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SUMMARY

Netrin-G ligand 2 (NGL-2)/LRRC4, implicated in
autism spectrum disorders and schizophrenia, is a
leucine-rich repeat-containing postsynaptic adhe-
sion molecule that interacts intracellularly with the
excitatory postsynaptic scaffolding protein PSD-95
and trans-synaptically with the presynaptic adhesion
molecule netrin-G2. Functionally, NGL-2 regulates
excitatory synapse development and synaptic trans-
mission. However, whether it regulates synaptic
plasticity and disease-related specific behaviors is
not known. Here, we report that mice lacking
NGL-2 (Lrrc4�/� mice) show suppressed N-Methyl-
D-aspartate receptor (NMDAR)-dependent synaptic
plasticity in the hippocampus. NGL-2 associates
with NMDARs through both PSD-95-dependent
and -independent mechanisms. Moreover, Lrrc4�/�

mice display mild social interaction deficits and re-
petitive behaviors that are rapidly improved by phar-
macological NMDAR activation. These results sug-
gest that NGL-2 promotes synaptic stabilization of
NMDARs, regulates NMDAR-dependent synaptic
plasticity, and prevents autistic-like behaviors from
developing in mice, supporting the hypothesis that
NMDAR dysfunction contributes to autism spectrum
disorders.
INTRODUCTION

Synaptic cell adhesion molecules play critical roles in the regula-

tion of synapse development and function (Bemben et al., 2015;

deWit andGhosh, 2016; Krueger et al., 2012;Missler et al., 2012;

Shen and Scheiffele, 2010; S€udhof, 2017; Takahashi and Craig,

2013; Um and Ko, 2013; Valnegri et al., 2012; Yuzaki, 2011). Pre-

vious studies on synaptic adhesion molecules have identified

diverse mechanisms associated with trans-synaptic adhesions

and synapse development. In addition, a growing body of evi-

dence indicates that synaptic adhesion molecules are also

involved in the regulation of synaptic transmission and plasticity.
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Synaptic adhesion molecules have also been implicated in

diverse psychiatric disorders, including autism spectrum disor-

ders (ASDs) (Bourgeron, 2015; de Wit and Ghosh, 2014; Ko

et al., 2015; Krueger et al., 2012; Reissner et al., 2013; S€udhof,

2017; Takahashi and Craig, 2013). Although extensive efforts

have been made to determine whether dysfunctional synaptic

adhesion molecules lead to specific synaptic defects and dis-

ease-related behavioral abnormalities, the causal relationship

between the observed synaptic defects and behavioral abnor-

malities in mice has remained largely unclear, except for a few

examples (Blundell et al., 2010; Rothwell et al., 2014).

NGL-2 (also known as LRRC4) belongs to the netrin-G ligand

(NGL) family of synaptic adhesion molecules, which has three

known members: NGL-1/LRRC4C, NGL-2/LRRC4, and NGL-3/

LRRC4B (Kim et al., 2006; Lin et al., 2003; Woo et al., 2009b).

NGL-2 contains leucine-rich repeats (LRRs) and an immuno-

globulin (Ig) domain in the extracellular region, a transmembrane

domain, and a cytoplasmic region that terminates in a protein-

protein interaction domain (PDZ)-binding motif that binds to

PSD-95, an abundant scaffolding protein in the postsynaptic

density (PSD) of excitatory synapses. NGL-2 is mainly detected

at postsynaptic sites (Matsukawa et al., 2014; Woo et al., 2009a)

and trans-synaptically interacts with presynaptic netrin-G2/lam-

inet-2 (Kim et al., 2006), a glycosylphosphatidylinositol (GPI)-

anchored adhesion molecule highly expressed in specific sets

of presynaptic axons (Nakashiba et al., 2002; Yin et al., 2002).

NGL-2 also associates with N-Methyl-D-aspartate receptors

(NMDARs) in a cis manner (Kim et al., 2006). These interactions

likely promote excitatory synapse development in specific den-

dritic segments in an input-specific manner (DeNardo et al.,

2012; Nishimura-Akiyoshi et al., 2007).

Previous studies using mice lacking NGL-2 (Lrrc4�/� mice)

have shown that NGL-2 regulates auditory responses (Zhang

et al., 2008); excitatory synapse development and synaptic

transmission in the hippocampal Schaffer collateral pathway

(DeNardo et al., 2012); presynaptic release onto dentate granule

cells (Matsukawa et al., 2014); and neurite growth, synapse for-

mation, signal transmission, and restoration in the retina (Soto

et al., 2013, 2018). Despite this progress, whether NGL-2 regu-

lates other aspects of synaptic functions such as synaptic plas-

ticity remains unknown.

In addition, theNGL-2/LRRC4 gene in humans has been impli-

cated in ASDs, schizophrenia, and intellectual disability. A
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whole-genome sequencing analysis has identified a missense

mutation in LRRC4 in an individual with ASD (Jiang et al.,

2013). LRRC4 is located in intron 16 of SND1, a gene that has

been associated with ASDs by SNP analysis (Holt et al., 2010)

and de novo mutation analysis (Iossifov et al., 2012), and with

schizophrenia by copy number variation analysis (Kirov et al.,

2012). Two missense mutations of LRRC4 have been identified

in an exome sequencing study of schizophrenia-related Swedish

families (Purcell et al., 2014). More recently, a microdeletion

including LRRC4 has been associated with intellectual disability

and autism (Sangu et al., 2017). Moreover, netrin-G2, the presyn-

aptic ligand of NGL-2, is linked to schizophrenia and bipolar dis-

order (Aoki-Suzuki et al., 2005; Eastwood and Harrison, 2008).

However, whether the lack of NGL-2 indeed causes behavioral

abnormalities in animal models and, if so, whether they are asso-

ciated with any synaptic defects remain unknown.

Here, we found that mice lacking the Lrrc4 gene (Lrrc4�/�

mice) show suppressed NMDAR-dependent synaptic plasticity.

Mechanistically, NGL-2 associates with NMDARs through PSD-

95-dependent and -independent mechanisms. Lrrc4�/� mice

display social deficits and repetitive behaviors that are rapidly

improved by NMDAR activation.

RESULTS

Generation and Basic Characterization of Lrrc4�/� Mice
To explore in vivo functions of NGL-2, we generated transgenic

mice that lack exon 1 of the mouse Lrrc4 gene, which contains

the complete coding region of the gene and is the only exon in

the gene (Figures S1A and S1B). Lrrc4�/� mice lacked detect-

able expression of NGL-2 proteins in the brain (Figure S1C)

and displayed normal gross morphology of the brain, exempli-

fied by the normal layer structure in the hippocampus (Fig-

ure S1D). Immunofluorescence signals for excitatory and inhibi-

tory synaptic markers were also normal in the hippocampus

(Figures S1E and S1F). The levels of NGL-2 relatives (NGL-1

and NGL-3), or those of netrin-G2 (a presynaptic binding partner

of NGL-2), were not changed in the Lrrc4�/� brain, as revealed

by immunoblot analysis (Figure S2A). There were no changes

in the total and synaptic levels of PSD-95, CaMKIIa/b, and gluta-

mate receptor subunits (GluN1/2A/2B and GluA1/2) (see also

Discussion).

Lrrc4�/� Mice Display Mildly Reduced Social Interaction
and Suppressed Social Communication
Because NGL-2 has been shown to be associated with ASDs

and schizophrenia, we first tested whether Lrrc4�/�mice display

social deficits. Lrrc4�/�mice (3–5 months) showed amild reduc-

tion in social interaction but normal social novelty recognition in

the three-chamber test, as compared with wild-type (WT) mice

(Figures 1A and 1B).

When ultrasonic vocalizations (USVs) were measured,

Lrrc4�/� pups (post-natal day [P] 7–11) separated from their

mothers emitted fewer USVs and took longer to emit the first

USV call (Figure 1C). Adult male Lrrc4�/� mice emitted fewer

USVs when they encountered a stranger female mouse,

although the time to emission of the first USV call was not

changed (Figure 1D). Pup retrieval by female Lrrc4�/� mice
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was normal (Figure S3A), suggesting that Lrrc4 deletion is un-

likely to affect the ability to hear USVs. When USV patterns

were analyzed, Lrrc4�/� pups and adult mice displayed sup-

pressed levels of harmonic and short calls, respectively (Figures

S3B–S3G), types of USVs strongly associated with social com-

munications (Fujita et al., 2008; Malkova et al., 2012; Scattoni

et al., 2008; Sugimoto et al., 2011; Wang et al., 2008). Together,

these results suggest that Lrrc4�/� mice display mildly reduced

social interaction and suppressed USVs.

Lrrc4�/� Mice Display Repetitive Behaviors, Impaired
Spatial Learning, and Mild Anxiety-like Behaviors
Lrrc4�/� mice showed other behavioral abnormalities. First,

Lrrc4�/� mice displayed increased self-grooming in home cages

(Figure 2A), as well as in Laboras cages, where mouse move-

ments were continuously monitored for 48 hr (Figure 2B; Figures

S4A–S4D).

In the Morris water maze test, Lrrc4�/� mice performed poorly

in learning, probe, and reversal phases, while performing nor-

mally in the visible platform test (Figures 2C–2F). In the novel ob-

ject recognition test, however, Lrrc4�/�mice performed normally

(Figure 2G), suggesting that Lrrc4�/� mice display impaired

spatial learning but normal recognition memory.

Lrrc4�/�mice also displayedmodest anxiety-like behaviors. In

the light-dark test, Lrrc4�/� mice less frequently visited and

spent less time in the light chamber (Figure 2H). They acted nor-

mally in elevated plus-maze and open-field tests (Figures S4E–

S4G), but had reduced performance in the rotarod test

(Figure S4H).

NGL-2 Regulates Excitatory, but Not Inhibitory, Synapse
Density and Function
To see whether NGL-2 regulates synapse density and function,

we first examined spontaneous synaptic transmission. Both

the frequency and amplitude of miniature excitatory postsyn-

aptic currents (mEPSCs) were reduced in hippocampal CA1 py-

ramidal neurons in Lrrc4�/� mice (P21–P23; Figure 3A). This dif-

fers from the recent finding that Lrrc4�/�CA1 pyramidal neurons

display mEPSCs with reduced frequency but normal amplitude

(DeNardo et al., 2012). This could be attributable to that the pre-

vious study used younger slice preparations (P12–P16), a hy-

pothesis in line with the steadily increasing levels of the NGL-2

protein until�P21 (Figure S2B).Miniature inhibitory postsynaptic

currents (mIPSCs) were normal in these neurons (Figure 3B),

suggesting that NGL-2 mainly regulates excitatory synapses.

An electron microscopic (EM) analysis indicated that the den-

sity of the PSD apposed to presynaptic axon terminals was

reduced in the Lrrc4�/� hippocampus (stratum radiatum;

3 weeks; Figure 3C). In addition, PSD length and thickness

were reduced, whereas PSD perforation (a measure of mature

excitatory synapses) was not changed. Moreover, spine den-

sities, measured by biocytin injection and Golgi staining, were

reduced (Figures 3D and 3E), similar to the previous result from

DiI injection (DeNardo et al., 2012).

Lrrc4�/� CA1 pyramidal neurons display normal dendritic

complexity, as shown by Sholl analysis (Figure 3F). These results

collectively suggest that NGL-2 regulates excitatory synapses,

but not inhibitory synapses or dendritic complexity.



Figure 1. Lrrc4�/� Mice Display Mildly Reduced Social Interaction and Suppressed Social Communication

(A and B) Mildly reduced social interaction (A) but normal social novelty recognition (B) in Lrrc4�/� mice (3–5 months) in the three-chamber test, as shown by the

sniffing time, chamber time, and the preference index ([numerical difference between S1 and O, or S2 and S1]/[sum of S1 and O, S2 and S1] 3 100). Data are

presented as means ± SEM. n = 11 mice (WT) and 12 (knockout [KO]). *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant, Student’s t test.

(C) Suppressed USV calls in Lrrc4�/� pups (P7–P11) separated from their mothers, as shown by USV call number and latency to the first call. n = 14 (WT) and 17

(KO) for P7/P9, and 10 (WT) and 11 (KO) for P11, Student’s t test.

(D) Suppressed USV calls in adult male Lrrc4�/� mice (2 months) encountering a stranger female mouse. n = 13 (WT) and 15 (KO), Student’s t test.
NGL-2 Regulates Excitatory Transmission and NMDAR-
Dependent Synaptic Plasticity
Lrrc4 deletion has been shown to suppress evoked excitatory

synaptic transmissions mediated by AMPA receptors (AMPARs)

and NMDARs (DeNardo et al., 2012). Here, we observed similar

decreases in AMPAR- and NMDAR-mediated evoked synaptic

transmission at Lrrc4�/� Schaffer collateral (SC)-CA1 synapses

(P21–P25), as shown by reduced input-output ratios with normal

paired-pulse facilitation in field recordings (suggestive of sup-

pressed AMPAR component without a change in presynaptic

release) and unchanged ratio of NMDAR- and AMPAR-mediated

EPSCs (suppression of both NMDAR and AMPAR components)

(Figures 4A–4C). The decay kinetics of NMDAR-EPSCs were not

changed (Figure 4D), indicating that both GluN2A and GluN2B

subunits are involved. Reduced NMDAR function was also

observed in the medial prefrontal cortex and striatum, as shown

by NMDAR-mediated mEPSCs (Figures S5A and S5B).

When NMDAR-dependent synaptic plasticity was examined,

long-term potentiation (LTP) induced by theta burst stimulation

(TBS) was suppressed at Lrrc4�/� SC-CA1 synapses at

P25–P30 (Figure 4E) and 2–3 months (Figure S5C). Long-term

depression (LTD) induced by low-frequency stimulation (LFS)

was suppressed (Figure 4F). Metabotropic glutamate receptor

(mGluR)-LTD induced by DHPGwas suppressed, with the differ-
ence becoming evident in the late phase (Figure 4G), which un-

likely involves suppressed NMDAR function because hippo-

campal mGluR-LTD does not require NMDAR activation

(Fitzjohn et al., 1999; Huber et al., 2000, 2001). Therefore,

Lrrc4�/� deletion leads to decreases in NMDAR- and AMPAR-

mediated synaptic transmission, NMDAR-dependent synaptic

plasticity (LTP and LTD), and mGluR-dependent LTD.

NGL-2 Associates with NMDARs through PSD-95-
Dependent and -Independent Mechanisms
NGL-2 may enhance synaptic retention of NMDARs through

PSD-95, an abundant postsynaptic scaffolding protein coupled

to both NGL-2 and NMDAR subunits (GluN2A and GluN2B)

through PDZ interactions. Alternatively, some PSD-95-indepen-

dent mechanisms might be involved. To this end, we tested

whether NGL-2 colocalizes with NMDAR subunits in the pres-

ence or absence of PSD-95 in heterologous cells.

Singly expressed NGL-2 or GluN1/2A/2B showed a network-

like distribution pattern, likely reflecting localizations to the endo-

plasmic reticulum and Golgi apparatus (Figure 5A). PSD-95, in

contrast, showed a diffuse distribution pattern throughout the

cell, including the cell periphery. Doubly expressed NGL-2

and PSD-95 formed discrete clusters, often of a large size, con-

taining both proteins (Figure 5B). When NGL-2, PSD-95, and
Cell Reports 23, 3839–3851, June 26, 2018 3841



Figure 2. Lrrc4�/� Mice Display Repetitive Behaviors, Impaired Spatial Learning, and Mild Anxiety-like Behaviors

(A) Enhanced self-grooming of Lrrc4�/� mice (3–5 months) in home cages. Mean ± SEM. n = 20 (WT) and 19 (knockout [KO]) mice, Student’s t test.

(B) Enhanced self-grooming of Lrrc4�/� mice (3–5 months) in Laboras cages, used for continuous monitoring of diverse movements for 72 hr. n = 12 (WT, KO),

two-way ANOVA with Bonferroni test.

(C–E) Reduced spatial learning of Lrrc4�/�mice (5months) in theMorris watermaze, as shown by their performances in the learning (C), probe (D), and reversal (E)

phases. Quadrant occupancy, platform crossings, and swimming speed were measured during the probe test. n = 12 (WT) and 11 (KO), repeated-measures (RM)

two-way ANOVA and Student’s t test.

(F) Lrrc4�/�mice (5months) perform normally in the visible platform version of theMorris water maze, as shown by escape latency. n = 5 (WT) and 9 (KO), RM two-

way ANOVA.

(G) Normal recognition memory by Lrrc4�/� mice (3 months) in the novel object recognition test, as shown by the preference of the subject mouse for a novel

object. n = 12 (WT) and 11 (KO), Student’s t test.

(H) Enhanced anxiety-like behavior (3 months) in the light-dark test, as shown by the number of entries into the light chamber, time spent in light chamber, and

percentage of time spent in light chamber. n = 11 (WT) and 12 (KO), Student’s t test.

*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
GluN1/2A/2B were triply coexpressed, all three proteins were

colocalized in discrete clusters (Figure 5C).

Given that GluN1 does not contain a C-terminal PDZ-binding

motif, GluN1 likely associates with NGL-2 through PSD-95-inde-

pendent mechanisms. Indeed, GluN1 coexpressed with PSD-95

in the absence of NGL-2 failed to form discrete clusters (Fig-

ure 5D). GluN2A and GluN2B, however, have the C-terminal

PDZ-binding motif and may directly associate with PSD-95, in

addition to the indirect interactions through NGL-2. To clarify

this, we generated mutant forms of GluN2A and GluN2B

that lack the C-terminal PDZ-binding motif (GluN2ADC and

GluN2BDC; deletion of the last 3 aa residues), and thus cannot

cocluster with PSD-95 (Figure 5D). However, when GluN2ADC

or GluN2BDC was triply coexpressed with NGL-2 and PSD-95,

GluN2ADC or GluN2BDC could still colocalize with NGL-2- and

PSD-95-containing clusters (Figure 5E). These results collectively
3842 Cell Reports 23, 3839–3851, June 26, 2018
suggest that NGL-2 associates with NMDAR subunits through

both PSD-95-dependent and -independent mechanisms.

NMDAR Activation Normalizes Social Interaction and
Self-Grooming in Lrrc4�/� Mice
Because Lrrc4�/� mice display social and repetitive behavioral

deficits that are associated with reduced NMDAR function, we

reasoned that normalizing the suppressed NMDAR function

might rescue the abnormal behaviors. Treatment of Lrrc4�/�

mice (3–5 months) with the NMDAR agonist D-cycloserine

(DCS; 20 mg/kg; intraperitoneal [i.p.]) 20 minutes before the

three-chamber test improved social interaction, as shown by

sniffing (but not chamber) time and the preference index (Figures

6A–6C). DCS minimally affected social interaction in WT mice. In

additional three-chamber tests with a modified protocol to rule

out directional bias (Bidinosti et al., 2016; Duffney et al., 2015;



Figure 3. Lrrc4 Deletion Suppresses Excitatory, but Not Inhibitory, Synapse Density and Function in the Hippocampus

(A) Reduced frequency and amplitude of mEPSCs in Lrrc4�/� CA1 pyramidal neurons (P21–P23). Mean ± SEM. n = 18 neurons from 6 mice (WT) and n = 19

neurons from 7 mice (knockout [KO]), Student’s t test.

(B) Normal frequency and amplitude of mIPSCs in Lrrc4�/� CA1 pyramidal neurons (P21–P23). n = 18 neurons from 4 mice (WT) and n = 16 neurons from 4 (KO)

mice, Student’s t test.

(C) Reduced density, length, and thickness, but normal perforation, of the PSD in the CA1 stratum radiatum region of the Lrrc4�/� hippocampus (P21), as

determined by EM analysis. Arrows indicate PSDs, and arrowheads indicate perforated PSDs. n = 3 mice (WT, KO), Student’s t test. Scale bar, 500 nm.

(D) Reduced spine density in the Lrrc4�/� CA1 stratum radiatum (P20–P23), as determined by biocytin injection. n = 29 dendritic segments from 4 mice (WT) and

n = 31 dendritic segments from 4 mice (KO), Student’s t test. Scale bars, 5 mm.

(E) Reduced spine density in the Lrrc4�/� CA1 stratum radiatum (2–3 months), as determined by Golgi staining. n = 37 dendritic segments from 4 mice (WT) and

n = 38 dendritic segments from 4 mice (KO). Scale bars, 5 mm.

(F) Normal complexity of apical and basal dendrites of Lrrc4�/� CA1 pyramidal neurons (P21–P24), as determined by Sholl analysis. n = 14 neurons from 3 mice

(WT) and n = 9 neurons from 3 mice (KO), two-way ANOVA.

*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
Wang et al., 2011), where mice were exposed to two identical

objects before the first social encounter, Lrrc4�/� mice did not

display directional bias, while showing the same DCS-sensitive

social deficits (Figures S6A–S6C). DCS also rapidly improved re-

petitive self-grooming in Lrrc4�/� mice, without affecting WT

mice (Figure 6D), but failed to rescue female-induced USVs (Fig-

ure 6E), anxiety-like behavior in the light-dark test (Figure 6F), or

spatial learning in the Morris water maze test (Figure S6D).
In control experiments, a low-dose DCS (2 mg/kg) failed to

rescue social interaction or self-grooming in Lrrc4�/� mice (Fig-

ures S7A andS7B). The above-mentioned rapid rescue effects of

DCS (20 mg/kg) on social interaction and self-grooming were

transient, as shown by lack of the rescue effects 24 hr after the

DCS treatment (Figures S7C and S7D). In addition, chronic treat-

ment of DCS over 7 days (once a day; 20 mg/kg) did not rescue

social interaction or self-grooming when these behaviors were
Cell Reports 23, 3839–3851, June 26, 2018 3843



Figure 4. Lrrc4 Deletion Suppresses Excitatory Transmission and NMDAR- and mGluR-Dependent Synaptic Plasticity

(A) Suppressed excitatory basal transmission at Lrrc4�/�SC-CA1 synapses (P21–P25), as shown by field excitatory postsynaptic potential (fEPSP) slopes plotted

against fiber volley amplitudes (input-output). Mean ± SEM. n = 9 slices from 3 mice (WT, knockout [KO]), Student’s t test.

(B) Normal paired-pulse facilitation at Lrrc4�/�SC-CA1 synapses (P21–P25), as shown by fEPSP slopes plotted against inter-stimulus intervals. n = 9 slices from 3

mice (WT, KO), Student’s t test.

(C) Unaltered ratio of NMDAR- and AMPAR-EPSCs at Lrrc4�/� SC-CA1 synapses (P17–P22). n = 9 neurons from 6 mice (WT) and n = 10 from 7 mice (KO),

Student’s t test.

(D) Normal decay kinetics of NMDAR-EPSCs at Lrrc4�/� SC-CA1 synapses (P17–P22), as determined by analyzing the results in (C).

(E) Suppressed TBS-LTP at Lrrc4�/� SC-CA1 synapses (P25–P30). n = 16 slices from 6 mice (WT) and n = 12 slices from 7 mice (KO), Student’s t test.

(F) Suppressed LFS-LTD (1 Hz, 900 pulses) at Lrrc4�/� SC-CA1 synapses (P17–P22). n = 10 slices from 7mice (WT) and n = 14 slices from 7mice (KO), Student’s

t test.

(G) Suppressed mGluR-LTD induced DHPG at Lrrc4�/� SC-CA1 synapses (P21–P25). n = 10 slices from 5 mice (WT, KO), Student’s t test.

*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
measured 24–48 hr after the last day of the chronic treatment

(Figures S7E and S7F). Lastly, DCS did not affect locomotor ac-

tivities of WT mice in the open-field test (Figure S6E), suggesting

that the DCS-dependent behavioral rescues in Lrrc4�/�mice un-

likely involve enhanced locomotion.

DCS Restores NMDAR-Dependent Synaptic
Transmission and Plasticity in Lrrc4�/� Mice
Finally, we tested whether the DCS-dependent social rescue

in Lrrc4�/� mice involves restoration of NMDAR function. DCS

normalized TBS-LTP at Lrrc4�/� SC-CA1 synapses (3–4 weeks),

without affecting TBS-LTP at WT synapses (Figure 7A). In addi-

tion, DCS restored LFS-LTD at Lrrc4�/� SC-CA1 synapses

(2–3 weeks), without affecting WT synapses (Figure 7B).

To measure NMDAR function more directly, we pharmacolog-

ically isolated NMDAR fEPSPs (field excitatory postsynaptic po-

tentials) by 2,3-dihydroxy-6-nitro-7-sulphamoyl-benzo(F)qui-

noxaline (NBQX) (an AMPAR blocker) under a low-magnesium

condition. Lrrc4�/� SC-CA1 synapses (P19–P22) displayed

decreased slopes and peaks of NMDAR fEPSPs, and DCS

normalized these parameters, without affecting WT synapses
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(Figure 7C). These results collectively suggest that DCS restores

NMDAR-dependent synaptic transmission and plasticity in

Lrrc4�/� mice.

DISCUSSION

Our data implicate NGL-2 in the regulation of excitatory synaptic

transmission and plasticity. NMDAR- and AMPAR-mediated

synaptic transmission at SC-CA1 synapses has been shown to

be suppressed by in utero Lrrc4 knockdown and in vivo Lrrc4

knockout (DeNardo et al., 2012). Our study confirms these re-

sults and extends them by showing that Lrrc4 deletion leads to

decreases in NMDAR-dependent HFS-LTP and LFS-LTD and

mGluR-LTD at SC-CA1 synapses. In addition, many synaptic

adhesion molecules, including neuroligins, neurexins, and

EphB, regulate synaptic transmission and plasticity (Jang

et al., 2017). Our findings add NGL-2 to this list as a postsynaptic

adhesion molecule that regulates NMDAR-dependent synaptic

transmission and plasticity.

The reduced NMDAR function in the Lrrc4�/� hippocampus

does not match with the normal levels of total and synaptic



Figure 5. NGL-2 Associates with NMDARs through PSD-95-Dependent and -Independent Mechanisms

(A) NGL-2 (Myc-NGL-2), PSD-95 (HA-PSD-95), or GluN1/2A/2B proteins (untagged) singly expressed in COS-7 cells show largely perinuclear or widespread

distribution patterns. Scale bars, 10 mm.

(B) NGL-2 and PSD-95 doubly expressed in COS-7 cells colocalize in discrete clusters. Scale bar, 5 mm.

(C) NGL-2, PSD-95, and NMDAR subunits (GluN1, GluN2A, and GluN2B) triply expressed in COS-7 cells colocalize in discrete clusters. Scale bars, 10 mm.

(D) GluN1 or mutant GluN2B subunits (GluN2ADC and GluN2BDC) doubly expressed with PSD-95 in COS-7 cells in the absence of NGL-2 show largely non-

overlapping distribution patterns. Scale bars, 5 mm (GluN1/2B); 10 mm (GluN2A).

(E) Mutant GluN2 subunits (GluN2ADC and GluN2BDC) triply expressed in COS-7 together with NGL-2 and PSD-95 still colocalize with other proteins in discrete

clusters. Scale bars, 10 mm.
NMDAR subunits determined by immunoblot analysis. A

possible explanation is that synaptic NMDAR function can be

regulated by posttranslational modifications in addition to syn-

aptic levels (Lussier et al., 2015). In addition, postsynaptic

NGL-2 and NGL-1 trans-synaptically interact with their presyn-

aptic ligands netrin-G1 and netrin-G2, respectively, promoting

the development of largely non-overlapping neuronal pathways

(Kim et al., 2006; Lin et al., 2003; Nakashiba et al., 2000, 2002;

Nishimura-Akiyoshi et al., 2007; Yin et al., 2002). Lastly, NGL-

2/LRRC4 is expressed in glial cells in addition to neurons and

modulates glial development and tumorigenesis (Li et al., 2014).

Howmight NGL-2 regulate synaptic NMDAR function? NGL-2

forms a complex with NMDARs in the rat brain, and bead-

induced primary clustering of NGL-2 induces secondary clus-

tering of NMDARs, but not AMPARs (Kim et al., 2006). Here,

we found that NGL-2 associates with NMDAR subunits through

PSD-95-dependent and -independent mechanisms. PSD-95,

which interacts with both NGL-2 and NMDARs, may bring
them closer to each other, promoting the formation of a ternary

complex and the stabilization of synaptic NMDARs. However,

given the known abundance of NMDARs in the brain revealed

by proteomics studies (Cheng et al., 2006; Peng et al., 2004),

synaptic NMDARs may outnumber NGL-2, and NGL-2 may

merely represent one of many mechanisms that promote synap-

tic NMDAR stabilization. This might be the reason why NMDAR

functions were not completely abolished in the Lrrc4�/�

hippocampus.

Social deficits and repetitive behaviors observed in Lrrc4�/�

mice represent two core autistic-like behaviors. Dual deficits in

social and repetitive behaviors have been observed in only a

handful of mouse lines lacking ASD-related synaptic adhesion

molecules including neuroligins (Blundell et al., 2010; Etherton

et al., 2009, 2011; Radyushkin et al., 2009; Rothwell et al.,

2014; Tabuchi et al., 2007; also see Chadman et al., 2008), neu-

rexins (Born et al., 2015; Dachtler et al., 2014; Rabaneda et al.,

2014), and MDGA2 (Connor et al., 2016).
Cell Reports 23, 3839–3851, June 26, 2018 3845



Figure 6. NMDAR Activation by DCS Normalizes Social Interaction and Self-Grooming but Has No Effect on USVs or Anxiety-like Behavior in

Lrrc4�/� Mice

(A–C) DCS rescues the reduced social interaction of Lrrc4�/� mice (3–5 months) in the three-chamber test, as shown by representative heatmaps (A), the time

spent in the chamber and sniffing the target (B), and social preference indices derived from these parameters (C). Mean ± SEM. n = 11 (WT-vehicle/V), 11 (WT-

DCS/D), 16 (knockout [KO]-V), and 16 (KO-D) mice, Student’s t test (S1-E comparison), two-way ANOVA with Holm-Sidak test (S1 and index comparisons).

(D) DCS rescues enhanced self-grooming in Lrrc4�/� mice (3–5 months). n = 9 mice (WT-V, WT-D), n = 10 (KO-V, KO-D), two-way ANOVA with Holm-Sidak test.

(E) DCS has no effect on the USV calls emitted by Lrrc4�/�mice (4–5months) upon female encounters, as shown by number of USV calls. n = 12mice (WT-V,WT-

D), n = 8 mice (KO-V, KO-D), two-way ANOVA with Holm-Sidak test (p = 0.7535 [interaction], p = 0.3562 [drug], and p < 0.001 [gene]).

(F) DCS has no effect on the anxiety-like behaviors of Lrrc4�/�mice (4–5months) in the light-dark test, as shown by time in light chamber and number of entries to

light chamber. n = 12 mice (WT-V, WT-D), n = 8 (KO-V, KO-D), two-way ANOVA with Holm-Sidak test (p = 0.8945 [interaction], p = 0.6481 [drug], and p < 0.001

[gene]; p = 0.275 [interaction], p = 0.3104 [drug], and p < 0.001 [gene]).

*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
It should be pointed out that Lrrc4�/� mice show mild social

deficits in the three-chamber test (Figure 1A). This was particu-

larly evident when the social interaction was judged chamber

time, as compared with sniffing time or the social preference in-

dex. It is possible that Lrrc4 deletion in mice may have stronger

influences on close social interactions such as sniffing than on

more indirect social interactions such as staying in the same

chamber.

Reduced NMDAR function has been associated with autistic-

like behaviors in animal models of ASD (Blundell et al., 2010;

Bozdagi et al., 2013; Burket et al., 2013, 2015a, 2015b; Duffney

et al., 2013, 2015; Huang et al., 2014; Jacobs and Tsien, 2017;

Jaramillo et al., 2016; Kouser et al., 2013; Lee et al., 2015a,

2015b; Qin et al., 2018; Won et al., 2012). Our results further sup-

port this emerging notion.

Moreover, NMDAR activation in mice lacking Shank2, Tbr1,

and neuroligin-1 have been shown to rescue either social inter-

action or repetitive behaviors (Blundell et al., 2010; Huang

et al., 2014; Won et al., 2012), but not both types of behaviors

as in Lrrc4�/� mice. Our study is the first case of such dual res-

cues to the best of our knowledge, although DCS-dependent
3846 Cell Reports 23, 3839–3851, June 26, 2018
dual rescues of social and repetitive behaviors have been re-

ported in non-transgenic animals such as BALB/c and BTBR

mice (Burket et al., 2013; Deutsch et al., 2012). More importantly,

our results suggest that the social deficits and repetitive behav-

iors observed in Lrrc4�/� mice may share the same synaptic

pathophysiology while the underlying neural circuits might be

different.

DCS did not affect the sociability of WTmice in our study, con-

trary to the reported prosocial effects of DCS onWTmice (Burket

et al., 2013; Deutsch et al., 2011, 2012; Jacome et al., 2011;

McAllister, 1994). However, these studies used concentrations

of DCS (32–320 mg/kg) that are higher than that used in the pre-

sent study (20 mg/kg); this low concentration also had no effect

on the sociability of WT mice in another study using Tbr1-hap-

loinsufficient mice (Huang et al., 2014). Alternatively, differences

in mouse strains may provide an explanation; i.e., BALB/c mice

display weaker sociability relative to the C57BL/6J strain used in

the present study (Brodkin et al., 2004; Deutsch et al., 2011,

2012; Jacome et al., 2011; Sankoorikal et al., 2006), suggesting

that WT C57BL/6J mice might have a higher threshold for DCS-

dependent prosocial effects.



Figure 7. DCS Restores NMDAR-Dependent Synaptic Transmission and Plasticity in the Lrrc4�/� Hippocampus

(A) DCS (20 mM) restores suppressed TBS-LTP at Lrrc4�/� SC-CA1 synapses (3–4 weeks). Mean ± SEM. n = 10 slices from 6 mice (WT-vehicle/V), n = 9 slices

from 7 mice (WT-DCS/D), n = 10 slices from 7 mice (KO-V), and n = 9 slices from 6 mice (KO-D), two-way ANOVA with Holm-Sidak test.

(B) DCS (20 mM) restores LFS-LTD at Lrrc4�/�SC-CA1 synapses (2–3weeks). n = 10 slices from 7mice (WT-V), n = 11 slices from 7mice (WT-D), n = 12 slices from

7 mice (KO-V), and n = 10 slices from 7 mice (KO-D), two-way ANOVA with Holm-Sidak test.

(C) DCS (20 mM) restores suppressedNMDAR function at Lrrc4�/�SC-CA1 synapses (P19–P22), as shown by fEPSP peaks and slopes plotted against fiber volley

amplitudes. n = 11 slices from 4 mice (WT-V), n = 11 slices from 4 mice (WT-D), n = 13 slices from 4 mice (KO-V), and n = 11 slices from 4 mice (KO-D), two-way

ANOVA with Bonferroni test (statistical differences between KO-V and KO-D are indicated).

**p < 0.01; ***p < 0.001; ns, not significant.
In addition to prosocial effects, DCS can enhance locomotor

activities (Burket et al., 2013; Deutsch et al., 2011, 2012) and

memory consolidation in the elevated plus-maze (Rodgers

et al., 2011). These mechanisms unlikely underlie our rescue re-

sults because DCS does not affect open-field locomotion of WT

mice and does not improve anxiety-like behaviors or spatial

memory in Lrrc4�/� mice (Figures 6F and S6). However, one of

the two rescued behaviors (social interaction and repetitive

behavior) might still represent an indirect consequence of the

other rescue, considering that the concentration of DCS used

in the present study (20 mg/kg) is still higher than those used

for human individuals with ASDs (i.e., 0.7–2.8 mg/kg) (Posey

et al., 2004; Urbano et al., 2014), although rodents generally

have higher metabolic rates.

DCS does not rescue USVs or anxiety phenotypes in Lrrc4�/�

mice, suggesting that these phenotypes may not involve altered
NMDAR function. USVs can be regulated by dopamine,

noradrenaline, serotonin, GABA, and oxytocin (Rippberger

et al., 2015; Scattoni et al., 2009). In addition, anxiety in humans

and mice involves diverse mechanisms, including glutamate

(NMDAR, AMPAR, mGluR), GABA, serotonin, neuropeptides,

and endocannabinoids (Griebel and Holmes, 2013). These

non-NMDA mechanisms might underlie the altered USVs and

anxiety-like behaviors in Lrrc4�/� mice. The lack of DCS-depen-

dent rescue of spatial learning and memory in Lrrc4�/� mice

might be attributable to that DCS, which has a short half-life

(�30 min) (Conzelman and Jones, 1956), may act only during

the learning session of the Morris water maze without a long

action.

Lrrc4�/� mice may also represent a mouse model of schizo-

phrenia. In support of this possibility, Lrrc4�/�mice show reduced

social interaction and cognitive impairments, schizophrenia-like
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cognitive impairments in rodents (Young et al., 2009), as well as

reduced NMDAR function, well-known to be associated with

schizophrenia (Jentsch and Roth, 1999; Mohn et al., 1999; Olney

et al., 1999), although additional pharmaco-behavioral analyses

may be needed.

In conclusion, our data suggest that NGL-2 promotes synaptic

stabilization of NMDARs, regulates NMDAR-dependent synaptic

plasticity, and regulates social and repetitive behaviors in mice,

supporting the emerging hypothesis that NMDAR dysfunction

contributes to ASDs.

EXPERIMENTAL PROCEDURES

Additional details are described in the Supplemental Experimental Procedures.

Mouse Generation

We received Lrrc4�/� mice from Mutant Mouse Resource and Research

Center (MMRRC) (032443_UCD), which were generated using the 129S5/

SvEvBrd-derived embryonic stem cell. The whole single exon was targeted

by homologous recombination using the b-geo (lacZ/neo) cassette. The

chimeric mice were crossed with C57BL/6-Tyrc-Brd albino mice to generate

F1 generation, followed by backcrossing with C57BL/6N. Lrrc4�/� mice

received from MMRRC were crossed with C57BL/6J for more than five gener-

ations to perform experiments. These mice were maintained according to the

Requirements of Animal Research at KAIST, and experimental procedures

were approved by the Committee on Animal Research at Korea Advanced

Institute for Science and Technology (KAIST; KA2012-19). Information on

mouse sex and ages are as follows: immunoblot analysis (male; P21–22), Golgi

staining (male; 2–3 months), Sholl analysis (male; P21–P24), immunohisto-

chemistry (male; P28), electrophysiology (males and females; P14–P30 except

for adult LTP [2–3 months]), and behaviors (males; 2–5 months except for pup

USV [P7–P11]).

Acute Slice Electrophysiology

Sagittal hippocampal slices (300 mm) from mice (2–4 weeks) anesthetized by

isoflurane were prepared using a Vibratome (Leica VT1200) and ice-cold su-

crose-based artificial cerebrospinal fluid (aCSF) buffer containing (in mM)

212 sucrose,10 D-glucose, 25 NaHCO3, 5 KCl, 1.25 NaH2PO4, 1.25 L-ascorbic

acid, 2 Na-pyruvate, 3.5 MgSO4, and 0.5 CaCl2 bubbled with 95% O2 and 5%

CO2. Brain slices were recovered in a chamber while submerged in aCSF

(32�C) containing (mM) 124 NaCl, 10 D-glucose, 25 NaHCO3, 2.5 KCl, 1

NaH2PO4, 1.3 MgCl2, and 2.5 CaCl2 for 30 min, and recovered further at

room temperature for at least over 30 min.

Drug Rescue

DCS (Sigma) was dissolved in saline, and mice were injected with DCS

(20 mg/kg; 2 mg/kg for low dose; i.p.) 20 min before experiments. For chronic

treatments, single daily i.p. injection of DCS (20 mg/kg) was administered for

7 days. For electrophysiology, DCS was dissolved in aCSF, and slices were

bath incubated with DCS (20 mM) for at least 30 min before the start of

experiments.

Data Acquisition Statistical Analysis

We performed our behavioral analysis in a double-blinded manner. All data

were expressed as mean values with SEM. All statistical analyses were per-

formed using GraphPad Prism software (version 7.0) (RRID: SCR_002798).

Statistical significances were indicated in the figures as follows: *p < 0.05;

**p < 0.01; ***p < 0.001; ns, not significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and seven figures and can be found with this article online at https://doi.org/

10.1016/j.celrep.2018.05.087.
3848 Cell Reports 23, 3839–3851, June 26, 2018
ACKNOWLEDGMENTS

We thank Sungsoo Kim at KAIST for helping with Golgi staining and Eunsil Cho

at KIST (Korea Institute of Science and Technology) for helping with the

graphical abstract design. This work was supported by the National Research

Foundation of Korea (NRF) grant funded by the Korean government (NRF-

2017R1A5A2015391 to Y.C.B.) and the Institute for Basic Science (IBS-

R002-D1 to E.K.).

AUTHOR CONTRIBUTIONS

S.M.U., W.S., J.D.R., T.Y., and K.K. performed electrophysiology; S.H. per-

formed immunoblot experiments; H.L. performed proximity ligation assays;

J. Kim performed Sholl analysis; S.M.U., J. Kang, and Y.W.N. performed

mouse breeding and behavioral experiments; S.M.U. performed immunohisto-

chemistry; Y.S.C. performed electron microscopy; S.M.U. wrote the initial

draft of the manuscript; Y.C.B. and E.K. supervised the projects and wrote

the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: November 17, 2017

Revised: April 13, 2018

Accepted: May 25, 2018

Published: June 26, 2018

REFERENCES

Aoki-Suzuki, M., Yamada, K., Meerabux, J., Iwayama-Shigeno, Y., Ohba, H.,

Iwamoto, K., Takao, H., Toyota, T., Suto, Y., Nakatani, N., et al. (2005). A fam-

ily-based association study and gene expression analyses of netrin-G1 and

-G2 genes in schizophrenia. Biol. Psychiatry 57, 382–393.

Bemben, M.A., Shipman, S.L., Nicoll, R.A., and Roche, K.W. (2015). The

cellular and molecular landscape of neuroligins. Trends Neurosci. 38,

496–505.

Bidinosti, M., Botta, P., Kr€uttner, S., Proenca, C.C., Stoehr, N., Bernhard, M.,

Fruh, I., Mueller, M., Bonenfant, D., Voshol, H., et al. (2016). CLK2 inhibition

ameliorates autistic features associated with SHANK3 deficiency. Science

351, 1199–1203.

Blundell, J., Blaiss, C.A., Etherton, M.R., Espinosa, F., Tabuchi, K., Walz, C.,

Bolliger, M.F., S€udhof, T.C., and Powell, C.M. (2010). Neuroligin-1 deletion re-

sults in impaired spatial memory and increased repetitive behavior.

J. Neurosci. 30, 2115–2129.

Born, G., Grayton, H.M., Langhorst, H., Dudanova, I., Rohlmann, A., Wood-

ward, B.W., Collier, D.A., Fernandes, C., and Missler, M. (2015). Genetic tar-

geting of NRXN2 in mice unveils role in excitatory cortical synapse function

and social behaviors. Front. Synaptic Neurosci. 7, 3.

Bourgeron, T. (2015). From the genetic architecture to synaptic plasticity in

autism spectrum disorder. Nat. Rev. Neurosci. 16, 551–563.

Bozdagi, O., Tavassoli, T., and Buxbaum, J.D. (2013). Insulin-like growth fac-

tor-1 rescues synaptic and motor deficits in a mouse model of autism and

developmental delay. Mol. Autism 4, 9.

Brodkin, E.S., Hagemann, A., Nemetski, S.M., and Silver, L.M. (2004). Social

approach-avoidance behavior of inbred mouse strains towards DBA/2 mice.

Brain Res. 1002, 151–157.

Burket, J.A., Benson, A.D., Tang, A.H., and Deutsch, S.I. (2013). D-Cyclo-

serine improves sociability in the BTBR T+ Itpr3tf/J mouse model of autism

spectrum disorders with altered Ras/Raf/ERK1/2 signaling. Brain Res. Bull.

96, 62–70.

Burket, J.A., Benson, A.D., Green, T.L., Rook, J.M., Lindsley, C.W., Conn,

P.J., and Deutsch, S.I. (2015a). Effects of VU0410120, a novel GlyT1 inhibi-

tor, on measures of sociability, cognition and stereotypic behaviors in a

https://doi.org/10.1016/j.celrep.2018.05.087
https://doi.org/10.1016/j.celrep.2018.05.087
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref1
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref1
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref1
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref1
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref2
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref2
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref2
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref3
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref3
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref3
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref3
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref3
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref4
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref4
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref4
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref4
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref4
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref5
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref5
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref5
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref5
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref6
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref6
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref7
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref7
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref7
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref8
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref8
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref8
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref9
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref9
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref9
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref9
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref10
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref10
http://refhub.elsevier.com/S2211-1247(18)30868-4/sref10


mouse model of autism. Prog. Neuropsychopharmacol. Biol. Psychiatry 61,

10–17.

Burket, J.A., Benson, A.D., Tang, A.H., and Deutsch, S.I. (2015b). NMDA re-

ceptor activation regulates sociability by its effect on mTOR signaling activity.

Prog. Neuropsychopharmacol. Biol. Psychiatry 60, 60–65.

Chadman, K.K., Gong, S., Scattoni, M.L., Boltuck, S.E., Gandhy, S.U., Heintz,

N., and Crawley, J.N. (2008). Minimal aberrant behavioral phenotypes of neu-

roligin-3 R451C knockin mice. Autism Res. 1, 147–158.

Cheng, D., Hoogenraad, C.C., Rush, J., Ramm, E., Schlager, M.A., Duong,

D.M., Xu, P., Wijayawardana, S.R., Hanfelt, J., Nakagawa, T., et al. (2006).

Relative and absolute quantification of postsynaptic density proteome iso-

lated from rat forebrain and cerebellum. Mol. Cell. Proteomics 5, 1158–

1170.

Connor, S.A., Ammendrup-Johnsen, I., Chan, A.W., Kishimoto, Y., Murayama,

C., Kurihara, N., Tada, A., Ge, Y., Lu, H., Yan, R., et al. (2016). Altered cortical

dynamics and cognitive function upon haploinsufficiency of the autism-kinked

excitatory synaptic suppressor MDGA2. Neuron 91, 1052–1068.

Conzelman, G.M., Jr., and Jones, R.K. (1956). On the physiologic disposition

of cycloserine in experimental animals. Am. Rev. Tuberc. 74, 802–806.

Dachtler, J., Glasper, J., Cohen, R.N., Ivorra, J.L., Swiffen, D.J., Jackson, A.J.,

Harte, M.K., Rodgers, R.J., and Clapcote, S.J. (2014). Deletion of a-neurexin II

results in autism-related behaviors in mice. Transl. Psychiatry 4, e484.

de Wit, J., and Ghosh, A. (2014). Control of neural circuit formation by leucine-

rich repeat proteins. Trends Neurosci. 37, 539–550.

de Wit, J., and Ghosh, A. (2016). Specification of synaptic connectivity by cell

surface interactions. Nat. Rev. Neurosci. 17, 22–35.

DeNardo, L.A., de Wit, J., Otto-Hitt, S., and Ghosh, A. (2012). NGL-2 regulates

input-specific synapse development in CA1 pyramidal neurons. Neuron 76,

762–775.

Deutsch, S.I., Burket, J.A., Jacome, L.F., Cannon, W.R., and Herndon, A.L.

(2011). D-Cycloserine improves the impaired sociability of the Balb/c mouse.

Brain Res. Bull. 84, 8–11.

Deutsch, S.I., Pepe, G.J., Burket, J.A., Winebarger, E.E., Herndon, A.L., and

Benson, A.D. (2012). D-cycloserine improves sociability and spontaneous ste-

reotypic behaviors in 4-week old mice. Brain Res. 1439, 96–107.

Duffney, L.J., Wei, J., Cheng, J., Liu, W., Smith, K.R., Kittler, J.T., and Yan, Z.

(2013). Shank3 deficiency induces NMDA receptor hypofunction via an actin-

dependent mechanism. J. Neurosci. 33, 15767–15778.

Duffney, L.J., Zhong, P., Wei, J., Matas, E., Cheng, J., Qin, L., Ma, K., Dietz,

D.M., Kajiwara, Y., Buxbaum, J.D., and Yan, Z. (2015). Autism-like deficits in

Shank3-deficient mice are rescued by targeting actin regulators. Cell Rep.

11, 1400–1413.

Eastwood, S.L., and Harrison, P.J. (2008). DecreasedmRNA expression of ne-

trin-G1 and netrin-G2 in the temporal lobe in schizophrenia and bipolar disor-

der. Neuropsychopharmacology 33, 933–945.

Etherton, M.R., Blaiss, C.A., Powell, C.M., and S€udhof, T.C. (2009). Mouse

neurexin-1alpha deletion causes correlated electrophysiological and behav-

ioral changes consistent with cognitive impairments. Proc. Natl. Acad. Sci.

USA 106, 17998–18003.
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