When levels of PSD95 are decreased in cultured neurons, synaptic
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specificity of different Nlg isoforms is lost, resulting in greater numbers of GABA synapses
and fewer numbers of excitatory synapses (Graf et al. 2004; Prange et al. 2004; Levinson et
al. 2005; Levinson et al. 2010). Although it remains to be determined whether Nlg
distribution is altered in the cKO mice, our data are consistent with this model in terms of an
apparent increase in numbers of GABA synapses, but are inconsistent in that we did not find
any differences in numbers of excitatory synapses. However, Nlg requires N-cadherin to
regulate excitatory synapse number (Stan et al. 2010), thus in the absence of N-cadherin,
PSD95/NIg may exert their synaptogenic effects only on GABA synapses. Compensatory
changes in levels of other cadherins may have also contributed. For example, in cultured
neurons GABA synapse numbers are reduced following manipulations that reduce levels of
E-cadherin (Fiederling et al. 2011), cadherin-11 or cadherin-13 (Paradis et al. 2007).

In the cKO mice, N-cadherin is deleted in principal neurons, but not in GABA neurons
which lack aCaMKII-Cre (Tsien et al. 1996). Thus, excitatory synapses formed with GABA
neurons in the cKO mice could, in theory, contain N-cadherin only on the postsynaptic side,
leading to asymmetric transsynaptic interactions. Recent studies have shown that for
excitatory synapses, such asymmetric postsynaptic localization of N-cadherin can alter
synaptic number, function and molecular organization (Pielarski et al. 2013). Thus,
speculatively, heterophilic interactions between N-cadherin in GABA neurons and other
molecules, either /n cisor in trans, could be driving compensatory changes in GABA
circuits. For example, N-cadherin can interact with protocadherins (Pcdhs) (Weiner and
Jontes 2013), and Pcdh-yC5 interacts directly with some subunits of the GABAA receptor,
localizes to GABA synapses and can influence maintenance of GABA synapse numbers (Li
et al. 2012).

Functional impact of conditional N-cadherin deletion

We found that adult cKO mice exhibited significant deficits in hippocampal-dependent
memory for spatial episodes. In particular, while able to learn rules of the task during the
sample trials to a degree similar to that of controls, they were subsequently incapable of
persistent memory of relevant spatial information required for successful performance
during match trials. Such cognitive inflexibility certainly must reflect, at least in part, the
excitatory synaptic circuit-level deficits in the capacity for maintenance of LTP and spine
plasticity (Bozdagi et al. 2010) as well as the selective molecular alterations in GIuAl and
PSD95 discussed above. In contrast, GluA1 knockout mice lack LTP entirely (there is a
failure of induction) and are deficient only in spatial working memory, but not spatial
reference memory (Zamanillo et al. 1999; Reisel et al. 2002). Thus, deficits in synaptic
plasticity or cognitive performance displayed by the N-cadherin cKO mice are unlike those
displayed by GIuA1 knockout mice, suggesting that additional circuit or molecular
abnormalities must contribute to impaired information processing in the N-cadherin cKO
mice. Fear-conditioning in mice elevates hippocampal levels of N-cadherin, and in turn is
blocked in the presence of exogenous small-interferring peptides harboring the conserved
HAV sequence found in classic cadherins and other cell-surface proteins (Schrick et al.
2007). Thus, it is possible that a failure of training-induced increases in N-cadherin levels in
the cKO mice due to ablation of the gene contributed to deficient memory. The diminished
levels of B-catenin may also have contributed, since conditional genetic ablation of B-catenin
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in amygdala prevents consolidation, but not acquisition of fear memories (Maguschak and
Ressler, 2008). It is also possible that the balance of excitation/inhibition (E/I) is disrupted in
the cKO hippocampus, given the elevated number of GABA synapse markers and seizure
threshold. When E/I balance is abnormal in other cortical areas, information processing is
disturbed (Yizhar et al. 2011). Evaluation of the ratio of excitation-to-inhibition in the
hippocampus of N-cadherin cKO mice will require detailed electrophysiological analyses,
which is beyond the scope of the present study. In any event, cadherins have been linked
genetically to susceptibility to autism and compulsive disorders (Ma et al. 2009; Wang et al.
2009; Dodman et al. 2010; Pagnamenta et al. 2010; Hussman et al. 2011). The results here
provide a working model for future investigation of how cadherins contribute to human
developmental brain disorders that reflect altered synaptic plasticity and function.
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Fig 1. Enrichment of postsynaptic proteins in synaptoneurosomes
To verify the enrichment of synaptic proteins in the synaptoneurosome fraction, we prepared

synaptoneurosomes (synapto) from whole-hippocampal lysates (/ysates) taken from adult
male wildtype mice (n=7-9) and blotted both fractions for PSD95 (clone 6G6-1C9) (A) or
SynCAM (B), both of which are known to be enriched at glutamatergic hippocampal
synapses. Actin was used as a loading control. The blots were visualized using a Li-Cor
imaging system and quantified by expressing the ratio of the mean fluorescence intensity of
PSD95 or SynCAM to that of their actin loading controls. As expected, both synaptic
proteins were significantly enriched in the synaptoneurosome fraction. *p<0.04 or
**p<0.0002; two-tailed paired t-test. Numbers (on left) indicate approximate positions of
molecular mass markers (kDa).
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Fig. 2. N-cadherin is ablated and -catenin levels are diminished in N-cadherin cKO mice
A) Representative western blots of N-cadherin (Ncad) and GAPDH (used as a loading

control) prepared from whole-hippocampal lysates at postnatal weeks indicated. There were
no significant differences in N-cadherin levels across ages in the floxed control mice (p >
0.6, n=3 mice per genotype per age). At 2 postnatal weeks, N-cadherin levels in cKO mice
were indistinguishable from those in control mice (p > 0.5). However, in comparison with
age-matched floxed controls, N-cadherin levels in the cKO mice declined significantly by 4
postnatal weeks and remained significantly lower thereafter (p < 0.01). Statistical
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comparisons across ages were assessed using one-way ANOVA. Numbers (on right) indicate
approximate positions of molecular mass markers (kDa).

B) Representative patterns of N-cadherin immunolocalization in stratum radiatum (CAL and
CA3) or the molecular layer of the dentate gyrus (DG) of adult (5 mo-old) hippocampus.
Bar =5 um.

C) Representative western blots of B-catenin and GAPDH (used as a loading control)
prepared from whole-hippocampal lysates at postnatal weeks indicated. There were no
differences between genotypes in -catenin levels at 2 postnatal weeks (p > 0.6, n=3 mice
per genotype per age), but by 24 weeks, 3-catenin levels were significantly diminished in the
cKO hippocampus in comparison with floxed controls (p < 0.05). Statistical comparisons
across ages were assessed using one-way ANOVA. Numbers (on right) indicate approximate
positions of molecular mass markers (kDa).

D) Representative patterns of B-catenin immunolocalization in stratum radiatum (CA1 and
CA3) or the molecular layer of the dentate gyrus (DG) in adult (5 mo-old) hippocampus. Bar
=5um.

E) Quantitative analysis of N-cadherin puncta density confirmed a significant decrease in the
cKO mice in comparison with floxed controls across all subfields (*p < 0.01, n=8 mice per
genotype, unpaired Student’s t-test).

F) Quantitative analysis of B-catenin puncta density confirmed a significant decrease in the
cKO mice in comparison with floxed controls in CAL (*p < 0.01) and DG (**p < 0.05), but
not in CA3 (p=0.33; n=4 per genotype, unpaired Student’s t-test). In E and F, all quantitative
values for each hippocampal subfield were normalized to floxed control values for that
subfield.
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Fig. 3. N-cadherin is dispensible for maintaining dendritic architecture in adult hippocampal
area CAl

A-C) Dendritic architecture is unchanged in cKO mice. Representative example (A) of a
CAL pyramidal cell taken from an adult cKO mouse and intracellularly filled with Lucifer
Yellow. Bar = 50pm. Sholl analysis of CA1 pyramidal cell apical dendrites (B) showed no
differences in branching between cKO mice and floxed control mice (n=3 mice per
genotype; two-way repeated-measures ANOVA with genotype as a between-groups factor
and radial distance from soma as a within-group factor). There were no differences between
genotypes in total arbor length of CA1 pyramidal cell apical dendrites (C, p=0.27, unpaired
Student’s t-test). Dendrite analyses in B,C were based on 8 CA1 neurons from 3 adult male
WT mice and 13 CA1 neurons from 4 male adult cKO mice.
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D-F) Representative images of 1 pm-thick, plastic-embedded sections through CAl
pyramidal cell layer taken from a floxed control mouse (D) or a cKO mouse (E).
Stereological analysis (F) revealed no significant differences in cell density between
genotypes (n=3 mice per genotype, p=0.84, unpaired Student’s t-test). All values were
normalized to those of the floxed control mice.

G-H) Representative electron-micrographs through CA1 stratum radiatum taken from a
floxed control mouse (G) or a cKO mouse (H). Bar=500 nm.

1) Stereological analysis revealed no significant differences in the number of synapses-per-
neuron between cKO and floxed control mice (n=3 mice per genotype, p=0.94, unpaired
Student’s t-test). All values were normalized to those of the floxed control mice.
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Fig. 4. Hippocampal spine density and morphology are unaltered in adult N-cadherin cKO mice
The graphs (left column) show quantification of density of total spines and of morphological

subtypes (thin, stubby, mushroom) along apical dendritic segments located between 0-50 um
(50), 51-100 pm (100) or 101-150 um (150) from the soma, from the indicated subfields and
genotypes. This analysis showed no significant differences between genotypes in any
subregion for either total spine density or for different morphological subtypes (thin, stubby,
or mushroom) distributed over the different dendritic segments (unpaired Student’s t-test.
For each condition (region, dendritic segment, spine type), data are normalized to the floxed
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control values for that condition). In the right column are representative confocal images of
apical dendritic segments from intracellularly-filled neurons from the corresponding
hippocampal subregions indicated. The material was taken from floxed control mice (flox,
top image in each pair) or cKO mice (cKO, bottom image in each pair). Bar = 5um.
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Fig. 5. Diminished density of GIuAl and PSD95 immunolabeled puncta in adult hippocampus of
N-cadherin cKO mice

(A,D,G,J) Representative confocal microscope images of sections through stratum radiatum
of CA1 of adult floxed control mice (top row) or cKO mice (bottom row)
immunofluorescently labeled for AMPAR subunits GIuAl (A), GIuA2 (D), NMDAR
subunit GIuN1 (G), or the scaffolding protein PSD95 (J). Bars= 5 pm.

(B,E,H,K) Quantitative analysis of density of immunofluorescently labeled puncta. In all
hippocampal subfields, the density of puncta immunolabeled for GIuAl (B) and PSD95 (K)
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was significantly lower in adult cKO mice (black bars) in comparison with that in adult
floxed control mice (grey bars). In contrast, there were no differences between genotypes in
density of GIuA2 (E) or GIuN1 (H). *p < 0.05, unpaired Student’s t-test; n=8 per genotype,
both sexes. For each region, values were normalized to those of the floxed control mice for
that region.

(C,F,I,L) Quantitative analysis of sizes of immunofluorescently labeled puncta. GIuA1
immunolabeled puncta were significantly smaller in all hippocampal subfields in cKO mice
(C, black bars) in comparison with floxed control mice (C, grey bars). There were no
differences in sizes of puncta immunolabeled for GIuUA2 (F), GIuN1 (I) or PSD95 (L). *p <
0.05, unpaired Student’s t-test; n=8 per genotype, both sexes. For each region, values were
normalized to those of the floxed control mice for that region.
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Fig. 6. Quantitative analysis of levels of AMPAR and NMDAR subunits and their scaffolding
proteins in N-cadherin cKO hippocampus

(A and B) Representative immunoblots of synaptoneurosomes isolated from whole-
hippocampus prepared from adult floxed and cKO mice showing diminished levels of
GluAl and its scaffolding protein PSD95, but no changes in levels of GIuA2, its scaffolding
protein S-SCAM/MAGI-2, or NMDAR subunits GIuN1 or GIuN2. Tubulin was used as a
loading control. Numbers (on left) indicate approximate positions of molecular mass
markers (kDa).
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(C) Quantitative densitometric analysis of immunoblots of synaptoneurosomes. *p<0.05,
n=3 mice per genotype, unpaired Student’s t-test. For each molecule, values were
normalized to those of the floxed control mice for that molecule.
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Fig. 7. No changes in levels or localization of presynaptic molecules in N-cadherin cKO mice
(A) Representative confocal images showing vGlut1/2 immunolabeling in the indicated

subfields of hippocampus taken from adult floxed control mice (top row) or cKO mice
(bottom row). Bar=5 pm.

(B and C) Quantitative analysis of vGlut1/2 puncta density (B) and size (C). n=8 mice per
genotype, both sexes (p > 0.1, unpaired Student’s t-test). For each region, values were
normalized to those of the floxed control mice for that region.
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(D) Representative immunoblot of whole-hippocampal lysate showing similar levels of
synaptophysin in floxed and cKO mice. GAPDH was used as a loading control. Numbers
(on right) indicate approximate positions of molecular mass markers (kDa).

Hippocampus. Author manuscript; available in PMC 2016 June 14.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nikitczuk et al.

Page 36

A Ohr 3hr
I I Seizure
stage
T 0
o E 1
< 2
‘E’ 5 3
= 4
2| S 5
L 6
=
ol S
=
©
?l o
X
(8}

0 density size

* M floxed

W cKO
i T

0 . 0
density size

H GaDes gephyrin VGAT
floxed cKO floxed cKO floxed cKO

Fig. 8. Elevated density of GABA synapse markers and seizure threshold in N-cadherin cKO
mice

(A) Pseudo-colored heat-map showing severity of behavioral seizures following injection of
kainic acid (top maps) or saline (bottom maps) into cKO or wildtype (WT) mice. No animal
displayed seizures following injection of saline. WT mice displayed a greater seizure

severity profile (yellow-red) following kainic acid injection in comparison with cKO mice
(green-yellow) over the 3-hr period of monitoring. Quantification of genotype differences in
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seizure severity profiles is given in the text. See Materials and Methods for description of
seizure stages (0-6) depicted in the heat-maps. n=3 male mice (WT) or 4 male mice (cKO).
(B-G) Representative confocal images of immunolabeling for GADG65 (B,C) or gephyrin
(E,F) and quantification of immunolabeled profiles (D, G) taken from CA1 stratum radiatum
from an adult floxed control mice (B,E) or a cKO mouse (C,F). Quantification of
immunolabeled profiles (D,G) shows a significant elevation in density of GAD65 and
gephyrin puncta, but no changes in puncta size for either marker (n=4 mice per genotype,
p<0.05, unpaired Student’s t-test). Images were acquired from separate, single-labeled series
of sections. Values for each condition were normalized to those of the floxed control mice.
Bar=5 um.

(H) Immunoblots of synaptoneurosomes prepared from whole-hippocampal lysates taken
from cKO or floxed control mice show no differences between genotypes in overall levels of
GADG5, gephryin or VGAT. Actin (the lower blots of each pair) was used as a loading
control. Numbers (on left) indicate approximate positions of molecular mass markers (kDa).
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Fig. 9. Adult N-cadherin cKO mice display significant deficits in memory for spatial episodes
(A and B) Top-down view of the six-arm radial water maze showing representative

trajectory (line) of a floxed control mouse (A) or a cKO mouse (B) on a match trial.
Numbers mark each of the six arms of the maze. After the sample trial, the floxed control
mouse swims directly from the Start arm (S, arm 3) to the correct Goal arm (G, arm 5),
suggesting intact memory for the spatial cues used to encode the location of the escape
platform. In contrast, the cKO mouse explores many incorrect arms and fails to find the
location of the Goal arm (G, arm 6), indicating a failure of memory of the correct location.
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(C) There were no differences between genotypes in the average number of days to reach
criterion in cue-approach performance (left) nor in the training phase (right, unpaired
Student’s t-test).

(D-F) Quantitative measures of match-trial performance on the match-to-place version of the
task. Measures include swim-path distance (D), number of errors (entry into non-goal arms,
E) and perseverative errors (entry into the previous day’s Goal arm, F). *p<0.05, n=13 cKO
mice and 11 floxed control mice of either sex, unpaired Student’s t-test).

(G-1) Average match-trial performance in the win-shift version of the task. Performance in
this four-day task was divided into the first two days (days 1-2) and the last two days (days
3-4). There were no differences between genotypes in errors (entry into non-goal arms, G),
latency to reach the platform (H) or total distance swam during the first two days of testing.
However, floxed control mice committed significantly fewer errors during the last two days
in comparison with their performance during the first two days (*p < 0.01), while the cKO
mice failed to show any improvement (p=0.24). The cKO mice performed significantly
worse than floxed control mice in all measures during days 3-4. *p < 0.01, *p < 0.05, n=13
cKO mice and 11 floxed control mice of either sex, two-way repeated-measures ANOVA.
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Table 1

Primary Antibodies
Antibody Host, isotype  Immunogen Source Cat. # Clone #
N-cadherin Ms, 19G, aa 802-819 from Ms BD Transduction Labs 610921 32/Ncadherin
f3-catenin Rb, IgG fusion protein, full-length Hu ~ Millipore AB19022 n/a
GluAl Rb, IgG extracellular domain, rat Millipore ABN241 n/a
GluA2 Ms, 1gG5, aa 175-430 from rat BD Pharmingen 556341 6C4
GluN1 Rb, IgG C-terminal peptide from Hu Millipore AB9864R 1.17.2.6
GIuN2B Rb, IgG aa 1437-1456 from Ms Millipore 06-600 n/a
PSD-95 Ms, 19G; purified rat PSD-95 Thermo Scientific MA1-046 7E3-1B8
pan-PSD-95 Ms, 1gG5, purified rat PSD-95 Thermo Scientific MA1-045 6G6-1C9
S-SCAM Rb, 19G aa 554-571 Sigma-Aldrich SAB4503718 nla
SynCAM-1 Chk, IgY recombinant Fc-fusion MBL International CM004-3 3E1
gephyrin Rb, IgG synthetic peptide from rat Millipore AB5725 n/a
GAD65 Rb, IgG synthetic peptide from Hu Millipore ABN101 n/a
VGAT Ms, 19G3 aa 75-87 from rat Synaptic Systems 131011 117G4
Synaptophysin ~ Ms, 19G; rat retina synaptosome Sigma-Aldrich S5768 SVP-38
vGlut 1 GP, IgG peptide to vGlutl Millipore AB5905 n/a
vGlut2 GP, IgG peptide to C-terminus Millipore AB2251 n/a
tubulin Rb, 1gG aa 426-450 from Hu Abcam ab125267 n/a
actin Ms, 1gG, aa 50-70 from Chk Millipore MAB1501 C4
GAPDH Rb, IgG synthetic peptide from Hu Trevigen 2275-PC-1 n/a

Chk, chicken; GP, guinea-pig; Hu, human; Ms, mouse; Rb, rabbit; aa, amino acid
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